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Video Camera Calibration Thechniques 
for Mensuration Applications 

Roy Smollett 
Robotics Center 

Florida Atlantic University 
Boca Raton, FL 33431 

ABSTRACT 

This report describes techniques and analysis methods for determining the calibration parameters of 
video cameras. The methods are appropriate for those applications where video cameras are used to 
determine the position and orientation of objects in three dimensional space. Use of a "Frame Grabber" image 
processor installed in a PC computer is a central part of the process. Experimental results are reported with 
errors of the order of one sixth of a pixel. 

I. INTRODUCTION 

For the past eight years reasearchers at the 
Florida Atlantic University Robotics Center have 
been using video cameras in conjunction with image 
processors to determine spacial relationships among 
various objects. Much of this work can be 
characterized by three catagories: 

a) Use of stereo vision to determine the kinematic 
parameters of robot manipulators. 

b) Use of one or more video cameras mounted on a 
robot end effector for the same purpose. 

c) Use of video cameras mounted on a moving 
vehicle for the purpose of extracting geometric 
imformation relating to the vehicle motion. 

References of this work are included at the end 
of this report. References (1) and (2) provide a . 
description of the application of stereo vision to the 
problem of determining robot end effector position. 
Reference (3) describes the situtation where the 
camera is attached to the robot end effector. This 
method has the advantages that only one camera is 
required and both camera position and orientation 
can be determined. Reference (4) describes the 
application of a video camera to controlling an 
aircraft during landing. The determination of 
camera calibration parameters is an integral part of 
these several processes and it is the subject matter 
of this report. In reference (5) and (6) Tsai provided 
an excellant description of the camera calibration 
problem. He included a description of the camera 
model and reported experimental results. His reports 
cite a large number of references on the subject. 
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In his experiments Tsai used a steel block of 
dimensions 2 x 1 x 0.5 inches with a printed pattern 
as the calibration standard. This block was mounted 
on a micrometer translation stage to produce a 
sequence of objects with known world coordinates. 
The research at FAU is concerned with much larger 
fields of view and hence a larger calibration 
standard is required. Three different size calibration 
standards were used. The ftrst was a sheet of 
Masonite Pegboard with dimensions of 22 X 47 
inches. There were 22 rows and 47 columns of 
holes. The holes were 0.315 inches in diameter and 
spaced one inch apart. The back of the Pegboard 
was covered with black paper. In the image the 
holes appear as black spots on a white background. 
The second was 16 X 29 inches. It was constructed 
by cementing a sheet of white formica to an 
aluminum plate. Circular black paper spots were 
glued to the formica sheet with a spacing of one 
inch between the spots. The spots were arranged in 
16 rows of 29 columns. The third was 10 x 10 
centimeters. It consisted of a metalized pattern 
deposited on a sheet of glass. The third can be 
easily mounted on a translation stage as Tsai did 
however; it is not practical to make a precise 
transtation stage for the two larger ones. The 
techniques described in this report were developed 
for use with the two larger calibration frames. 

II. CAMERA CALmRATION MODEL 

The model used to describe the camera and the 
image processor consist of the equations that follow. 
This is the mathematical statement of the fact that 
an object point in three dimensional space will 



transform to a two dimensional point at the output of 
the image processor. 

DIST 
PX =S11Xc *--z+Cx+SYNCCOMP 

c 

(2) 

(3) 

(4) 

(5) 

DIST = 1 + R,_DK2 + DK4~ (6) 

These equations are essentially Tsai's camera 
model with some differences in the symbol 
defmations. Also note that Tsai's model did not 
include the term SYNCCOMP in equation (1). The 
symbols in these equations are defmed as follows: 

Xw, Y w' and Zw are the coordinates of an object in 
the world coordinate system. During the calibration 
process the initial calibration frame coordinate 
system is defined to be identical to the world 
coordinate system. When more than one position of 
the calibration frame is used then one must 
introduce yet another coordinate transformation to 
express the calibration points in the world 
coordinate system. 

Xc, Y c' and Zc are -the coordinates of an object 
expressed in the camera coordinate system. 

PX and PY are the image coordinates of the object 
expressed in image processor coordinates. The units 
of these quantities are pixels. 

S 11 and S x are scale factors. 

ex and cy are the image processor coordinates of 
any point on the camera Zc axis. These terms 

account for the fact that the origin of the image 
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processor coordinate system isn't necessairly the 
center of the image. 

DIST is a term which describes the radial distortion 
of the image due to the camera lens. Only radial 
distortion is considered in this model. 

R2 is a term porportional to the square of the 
distance from the camera Zy axis to the image point 
on the CCD image plane. It is computed in terms of 
image processor coordinates. (The reader should 
refer to Tsai's reports for a derivation of the 
distortion 
terms.) 

DK2 is a distortion coefficient which describes the 
lens second order radial distortion. DK4 is a 
distortion coefficient which describes the lens fourth 
order radial distortion. 

Equation (3) is the coordinate transformation from 
world coordinates to camera coordinates. r is a 
3X3 orthogonal matrix. Tx,TY' and Tz are the world 
coordinates of the center of the camera coordinate 
system. 

Any variations in the phasing of the horizontal 
timing signals (synchronization signals) between the 
camera and the image processor cause the PX image 
coordinates to shift right or left in the image. When 
the image processor is operated in the crystal 
oscillator mode (XTL mode) there is a repeative 
phase shift of this nature. The term SYNCCOMP in 
equation (1) is introduced to compensate for this 
effect This is a characteristic of the camera and not 
all cameras exhibit this. The compensation term has 
the form shown below. The units are pixels. 

SYNCCOMP = AMPe(T:JPY) 

sin(FREQ(PY -D1)) 

(7) 

There is also a phase variation in the horizontal 
timing signals when the image processor is operated 
in the phase locked loop mode (PPL mode). This 
seems to be a characteristic of the particular model 
of the image processor used in our experiments. 
Perhaps some image processors do not have this 
form of error. This effect is not repetative and hence 
it is not possible to compensate for it. When the 
image processor is operated in the PPL mode we 
define AMP = 0. Experimental obseverations of 
these effects will be presented subsequently. 



It has been convenient to introduce additional 
parameters as shown below. 

Equations (9) are an alternative form of 
expressing the coordinate transformation from world 
coordinates to camera coordinates. Point Jeo,Y0,0 is 
the intersection of the lens axis (the camera Zc axis) 
with the plane Zw = 0. This point is called the 
camera aim point It is the point where the camera 
Zc axis intersects the plane of the calibration frame. 
The parameter Lw is the distance from the origin of 
the camera coordinate system to the aim point It is 
simply the Zc coordinate of the aim point. 

Equations (1 0) are introduced to express in an 
explicit form the functional dependence between the 
image center in image coordinates and the camera 
aim point in world coordinates. 

Figure 1 provides a graphical representation of 
the calibration process and illustrates the several 
coordinate systems. 

m. CAMERA CALmRATION PROCESS 

Tsai makes a distinction between intrinsic 
camera calibration parameters and extrinsic camera 
calibration parameters. The extrinsic parameters are 
those which describe the camera position and 
orientation. They are the parameters of the 
transformation from world coordinates to camera 
coordinates. The intrinsic prameters then are the 
remaining parameters. These parameters are 
characteristics of the camera, lens, and to some 
degree the image processor. 

For stero vision applications one arranges the 
cameras such that adequate views of the space under 
investigation are obtained. The camera lens are 
adjusted and also the lighting. For example if the 
experiment objective is to calibrate a robot then the 
cameras are adjusted to give the best views of the 
robot work space. Also they have to be well 
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separated to provide good triangulation solutions. 
The calibration frame is then introduced into the 
fields of view of all of the cameras. The position of 
the calibration frame defines the world coordinate 
system for the experiment. Images of the calibration 
frame are taken and the data analyzed to determine 
the camera positions in world coordinates. These are 
the extrinisic calibration parameters. Generally it is 
not possible to place the calibration frame in more 
than one position because there is no practical way 
to relate one calibration frame position to another. 
In principal (with some restrictions) it is possible to 
determine the camera intrinsic calibration 
parameters with only a single view of the calibration 
frame. So it would seem possible to determine all of 
the camera calibration parameters as a part of the 
stereo vision experiment. However usually more 
precise results can be obtained if the intrinsic 
calibration parmeters are obtained as a seperate 
experiment. 

When this is done one can use several views of 
the calibration frame and the geometry can be 
adjusted to optimize the calibration process. When 
the intrinsic parameters are obtained in a seperate 
experiment one must be careful to use the same lens 
adjustments as those to be used in the stereo vision 
experiment. This is because the scale factor sll is a 
function of the lens focus adjustment. As a general 
rule one should use a small lens aperature because it 
gives a greater depth of focus. The calibration 
experiments should be conducted over the same 
range of Zc coordinate values as those to be used in 
the stereo vision experiment. 

The same obseverations apply when the camera 
is to be mounted on moving platform such as a robot 
arm. In ~s case the calibration frame is used to 
define the world coordinate system for the 
experiment. The camera is moved through a 
sequence of several positions and images of the 
calibration frame are taken at each position. These 
are · analyzed to determine the camera and robot 
position and orientation. These again are the camera 
extrinsic parameters. Usually it is preferable to 
determine the camera intrinsic prameters as a 
separate experiment for the reasons given above. 

The camera calibration process is organized in 
three phases. The frrst is the data acquisition phase. 
The second is the analysis phase which produces 
estimates for the several calibration parameters. The 
third is an error analysis which is a method for 
presenting the residual errors in several formats. A 
number of computer programs have been generated 
to accomplish these tasks. The parameter estimation 
process is a non linear least squares estimation 



problem. One determines those parameters that 
produce a minimum in the sum of the squares of the 
measurement error. The measurement error is the 
difference between the image coordinates of a 
calibration spot as predicted by the calibration 
model and the observed value. Specifically for spot i 
on the calibration frame: 

Eii) and Ey(i) are the error terms. MP x<i) and 
MP y(i) are the obsevered values for the image 
coordinates of the centroid of calibration spot i. The 
remaining terms are as defined previously. The sum 
of the errors squared is computed as: 

The estimation process is based upon the 
assumptions that the errors are distributed normally 
and that the standard deviation of the Ex errors and 
the By errors are equal. The computational method 
is attributed to Marquardt and is described in 
reference (6). The specific independent parameters 
to be determined number 15 when the image 
processor is operated in the XTI.. mode. They are : 

S11, Sx, DK2, DK4, Cx, CY' Xo, Y0, Lw, AMP, 
FREQ,Di, At, A2, A3. 

The parameter TD in equation (8) is taken to be -
0.017. Parameters At ,A2, and A3 are ·the vector 
elements of a quatemion which is used to define the 
rotation matrix r. In reference (7) Milenkovic 
describes the quatemion. References (8) also discuss 
the use of quatemions in coordinate transformations. 
The rotation matrix r has nine elements however, 
only three are independent. Use of the quatemion 
reduces the problem of estimating the nine elements 
of the rotation matrix r to that of determining the 
three independent elements of the quatemion. 

When the image processor is operated in the 
PPL mode the parameter AMP is defined to be zero 
because it is not possible to compensate for the 
synchronization errors in this mode. In this case 
there are only 12 independent parameters since 
AMP,FREQ, and D1 do not apply. It should be noted 
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that operation of the image processor in the PPL 
mode results in larger errors than the XTL mode. 

If one has a'priori data for some of the 
parameters it is possible to reduce the number of 
parameters accordingly. Tsai discussed this in his 
analysis of the monoview coplaner case. If all of the 
spots on the calibration frame are perfectly coplaner 
and if the camera Zc axis is perpendicular to this 
plane then all of the spots will have the same value 
for Zc. This is the parameter Lw from equation (9). 
For this situtation it is not possible to separate the 
parameters S tt and Lw by a least squares estimation 
process. This is apparent from equations (1) and 
(2). If the camera Zc axis is nearly normal but not 
exactly normal to the plane of the calibration frame 
then there is some variation in Zc for the several 
different spots. However the variation is small and 
the Zc coordinate is dominated by the parameter Lw· 
The same argument applies if the calibration spots 
are nearly but not exactly coplanar. For these 
situtations the matrix of the coefficients of the 
normal equations is poorly conditioned. There are 
large values of the correlation coefficient between 
S11 and Lw· This is especially true for lens with a 
narrow field of view. Even when the camera axis is 
30 degrees off normal this correlation coefficient can 
be as large as 0.98. This causes considerable 
uncertainty in the estimates for S11 and Lw· 

Tsai addressed this situation in his reports. His 
method of solution was to take multiple views of the 
calibration standard with a wide range of values in 
the camera Zc coordinate. He accomplished this by 
mounting the calibration standard on a micrometer 
translation stage. This enabled him to move the 
calibration standard to several positions where each 
position was precisely known. As noted previously, 
this isn't practical with the larger calibration frames 
considered here. 

An alternate solution is to move the camera by 
precisely known distances rather than the calibration 
frame. In the experiments reported here, the camera 
was attached to a 
Coordinate Measuring Machine (CMM). One could 
equally well use the table of a milling machine or 
the carriage of a lathe. The essential element is the 
ability to move the camera by a known distances. 

The camera was mounted with the Zc axis 
approximately parallel to the long axis (X axis) of 
the CMM. The camera Zc axis is also approximately 
normal to the calibration frame. One image is taken 
with the camera at one end of the CMM X axis. A 
second is taken with the camera at the other end. 
The distance between the two positions is 
determined by the CMM. With the FAU CMM this 



can be as much as 32 inches. This is the same order 
of magnitude as the width of the calibration frames 
and approximately the same as the depth of focus of 
the camera for a typical application. 

The data analysis is based upon the assumption 
that the vector from camera position 1 to position 2 
is parallel to the camera Zc axis. The technique for 
accomplishing this is as follows: After the image 
data for the frrst position is taken, the data is 
analyzed to determine the image center coordinates 
ex(l) and ey<1). The subscripts referring to camera 
position 1. The image processor cursor is placed at 
those image coordinates and the world coordinates 
of the position of the cursor on the calibration frame 
noted. This is the point previously defined as the 
aim point At this stage in the process the aim point 
may be slightly different from the initial spot since 
the data analysis produced more exact values for ex 
and ey. The camera is then moved to position 2 and 
the image processor cursor placed at image 
coordimates ex<1) and ey<t). The camera position is 
adjusted by changing the eMM Y and Z coordinates 
until the cursor falls on the same aim point on the 
calibration frame. This process is not critical. 
Differences in the two aim points of as much as five 
pixels are of no concern. The data for the second 
camera position is then taken. 

The data acquisition process uses an interactive 
computer program to determine the centroid of the 
image coordinates of the spots on the calibration 
frame. The camera is mounted on the eMM as 
noted above. The CMM X position is set at the end 
closest to the calibration frame. The distance to the 
calibration frame should be the approximately the 
minimum distance to the target in the proposed 
application. The calibration frame should be 
sufficiently large such that some of the calibration 
spots are outside the field of view of the camera. 
Adjust the roll angle of the camera such that the 
rows of spots on the calibration frame appear tilted 
on the image by approximately five degrees. The 
purpose of this tilt is to force some of the spot 
images to the very edges of of the picture. It is 
desirable to have spot images along all four edges of 
the picture. This provides better data for estimating 
the distortion coefficients and the SYNeeOMP 
coefficients. The lens should be adjusted in a 
manner compatable with the proposed application 
experiment. Adjust the lighting such that no portion 
of the image is saturated. All of the gray scale values 
should be less than 255 . Saturated bright spots cause 
blooming which distorts the image. The computer 
program includes interactive sections for adjusting 
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the camera, lighting, and the image processor video 
gain. 

The data aqcuisition program includes a cursor 
which is controlled from the keyboard. After 
adjusting the camera, the program directs the 
operator to .position the cursor over a spot near the 
image center. If one has a'priori knowledge of ex 
and ey choose a spot near that position. Otherwise 
choose a spot near ex = 256 and ey = 240. This spot 
is the interim aim point. It is interim until precise 
values for ex and ey are determined in the data 
analysis phase. The operator then enters the row and 
column numbers of the spot at the aim point. The 
program determines the image centroid of each 
calibration spot by searching a rectangular window 
or region of interest which is placed around the 
predicted image position of each spot. This window 
must be large enough to completely contain the 
calibration spot. Since the exact image position of 
the spot is somewhat uncertain it is apparent that the 
window must be larger than the image of the spot 
However, the window must not be so large that any 
portion of a second spot appears within the window. 

The program scans three lines across the center 
of the window and determines the maximum and 
minimum gray scale values. The maximum gray 
scale value is assumed to represent pixels in the 
white background region around the spot.The 
minimum gray scale values are assumed to represent 
pixels in the black image of the spot. A threshold 
gray scale value is defined midway between the 
maximum and minimum values. The program then 
searches all the pixels within the window. Pixels 
with gray scale values less than the threshold are 
assumed to be in the image of the calibration spot 
and are ~signed a binary value of one. Pixels with 
gray scale values above the threshold are assumed to 
be the white background of the calibration frame 
and are assigned a binary value of zero. The 
program then determines the centroid of those black 
pixels with a binary value of one. The program 
insists that there should be no black pixels along the 
edge of the window and also that the difference 
between the maximum and minimum gray scale 
values must be greater than 70. This is done to 
insure that the result is indeed the centroid of a 
calibration spot. 

After the operator designates the aim point he is 
asked to enter the horizontal pixel spacing between 
images of the spots at mid screen. He is also asked 
to enter the vertical pixel spacing between spots. 
This data is used to determine the size of the search 
window. The values are not critical. The cursor is 
used to determine the spacing and the numbers 



are entered from the keyboard. 
The operator is then directed to measure the 

distance from the camera lens to the aim point on 
the calibration frame. This is done with a measuring 
tape and the value is not critical. Errors of five 
percent are of small concern. This distance is also 
entered from the keyboard. 

The operator is then asked to use the cursor to 
designate four spots near the comers of the image. 
Any four widely spaced spots are adequate. The row 
and column numbers for each designated spot are 
entered from the keyboard. The program determines 
the centroid of each spot as they are designated. 

The centroid data from the aim point spot plus 
the data from the four designated comer spots are 
used to compute a set of approximate camera 
calibration parameters. The purpose of this is to be 
able to predict the approximate image position of all 
the spots on the calibration frame. This information 
is used to determine the position of the search 
window around each spot image. 

When the operator uses the cursor to designate 
the four comer spots and the aim point spot he in 
effect defines the search area for those specific spots. 
When he enters the row and column numbers for 
those spots he defmes to the program the world 
coordinates of those spots. The world coordinates of 
the aim point spot are a good approximation for the 
parameters Xo and Y 0. The measured distance from 
the camera to the aim point is a good approximation 
for the parameter Lw. The image coordinates of the 
aim point are a good approximation for the 
parameters Cx and Cy. The relative ease with which 
these parameters can be determined is the reason for 
choosing to express the transformation from world 
to camera coordinates in the form shown in Eq. (9). 

The approximate camera calibration model 
assumes that the distortion coefficients are zero. The 
SYNCCOMP term is also taken to be zero. The 
scale factor Sx is set to the nominal value of 1.24. 
The values for Cx,CyX0,Y 0, and Lw are those 
described in the previous paragraphs. The 
parameters to be estimated are four. They are S11 
and the three elements of the quatemion. The initial 
guess values are S11 = 3200. A1 = A2 = A3 = 0. The 
input data are the obseverations of the five spots 
designated with the cursor. The problem converges 
rapidly. The residual error is typically less than two 
pixels. 

After the approximate calibration parameters 
have been determined the program computes the 
predicted image coordinates of all the spots on the 
calibration frame. The program then marks four 
rows of the predicted spot positions with the cursor. 
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This is to assure the operator that the predicted 
positions are reasonably correct. Typically the 
calibration frame is so large that not all of the spot 
positions are within the limits of the display. The 
operator is asked to inspect the display and enter a 
carrage return if the predicted values are reasonable. 
If they are not the process must be aborted and 
restarted. This can happen if the operator enters 
erroneous values for the row and column numbers 
when designating the five spots with the cursor. 

If the display of the predicted spot positions is 
correct the program searches the display to locate 
the centroid of the remaining spots. The search 
algorithm is illustrated in Figure 2. We assume we 
have already determined the centroid of spot (i). The 
center of the search window for spot G) is placed at 
PXG) and PYG) with: 

PX(j) = PX(i)+(Pred(PX(j)) 

-Pred(PX(i)) 

PY(j) = PY(i)+ Pred(PY(j)) 

- Pr ed (PY(i)) 

Where PX(i), PY(i) are the coordinates of the 
centroid of spot (i). Pred(Px(i)) and Pred(Py(i)) are 
the predicted values for the centroid of spot (i) using 
the world coordinates for that spot and the 
approximate camera calibration model described 
above. Similarly Pred(PXG)) and Pred(PYG)) are the 
predicted image coordinates for spot G). 

If spot G) is nearby to spot (i) the difference 
terms 

( Pred(PXG))- Pred(PX(i))) and 
(Pred(PYG))- Pred(PY(i))) 

are rather small. Therefore it is not necessary that 
the approximate camera calibration be very precise. 
The program is coded such that it will defme the 
search window for any spot within two intervals 
from spot (i). Having determined the centroid for 
spot (i) we can determine the centroid for spot G). 
And having determined the centroid of spot G) we 
can then determine the centroid of spot (k). In effect 
spot (i) is a seed spot. The search region propagates 
out from there. Any of the five spots designated with 
the cursor can be used as a seed spot. The search 
progresses along each row. Odd numbered rows are 
searched left to right. Even numbered rows are 
searched right to left. The rows are searched from 
bottom to top then top to bottom. The process is then 
repeated a second time. If the program is unable to 



determine the centroid of any specific spot the 
search process can continue since the search window 
can be defined over a two spot interval in any 
direction. The search process usually determines the 
centroid of all of the spots in the display. 
Ocasionally it is unable to locate the centroid of 
spots on the very edge of the display. This results 
because windows at the edges of the display 
sometimes have black pixels along the edge. 

After the search is completed the obseveration 
data is written to a disc. Ridiculous, dummy values 
for PX are written for those spots where no data was 
observed. This is used by subsequent programs as an 
indication that there is no data for those spots. 

The parameter estimation process converges 
slowly, requiring dozens and some times hundreds 
of iterations. The program is coded in such a way 
that the operator can define the list of parameters to 
be estimated. He can also specify that only a fraction 
of the data be processed. This is done by specifying 
that only every N'th data point be used in the 
estimate. The process can be interrupted and 
restarted from the current state. These features are 
useful in speeding up the process. For example 
initially one might specify that only the extrinsic 
parameters be estimated and only every tenth data 
point be used. When the program reaches a solution 
or near solution it can be interrupted and changed to 
include more parameters and/or more data points. 
These features are also useful for assigning a'priori 
values for the parameters S 11, Cx, and Cy. After the 
program completes it prints a list of the calibration 
parameters and also writes these values to a disc flle. 
Examples of the parameter lists will be presented 
subsequently. 

IV. DESCRIPTION OF THE EQUIPMENT 
USED IN THE EXPERIMENTS 

The general construction details of the 
calibration frames were given in earlier paragraphs. 
As one might anticipate these calibration frames do 
not have exact geometric features. The surface is not 
an exact plane. There are high regions and low 
regions that deviate by as much as 0.020 inches. The 
spacing between spots also deviates from nominal by 
as much as 0.060 inches. A Coordinate Measuring 
Machine was used to measure the position of each 
spot hence the world coordinates of the calibration 
spots are known with an uncertainty of 
approximately 0.002 inches. 

A Sony camera Model XW57 was used in the 
experiments. This is a black and white, CCO camera 
with a "C" mount lens. The CCO array has nominal 
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dimensions of 8.3 X 6.6 millimeters. The CCD 
elements are arranged in a rectangular array of 480 
rows and with 512 elements in each row. The 
camera conforms to video standard RS 170 i.e. 30 
frames per second, 525 lines per frame. Three 
different lens were used. They had focal lengths of 
12, 25, and 50 millimeters. 

The image processor was an ltec Corp Frame 
Grabber. This samples each line of the video signal 
512 times with an 8 bit AID converter. There are 
480 horizontal lines in each frame that have image 
data. The remaining 45 lines represent vertical 
retrace intervals in the video signal format. The 
range of image coordinate data for Px is 0/511 while 
that for Py is 0/479. The pixel gray scale values 
range from value of 0 for a black spot to 255 for the 
brightest white. There are two modes of operation 
for synchronizing the timing signals between the 
camera and the image processor. In the frrst mode 
timing signals are generated by the camera and the 
image processor synchronizes with a phase locked 
loop (PPL) circuit. This is called PPL mode. In the 
second mode the image processor generates the 
timing signals with a crystal oscillator. The camera 
uses a Genlock circuit to synchronize to sync signals 
from the image processor. This mode of operation of 
the image processor is called XTL mode. This mode 
requires a second cable between the image processor 
and the camera to provide the sync signals to the 
camera. 

The Coordinate Measuring Machine (CMM) 
was used as a precision adjustable camera mount 
and also to measure the world coordinates of the 
calibration frames. The machine is a Mitutoya 
Model CX810. This has a digital position display 
device. It has a range of 32 inches in the X axis, 20 
inches in the Z axis and 16 inches in the Y axis. 

V. REPEATABILITY TESTS RESULTS 

The objective of these tests was to determine the 
variability in the observation data from the 
calibration experiment. This was done by 
performing the calibration experiment twenty one 
times and then computing the square root of the 
variance in the image coordinates of the calibration 
spots. 

A camera was set up to view the calibration 
frame. The camera z axis was approximately normal 
to the plane of the calibration frame. A 25 mm lens 
was used. There were 303 calibration spots visible in 
each frame. The calibration data acquisition 
program . was used to determine the centroid of the 
image of each spot. This was repeated 21 times in an 



interval of about 50 minutes. Hence there were 21 
observations of the image coordinates of each spot. 
The mean position was computed for each spot and 
also the square of the deviations for each 
observation. This was performed with the image 
processor operating in the XTL mode and again in 
the PPL mode. The mean square root value of the 
sum of the deviations squared was computed for 
each mode of operation of the image processor. The 
results are shown in the table below. 

Image Processor In XTL Mode 
Number of Observations 6363 
SQRTofVariance in X Coordinate= 0.0516 Pixel 
SQRTofVariance in Y Coordinate= 0.0572 Pixel 

Image Processor in PPL Mode 
Number of Observations 6363 
SQRTt of Variance in X Coordinate= 0.202 Pixel 
SQRTofVariance in Y Coordinate= 0.0808 Pixel 

The standard deviation of the observations for 
the individual spots ranged from 0 to 0.187 pixels in 
XTL mode. In PPL mode the standard deviation 
ranged from 0 to 0.504 pixel. 

It is believed that in XTL mode the major cause 
of this variability is random noise generated in the 
camera CCD sensor which is inherent in all 
electronic devices. The camera signal to noise ratio 
is represented to be 47 db. When the image 
processor is operated in the PPL mode the X 
coordinate of the image has a random variation 
which is partially due to phase jitter in the 
horizontal timing signals. There is also a variation 
in the phase of the timing signals when the image 
processor is operated in the XTL mode. However, 
this is a repeatable effect and it can be compensated 
by the SYNCCOMP term in equation (1). In the 
PPL mode the effect is not repeatable and cannot be 
compensated. This is illustrated in the following 
manner. 

Data from one frame of the XTL mode 
experiment have been used to estimate the camera 
calibration parameters. Since this a monoplanar 
experiment the estimate was constrained by taking 
the measured value for parameter Lw as a known 
value. The remaining 14 parameters were computed 
by a least squares estimate. The residual errors for 
the estimate are shown in the table below. The RMS 
radial error is the cost function in the estimation 
process. Figure 3 is a plot of the X coordinate 
residual error as a function of the PY, the Y image 
coordinate of the observation. The SYNCCOMP 
term in equation (1) was used in computing the 
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residual error. The smooth curve in Figure 3 is a 
plot of this SYNCOMP function. If this term had 
not been included in the computations the data 
would have been distributed along this curve. 

In a similar manner data from two frames of the 
PPL experiment were used to estimate the camera 
calibration parameters. In these cases there were 
only 11 calibration parameters to be estimated since 
the prameters of the SYNCCOMP function do not 
apply. The residual errors from these data are also 
shown below. 

Residual Error XTL Mode of Operation 
RMS of Residual Error in X= 0.107 Pixel 
RMS of Residual Error in Y = 0.081 Pixel 
RMS of Residual Radial Error= 0.134 Pixel 

Residual Error PPL Mode of Operation 
Frame 1 

RMS of Residual Error in X= 0.184 Pixel 
RMS of Residual Error in Y = 0.100 Pixel 
RMS of Residual Radial Error= 0.210 Pixel 

Frame 2 
RMS of Residual Error in X= 0.183 Pixel 
RMS Value of Error in Y = 0.096 Pixel 
Rms of Residual Radial Error= 0.207 Pixel 

Plots of residual error for PPL mode of 
operation are shown in Figures 4 and 5. Figure 4 is 
a plot of the residual error in the X coordinate as a 
function of PY, the Y image coordinate for frame 1. 
Figure 5 is a similar plot for the data from frame 2. 
It is apparent that there is a periodic variation in the 
residual error. The frequency of this variation is 120 
Hz. For this reason it is believed that the variation is 
caused by power supply ripple effects in the image 
processor PPL circuits. The variation shown in 
Figure 5 is similar to that in Figure 4 however, it is 
shifted in phase. This is expected since the camera 
timing oscillator is not synchronized with the power 
line frequency. This random variation in phase is 
the reason why one cannot compensate for this 
effect 

As a general conclusion we can expect that the 
residual error from a calibration experiment to be no 
better than the variance from the repeatability 
experiments. It is also appearent that more precise 
results can be obtained when the image processor is 
operated in the XTL mode. 

VI. EFFECTS OF LENS DISTORTION 

A series of tests were performed to illustrate the 
effects of lens distortion. Three different lens were 



used each with a different focal length and field of 
view. The tests consisted of the camera calibration 
experiment with monoplaner views of the 
calibration frame. One group of tests were 
performed with approximately 100 calibration spots 
visible in the display. A second group was 
performed with approximately 300 spots visible. The 
distance from the camera to the calibration frame 
was adjusted to produce comparable spot display 
patterns with the different lens. The image processor 
was operated in the XTL mode. The camera 
calibration parameters were computed for each test. 
The residual error from the parameter estimation 
process is used as a measure of the resulting 
accuracy. 

Four tests were performed using the 12 mm 
lens. Tests DIST12.S08 and DIST12.S18 were 
performed with a distance from the camera to the 
calibration frame of 18.75 inches. This produced 
103 spots visible in the display. These two tests were 
performed in immediate sequence under identical 
conditions. The results are expected to be 
comparable. Tests DIST12.S09 and DIST12.S39 
were performed with a distance, from the camera to 
the calibration frame of 31.5 inches. This produced 
a display with 305 spots. 

The camara calibration parameters derived from 
these tests are tabulated in Table 1. The parameter 
LW was taken as a'priori data in computing these 
results because all of the tests were monoplanar tests 
with the camera Z axis nearly normal to the 
calibration frame. 

Five tests were performed using the 25 mm 
lens; Two were performed in quick sequence with 
101 spots visible. A third was performed with 312 
spots visible. Somewhat later two more tests were 
performed with 312 spots visible. The camera 
calibration parameters computed from these test data 
are shown in Table 2. 

Table 3 displays the camera calibration 
parameters computed from tests using the 50 mm 
lens. Tests DIST50.S08 and DIST50.S18 had 99 
spots visible in the display. Tests DIST50.S09 and 
DIST50.S39 had 321 spots visible. Tests 
DIST50.S 12 and DIST50.S32 had 335 spots visible. 
Least squares estimates for these last four tests 
produced unrealistic estimates for the image center 
parameters. These are the tests with more than 300 
spots visible in the display. In the process of 
investigating this effect a few data points along the 
extreme top of the display were deleted from the 
data set. These few points had unusually large 
residual errors. They were deleted from the data set 
in the belief that they were masking the computation 
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of the image center parameters. This later proved 
not to be the case however, this is why the number 
of test points cited in Table 3 differ from those 
stated above. In view of the difficulty in estimating 
the image center parameters for these four tests, the 
values for image center were taken as a'priori data. 
The values used were those determined in tests 
DIST50.S08 and DIST50.S18. 

A review of the data for the 12 mm lens shown 
in Table 1 shows reasonably consistent estimates for 
the camera intrinsic parameters. The second order 
distortion term DK2, is seen to be approximately -
2.6E-07 while the fourth order distortion term DK4, 
is about 1.5E-13. Some of the effects of lens 
distortion can be illustrated by the following 
example. Assume a spot in the comer of the display 
was 200 pixels distant from the image center in both 
PX and PY. This causes the image radius squared 
term to have a value of 1()()()()(). The second order 
distortion effect would shift the image of the spot 5 
pixels in both PX and PY compared to an 
undistorted image. The fourth order distortion effect 
would cause a shift of approximately 0.3 pixels in 
both PX and PY. Spots more remote from the image 
center would have even larger displacement. It 
should be pointed out that only about ten percent of 
the display area is more remote from the image 
center than the spot in this example. Distortion 
effects of this magnitude produce shifts in image 
position that are large compared to the residual 
errors in the camera calibration process. Even the 
fourth order distortion term is a significant 
parameter in the camera model. This is illustrated in 
the data shown in column 6 of Table 1. The data in 
this column were computed assuming the fourth 
order distion term was zero using the data from test 
DIST12.S08. The remaining values for the camera 
intrinsic parameters are nearly the same as shown in 
column 1 where the term DK4 was included in the 
model. The residual error is larger as one would 
expect 

The experiments using the 25 mm lens 
produced consistent estimates for all of the camera 
parameters except DK4 and C ; the fourth order 
distortion term and the Y coo;ainate of the image 
center. The second order distortion term is 
approximately -5.3E-08. The fourth order distortion 
term ranged from -7E-14 to ?E-16. Again it is 
illustrative to restate the example cited for the 12 
mm lens. If a spot is 200 pixels distant from the 
image center in both PX and PY then a second order 
distortion term of -5.5E-08 will cause the sp(>t image 
to shift about 1 pixel from to the undistorted 
position. This is well above the random errors as 



represented by the residual errors which ranged 
from 0.1 to 0.14 pixels RMS. When the fourth order 
distortion term is less than 1E-14 the shift in the 
image position is less than 0.1 pixels for the 
example spot position. Effects of this magnitude are 
masked by the random noise in the measurement 
data. 

These effects are further illustrated in Table 4. 
In this table the data from test DIST25.S39 were 
analyzed with five differing assumptions regarding 
the distortion coefficients and the image center 
coordinates. The frrst column in this table shows the 
camera parameters computed where ex,eY'DK2, and 
DK4 are all treated as parameters to be estimated by 
the least squares estimation process. This is the 
same data as shown in Table 2. It is repeated here 
for comparison pwposes. 

The data in column 2 was computed assuming 
both DK2 and DK4 were zero. The image center was 
assumed to be the same as for column 1. The 
resulting residual error is more than twice the value 
shown in column 1. We have to conclude that the 
distortion effects are not negligible for this lens. 

In column 3 we assume the fourth order 
distortion term is zero. The resulting residual error 
and other camera intrinsic parameters remain nearly 
the same as the case where the fourth order term 
was considered as significant. Based upon this result 
and the fact that attempts to estimate the parameter 
DK4 produced a widely varying range of values we 
conclude that this term is masked by the random 
noise in the process. It is a waste of effort to attempt 
to estimate the parameter DK4 for the 25 mm lens. 

In column 4 we explore the effect of assigning 
different values for the image center parameters ex 
and ey. The value of ex was assigned to be 266. 
This value is close to the value produced by the least 
square estimate as shown in column 1. The value for 
ey was assigned to be 228. This is theY coordinate 
of the image center determined for the 12 mm lens. 
It differs from estimates for the 25 mm lens shown 
in Table 2 by 10 to 20 pixels. This assumption had 
negligible effect on the residual error and remaining 
camera intrinsic parameters. 

If we consider the special case where the 
distortion coefficients are zero and the camera Z 
axis is normal to the calibration frame, equation 2 
from the camera calibration model can be written in 
the several equivalent forms shown below. 
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= ~ S11Sx(r21(X- X0)+r22(Y- Yo)+r23Z] + C, 

= ~ S11Sx[r2,(X- X0 - x,)+r22(Y-Yo- .t;)+r23Z] 

1 
+Cy + L.v S11Sx(r2tXt + '221;) 

= ~ S11Sx[r,,(x- x,)+r22(Y -.t;)+ r23Z] 

+C, + ~ S11Sx{r2,(X,- X0)+r22(.t; -Yo)) 

1 
PY= Lw S11Sxh(X-X1)+r22 (Y-~)+r73Z] 

+C~ 

In these equations X1 and Y 1 are arbitrary 
values which we can assign to the aim point Such 
an assignment would cause the image center to 
move to ey'. This last camera model is fully 
equivalent to the ftrSt equation for the special case 
stated. A similar demonstration can be made for 
equation 1, the PX image coordinate. In effect for 
this special case the camera aim point and image 
center can be assigned any arbitrary values. When 
the distortion effects are approximately the same or 
smaller than the random noise in the measurements 
the situtation approaches the distortion free situation 
described above. In particular the image center 
coordinates tend to become arbitrary values 
determined more by noise than lens distortion. This 
is the situation illustrated by the ·example shown in 
Table 4 column 4. It also explains why the values of 
ey in Table 2 have increased variability compared to 
those shown in Table 1 for the 12 mm lens which 
has greater distortion. Table 4 includes a list of 
parameters computed with both distortion 
coefficients assumed to be zero. Another list was 
computed with parameter DK4 assumed to be zero 
and the image center parameters ex and ey were 
inserted as a'priori data. 

Results of tests using the 50 mm lens are 
tabulated in Table 3. Least square estimates of the 
image center parameters ex and ey were judged to 
be unrealistic for the four tests with the longer value 
of parameter Lw· In consequence, the image center 
values were assigned using results from the tests 
with the shorter values of Lw· These tests have 
much smaller residual errors which provides more 
precise estimates for all of the calibration 
parameters. 



Estimates for the fourth order distortion 
coefficient DK4, ranged from -8E-14 to 7E-14. In 
brief they are completely unrealible and judged to be 
the result of random noise in the obseverations 
rather than true estimates of the parameters. 

Estimates for the second order distortion 
coefficient DK2, ranged from -5E-9 to -2E-08. 
Again a rather wide variation and probably largely 
influenced by random noise. Table 5 lists the 
camera calibration parameters computed with 
various assumptions regarding the image center and 
distortion coefficient parameters for test 
DIST50.S 12. 

Column 1 lists results when the parameters 
Cx,Cy,DK2, and DK4 are considered to be 
paremeters to be estimated by the least squares 
process. This produced values for the image center 
of Cx=318.4, Cy=150.7. These seem totally out of 
character with results from the other tests reported 
in Tables 1 and 2. Similar results were obtained 
using the 25 mm lens with the longer values of 
parameter Lw· This is the reason why thse results 
are judged to be unrealistic. 

In column 2 the image center parameters were 
assigned values Cx=266 Cy=218.These are 
approximately the values determined with the 25 
mm lens. The fourth order distortion coefficient was 
assigned a value of zero. 

Column 3 was computed with Cx=265 Cy=218. 
The fourth order distortion coefficient was treated as 
a parameter to be estimated. 

Column 4 was computed with Cx=265 Cy=208. 
The parameter DK4 was treated as a parameter to be 
estimated. 

The image center parameters for the data in 
column 5 were computed using only those data 
where the image radius squared (R2), had a value 
greater than 70000. The fourth order distortion 
coefficient is assumed to be zero. This is in contrast 
to estimating all of the parameters using all of the 
data. The estimation process is performed in several 
stages. The concept here is to use only those data 
where there is significant distortion effect to 
estimate the image center parameters, ex and cy. 
This technique is appropriate for those cases where 
the distortion effects are comparable to the residual 
error. 

The process is as follows: 
In the frrst stage only the data where R2 is less 

than 20000 is used. Assign DK4=0, Cx=256, Cy= 
240, and Sx=1.24. Estimate S11,X0,Y0, and the 
quaternion parameters. The distortion effects are 
minimal since only those data near the image center 
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are used. This is expected to produce a nearly 
correct estimate for the scale factor parameter S 11 . 

In the second stage use only data where R2 is 
greater than 70000. Leave S11 ftxed at the value 
determined in stage one. Estimate Sx,DK2,X0, Y 0, 

the quaternion , and the SYNCCOMP parameters. 
This is expected to produce a frrst approximation for 
the distortion parameter, DK2. 

In the third stage repeat the estimate from stage 
two. Again use only data where R2 is greater than 
70000. This time include Cx and Cy as parameters to 
be estimated. This produces a frrst estimate for the 
image center. 

In the fourth stage use all of the data. Leave ex 
and Cy ftxed at the value determined in stage three. 
Estimate parameters S11,Sx,X0,Y0 the quaternion, 
and the SYNCCOMP parameters. This is expected 
to produce near final values for S11,Sx and the 
SYNCCOMP parameters. 

In the fifth stage use only data where R2 is 
greater than 70000. Estimate Cx,CY'DK2,X0,Y0, and 
the quaternion. This produces the fmal value for ex 
and CY' the image center. 

In the last stage use all of the data. Leave ex 
and Cy at the value determined in stage five. 
Estimate S11,Sx,X0,Y0,DK2, the quaternion, and the 
SYNCCOMP parameters. 

The several assumptions used in computing the 
results in Table 5 all produced very similar values 
for the residual error. They simply illustrate that 
when the distortion coefficients are small, the 
image center can be assigned values over a wide 
range with little effect on the residual error. 

The image center parameters are not exclusively 
a property of the lens. If the CCD array is not 
centered directly behind the center of the lens 
mounting hole one would not expect the image 
center coordinates to be Cx=256 Cy=240, the center 
of the CCD array. It is apparent that the image 
center depends upon camera manufacturing 
tolerances as well as lens manufacturing tolerances. 

Typically minature CCD cameras have a 
provision for adjusting the distance from the CCD 
array to the lens mounting plane. Tolerances on this 
adjusnnent mechanism tend to increase the 
uncertainty in the location of the image center. If we 
assume that+/- 0.010 inches is a resonable tolerance 
for the mechanical position of the CCD array, this 
implies an uncertainty of +1- 15 pixels in the image 
center coordinates for a 113 inch CCD array. This 
suggests that the Y coordinate of the image center 
for the camera used in these tests may be largely due 
to the position of the CCD array in the camera since 



in all instances the values for cy were less than the 
mid array value of 240. 

In summary, when the distortion effects are 
large compared to the residual errors one can obtain 
consistent estimates for the image center and both 
distortion coefficients. This is illustrated by the 
results using the 12 mm lens. When the distortion 
effects are smaller as with the 25 mm lens and even 
more so with the 50 mm lens, the fourth order 
distortion term is indeterminent and should be 
assigned a value of zero. The estimation process is 
tolerant of a broad range of values for the image 
center. Or perhaps more correctly, the estimation 
process produces rather imprecise estimates for the 
image center. 

In those cases one can assign a value based 
upon a'priori knowledge such as from using a lens 
with more distortion or simply using the center of 
the ceo array. Alternately one can use only those 
data with large values of the image radius squared to 
determine the image center. 

Vll. QUANTIZATION ERROR 

The fmite size of the elements in the camera 
CCO sensor limit the resolution with which one can 
determine the image centroid of the calibration 
spots. Consider the extreme example where the 
image of calibration spot is exactly the size and 
shape of one element in the CCO array. For this 
example the uncertainty in the image position is -
1+0.5 pixel in both PX and PY. The RMS radial 
error is 0.408 pixel for a uniform distribution of 
image spot positions. 

For any practical case a calibration spot image 
covers many elements in the ceo sensor. The 
binary image of the spot represents a cluster of 
identical rectangular regions which lie within the 
perimeter of the spot image. The centroid of this 
cluster of rectangles is taken to be the centroid of the 
spot image. However, since the CCO sensor 
elements are finite in size we see that cluster of 
rectangles will not exactly fill the region of the spot 
image. The centroid of the cluster of rectangles may 
differ from the centroid of the of the spot image. The 
difference in these two centroid positions is the 
quantization error. It is apparent that the larger the 
number of rectangles within the spot image, the 
smaller the quantization error will be. 

Eight tests were performed to investigate the 
effects of quantization error. The distance from the 
camera to the calibration frame was varied from 20 
to 126 inches. This caused the number of pixels in 
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the spot image to range from 380 to 10. The residual 
error was computed for each test. 

In Figure 6 the residual error is plotted as a 
function of the number of pixels in the spot image. 
As expected the residual error decreases as the 
number of pixels increase over the left portion of the 
curve. When the number of pixels is greater than 
100 the residual error is approximately constant. 
This is because the residual error is also a function 
of the error in the calibration spot world coordinates. 
The RMS error in the calibration spot locations is 
approximately 0.002 inches. When there are 380 
pixels in the spot image this error will produce a 
residual error of approximately 0.15 pixels. This is 
somewhat greater than the value observed in the 
experiment. Perhaps the error in spot location is less 
than 0.002 inches. The residual error due to error in 
spot location is inversely porportional to the square 
root of the number of pixels in the spot image. 
When the number of pixels in the spot image is 40 
the contribution to residual error due to spot location 
error is 0.053 pixels RMS. The distance from the 
camera to the calibration frame was 60 inches and 
the horizontal field of view was 19 inches at the 
calibration frame. The obsevered value of residual 
error for this case was 0.153 pixels. Therefore, for 
this geometry the residual error is due mainly to 
quantization effects. Over the right hand portion of 
the curve the residual error is approximately 
constant due to decreasing effects of quantization 
error and increasing effects of spot position error. 

The random thermal noise effects in the 
CCD sensor also contribute to the residual error. 
Recall this caused the variability in the repeatability 
tests. The observed values from the 21 repeatability 
tests wer,e averaged to produce a mean value for the 
image centroid of each spot. The averaging process 
is expected to reduce the effect of random thermal 
noise. The distance from the camera to the 
calibration frame for these tests was 62 inches. The 
number of pixels in the spot image was 
approximately 40. The residual calibration error · 
from this set of averaged obseveration data was 
0.122 pixels. This is predominately quantization 
error. This is plotted on Figure 6 with a triangle 
symbol. 

In summary, it would be difficult and expensive 
to determine the world coordinates of the calibration 
spots with greater precision than 0.002 inches. 
However when the field of view is greater than 20 
inches spot position error contributes only a minor 
portion of the total residual calibration error. The 
spot diameter on the calibration frame was 0.25 
inches. Using the clear vision of hindsight, it is 



apparent that a spot diameter of 0.375 or 0.500 
inches would result in reduced residual error for 
larger fields of view. 

Vlll. CAMERA CALffiRA TION WITH A 
SINGLE VIEW OF THE CALffiRATION 
FRAME 

Test results in the previous sections have all 
used the measured value of Lw as a'priori data. This 
is because all of the tests were conducted with the 
camera Z axis near normal to the calibration frame. 
In this section the angle between the camera Z axis 
and the normal to the normal to the calibration 
frame was adjusted to 29.5 degrees. The parameter 
Lw is estimated by the least squares process. The 
results are indicative of the difficulty due to the 
cross correlation between parameters S 11 and Lw· 

Two tests were performed in immediate 
sequence with identical geometry. The 25 mm lens 
was used. the The distance from the camera to the 
aim point was measured with a measuring tape to be 
54 inches. The horizontal field of view along the X 
axis of the calibration frame was 21 inches. The 
angle between the camera Z axis and the plane of 
the calibration frame cause the camera Z coordinate 
of the calibration spots to vary over the range of+/-
5 inches about the midrange value of 54 inches. The 
problem then is to obtain precise estimates for Lw 
with this limited range of obseverations. 

The least squares estimation process was 
performed three times for each test. In the fmt 
estimate the initial value assumed for the parameter 
Lw was the measured value, 54 inches. In the 
second estimate the initial value for Lw was taken to 
be 52 inches. In the third estimate a value of 56 
inches was used. The object of this was to determine 
if variations in the initial value produced variations 
in the f'mal estimate. 

They do. The results are shown in Table 6. The 
fmt entry in each column indicates the assigned 
value for Lw· The final value produced by the 
estimation process is shown lower in the column. 
The final estimates for Lw failed to converge to a 
single value. There is a similar variation in the 
parameter S 11· 

Variations in the initial value for Lw bad 
negligible effect on the final value of the residual 
error. For some unknown reason test OBJ30.S26 
had slightly higher residual error than did test 
OBJ31.S26. One would expect them to be more 
nearly equal. 

The estimates for the distortion coefficients, the 
SYNCCOMP parameters, and Cx all were very 
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similar. There is some small vanauons in the 
estimates for CY and somewhat larger variation in 
the estimates for Sx. This latter effect is due to the 
cross correlation with parameter S 11 . 

The analysis process for these estimates 
proceded very, very slowly. It took many iterations 
and variations in the parameter mix to produce the 
results shown. An attempt was made to estimate the 
parameters using an initial value for Lw of 44 
inches. This failed. It did not converge to a 
reasonably small residual error. 

In conclusion, attempts to estimate the camera 
calibration prameters including the parameter Lw 
from a single view of the calibration frame were not 
satisfactory. Better results are obtained using the 
value of Lw measured with the measuring tape. If 
one wishes to estimate the parameter Lw by the least 
squares process one must make obseverations with a 
significant variation in the camera Z coordinate of 
the calibration spots. In effect this means use 
multiple views of the calibration frame with a wide 
range in the distance between camera and the 
calibration frame. 

IX. UNCERTAINTY OF THE ESTIMATED 
PARAMETER VALUES 

The standard deviation of the parameter 
estimated value can be computed from the 
covariance matrix. This has been done for 5 of the 
previous tests. The results are presented in Table 7. 
The results for parameters Cx,CY'r31,r32,Tx, and TY 
are not computed directly with the least squares 
estimation process. They are computed from other 
parameters that are estimated. In a strict sense the 
numbers listed in Table 7 associated with these six 
parameters are not "standard deviations of the 
estimate". Rather they are measures of the 
uncertainty in the computed values of these 
parameters. 

For the geometry used in these tests the 
parameters r31 and r32 are given approximately by 
the relations below. 

The RMS uncertainty in parameter r 31 is 
approximately by four times the standard deviation 
of the estimated value of A2. The RMS uncertainty 
in the value of r 32 is approximately four times the 
standard deviation of the estimateed value of A1. 

We expect the image center coordinates Cx and 
cy to be directly related to the aim point world 



coordinates. Therefore we expect the uncertainty in 
ex and ey to be approximately as shown below: 

error in ex= S 11 *r 11 *(STD of X0 )fLw 
error in ey = S 11 *Sx *r22 *(STD of Y 0 )fLw 

The uncertainty in the camera world 
coordinates T x and T Y is due primairly to variance in 
the aim point coordinates and the rotation matrix 
elements. For the geometry used in these tests: 

error in Tx = STD ofX0 + Lw*( RMS error in r31 ) 

error in TY = STD ofY0 + Lw*( RMS error in r32 ) 

It is convenient to to use these approximate 
values for the interpetation of test results and they 
are included in this table for this purpose. 

Data from test DIST12.S09 are included in 
Table 7 as an example of performance using a 12 
mm lens. Parameter values from this test are shown 
in Table 1. The second order distortion term DK2 
was estimated to be -2.63E-07 with a standard 
deviation of the estimate of 4.7E-09. The fourth 
order distortion term DK4 was ·estimated to be 
1.72E-13 with a standard deviation of 3.0E-14. In 
both cases the standard deviation is small compared 
to the estimated value. We conclude that these are 
fairly precise estimates. The RMS error of the image 
center parameters Cx and Cy are 1.4 and 0.95 pixels 
respectively. We can conclude that the image center 
is determined quite precisely. The number of pixels 
in the spot image for this test was approximately 41 
so the residual error was due primairly to 
quantization error. All of tests of the 12 mm lens 
shown in Table 1 resulted in similar values for the 
distortion coefficients and the image center. 

Test DIST25.S49 used a 25 mm lens. The 
residual error was due primairly to quantization 
error. Parameter values are qiven in Table 2. The 
estimated value for parameter DK2 was -4.98E-08 
with a standard deviation of the estimate of 5.12E-
14. Other tests with the 25 mm lens had similar 
estimates for this parameter. The standard deviation 
of the estimate is small compared to the magnitude 
of the parameter so we can conclude that parameter 
DK2 is fairly precisely determined. This is not the 
case for the fourth order distortion coefficient DK4 . 

Estimates for DK4 ranged from -7.38E-14 to 7.37E-
16 as shown in Table 2. The standard deviation of 
the estimate in test DIST25.S49 was 3.3E-14, the 
same order of magnitude as the parameter. We 
conclude that this is a very poor estimate. In fact 
there is no point in attempting to estimate DK4 or 
include it in the camera model for the 25 mm lens. 
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This is the same conclusion reported in the section 
on distortion results. 

The uncertainty in the image center parameters 
ex and ey in test DIST25.S49 was computed to be 
4.2 and 5.0 pixels. Again, a fairly precise estimate 
for those parameters but larger than for the 12 mm 
lens. This conclusion seems to be in conflict with 
the results presented in Table 4. However, we can 
conclude that the distortion effects are so small that 
assigning image center values over a wide range has 
little effect on the residual error. 

Test DIST50.S18 used the 50 mm lens. The 
residual error was due to both quantization error and 
error in the spot position world coordinates. 
Estimates for the parameters are shown in Table 3. 
The standard deviations of both distortion 
coefficients are of the same order of magnitude as 
the estimated values of the parameters. Both 
parameters are poorly determined. DK4 more so 
than parameter DK2• There is no point in attempting 
to estimate DK4 or include it in the camera model 
for the 50 mm lens. The value for the parameter 
DK2 has a wide range in Table 3. Choosing a value 
in the range of -1E-08 to -2E-08 seems to be a good 
"guess". 

The RMS error in the image center parameter 
Cx was 23.5 pixels. TheRMS error for Cy was 18.5. 
These are both much larger than values for the 12 
and 25 mm lens. The distortion effects are small so 
the image center can be assigned over a wide range 
of values with little effect on the residual error. This 
is demonstrated in the data shown in Table 5. 

Results for data set MEAN.S09 are included in 
Table 7 for comparison purposes. Recall that this is 
the mean of the 21 obseverations in the repeatability 
tests. We expect the residual error for this data set to 
be primairly due to quantization error with very 
little effect due to random noise in the ceo sensor. 

Results for test OBJ31.S26 are included to show 
the effects of including the parameter Lw in the list 
of parameters to be estimated by the least squares 
process. Recall that this was conducted with the 
camera Z axis 29.5 degrees off normal to the 
calibration frame. This was done to introduce some 
variation in the values of the spot Zc data. A 25 mm 
lens was used in this test. The standard deviation of 
the parameter Lw .749 inches. The value of Lw 
measured with the measuring tape was 54 inches. 
The standard deviation of the parameter S 11 
increased from approximately 1 to 28.85 by 
including Lw in the list of estimated parameters. 
This is due to the correlation between parameters 
S11 and Lw· Including Lw as a parameter to be 
estimated by the estimation process caused the 



standard deviation of most of the other parameters to 
increase compared to test DIST25 .S49. This points 
out the folly of attempting to calibrate the camera 
using a single view of the calibration frame. 

X. RESIDUAL DISTRIBUTION 
FUNCTIONS 

Plots of the residual error distribution functions 
for test DIST25.S09 are shown in the accompanying 
figures. Test DIST25.S09 had 312 calibration spots 
visible in the image. The RMS value of the residual 
error in the X coordinate was 0.10 pixels. The RMS 
value of the residual error in the Y image coordinate 
was 0.095 pixels. The RMS radial error was 0.139 
pixels. The camera calibration parameters 
determined from this test are shown in Table 2. 

Figure 7 shows the probability distribution 
function for the radial error. Recall that the radial 
error is the cost function for the least squares 
parameter estimation process. Approximately two 
thirds of the obseverations had errors less than 
0.139, the RMS error. 

Figures 8 and 9 are the histograms of the error 
in X image coordinate and Y image coordinate. The 
Gaussian normal distribution curve is superimposed 
for comparison purposes. Both histograms are seen 
to be a good approximation or the Gaussian 
distribution. The Y image data is particularly good. 

Figure 10 is a graphical representaTion of the 
error vectors for one fourth of the calibration spots. 
The small circles represent the relative positions of 
the calibration spots. Only the odd numbered rows 
and columns are illusttated because the figure would 
become quite cluttered otherwise. The sttaight lines 
eminating from the circles represent the radial error 
vector for the spot. The scale for the error vectors is 
shown in the lower left comer of the figure. The 
errors are seem to be random in direction and 
amplitude. 

Figures 11,12, and 13 are scatter plots for the 
error in the X image coordinate. In Figure 11 the 
error in X image coordinate is plotted as a function 
of the Y image coordinate. The smooth curve is the 
SYNCCOMP function; the compensation for jitter 
in the horizontal synchronization signals. The data 
would follow this curve is the SYNCCOMP term 
were not included in the camara model. Figure 12 
illusttates the error in X image coordinate as a 
function of the X image coordinate. In Figure 13 the 
X image coordinate error is plotted as a function of 
the image radius; the distance from the image 
center in pixels. This plot shows a slight increase in 
error envelope at larger radii. This could be due to 

- 15-

errors in estimating the image center and/or the 
distortion coefficients. 

Figures 14,15, and 16 are the scatter plots for 
the error in theY image coordinate. Figure 14 plots 
Y error as a function of theY coordinate. Figure 15 
plots Y error as a function of X image coordinate. 
Figure 16 plots the Y error as a function of the 
image radius. Figure 16 does not show increasing 
error with increasing radii as Figure 14 did. There 
are clearly two points in these plots that have 
unusually large error. These points are at the top 
center of the calibration frame. The error is due to 
error in the world coordinates for these two spots. 

These several plots all show the errors to be 
random with approximately normal distribution. 
The errors are seen to be independent of spot 
position in the image. 

XI. CAMERA POSmON ERRORS 

In the previous sections of this report the errors 
have been described in terms of the residual error in 
fitting the camera model to the observed data. The 
units of measure have been pixels. This section 
provides examples of the error in camera position 
for a representive application. The units of error 
measure are inches. 

The experiment consisted of mounting a camera 
to the Coordinate Measuring Machine and moving 
the camera to a number of positions within the range 
of the CMM. At each position an image of the 
calibration frame was taken and the data were used 
to estimate the camera position in world coordinates. 
Data from two of the camera positions were used to 
estimate the camera intrinsic calibration parameters. 
These calibration parameters then were used in 
determining the camera position and orientation in 
world coordinates for all of the of the camera 
positions. The transformation from CMM 
coordinates to world coordinates was determined by 
a least squares estimation process that minimumized 
the differences between the transformed CMM 
position and the camera position as determined from 
the image data. These differences are taken to be the 
error in camera position as determined from the 
image data. The errors are expressed in the world 
coordinate system. 

Twenty eight different camera positions were 
used. The results are shown in Table 8. The frrst 
column in this table is a test designator. The second 
column is the residual error in fitting the image data 
to the camera model. The units are pixels. This is 
the same measure of error used in reporting the 
results in the previous sections. The third column is 



the rotation angle associated with the transformation 
from world coordinates to camera coordinates. It is 
the rotation angle associated with the transformation 
in Equation 3. This angle is approximately 90 
degrees because the the camera X axis was 
approximately parallel to the calibratiomn frame Y 
axis. The camera Z axis was approximately parallel 
to the calibration frame Z axis.The camera 
orientation was fiXed for all the tests hence this 
angle was expected to be constant. Columns 4,5, and 
6 are the camera position data in world coordinates 
as determined from the image data. Columns 7 ,8, 
and 9 are the camera position data in the CMM 
coordinate system. Columns 10,11, and 12 are the 
errors in camera position as determined from the 
camera image data. The RMS error in the X 
coordinate data was 0.035 inches. The RMS error in 
the Y coordinate data was 0.030 inches. 

The RMS error in the Z coordinate data was 
0.013 inches. The RMS value of the error vector was 
0.049 inches. The CMM has a range of 16 inches 
along its Z axis. The tests shown in Table 8 used 
only a portion of this range. If a more extreme value 
had beem used for the CMM Z position the camera 
images would have been only partially covered with 
calibration spots. Either the left side or the right side 
of some images would have been blank. The 
calibration frame was too small to provide full 
screen images for the full range of the CMM Z axis. 

In a previous attempt to perform this 
experiment the full range of the CMM Z axis was 
used and the errors were much larger. This is 
because partial screen images can introduce bias 
into the estimates of camera position. Examples of 
this are tabulated in Table 9. These results are 
computed with data from test DIST25.S09 shown in 
Table 2. The test produced a full screen image with 
311 calibration spots visible on the screen. The frrst 
row in this table tabulated the camera position 
estimated from these data. The angle THETA is the 
rotation angle associated with the transformation 
from world coordinates to camera coordinates. The 
residual error is the residual error in performing this 
estimate. The units of this error are pixels as in 
shown in prior test results. The results tabluated in 
row two were computed using those data from only 
the right half of the screen. The left half data were 
ignored and not used in the computations. The 
estimated camera position is seen to be considerably 
different. In a similar manner the remaining rows in 
the table show results computed using differing 
portions of the data. The estimates for the camera 
aim point world coordinates were nearly constant. 
The variations in estimates for the camera X and Y 
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coordinates are the result of variations in estimates 
for the camera orientation. 

Xll. CONCLUSIONS 

Video camera calibration techniques have been 
described for large fields of view. The residual error 
in estimating the camera calibration parameters was 
approximately one-sixth of a pixel. The method 
utalizes a calibration frame as the standard. This 
consists of a rectangular array of black circular spots 
on a white background surface. The background 
surface is in the form of a rectangular plane. The 
plane need not be perfectly flat however, the 
coordinates of each spot must be known in three 
dimensions. The dimensions of the calibration frame 
should be somewhat larger than the camera field of 
view for the intended application. 

Attempts to calibrate the camera with a single 
view of the calibration frame while theoretically 
possible; produced poor results. The calibration 
experiment should consist of at least two views of 
the calibration frame. The distance between the two 
camera positions measured along the camera Z axis 
must be accurately known. This distance should be 
approximately equal to the depth of focus of the 
lens. 

Test results show that the fourth order radial 
distortion coefficient is significant for lens with 
wider fields of view. In the experiments reported 
here the fourth order distortion coefficient was 
significant for a lens with a 12 mm focal length. It 
was not signigicant for 25mm and a 50 mm focal 
length lens. With some types of cameras and image 
processors there is a repetative error in the 
horizon~ synchronization process. The 
characteristics of this error is equipment dependent. 
Test results show examples where this error can be 
be compensated for by including appropriate terms 
in the camera model. 

Mter the camera intrinsic calibration 
parameters have been determined by a calibration 
experiment; the same techniques can be used to 
determine the camera position and orientation. This 
is useful when the camera can be mounted on the 
device whose position and orientation are to be 
determined. The major error in determining camera 
position by this method stem from random errors in 
determining the camera orientation. This error is of 
the order of 0.1 degrees. 

All views of the calibration frame should 
provide images of calibration spots over the full 
extent of the the camera image plane. Views where a 



significant portion of the image plane is blank 
produces biased results. 
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Table 1: Camera calibration parameters using 12mm lens 

TEST NU"BER 
Paraaeter DIST12.S08 OIST12.S18 OIST12.S09 OIST12.S39 OIST12.S08 DIST12.S08 

S11 816.4 816.9 806.0 805.9 819.1 816.0 
sx 1.2391 1.2390 1.2393 1.2393 1.2386 1.2391 ex 268.7 267.1 267.3 266.2 256 • 267.4 
CY 227.8 227.9 228.7 228.9 240 • 228.3 xo 14.868 14.829 14.913 14.872 14.559 14.837 
YO -7.702 -7.702 -7.991 -7.987 -7.490 -7~695 
LW 18.75 • 18.75 • 31.5 • 31.5 • 18.75 • 18.75 • 
OK -2.59E~07 -2.60E-07 -2.63E-07 -2.59E-07 -2.67E-07 -2.35E-07 
OK4 1.52E-13 1.48E-13 1.72E-13 1.51E.:..13 2.04E-13 0 • 
A(1) -.015358 -.015369 -.011331 -.011352 -.013589 -.015281 
A(2) -.027251 -.027016 -.015196 -.014994 -.025012 -.027083 
A(3) -.014846 -.014843 -.018017 -.018004 -.014968 -.014846 
A"P 2.31 2.40 2.52 2.21 2.79 2.32 
FREQ .0316 .0314 .0341 .0337 .0266 .0314 
DL 6.79 6.98 9.18 8.89 .33 6.75 

R"S ERROR 
IN PX .084 .086 .093 .098 .110 .094 

R"S ERROR 
IN PY .085 .085 .097 .097 .113 .087 

R"S RADIAL 
ERROR .119 .120 .134 .138 .158 .128 

NU"BER OF 
DATA POINTS 103 103 306 306 103 103 

Notes: 
1. • Paraaeter was assigned a•priori 
2. Tests DIST12.S08 and OIST12.S18 were aade under identical conditions 
3. Tests DIST12.S09 and OIST12.S39 were aade under identical conditions 
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Table 2: Camera calibration parameters using 25mm lens 

Test Nuaber 
Para•eter OIST25.S08 OIST25.S18 OIST25.S09 OIST25.S39 OIST25.S49 

S11 1571.3 1570.5 1556.3 1577.0 1576.8 
sx 1.2397 1.2397 1.2398 1.2397 . 1.2395 
ex 259.8 263.1 262.3 260.4 263.3 
ev 216.7 211.2 213.1 210.5 207.7 
xo 14.907 14.988 14.097 14.027 14.148 
YO -7.980 -8.080 -8.465 -8.531 -8.612 
LW 36.7 & 36.7 & 63.1 & 63.1 & 63.1 & 
OK -5.91E-08 -5.30E-08 -5.35E-08 -5.68E-08 -4.98E-08 
OK4 -1.11E-14 -3.35E-14 -7.38E-14 7.37E-16 -6.64E-14 
A(1) -.011230 -.011726 -.012296 -.012085 -.012532 
A(2) .003696 .003434 -.002905 -.003099 -.003512 
A(3) -.015611 -.015640 -.018571 -.018562 -.018567 
AMP 2.36 2.30 2.38 2.30 2.32 
FREQ .0314 .0330 .0337 .0333 .0342 
OL 6.70 8.35 8.45 8.16 8.76 

RMS ERROR 
IN PX .077 .071 .100 .113 .111 

RMS ERROR 
IN PY .076 .080 .095 . .085 .089 

RMS RADIAL 
ERROR .110 .107 .139 .141 .142 

NUMBER OF 
DATA POINTS 101 101 312 305 305 

Notes: 
1. a Para•eter was assigned a•priori 
2. Tests OIST25.S08 and OIST25.S18 were perfor•ed under identical conditions 
3. Tests OIST25.S39 and OIST25.S49 were perfor•ed under identical conditions 

Table 3: Camera calibration parameters using 50mm lens 

TEST NUHBER 
Para•eter OIST50.S08 OIST50.S18 OIST50.S09 OIST50.S39 OIST50.S12 OIST50.S32 

511 3223.6 3223.6 3206.4 3206.0 3181.1 3180.6 
sx 1. 2395 1.2394 1.2401 1.2400 1.2405 1.2405 
ex 265.1 265.5 265 • 265 • 265 * 265 * 
ev 219.5 217.1 218 * 218 * 218 * 218 * 
xo 14.974 14.986 14.416 14.416 14.707 14.704 
YO -8.003 -8.046 -8.412 -8.412 -8.677 -8.680 
LW 75 * 75 * 131.25 * 131.25 * 136 * 136 * 
OK -6.67E-09 -5.19E-09 -8.90E-09 -4.07E-09 -2.23E-08 -1.81E-08 . 
OK4 -6.43E-14 -6.97E-14 -5.52E-14 -8.26E-14 3.90E-14 9.47E-15 
A(1) -.006060 -.006087 -.015554 -.015314 -.022310 -.022397 
A(2) -.005444 -.005419 .017460 .017588 .016681 .016550 
A(3) -.016197 -.016198 -.012625 -.012627 .017963 .017964 
AHP 2.41 2.48 2.32 2.34 2.69 2.58 
FREQ .0323 .0304 .0337 .0339 .0315 .0326 
Ol 7.82 8.07 9.48 9.33 9.15 8.72 

RHS ERROR 
IN PX .064 .067 .098 .098 .105 .100 

RHS ERROR 
IN PY .086 .079 .102 .094 .121 .117 

RHS RADIAL 
ERROR .107 .103 .141 .139 .160 .153 

NUHBER OF 
DATA POINTS 99 99 321 313 335 335 

Notes: 
1. * Parameter was assigned a'priori 
2. Tests OIST50.S08 and OIST50.S18 were made under identical conditions 
3. Tests OIST50.S09 and DIST50.S39 were made under identical conditions 
4. Tests OIST50.s12 and OIST50.S32 were ~t~ade under identical conditions 
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Table 4: Camera calibration parameters from test DIST25.S39 
Computed with differing assumptions regarding 

distortion coefficients and image center 

ANALYSIS ASSUMPTIONS 
Para•eter Esti11ate Both Assu•e Assu•e Assign See 

OK & OK4 OK:OK4=0 OK4:0 ex & ev Note 2 
Sll 1576.8 1570.2 1576.7 1577.7 1578.3 
sx 1.2395 1.2400 1.2397 1.2398 1.2399 
ex 263.3 263.3 * 267.5 266 * 252.2 
CY 207.7 207.7 * 207.2 228 * 234.6 
xo 14.148 14.148 14.317 14.208 13.642 
YO -8.612 -8.614 -8.619 -7.950 -7.777 
LW 63.1 * 63.1 * 63.1 * 63.1 * 63.1 * 
OK -4.98E-08 0 * -5.63E-08 -5.35E-08 -5.84E-08 
OK4 -6.64E-14 0 * 0 * -3.84E-14 0 * 
A(1) -.012532 -.009874 -.012266 -.010941 -.010517 
A(2) -.003512 -.002830 -.003748 -.003548 -.002296 
A(3) -.018567 -.018542 -.018575 -.018587 -.018563 
At1P 2.32 2.17 2.25 2.27 2.37 
FREQ .0342 .0349 .0337 .0335 .0327 
OL 8.76 9.80 8.~8 8.36 7.56 

RMS ERROR 
IN PX .111 .283 .112 .110 .113 

RMS ERROR 
IN PY .089 .261 .085 .088 .095 

Rt1S RADIAL 
ERROR .142 .385 .141 .141 .148 

NUMBER OF 
DATA POINTS 305 305 305 305 305 

Notes : l. * Para•eter was assigned a'priori 
2. I•age center was co•puted using only those data points 

with i•age radius squared greater than 70000. 

Table 5: Camera calibration parameters from test DIST50.S12 
Computed with differing assumptions regarding 

distortion coefficients and image center 

ANALYSIS ASSUMPTIONS 
Para•eter Esti•ate Assign OK4•0 Assign Assign See 

CX,CY,DK,OK4 CX=265,CY=218 CX=265,CY=218 CX:265,CY=218 Note 2 
S11 3180.2 3180.5 3181.0 3180.2 3181.3 
sx 1.2393 1.2341 1.2405 1.2404 1.2406 
ex 318.4 265 * 265 * 265 * 267.2 
CY 150.7 218 * 218 * 218 * 226.2 
xo 16.815 14.707 14.707 14.673 14.821 
YO -11.160 -8.677 -8.677 -9.126 -8.400 
LW 136 * 136 * 136 * 136 * 136 * 
OK -2.02£-08 -1.65E-08 -2.15E-08 -2.18E-08 -1.65E-08 
DK4 1. 52E-14 0 * 3.62E-14 3.43E-14 0 * 
A(1) -.025107 -.022374 -.022358 -.022927 -.021993 
A(2) .014150 .016664 .016670 .016771 .016479 
A(3) .017647 .017966 .017965 .017934 .017979 
AMP 2.63 2.68 2.69 2.70 2.67 
FREQ .0339 .0332 .0332 .0331 . 0333 
DL 10.2 9.22 9.19 9.30 9.21 

RMS ERROR 
IN PX .102 .105 .104 .104 .106 
RMS ERROR 

IN PY .115 .117 .118 .116 .118 
RMS RADIAL 

ERROR .154 .157 .157 .155 .159 
NUMBER OF 
DATA POINTS 335 326 326 326 326 

Notes: 1. * Para•eter was assigned a'priori. 
2. I•age center was computed using only those data points 

with i•age radius squared greater than 70000. - 19-



Table 6: Camera calibration parameters from a single view of the calibration frame 

Paraaeter TEST OBJ30.526 TEST OBJ31. 52 --
Initial Value 

For LW 54 52 56 54 52 56 
511 1573.8 1551.3 15CJO.CJ 1567.4 1553.8 15CJ1.8 
sx 1.2368 1.2408 1.2334 1 . 2381 1.2407 1.2331 
ex 25CJ.3 258 258 25CJ.7 25CJ.4 257.3 
ev 1CJ8.0 203 203 200.CJ 203.2 1CJ6.1 
xo 14.081 14.027 14.027 14.0CJ7 14.083 14.004 
YO -8.672 -8.530 -8.531 -8.5CJO -8.524 -8.721 
LW 54.211 53.570 54.606 54.041 53.665 54.623 
OK -5.26E-08 -5.14E-08 -5.57E-08 -5.32E-08 -5.51E-08 -5.5CJE-08 
OK4 -2.34E-14 -3.3CJE-14 -1.67E-15 -2.27E-14 -1.37E-14 -2.74E-14 
A(1) -.01CJ167 -.018750 -.018407 -.018CJ27 -.018771 -.01CJ268 
A(2) -.128785 -.127115 -.12CJ818 -.12840CJ -.127413 -.12CJ841 
A(3) .00020CJ .000043 .000044 .000102 .000024 .000277 
At1P 2.87 2.86 2.CJO 2.7CJ 2.78 2.82 
FREQ .0321 .0322 . • 031 CJ .0315 .0315 .0313 
Ol 7.43 7.4CJ 7.23 6.54 6.58 6.33 

Rt1S ERROR 
IN PX .OCJ60 .OCJ63 .1014 .08CJCJ .08CJ8 .OCJ06 

Rt1S ERROR 
IN PY .1022 .102CJ .1045 .1000 .1003 .1004 

Rt1S RADIAL 
ERROR .1402 .140CJ • 1456 .1343 . .1346 .1352 

NUt1BER OF 
DATA POINTS 262 ~62 262 262 262 262 

Table 7: Standard deviation of parameters for selected tests 

Paraaeter 
S11 
sx 
OK 
OK4 
xo 
YO 
A(l) 
A(2) 
A(3) 
LW 
At1P 
FREQ 
Ol 
ex 
ev 
r31 
r32 
TX 
TY 

Nuaber of 
Obseverations 
Rt1S Residual 

Error 
Number of 
Pixels in 
Spot Iaage 

StAndards 
DIST12.S09 

.208 
1.47E-04 
4.7E-OCJ 
3.0£-14 
.053 
.030 
8.2£-05 
8.1E-05 
1.4E-05 

* 
.048 
6.9E-04 
.68 
1.4 

.CJ5 
3.2£-04 
3.2E-04 

.063 

.040 

305 

.134 

41 

Deviation of 
DIST25.S4CJ 

.374 
1.70E-04 
5.12E-OCJ 
3.3E-14 

.168 

.161 
1.7£-04 
1.5£-04 
1.2£-05 

* .082 
8.3£-04 

.880 
4.2 
5.0 

6.0£-04 
6.8£-04 

.206 

.204 

305 

.142 

3CJ.5 

Paraaeter Estiaates 
DIST50.S18 t1EAN.SOCJ 

1.091 1.030 
2.8E-04 4.16E-04 
6.18£-09 4.2E-09 
3.86E-14 2.8E-14 

.549 .232 

.423 .068 
4.8E-04 1.4£-04 
3.9£-04 1.2E-04 
2.6E-05 2.2E-05 

* .110 
10.3£-04 
1.43 
23.5 
18.5 

1.6£-03 
1.9£-03 

.668 

.563 

99 

.103 

116 

* .072 
6.9£-04 

.663 
5.8 
2.1 

4.8£-04 
5.6E-04 

.251 

.102 

302 

.122 

40 

* Paraaeter LW was taken as a priori data for this test. 
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OBJ31.S26 
28.85 
6.2£-04 
5.0E-OCJ 
3.12£-14 

.269 

.138 
3.4£-04 
1.96£-03 
1.86£-04 

.749 

.08CJ 
7.3E-04 
1.36 
7.8 
5.0 

7.6E-03 
1.4E-03 

.679 

.213 

262 

.134 

53 



Table 8: Error in estimating camera position 

TEST RESERR THETA X y z XR YR ZR EX EY EZ 
1 0.153 90.447 22.824 -11.428 -55.221 0.000 10.165 0.303 -0.035 0.012 -0.003 
2 0.166 90.555 23.397 -10.649 -25.218 -30.000 9.183 0.947 0.036 0.012 0.000 
3 0.157 90.560 23.446 -10.925 -25.220 -30.000 9.183 0.655 -0.015 -0.004 0.003 
4 0.115 90.547 23.256 -3.962 -25.251 -30.000 9.387 7.638 0.012 0.017 -0.000 
5 0.115 90.541 23.148 -18.047 -25.193 -30.000 9.387 -6.463 0.037 0.001 0.007 
6 0.123 90.544 32.169 -17.983 -25.108 -30.000 0.382 -6.349 0.021 -0.001 0.025 
7 0.105 90.548 32.247 -11.843 -25.134 -30.000 0.382 -0.247 -0.021 -0.039 0.022 
8 0.123 90.545 32.298 -4.049 -25.160 -30.000 0.382 7.599 -0.026 0.013 0.012 
9 0.144 90.555 13.109 -3.902 -25.351 -30.000 19.562 7.599 -0.015 -0.023 -0.017 

10 0.106 90.562 13.044 -11.923 -25.324 -30.000 19.561 -0.414 0.003 -0.014 -0.006 
11 0.147 90.572 12.997 -18.022 -25.297 -30.000 19.561 -6.474 0.015 0.025 -0.005 
12 0.137 90.514 13.110 -11.649 -40.317 -15.000 19.689 -0.129 -0.018 -0.073 -0.015 
14 0.138 90.523 13.045 -6.717 -40.335 -15.000 19.776 4.908 -0.010 0.032 -0.021 
15 0.140 90.515 22.983 -6.781 -40.244 -15.000 9.863 4.908 -0.036 0.038 0.001 
16 0.152 90.518 22.894 -11.727 -40.216 -15.000 9.863 -0.078 0.024 -0.001 -0.004 
17 0.171 90.504 22.894 -15.858 -40.197 -15.000 9.863 -4.196 -0.000 0.012 -0.004 
18 0.148 90.500 32.023 -15.812 -40.117 -15.000 0.689 -4.089 0.045 0.019 0.021 
19 0.137 90.504 32.066 -11.667 -40.139 -15.000 0.689 -0.001 0.026 -0.038 0.024 
20 0.133 90.511 32.083 -6.843 -40.144 -15.000 0.689 4.875 0.037 0.014 0.006 
21 0.142 90.443 32.309 -8.917 -55.134 0.000 0.689 2.847 -0.029 -0.011 0.007 
22 0.154 90.453 32.220 -11.961 -55.123 0.000 0.689 -0.222 0.042 -0.035 0.010 
23 0.156 90.449 32.150 -14.110 -55.114 0.000 0.689 -2.408 0.099 -0.072 0.011 
24 0.148 90.462 22.851 -14.124 -55.204 0.000 10.128 -2.408 -0.040 -0.003 -0.007 
25 0.158 90.462 22.805 -11.425 -55.216 0.000 10.165 0.303 -0.016 0.009 -0.008 
26 0.156 90.462 22.823 -9.043 -55.227 0.000 10.165 2.747 -0.019 0.071 -0.008 
27 0.145 90.465 13.291 -8.920 -55.328 0.000 19.753 2.747 -0.074 0.004 -0.017 
28 0.162 90.462 13.191 -12.005 -55.312 0.000 19.753 -0.315 0.008 0.027 -0.019 
29 0.165 90.470 13.234 -14.181 -55.304 0.000 19.753 -2.507 -0.048 0.011 -0.017 

Table 9: Effect of partial images on estimates of camera position 

Residual Number of X y z 
Error Data Points Position Position Position THETA 

Full Screen 
Image .139 311 13.252 -5.389 -63.020 5.149 

Right Half 
Image .138 177 13.178 -5.365 -63.010 5.173 

Left Half 
Image .136 165 13.352 -5.442 -63.017 5.113 

Top Half , 
Image .136 180 13.312 -5.445 -63.024 5.106 

Bottom Half 
Image .134 170 13.289 -5.214 -63.025 5~235 

- 21-



Calibration 
Frame 

Origin of 
World Coordinate 
System 

Camera I 
Coordinate -~ I 

I 

I 

I 

/~ 0 0 (OX: ~y:~:;-~ 
' ·-: o Zw . 0 ' , 

: o o~ o I ! 
- ·"""' I . 0 -:1 ~ / \ 0 I I "'·, : o / · o o I : 

I ~ · ~ / l 

~xw o~v I 

Yw t, / /\Camera 
/ Aim 

i 

/ 

$ 
I 

/ / 

/ / 

Zc/ 

/ Point 
/ 

/ 
/ 

System With ~~ 
Origin at ~--~-- Xc 
Tx,Ty,Tz 

Origin of . 
~mage Coordinates 

.~lrr··Px 1 

I r J I I ~: P===y ======~I 
L..::::;~==-:;:::::_," y I 

!-"' Image Processor 

\ , Display 

Computer With ------~ 

\ 
\ 

Image Processor 

Figure 1: Description of the calibration setup and the different coordinate systems 

-22-



0 

..... 
I 

0 0 0- - - - - 0 0 
0 0- -~ 0 

0 Search Window -o 
0 

,--/For 
Spot ( j) 

0 

0 e> 0 • !0• 0 0 

/0 l.. -~"--Spot ( k ) 
( i ) Spot -spot ( j) 

e> 
0 0 

I 

0 0 - - - - 0 

0 0 0-- ·- - Calibration Frame- -- -0 0 

Figure 2: illustration of the search algorithm. 

:A... 
/ \ 
/ \ .. . . 

100 200 300 400 

Y Iaage Coordinate 

0 

0 
0 

0 

0 

0 

Figure 3: Error in X versus Yin image coordinate system (Image processor in XLT mode). 

- 23-



..... 
0 
1-0 
..... ..... 

. . 
'I , ' '• • • •t'', 

t • ,, •• • • ...... ·. . 1·. . . J . . . .. ·1· . 
•• 

0101 
o\o 0 

ih,i,' I 
I It I II 

',I • . . 

. . ... 
0 .. :I. 0 • 

0 

0 _: •
0
° (>0 °:: 

0

o 0:0~ . . . . · .. ·. .. . . ..... .... 
'•• .. 

100 200 300 

Y 1aa9e Coordinate 

: . 
. '• 

·· .. I ' 
•' 

1· .... · .,·. r · .... _j 
•, '····~ .. . 

II II I 

'• ...... 

400 

Figure 4: Error in X versus Y in image coordinate system (Image processor in PPL mode) . 

..... 
0 
1-0 ..... ..... 

. . . . . .. ', 

~~,·~<~·.··~~···.~.,~::of~··': .. ·_ ..... ~V:o~ .. ~ .. t~>~oo .. o·~'~f'-:~· .. ~:~ ... ·.·.~r(;~,~ ... f~·/_· .. ~.fo.~·. ~ 
f/1 t t t \ • '•' t t : I I I It I \ I • ,: 't It I t e I t' ·.'· : ttl 

• • • t • •' '• ,.1. • • t \ • 

•••• t 

100 200 300 400 

V I•age Coordinate 

Figure 5: Error in X versus Yin image coordinate system (Image processor in XLT mode). 

-24-



.d 
+J 
·r-t ftS 
~ en 

en 
en-r-t 
d u 
o en 

·r-t ..Q 
+J~ 
ftS 
~ d 
Cl> ftS 
>.d 
Cl>E-4 
en 
..Q~ 
0 Cl> . 

+J 
~ftS 
0 Cl> 

~ 
+JC!) 
d 
Cl> ~ 
u 0 
~ ~ 
Cl> ~ 
O..tzl 

., ... 
IG 
c: ...... 

"0 
1-
0 
0 
u 

N 

0 

...... ., . 
CliO 
IG • 1-4 

c: ...... 
1-
0 
I
I
w 
VI 
:I: 
IX 

0 I I I I 
10 

0 

I I I 

Figure 6 
RMS Radial Error Vs Nu•ber of 
Pixels in Calibration Spots 

G 

I I I I I I I I I 

Nu•ber of Pixels in Calibration Spots 

I I I I I I 
/an) 

Figure 6: RMS radial error versus number of pixels in the calibration spot 

9 X Figure 7 
X Radial Error Distribution 

For Test DIST25.S09 
X 

X 

X 

8 X 

+ I X 

t X 

X 

X 
>:: 

Q 

0 0.1 0.2 
Radial Error in Pixels 

Figure 7: Radial error distribution for test DIST25.S09. 

- 25-



r 

.. -·· 

.... 
... ·· 

.. l 

··' 

-.2 

•' 
I 

..... l 

.. l 

-.1 

l 
l 

0 

0 

Figure 9 
Histogram of Error in 

Image Coordinate 

\ 
\ 

.1 • 2 

Figure 8: Histogram of errors in X image coordinate. 

~ I 
Ul 
c: 
0 I .,.... rl ~ ~ ns 

Cl) ~ 
/ .Q Cl) . e > 

.... · :::1 Cl) 
ZUl ..•. ·· .Q 

.,..J· 0 t 
oJ 

Figure 8 
Histogram of Error in 

X Image Coordinate 

\ 
\ 

\ 
\ 

\ ., 
...... 

···-. 
r-· .... __ 
~ -- r 4 

-.2 -.1 0 . 1 . 2 

Figure 9: Histogram of errors in Y image coordinate. 

- 26-



c c ..... ,, ~ ~ • I~ -m ~ r c c 

\ \ c c .. • ~ • ~ , ..... ~ r 0 c 

c 0 ~ .,.. ' ~ • ,j ~ ' _. .-' ~ 0 0 

0 0 ... r ' • ..... 0 & ' .. ., \, 0 0 

y 0 0 1_.--e / . ..... .. \\ 
~ ... ' ..... 0 0 0 

0 0 ... ..... ' • Jll , r / ..... 1 0 0 0 

0 0 • ----..m ..__ .. \ ~ Cf p • 0 0 0 

c 0 0 0 0 0 0 /."'...._ ......_..._ 0 0 0 

X 

Figure 10: Plot of error vectors for 1/4 of the calibration spots. 

/\ 
;' \ 

100 200 300 400 

Y Iaage Coordinate 

Figure 11: Error in X versus Y in image coordinate system (Image processor in XTL mode). 

- 27-



.... 
0 
1-0 .... ..... 

0 100 200 300 400 

)( Iaage Coordinate 

Figure 12: Error in X versus Yin image coordinate system (Image processor in X1L mode). 

0 100 200 300 400 

Iaage Radius 

Figure 13: Error in X versus Yin image radius (Image processor in X1L mode). 

-28-



.... 
0 
1-0 .... 
Ll.l 

.... 
0 
1-0 .... 
Ll.l 

'• 

100 200 300 400 

.v ·I•aqe Coordinate 

Figure 14: Error in X versus Y in image coordinate system. 

: 

100 200 300 400 

X I•age Coordinate 

Figure 15: Error in Y versus X in image coordinate system (Image processor in X1L mode). 

- 29-



Figure 16: Error in Y versus Yin image coordinate system (Image processor in X1L mode). 
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On the use of Gradient Images: transformation-invariant pattern classification 

ABSTRACT 

0. A. Uwechue, P. Szabo, A. Pandya 

Dept of Computer Science and Engineering 
Dept. of Electrical Engineering 

Florida Atlantic University 
Boca Raton, FL 33431 

This paper describes the use of a high-order neural . net-based pattern classifier for the classification of 

gradient( edge-only) facial images. The weights of the high-order net are configured in such a way as to 

provide position-, scale-, and rotation-invariant pattern recognition and then trained on binary gradient 

images. It is shown that the use of gradient images yields superior neural network performance in certain 

cases over the use of ordinary( full-bodied) images. 

INTRODUCTION 

There are three basic different types of discontinuities in a digital image: points, lines, and edges. A 

common way to look for these discontinuities is to run a mask through the image. This involves 

computing the sum of products between the mask co-efficients and the intensities of the pixels under the 

mask at a specific location in the image. The mask is then moved to the next pixel location and the 

process is repeated . This continues until all pixel locations have been covered. An edge is the boundary 

between two regions with relatively distinct gray-level properties. Most edge-detection techniques are 

based on the computation of a local derivative operator: the frrst derivative at any point in an image is 

obtained by using the magnitude of the gradient at that point. 

It is well established from vector analysis that for an image f(x,y), the gradient vector points in the 

direction of maximum rate of change of/ at (x,y). The gradient of the image at location (x,y) is given by 

the vector: 

vr =[:; J = 

~ ax 

"M 
dy 
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the magnitude of this vector, V f, is given by: 

Vf = mag(Vf) = [ G/ + G/ flz 

The gradient was then approximated by using absolute values: 

Computation of the gradient of an image is based on obtaining the partial derivatives of/ox and of/ oy at 

every pixel location. Derivatives may be implemented in digital form in several ways using various 

derivative-approximating operators[!]. However, the Sobel operators have the advantage of providing both 

a differencing and a smoothing. Because derivatives enhance noise, the smoothing effect is a particularly 

attractive feature of the Sobel operators. The Sobel mask is a 3x3-pixel structure and the operator 

derivatives are given by: 

Gx = (z, + 2zs + Z9) - (z1 + 2z2 + Z3) 

Gy = (z3 + 2Z6 + Z9) - {z1 + 2z.. + z7) 

The corresponding masks are shown below: 
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Neural Network pattern recognition 

-1 0 1 

-2 0 2 

-1 0 1 

y-axis 

In pattern recognition an input image must be recognised regardless of its position,size, and angular 

orientation. In order to achieve this, the neural network needs to learn the relationships between the input 

pixels. Pattern recognition requires the nonlinear subdivision of the pattern space into subsets representing 

the objects to be identified. Single-layer neural networks can only perform linear discrimination. However, 

multi-layer frrst-order networks and high-order neural networks(HONNs) can both achieve this. 

The use of high-order networks for invariant pattern recognition has been explored by several researchers 

(Minsky&Papert 1969, Giles&Maxwell et al. 1986, Spirkovska&Reid 1989, Lisboa&Perantonis 1991) and 

applied to the classification of simple, 2-dimensional binary images. High-order nets can be designed to be 

invariant to 2-D co-ordinate transformation of images by adjusting their weights accordingly. A second

order version of such a network can be made insensitive to translation and scale distortions. A third-order 
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network can be used to perform translation, scale and rotation-invariant object recognition with a 

significant reduction in training time over other neural net paradigms such as backpropagation[2,3]. 

Spirkovska&Reid[4] were able to achieve a 100% recognition rate for the classic T/C problem and also for 

binary, edge-only aircraft images; their test suite comprised of objects translated, scaled down to 38% of 

the original size, and rotated through arbitrary angles. 

In order to build invariance to these three transformations, appropriate equivalence classes must be 

constructed using the relative co-ordinates of the pixels involved. Thus, the weights are constrained such 

that all combinations of three pixels (triples) which define similar triangles are connected to the output 

with the same weight. The internal angles of these triangles remain unchanged under translation,rotation 

and scale transformations. The details of this technique can be found in an earlier paper[5]. 

IMAGE PROCESSING 

Isodensitv Regions 

Many schemes for face recognition have been proposed and implemented by researchers, however, the 

performance of most of the proposed schemes have generally been sensitive to 2-dimensional co-ordinate 

transformations of the image (rotation, scaling, translation). Various approaches to invariant 2-

dimensional pattern recognition have been implemented such as those using Fourier descriptors[6-8], 

autoregressive models[9], circular harmonic expansion[lO], and moment invariants[ll-19] which use 

global image information. 

The human face is a 3-D surface, it therefore seems reasonable to base the face recognition algorithm on 

its three-dimensional characteristics. The perceived light intensity when viewing a small area of an 

illuminated 3-D object depends on various factors including shape and depth of the surface of the 

object[20-22]. The 3-dimensional structure of each face in the database was captured by identifying and 

isolating regions of constant intensity (isodensity regions)[23] and then transforming them to binary 

images. The binary images of the isodensity regions were then later processed and used as the training set 

for an artificial neural network recognition system. The use of binary-valued data can reduce storage 

requirements. 

In the case of the human face, isodensity regions do not provide an exact 3-D reconstruction of the image 

because the reflection co-efficient is not constant over the whole face due to variations in color between 

different regions· of the face (eg. eyebrows, skin, lips, pupils, stubble), the prescence of perspiration 

on the skin, etc. However, a reasonable amount of 3-D information is still present in isodensity regions 

thereby justifying this approach. 
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An isodensity image is a binary(monochrome) image created from the original greyscale image that 

displays the desired intensity levels in white (greyscsale level 255) and all other pixels in black (greyscale 

level 0). A major drawback in using isodensity information is the fact that the method is very sensitive to 

lighting conditions for the facial image. A simplistic isodensity analysis is very susceptible to these 

changes in lighting conditions because the decision boundaries(thresholds) are fixed at certain intervals. 

Therefore, if an isodensity method is to be viable, it must be impervious to such disturbances. In a 

previous paper[5], we proposed a method called 'Adaptive Threshold Strategy '(ATS) which provides 

invariance against lighting changes. A detailed description of this method can be found in the 

aforementioned previous paper. The 8-bit grayscale range (000 to 255) was arbitrarily divided up into four 

regions by applying ATS. 

Coarse Coding 

A serious limitation of high-order nets is the rapid increase in the number of weights required with the 

input image size. The number of weights increases factorially with the image dimensions. For example, in 

an 8x8-pixel image, the number of possible triplets is 64-choose-3 or 41664. Quadrupling the image area 

to a 16x16-pixel image, yields 2763520 triplets, an increase by a factor of 66. In order to obtain images 

with a reasonable amount of detail we used 128x128 images. In our case, the number of interconnections 

without the use of encoding, would have become prohibitively large (7.3 x 1011 
). Coarse coding[24] is a 

technique whereby such a high-resolution image is transformed into a series of superimposed lower

resolution images (see figure6). For example, a 128x128 image can be represented by a series of eight 

16x16 coarse images overlayed on each other with an offset equivalent to the dimensions of a pixel in the 

original high resolution image (see figure7) without any loss of information. This transformation reduces 

the problem to a manageable size since we now only require a 64-input neural network to process the 

16xl6 images as opposed to the 16384-input (128xl28) net needed for the unencoded image. Of course 

the number of training samples increases from 1 to 8, but such an increase in training time is tolerable in 

this application. 

Each image used was subjected to a 4-level isodensity decomposition whereby four isodensity images were 

generated per grayscale image, each of these were then coarse coded to produce a set of eight coarse 

images per isodensity image. The neural net was then trained on two sets of coarse images at a time: one 

set per isodensity image per subject. 

The net was trained on various pairs of facial images using both gradient coarse images and ordinary 

coarse images and the results compared. The test suite for each pair of training images comprised of the 

training subjects under different facial expressions subjected to a combination of geometric 
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transformations( rotation, scale and translation). Figure 1 shows the base set of the grayscale facial images 

used (i.e. single-expression, no geometric transformations applied). Figure 2 shows the various facial 

expressions used for subject B and its geometrically-transformed variants. Each grayscale image was 

broken down into four isodensity images by applying four isodensity thresholds. A classification was 

regarded as "correct" when the corresponding images of at least 3 of these 4 levels classified correctly. 

Cases of network non-convergence were discarded and were not regarded as either correct or incorrect 

classification so as not to affect the overall network classification decision. 

The network parameters were set as follows:learning rate ('Tl) = 2.0; threshold= 0.01. 

Figure 3 shows two 128x128 grayscale facial images (subjects A and B) and their resulting 4-level 

isodensity maps (8 in all). Figure 4 shows the resulting coarse images for the level 1 isodensity maps for 

subjects A and B prior to applying the Sobel operators. Figure 5 shows the coarse images after application 

of the Sobel operators. 

RESULTS 

Out of 23 facial image pairs that trained and classified correctly under the gradient scheme, 8 of these 

classified correctly under the ordinary(non-gradient) scheme. The transformation of images to their 

gradient equivalents prior to network training resulted in superior performance. Further research may be 

explored by varying the network parameters - this may lead to enhanced performance for either of the 

schemes investigated. 
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ABSTRACT 

A method is investigated to map functions given a finite training set and using fuzzy models that 
are based on pattern recognition criteria. The fundamental problem to be explored concerns the 
determination of the parameters, both dimensional and substantive, of a matrix of membership functions U, 
each element of which represents the normalized sampled value of a basis function evoked by a discrete 
input training vector x(k). This paper proposes a new validity functional, to judge the fitness of candidate 
membership function matrices. The functional is sensitive to the separation, or classification, objectives 
characteristic in pattern recognition applications, and also to the topological specific traits of the desired 
mapping, traits that are embedded in the training data itself. Minimization of a metric resulting from the 
validity functional guides the selection of the parameters, including dimension, that constrain and define the 
Matrix of basis functions. The methodology provides a significant reduction in computational complexity 
in the determination of consequent parameters (eigenvalues): Given an optimal or suboptimal U matrix 
obtained by a modified fuzzy-c-means algortithm prior to training, structures that behave as eigenvalues are 
obtained by backpropagation of error during the training phase of the model. 

INTRODUCTION 

A general fuzzy model for mapping of MISO (Multiple Input Single Output) functions can be 
represented as: 

c 
f(x(k))= I,Cj · .Uj(x(k)) (1) 

j=l 

where, 
c = number of rules 
C j = Eigenvalue for rule j, a scalar in general . 

.u j ( x{k)) = .u jt =degree of validity (membership value) for j-th basis function or rule. 

The above can easily be extended to MIMO mappings. For simplicity and clarification of critical 
issues we will, in this paper, limit the discussion to MISO processes . .Uj(x(k)) is the value of the basis 
function sampled at the specific training vector from the continuous region of possible membership values 
in that neighborhood of the training set bounded by its acceptably accurate mappings. The size, as a 
function of accuracy, of such a neighborhood of mapable points not on the original training set is a critical 
issue that will be deferred for future work. For the present scope we make the reasonable assumption that 
the size of the referenced neighborhood directly corresponds to the achieved accuracy for discrete points on 
the training set. The membership values themselves depend on functions of similarity which are inversely 
related to distances between the input vector x(k) and a set of centroidal reference vectors Vj corresponding 
to each fuzzy class or rule. 

In the pattern recognition literature there have been several methods suggested to compensate for 
the built-in bias toward obtaining hyperspherical clusters, a bias that is a consequence of selecting 
Euclidean-norm based distances [1],[2]. The problem appears to be the classical one of finding in our 
observations the patterns that our a-priori models impose on them. The nature of the application- fuzzy 
mapping of multivariate functions rather than classifying phenomena into relatively crisp labels- permits 
us, in many cases, to find a less computationally expensive method of compensation. We can allow the 
data itself the data itself to shape the effects of the spherical clusters in an adaptive manner across each input 
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variable dimension by arranging for each dimension of a training vector to modulate, through its own 
specific consequent parameter gain, the value contributed by each rule to the overall function. 

In other words, by increasing the degrees of freedom in (1), i.e., permitting Cj to become a vector 
to interact with the input vector x (as will be shown in Eq.(3)) - the training data structure itself, through 
adaptation of its consequent parameters Cj's. modifies the effect of the shape of the hyperspherical clusters 

induced by the euclidean norms used in generating J1 jk 's, to partially adjust for dendritic or similar 

tendencies across its axes or dimensions, if the latter are not too pronounced. However, it must be stressed 
that functional mappings of a training set may not always be representable in this way. Traditionally, the 
consequent parameters (or eigenvalues) have been determined by closed-form, analytically flavored means 
such as linear regression, least squares, iterative Gramm-Schmidt orthogonalization, rather than associative 
methods such as back-propagation of the squared errors. 

Denoting henceforth 

d ·~c 2 = (x(k)- V . ) 2 
J J A 

= ( Xt - V j )T A ( Xt - V j) 
(2) 

where ( •) denotes the Euclidean norm of a vector, each V j is the centroid vector of its referenced class, and 
A is a norm-inducing matrix, selected to be the Identity matrix for hyper-spherical clusters; given an input 
vector x(k) belonging to RP, (for each z = 1,2, ... p , for each rule j = 1,2, .. c, and fork =1,2, .. n ), we 
obtain: 

where aj.z• vj.z• etc. are real valued parameters along each dimension and vj.z is the z-th. element of the 
centroid of the j-th rule Vj, j = 1,2, .. ,c. Then, 

Note that J1 jt takes on values in the interval [0,1]. Also, in this method the parameters of the membership 
function matrix - its cxn dimensions as well as the parameters that determine each J1 jt - are obtained 
through an iterative Gram-Schmidt orthogonalization procedure, which yields precise solutions at the cost of 
extensive computation, and that the basis functions are a-priori decided to be gaussian. There is no use of 
associative training methods linked to neural and fuzzy approaches. An alternate method, which can 
compensate for the hyperspherical bias in the clustering is introduced in the next section. It is a 
modification of the method that was introduced by Tagaki and Sugeno [4]. 

TRAINING OF CONSEQUENT PARAMETERS WITH INCREASED DEGREES OF 
FREEDOM 

An additional flexibility due to gain in degrees of freedom across each axis can be obtained by 
reformulating Equation (1) as 

c 

t(x(k )) = LJ.l. jt( x(k)) c; xo(k) <3> 
j=l 

where 

x( k) e R P , C j = (p + 1 )x 1 vector of consequent parameters of class j, 
J1 jlc = fuzzy membership value in response to x(k) by fuzzy class j, and 
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x
0
(k) = (p +l)xl vector constructed as [1 x(k)T]T 

This is the format of the modelling done in [4], although not so explicitly modelled. In this 
method, the antecedent (U) parameters are determined by a partitioning of U whose validity is tested by a 
performance-based-on-error criterion, after the consequent (Cj) parameters have been obtained by a stable-
state Kalman ftlter yielding least-square errors. Thus, with respect to the determination of the critical U 
matrix, the method, as has been applied, is strictly a trial and error process. However, note that a distinct 
constant in Cj is capable of modulating the membership value along each dimension of the input vector, 
and that, were a rigorous methodology to be employed in the antecedent determination of U (to yield an 
optimal U for the desired mapping and data set), then the consequent parameters could be adaptively found 
during training by backpropagation. We will formulate the former, more difficult problem in the next 
section, and concentrate for now on the simpler task of obtaining the latter consequent parameters assuming 
that a "good" U has been found. 

Let D(k) denote the desired scalar (MISO) mapping for x(k). And let E(k) = D(k)-Y(k), where Y(k) 
= f(x(k)) of Equation (3). Then the negative of the gradient of the square error with respect to each Cj is : 

Thus, letting "a" be the adjustable learning rate, 

and the update equation for the consequent parameters during training: 

c j(k + 1) = cj(k)+ ~(cj(k)) (4) 

Consider, also, that if U itself is obtained from nonlinear functions of the distance metrics, then the basis 
functions themselves are nonlinear, and we speak of the above model's linearity only in relation to the gain 
induced by each scalar of x 0 ( k) across its respective variable-axis. Thus, after training, the mapping 
depends strictly on the set X of input vectors, the membership matrix U, and the consequent parameter 
matrix C = (C1 C2 ... Cc ), with C having been determined by backpropagation, and X available as the 
data set. The critical question remains: How to determine U? 

DETERMINATION OF JJ MATRIX BY CLUSTERING AND A VALIDITY 
FUNCTIONAL FOR MAPPING-ORIENTED FUZZY CI41JSTERING 

Clustering is an unsupervised technique of pattern recognition. It is characterized by the 
identification of an integer c, 2 S c S n and a partitioning of X by c subsets of X (the "clusters"). Where 
the subsets are mutually exclusive, we obtain a hard, crisp membership matrix U. Where the subsets are 
not mutually exclusive, partial membership ensues and we obtain a fuzzy U. Prior to introducing the 
proposed validity functional, some preliminary review of pattern recognition theory, and associated 
definitions, is in order. 

Let: X= finite data set of n input vectors; c = number of separation classes; n = number of data 
elements or vectors. V en= Vector space of (cxn) matrices 

Hard <Degenerate) C- Partition: 

c n } 
LJ.L;t = 1. -vi; o s LJ.L;t s n, -v k 
i=l k=l 
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Fuzzy (Degenerate) C-Partition: 

c n } 
LJ..lik = 1, Vi; o ~ LJ..lik ~ n, v k 
i=l k=l 

NMM <Nearest Maximun Membership of U 1 

NMM of U 1 is U o such that 

J..lo ik = 1, if J..lt ik = max{J..Lt ik} 
' ' l:S:j:S:c ' 

= 0, otherwise 

The following method of obtaining U by minimizing an objective cost function of U is from the 
work of Dunn [5] and Bezdek [1]. The result is known as the fuzzy-c-means method: 

Cost Function = 1m (U; V) 

n c 

Jm(U;V) = L LJ..l jk m d;t 2 

k=li=l 

where d;t , J.l jt have been previously defined, and m is any real number in the interval [ 1, oo]. 

It should be noted that increasing m will tend to make the elements of U fuzzier (closer to a value 
of 1/c), and the overall entropy of the U partition will be correspondingly increased. Minimizing the overall 
entropy of U is often a validity functional in pattern recognition that classifies data; as we shall soon see, 
using pattern recognition theory to map functions requires a validity functional of a different character, 
where we shall try to minimize. a function of U which does not always tend to minimize its entropy. 
Using unconstrained optimization, global minima can be found resulting in the following necessary 
conditions: 

1 
if no djt = 0 

J..l;t = _±_(_d;t-J---:m~::--1 

j=l djk (5) 
else 

J..l;t = 1 if d;t = 0 for some j 

= 0 for j ::1:- i, such that d;t = 0 

n 

LJ..ljkm ·Xt 

V j = =k==l-n __ _ (6) 

LJ.l jk m 
k=l 

The fuzzy c-means algorithm is based on Picard iteration through the above necessary conditions: 

Fuzzy C-Means rBezctekl 

1- Fix cas an integer in [2, n]; choose any inner product norm metric for RP; and fix m as any real 

number in [l,oo]. Initialize U(O) belonging to Mfco· Then at step f, f = 0,1,2, ... : 
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l . l 
2- Calculate the c fuzzy cluster centers {Vj( )} with Equation (6) and u< ) . 
3- Update u< l) using Equation (5) and tv/ l)}. 

4- Compare u< l) to u< l +1) in a convenient matrix norm: if IIU( l +1)- u< l)ll s e stop; otherwise, 
return to step (2). 

We now introduce a validity functional useful to mapping applications. First, a clarification on 
the scope of applicability. The validity of the following method is limited to those cases where the 
appropriate norm-inducing matrix A has been selected; in many, but not all applications, the p x p identity 
matrix, inducing the Euclidean norm, will be adequate. In a paper currently in progress, we will present a 
comprehensive method that selects a sub-optimal A, from characteristics in the training data set. Briefly, A 
is obtained from a modified version of Gustafson and Kessel [2] fuzzy-covariance iterative procedure, and 
then the method presented below is applied. 

AU Validity Functional [present workl 

Definition: Let U{x}(c;m) represent the fuzzy membership matrix that is generated using the 

above fuzzy-c-means algorithm from the set of vectors x(k), k=1,2, .. n, which belongs to RP. Let 
U {x•} { c; m) represent the fuzzy menbership matrix that is generated using the same fuzzy-c-means 

procedure, but now from the set of vectors X*= [y(k) ... x(k)T]T, k=1,2, ... ,n (namely comprising input as 
well as output). Thus X* belongs to Rp+l for MISO (the method can be easily extended to MIMO). 

~U =I U{x•} (c;m)- U{x}(c;m) I 
Where 1•1 denotes obtaining the absolute value of each element of the matrix. 

~U provides an indication of the compatibility in the relationship between similarity functions of 
the distance measures in {X} (the vector space spanned by all input vectors alone), and the corresponding 
similarity functions of the distance measures in {X*} (the vector space spanned by the input and the output 
vectors). Each of its columns is a vector ~U{k) whose infinity norm yields a fairly good measure of the 
level of difficulty (evidenced by somewhat intractable steady-state inaccuracies during training of the 
network) that will be encountered during consequent parameter training of a model using such a 
U{x}{c;m). 

Algorithm Based on ~U 

Optimal: Choose c*, m* to minimize II ~U ~1 over all 2 S c S N, N being the number of data 

points, and over all 1 S m S oo. Choose U {X} ( c *; m *) as the membership matrix to implement the 
mapping. 

Suboptimal: Let p be a positive integer (less than N) to be selected by the designer based on 

practical considerations that limit the number of rules. Choose c* and m* to minimize II ~U 111 over 
2 S c S p, and over m1 S m S m

0
, with m1 S 1.1 and m0 not much greater than 3, and only sampling 

discrete possible c's and m's within that interval. Choose U{x}{c*; m*) to implement the mapping. 

For the vast majority of conceivable cases, following the suboptimal procedure should provide 
quite healthy results. No values of M0 >> 3 should be useful since the large entropy value of U would 
render any cluster indistinguishable from another. Similarly m = 1.1 generates, through fuzzy-c-means, 
almost as hard a partition as a NMM. P serves as a flexible upper boundary in the number of categories 
into which the output has to be separated, in a sense, the number of its possible "classifications". Note 
that set S of vectors is said to belong to class i if each vector x e S, J..l; ( x) > 0. 5. The effect of increasing 
m for a given c from m = 1 up to an experimentally determinable value will be to increase the difference in 
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cluster membership value for vectors belonging to the same class, while decreasing the difference for the 
vectors not belonging to the same class. The result is a decrease within cluster entropy and an increase in 
entropy among classes. 

APPLICATION EXAMPLES 

The application chosen is that of the Direct Kinematics of a Stewart platform composed of six 
parallel legs actuated by prismatic joints, supported by a fixed base, and with a moveable plate to which the 
tool is attached. Each prismatic joint is attached to the plate by a ball-joint and to the base by au-joint. 
The base and movable plate are both circular with radii 12" and 3" respectively. 

If the input x(k) to the identification model is the vector consisting of the lengths of the six legs, 
the output will be the vector representing the non-unique cartesian position and orientation of the center of 
the plate, Y= [x y zap y]T where a, p andy represent roll, pitch, and yaw respectively and {x,y,z}, 
position with respect to the fixed frame. To simplify the problem to a MISO, and clearly illustrate the 
theory, we confined the scope to obtaining only one of the outputs, the horizontal position with respect to 
the base frame. 

For the first example, we generated the training set by obtaining the inverse kinematics of the 
comers of a small hypercube where x andy could each take only three values (-5, 0, or 5), z could only 
assume values of 65, 70, or 75 inches, and a= p = y = 0.0873 radians. We generated { X,y} 19 vectors 
from this data, X representing the leg lengths and "y" the horizontal position of the end-effector. With only 
three possible states of the output, and the rather small-sized almost linear region, we expected few 
segments of strictly monotonic segments in the functional surface. Thus we attempted to minimize 

II~U(c; m = 1.1)11· Accordingly, we obtained ~U(c; m = 1.1) and, for comparison, ~U(c; m = 2.1) for c 

=3, 6, and 9 classes. We found the smallest II~UII for c*= 6, m = 1.1, as expected from the model. The 
average error of all 19 vectors after training of the consequent parameters over 4000 iterations is indicated in 
Table 1. It is also significant to note that for c = 3 or 9, the worse error remained intractable and fairly high 
even after 30,000 training iterations, whereas for c = 6, m = 1.1, the worse error remained below 0.01 even 

after only 4000 iterations with a learning rate of 10-6. Significantly, the worse errors in the non-optimal 
U's ocurred at those training vectors x(k) whose ~U(k) column vectors yielded the highest norms, again in 
accordance with the model. 

For the second example, the vectors were generated using positions and orientations that were 
widely far apart in the workspace of the manipulator. This was done with the expectation of increasing the 
non-linearities, i.e., the number of distinct monotonically increasing or decreasing regions within the 
functional surface, and to generate a large number of distinct output values. As predicted, values of 

11~u( c; m = 1.1)11 became very large, in contrast with the first training set. A suboptimal 

U {X} ( c ~ 6; m = 2.1) was selected for training of the network, based on a comparatively sparse ~U whose 

maximum element was 0.2, and all other elements very near 0. After 90,000 iterations, starting with a 

learning rate of 4*10-6 that was reduced as the training proceeded, the average error obtained after training 
was 0.1 ", with a comparable worst error, again at the vector linked to the maximum value of ~U ( k). 

Table 1: Average error in mapping vectors for example 1 for different classes and 
fuzzifying index m = 1.1 

c= 3 6 9 

Error= 1.1 0.0002 1.7 
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CONCLUSION 

A methodology has been developed that uses insights from Fuzzy Theory and Pattern Recognition 
to determine a matrix of sampled Membership functions, equivalent to Basis functions, to be used in 
conjuntion with the model of (3) with its flexible degrees of freedom to implement an optimal or practical 
and suboptimal universal function approximator. A new validity functional, and associated metric, were 
introduced to evaluate the usefulness of different fuzzy-partitioning structures to the specific problem of 
mapping functions that are often highly nonlinear. Although the exact determination of an optimal number 
of rules c* remains an open research question, a practical suboptimal solution may be obtained that may be 
less subject to Zahdeh's Law of Incompatibility: "As the complexity of a system increases, our ability to 
make precise yet significant statements about its behavior diminishes until a threshold is reached beyond 
which precision and significance (or relevance) become almost mutually exclusive characteristics." 
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The problem investigated in this paper is an extension of the robotic hand/eye calibration problem: The 
system consists of a robot, a gimbal and a three dimensional sensor. It is assumed that the sensor, the gimbal 
and the robot are calibrated in advance; therefore, their inaccuracy is negligible. The task is to determine the 
hand/eye matrix that relates the sensor coordinate frame to the first coordinate frame in the gimbal and the 
connection matrix that relates the frrst coordinate frame in the gimbal to the tool frame in the robot. 

The paper focuses on a special case of the mentioned problem. In this study, the robot is a x-y-z type 
and the gimbal has two rotary joints. Two solution methods, one of which is linear and another is no linear, are 
presented in this paper. Issues such as the uniqueness of the linear solution and the observability of error 
parameters are also investigated. Simulation and experimental results are given to demonstrate the feasibility of 
the method. 

I. Introduction 

A . Problem Statement 
Robotic hand/eye calibration is the process of identifying the fixed yet unknown position and orientation 

of the robot sensor with respect to the robot hand coordinate frame. The robot hand frame, also known as the 
end-effector frame, is the 3D coordinate frame that is often used within the robot control software. The robot 
controller is designed to allow the computation of the 3D position and orientation of the hand frame, using the 
forward kinematics equations and the encoder reading of each joint position. In this paper, we assume that the 
robot forward kinematics is known precisely. 

For hand/eye calibration it is sometimes irrelevant to find or characterize the sensor frame with respect to 
a world reference frame. Because robot motion commands are specified relative to the robot hand frame and 
object positions are measured relative to the sensor frame, it is necessary to determine the relative pose 
between the coordinate frames of the robot hand and that of the sensor mounted on it. This relative pose cannot 
be measured directly as both the robot hand frame and the sensor frame are usually located inside the robot and 
the sensor. It, however, can be determined through calibration. 

The problem investigated in this paper is an extension of the robotic hand/eye calibration problem. In 
order to state the problem, let us look at a fictionary system. The system consists of a robot, a gimbal and a 
three dimensional sensor. The sensor is mounted on the gimbal and the gimbal is mounted on the robot; refer 
to Figure 1.1. 

It is assumed that the sensor, the gimbal and the robot are calibrated in advance therefore their inaccuracy 
is negligible. The objective is to determine the hand/eye matrix that relates the sensor coordinate frame to the 
first coordinate frame in the gimbal and the connection matrix that relates the first coordinate frame in the 
gimbal to the tool frame in the robot; refer to Figure 1.2). 
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Gimbal 

Sensor 

Figure 1.1 A Sensor is Mounted on a Gimbal that is Mounted on a Robot 

z 

Figure 1.2 The Transformations among Different Components of the System 

The issue arises in some robotic applications. A typical scenario is that an all-revolute gimbal is 
attached to a coordinate measuring machine to provide more degrees of freedom to a hand-mounted three 
dimensional sensor. A similar scenario is that a robot controls the motion of a head-mounted sensory device 
through a robotic head. In both cases, we assume that the connection matrix and the hand/eye matrix is 
unknown. 

The following notations are used in the paper. The homogeneous transformation T 1 describes the 
geometry of the robot,T 2 represents the geometry of the gimbal, and T 3 is the pose (position and orientation) of 
the object measured by the sensor. The transformation relating the object (coordinate frame)to the robot (base 
coordinate frame) is denoted by Z. Furthermore, Y is the connection matrix and X is the bane/eye matrix. 
Based on these definitions, we can write · 

-52-



(1.1) 

Assume that the sensor pose T 3 is not available. In stead, the relative displacement of the sensor is 
measured. In this case, Equation (1.1) has to be modified. If the robot-gimbal system moves from position 1 
to position 2, one obtains the following equation: 

i = 1, 2 (1.2) 

where the subscript i denotes the respective transformations measured at position i. Eliminating Z from the 
above equations, 

Or 
(1.4) 

where C = T 12-1T 11 and B = T 32-1T31 • In (1.4), C andB describe the robot displacement and the sensor 
displacement, respectively. 

The problem is now to solve for the hand/eye matrix X and the connection matrix Y by measuring the 
matrices C , B, T 21 and T 22• The following comments can be made regarding ( 1.4 ). 

1. If the connection matrix Y is known, ( 1.4) is reduced to the form of X B = D X, where D = T 22-1 Y -1 C 
Y T21X represents the displacement of the robot-gimbal. In this case the standard hand/eye calibration 
can be applied to solve the problem. 

2. The equation does not depend on the absolution pose of the sensor with respect to the object. It is only a 
function of the relative pose of the sensor. Similarly, it depends only on the relative displacement of the 
robot. The transformation between the object and the robot does not play a role here. This property is 
identical to that in the standard hand/eye calibration problem. 

3. To be able to determine the unknown matrices X andY, one needs to measure the absolute geometry of 
the gimbal in both positions 1 and 2, described by T 21 and T 22 This is feasible since it is assumed that 
the gimbal is pre-calibrated. 

4. Since (1.4) provides only 6 independent equations and there are 12 unknowns, more than one such 
equation is needed for a unique identification of the the unknown transformations. A detailed discussion 
will be given in a later section. 

B . Literature Survey on Hand/Eye Calibration 
A number of approaches have been proposed in the literature for hand/eye calibration. Shiu and Ahmad 

[ 1] proposed to take two or more robot motions and the induced sensor motions to obtain a unique solution of 
the hand/eye transformation under certain conditions. Tsai and Lenz [2] solved the same problem independently 
using a more efficient linear algorithm. Simulation and experiments were reported and analyzed to show the 
efficiency and accuracy of the algorithm. Chou and Kamel [3,4] presented a solution based on quatemions. In 
this approach, a system of nonlinear equations is iteratively solved using the Newton-Raphson procedure. They 
later improved the approach by transforming equation (8.1.3) into a system of linear equations and the 
derivation of a closed-form solution to the system of linear equations using the generalized inverse method with 
singular-value decomposition analysis. Wang [5] did comparison studies on the subject of hand/eye calibration. 
Everett and Ong related the hand/eye calibration problem to the tool registration problem [6]. 

Zhuang and Roth [7] solved the rotational equations using a linear approach that was also based on 
quatemions. Although quaternions were applied to obtain a unique solution of Rx, the actual results were 

presented without referring to quaternions, resulting in an algorithm that is easy to understand and implement. 
An old version of the one-stage iterative algorithm given in Section IV was first reported by Zhuang and Shiu 
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[8]. The algorithm can handle the cases in which the robot sensor orientation information is not available. The 
key component of the iterative algorithm is an Identification Jacobian relating measurement residuals to pose 
error parameters of the unknown hand/eye transformation. The Jacobian matrix given by Zhuang and Shiu [8] 
is, however, not well-structured in the sense that the dimension of the Jacobian matrix is unn.ecessarily large. 
A more compact Identification Jacobian was presented by Zhuang and Qu [9] . 

Zhuang, Roth and Sudhakar [ 1 0] also presents a linear solution which allows a simultaneous 
computation of the transformations from robot world to robot base and from robot hand to camera coordinate 
frames. The solution has applications to accurately locating a robot with respect to a reference frame, and a 
robot sensor with respect to a robot end-effector. The identification problem is cast as solving a system of 
homogeneous transformation equations of the form A iX = Y Bi, i = 1, 2, ... , m. Quaternion algebra is applied 
to derive explicit linear solutions for X andY provided that three robot pose measurements are available. 

C . Organization of the Paper 
The remainder of the paper is devoted to solving a special case of the problem, in which the robot is an 

x-y-z type and the gimbal has two rotary joints. Section ll formulates this special problem. A linear solution 
to the problem, along with the discussion of uniqueness of the solution is given in Section lll. A nonlinear 
solution, together with the study of the observability issue of the problem is given in Section IV. Simulation 
and experimental results are given in section V. Section VI ends with concluding remarks. 

II. The Problem of Calibrating a CMM-Mounted Gimbal 
and a Gimbal-Mounted Sensor 

We assume that the robot is an x-y-z coordinate measuring machine (CMM) and the gimbal possesses 
two rotary joints in the remainder of the paper. In order to formulate the problem, we start from (1.3). The 
equation can be rewritten as 

(2.1) 

Recall that the matrices B and C represent the relative displacements of the sensor and the CMM, respectively. 
Clearly, the rotation submatrix of C is an identity matrix. Denote by p c the position vector of C. 

Equation (2.1) can be split into a rotation equation and a position equation. Let R 8 , R 12, R Y' R 22, R x• 
R 11 and R 21 be the 3x3 rotation submatrices of B, Y, T22• X, T1p respectively. Letp 8 , p 12, ~ Y' p 22, Px· p 11 

and p 21 be the 3x 1 position vectors of these matrices. The rotation equation is 

Rs =RxTR22TRyTRt2T RttRYR2tRx 

= RxTR22TR21Rx 
The position equation is 

Or 

Ps =RxTR22TR2tPx + RxTR22T P21 + RxTR22T RyTpy + RxTR22T RyT Pc 
- RxTR22T RyTpy- RxTR22T P22- RxTPx 

(2.2) 

Let A = T22-1T21 . The matrix A represents the relative displacement of the gimbal. Because PA = 
R22T(p 21 - p 22) and_RA = R22TR2h the above two equations can be written as 

Rs =RxTRARx 
Ps =RxT(RA- l)px + RxTR22T RrTPc + RxTPA 
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where I denotes an 3x3 identity matrix. 
Equations (2.4) and (2.5) describe mathematically the system under investigation. In the next section, a 

solution strategy for the calibration of the system is given. 

III. A Linear Solution Algorithm 

In this section, a linear solution algorithm is provided. Some observations on the uniqueness of the 
solutions are also given. 

A . A Linear Algorithm 
By examining Equation (2.4 ), it is observed that this is a rotation equation in the standard hand/eye 

calibration problem, therefore R x can be estimated using a linear solution method [references] if a minimum of 
two equations of the form (2.4) are provided. Once R x is available, it can be substituted into (2.5) to estimate 

the remaining unknowns p x and R y· 
Now we concentrate on the derivation of a solution for the estimation of p x and R y. The strategy taken 

in this paper is to eliminate R y from a system of equations of the form (2.5). In this way p x can be solved 
frrst, and R y is then computed once p x is known. 

Let us assume that m equations of the form (2.5) is available, where m ;::: 5; that is, we have, 

i = 1, 2, ... , m (3.1) 

where the subscript i+ 1 implies that the quantity is measured while the robotic system is at its (i+ I )th 
measurement configuration. The above equations can be rewritten as 

i = 1, 2, ... , m (3.2) 

Among the m equations, we pick 3 equations to eliminate R y· Without the loss of generality, we 
assume that the equations with i = 1, 2, 3 are picked up. The three equations can be written in a matrix form 

where 

Mt = [R22RxPst R23RxPB2 R24RxPB3l 

M2 = [R22(RAt- IIJx R23(RA2- fllx R2iRA3 -.f~Jx] 

M3 = fpa Pa Po] 

M4 = [R21P A,l R23P A,2 R24P A,3l 

If p c 1, p C2' and p C3 span the 3D space, then M 3 is invertible, and R y can be written as 

Substituting (3.4) into (3.2) fori = 4, 5, ... , m, yields, 

(3.3) 

(3.4) 

R2;+tRxP 8 ; = R2i+t(RA;- l'xJx + (Mt- M2- M4)M3-1Pc; + R2i+lP Ai i = 4, 5, ... , m (3.5) 
The next step is to write (3 .5) as a linear function of p x. The major task is to simplify the term M 2M3-

1p c;. From the definition of M2 given in (3.3), 
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= [NJPx N')]Jx N-px]v; 
where 

v; = M3-1Pc; i = 4, 5, ... , m 

Nj = R2j+I(RAj -I) j = 1, 2, 3 

Let v; = [vn, vi2, v;3Y. It can be shown by some simple algebraic manipulation that 

Substituting (3.7) into (3.5) yields, 
R2i+IRxP Bi- (MI - M4)v;- R2i+lP Ai = 

[R2i+I(RA; -/)- (vilNI + V;2N2 + v,-3N3)Jpx i = 4, 5, ... , m 

(3 .6) 

(3.7) 

(3.8) 

The left hand side of (3.8) is known, once Rx is computed. The coefficient matrix of p x is also known. 
Therefore p x can be computed by the least squares technique whenever the rank of the coefficient matrix is equal 
to 3. 

After Px is determined from (3.8), Ry can either be determined from (3.4) or (3.2). Equation (3.2) is 
preferred if the result is considered to be final. On the other hand, if the linear solution is only used as the 
initial condition for a nonlinear algorithm, Equation (3 .4) is better due to its simplicity. The rotation computed 
with either equations may not be orthonormal, therefore an orthonormalization procedure [11] must be 
employed if high accuracy is desirable. 

In the next section, an error model based iterative technique is applied to further improve the accuracy 
once the unknowns p x and R y are determined by the linear approach. 

B • The Uniqueness of the Solution with the Linear Method 
Let us first consider the rotation equation. The problem of estimating Rx from (2.4) has been a subject 

of investigation since Shiu and Ahmad [1] formulated the hand/eye calibration problem in 1988. A sufficient 
condition is given in the following theorem. 

Theorem 3.1 [1]: A consistent system of two rotation matrix equations RA;Rx = RxR8 ;. i = 1, 2, has a 
unique solution if 

(1) the axes of rotation for RA I and RA2 are neither parallel nor anti-parallel one to another, and 
(2) the rotation angles of R A I and R A 2 are both neither zero nor n . 

Let us now concentrate on the position equation (2.5). From the equation it is clear that the relative 
pose of the sensor B does not depend on the position vector of the connection matrix Y. Thus, tne following 
observation is obtained by inspection. 

Theorem 3. 2: p y cannot be estimated using the relative pose measurement of the sensor B along the joint 
sensor measurement. 

Fortunately, one does not need to solve forpy in orderto measure the relative pose of the sensor. Let 
us take a look at (3.8). A sufficient condition is given next for the determination of p x· 

Theorem 3. 3: Assume that the CMM does not move for the configurations i = 4, 5, ... , m . p x has a unique 

solution if 
(1) the axes of rotation for RA4 and RAs are neither parallel nor anti-parallel one to another, and 
(2) the rotation angles of RA 4 and RAs are both neither zero nor n. 
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Proof: Since the CMM does not move for the configurations i = 4, 5, ... , m, p Ci = 0. Consequently, (vilN1 

+ v,-zN2 + v;-JV3) = 0. The coefficient matrix ofpx is reduced to R2;+1(RAi- /). Since m > 4, let us assume m 
= 5. The necessary condition for the coefficient matrix to be full rank is that 

rank [ RA
4 

- I ] = 3 
RA5- I 

The conditions for the matrix given in (3.9) to have a full rank are those stated in this theorem. 

(3.9) 

0 

Now let us look at a sufficient condition to determineR y with the linear method given in Section m. 
The following fact is trivial. 

Theorem 3.4: After Px is determined,Ry can be solved for from (3.4) if and only if the first three motions 
of the CMM, p c,l' p c,2, and p c,3, span the 3D space. 

IV. An Iterative Solution Algorithm 

In this section, an iterative solution algorithm is developed. The result computed using the linear 
solution algorithm presented in the last section can be used as the initial condition for the iterative procedure. 

A . An Iterative Algorithm 
Let us derive an error model for the iterative solution of (2.5). Let us assume that the initial conditions 

of the unknown quantities are known. Perturbating Equation (2.5) yields, 

(4.1) 

where with a slight abuse of notations, p x and R y denote also the initial conditions. Rearranging the abOve 
equation, 

dRy can be written in the following form, 
.Q(8y )R y =dRy (4.3) 

where the function .Q(.) is a skew-symmetric matrix, 

Substituting (4.3) into (4.2), one has, 

(4.4) 

where use has been made of Q(oy)T =- Q(oy). It can be shown that Q(oy)p c = oyxp c =- p cr-oy = -Q(p Joy. 

Thus, 
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Denote 
tPB = PB -RxTPA- RxT(RA -/)px- RxTR22T Rr T Pc 

Hx = RxT(RA -I) 

Hy = RxTR22T RyT!J(pc) 

We have the following differential error model for the estimation of p x and R Y' 

(4.6) 

(4.7) 

(4.8) 

(4.9) 

In a kinematic parameter identification process, each pair of measurements enable us to write one 
equation of the form (4.9). By taking a sufficient number of equations one is able to determine the error 
parameter vectors Oy and q, x from a system of equations of the form (4.9). These parameter vectors can be 
used to construct the error matrices, which in turn can be used to update the unknown matrix R y and the 
unknown vector p x· Let q, x = [4Jx.I, tPx,2, tPx,3 ]T, and Oy = [or.I, Oy,2, Oy,3 ]T. Let the superscript k denotes 
the number of iterations in the kinematic identification process; then 

Xk+l =XkTrans(4'Jx,tk• dPx,2k• dPx,3k) 

fk+t = Rot(x, Dr,tk)Rot(y, Dr.l)Rot(z, Dr.l)Yk 

B • Observability of Error Parameters in the Iterative Algorithm 

( 4.1 0) 

(4.11) 

In order to investigate the observability issue of the unknown parameters, let us define the Jacobian 
matrix. For the estimation of p x and R Y' the Jacobian matrix is given as follows (check equations (4.7)-(4.9)): 

(4.12) 

In the literature, it is said that the unknown parameters are observable if the Jacobian matrix has a full 
rank. The Jacobian given in (4.12) is a 3x6 matrix. One has to use more than one measurementto· estimate 
Px andRy. Let us assume that at least two measurements are available. The Jacobian matrix in this case is 
written as 

J=[ 
Rl{RAl- /) 

RJ<RA2- I) 
(4.13) 

In the above equation, R 23 denotes the third rotation matrix of the gimbal. A few necessary conditions are 
given in the following theorem. 

Theorem 4. 1: p x and R y is observable only if 

(1) the axes of rotation for R A 1 and R A 2 are neither parallel nor anti-parallel one to another, 
(2) the rotation angles of R A 1 and R A 2 are both neither zero nor n , and 
(3) the relative displacements of CMM are not co-linear. 
Proof: The given Jacobian matrix can be written as 
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RAI -/ 

RA2- I 

RI2R~.QjJ CI) ] 

RI3Rl!ip C2) 
(4.I4) 

In order for p x and R y to be observable, the two multiplicative matrices have to be full rank. Certainly 
diag(R xT) is full rank because R x is a rotation matrix, where diag(.) denotes a block diagonal matrix. Let us 
examine closely the second matrix. One necessary condition for the matrix to be full rank is that the rank of 
the first three column is 3, which requires the first two conditions in this theorem. Another necessary condition 
is 

Rewrite Equation ( 4.I5) into the following form, 

[ 
R { 2R 'f 0 ] [ .QfJ Cl ) ] 

0 R[3R 'f Up C2) 

Equation ( 4.I6) is thus equivalent to the following, 

rank [ .Q p ct) ] = 3 
.a PC2) 

By simple algebraic manipulations, the above condition is equivalent to 

This is the third condition stated in the theorem. 

V • Simulation and Experimental Results 

(4.I5) 

(4.I6) 

(4.I7) 

0 

The proposed algorithm was tested numerically and experimentally. For the numerical simulation, the 
following values are assigned to the hand/eye matrix and connection matrix: 

[0.0 0.0 -1.0 0.0] 
1.0 0.0 0.0 0.0 

X= 
0.0 -1.0 0.0 0.0 

0.0 0.0 0.0 1.0 

and 

[ 0.0 -1.0 0.0 1.0] -1.0 0.0 0.0 1.0 
Y= 

1.0 0.0 0.0 -1.0 
0.0 0.0 0.0 1.0 

Measurement noise with different levels of intensity was added to measurements Ti,j• where i = I, 2, 3 
andj = I, 2, ... , m; m is the number of measurements. Results are plotted in Figures 5.I-5.3. 
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Figure 5.1 Simulation Result One 
In this simulation, orientation noise intensity satisfies U[-0.01 0.01] deg. and 

position noise intensity satisfies U[ -0.01 0.01] mm. 
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Figure 5.2 Simulation Result Two 
In this simulation, orientation noise intensity satisfies U[ -0.0 I 0.1] de g. and 

position noise intensity satisfies U[ -0.1 0.1] mm. 
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Figure 5.3 Simulation Result Three 
In this simulation, orientation noise intensity satisfies U[ -0.1 0.1] de g. and 

position noise intensity satisfies U[ -0.1 0.1] mm. 

From the plots, the following comments can be made: 
1. Although using five measurements, one can obtain a perfect solution when there is no measurement 

noise. For a robust estimation of the unknown transformation, more than 10 measurements must be 
used. 

2. The numerical performance of the algorithm is very good. Position and orientation errors of the machine 
are proportional to the intensity levels of measurement noise. The relative magnitude of errors are ofthe 
same order of measurement noise intensity. 

3. The position performance of the machine is better than its orientation performance. In another words, 
the result of machine calibration is more influenced by the orientation noise in the measurement. 

We also tested the algorithm in a real system. A sensory system that is composed of a laser scanner and 
a camera was mounted on a CMM. The result is given in Figure 5.4. The first 8 measurements are ill
conditioned, therefore both the position and orientation errors are very large. After adding more measurements, 
the system becomes well-conditioned, and the result is significantly improved. To further improve the 
calibration performance, the quality of matrices T;.j has to be improved first. Major error source is the 
uncertainty in the camera/laser system. Once the accuracy of the camera/laser system is improved, the 
performance of the entire system can be greatly enhanced. 

VI. Conclusions 
The problem of calibrating the hand/eye and the connection matrices is formulated in this paper. A linear 

solution and an iterative solution are presented for a special case, in which the robot is a Cartesian-type and the 
gimbal is a two degrees of freedom device. The result obtained from the linear solution algorithm can be used 
as an initial condition for the nonlinear solution procedure. It is observed that in this special case, the position 
vector of the connection matrix can never be determined, since it is not related to the relative pose of the 
system. Other conditions on the uniqueness of the linear solution and the observability of the error parameters 
of the nonlinear procedure are also given. Based on these observations, one can plan a calibration experiment 
effectively. Simulation and experimentation results are also presented to demonstrate the feasibility of the 
proposed method. 
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Figure 5.4 Experimental Result 
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ABSTRACT 

Many disabled people suffer from 
physical challenges, such as tremors or 
limited range of motion, that can severely 
limit their independence. This research 
developed a machine vision control system 
for a robotic arm for the disabled that ac
counts for limited range of motion and in
cludes simple tremor filtering. 

In its completion, the system, called 
the Theremobot, will consist of two robot 
arms commanded through visual input. 
This thesis focuses on work performed to 
develop the visual control for a single ro
bot arm with "pick and place" capabilities. 

The system reported here can visually 
track the finger of a user as the user goes 
through motions similar to those of guiding 
a conventional computer mouse. Replac
ing the button controls of the mouse are 
the motions of raising the finger for short 
and long durations or raising the finger one 
or two times. A looming extraction algo
rithm is employed for this function. 
Commands are filtered for tremor and sent 
to a visualization simulation of the robot 
for verification of function. 

Two volunteers with Cerebral Palsy 
agreed to participate in the design and 
testing phases of this research. 
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1 INTRODUCTION 

1.1 Problem Definition 

The problem at hand relates to the 
ability of a population of physically chal
lenged people with varying degrees of ca
pabilities and limitations, including tremor 
and limited range of motion, to perform 
certain tasks. A robotic system to provide 
assistance that is robust enough to handle a 
wide variance is needed. 

1.2 Description of Typical Users 

Two test subjects, User A (age 49) and 
User B (age 45), both of whom work at a 
developmental training center (sheltered 
workshop), were used to test and validate 
the algorithms. Both have Cerebral Palsy 
but are affected to different degrees. User 
A has a limited range of motion with slow, 
smooth, controlled arm movements. User 
A uses the right hand, primarily, with the 
thumb pointing left. User B has a greater 
range of motion with some tremor. User B 
uses the left hand, primarily, with the in
dex finger pointing forward (see Figure 1 ). 

As shown in Figure 1, the primary 
(less affected) hands of User A and User B 
are held in different postures while point
ing. This necessitated flexibility in the 
manner in which the images were to be 
scanned (see Section 2.1). 



User A 

UserB 

Figure 1. Pointing Directions of User A 
and User B. Arrows indicate scanning 

direction and the corner where 
scanning begins. 

These two people were chosen out of 
more than 100 trainees at Quest due to 
their abilities, limitations, and enthusiasm. 
Administrators at Quest indicated that 
User A and User B have near normal intel
ligence but are severely affected physi
cally. On a scale from one to ten, with ten 
being severely affected and one being 
slightly affected, they are both about an 
eight. As mentioned above, the degree to 
which the right hand versus the left is af
fected differs considerably, which is quite 
common among people who are challenged 
by Cerebral Palsy. 

Cerebral Palsy (CP) is a group of 
movement disorders that results from 
damage to the brain. "Cerebral" refers to 
the brain. "Palsy" refers to paralysis. It 
describes the lack of muscle control that is 
often a symptom. About 500,000 Ameri-
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cans have some degree of CP (Channing L. 
Bete Co., Inc. 1977). 

The following are the five types of CP: 

1. Spastic - tense, contracted muscles 
(most common type ofCP). 

2. Athetoid - constant, uncontrolled mo
tion of limbs, head, eyes. 

3. Ataxic - poor sense of balance, often 
causing falls and stumbles. 

4. Rigidity - tight muscles that resist ef
forts to make them move. 

5. Tremor - uncontrollable shaking, inter
fering with coordination. 

A great deal of work can be done to 
help people with CP to achieve greater in
dependence and productivity, including 
assistive robotic and machine vision tech
nology, such as this project. 

1.3 Survey ofRelated Work 

Related fields of work include tracking, 
recognizing, and machine-learning of hu
man hand gestures for various automated 
tasks. The tracking requirements of such a 
system may employ the use of a glove 
with position sensors or may use a view
based approach of the analysis of fingertip 
trajectories. The majority of the work en
countered so far has been in the study of 
recognizing American Sign Language for 
translation purposes. Other work that is 
concerned with recognizing action gestures 
such as left, right, up, and down. Different 
approaches to the general problem have 
been used, such as neural networks, which 
are being used to give systems the ability 
to learn various gestures. 

Methods of hand gesture recognition 
have been examined from the literature 



such as glove techniques, vision techniques 
and general machine vision approaches. 
The available reports have been scant, as 
this is a complex problem and the under
lying foundation fields of machine vision 
and intelligent control are as yet under
developed in this area. Compounding the 
problem is the necessity for substantial 
computer processing and the extensive fea
ture analysis necessary for robust recogni
tion of gesture. It is indeed a challenging 
area of research. 

1.4 Statement ofPurpose 

There are many input devices and 
methods that allow a person to command a 
computer. Many, if not all, could have 
filtering functions added to them to allow 
usage by those with physical challenges. 
Each has advantages and disadvantages. 
This thesis investigated one such method
ology and demonstrates why it is favorable 
for some users. 

Ideally, the system should: 

I. be easy to use, 
2. not require that the user need 

assistance from others, 
3. require minimal training, 
4. require minimal memorization, 
5. be ergonomic, 
6. be cost effective, 
7. be reliable, 
8. be able to perform real time tremor 

filtration and/or compensation for 
limited range of motion. 

The system presented in this research 
has been designed with these goals in mind. 
In its completion, the system should meet 
all of these requirements. 
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2 FINGER TRACKING AND RO
BOT POSITIONING SYSTEM 

Simplicity and efficiency were primary 
concerns due to the speed of the system 
being used (see Section 2.8), as well as the 
capabilities and limitations of the users. 

Tracking the finger of the user was 
accomplished through the use of a video 
camera and image processing. A few dif
ferent methods were implemented and ex
amined as discussed below. The algo
rithms gradually conformed to the famous 
advice of keeping things as simple as pos
sible. Rather than skeletonizing the hand 
of a user or implementing a virtual joystick, 
the current system located and tracked the 
tip of the pointing finger of the user and 
measured its size in pixels. 

2.1 User Parameters and Variables File 

Each user had an individual Parameters 
and Variables File which contained vari
ables adjusted for that particular user. Ex
amples include: direction to scan, size of 
the User Control Area, and thresholds for 
quarantine time and looming. 

2.2 Approach 

Two scanning modes were available to 
find and track the finger tip of the user. 
The mode was chosen based on the direc
tion of the pointing finger of the user. As 
described in Section 1.2, the right thumb of 
User A points to the left, and the index 
finger of User B points forward (see Figure 
I). These differences, along with the like
lihood of other users feeling most comfort
able pointing in other directions, required 
an easily changeable scanning direction. 
Additional scanning directions would be 



easy to implement in the current code. 
The scanning direction is a variable that 
may be specified in the User Parameters 
and Variables File. 

The description below is for a user, 
such as User B, whose pointing finger 
points forward . A similar methodology 
was used for different scanning directions. 
The finger of the user moved over a 3 by 4 
inch (7.6 by 10.3 em) white area to pro
vide contrast for the imaging system. Us
ing the function find_ tip, the initial 512 by 
480 pixel frame was searched beginning in 
the upper left hand comer. Searching pro
ceeded to the right, continued until the end 
of the row, and then dropped to the next 
lower row. Multiple rows and/or columns 
could be skipped to increase system per
formance without loss of functionality. 

Once the finger was located, the size of 
the tracking area was reduced. New 
tracking area dimensions were 200 by 240 
pixels for User A and 160 by 200 pixels 
for User B and are included in the User 
Parameters and Variables file. This search 
area was centered about the finger tip of 
the user. As one would expect, reducing 
the tracking area to this degree drastically 
improved system performance. The total 
area was reduced to approximately 1/5 for 
User A and 1/8 for User B. In the reduced 
tracking area, multiple rows and/or col- · 
umns could again be skipped to increase 
the speed of the system without loss of 
functionality. 

If a finger was not found in the reduced 
tracking area, .find_ tip would be called upon 
again to search the entire image. If a finger 
was still not found, a message in the mes
sage window would state that tracking had 
been lost. Find_tip would continue 
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searching until a finger was found, at which 
time operation of the system ·would be 
continued. 

2.3 Definition ofLooming 

As an object moves toward a camera, it 
occupies a larger percentage of the field of 
view of the camera and appears larger, this 
phenomenon is called looming. If the size 
of the object (width and/or height in pixels) 
is known at a known distance, then to 
some limit, new distances may be calcu
lated from the new size of the object in the 
unage. 

2.4 How Looming Was Used 

In this project, looming was used to 
detect the raising of the finger of a user. 
Looming controls the opening and closing 
of the end effector of the robot as well as 
the raising and lowering of the simulated 
robot arm. Two techniques of finger 
movement to initiate looming operations 
were investigated. 

2.4.1 Short and Long Looming Periods 

In one method, if the finger tip of the 
user was raised for a number of program 
cycles below a threshold (loom tho/d), a 
raise/lower command was implemented. If 
the tip of the finger was detected to have 
remained up for more than this threshold, 
an open/close command was implemented. 
Loom _tho/d is a variable that may be 
specified in the User Parameters and V ari
ables File. 

2. 4.2 Single and Double Looming 

In the other method, similar to the but
ton control of a mouse, a user could raise a 



finger once to raise/lower the arm or twice 
to open/close the end effector. The maxi
mum number of cycles between a first and 
second loom is a variable (db/_ click _tho/d) 
that may be specified in the User Parame
ters and Variables File. 

2.5 Looming Calibration 

Calibration for looming was performed 
if the variable calibrate was set to I in the 
User Parameters and Variables File, other
wise loom thold was read in from that 
same file. The user was instructed to rest 
his or her pointing finger on the table top. 
When the user was ready, a key was acti
vated on the keyboard to signal the soft
ware that a datapoint could be evaluated. 
Five samples were taken counting the 
number of pixels occupied by the finger 
between the finger tip and the I OOth row 
or column from the finger tip (see Figure 
2). The scanning direction determined 
whether rows or columns were to be used 
(see Section 2.I). Calib _down_avg was 
the average of these samples. The user 
was then asked to raise the pointing finger 
to a comfortable position. Again, a key 
was activated when the user was ready. 
Five samples were taken and averaged to 
produce calib _up_ avg. Loom _thold, the 
minimum number of pixels occupied by a 
finger to be considered a loom, was then 
calculated. 

2. 5 .I Calibration Problems 

At first, a straight average was used to 
calculate loom tho/d. A loom thold pro-

- -

duced in this manner seemed to cause false 
looming from having too low of a value. 
Multiplying the sum of calib_up_avg and 
calib _down_ avg by 0.53 (calib _ mult) 
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rather than 0.50 produced a threshold 
which worked well until it was time to 
calibrate for User A. Calibration for User 
A repeatedly calculated a loom _thold that 
was greater than the calib _up_ avg. It was 
soon discovered that the difference be
tween the calib _up_ avg and 
calib_down_avg for User A was signifi
cantly smaller than those of other people 
who had successfully gone through calibra
tion. The extra 0.03 in the ca/ib mult 
pushed the threshold value out of bounds. 
A weighted average was then used which 
gave acceptable values. 

Fixed number of 

I rows scanned from 

IDfa.C••!I).AG~ fmger tip. 

Figure 2. Pixels Occupied by Finger 

2.6 Looming Problems 

When the index finger of the experi
menter was raised from the table top to a 
horizontal position, the top of the finger 
tip raised from 0.25 inches (0.6 em) to 
1.25 inches (3.2 em) (see Figure 3). Rais
ing the finger to a height of I.25 inches (3 .2 
em) over a work area of 8.5 by II inches 
(21.6 by 27.9 em) (the size of a standard 
piece of paper) with the front of the lens 
ofthe camera I6.0 inches (40.6 em) above 
the table top did not make enough differ
ence in the size of the image to be detected 
consistently. The work area was gradually 
reduced to 3.0 by 4.0 inches (7.6 by I0.3 
em). The camera was gradually lowered to 
3.75 inches (9.5 em). 



--------_g Distance traveled as 
3.75" 
(9.5cm) 

viewed by camera 
during a loom. 

A for the experimenter was 0.25 inches. 

B for the experimenter was 1.25 inches . 

Figure 3. Finger distances traveled 
during a loom. 

The angle of view of the camera led to 
the illusion that a raised finger near an edge 
of the image seemed to move out of view 
(see Figure4). The User Control Area was 
reduced to compensate for this problem as 
shown in Figure 5. The range of motion of 
the robot remained the same by altering the 
formulae that convert user position to that 
of the robot. 

r 
Figure 4. Finger Moving Out of View 

During Loom. 

- 68-

(0, 0) (511,0) 

rx --------, 
y 

(0, 479) (511, 479) 

User Control Area 

(Area seen by camera) 

Coordinates are in pixels. 

(10, 20) (20, 20) 

Drawing 
y Area 

Lx 
(10, 10) (20, 10) 

Robot Work Area 

The robot area is viewed from 

a virtual camera located at (0, 0, 20). 

Coordinates are in units. 

Figure 5. User Control Area and Robot 
Work Area. 



2. 7 Tremor Filtration and Compensation 
for Limited Range of Motion 

Although an in-depth study was be
yond the scope of this thesis, the follow
ing preliminary work has been done on 
tremor filtration and compensation for 
limited range of motion. 

2. 7.1 Limited Motion During a Quarantine 
Time 

The tremor filter required that the fin
ger of a user not travel more than a set dis
tance ( dist _tho/d) for a specified number of 
program cycles (cycle _tho/d) for a com
mand to be valid. During this time, the 
position of the finger was checked to make 
sure the distance it moved between cycles 
was below dist tho/d. Both of these 
thresholds are included in the User Pa
rameters and Variables File. 

2. 7.2 Compensation for Limited Range of 
Motion 

The large ratio of the Robot Work Area 
to the User Control Area, a few cubic feet 
to a few cubic inches, in effect increased 
the range of motion of the user. 

2.8 Hardware Description 

The imaging and display system con
sisted of 

1. Sun 4/280 (server) 
2. Sun SPARCstation LX (workstation) 
3. JVC COLOR VIDEO CAMERA 

HEAD Model NO. TK870U 
4. MAGNA VOX RGB MONITOR 40 

Model NO. CM8505046 
5. GOULD MODEL C-3479 Monitor 
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6. Imaging Technology Inc. Series 100 
Image Processor FG-1 00-V (ITEX 
100) 

7. White 3 by 4 inch (7.6 by 10.3 em) 
User Control Area. 

8. PROMASTER Deluxe PORTABLE 
NEGATIVE & SLIDE SORTER (light 
box) 

The server was the computer on which 
the program was run. The workstation 
was used as a dumb terminal to display the 
computer simulation ofthe robotic system 
in color. The video camera was connected 
to the Magnavox monitor and the ITEX 
100 imager. The Magnavox monitor pro
vided a real-time image of what the camera 
was viewing. The imager is a board set 
located in the server and was also con
nected to the Gould Monitor so that the 
computer/imager output could be ob
served. The User Control Area was a 
piece of typing paper taped down to a 
wheelchair table for User A and a table top 
for User B during the first test day and the 
light box on the second test day. The cam
era was located 3.75 inches (9.5 em) above 
the table pointing straight down. 

3 COMPUTER SIMULATION OF 
THE ROBOTIC SYSTEM 

3.1 Robot Arm and Environment Descrip
tion 

A single wire frame orthogonal robot 
arm (Orthobot) was displayed on the 
computer monitor (see Figure 6). This Or
thobot is not a representation of the actual 
robot arms to be used but rather a tempo
rary mode of feedback. It was capable of 
moving in three orthogonal directions: 
right/left, forward/backward, and up/down. 
In addition, the end effector could open 



and close. This approach was taken to 
keep the positioning calculations and 
graphics as simple as possible. The 
physical robot arms were modeled after 
the human arm. At the time of this writ
ing, one arm has been built and was con
trolled by a PC running DOS. The final 
system is to be built upon a suitable com
puter system. 

The graphics code was written and 
tested under a Linux operating system on a 
PC and later ported to the Sun. For 
graphics generation, Libsx was used. Libsx 
is a library of code written by Dominic 
Giamapolo to simplify many X Windows 
commands. 

The Orthobot could be directed to pick 
up and move blocks around its "three di
mensional" work area and pick up a pen to 
draw in a designated drawing area as 
shown in Figure 6. 

Structures from the "C" language were 
used to keep track of the three boxes and 
the pen. The box structure had the fol
lowing members: 

1. x, y, and z coordinates for the 
corner that was in the lower left 
front of the box as viewed on the 
computer screen 

2. width (x direction) 
3. depth (y direction) 
4. height (z direction) 

In addition to these, the pen also had a 
line representing a tip with only a height 
dimension. 
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3.2 Conversion of 3D to 2D 

Displaying the Orthobot and its 3D 
environment on a 2D computer screen was 
accomplished by the use of a rotation ma
trix and two image plane coordinate equa
tions (Gonzalez and Woods 1993). 

3 .3 Movement Rules Governing the Robot 
Arm and Objects 

One disadvantage of doing a computer 
simulation of a real world system is the 
necessity of duplicating at least some of 
the laws of physics. Situations involving 
these laws brought more humor to the 
project than any other aspect. Everyone 
who has seen the evolution of this project 
would probably agree that the most hu
morous situation existed before gravity 
was installed. Until that point, if a box 
was released in mid air, it would remain in 
mid air until it was grabbed again. The 
manner in which this was resolved is dis
cussed in Section 3.3. 4. 

Raising and lowering of the robot arm 
could be accomplished using either one of 
two me~hods described below. 

3. 3 .1 Incremental Raising and Lowering 

In one method, each time a raise/lower 
command was given, the arm would lower 
by 2.0 units unless it or a box held by the 
end effector was stopped by an object or 
the floor. For a discussion of additional 
methods of collision detection, refer to 
(Khajenoori, 1986). If a raise/lower com
mand was received while the end effector 
or a box held by it was on top of an. object 
or the floor, the arm would raise to its 
maximum height of6.0 units. The height is 
the distance between the tips of the end 



effector and the floor. At its minimum, it 
has a height of 0. 0 units, and the pinchers 
of the end effector contact the floor. 

3. 3 .2 Automatic Raising and Lowering 

In the other method, each time a 
raise/lower command was given, the arm (if 
not blocked) would lower by 2.0 unit in
crements until it made contact with an ob
ject or the floor. If empty, the tips of both 
pinchers of the end effector were checked 
for contact with objects at each height level 
(6.0, 4.0, and 2.0 units) . If the arm was 
carrying a box, the bottom of the box was 
checked at each level. 

3. 3 .3 Automatic Opening and Closing 

Raising a finger for a number of cycles 
greater than or equal to the threshold 
loom thold (Short and Long Looming Peri
ods Method) or a double loom (Single and 
Double Looming Method) opened or 
closed the end effector. If empty, the fin
gers closed to each of the known object 
widths (2.0, 1.5, and 1.0 units), and deter
mined whether or not an object was be
tween them. If nothing was between the 
fingers, no finger motion was seen in the 
graphics window, but a message appeared 
on the message window of the computer. 
If full, the fingers opened to a distance of 
4.0 units. 

3.3.4 Gravity 

When a box or pen was released from 
the end effector, it was examined to deter
mine whether or not it was resting on an
other box or on the floor. If not, it lowered 
by 2.0 unit increments until it made con
tact with an object or the floor. 
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3.4 Feedback Aids 

To aid in the use of the system, indica
tors were present in the graphics window 
and on the video monitor. In the upper 
left hand comer of the graphics window 
was a gauge indicating the height of the 
tips of the end effector (see Figure 6). 
Below the center of the end effector were 
cross-hairs to aid the user in gauging the 
x/y position of the robot. As shown in 
Figure 6, these cross-hairs always remain 
on the ground; i.e., they did not move to a 
box top as the end effector moved over a 
box. 

~-

Figure 6. Sample Computer Screen 

On the video monitor were the height 
of the tips of the end effector and distance 
between the pinchers of the end effector in 
words and numbers. A square outlined the 
reduced tracking area. A small circle was 
used to indicate where the system found 
the finger tip of the user. A larger circle 
around the finger tip of the user was used 
to indicate that the system was ready to 
detect a loom; i.e., the finger had been in 
the same spot for a number of program 
cycles greater than or equal to cycle _tho/d. 



In addition to the visual aids, a tone 
was produced each time a loom had been 
detected. This was especially useful for a 
user familiarizing himself or herself with 
the length of time needed to hold his or her 
finger in the raised position. 

4 SYSTEM TESTING 

User A and User B were consulted 
three times to discuss their capabilities and 
those of the system prior to their coming 
to the lab to test the system. During these 
visits, their range of motion was measured 
as well as their ability to raise their point
ing fingers. On the third visit the Tower of 
Hanoi Puzzle was discussed as a test to be 
performed on the system. A real version 
of the puzzle was presented to the volun
teers, and the rules were explained as fol
lows: 

1. The goal is to move the tower from 
Position 1 to Position 3. 

2. You may only move one piece at a 
time. 

3. You may not place a larger piece on 
top of a smaller piece. 

User A directed the experimenter to 
move the pieces and solved the puzzle on 
the first try. User B also directed the ex
perimenter to move the pieces and ended 
up with the tower in Position 2 on the first 
try and properly moved the tower to Posi
tion 3 on the second try. 

This puzzle was not chosen as a men
tal exercise, but as a way to measure their 
ability to control the robot. With three 
pieces, the puzzle can be worked in eight 
moves. 
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The first visit to the lab began with the 
following explanations and advice on using 
the system: 

1. Move slowly. 
2. Try to keep your finger straight. 
3. Wait for the beep before putting your 

finger down. 
4. Put your finger down after the beep. 
5. Up/down takes a second - this is ad

justable. 
6. Cross-hairs are directly below the 
7. hand of the robot and are always on 

the ground. 
8. The height gauge shows the height of 

the finger tips of the robot. 
9. Raise finger once to raise/lower the ro

bot. 
10. Raise finger twice to open/close the 

hand of the robot. 

This was followed by a demonstration 
by the experimenter on moving the robot, 
picking up and putting down a box, and 
drawing with the pen. 

User A volunteered to . go first. Cali
bration, the first step with a new user, did 
not work as it had with at least six other 
people. After many attempts at calibra
tion, three differences between User A and 
the previous users were noted. The first 
was that the hand of User A was held 
close to the body of User A which blocked 
a lot of light coming from the ceiling lights. 
The second difference noticed was that the 
thumb of User A had a curve to it when 
viewed from the side, thus requiring a 
wider reduced tracking area. The third dif
ference was the relatively small difference 
between the calib _up_ avg and 
calib _down_ avg as previously discussed 
in Section 2.5.1. 



Although it took a while to find these 
differences, it did not take long to compen
sate for them. A desk lamp provided extra 
light. The reduced tracking area was en
larged. The loom threshold was calculated 
manually and entered into the User Pa
rameters and Variables File. 

User B had a little more tremor than 
usual, due to a slight case of nervousness. 
We took breaks to talk and relax and then 
proceeded. User B could not hold up the 
index finger long enough for five samples 
to be taken during calibration, so the lens 
cap of the camera was used to prop it up 
for the sampling. The experimenter had 
thought that the wheel chair of User B 
would be rolled straight up to the table on 
which the camera was located. This posi
tion did not provide adequate elbow sup
port, thus making it difficult to hold the 
finger in the User Control Area. On the 
advice of User B, the wheelchair was 
turned so that its left side was against the 
table. The left arm ofU ser B then reached 
out to the left, and User B looked to the 
left to view the computer monitor. User B 
sometimes had difficulty keeping the index 
finger raised long enough for the system to 
detect a loom. 

Accommodating the differences dis
cussed above and conquering the learning 
cuiVe of the system took their toll on the 
four hour test day. In spite of these diffi
culties, User A and User B were each able 
to successfully control the robot to pick 
up and move one box. 

By the time of the second test day, the 
light box was purchased, and it worked 
well without the need for any parameter 
adjustments. System performance was 
drastically improved by increasing the 
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number of rows and columns to be 
skipped from one to four. 

The performance of User A improved 
greatly over that of the first test day in
cluding successfully moving several boxes. 
Next time, working on the Tower of Hanoi 
puzzle should be feasible. Light box usage 
enabled User A to use the system without 
any of the difficulties that were blamed on 
lighting during the first test day. 

User B performed better than the first 
test day, although there were still difficul
ties with tremor and keeping the pointing 
finger straight. It was realized from the 
start that the tremor ofUser B was proba
bly going to be beyond what this system 
can currently offset. The experience pro
vided useful insight into future work on 
tremor filtration. 

5 CONCLUSION 

Eight people, including User A and 
User B, were successful using the system, 
thus proving that it worked and required 
minimal training and memorizing. Lessons 
learne~. while testing with Users A and B 
demonstrate that there is still work to be 
done. Finding areas where compensations 
are required may take some time, but 
making them has been relatively easy. 

Although testing did not get as far as 
hoped on the first day, most of the time 
was spent on finding these compensations, 
not on the users spending excessive 
amounts of time on the learning cuiVe. 

Providing light from below the hand of 
the user provided an excellent solution to 
the most common problem in machine vi
sion. The increase in the speed of the s ys-



tern required less time for a user, such as 
User B, to keep a finger raised for calibra
tion and looming in general. 

After the initial calibration and training 
sessions, users of the multi-user There
mobot system should not require assis
tance from others. Even one power switch 
for the entire system could be chosen to be 
user friendly. 

When the system is in the workplace 
or home, a user should be able to: 

1. position herself or himself in front of 
it, 

2. use virtual buttons in a menu system 
to select her or his User Parameters 
and Variables File, and begin work, 
play, feeding, or whatever. 

With the above in mind, an imaging in
put may prove to be in the same ballpark 
price wise as other input possibilities. 
Perhaps the preference of a user may 
compensate for any cost differences. A 
comparison including costs, estimated 
number of hours before failure, and user 
preferences would be very interesting for 
future research. 

All those involved with the vision in
put system presented by this thesis feel 
that it was successful in providing a plat
form for future research. 

REFERENCES 

Channing L. Bete Co., Inc. (1994). What 
Everyone Should Know About Cerebral 
Palsy (1994 ed.) [Brochure]. South Deer
field, MA: Author. 

-74-

Gaber, L. D. and Myler, H. R., Survey of 
Gesture Driven Recognition for Robot 
Control, Proc. of the 1995 Florida Recent 
Advances in Robotics Conference, Univer
sity of Central Florida, Orlando, 1995. 

Gonzalez, R. C., & Woods, R. E. (1993). 
Digital Image Processing (pp. 51-68). 
Reading, MA: Addison-Wesley. 

Khajenoori, S. (1986). Computer-Assisted 
Design and Assembly of Standardized 
Modules Using a Robot Manipulator (pp. 
42-48). Orlando, FL. 

AUTHORS 

Lawrence D. Gaber (l.gaber@ieee.org) is 
a graduate student currently pursuing a 
Master of Science in Electrical Engineering 
at the University of Central Florida in Or
lando. His interests include robotics, im
age processing, machine vision, intelligent 
control, and embedded controls. 

Harley R. Myler (hrm@engr.ucfedu) is 
an Associate Professor of Engineering in 
the Department of Electrical and Com
puter Engineering at the University of 
Central Florida in Orlando. His research 
interests include image and signal process
ing, machine vision, and intelligent control. 



ENVIRONMENTAL REINFORCEMENT LEARNING: 
A Real-time Learning Architecture for Primitive Behavior Refinement 

TaeHoon Anthony Choi, Eunbin Augustine Yim, and Keith L. Doty 
Machine Intelligence Laboratory 

Department of Electrical and Computer Engineering 
University of Florida 

Gainesville, FL 32611 
E-mail: tae@mil.ufl.edu, yim@mil.ufl.edu, and doty@mil.ufl.edu 

URL: http://www.mil.ufl.edu/ 

1996 Florida Conference on Recent Advances in Robotics, April 11-12, 1996, Florida Atlantic University 

ABSTRACT 

This paper presents Environmental Reinforce
ment Learning ( ERL): a real-time learning 
architecture for refining primitive behaviors through 
repetitive execution of those behaviors in highly 
structured environments. Environment plays the key 
role in ERL not only by providing a suitable 
reinforcement to the agent, but also by forcing the 
agent to execute the behavior repetitively. Strength 
of ERL lies in the fact that complex factors governing 
primitive behaviors can be reduced or simply ignored 
by treating the agent's behavioral interactions with 
the environment as a "black box." In other words, 
analysis of different sources of variance in a behavior 

· is not necessary to refine that behavior. The 
specially constrained environment "punishes" or 
"rewards" the agent for incorrect or correct execution 
of a behavior. Any reward or punishment for a 
behavior is relayed to the agent as Environmental 
Reinforcement ( ER), thereby causing the agent to 
adjust its behavioral parameters. An autonomous 
mobile agent, Mantaray, experimentally demonstrates 
ERL architecture on two primitive behaviors, (1) 
traversing in a straight line, and (2) turning 180 
degrees. 

1. INTRODUCTION 

A current trend in autonomous agent learning 
deals with optimally sequencing certain combination 
of primitive behaviors which require low level motor 
skills to reach a goal. There have been many 
advances in this area [Lin, 1992; Parker, 1992; Ram 
and Santamaria, 1993; Ring, 1994]. However, the 
learning process of the prmnttve behaviors 
themselves should not be ignored or trivialized 
altogether. Even if a learning algorithm determines 
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the proper behavior sequence to reach a particular 
goal, the crude accuracy of the primitive behaviors 
can substantially degrade its overall performance. 
Although the accuracy of certain behaviors can be 
refined through the use of more precise sensors and 
actuators, one pays the price of significantly higher 
financial cost for the agent. 

In practice, characteristics of each agent are 
different; and consequently, the agent's physical 
performance varies greatly one from the other. Even 
if equivalent parts are used to assemble two 
seemingly identical agents, the actual performance of 
these two agents can vary greatly. In fact, possible 
sources of errors are almost limitless. For example, 
variance can be introduced in the radius of wheels, 
mounting of the motors, mounting of the wheels, 
motor performance, etc. 

As shown in figure 1, adapted from [Yim and 
Choi, 1995], minute difference in wheel radius can 
result in significant accumulation of position error of 
the agent. One possible solution to this problem is to 
account for all the possible sources of variance. This 
course of action would · be tedious, time consuming, 
and practically impossible. Furthermore, this process 
must be repeated for each new agent. 

This paper describes a real-time architecture by 
which an agent can learn to correct the problems 
encountered in the accuracy or consistency of 
primitive behaviors. This architecture, called 
Environmental Reinforcement Learning (ERL), is a 
learning process where the agent refines the primitive 
behavior through multiple iterations of the behaviors 
to be refined. The agent executes the behaviors in a 
highly structured environment from which the agent 
learns through Environmental Reinforcement (ER). 
Section 2 describes the ERL architecture, providing 
an overview of ERL architecture, assumptions taken, 
environmental considerations, mutual refinement, 
and strategy for faster convergence. Section 3 
presents experimental results and analysis of 
physically implemented ERL architecture. This 
section introduces the autonomous mobile agent, 
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Figure 1: Relative Error vs. the Number of Revolutions, where Ro« equals the difference in radii of the two 
wheels. 

Mantaray [Choi, 1995], and two specific examples of 
the ERL process by which the primitive behaviors are 
refined (traverse a straight line and turn 180 degrees). 
Finally, section 4 offers concluding. 

2. ENVIRONMENTAL 
REINFORCEMENT LEARNING 

As shown in Figure 2, Environmental 
Reinforcement Learning ( ERL) defines a learning 
architecture by which primitive behaviors, like low 
level motor skills (turning a certain number of 
degrees, traversing in a straight line, wall-following, 
etc.), are refined through repetitive execution of the 
same primitive behaviors in a highly structured 
environment. The environment forces the agent to 
perform a set of behaviors, where the execution of 
the behaviors results in Environmental · 
Reinforcement ( ER). Due to the iterative nature of 
ERL, the environment should be designed with 
repetition in mind. This requirement can usually be 
satisfied by having an enclosed environment with a 
restrictive path for the agent. As long as the agent 
can return to its initial starting state, an iterative 
process can be guaranteed. Furthermore, 
environmental constraints should induce 
"punishment" in the agent for incorrect execution of 
a behavior. Any reward or punishment conveyed to 
the agent in this manner is ER. ER stems from 
sensory input triggered by environmental constraints, 
such as a proximity sensor indicating an approaching 
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wall. The punishment induced by the environment 
causes the agent to adjust learning behavioral 
parameters for the behavior being punished. 
Consequently, the agent learns to perform the 
behavior "better" on the next trial. 

2.1 Assumptions 

Although ERL architecture can be adapted for 
higher level learning with or without increased 
complexity, it is best suited for primitive behaviors. 
ERL favors primitive behaviors due to the following 
assumptions. First, the variance of a behavior is 
constant (time-invariant) for a given state of the 
agent. Second, the variance of a behavior depends 
only on the practically (easily) observable states of 
the agent. Finally, a simple environment can be 
configured to force the execution of the desired 
behavior and Environmental Reinforcement can be 
given to the agent as feedback. These are quite 
restrictive assumptions, especially when dealing with 
complex behaviors. However, for primitive behavior 
these assumptions become quite reasonable. In fact, 
ERL can be applicable even for primitive behaviors 
which fail the first or second assumptions, by treating 
the agent's behavioral interactions with the 
environment as a "black box." In other words, 
analysis of different sources of variance in the 
behavior is not necessary to refine a behavior within 
acceptable error. Consequently, one may only be 
interested in what actuation control is necessary for 
proper execution of a behavior without having to 
understand the sources of error in that behavior. 
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Figure 2: The Environmental Reinforcement Learning (ERL) Architecture 

2.2 Environmental Reinforcement 
(ER} and Environmental 
Considerations 

Environment plays a critical role, since the 
agent learns through its interaction with the 
environment. First, the environment must be 
configured in such a manner that it forces the agent 
to perform the desired behaviors. Second, for each 
forced behavior, the agent must receive ER, which 
the agent interprets as reward or punishment. ER 
allows the agent to evaluate its performance for that 
behavior and to adjust the learning behavioral 
parameters accordingly. One method of establishing 
ER is to specify restrictive paths for the behaviors to 
be learned. For perfect behavioral parameters and 
ideal hardware, the agent does not receive any 
negative ER from the environment. However, due to 
non-ideal variation in agent behavior, an agent 
receives ER for any deviation from the environmental 
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constraints. Ultimately, the agent must return to the 
initial position for repeated runs under the same 
environmental conditions. This ability to find the 
initial position guarantees continual repetition of 
behaviors for learning purposes. 

2.3 Mutual Refinement Process 

An agent's ability to refine one primitive 
behavior is usually dependent on the refinement . of 
other primitive behaviors. These dependent 
behaviors require mutual refinement process of 
several behaviors. By executing the interdependent 
behaviors in one series of an iteration, mutual 
refinement of several behaviors can be accomplished. 
However, Mutual Refinement Process assumes that 
the environmental constraints allow for the required 
combination of mutual behaviors. Consequently, the 
learning performance can be greatly enhanced by 
learning the interdependent behaviors concurrently. 
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Figure 3.1: Mantaray with Strabismic sensory array. (d) shows the Strabismic IR sensor pair. 

2.4 Faster Convergence Through 
"Fine" and "Rough" Adjustment 
Trials 

By starting with the "rough" adjustment trials, 
one can achieve faster convergence to the rough 
behavioral parameters. The desired characteristic of 
the "rough" adjustment trials is to minimize the time 
necessary to execute one iteration, correct by larger 
adjustment values, or both. Once the "rough" 
adjustment trials converge, "fine" adjustment trials 
begin. "Fine" adjustment's main goad is to fine tune 
the behavioral parameter accurately as possible. 

3. EXPERIMENTAL RESULTS 

The Environmental Reinforcement (ER) 
Learning was tested for the following two primitive 
behaviors: traversing in a straight line and turning a 
specified amount of degrees. Both behaviors were 
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implemented concurrently in both . the "rough" and 
"fine" adjustment trials on Mantaray. 

3.1 Mantaray: Autonomous Mobile 
Agent 

Mantaray, shown in Figure 3.1, is a seven inch 
by seven and a half inch, two wheeled mobile agent 
with a caster for support. It uses three IR sensors: 
one in the center and two orthogonal Strabismic 
sensor array [Choi, 1994]. Mantaray comes with all 
circuitry for the basic functions built on to the boards 
themselves. The 68HC11 8-Bit Microcontroller is 
clocked at 2 MHz with 32K SRAM memory. An 
74HC138 Address Decoder supplies eight 8-Bit 
Memory Mapped I/0 addresses. One of the memory 
mapped I/0 is used to control the independent 
operation of theIR LED's. Using the AID capability 
of the 68HC11 8-Bit Microcontroller, the Mantaray 
comes equipped with eight AID ports (EO - E7). 
These AID ports can be used to collect sensory inputs 
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Figure 3.2: Environmental setup for the experiment. (a) Environmental Reinforcement (ER) for Straight Line 
Traversing. (b) Actual picture of the environment. 

from sensors with voltage level outputs. The 
UDN2993B Dual H-Bridge Motor Driver can drive 
two DC motors, usually used to drive the two wheels 
of the robot platform. It must be pointed out that 
Mantaray was not made for this experiment. 
Mantaray was constructed as a prototype for mass 
production (total of eight). However, several 
modifications were made to the original body and 
circuitry. First, the rolling caster was replaced by a 
stationary sliding caster. The rolling caster was 
replace due to the unpredictable error it introduced. 
Second, a voltage divider was added in parallel to the 
battery voltage with an analog tap; thus, allowing the 
agent to sense the battery state. 

3.2 Learning to traverse a straight 
line 

Due to numerous sources of errors as 
mentioned in the introduction, Mantaray had a 
natural tendency to arc left with the same speed 
(Pulse Width Modulation) applied to both motors. 
The tendency to stray from the straight path was 
controlled by the speed coefficient. The speed 
coefficient represents a percentage by which the 
faster motor is slowed to match other motor's speed. 
The environmental constraints applied to Mantaray. 
was a straight corridor, shown in figure 3.2, with 
width of 18 inches and length of 30 feet for the "fine" 
adjustment trials and length of 10 feet for "rough" 
adjustment trials. The two ends of the corridor were 
blocked off. The Strabismic sensors were used to 
keep Mantaray in the center of the corridor, and since 
the corridor was straight, Mantaray was forced to 
traverse in a straight path. ER occurred when 
Mantaray veered off its center path and violated the 
ER zone to the left or to the right. As Mantaray 
traverses the full length of the corridor, it counts the 
number of ER from the left and number of ER from 
the right. If Mantaray has more ER' s on one side 
than the other with a difference of two or greater, the 
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speed coefficient was adjusted to equalize the speed 
of both sides. The stop condition occurred when the 
front sensor detected the end of the corridor. 

3.3 Learning to turn 180 degrees 

The same straight corridor was also used to 
learn the turning coefficient. Turning coefficient 
represents the absolute time to turn 180 degrees. 
When Mantaray reaches the end of the corridor after 
a straight behavior, it ends up parallel to the corridor 
facing the enclosed end of the corridor, as in figure 
3.3 (a). This forces a 180 degree turn by Mantaray in 
order to face the open end of the corridor. Initial 
turning reference is obtained by measuring the actual 
time it takes Mantaray to turn until the front sensor 
detects open space. Since motor speed is dependent 
not only on the duty cycle of the pulse width 
modulation, but also on the battery voltage applied to 
the to the motors, the learned turning coefficient is a 
function of the battery voltage measured during the 
turn. Once Mantaray obtains the turning reference, it 
turns for an amount of time specified by the turning 
coefficient, as shown in figure 3.3 (b), and stops in a 
position shown in figure 3.3 (c) or (e). Finally, 
Mantaray goes forward until an increase (decrease in 
distance to the wall) in one of the Strabismic sensor 
is detected, as shown in figure 3.3 (d) or (f). This 
detection then becomes the ER for this behavior. 
Depending on whether ER occurred from the left or 
the right, the turning coefficient is decreased or 
increase. 

3.4 Speed and Turning Offset 
(adjustment values) 

Initially, speed offsets are set to 1%; while, 
turning offsets are set to 50 milliseconds. The initial 
values of the offsets are not tweaked values. Except 
for the obvious extremes like zero, the offset can take 
on just about any value. If the offsets start as small 
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Figure 3.3: Environmental Reinforcement (ER) for Tum 180 degrees. 

numbers, it would take the agent longer to reach the 
correct value but would settle quickly. On the other 
hand, if the offsets start as large numbers, it would 
take the agent less time to reach the correct value but 
due to oscillation, would settle slowly. The values of 
each offsets do not change as long as the "trend" 
does not change (i.e., consistently increasing or 
decreasing). However, as soon as the "trend" 
changes, the offset is reduced to half of its previous 
value. This strategy allows for fast convergence in 
the beginning when the coefficients are far from 
their true values. On the other hand, as the 
coefficients near their true values, large offsets cause 
over adjustments which in tum causes "trend" 
changes. Consequently, adjustments become finer 
and finer as the offsets decrease. To keep the 
adjustments meaningful, lower limits of 0.01% and 1 
millisecond were set for the speed and turning 
offsets, respectively. 

3.5 Mutual Refinement 

As the speed coefficient approaches its correct 
value, the initial condition for the turning behavior 
becomes more stable. Furthermore, being able to go 
straight ensures that the ER for the turning coefficient 
does not occur due to incorrect arcing of Mantaray. 
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Similarly, as the turning coefficient approaches its 
optimal value, the initial condition for the turning 
behavior becomes more stable. 

3.6 Experimental Results and 
Analysis 

The state of the agent and the learning 
coefficients were recorded into the agent's on board 
memory after completion of every trial. The 
following data were collected at the end of every 
trial: 

Current system time (seconds). 
Current battery voltage (analog sensor reading in 

the range of 225 to 197, which translate into 
10.71V to 9.38V). 

Current Speed coefficient (percent) used to 
decrease the faster motor to equalize the speed 
of both motors. 

Current Turning coefficient (milliseconds) used 
to tum for a set amount of time for 180 degree 
tum. 

Update Speed coefficient as a function of battery 
voltage. 

Update Turning coefficient as a function of 
battery voltage. 
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Figure 3.6: (a) and (b): Turning and Speed coefficients vs. Trials are plotted for a single battery voltage level 
of 9.81 Volts. Trials one to 99 represent ''rough" trials. The rest represent "fine" trials (c) and (d) 
represent the accumulated Turning and Speed coefficients for each battery level. 

Due to the Mutual Refinement dependencies, 
the "rough" trials were used for the frrst 99 trials. 
Consequently, the coefficients were updated three 
times as fast. However, "rough" trials using a short 
corridor causes problems for the Speed coefficients, 
because the agent does not have enough corridor 
length to execute the straight behavior, especially as 
the turning becomes more accurate. Due to the poor 
result of Speed Coefficient during the "rough" trials, 
the Speed offsets were reset to their initial values at 
the beginning of the "fine" trials. This transition also 
points out the Mutual Refinement process. As the 
Speed Coefficient over adjusts, the Turning 
Coefficient is improperly affected, as seen in the 
hump which occurred in the Turning Coefficient 
after the 99th trial. But as the Speed Coefficient 
settles down, so does the Turning Coefficient. 

In figure 3.6 (c) and (d), inconsistent 
fluctuations in the coefficients above battery voltage 
of 1 OV is due to the small number of trial runs for 
these battery voltages. Eight NiCad batteries should 
produce 9 .6V when fully charged, but the batteries 
actually charge up to 10.7V. However, the batteries 
can not hold this charge for very long; thus, resulting 
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in small number of trial runs at the voltages higher 
than 1 OV. Keeping this in mind, we concentrate in 
the interval between 9 .38V and 1 O.OV. 

The performance of the Speed Coefficient was 
disappointing. It raised more questions than answers. 
Even when the motor's pulse width modulation was 
directly controlled through interrupts without any 
other over head by using assembly code and the 
Speed Coefficient was manually tweaked, the 
Mantaray's straight path improved, but was still 
unpredictable. This meant that the performance of 
the motors varied as a function of some factor which 
was poorly accounted for. This variance was great 
enough that although ERL improved the behavior, 
consistency was not achieved. 

On the other hand, good results were obtained 
for the Turning Coefficients. The 180 degree turns 
were executed with precision where the error was 
less than five degree. Linear regression analysis on 
the data points less than or equal to 10 Volts resulted 
in standard error of 19.56 milliseconds. This 
translates into standard error of 1.2 degrees for an 
180 degree turn. 



4. CONCLUSION 

In this paper, two primitive behaviors were 
developed using the ERL architecture. This 
architecture proposes a novel idea, where, the 
environment forces an agent to alter its behavior in 
a desired manner. Through ER the agent learns to 
modify and refine its behavior. Furthermore, 
complexities were reduced by treating the agent's 
behavioral interactions with the environment as a 
"black box." 

Refinement of two primitive behaviors, 
traversing in a straight line and turning 180 
degrees, was attempted. The first behavior showed 
significant improvements when compared to the 
original performance but lacked consistency. The 
180 degrees turning behavior, however, showed the 
flexibility and simplicity of the ERL architecture. 

Possible future work in the area of ERL 
includes turning in subdivisions of 180 degrees 
(i.e., 90, 45, 30 degrees). Also, by adjusting the 
Speed Coefficient to keep the motor at constant 
absolute speed, the motor speed can be independent 
of changes in the battery voltage. 

As primitive behaviors are refined through 
ERL, the problems of object identification and map 
building can be simplified. Wonder what an agent 
can do if it could measure angles and distances with 
negligible or small error? These two problems are 
definite candidates applications of the behaviors 
refined through ERL. 
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Abstract 
In the absence of a-priori information about the 

environment an autonomous mobile robot relies on 
sensory information to make local judgments about its 
surrounding. Generation of a local collision-free path 
based on sensory data plays an important role in the 
control of the robot's motion. This paper presents a novel 
active-vision-based approach for generating local 
collision-free paths for mobile robot navigation in indoor 
as well as outdoor environments. Two measurable visual 
motion cues that provide some measure for a relative 
change in range as well clearance between a 3D surface 
and a fixated observer in motion are described. These 
visual cues are independent of the 3D environment and 
need no a-priori knowledge about it. For each visual 
motion cue, there is a visual field surrounding the 
moving observer. In other words, there are imaginary 3D 
surfaces attached to the observer that move with it, each 
of which correspond to a value of the cue. These visual 
fields can be used to demarcate regions around a moving 
observer into safe and danger zones of varying degree to 
make local decisions about the steering as well as speed 
commands to the mobile robot 

We describe a practical method to extract these 
cues from a sequence of images. This approach needs no 
feature tracking between images and almost no camera 
calibration. 
Key Words: Active Vision, Dynamic Vision, Visual 
Navigation, Collision A voidance, Clearance. 

1 Introduction 
Autonomous mobile robots may need several inputs 

such as the initial point, final destination, the trajectory 
to be traversed, model of the environment, etc., to 
accomplish navigation tasks. The problem of generating 
trajectories for mobile robot navigation in the presence of 
a-priori information about the environment bas drawn 
the attention of several researchers (see for example [1]). 
If the robot has no (or partial) a-priori knowledge a about 

the environment, autonomous navigation tasks become 
relatively difficult as there may be obstacles in the robot's 
predetermined trajectory. To overcome this difficulty 
caused by the absence of a-priori information, additional 
on-board sensors such as vision, sonar, laser, etc., are 
necessary to obtain information about the robot's 
surrounding. In other words, the sensory data obtained 
from these on-board sensors is used to guide the robot 
The task of generating paths around obstacles with 
minimum deviation from the global trajectory is often 
referred to as local navigation. 

The area of generating collision-free local paths for 
mobile robot navigation bas drawn the attention of 
several researchers in the recent past (see for example[2-
4]). The idea of virtual forces acting on a robot usually 
referred to as potential field approach was suggested by 
Khatib [2]. According to this approach all obstacles exert 
imaginary repulsive forces, while target exerts an 
imaginary attractive force on the robot. A resulting force 
vector F, which is the vector sum of the repulsive as well 
as the attractive forces on the robot for a given position. 
Using F, the next position of the robot in the 
environment is calculated, and the algorithm is repeated. 
Several other off-line path-planning approaches were 
developed based on this idea of virtual forces [3]. All 
these approaches are based on the assumption that the 
model of the 3D world is known a-priori in which simple 
re-defined geometric shapes represent obstacles and the 
robot's path is generated off-line. Most approaches were 
not tested on real-sensory data. 

For mobile robot navigation tasks such as collision 
avoidance, maintenance of clearances, etc., there is no 
need to know the exact geometrical description of the 
obstacles in the environment. In other words, the robot 
does not need to know if the obstacle is a chair, table, 
tree, mountain, etc. 

This paper describes a new active-vision-based 
motion cues for local navigation decisions. The idea is 
based on measurable visual motion cues and their 

*This work was supported in part by a grant from the National Science Foundation, Division of Information, Robotics 
and Intelligent Systems, Grant# IRI-9115939 
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associated visual fields. We describe two such cues 
namely, the Visual Threat Cue and its temporal 
derivative, that provide a measure for a change in range 
as well as the absolute clearance. For each visual motion 
cue, there is a visual field associated with it, i.e., there is 
a family of imaginary surfaces attached to the observer 
and is moving with it. All the points that lie on a 
particular surface produce the same value of the cue. 
These visual motion cues can be used to demarcate the 
regions around a moving observer into safe and danger 
regions of varying degree which is very useful for local 
autonomous mobile robot navigation tasks such as 
collision avoidance, maintenance of clearance, etc. 

This paper is organized as follows: section 2 
describes the Visual Threat Cue (VTC), section 3 
describes the Temporal variations of the Visual Threat 
Cue (TVTC), section 4 describes local path planning 
using the VTC as well as the TVTC. Section 5 the 
process of extraction of the VTC and the TVTC from 
images, section 6 presents conclusions and future work. 

2 The Visual Threat Cue (VTC) 
2.1 Definition 

Mathematically we define the VTC, for R > Ro as 
follows [ 6]: 

!!_(R) 
vrc = -Ro --...:::d-..t --

R(R-Ro) 
(1) 

where R is the range between the observer and a point on 
the 3D surface, d(R)/dt is the differentiation of R with 
respect to time and Ro is the desired minimum clearance 
and has the same units as R. The robot may be 
considered to be enclosed in this clearance region. Note 
that the units of the VTC are [time-1]. 

2.2 Visual Fields of the VTC 
In this section we provide simulation results to show 

the location of points beyond the desired minimum 
clearance Ro (i.e., R > · Ro> in 3D space around an 
observer in motion, that have the same value of the VTC 
for a given motion of the camera. The VTC corresponds 
to a visual field surrounding the moving observer, i.e., 
there are imaginary 3D surfaces attached to the observer 
that are moving with it, each of which corresponds to a 
value of the VTC. The points that lie on a relatively 
smaller surface corresponds to a relatively larger value of 
VTC, indicating a relatively higher threat of collision. 
The VTC value near the clearance sphere is maximum. 
For the hemisphere in front of the observer the VTC 
value approaches positive infinity as R approaches Ro· A 
positive value of the VTC corresponds to the region in 
front of the observer and a negative value corresponds to 

- 84-

the region in back of the observer. A section of this 
visual field is shown in Figure (1). Note that this field is 
not a sphere in 3D. However it is symmetric about the 
instantaneous translational vector t. 

2.3 VTC as A Sensory Feedback Signal 

The VTC divides the 3D space around the observer 
in motion into 3D regions as shown in Figure (1). Thus 
one can demarcate the region around an observer into 
safe and danger zones of varying degree (see Figure (2a)) 
A positive value indicates a decrease in relative range, 
and if this value exceeds the threshold for a safe zone 
then appropriate control action has to be taken based on 
the actual value to accomplish the tasks such as collision 
avoidance, maintenance of clearance, etc. 

The problem in employing the VTC information 
alone for navigation tasks is explained as follows (refer to 
Figure (2b)): The points 1,2, ... , 6 lie on the same VTC 
surface, hence produce the same value of the VTC. But 
for navigation purposes, point 4 poses the maximum 
threat as it lies on the instantaneous translational 
velocity vector. Points 3 and 5 pose a relatively high 
threat as they are closer to the instantaneous translational 
vector. Points 1,2, 6 and 7 pose low threat. Using the 
VTC alone (without any information about the heading 
vector) it is not possible to distinguish whether the point 
is closer to the instantaneous velocity or far from it. 
However, this problem can be overcome by using the 
temporal variations of the VTC (TVTC) which is 
described in the following section. Note that the VTC is 
measurable (as will be shown in later sections). 

3 Temporal Variations of the VTC (TVTC) 

3.1 Definition 
Based on the definition of the VTC given in 

Equation (1), the temporal variations in the VTC can be 
expressed as follows (for R > R()) as follows: 

.2 - - .2 
TVI'C= d(VI'C) = 2RR0 R + RR~ R- R0 R2R- R; R (2) 

dJ R2(R-Ro)2 

Where R is the range between the observer and a . 
point on the 3D surface, R is the differentiation of R . 
with respect to time, R is the differentiation of R with 
respect to time, and Ro is the desired minimum clearance 
and has the same units as R. The robot may be 
considered to be enclosed in this clearance region. Note 
that the units of the TVTC are [time-2]. 



3.2 Equal TVTC Surfaces 
In this section we provide simulation results to show 

the location of points beyond the desired minimum 
clearance Ro in 3D space around an observer in motion, 
that have the same value of the TVTC for a motion of the 
camera. The TVTC corresponds to a visual field 
surrounding the moving observer, i.e., there are 
imaginary 3D surfaces attached to the observer that are 
moving with it, each of which corresponds to a value of 
the TVTC. The points that lie on a relatively smaller 
surface corresponds to a relatively larger value of the 
VTC, indicating a relatively higher threat of collision. 
The VTC value on the minimum clearance hemi-sphere 
of radius Ro centered at the location of the observer is the 
maximum which is infinity, indicating that the absolute 
distance between the observer and the camera is the 
minimum clearance. Note that this field is symmetric 
about the instantaneous translational vector t. The visual 
field associated with the TVTC is shown in Figure (3). 
There are regions in front and in the back of the observer 
that produce a positive values as well as negative values 
of the cue as shown in the Figure (3). It bas been shown 
that for R >> Ro, the angle between the direction of 
motion and the zero TVTC is about 54.74 degrees [10]. 

4 Local Path Planning Using the VTC and 
theTVTC 

4.1 Demarcation of Space by the VfC and the TVfC 
The VTC divides the 3D space around a moving 

observer into two regions as shown in Figure (4a). In 
Figure (4a): +VTC corresponds to a region where the 
VTC is positive and -VTC corresponds to the region 
where the VTC is negative. The TVTC divides the space 
around it into two regions as shown in Figure (4b) 
(positive in front and back and negative on the sides as 
shown in Figure (4b)). In Figure (4b): + 1VTC 
corresponds to the region where the TVTC is positive 
and -1VTC corresponds to the region where the TVTC is 
negative. These visual motion cues if employed 
simultaneously could be used to demarcate the region 
around the observer into four different regions as shown 
in Figure (4c). In Figure (4c): +VTC, + 1VTC 
corresponds to the region where the VTC and the TVTC 
are both positive; + VTC, -TVTC corresponds to the 
region where the VTC is positive and the TVTC is 
negative; -VTC, + TVTC corresponds to the region where 
the VTC is negative and the TVTC is positive; -VTC, -
TVTC corresponds to the region where the VTC is 
negative and the TVTC is positive. 

- 85-

4.2 Local Navigation Decisions using the VIC and the 
TVfC 

In this section we describe how the VTC and the 
TVTC can be used to make local navigation decisions 
such as collision avoidance, maintenance of clearance, 
etc. A flow chart of this process is shown in Figure (5). 
At each instance of time the observer scans its 
environment, saccading and fixating at many points, say 
for example N points, in its surrounding (for a good 
review of visual fixation and navigation refer to [8, 9]). 
For all the fixation points, the VTC is extracted and is 
compared against a threshold value. If the VTC value is 
less than the threshold value, then the fixation point 
corresponding to that VTC poses no threat as an obstacle. 
If the VTC value exceeds the threshold value, then it 
indicates that the corresponding fixation point is in the 
danger VTC zone (refer to Figure (2a)). If the fixation 
point is in the danger zone, then we compute the TVTC 
value to identify, if the particular fixation point is a 
genuine threat, i.e., if the 3D point in space poses a 
threat of collision (refer to Figure (2b)). Thus at each 
instance of time the robot computes the TVTC only if the 
VTC exceeds the threshold value. The fixation points 
whose VTC values as well as the TVTC values are close 
to their corresponding threshold values produce a higher 
threat of collision. Using the values of the VTC and the 
TVTC it is possible to change the heading vector in the 
direction that produced lower values of the VTC. In [7] 
the VTC based control schemes have been designed and 
implemented to achieve the tasks of collision avoidance 
and maintenance of desired clearance from an a-priori 
unknown textured surface. 

5 Extraction of the VTC and the TVTC 
A practical and robust method to extract the VTC 

from a sequence of images of a 3D textured surface 
obtained by a fixated, fixed-focus monocular camera in 
motion bas been presented in [6]. This approach is 
independent of the type of 3D surface texture and needs 
almost no camera calibration. For each image in such a 
2D image sequence of a textured surface, a global 
variable (which is a measure for dissimilarity) called the 
Image Quality Measure (IQM) is obtained directly from 
the raw data of the gray level images. The VTC is 
obtained by calculating relative temporal changes in the 
IQM. This approach by which the VTC is extracted can .· 
be seen as a sensory fusion of focus, texture and motion 
at the raw data level. The algorithm to extract this cue 
works better on natural images including fractal-like 
images, where more details of the 3D scene are visible in 
the images as the range shrinks and also can be 
implemented in parallel hardware. The camera is 
assumed to be of wide aperture. 



5.1 Image Quality Measure (IQM) 

Mathematically, the IQM is defined as follows [6]: 

IQM = I~~~ (J:.. Jpcx.y) -I(x + p.y + q~J (3) 

where I{x,y) is the intensity at pixel (x,y) and xi and Xf 
are the initial and final x-coordinates of the window 
respectively ; Yi and Yf are the initial and final y
coordinates of the window in the image respectively and 
Lc and Lr are positive integer constants; and D is a 
number defined as 
D = (2Lc + 1) X (2L, + 1) X (x1 - X;) X (yl- Y;). 

One can see from Equation (3) the IQM is a measure for 
the dissimilarity of gray level intensity in the image (in 
our experiments we arbitrarily chose Lc = 5 and Lr = 4). 

The advantages of using this measure are: 1) It gives 
a global measure of quality of the image, i.e., one 
number which characterizes the image dissimilarity is 
obtained, 2) It does not need any preprocessing, i.e., it 
works directly on the raw gray level data without any 
spatio-temporal smoothing or segmentation, 3) It does 
not need a model of the texture and is suitable for many 
textures and 4) It is simple and can be implemented in 
real time on parallel hardware. 

5.2 Extraction of the VfC and the TVfC from IQM 
Based on experimental results (indoor as well as 

outdoor) [6], we observed that the relative temporal 
changes in the IQM behave in a very similar fashion to 
the VTC, i.e., d(IQM)I dt = -Ro d(R)I dt . This means 

. IQM R(R- Rc,) 
that the VTC can be measured using the IQM. The VTC 
is independent of the magnitude of the IQM since it 
corresponds to relative temporal variations of the IQM. 
In other words, though the magnitude of the IQM is 
dependent upon the scene illumination, the VTC 
extracted from the relative temporal variations of the 
IQM is independent of the magnitude of the IQM. The 
1VTC can be practically extracted from the VTC by 
calculating its temporal derivative. Since it involves the 
second derivative of the measured IQM value with 
respect to time, we have employed a temporal smoothing 
scheme for the IQM values, that uses the past measured 
IQM values to obtain the VTC as well as the 1VTC. At 
any time instant all the IQM values available up to that 
time instant are used to find a sixth order polynomial that 
best fits the IQM values in a least squares sense [10]. 

Two sample sets of four images (out of 71) that 
corresponds to textures from Brodatz's album [5] as seen 
by a fixating, moving, fixed-focus camera is shown in 
Figures (6a) and (7a). A comparison of the measured as 
well as the theoretical values of the VTC is shown in 
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Figures (6b) and (7b). A comparison of the measured as 
well as theoretical values of the 1VTC is shown in 
Figures (6c) and (7c). Very similar results were reported 
in [10] for twelve different textures of the same album 
[5]. . 

6 Conclusions and Future Work 
This paper presents novel active-vision-based motion 

cues for local navigation tasks such as collision 
avoidance~ maintenance of clearance, etc. The advantage 
of this approach is that it is based on observer coordinate 
system and the visual motion cues employed in the 
approach are measurable from image sequences. The 
approach is based on two measurable visual motion cues 
namely the VTC and the TVTC. Though the extraction 
of these cues need some texture in the environment, they 
do not depend on the type of the texture in the 
environment. We are currently working on the extension 
of the above mentioned cues for environments with out 
texture. A control algorithm to accomplish collision 
avoidance as well as maintenance of clearance was 
implemented in real time on a six-degree-of-freedom 
flight simulator using the VTC information only. 
Currently we are working on the extension of this 
algorithm to real outdoor environments using a vision
based autonomous golf cart designed and built at Florida 
Atlantic University. 
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Figure (3): Cross section of the TVTC, t is the 
instantaneous translational vector 
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Figure (5): Qualitative local navigation 

Figure (6a): Images of D4, d is the relative distance 
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Abstract 

This paper describes the implementation of 
learning algorithms for increased recharging 
efficiency in long-term autonomous recharging 
robots. Our goal is to demonstrate the advantages of 
a robot platform that can operate autonomously and 
continuously for a week or more. The learning 
algorithm focuses on regulating the robots "eating 
habits." Where "eating habits" are defined as the 
robot's ability to regulate battery charging in order to 
maximize the moving time and minimize the charging 
time. The final analysis of the data obtained during 
our experiments indicates that the robot learned to 
stay in the most efficient region of the batteries' 
operation. 

Introduction 

This paper documents our experiments with a 
class of robots named Grazer. The goal of our 
research is to develop a robust robotic platform 
capable of surviving for an indefinite period of time 
without human intervention. Learning algorithms are 
implemented in the agents to facilitate the longevity 
of the robots and to imbue the robots with a primitive 
instinct for survival. We chose implementation of 
"learning-to-recharge" partly because it is an 
inherently long duration process. Experimental run 
times greater than 24 hours are essential in order to 
obtain meaningful data with the Grazer robots. 
Another goal of our research is to demonstrate the 
advantages of using long-lifespan robots for the 
evaluation of learning algorithms. The Grazer robots 
provide an effective testbed for learning for a number 
of reasons: 

1. Long term experiments can be carried out, 
allowing researchers to run numbers of trials that 
were once only possible with simulation. 

2. Agents can compete for limited resources in a 
realistic manner since survival of the fittest is 
naturally occurring with these agents. Those which 
do not compete successfully, die off. 
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3. Due to the continuous nature of the 
experiments, the analysis techniques begin to 
resemble those used in ethology and lead to direct 
comparisons of synthetic ecosystems with real 
ecosystems. 

4. The fault tolerance of algorithms can be 
evaluated in ways previously impossible. An 
algorithm that can reliably and continuously run on a 
real agent for a week yields a greater level of 
confidence in its performance than an algorithm that 
runs in a series of two-hour segments. 

5. The physical support system for embodied 
agents provide "natural motivation" not easily or 
realistically provided in simulation studies. 

6. Implementations are more easily scaled to real 
world applications. The engineering problems 
associated with long-lifespan robots allow for a closer 
coupling between lab work and commercial 
applications. 

Background: .. Ancestry .. 

Previous work 
Real Robots 

We believe' that the development of long-lived 
self-rechargeable robots has not received as much 
attention as it deserves. Feeding robots are by no 
means a new idea. During the 1950s a vacuum tube 
robot "turtle" built by W. Grey Walter could recharge 
itself [Walter, 1950]. Recharging robots built by Luc 
Steels have begun to demonstrate the potential of 
having learning robots cope with internal and external 
energy management [Steels, 1993] [Steels, 1994]. 
Learning mobile robots that cannot recharge are 
limited by their short run times. In such cases, the 
learning must be scaled down to fit into the lifetime 
of the battery pack. In her 1994 Ph.D. dissertation, 
Maja Mataric noted the limitations of short run time 
robots [Mataric, 1994]. These problems become 
obvious with swarms because of the large number of 
agents that require constant human attention to keep 
them running. Maja's work with learning in groups of 
real robots has been an inspiration to our work. 



Learning Algorithms 
We are not trying to advance the state of the art in 

learning algorithms, but rather, we are attempting to 
demonstrate a platform for evaluating learning 
algorithms in extended experiments. The various 
approaches to machine learning, Neural Networks, R
learning, Q-learning etc. are beyond the scope of this 
paper. Analysis of various methods employed in 
machine learning has been well covered in the 
literature [Mahadevan, 1994] [Mahadevan and 
Connell, 1991] [Jaakkola et.al., 1993] [Hexmoor and 
Nute, 1992] [Watkins, 1989] [Kaelbling et al., 1995]. 

For several reasons the problem of recharging is 
appropriate for learning. First, since the number of 
variables defining a state is limited, the complexity of 
the learning is tractable. Also the reinforcement 
evaluation is clearly defined, namely minimize 
charging time with respect to running time. Given 
these conditions the mapping between the current 
state and the next state (i.e. to look for the charger or 
not) is relatively simple. Correspondingly, the 
evaluation of rewards is also less complex. The agent 
is rewarded if the action increased the average time 
running as compared to the time spent charging. 

Experimental Setup and 
Learning Algorithms: .. Birth .. 

Robots 
The Grazer robots currently consist of four robots, 

two of which are capable of recharging. The other 
two are used for sensor development. Because of the 
long duration of the experiments, multiple robots 
enable us to improve code and hardware without 
disturbing a robot that is in the middle of a multiple
day run. The robot circuitry consists of a Motorola 
MC68HC11 EVBU and an in-house expansion board 
that provides 32K memory and handles motor control 
and sensors. Grazer realizes collision avoidance by 
means of modulating an IR emitter and detecting the 
amount of 40KHz IR energy reflected from obstacles 
and turning away from them. 

Grazer possesses a circular platform 10 inches in 
diameter mounted on two independent drive wheels 
with a caster (Figure 1 ). This wheel arrangement 
affords two advantages while the robot navigates in 
an environment. The robot can rotate about its 
center, virtually eliminating the possibility of the 
robot getting trapped. Further, the circular design 
prevents the robot from catching onto an obstacle in 
the event that its collision avoidance sensors fail to 
detect the obstacle. These are important qualities for 
a robot that spends days without human intervention. 
Figure 1 also provides a view of the floor charge 
plates and the recharger box. 
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Charger 
Raw power is supplied to Grazer though two 

plates on the floor. These plates supply 28 VAC. 
Current is limited through a power resistor. The use 
of AC allows Grazer to approach the charger from 
any direction and obtain energy. No markers tell the 
robot where the charging station is located. The 
robot only knows this "feeding ground" when it 
accidentally rolls across it. We liken this to a grazing 
animal, ranging the grasslands, hence the name for 
these robots. 

Environment 
The world of Grazer consists of an irregular area 

of approximately 200 square feet of floor space 
interspersed with obstacles. The charging plates sit in 
no particular area and we can move them at will. 
Because this is also the main testing area at the 
Machine Intelligence Laboratory (MIL), Grazer must 
contend with daytime visitors, various robots, 
hexapods, wheeled robots of many varieties, as well 
as human intruders wandering across the 
experimental area. At night the lab belongs to Grazer 
(with the possible exception of an occasional security 
person or janitor wandering through the lab). 

Data Collection 
A robot engaged in large unobserved quantities of 

running time must keep data on its performance and 
learning and report this data back to a computer so 
that it can be analyzed. To keep the circuitry simple 
and affordable, we did not use a wireless link. 
Instead, the robot keeps several days worth of data in 
its memory. When it detects that a computer has been 
connected to its serial port, it then sends the data to 
the computer. The robot can then be returned to the 
experimental area to continue the experiment. 

Experimental Results: .. A Day in 
the Life of a Robot .. 

Learning Goal 
The goal of the learning task for the Grazer robot 

is to adjust the hunger threshold in such a way as to 
maximize the efficiency, defined by the ratio of 
running time to charging time. The only factor being 
adjusted by learning in these experiments is the 
hunger threshold. The hunger threshold is the battery 
voltage at which point the robot will respond to the 
charging plates by stopping and charging. The 
performance index used in these experiments is 
simply the average ratio of time spent moving and 
time spent charging. When quoting numbers in the 
data the hunger threshold is an arbitrary number N 
proportional to the battery voltage. N = 150 indicates 



a fully charged battery pack and N= 115 represents a 
discharged battery pack. 

Fixed Ratio Experiments 
In order to have a control for our experiments we 

first ran experiments without learning, the robot 
recharges itself according to a fixed hunger threshold. 
This manually set threshold will determine when the 
robot recharges. A threshold of 150 meant that the 
robot would charge every time it makes a successful 
connection across the recharging plates, presumably 
the most inefficient technique charging scheme. A 
threshold of 120 means that the robot waits until its 
batteries are more than halfway discharged before 
recharging. 

The performance factor p equals the average run 
time over charge-time, 

15 

L (runtime[ n - i ]) 
p [n] = --:-1~/....:=o:...__ ____ _ 

L (charge time[ n - j]) 
j=O 

The graphs plot efficiency E = p , that is, 
(p +1) 

15 

L (runtime[ n - i ]) 
E[n] = -~~s __ __;_;=o;__ _______ _ 

L(chargetime[n- j) + runtime[n- i]) 
j=O 

to yield the run-time to total-time ratio. Observe that 
if p = 05 , i.e., the robot spends twice as much time 

charging as it does running, then E = 0.3 3~ . 
In our experiments, one clock keeps track of robot 

running time, another the robot charging time, and a 
third measures real time. The run time and charge 
time clocks are read every five minutes and then 
cleared. Each five minute reading constitutes a data 
sample, i.e., a sample interval equals 5 minutes. 

The performance function E computes a ratio of 
averages and, thus, performs data filtering As with 
any filtering technique, the filter response experiences 
a transient at start up and then approaches a steady 
state value under a periodic input. Although sensor 
reading variations and intrusions of moving obstacles 
into the robot's work space injected variation into the 
robot trajectory, the trajectory pattern was sufficiently 
periodic to generate a typical filter response. In 
Figure 2 observe a 0.1 day (2.4 hour) transient before 
the performance function E settles down. 

Figure 2 shows the data for a run of 2.7 days with 
a constant hunger threshold of 150. The most 
obvious characteristic of the graph is the chaotic 
periods. These periods appeared to be caused by 
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oxide and dust developing on the charging plate, 
preventing the robot from connecting properly with 
the charger. With this hypothesis the charger pads 
were cleaned at about 1.0 day and 2.0 days (we did 
not carefully record charger pad cleaning times and, 
so, cannot make this claim with certainty. 

Ignoring the oxidized pad regions, the average E 
approximately equals 0.35, hence, 

E 
p = --= 0.54 , i.e., the robot was moving for 

1-E 
less than half the time that it was charging. The data 
in Figure 2 serves as our baseline, with which to 
compare the different learning algorithms. 

Self Calibration 
Before implementing learning algorithms we used 

a simple self calibration technique. We use the term 
"self calibration" to differentiate this technique from 
true learning. The difference between self calibration 
and learning is that the tendency of the system is 
presupposed in the algorithm. Working from the 
experiments with a fixed hunger threshold, we infer 
two characteristics of the system. First, for hunger 
thresholds in the range from 150 to 120, a smaller 
value of hunger threshold will mean a better p. Any 
value above 150 will have the same effect as 150 on 
the system; therefore, the range from 255 (the limit of 
the sensors) to 150 can be discounted. The second 
inference is that at too low a value of hunger 
(approximately 110), the robot will starve to death 
before reaching the charger. The self calibration 
technique assumes that there is some maximum level 
of performance E between the points 150 and 110 
that the robot can find. 

The algorithm used to determine the hunger 
threshold is as follows: 

For p[n] > p[n+1] set hunger = hunger -1 
and 

for p[n] < p[n+ 1] set hunger= hunger+ 1. 

Based on this algorithm the robot will decrease its 
hunger threshold until it no longer increases p. ' At 
first glance the above algorithm appears counter 
intuitive. The hunger threshold decreases when the 
performance is deteriorating. However, the robot 
attempts to increase run time through this algorithm. 
We initially expected the robot to rapidly kill itself 
using this algorithm, but the experiment proved us 
wrong. By pushing ahead with the hunger threshold, 
Figure 3 illustrates that the robot survived and 
discovered a 20% improvement in performance from 

the fixed ratio experiment, E = 0.4, p = 0.66.§ . 
The performance appears to be steadily increasing 
over the duration of the experiment. However, we 



believe the end data point to be due to the dirty 
charging plate problem. 

In Figure 4, the threshold steadily marches 
downward. Unfortunately, the 2.6 day run was not 
long enough to see if this algorithm would stabilize at 
a lower threshold. The extrapolated time to 
stabilization is roughly two weeks for this algorithm. 
Recall that these are real robots being run for days at 
a time. Our current record stands at one week, a two
week run is both a logistical and technical problem 
these problems will be discussed in more detail in the 
case studies section. 

Reinforcement Learning 
The general principle of adjusting the hunger 

threshold based on past performance improved the 
run time to charge time behavior. Using a simplified 
RL algorithm, the robot now figures out for itself how 
to adjust its own hunger threshold. Reinforcement 
only applies to the direction in which the hunger 
threshold is moved. 
The steps involved in the learning process are: 

1. Move the hunger threshold in a random 
direction 1 (increase or decrease by some fixed 
number of units). 

2. Check if this direction improves p. 

3. If p improves, then continue in that direction. 

4. If p degrades, then reverse the direction. 

5. Continue in the current direction until p ceases 
to change, then go back to step 1. 

This algorithm implements learning in a simple 
way by defining states S as the performance p and the 
action A as the movement of the hunger threshold. In 
terms of this notation the state space is very simple 
and, thus, the reinforcement calculations are tractable. 
Figure 5 and Figure 6 reveal the performance of the 
learning algorithm over a four day run. In Figure 5 
the hunger threshold declines sharply over the first 
two days. We attribute this drop to the charger plates 
getting dirty. Our rationale for this hypothesis is that 
the plates were cleaned at about the 1.8 day region 
which resulted in the learning algorithm increasing 
the threshold (as seen in the 1.9 to 2.8 day region). 
The algorithm ultimately converged at around 

E = 0.3(p := 0.43) a 30% run time as seen in Figure 

6. Because of this relatively low performance level 
(as compared to the fixed ratio experiments), we 

1 The random direction is supplied by the least 
significant bit of the system clock. 
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cannot conclude that the algorithm truly learned to 
increase its performance. 

In this experiment the learning algorithm simply 
responded to a change in its environment (i.e., the 
increasing difficulty of charging due to dirt on the 
charging plates). We feel that the failure of this 
algorithm resides in both the statistical basis of the 
performance and the physical nature of the charging 
system. In order to fully explain this data we must 
execute many more experiments. The focus of our 
future work will center on the robots' interpretation 
of its own performance. It is the robots' 
misinterpretation of its long term performance that we 
believe most likely caused the failure of this 
algorithm to produce the desired performance. 

Problems and Case Studies: 
.. The Will to Live .. 

Robot Manslaughter 
One case study in the behavior of the Grazer 

robots that is particularly interesting is a "murder" 
that occurred during a run of two robots. As 
described earlier, the environment has only one 
charger. That charger is big enough for two robots 
only if the robots are perfectly positioned, an unlikely 
event. The two Grazer robots are identical, except in 
their motors. Because of motor burnout problems 
encountered with the first Grazer robot, the second 
Grazer had higher torque motors. This fact, coupled 
with the difficulty in one robot sensing another from 
behind, led to this robotic tragedy. When the two 
robots were introduced into the test environment with 
only their obstacle avoidance and charging behaviors 
active, a new behavior emerged. When the stronger 
robot would approach the stationary weaker robot 
while the weaker one was charging, it would push the 
weaker one off the charger. When the opposite 
conditions occurred, the weaker robot was unable to 
push the stronger one off the charger and would spin 
its wheels until its sensors finally saw the robot as an 
obstacle, at which point it would give up. Within 
several hours, the weaker robot was dead and the 
stronger robot ran for another day. 

Luc Steels [Steels, 1993] defines emergent 
behavior as follows: 

A behavior is emergent if it can only be defined 
using descriptive categories which are not necessary 
to describe the behavior of the constituent 
components. An emergent behavior leads to 
emergent functionality if the behavior contributes to 
the systems self preservation and if the system can 
build further upon it. 
Our example of robot "manslaughter" (we will not 
impart too much self awareness unto our agents to 
consider it first degree murder) seems to satisfy 



Steels' definition, especially since the stronger robot 
enhanced its own survivability by killing off the 
competitor for the limited resources of the charger 
pad. As an interesting aside this murderous behavior 
was first noted by W. Grey Walter in 1950 when his 
"turtles" would compete for a charger [Walter, 1950]. 

Old Age 
Numerous problems plagued the early Grazer 

robots. Serious reliability issues arise in getting a 
small autonomous robot to survive for 24 hours 
unattended, let alone for one week. Motor burnout 
came first. The inexpensive motors used on the 
Grazer robots contained metal brushes which, after 
days of use, burnt out, thus destroying the robots 
mobility. Installation of carbon brush motors solved 
this problem. Overheating of the motor driver chip 
did not show up until the robots could run for several 
days. The overheating problem was easily fixed by 
the application of a heatsink. Our operation of the 
robots for a week or more required periodic cleaning 
of the charger contacts. 

Conclusions 

In the course of this re~earch we have made 
several significant achievements: 
1. We have constructed an inexpensive ( <$250), 
small platform which runs autonomously, 
continuously, and without human intervention for 
periods of time exceeding a week. 
2. In the course of these experiments we have not 
seen noticeable memory effects in NiCads that would 
limit the lifetime of the robot. Memory in a NiCad 
may reduce the shallow-cycle lifetime of the batteries, 
necessitating a deep charge mechanism for reviving 
the full capacity of the cells. 
3. We have demonstrated the implementation of 
simple learning algorithms that require extended 
periods of time to run. 
4. We have also demonstrated data collection by the 
robot over extended run times to allow the 
experimenter to analyze the performance of the robot 
over days instead of experiments that are limited to 
hours and often minutes. 

The data we obtained in these experiments were 
puzzling at first and we felt that the learning 
algorithms were not performing as expected. It 
seemed that the data generated by the robot's learning 
algorithm had failed to reach an optimum point. 
However, after discovering a graph from the 
Energizer Battery data [Gates, 1989] that showed the 
relationship of charging efficiency to the degree of 
discharge of the cell the data began to make sense. 
The bottom graph of figure 6 shows that the charge 
efficiency is flat in the middle region #2 and drops off 
drastically for deep cycling (area 1) and over 
charging (areas 3,4). This explains why the learning 
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algorithm never left region 2 because at any point in 
region 2 the robot was charging efficiently. When the 
robot ventured into the deep cycle region #1 it was 
forced back to area #2 (refer back to Figure 4 ). The 
robot seems to have learned what the battery 
manufactures knew all along about their batteries. 
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Figures 

Figure 1 Grazer and its charger. 
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Figure 2 Performance of robot with fixed hunger threshold 
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Figure 3 The change in the hunger threshold during the self-calibration run. 
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Figure 4 Performance during the self-calibration run. 
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Figure 5 Graph of hunger threshold during RL run. 

- 95-



Fraction of Time Spent Running Versus Days of Run Time 

.. 

.5 0.6 

... I 

0 ~ 0.5 
s,.! 
.o 
~ • 0.4 
> E 
:, i=l 
.5 c: 0.3 
c: :I 
c:a: 
~ "i 0.2 

E 
i= 
c:1 0.1 
:I 
a: 

C') 

c:i 

Figure 6 Graph of performance during RL run. 
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Figure 7 Efficiency of charging graphs. (Reprinted with permission, Eveready Battery Systems) 
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EXTENDED SUMMARY 

Recently, autonomous guided 
vehicle systems play an important role in 
manufacturing in particular for 
transportation tasks. Autonomous 
navigation is essential to accomplish 
intelligent indoor tasks. There are two 
main components of an intelligent 
driving. !.Longitudinal Control, 2.Lateral 
Control. There are several ways · to 
accomplish these tasks using different 
sensors, for example, laser, radar, 
ultrasonic, etc.. We decided to 
accomplish these tasks using visual 
information only. In other words, using a 
camera on top of the vehicle that 
captures the visual data, processing the 
data using a computer, and controlling 
the vehicle. Appropriate modelling of 
vehicle environment, sensing, inferencing 
on the geometriculations between the 
vehicle and the environment are essential 
to accomplish such tasks. The model
based navigation needs a lot of memory 
space as well as processing time. Also, it 
has been shown to be very complex and 
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time-consuming even m well-known 
environments[ I ][2]. Image-based 
processing can accomplish the same 
tasks with less a priori knowledge. 
Automated scene analysis often requires 
depth information, which can be obtained 
by different techniques such as stereo, 
optical flow and shading. We chose to 
use only one camera, using 
measurements of defocusing. Pentland[3] 
was able to recover the depth by 
defocused unages without the 
correspondence problem in stereo. He 
noticed the fact that most biological lens 
systems are exactly focused at only one 
distance along each radius from the lens 
into the scene. As the distance between 
the imaged point and the surface of exact 
focus increases or decreases, the imaged 
objects become progressively more 
defocused. In addition, some other 
researchers[4][5][6][7] have used this 
phenomenon to derive algorithms for 
recovering depth information. The depth
from-defocus approach attempts to 
model the blurring process in a local 
image region as a function of depth. 



In this paper, we present an 
active depth-from-defocus algorithm that 
is based on extracting the Image Quality 
Measure (IQM)[8] from 2D textured
image sequences obtained from an on
board camera. We project an artificial 
textured-image on the wall and observe 
the changes in focus due to changes in 
distance between the camera and the 
wall. The depth information that is 
obtained from the defocused images is 
then compared with a predefined 
threshold or clearance, and processed by 
a fuzzy logic controller to generate 
command signals to the driver unit. We 
also present a future application of this 
algorithm in a tight perception-action 
control loop for wall following and 
collision avoidance with textureless 
surfaces in structured environments. The 
advantages of using this approach over 
the other approaches are that it gives a 
global measure of the image quality, i.e. 
one number which characterizes the 
image dissimilarity, it works directly on 
the raw gray-level data without any 
spatial or temporal smoothing, it is 
suitable for many textures and it can be 
implemented in real time on parallel 
hardware. The following are the sample 
graphs of IQM and textured-images that 
are captured at different distances. Fig. 1 a 
shows a perfectly focused textured-image 
defocused at a distance of 500 nun. Fig 
I b shows the same textured-image at a 
distance of 550 nun. Fig. 2 shows the 
behavior of IQM with the changing 
distance. 
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Abstract 
Autonomous walking robots present the 

roboticist with a level of complexity an order of 
magnitude above that of rolling robots. The 
simplicity of dual-channel motor control is lost as 
multichannel closed-loop positioning systems are 
employed. This complexity has prevented many 
amateur designers from attempting the 
construction of walking agents. In this paper, we 
present a control architecture capable of sixteen 
channel servo control using only a single 
MC68HC711E9 microcontroller. This 
architecture describes both hardware and 
software aspects of control. By removing this 
complicated design hurdle, we contend that the 
realization and control of autonomous six, four, 
and even two legged agents is within the realm of 
every roboticist. Using the autonomous hexapod 
"RoboBug" as a model, we present a significant 
advances in multichannel servo control 
algorithms. The Active Bitmap Algorithm is 
presented as a solution to servo-driven walking 
agent control capable of being implemented on 
inexpensive and currently available hardware 
platforms. 

Introduction 
In this paper, we develop a basic hardware 

and software control architecture that is an 
inexpensive solution to autonomous walking 
robot design and control. This work was 
performed in conjunction with the development 
of an undergraduate laboratory designed to 
introduce students to autonomous robot design 
and control. Details of the course structure can 
be found at http://www.mil.ufl.edu/imdl. 

This work was supported in part by NSF Grant DUE-
9451995. 

Expanding on the defmition of 
"autonomous" as used in [Benson and Nilsson 
1995], we argue that for a robot to be 
autonomous it should be a physical entity 
requiring no human supervision. This by no 
means precludes a simulated agent from being 
autonomous, in this case requiring only minimal 
human supervision. As the robotics community 
shifts from simulation to physical 
implementation, however, the ability to construct 
inexpensive autonomous robots will become 
increasingly important. 

Multichannel Servo Control 
Robots with six (figure 1) [Novick 

1995], four [Kilian 1994], and two [Dilworth 
1995] legs popular in the robotics community 
have traditionally been built using servo motors 
from radio-controlled model cars and airplanes. 
The properties of these servos, including weight, 
output torque, speed, and power ·consumption 
vary greatly among different models and 
manufacturers. In all cases, pulse-width 
modulation (PWM) is used to specify an output 
position and an internal feedback network acts to 
maintain the desired position as long as the 
control signal is reasserted every 20ms. 

A 4.8V to 6.0V Nickel-Cadmium 
(NiCd) battery is typically used to power servos 
because of the high instantaneous current 
demands. The higher voltage will drive the servo 
faster and with more torque but will reduce the 
control signal range, the difference between the 
largest and smallest allowable PWM signal. As 
an example, consider the Futaba S 148 servo. 
With a 25% rise in supply voltage from 4.8V to 
6.0V, an additional 20o/o of output torque can be 
achieved with a similar speed increase. This 
increase in voltage also changes the original 800-
2200Jls control signal range to 1000-2000Jls. We 
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will refer to the range limits as the minimal and 
maximal pulsewidths, Pmin and Pmax· respectively. 
Thus, control signal precision is reduced at 
higher supply voltages. We will refer to the 
pulsewidth as td, the duty cycle of the control 
signal. 

Many methods exist to create multiple 
PWM signals. Some microcontrollers have 
timing circuitry dedicated to creating PWM. The 
MC68HCII [Motorola I99I and Motorola 
1993] has five timer channels capable of timing 
output functions. Walking robots possessing 
more than five servos require alternative 
techniques. The best previous technique, the 
Sorted List Algorithm [Kilian 1993], allows for 
multichannel control without directly using the 
timing subsystem. The simplicity of background 
execution using interrupts is traded for more 
channels at the expense of programming 
complexity. General purpose 1/0 pins can be 
used preserving dedicated timing pins for other 
functions. Extensive software processing is 
necessary to support this algorithm. 

Existing Control Algorithm 
If the number of required servo channels 

exceeds the available number of timer output 
pins on the MC68HC II, digital output lines must 
be used to create the servo control signals. Thus, 
software must force every pin high to start the 
control pulse, wait tcJ, and then force the line 
back low. This procedure repeates every 20ms. 
The Sorted List Algorithm provides a general 
solution for up to eight servo control signals 
using digital outputs on the MC68HCI1 
microcontroller. 

The Sorted List Algorithm 
The Sorted List Algorithm can be based 

on a single interrupt or a delay cycle depending 
on available hardware. Figure 2 shows the 
general structure of this algorithm. A list of 
timing values which are used to create the actual 
pulsewidths corresponding to each servo channel 
is kept in memory. We will defme a timing value 
as a number linearly proportional to td for a given 
channel and refer to it as tva!· All channels are 
turned on by an interrupt at some initial time. 
The system then enters the service loop. At the 
beginning of the loop, the system must sort the 
list from shortest to longest tva!· List entries then 
reflect the difference between successive tva1- The 
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subsequent pulse generation algorithm depends 
on whether the system is interrupt or loop based. 

In an interrupt based system, an 
interrupt is set to occur at the times each control 
pulse must fall. On interrupt, the service routine 
forces the line low and resets the interrupt to 
trigger at the next pulse's fall. For example, 
assume that channels one, two, and three have tva! 
set to I 00, 150, and 225 respectively. The 
corresponding difference list entries equal I 00, 
50, and 75 respectively. The resulting PWM 
signals equal 900f..lS, 950f..lS, and 1025f..lS, 
respectively, with Pmin = 800f..lS. 

At each interrupt, the algorithm forces 
low the output of the channel being serviced and 
adds the next timer displacement (next difference 
list entry) to the timer interrupt register. In this 
manner, the difference list is processed by setting 
an interrupt for each tv.J. Note, the timing 
difference between channels must be at least as 
long as the duration of the interrupt service 
routine plus the interrupt latency. This limits the 
number of channels that can be accurately 
serviced. 

A loop based algorithm, one that uses a 
loop to delay between the falling edges of all the 
control signals, addresses the problem of servo 
pulses that are nearly equal by minimizing the 
time required to process a channel. The 
difference list entries in this case reflect the 
numbers of delay cycles to run between 
subsequent channels. In this manner, each 
channel will always pulse, even if the entry is 
zero. Because the total time of the PWM signal is 
dependent . on the loop execution time, t1oop and 
the number of servos with shorter control pulses, 
total accuracy is not possible. If all channels are 
given the same !vah all difference list entries 
except the first would equal zero and pulses 
would actually be staggered by interger multiples 
of t1oop based on which channels were serviced 
frrst. This staggering effect can be minimized by 
decreasing t100p, but can never be eliminated. 

Memory and Timing Issues 
Any control algorithm must fit within 

the constraints of the hardware. For a 
microcontroller such as the MC68HC II the most 
critical issues is memory usage. If a servo control 
algorithm must share processor resources with 
other programs such as an LCD driver or 
keyboard interface, it must be written so as to use 



minimal resources. On the other hand, if a 
processor is dedicated to servo control, the 
control algorithm can be optimized for speed and 
accuracy by using all available system resources. 

The Sorted List Algorithm requires that 
some memory must be allocated for the 
difference list structure. The size of this 
difference list depends on the size of tval (8 or I6-
bit) and the number of channels. Interrupt-based 
values must be I6-bit on the MC68HC II 
whereas loop based values can be 8-bit. If t1oop is 
very small, I6-bit values might be necessary. 
When a sorting algorithm is used, one must 
assure that execution time is data independent. 
Otherwise, Pmin, which must be fixed and equal to 
the difference list creation and sorting routine 
execution times, will vary depending on the 
initial order of the ty81 • 

The intrinsic problem with the Sorted 
List Algorithm is its inability to accurately 
produce multiple PWM control signals of equal 
length, i.e., all signals have the same tvaJ. This 
limitation lead us to develop the Active Bitmap 
Algorithm for precise multichannel servo control. 

The Active Bitmap Algorithm 
The Active Bitmap Algorithm 

eliminates the inaccuracy of the Sorted List 
Algorithm and allows for up to sixteen 
simultaneous servo channels. Channels with 
equal tvaJ will pulse for exactly the same duration 
starting and ending at exactly the same time. As 
will be made clear, this algorithm is designed 
specifically for servo motors and devices that 
require at most a I5o/o duty cycle pulse. 

Whereas the Sorted List Algorithm 
stores the times at which changes in the output 
channel occur, the Active Bitmap Algorithm 
stores the behavior of the channel for the entire 
length of the update cycle, the difference 
between the Pmin and Pmax· The sixteen behaviors 
are stored in a table called the Active Bitmap 
Table. This table consists of bitmaps describing 
the state of the servo channels at every division 
of the update cycle. One time division, tdiv' is 
defined as the smallest possible change in 
pulsewidth supported by the algorithm. For the 
system implemented, tdiv = t1oop = I3 .51JS. 

For the purpose of this discussion, a 
channel is defmed as "active" if its state is being 
changed. At the beginning of the control cycle, 
the algorithm changes all channels from low to 
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high voltage. Channels will become active again 
when their state is forced back low, terminating 
the pulse. A general model of the Active Bitmap 
Algorithm with the extensions chosen for our 
implementation is shown in figure 3. 

The Active Bitmap Table 
The I6-bit words representing the active 

state of the servo channels form the Active 
Bitmap Table mentioned earlier. Each word 
represents the channels to be forced low at a time 
inversely proportional to the index of the word in 
the table. For example, a value of $030 I 
(%000000IIOOOOOOOI) at index I2 in the table 
would indicate that channels 0, 8, and 9 (the bits 
are zero-indexed from right to left) will be forced 
low at time equal to Pmax minus I2 times tdiv· (the 
table is traversed from high index to low index) 
The necessity of reverse indexing the table will 
be made clear as the algorithm is discussed in 
more detail. 

Figure 4 shows an Active Bitmap Table 
with sixteen entries used to control four servo 
channels. Our 16-channel implementation utilizes 
1 04 entries. The system shown indicates that the 
user has turned on channels 0, 1, and 3 and has 
set them to timing values 11, 3, and 13, 
respectively. Note that even though channel2 has 
a valid timing value, the zero in the On_ Mask bit 
disables that channel's output. 

The On_Mask 
Every 20ms the tvaJ are processed to 

create the Active Bitmap Table and the On_ Mask 
asserted ori the servo control port. A one in the ith 
bit position of the 16-bit On_ Mask enables the ith 
control signal. All control signals will be asserted 
high exactly Pmin = 8001JS. A table loop routine 
now takes the Active Bitmap Table entries and 
performs an Exclusive-Or with the servo control 
port (fig. 3) forcing the ith control signals low if 
the ith bit in the table entry being processed is a 
one. 

Memory requirements of the Active 
Bitmap Algorithm exceed those of the Sorted 
List Algorithm. For an channel system, n bits are 
required for each tdiv· Additional memory is 
required for the registers holding the tvah the 
desired settings of the servos. Minor additional 
memory is required for temporary variables. · 



Creating a Minimal Pulsewidth 
Any implementation of the Active 

Bitmap Algorithm must wait Pmin before 
engaging the actual pulse creation routine, the 
routine that implements the falling edges of the 
servo signals. Signals shorter than Pmin will cause 
the servos to hum and draw excessive current. 

Because significant processing is 
required, Pmin may be implemented as an 
interrupt of the table initialization and processing 
routines. If the total time required to initialize 
and create the Active Bitmap Table is 1500fJS, 
then the process should be interrupted after 
700J.lS and the On_Mask asserted to ensure that 
exactly Prnin elaspes. By the time the pulse 
creation routine starts, exactly 1500J.lS - 700fJS 
= 800J.lS have elapsed since the assertion of the 
On Mask. 

An optimal way to create Prnin is to count 
machine cycles backwards from the start of the 
service loop and implement a loop counter in the 
subroutine at the resulting location. The 
resolution of the control signals depends on the 
"tightness" of the pulse creation routine, or table 
loop. The table loop must perform the following: 

1) Retrieve the current channel state, (2 bytes), 
2) XOR the table value with the current state, 
3) Store the modified state, and 
4) Decrement the table pointer and check for 

the last entry. 

Recall that each entry of the Active 
Bitmap Table describes the active state of the 
control channels at a specific time. By retrieving 
the current channel state, the table loop is 
preparing to terminate the control pulse of any 
channel active during that tcliv· Because a "1" in 
the table entry corresponds to an active channel, 
applying the Exclusive-Or operation on the 
current state and table entry will force any active 
channels low. When this modified current value 
is returned to the port being used for the control 
pulses, the active channels will have terminated 
their pulses. Because the table is used backwards, 
the table pointer will be decremented to point to 
the next entry and the terminating condition 
evaluated. 

Loop Code 
The timing loop which causes the servo 

control signals to return low is the most critical 
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part of the algorithm. It is vital that this loop 
execute as quickly as possible since the number 
of iterations possible during the 1400fJS window 
between Pmin and Pmax determines the resolution 
of the PWM signals. The number of Active 
Bitmap Table entries equals the number of 
iterations of this loop code during this window. 
This number, shown below to equal 104, also 
defines the valid range of tva! as 0 to 103. 

p - Pmin 1400,US 04 resolution = max = = 1 
!loop 13.5,US 

The loop can be constructed so as to 
require only 13.5J.lS per iteration when using an 8 
MHz MC68HC11 microcontroller. Several steps 
are taken to minimize the loop execution time. 
Because the MC68HC 11 requires two 
instructions to branch on a non-zero equality 
comparison, the table is processed in reverse so 
as to exit on a comparison to the index of zero, 
the last entry. The resulting loop code is given in 
listing 1. Because the branch occurs on zero, the 
last entry must be processed after the loop. 

The table structure requires significant 
book-keeping to operate properly. For every call 
to the algorithm, the table must be cleared of old 
entries and the new entries inserted. Ultimately, 
the new 1:vaJ must be stored as old 1:vai for 
processing during the next iteration. The entire 
table need not be cleared as long as some record 
of the past 1:vaJ exists. For 16 channels, 32 bytes 
must be reserved for the current and past tvaJ. 

The Table Service Routine 
The table service routine, that initial 

processing required before the loop code is 
called, must perform four functions. First the 
table must be cleared of previous entries. After 
this point, the entire table should be filled with 
zeros. · Once done, the current timing values can 
by processed to create the new entries. Exactly 
800J.lS before the completion of this task, the 
On Mask is asserted onto the output port used to 
cre;te the servo control signals. The table loop 
then implements the tum-off points by executing 
the loop code once for each entry of the Active 
Bitmap Table. Finally, the current timing values 
must be preserved for the next iteration to allow 
their removal from the table. 

The assertion of the On_ Mask onto the 
digital ports creates the rising edge of all control 
signals. The exact time that this must be done 



may occur in the middle of a table creation 
subroutine as mentioned earlier. Two methods 
are employed to observe the Pmin requirement and 
can be pictured as coarse and fme tuning of the 
control pulses. We refer to this timing adjustment 
as "signal alignment" because the range of 
control signals is being aligned to that accepted 
by the servos. 

Signal Alignment 
Timing is critical to the operation of the 

Active Bitmap Algorithm. First, Pmin must be 
matched roughly (within a few tdiv) to the valid 
range of the particular servos used. This is 
referred to as coarse alignment and involves 
matching Pmin within one iteration of some loop 
in the table processing code. Second, Pmin is 
matched fmely by padding the Active Bitmap 
Table. 

Because sixteen table values must be 
processed, most service routines will require 
sixteen iterations creating a range of possible 
entry points for the On_Mask assertion code. 
Properly coding the service routine allows coarse 
alignment of Pmin within 40J.LS using our 
implementation. 

Fine alignment can be achieved by 
adding dummy entries to the Active Bitmap 
Table. Because these extra entries are set to zero, 
they do not affect the servo signals. If the table 
loop is set to start at a location one entry beyond 
the frrst valid table entry, an extra !ruv is added to 
Pmin· Although 2 bytes of memory are required 
for each extra entry, the simplicity of this method 
appears preferable to using delays if only a few 
extra entries are needed . . 

Implementation of the Active 
Bitmap Algorithm for a Hexapod 

The Active Bitmap Algorithm is 
designed to serve as a hardware driver operating 
in much the same way as a mouse driver in a 
personal computer. The array of sixteen timing 
values constitutes the interface between the 
Active Bitmap Algorithm and the higher level of 
control. A higher-level program can place bytes 
in this array and servo signals then appear on 
ports Band Con the MC68HC1I with no further 
inputs from controlling system. The signals will 
appear on ports B and C every 20ms until new 
values are written to the tva! array (I6 bytes). 
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For a walking agent, a set of sixteen 
timing values corresponds to a particular position 
of the legs. Walking can be accomplished by 
moving through a series of such positions, or 
presets, with a small delay between each preset. 
A walk, therefore, is realized by sequential 
execution of a list of presets. The implemented 
control program, which runs on the same 
MC68HC II as the Active Bitmap Algorithm, has 
access to 256 presets. Walking styles (tripod, 
twelve-step, etc.) [de la Iglesia I995] can be 
stored as a list of presets where each 16 byte 
preset can be activated by a single byte, thus 
reducing controller communication by I/16. 

The delay chosen can be global, the 
same for every transition, or specific to each 
preset. In either case, the controlling algorithm 
will transfer the preset contents to the tva1 and 
then delay for the programmed time. Our 
implementation supports using both global and 
preset-specific delays. 

Another extension supported by our 
implementation is the inclusion of masks in the 
walking sequence. A 16-bit mask defmes which 
timing values from a preset will be transferred to 
the tv.J. For example, consider a walking agent 
which must raise one set of legs and lower 
another set. The final position of all legs can be 
defmed in one preset, but execution of that preset 
would cause the robot to "bounce," i.e., one set 
of legs move up while at the same time the 
remaining legs move down. By using a mask, 
sequential execution of a subset of the channels 
controlled by a single presets is possible. In the 
given example, the legs being lowered are 
activated frrst using one mask and, only after 
they make contact with the ground, is the other 
group of legs raised using a second mask. 
Because the same preset is used, memory is 
conserved. 

Our implementation supports sixteen 
user-defmed masks. For all the walking gaits we 
have tried, the maximum number of masks 
utilized was three. Sixteen masks, therefore, 
should satisfy most any walking requirement. 
The controlling system can create new masks at 
any given time by overwriting older ones. 

Presets consume eight times the 
memory of masks. The 256 presets are stored in 
EPROM and thus cannot be easily changed. We 
implemented a special group of four presets in 
RAM which the user can use for developing walk 
gaits. More than four such presets seriously 



burdens the memory resources of the 
MC68HC 11. By effectively using masks, It IS 
possible to create the illusion of more than four 
RAM-based presets. 

Default Values 
Certain masks and presets should have 

default values. For walking robots, a certain tvai 
might exceed physical limitations of the walking 
mechanisms and cause legs to break. A mask 
default to all channels and a preset default to 
specify midrange or startup values for all servo 
enhances walking performance by allowing the 
robot to start from a "safe" position. Default 
presets can be loaded by the user or stored in 
permanent memory. In the latter case, additional 
code must be allocated and the time between 
application of power and the ready state of a 
servo controller would increase as this additional 
code is executed. The additional startup time is 
not considered significant because of the fast 
execution of the code relative to the user time
frame and the servos themselves. 

Hardware Implementation 

The authors have developed a single 
chip computer board, the MSCCII [NovaSoft 
1996], which was designed specifically for use as 
a sixteen channel servo controller. Standard 
servos can be plugged directly into the board and 
provisions are made for using independent servo 
and logic supplies. Schematics of this board and 
all necessary literature are available on the 
NovaSoft web site listed in the References. 

Conclusion 
The Active Bitmap Algorithm allows a 

single inexpensive microcontroller such as the 
MC68HCII to control I6 servos without the 
inaccuracies of existing algorithms. By effective 
usage of masks and presets, a single MC68HC 1I 
with a NovaSoft MSCC II board can control an 
autonomous walking with minimal extra 
circuitry. We present existing code to the 
scientific community so that entry-level 
roboticists can endeavor to construct walking 
robots. 

We have not discussed the many 
remaining aspects such as leg design, high-level 
programming, and sensors. It is possible, 
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although not particularly desirable, to implement 
simple behaviors on a single MC68HC 1I 
running the Active Bitmap Algorithm. We 
recommend that a secondary processor capable 
of running software packages such as Interactive 
C or Image Craft C be used to act as a master 
processor with the servo controlling processor 
acting as a slave. 

Autonomous robots serve a unique 
purpose in academic research. Because of the 
lack of human intervention and only occasional 
maintenance required, these agents are specially 
suited for usage as elements of a synthetic 
ecosystem. Within a few years, we see regular 
experiments in flocking and learning involving 
dozens of agents with durations of several 
hundred hours. Once the recharging barrier is 
broken, agents are free to "evolve" to the full 
extent of their programming. It is at this point 
that we must take a step back and consider our 
role in their universe. We are the robot gods. By 
remove the weak and inefficient and reproduce 
the best performing and most reliable, we are the 
agents of their evolution. Keeping this in mind, 
we must avoid the fate of the Greek gods who are 
said to have vanished as their human subjects did 
not need their guidance any longer and learned to 
succeed on their own. Obsolescence is, and 
always should be, a fate for technology alone. 
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Listing 1 

TURNOFF LOX 
OFFLOOP LDD 

EORA 
EORB 
STD 
DEX 
DEX 
BNE 

* TIMED LOOP ENDS 

LDD 
EORA 
EORB 
STD 

#TABLE OFFSET 
O,X 
PORTC 
PORTE 
PORTC 

OFFLOOP 

HERE 

O,X 
PORTC 
PORTE 
PORTC 

GET TIMING TABLE ADDRESS 
GET THE TIMING VALUE 
XOR TO TAKE HIGH LINE 
LOW AND THEN 
UPDATE THE SERVO CHANNELS 
GO TO NEXT 16 BIT 
TABLE VALUE 
IF NOT DONE CONTINUE TABLE 

MUST DO INDEX 0 TABLE VALUE 
BECAUSE A COMPARISON TO ZERO 
WAS THE TIGHTEST LOOP 
POSSIBLE 

Complete Interrupt Service Routine Listing 

The experienced MC68HC II assemble programmer is encouraged to visit the Machine 
Intelligence Laboratory Walking Robot Group's home page to download the Servo I6 controller program. 
This program, along with the supporting documentation explains the usage of the Active Bitmap Algorithm 
in more detail. Available at this printing will be version 5.0 of the controller algorithm with source code 
allowing up to 60 different walking and turning styles as well as analog sensor and PSD sensor interfacing. 
(HTTP://WWW.MIL.UFL.EDU/GROUPS/WALKING.HTML) 

************************************************************************ 
* THE INTERRUPT ROUTINE 
************************************************************************ 

* First reset for the next interrupt 

OC2ISR LDD 
ADDD 
STD 
LDAA 
STAA 
LDD 
ADDD 
STD 

#40000 
TOC2 
TOC2 
#$40 
TFLG1 
COUNTER 
#1 
COUNTER 

* Remove previous turn-off points 
* Process the current servo list 

40,000 E's is 20ms 
Add directly to 
preserve timing accuracy 
prepare to clear the 
interrupt flag 
get the curr~nt count 
increment 16~bit value 
store into the 20ms counter 

* Location LAST OFF is the array of the 16 previously used 
* timing values 

LOX 
CLEAR LOOP: 

LDD 
CLRA 
LSLD 
XGDY 
CLR 
CLR 
INX 
CPX 
BNE 

#LAST OFF-1 

O,X 

O,Y 
1,Y 

#LAST OFF+15 
CLEAR LOOP 

Prepare to get servo turn off times 

Prepare to clear value 
Zero high byte of address 
Adjust for 16 bit value 
Get timing address in Y 
Now clear location 

and the other half 
Go to next location 
Have all locations been initialized 
Keep clearing 
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Sample Active Bitmap Table 
4 Channels with 16 Divisions 

11 
3 
9 
13 

Active Bitmap 
Table 

0: 0 0 0 0 
1:0000 
2: 0 0 0 0 
3: 0 1 0 0 
4: 0 0 0 0 
5: 0 0 0 0 
6: 0 0 0 0 
7: 0 0 0 0 
8: 0 0 0 0 
9: 0 0 0 0 
A: 0 0 0 0 
B: 1 0 0 0 
C: 0 0 0 0 
D: 0 0 0 1 
E: 0 0 0 0 
F: 0 0 0 0 

1 oooo 1 

Current Values Register 
1 
1 
0 
1 

On Mask 

Digital Output 

0000 
0000 
0000 
0000 
0100 
0100 
0100 
0100 
0100 
0100 
0100 
0100 
1 1 0 0 
1 1 0 0 
1 1 0 1 
1 1 0 1 

1 1 0 1 

Figure 4 
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* Now set the new turn-off values 

************************************************************************ 
* THE LOCATION STORAGE HOLDS A BITMAP WITH A 16-BIT VALUE CORRESPONDING 
* TO THE CURRENT SERVO BEING PROCESSED. FOR EXAMPLE, THE BITMAP $4000 
* IS USED TO PROCESS SERVO 1. (0100 ... INDEXING STARTS AT BIT 15 FROM 
* RIGHT) NOTE THAT THIS BITMAP IS REFERENCED OPPOSITE OF THE ON MASK. 
* ONMASK HOLDS THE 16-BIT BITMAP OF THE SERVOS CURRENTLY DESIRED 
* TO BE ON. ALL SERVOS THAT ARE ON WILL HAVE THE BITMAP IN STORAGE 
* APPLIED TO THE ($97-X) ENTRY IN THE TIMING TABLE WHERE X IS THE TIMING 
* VALUE IN THE CORRESPONDING CURRENT OFF REGISTER. SINCE MORE THAN ONE 
* SERVO MIGHT HAVE THE SAME TURN OFF TIMING VALUE, THE BITMAP IN STORAGE 
* IS "OR-ED" WITH THE PREVIOUS VALUE TO PREVENT OVERWRITING ANY OTHER 
* SERVO'S INFORMATION. AS AN EXAMPLE, CONSIDER THE VALUE $0822 STORED IN 
* TABLE INDEX $45. THIS WOULD MEAN THAT SERVOS 1, 5, AND 11 HAVE 
* PULSEWIDTHS EQUAL TO 800.0uS PLUS [13.5uS * ($97-$45)] OR 1948uS. 
************************************************************************ 

SLOOP 

LDD 
STD 
LDD 
STD 
LDY 
LDD 
CLRA 
LSLD 
XGDX 
LDD 
LSLD 
BCS 

#$8000 
STORAGE 
ONMASK 
STORAGE2 
#CURRENT OFF-1 
O,Y 

STORAGE2 

SERVO ACTIVE 

Set active bitmap to servo zero 
·save the bitmap 
Find out what servos are on 
Working bitmap 
Get the first servo address 
Save the address 
Zero for address usage 
Offset for 16-bit value 
Get address of the servo time register 
Get active bitmap 
Get status in carry flag 
Servo active 

* IN THE ONMASK INDICATES THAT THE SPECIFIED SERVO IS ON, IT IS 
* PROCESSED AT SERVO ACTIVE ROUTINE. OTHERWISE, THE SERVO_OFF ROUTINE 
* WILL UPDATE THE SELECTION MASK IN STORAGE AND WASTE ENOUGH TIME SO 
* AS TO BALANCE THE SERVO ACTIVE ROUTINE 

SERVO OFF: 
STD 
LDD 
LSRD 
STD 
TST 
TST 
TST 
BRA 

SERVO ACTIVE: 
STD 
LDD 
ORAA 
ORAB 
STAA 
STAB 
LDD 
LSRD 
STD 

STORAGE2 
STORAGE 

STORAGE 
O,X 
O,X 
O,X 
T ON CHECK 

STORAGE2 
STORAGE 
O,X 
1, X 
O,X 
1,X 
STORAGE 

STORAGE 

Match delay of the other routine 
Get the active bitmap 
Shift for next channel 
Store the active bitmap 
Burn 6 cycles 
Burn 6 cycles 
Burn 6 cycles 
Now ready to resume routine 

Store active bitmap 
Restore the active bitmap 
Inclusive Or to prevent 

overwriting another servo's 
turn-off request. 

Reload bitmap 
Set bitmap for next servo channel 
Save bitmap 

* AT THIS POINT, CHECK IF THE TURN-ON POINT OF THE CHANNELS HAS BEEN 
* REACHED. THE CONTROL OF THE TURN-ON POINT IS ACHIEVED BY CHECKING 
* FOR A CERTAIN NUMBER OF LOOPS THROUGH THE UPDATE ROUTINE. THE NUMBER 
* OF LOOPS BEFORE TURN ON IS GIVEN IN ONWAIT WHICH HAS BEEN SET ON 
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* INITIALIZATION TO EQUAL THE Y REGISTER CONTENT AT THE DESIRED 
* LOOP ITERATION 

T ON CHECK: 
INY 
CPY 
BNE 
LDD 
STD 

NEXT SERVO: 
CPY 
BNE 

ONWAIT 
NEXT SERVO 
ONMASK 
PORTC 

#CURRENT OFF+15 
SLOOP 

Go to next table entry 
See if X loops done 
Bypass servo turn on 
Find which servos are active 

and turn them on 

Done if at this address 
Keep transferring table values 

* NOW UPDATE THE LAST OFF TABLE. SINCE THE TABLES ARE OFFSET BY 
* EXACTLY 16 BYTES, THERE IS NO NEED FOR TWO INDEXES. TWO VALUES 
* ARE UPDATED AT A TIME, SO ONLY 8 LOOPS ARE REQUIRED. 

LOX #CURRENT OFF ; Get address of current values 
UPDATE LOOP: 

LDD O,X Get ·two bytes 
STD 16,X Store in last count table 
INX Increment X 
INX Increment X 
CPX #CURRENT OFF+16 See if done with table 
BNE UPDATE LOOP Keep updating 

* THE TURN-OFF LOOP GIVING 13.5uS PER LOOP AT 8MHz 
* THIS IS THE TIGHTEST POSSIBLE WAY TO EXECUTE THE TURN OFFS. 
* THE TABLE MUST BE PROCESSED BACKWARDS BECAUSE COMPARING THE INDEX 
* TO A FINAL VALUE AND BRANCHING CONDITIONALLY TAKES MORE TIME THAN 
* DECREMENTING AND BRANCHING ON ZERO. THE ADDITIONAL TURNOFF CYCLE 
* IS NECESSARY AFTER THE OFFLOOP BECAUSE THE BRANCH ON ZERO DOESN'T 
* PROCESS THE ENTRY AT INDEX ZERO. 

TURNOFF LOX #TABLE OFFSET 

* TIMED LOOP STARTS HERE: 27E'S 

OFFLOOP LDD 
EORA 
EORB 
STD 
DEX 
DEX 
BNE 

O,X 
PORTC 
PORTB 
PORTC 

OFFLOOP 

* TIMED LOOP ENDS HERE 

LDD 
EORA 
EORB 
STD 

O,X 
PORTC 
PORTB 
PORTC 

GET TIMING TABLE ADDRESS 

13.5 uS PER LOOP 

GET THE TIMING VALUE 
XOR TO TAKE HIGH LINE 
LOW AND THEN 
UPDATE TO SERVO CHANNELS 
GO TO NEXT 16 BIT 
TABLE VALUE 
IF NOT DONE CONTINUE TABLE 

; MUST TO FINAL TABLE VALUE 
SINCE A COMPARISON TO ZERO 
WAS THE TIGHTEST LOOP 
POSSIBLE 

* NOW FETCH ANALOG VALUES AND READ PSD SENSOR 

JSR GET SENSORS ; GET 8 ANALOG CHANNELS AND PSD 

* NOW FORCE THE OC2 PIN BACK LOW TO ALLOW SERIAL COMMUNCATION AND 
* RESET THE TCTL1 CODE SO THAT THE NEXT INTERRUPT FORCES IT BACK 
* HIGH. 
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LDAA 
STAA 
LDAA 
STAA 
LDAA 
STAA 
RTI 

#$80 
TCTLl 
#$40 
CFORC 
#$CO 
TCTLl 

prepare to force interrupt 
line back to low 
load bitmap for OC2 
force line high 
restore the go-high 
request code 
INTERRUPT DONE 
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Abstract: 

Autonomous Navigation and Teleremote Mapping 

C. Crane, S. Cunningham, D. Armstrong, A. Rankin, 
D. Novick, J. Wit 

Center for Intelligent Machines and Robotics 
University of Florida 

A D7 dozer is being automated for remote and autonomous operations for application to 
the clearance of mines and obstacles from a beach environment The work is sponsored by 
the U.S. Marine Corps with system integration accomplished by personnel at Wright 
Laboratory, Tyndall Air Force Base, Florida. The work is being accomplished as part of 
the Joint Amphibious Mine Countermeasures (JAMC) program. 

A universal tele-remote kit has been installed on the dozer by the finn OmniTech 
Robotics, Inc. This kit provides the user with an Operator Control Unit (OCU) from 
which he can control all dozer functions, i.e. throttle, steering control, etc. The user is 
provided with video image feedback to assist with the remote operation. 

The work described in this paper consists of implementing an onboard vehicle positioning 
system which can accurately determine the dozer's absolute position and orientation. This 
data is then communicated to a user interface station where it is graphically displayed to 
assist the operator in controlling the dozer. In addition, the dozer can be navigated 
autonomously to a user specified goal position. The vehicle positioning system, mapping 
display, and autonomous navigation system will be described in the presentation. 
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Design and Construction of an Automated Precision pH Measuring Device 
for Marine Research 

ABSTRACT 

G. Mark Pennington 
Stuart Wilkinson, Ph.D. 

March 1996 

Mechanical Engineering Dept. 
University of South Florida 

Tampa, Florida 

The present paper describes the design and prototype construction of a remote robotic (or 
telecheric) device for precision pH measurement of sea water onboard a towed instrument platform at 
deep ocean locations. The need for an automated precision pH measuring device originated with the 
National Oceanic and Atmospheric Administration (NOAA ). The design and construction was 
undertaken at the University of South Florida Mechanical Engineering Department's Robotic Systems 
Laboratory. The completed prototype will be utilized for research purposes by the USF Marine 
Science Center in St. Petersburg. 

INTRODUCTION 

The design work centered around the automation and miniaturization of an existing laboratory 
procedure to facilitate remote underwater precision pH measurement of sea water. The existing 
laboratory procedure involves six basic steps: 

1. sample the test material ( sea water ) or fill - take a particular sample of material 
2. base-line test- spectrophotometrically analyze a controlled light source passing through the 
sample 
3. indicator-dye injection - injecting a metered amount of indicator-dye into the sample 
4. indicator-dye mix- mixing the indicator-dye into the sample 
5. dye-reacted test - spectrophotometrically analyze a controlled light source passing through the 
sample 
6. test chamber flush -thoroughly eject current sample to allow recycle to next sample 

This laboratory procedure is generally referred to as spectrophotometric sea water pH 
measurements [ 1]. The overall process of this laboratory procedure is not unlike the pH testing of 
residential swimming pools. The obvious difference being that exact pH can be determined by the 
spectrophotometric analysis; whereas the "eye-balling" technique used for pools provides only a 
qualitative measurement of pH. 

The layout of the device was decided by subdividing the six basic steps into three groups, each 
containing two steps; namely: fill I flush, base-line test I dye-reacted test, and dye injection I dye mix. 
The three groups were accommodated with a revolving cylindrical core placed within a cylindrical 
outer casing. The three groups of steps were each given a station position on the cylindrical outer 
casing. The core contained a test chamber which served as a container for the sample and would 
revolve on a central shaft supported by bearings on each end. The test chamber was then able to be 
indexed to each station where the appropriate procedure could be performed. 

The following sections delineate the constraints, design details and construction of the final 
prototype. 
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CONSTRAINTS 

The constraints of the design fell into two major categories: material and operational. The 
material constraints were relatively simple. The sea water sample or indicator dye could not make any 
contact with metallic substances. Metal contact would adversely affect the precision of the pH 
measurement. The operational constraints were also simple. The device must maintain proper function 
in any physical orientation in space and the sample could not contain any air pockets. 

The operational constraint that the device operate in any orientation arose due to the fact that 
specific orientation of the towed instrument platform could not be assured. Maintaining operation in 
any orientation did not really pose a problem, but design of the device was always mindful of this 
constraint. This constraint's main impact on design was that gravity could not be utilized to ensure that 
certain things would or would not happen. For example, any valves, linkages, or solenoids used in the 
design would require spring or magnetic returns. 

The second operational constraint was that no air pockets could be allowed within the sample 
of sea water undergoing test. This also interrelates with operation on any orientation, since air pockets 
would naturally rise to the highest point of the test chamber. The reason there could be no air pockets 
relates to the spectrophotometric testing. The controlled light source is beamed through the sample and 
air pockets would interfere with the results of the test. The main effect of this constraint on the design 
was that the collection of the sample had to eliminate or minimize any air bubbles. 

The material constraint meant that the major components of the device (the outer case and 
core) would need to be a plastic or ceramic material. Ceramic, although non-metallic, was eliminated 
as a choice due to difficult or specialized machining techniques. This left a vast choice of plastics to be 
examined. The hardware and other components not contacting the sea water or the dye could be any 
appropriate non-corrosive materials, such as stainless steel. 

The remaining choice of a plastic material seemed almost limitless. The choice of a plastic 
material could be narrowed by observing physical properties of several common plastics. Brief 
research showed that several plastics, such as Nylon (polyamide), readily absorb water. If the core 
material was made from absorbent plastic, traces of old sea water samples and dye could cause a cross 
contamination problem. This characteristic would help narrow the choices of which plastic wo':lld be 
most suitable for the application. Property comparisons of common plastics showed that fluoroplastics 

such as Teflon® (DuPont trade name) had the lowest water absorption. Another low water absorption 

plastic found was Noryl® (GE Plastics trade name). The actual water absorption for each based on 
ASTM test 0570 were: Nylon, 2.3%; Teflon (polytetrafluoroethylene or PTFE),<O.Ol%; and Noryl 
(polyphenylene ether), 0.07%. 

PTFE seemed ideal for this application, but its tendency to deform under a load (cold flow or · 
creep), caused some caution in immediately selecting it. The central shaft used to index the core could, 
over time, wear out or strip if the creep rate were too high. · In order to reduce creep in PTFE, glass 
fibers are incorporated into it. This compound is readily available and is referred to as a filled PTFE. 
This filled PTFE posed the problem of exposing and dislodging of surface glass fibers during 
machining, leaving a dimpled surface within the test chamber. This would reduce its ability to 
completely shed the sea water sample. Several telephone conversations with representatives of plastic 

suppliers and manufacturers turned up a PTFE derivative called Hostaflon® (Hoechst AG trade 
name). Hostaflon was simply a chemically modified version ofPTFE which exhibits a much lower 
creep rate. This seemed to be the material of choice. 

Noryl was also a good candidate for the core material. The strength ofNoryl is certainly much 
greater than the PTFE materials and would exhibit very little creep, but it does have a slightly higher 
water absorption percentage. A compromise based on engineering judgment had to be made. Since the 
core is essentially the test chamber, the plastic with lowest possible water absorption and better 
strength, Hostaflon was chosen. 
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The material requirements for the case were much like those of the core except that the case 
needed to be more rigid. The case would provide passages for the sea water and close off the test 
chamber within the core and therefore could not be metallic. This case would also provide mounting 
points for the sub-systems and provide the structure for the device and needed to be fairly rigid. The 
choice was made to use Noryl. The water absorption criteria was less of an issue for the case due to 
minimized sea water contact. 

DESIGN DETAILS AND CONSTRUCTION 

The details of the final design can be described by reviewing each component and each of the 
three stations. Many of the details in these design details were worked out during construction. The 
following sections expose the details of the design and where appropriate, the methods of actual 
construction are discussed. 

The cylindrical shape of the core provided for simple machining processes to take place. The 
majority of operations on the core took place on the milling machine. This part only needed a few holes 
bored through it for the test chamber and center indexing shaft. Although only one hole is required by 
the device for the test chamber, two additional identical holes or dummy chambers were placed in the 
core for two reasons. First, the core needed to be supported evenly on its ends. The single test 
chamber sealed with o-rings would not provide even support. The two dummy chambers were placed 

120° away from the test chamber providing a stable three point area which rested the core flatly 
between the end caps. Secondly, the two dummy chambers allowed sea water to be continuously 
flowing through the core when the test chamber was at the testing station or dye inject/mix station. 
This continuous flow through the device allowed a different sample to be taken every time. The inlet 
port was not blocked to hold back the sea water being tested, so the samples would always be current. 

The core's center indexing shaft needed to be finnly keyed into the core to prevent slippage. If 
it were to slip, the external indexing system would not be able to line the test chamber up to the stations 
properly. A non-round cross-section shaft or some type of pinning would not allow the core to slip. 
Typical square key stock used in a slotted key way was not considered since the plastic core is 
relatively soft and could easily strip-out. Pinning the shaft could also lead to stripping problems, so a 
unique cross-sectioned shaft was utilized. Due to the lathe chuck and three chambers, a three sided 
(triangular) or six sided (hexagonal) shaft would make good choices. The triangular shaft would 
provide a very good key and appear balanced in the center of the core. The triangular shaft would be 
abandoned as finding triangular shaft stock and making a triangular hole in the core would prove 
difficult, if not impossible. This hex shaft would fit into the center of the three chambers nicely and 
would be easily held in the lathe chuck. Placing a hex hole into the core was done with an available 
hex broach. This broach requires a round pilot hole the same dimension as across the hex's flats, in 
this case 0.375 inches. The hex broach gradually cuts a hex shaped hole out of the round pilot hole as 
it is pushed through. 

The only other machining processes required by the core were to cut grooves around the 
chambers for the o-rings. These were simple square channels that were cut to a depth which would 
allow the o-rings to compress properly. Figure 1 shows an end view of the core with a three chambers 
placed within it. 
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Figure 1. The Core with Three Chambers and 0-ring Grooves. 

Outer Case 

The outer casing consist of three components: the case and two end caps. The case is simply a 
hollowed out section of the 4 inch diameter Noryl rod used to separate the end caps and enclose the 
core. The end caps, also fa.brieated from the 4 inch diameter Noryl, incorporate several features, most 
notably the three stations required for the testing. The case and end caps are clamped together using 

six 1/4 inch threaded rods equally spaced at 60° intervals around the perimeter of the 4 inch diameter. 
The end view of the case showing this bolt pattern appears in Figure 2. The interface between the case 
and end caps is sealed using a 0.020 inch thick PTFE gasket. The overall assembled length of the case 
and end caps is approximately 7.9 inches, of which 3.9 inches is case. 

Figure 2. End View of Case showing Bolt Pattern. 

The end caps were machined on the milling machine. The end caps contained all external 
details for the three stations. Both end caps are 2 inches tall by 4 inches in diameter. Each station was 
unique, but the filVflush and base-line/dye reacted test stations were identical on either end of the core. 
The finished end caps consolidate many functions in a compact space. 

The inlet and outlet ports for the flush/fill station were plumbed into the caps to permit the sea 
water to enter from the sides of the case leaving the ends free for other attachments. The ports were 
slotted to prevent any large debris from entering the test chamber and to keep the chamber o-rings seals 
in position. This slotted strainer was accessible for clean out from the ends of the caps by removing a 
threaded plug. The end cap, showing these details of the inlet/outlet port only, is pictured in Figure 3. 
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Figure 3. The End Cap showing the Inlet/Outlet Port 

The base-line/dye reacted testing station featured glass windows flush mounted into the core 
.side of the end caps. These windows were secured in place with a snug fit and RTV silicone. The 
fiber optic fittings were placed immediately above the windows and secured in place by their threads. 
This required that the end caps be thinner at this station than the nominal 2 inch thickness at the other 
stations. The thinning was accomplished by plunging a cutter into the side of the end cap to create aU
shaped cove into which the fitting was placed. This also permitted the fiber optic cables to have the 
required gentle bend radius and still clear the ends of the caps for other fitments. 

The dye inject/mix station features the injector nozzle and the external mixing magnet access. 
This is the only station where the end caps are not identical on each end of the core. The external 
mixing magnet access was simply a blind hole which centered over the test chamber. This blind hole 
has a very thin bottom to allow the magnetic force to reach into the test chamber and engage the 
integral magnetic head. The dye inject end cap required a stepped hole to allow the injector nozzle to 
be flush mounted on the core side of the cap, while the external side of the cap was threaded to accept 
the small bore tubing fittings which came from the dye injection pump. 

Core Indexing 

The task of core indexing would be accomplished with a de electric motor directed through a 
driving mechanism attached to the core's central shaft. The core shaft would be keyed to the core by 

the hex shaft. The indexing rotates the core from station to station in 120° increments within the case. 
Specifically, the rotary motion of the core is from the fill station to the base-line test station to the dye 
injection I dye mix station reversing back to the dye-reacted test station and finally to the flush station. 
Note that there are three stations providing two procedures each depending upon which direction the 
core is moving. The three stations are namely: fill I flush, base-line test I dye-reacted test, and dye 
injection I dye mix. The driving mechanism needed to provide for accurate and repeatable positioning, 
reversibility, reasonably quick reaction to inputs from the motor, and locking at any particular station. 

The Geneva mechanism is similar to geared mechanisms in that it modifies rotary output from 
a motor through strictly mechanical means. The Geneva mechanism consist of two parts: an input 
wheel with a drive pin and a notched output sprocket. The Geneva mechanism differs from gearing in 
that it provides repeatable, intermittent rotary output for a constant input. In fact, this intermittent 
rotary output is provided through discrete, accurate swept angles and is not affected by reversing 
(backlash). The Geneva mechanism also provided for locking and dwell at the locked positions. The 
dwell allows the output of the mechanism to remain stationary as the input coasts down after the motor 
is switched off. The Geneva mechanism seemed as if it were specially designed for the task of core 
indexing. 

The complete assembled Geneva mechanism chosen for core indexing is shown in Figure 4. 

This particular Geneva provides output in 60° "steps" for every half revolution of input. The core 
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indexing required that 120° steps be made to move the test chamber from station to station. The de 
motor would need to supply a single input revolution to completely index the core from station to 
station. The Geneva mechanism effectively is a speed reducer. For the example, the input must rotate 
three times to the output's one. This speed reduction is not constant as the input and output rotate with 
respect to each other although. The input is a constant speed, but the output moves at the input speed 
only when the relationship is as pictured in Figure 4. The Geneva mechanism does provide uniform 
power transmission. This is because as the speed fluctuates, the torque transmitted fluctuates 
inversely. 

Figure 4. The Geneva Mechanism (input left, output right). 

The core shaft was constructed of stainless steel hex shaft. The dimension across the flats of 
the hex was 3/8 of an inch. This shaft was machined on the metal turning lathe. The shaft has several 
features worth noting. The drawing in Figure 5 shows three views of the shaft. 

The left view shows the small round end which fits in a plastic radial ball bearing placed 
within a blind hole in the end cap. This ball bearing consist of glass balls with acetyl races and is 
completely non-corrosive. These bearings can be obtained from The Jilson Company of Lodi, New 
Jersey. 

The front view shows the overall appearance of the shaft. The hex part is I 0 em long and fits 
entirely within the core providing the keying action needed to prevent the core from slipping with 
respect to the shaft. This long keying arrangement is obviously better then the alternative pinning 
previously considered. It is important to note that the shaft does not contact the sea water sample in 
any place. The chamber o-ring seals keep the test sample out of contact with the shaft. The shaft will 
inevitably be in contact with some amount of sea water, but this water should not affect the testing. 
This is why non-corrosive stainless steel was allowable as the material for the shaft. 

The front view also shows the shaft sealing area. These two grooves were designed to hold 
quad-lobed o-rings to ensure that the shaft would not allow sea water to escape outside of the case. 
Note that the opposite end of the shaft does not require sealing because the shaft never penetrates the 
outer case. 

The right view of the shaft shows the 0.25 inch round end. This end protrudes from the outer 
case and provides an area to place the driven part of the Geneva mechanism and the position indicator 
disk. These items were keyed to the shaft using a 1/16 of an inch square key and key way slots. The 
round area just beyond the double quad-lobed o-ring seals provided a bearing surface for this end of the 
shaft. The bearing was a PTFE pipe plug through which a 0.25 inch hole was bored. This bearing 
was simply threaded into the end cap to secure it in place. 

- 120-



double shaft seals ---fu...---------------., 
'{ ___ 0.25" rmmd end 

0 
3/8 " hex shaft 

Figure 5. The Core Shaft. 

Fill I Flush 

The filling and flushing station's sole purpose is to gather a sea water sample in the test 
chamber and eject this sample once the testing has been completed. This task required that the sample 
have no air pockets in the test chamber. As a result, design attention was focused on sealing the 
cylindrical test chamber's ends effectively to prevent leaking from them. Gathering the sample or 
filling would be accomplished by simply rotating the test chamber away from the constant flow of sea 
water quickly to capture a "slug" of water. This assumes that no air bubbles are in the incoming sea 
water and that several initial purging cycles will be required at start-up of the device. Flushing occurs 
when the test chamber is returned to the station and the flow of sea water removes the tested sample. 

The fill and flush station consist of inlet and outlet ports in the case's end caps. These ports 
provide a path for the sea water to enter and exit the device. The ports were designed with common 
tube fittings for simplicity. This also allows for several choices in non-metallic tubing materials that 
are readily available at any hardware store. The ports also incorporated a straining mechanism (see 
previous section) to prevent any large debris from entering the test chamber. 

The test chamber seals were important in keeping the sea water sample contained. The first 
choice in circular seals are o-rings, since they are widely available. The usual application for o-rings is 
for seals on a rotating or sliding shaft. This application called for sealing to occur between two flat 
faced surfaces. The motion between the surfaces would also be a sliding motion. For o-rings to 
reliably make a seal, they must be compressed to a certain degree. A common rubber o-ring would 
have produced such a large frictional force that indexing the core would have required enormous 
amounts of torque to overcome it. The frictional characteristics of o-rings would need to be reduced if 
they were to be used. 

The materials used for o-rings can be varied for specific applications. For example, solid 
PTFE o-rings exist for sealing high temperature, high pressure applications. These were examined for 
their feasibility in this application due to their low frictional c~cteristics. These were abandoned 
though because such high forces were required for them to seal reliably. More research turned up 
PTFE coated rubber type o-rings. These are simply ordinary o-rings to which a very thin layer of 
PTFE has been deposited. Representatives from o-ring suppliers warned that this coating wears away 
very quickly and for it to be a benefit, the o-rings would need frequent replacement. Finally, it was 
discovered that PTFE encapsulated o-rings were available. These are essentially o-rings made of 
PTFE tubing into which a rubber compound has been injected. The overall effect is that there is a 
much thicker layer ofPTFE surrounding the rubber. These act much more like an ordinary o-ring than 
a solid PTFE o-ring in that they seal with lower forces because they easily compress. They also have 
the improved frictional characteristics needed due to the PTFE. 

Dye Injection 

The spectrophotometric testing required that an indicator dye be injected into the sea water 
sample. The indicator dye is a water based liquid mixed to a certain concentration. The amount of dye 
required depends upon the volume of the sample. The Marine Science Center specified a 20 fll amount 
based upon the volume of the 2 em diameter by I 0 em long cylindrical test chamber. This small 

- 121 -



volume of dye needed to be precisely delivered to the sample in order for accurate results to be 
c ~ed. Additionally, the dye could not encounter any metallic components. 

The injection of small amounts of dye could be handled with a small pump. The small pump 
would need to consistently deliver small amounts of liquids. Brief research revealed that such pumps 
exist and are referred to as metering or dispensing pumps. The company Fluid Metering, Incorporated 
of Oyster Bay, New York supplies several types of "valveless metering pumps". The particular model 
of pump that fulfilled all the requirements for dye injection was their STH model. 

The STH model is a positive displacement adjustable metering pump with a dispensing range 
from 0 - 50 f.d per pump revolution. The pump head on this model is completely non-metallic and is 
powered by a stepper motor which allows complete control and accuracy for each dispense. The pump 
head included special small bore tubing fittings for routing the pump's inlet and discharge. 

The problem of metering small volumes of dye was solved with the STH model pump; 
however, there was some concern over the actual delivery of the dye to the test chamber. The pump's 
discharge would be plumbed directly into the test chamber, but there is a finite volume of dye involved 
in the tubing from the pump to the test chamber. There was a potential problem of "leaching" the dead 
volume of dye from within the tubing and destroying the accuracy of the dispense. A positive closing 
off of the tubing directly at the point where the tubing entered the test chamber was needed to prevent 
this problem. A check valve type of device would need to be located. This check valve would need to 
be non-metallic and relatively small for such a valve. The Resenex Corporation of Chatswo~ 
California had recently introduced a check valve that met many of the requirements for this application. 
This check valve utilized a silicone rubber diaphragm held in position with spiral arms which act as 
springs to keep the flow shut off if there is no pressure pushing on the diaphragm. The result is that the 
flow will only occur in one direction. The Resenex Corporation was contacted and they gladly sent a 
few samples of their new product. The samples were easily adapted to this application. The samples 
were designed to be placed in-line with tubing, whereas this application required a tubing termination 
into the test chamber. The sample was simply split in half so that they could be mounted flush with the 
surface of the end cap directly over the test chamber at the dye injection station, therefore acting as a 
dye injector nozzle. 

One last problem existed for the dye injection. The dye injects into the test chamber which 
does not contain any air pockets. This poses a problem: how is the dye going to fit into a completely 
filled space? Initially, the first response was to allow some of the sample to leak past the o-rings 
sealing the ends of the test chamber. This idea was discarded since it required the o-rings to seal and 
leak all at once. The next idea was to accommodate the added volume of dye internally since it is such 
a small amount anyway. The method of internally accommodating the added volume of dye was 
pondered. A sprung loaded device placed inside of the test chamber would allow this, but this is very 
complicated. A rubber diaphragm placed in the wall of the test chamber could also accommodate any 
added volume. Again, this was very complicated. 

Finally, the idea occurred to simply include a ring inside of the test chamber made of hollow 
rubber tubing. This hollow ring of rubber tubing would compress the slight amount required when the 
pump injected the dye under pressure. This hollow ring did not interfere with the function of the device 
since it was ring shaped and allowed the light to shine through its center. When the test chamber 
returns to the flushing station, the pressure from adding the dye is released and the tubing restores to its 
original shape. 

Dye Mix 

The purpose of the dye mixing station was to thoroughly distribute the indicator dye into the 
sample. The task seems relatively simple, but the design constraints and the nature of the dye itself 
conspired to make a simple solution virtually impossible. The indicator dye is a water based solution. 
This meant when the dye is injected into the sample, it is fairly happy to remain in the location where it 
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was injected. The generally cold temperatures of sea water would also keep the dye from 
spontaneously mixing through diffusion. The fact that the sample has no voids or air pockets means 
that there is no free surface within the test chamber. This greatly hampers normal mixing such as 
shaking methods, since there is no air bubble moving about to create the stirring action. The lack of a 
free surface (within the sample) dictated that mixing would need to be facilitated by a physical stirrer 
of some sort inserted into the test chamber. This presented another large obstacle to consider. If there 
are no voids, inserting a stirrer meant that displacement problems would be encountered. Also sealing 
the stirrer and preventing cross contamination between samples would need to be addressed. 

The dye mixing system seemed as if a magic trick would be the only method that could 
accommodate all the different factors. This of course is not possible, but some interesting natural 
phenomena were explored as alternatives. The final design employed a magnetically coupled stirrer. 

The general concept for the magnetically coupled systems is to mix using a rotating stirrer 
within the test chamber driven by magnetic forces. The stirrer would consist of a non-metallic or 
plastic encased metal material into which magnets would be incorporated. The stirrer would then be 
magnetically coupled to a rotating external magnet. The magnetic coupling would work by the 
attraction between two dissimilar poles of both the internal and external magnets. The internal magnet 
would consist of small, very strong thin round magnets arranged in a plastic housing to act as a north
south horseshoe magnet. The strength of these rare earth or neodymium iron boron magnets is 
impressive (0.5 lb.) for their size: 0.187 inch diameter by 0.060 thick. The magnets are arranged in 
stacks of three, which provides a length to diameter ratio near 1 (0.180/0.187) for maximum magnetic 
force per mass of magnet. The three stacks per pole/side or six stacks total are backed by a thin steel 
washer for a return magnetic path, done to concentrate the magnetic forces as a horseshoe magnet does. 
The external magnet would take the form of a cylindrical north-south horseshoe magnet with a hole 
through its center. This would attract the internal magnet array. The external magnet would be driven 
around using a de electric motor connected to a shaft passing through the center of the magnet. The 
magnetic coupling would also drive the internal magnets and stirrer around with the external one. 

The stirrer used in the magnetic coupling system could take virtually any shape as long as it fit 
within the test chamber and allowed the light for the spectrophotometric testing to pass through its 
center. Several configurations for the stirrer were considered. These ranged from simple vertical rods 
separating two thin plates to a thin tube with slots cut into it acting a vanes for mixing. The final shape 
decided upon was a coil spring shape since this miniature pump would readily provide a mixing current 
within the test chamber. The configuration would also allow a small amount of compression in the 
spring, forcing the magnetic coupling head to always remain in the vicinity of the external magnet so 
drive would be assured regardless of orientation. 

The coil spring shape was readily available from coil spring manufacturers, but the wire used 
to make standard coils the size of the test chamber were much larger than necessary. This meant that a 
custom coil spring would need to be made. This is actually much easier than it sounds and with a few 
tries, a suitable spring was formed. The steel music wire used in the spring would need to be covered 
with something to keep the metal from contacting the test sample. This was easily accomplished using 
rubber tubing; however, connecting the spring to the magnetic coupling head would require something 
clever. 

This lead to the next and final step in the evolution of the dye mixing system - the plastic coil 
spring. Plastic coil springs are not readily available commercially, so one would need to be made in 
house. The task proved to be tricky, but with several tries and lots of patience, the desired result was 
achieved. The basic technique is to cut a large acme screw thread into a thick walled plastic tube using 
a lathe. This was not difficult, but several broke into pieces before the technique was refined. This 
component of the mixing system is glued to the magnetic coupling head to form the complete 
internalized mixing system. 
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Spectrophotometric Test 

The actual measurement of pH occurs here at the base-line and dye-reacted test station. The 
general idea behind this spectrophotometric testing is that the indicator dye reacts to the pH of the 
sample and changes its spectral absorption characteristics accordingly . This change is measured 
against a non-reacted spectral absorption measurement called the base-line test. The dye is then 
injected and mixed at the next station. The test chamber then returns to the testing station for the dye
reacted test. The base-line and dye-reacted test are exactly the same with the exception of the sample 
having reacted to the indicator dye. The only requirement of this testing station is that the test chamber 
be aligned properly for ideal optical coupling. 

The spectrophotometric testing involves shining a controlled light source through the test 
chamber. The controlled light source is generated by a separate specialized device. This same device 
also collects the light and analyzes it. This device passes the light to the pH measuring device via fiber 
optic cables. These fiber optic cables are terminated by a special fitting which focuses the light being 
sent or received. These fittings were supplied by the Marine Science Center. The fittings are glass and 
stainless steel and therefore could not come directly into contact with the sample of sea water. The 
fittings were mounted into the end caps of the case with threaded fitting holders. These fittings were 
then placed against circular glass windows fitted flush into the end caps to provide an uninterrupted 
surface for the o-rings to glide past. The fiber optic cables and fittings had to be rigidly fixed into the 
pH measuring device to ensure their alignment with one another. The fiber optic cables also had to be 
routed with generous bend radii to maintain the optical quality required by the spectrophotometric 
testing. 

CONCLUSIONS 

The device was designed and constructed to reproduce the laboratory experiment submitted by 
the Marine Science Center. The device does indeed function as designed. As such, the device should 
merely mimic the results obtainable from the actual laboratory experiment. Testing, beyond the 
functional testing, will be performed by the Marine Science Center since this device's ability to produce 
actual data is dependent upon other systems outside of the scope of this project. 

Figure 6. The Finished Prototype. 

REFERENCE 

[1] Byrne, Robert H. and Tonya D. Clayton. "Spectrophotometric sea water pH measurements: 
total hydrogen ion concentration scale calibration of m-cresol purple and at-sea results." Deep-Sea 
Research I 40, no. 10 (1993): 2115-2129. 

- 124;. 



Development of a Measure for 
Fault Tolerance Capacity of Robotic Structures 

Vittorio Monteverde and Sabri Tosunoglu 

Department of Mechanical Engineering 
Florida International University 

Miami, Florida 33199 USA 

E-mail: tosun@fiu.edu 

Abstract-Reliability in engineering is a major concern. 
Fault tolerance is leading edge technology that can benefit 
the reliability of mechanical systems greatly. This paper 
derives a measure of the fault tolerance capability in 
robotic structures based on link and actuator types. Dif
ferent robotic architectural components are discussed and 
a fault-tolerant hierarchical ladder is developed amongst 
the different components. With that framework, a mathe
matical measure for the fault tolerance capacity is devel
oped. An explanation of the different aspects concerning 
the fault tolerance measure is given and tabulated for 
different system components. The measure is then em
ployed on different robotic structures to demonstrate the 
use of it in practice. 

INTRODUCTION 

Fault tolerance in mechanical systems is a new and devel
oping area that has been receiving more attention in recent 
years. The advent of fault tolerance into mechanical sys
tems challenges traditional mechanical design methods as 
it modifies those methods by adding intelligence to me
chanical systems. Fault tolerance acknowledges that perfect 
designs or components are not realistic and that failure is 
just not acceptable for certain systems. 

In many cases, robots are prime examples of such systems. 
Robots are often required to operate in hazardous environ
ments not suitable for the presence of humans. In such en
vironments, manual repair of a failed robot is not an alter
native and the task cannot be completed. Thus, much 
time, effort, and money is lost with a failure in the system. 

Fault-tolerant systems consist of computer control of an 
appropriately developed structural design of a mechanical 
system. The fault-tolerant controller enables utilization cf 
the fault-tolerant capabilities of the structural hardware. 

As fault tolerance is increasingly found in mechanical sys
tems, a means of distinguishing how much fault tolerance a 

system contains will be necessary. Fault tolerance can be 
used in a variety of ways in robotic systems. For instance, 
fault tolerance has been implemented in the form of sensors 
[1], kinematic redundancy [3] and dual actuation [6], and 
fault detection schemes have been developed to asses faults 
[2, 5]. An evaluation of kinematic and structural designs 
incorporating fault tolerance in robotic architectures was 
presented in [ 4]. This paper focuses on linkage and actuator 
types in developing a mathematical measure for evaluating 
robotic mechanical architecture's ability to overcome actua
tor failure. 

FAULT-TOLERANT ROBOT 
ARCHITECTURE DESIGNS 

Four distinct levels of fault-tolerant robot architectures can 
be divided as: 

1. Joint Level 
2. Link Level 
3. Subsystem Level 
4. System Level 

Each level enhances different fault-tolerant capabilities for a 
system. A review of the individual sections shall reveal the 
fault-tolerant hierarchical standings of the relevant parame
ters to be included in the fault tolerance measure. 

Joint Level 

The joint level of fault tolerance deals with the actuation . 
systems of the individual joints. A single actuator at a 
joint does not provide any fault tolerance for the robot at 
that particular joint. Single actuators are, however, the 
most common means of driving a link. This is because 
they are the simplest and cheapest to incorporate and these 
characteristics are important factors in traditional mechani-
cal design methods. · 
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The fault-tolerant alternative to a single actuator is to in
clude a dual actuator system at the joint. A dual actuator 
system incorporates two actuators to drive a single degree 
of freedom (DOF) of the robot (Figure 1 ). During normal 
operation, the two actuators may compliment each other by 
applying torques in the same direction which can increase 
the payload capacity of the robot or one of the actuators 
may apply a small amount of counter-torque to reduce or 
eliminate joint backlash. 

Actuator 1 Actuator 2 

Figure 1. Dual Actuation System 

The fault tolerance advantage of the dual actuator system is 
in that a single actuator failure can be handled by disengag
ing the failed actuator with a clutch mechanism and allow
ing the second actuator to drive the joint. The remaining 
system may have a reduced load carrying capacity or in
creased backlash, depending on the nonnal operating con
dition strategy, but the operation will not have to be 
aborted. Thus, although some mechanical advantage is lost 
in the system with a single actuator failure, the task can 
still be completed successfully. 

Link Level 

This level of fault tolerance involves the type of links used 
in the robot structure. The simplest and most common 
link type is the serial link. Similar to the single actuator, 
the serial link is the simplest and cheapest to incorporate. 
Also, a serial link does not provide any fault tolerance to 
the robotic system in this level. Fault tolerance at this 
level can be included by the use of parallel mechanisms, 
such as a four-bar mechanism (Figure 2), to drive one DOF 
of the robot. 

Serial Link Parallel Mechanism 
(4-Bar) 

Figure 2. Serial Link and Parallel Mechanism 

Parallel mechanisms are inherently more stable than serial 
links. The fault tolerance gained with a parallel mechanism 
is that upon failure, the added stability of the mechanism 
limits the error deterioration, and allows the system to 
recover more rapidly than a serial link. Parallel mecha
nisms are generally driven by two actuators at each of the 
ground joints, which would also add fault tolerance at the 
actuation or joint level acting similar to dual actuators. 

Subsystem Level 

This level of fault tolerance is defined by the kinematic 
redundancy of a robotic arm. Kinematic redundancy is 
achieved by the addition of DOFs greater than the amount 
necessary for the robot to complete its task. 

For instance, a three dimensional workspace requires a six 
DOF robot and any added links provide fault tolerance 
capabilities at this level. When a failure occurs at a joint c:f 
a 7-DOF manipulator, the robot loses its mobility by one. 
The brake is applied to the failed link and the controller 
reconfigures the 7-DOF robot as a 6-DOF system. The 
robot may be able to maneuver itself around the workspace 
and complete the task even after failure. However, the full 
range of motions may be limited after failure if the redun
dancy of the robot is not well designed, and the robot may 
not be able to complete the task in the case of undesirable 
failure conditions. 

System Level 

This level of fault tolerance is incorporated when the other 
levels are not available. System level fault tolerance in
volves an additional robot placed nearby the original serv
ing as either a backup or cooperating system. The addi
tional robot can either take over the job entirely of a fully 
failed robot or cooperate with a partjally failed robot. This 
level of fault tolerance allows for task completion even after 
full failure of a robot. 

FAULT-TOLERANT HIERARCHY 

From the above level descriptions, conclusions can be de
rived influencing the standing of each level of fault toler
ance relevant to the others. A single-actuator, serial link is 
the simplest structure providing no fault tolerance capabil
ity to a robot. Parallel mechanisms provide fault tolerance 
by limiting the error propagation in the system. However, 
parallel links in themselves do not provide for task com- · 
pletion in the event of a failure. Dual actuator systems al
low for a specific, individual actuator failure with continua
tion of the required task. Thus, dual actuators provide 
greater fault tolerance than a parallel link. Parallel mecha
nisms driven by two actuators can be considered similar to 
dual actuators with the added advantages of the parallel 
structure. 
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Kinematic redundancy offers fault tolerance to a robotic 
system for failure of any actuator within the architecture. It 
ranks above the previous two because it provides fault tol
erance for an arbitrary actuator failure as opposed to a spe
cific actuator's failure. The system level fault tolerance 
ranks above all. Dual robot arms guard against an entire 
robot's failure, not just individual actuators. Thus, a hier
archical list can be generated as follows: 

1. Single actuator, serial link 
2. Single actuator, parallel mechanism 
3. Dual actuator, serial link 
4. Dual actuator, parallel mechanism 
5. Redundant serial link 
6. Dual arm system 

Although the listing does not encompass all the possibili
ties, the general framework can be noted. The weighting 
system to be used with the fault tolerance capacity measure 
must agree with the hierarchy. 

MATHEMATICAL RELATIONSHIP BETWEEN 
ROBOT ARCHITECTURES AND 

FAULT TOLERANCE CAPABILITIES 

From the fault tolerance hierarchy, a mathematical relation
ship is developed that gives a measure of the capacity cf 
different robotic structures to tolerate system faults. The 
relationship is defmed as: 

where f denotes the fault tolerance measure of the 
robot in%, 

(1) 

~Wbase is the summation of the weights of the com
ponents in the base system, and 

~w actual is the summation of the component weights 
of the actual system. 

The base system defmitions and the applied weights of the 
components will be discussed in the proceeding sections. 
The relationship limits the capacity of robotic systems 
between 0 and 1 00 percent. 

BASE SYSTEM DEFINITIONS 

The base system defmitions describe the simplest robotic 
architecture relative to the robot being evaluated. The base 
system may be defmed in two ways: 

Workspace Defined (WD): If the robot is required to 
perform a certain task, then a minimum configuration robot 
will be considered to be the base structure. The minimum 
configuration robot is defmed by the least amount of DOFs 

necessary to complete the required task. For example, in 
the case of a planar robot, 3 DOFs will be necessary, and 
in the case of a spatial robot, 6 DOFs will be necessary. 
Various other possibilities also exist such as the 4-DOF 
necessity realized by pick-and-place SCARA robots. 

In the base system, each DOF is driven by a single actua
tor, and the system structure contains only serial links as 
this is the base on the hierarchical scale. Over-constrained 
robots (not enough DOFs for the workspace) automatically 
receive a score of 0 as they are insufficient to cany out the 
operation when fully operational regardless of what struc
ture they encompass. 

Robot Defined (RD): When a task is not specified, the 
robot can be analyzed assuming the robot has the mini
mum configuration structure. In this case, the base system 
will assume the number of DOFs of the actual system, but 
with all single actuator, serial links for each DOF. In most 
cases, however, the WD method will be utilized as it is 
more practical in the real world. 

WEIGHTING SYSTEM 

This section provides numerical weights for the compo
nents according to their hierarchical standing. The values 
assigned to the different components is shown in Table 1. 

Table 1. Weighting employed in fault 
tolerance measure 

Component Weight 

Actuator 1 

Serial Link I 

Parallel Link 1.3 

Redundant Link (#DOFbase)/3 

The values of the weights from Table 1 indicate the rela
tive advantages obtained from the different components 
when utilized in the design of a fault-tolerant robot. From 
these values in Table I, we can calculate the weights that 
the various combinations carry. One weight is given to the 
link type and a second weight is given to the actuation 
system. The weights are shown when applied to different 
link types in Table 2. 

The summation of the weights of the individual compo
nents can be taken for the entire system rather than first 
analyzing the individual links. 

Thus, the base system weighting is given by: 

~Wbase = {#DOF of actual system*2) (2) 
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and the actual system weighting is given by: 

LWactu~i '=- (# ofnon-redundant serial links) 
+ (#of actuators) (3) 
+ ( 1.3 * # of non-redundant parallel links) 
+ [(#DOFbasel3) * #of redundant links)] 

Table 2. Weighting applied to various 
link types 

Link type Weight 

Single actuator, serial link 2 

Single actuator, parallel link 2.3 

Dual actuator, serial link 3 

Dual actuator, parallel link 3.3 

Redundant single actuator, serial link 1 +( #DOFbase/3) 

IMPLEMENTATION 

To demonstrate the use of the fault tolerance measure, we 
examine three robot structures in this section. We assume 
a planar workspace for these systems. First, consider the 3-
DOF, all dual actuator, serial system of Figure 3. 

The robot has no redundant links and no parallel mecha
nisms in its structure, but it does have three dual actuators 
to add fault tolerance capabilities. 

Dual Actuator 
Systems 

Figure 3. 3-DOF, All Dual Actuator, 
Serial Robot Arm 

The system has 6 actuators and 3 serial links. Thus: 

LWbase(WD) = 3(seriallinks) + 3(actuators) = 6 

LWacruaJ(WD) = 3(seriallinks) + 6(actuators) = 9 

f = 1 - (6/9) = 33% 

The 33% value does not mean that the robot will not fail 
at this percentage of the failure occurrences, but is only a 
measure to compare versus other robots. 

Figure 4 shows the second system, a 3-DOF, all dual ac
tuator, parallel system. The base system remains the same 
and the formulation is as follows: 

LWactuai(WD) = 3.9(3 parallel links)+ 6(actuators) = 9.9 

f = 1 - (6/9.9) = 39.4o/o 

Figure 4. 3-DOF, Dual Actuator, 
Parallel Robot Arm (Single actuators shown) 

Thus, the parallel structure of Figure 4 adds 6.5% fault 
tolerance on the scale to the structure of Figure 3. 

Figure 5 illustrates the third example robot which is a 4-
DOF, all dual actuator, serial system. This robot has one 
redundant link in a planar workspace and the link takes a 
value of one since the base system is 3-DOF. It measures 
as: 

LWacruai(WD) = 3(seriallinks) + 1(1 redundant link) 
+ 8( actuators) = 14 

f = 1 - (6/12) =50% 

This value indicates a rather large increase in fault tolerance 
capacity for this robot in comparison with the others. It is 
appropriate, however, as a redundant link gives greater fault 
tolerance ability than the other components. 

4-DOFRobot 
is kinematically 
redundant in a 
planar workspace. 

Figure 5. 4-DOF, All Dual Actuator Serial Robot Arm 
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Thus, the percentages show the fault-tolerant supremacy cf 
the latter configurations to the former which is to be ex-
pected. · 

CONCLUSIONS 

A measure of fault tolerance capacity for robotic architec
tures was developed and implemented. It is important to 
note that the measure describes the capacity of the physical 
mechanical architecture of the robot structure. An intelli
gent controller capable of utilizing the capacities of the 
robot needs to be incorporated in order to fulfill the fault 
tolerance ability of the entire system. The fault tolerance 
measure can be used to describe an important parameter 
(fault tolerance) when certain levels of safety and reliability 
are required from a system. Although robot architectures 
may not be developed up to the higher levels described by 
this measure, future robots will climb the scale more read
ily. 
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A collaborative effort has recently been initiated between the Robotic Systems lab at 
the University of South Florida and the newly opened Florida Aquarium, to develop a window 
cleaning robot for use in the undersea viewing tanks. The aquarium is "show cased" by the 
use of large acrylic windows that allow visitors to experience the undersea environment. 
These windows do however require frequent cleaning both inside and out to maintain viewing 
clarity. The ~!JITent system of cleaning uses manual labor. with scuba divers. Although the 
process is simple, the cost of this system is great because it requires the use of trained divers. 
Designing an autonomous robot for any task is difficult, but building one for an aquarium is 
even more challenging since extra constraints are imposed due to the particular environment. 

With all robots, there are basic problems that must be addressed. What type of 
sensors will it use? What specialized manipulators will it need to accomplish its job? ·What 
system of locomotion will the robot use? How will the robot be powered? For a robot that is 
to be placed in a salt water aquarium, there are further parameters that must be addressed. 
Material corrosion in salt water can be enhanced for certain materials. Also, some materials 
can leave traces in the water that are hannful to the animals in the aquarium. Not only the 
weight of the robot has to be addressed, but the buoyancy must be considered. The 
propulsion ofthe robot also presents its own difficult. Finally, the robot must not damage the 
windows. The acrylic windows scratch very easily, so a special scrubbing manipulator will be 
required. The manipulator, and any other moving parts, will have to be shielded from the 
animals to prevent them from injury. 

To accomplish this task, several conceptual ideas are being analyzed. There are 
currently four basic configurations that are being evaluated, they are called the Spider, Urchin, 
Jellyfish, and Clingfish. These configurations are all based on a different locomotive scheme. 
The Spider will hang from an umbilical, and use that to "swing" across the windows to allow 
for cleaning. The Fly would walk up and down across the surface using suction on its "feet". 
The Jellyfish would be neutrally buoyant robot that would "hover" in place, requiring only 
small forces to cause its movement. The Clingfish would be similar to its animal coWlterpart. 
The cleaning W1it and suction unit would be integrated, and then a "tail" would provide its 
movement. 
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INTRODUCTION 

With over 70% of the Earth covered in water it is no surprise that people have found the 
undersea kingdom an interesting environment. In the underwater ecosystem there exist 
animals of such splendor and power that a person must see them to truly appreciate these 
animals. The Florida Aquarium is one such place that allows people to experience these 
animals up close. Through the use of large acrylic windows visitors are able to see how these 
animals interact with each other and their environment. With any attraction there is 
maintenance that must be done to ensure that a visitor will enjoy their stay, and with the 
aquarium the cleanliness of the windows is one of these priorities. 

The aquarium currently cleans the windows using manual labor through scuba divers. The 
people involved in the cleaning are divers who volunteer their time to the aquarium. Cleaning 
the windows is not a simple task, the people who volunteer to do the cleaning must be 
certified divers and go through training at the aquarium. Also the divers are limited in the 
times that they are able to clean the aquarium. They must limit their time of cleaning to before 
and after the aquarium opens for business. This is so that no diver will obstruct the view of 
any of the patrons. The aquarium uses natural lighting in the aquarium tanks to keep the 
animaJs on their normal day cycle. This decreases the amount of time available to divers to 
clean the windows to just a few hours a day. 

The use of divers also presents additional problems that must be addressed. Although 
minimized in· the aquarium enviromnent, there is a potential of injury to the divers and the 
animals within. Scuba diving does have its potential hazards, but trained personnel at the 
aquarium work to eliminate virtually every possibility that could happen. There are trained 
personnel who supervise the activities if such a need arises. Unfortunately, they cannot predict 
the behavior of the animals. While performing their duties in cleaning the windows, a diver 
could unknowingly provoke an animaJ that has the capability of harming the diver. 

It is for these reasons why it is believed that an autonomous underwater robot could be useful 
in this environment. The robot would be capable of working during the night, or in times of 
bad weather, circumstances which can prevent divers from going into the waters. This robot 
would be able to perform alone, it would not need to be supervised the way divers must be for 
safety aspects. Finally, the robot would be impervious to attacks from the animals. 

The use of robots in cleaning applications is not a new concept. The Skywasher is a robot 
that was designed for cleaning the outside of high story buildings. This robot design uses feet 
with suction cups to slowly move up the building allowing the robot to clean the windows. 

The removal of deposits along a ships hull is another application that robots have been 
developed for. The Ship Cleaning Robot is capable of crawling along a ships hull while 
removing deposits with special tools. The Robot Marine RM2 built by Normed Shipyards in 
France is a walking robot, equipped with three legs and one arm. The arm of the robot uses 
special tools to remove deposits. It crawls over the hulls of ships above the water. The 
Marine Robot RM3 is an amphibian model capable of cleaning the hulls of ships above and 
below the water. ,, 
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The previous robots mentioned are examples where a robot has been successfully designed to 
perform a routine, repetitive task that would normally require many hours for a person to 
accomplish. Robotic cleaning devices may never totally replace human labor, but these robots 
can be used to help reduce the risk of injury to people or for extended periods in harsh 
environments. The Skywasher can be used in circumstances that prevent humans from 
working, and the submersible hull cleaner eliminates the need for trained divers. The use of 
robots in cleaning applications is not a new concept, and a submersible window cleaning robot 
would be an extension of these concepts. The robotic window cleaning robot will be more 
compact and simpler to operate than the previously mentioned robots. This is due to the 
simplicity in cleaning windows and the structured enviromnent that the robot will operate in. 

DESIGN CONSTRAINTS 

The design of a robot for any task can be complicated, and a submersible robot for an 
aquarium presents several additional design constraints that must be addressed. The robot 
must be designed to withstand the pressures and exposure to water, but the environment in 
which it would operate imposes the following constraints. 

0 The robot must not harm any animal within the aquarium. 
0 The power required to operate the robot must be safe in water. 
0 The components of the robot must not contaminate the water. 
0 The robot cannot scratch the windows that it would be cleaning. 

The animals in the aquarium are the star attraction, and they are just as curious as the people 
who come to observe them. For this reason this robot will have to be designed assuming that 
at sometime every animal will come into contact with it. The amount of external moving parts 
will be minimized, and any part that does move needs to be isolated from the animals which 
might attempt to contact it. 

The power required to operate this robot is another important consideration. When using any 
electricity near water great care must be taken in isolating the power lines from the water. 
For this robot electricity would not be used. The robot would take advantage of the existing 
facilities at the aquarium to power itself. There exist air lines around the outside of the 
aquarium, and there is also a high pressure water pump. By using these two existing systems 
it is possible to construct a robot that would use no electricity. 

Elimination of electricity from the robot helps reduce the chance of the robot from affecting 
the animals in the aquarium. Another way these animals might be affected could come from 
the contamination of the water. The first step in avoiding this would be to use no cleaning 
fluids. The·current system of divers uses sponges to wipe the glass and a similar approach can 
be made for the robot. Also the materials that the robot is made of must be carefully 
examined. Copper is one example of a material that leaves traces in the water that is lethal to 
some of the inhabitants of the aquarium. Brass and bronze must also be excluded because 
these alloys are made with copper. 

- 132-



The final safety factor in designing this robot is to make sure that it is impossible for the robot 
to scratch the acrylic windows. Extensive testing will need to be done on a window sample to 
verify that none of the components can scratch the windows. By testing various substances, a 
robot can be made that would be incapable of scratching the windows. Altho'ug4 the divers 
go through a training process to educate them on the proper way to clean the windows, it is 
possible that a diver might scratch the windows with a scuba tank. 

CONCEPTUAL DESIGN 

The main design concepts centered around locomotion methods, structural configurations, 
and cleaning procedures. Initially the system is to be designed and evaluated for just one 
windows at the aquarium. This measurements for this window are 20 feet by 6.5 feet. 

PROJECT APPROACH 

This project is anticipated to be completed in 4 phases. These four phases are: 
0 Conceptual Design 
0 Detailed Design 
0 Prototype Construction 
0 Testing and .Evaluation. 

Phase 1, the Conceptual Design will be for general design work for determination of 
locomotion method, structure design, and cleaning method for the robot. During phase 1 

·determinations will be made on the best concept for a robot design. 

Phase 2, Detailed Design will be based upon the recommendations of Phase 1. Detailed 
design work will be performed based on the recommended locomotive, structural, and 
cleaning procedures. 

Phase 3. Prototype Construction will proceed with the designs from Phase 2. Following 
these designs a robotic prototype of the submersible window washer will be constructed. 

Phase 4, Testing and Evaluations. The prototype that was constructed will be tested in similar 
conditions as the aquarium. ·Based on information gathered during the testing, the robots 
performance will be evaluated. With the evaluation decisions on implementation of the robot 
will be made. 

Currently the project stands at the end ofPhase 1. The preliminary design work for the robot 
has been eStablished and analyzed. 
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LOCOMOTIVE METHODS 

One of the major considerations for this robot was the locomotive scheme that the robot will 
use to propel itself across the surface of the glass. There are four conceptual ideas that have 
been evaluated for moving the robot, these configurations are called the Spider, Urchin, 
Jellyfish, and Clingfish. 

The Spider 

The Spider configuration is based on the robot hanging from a line, similar to the way a real 
spider moves. This line would be used by the robot to "swing" across the window to allow 
for cleaning. The line would also serve as an umbilical providing the necessary power that the 
robot will need. The use of an umbilical has some advantages because it can allow for a 
smaller robot. Necessary power and support systems can be left outside of the actual robot, 
with just the umbilical to deliver the power to the robot. A potential problem with having a 
robot swing from an umbilical is that the robot will move in circular arcs. Most of the 
aquarium windows are rectangular. This will present problems when trying to clean the 
corners of the windows. Wrth a "swinging" motion the robot could pose a potential threat if it 
were to impact upon the windows or an animal. It could be possible for the robot to gain 
sufficient momentum that would make it dangerous to its surrounding environment. . 

The Urchin 

An Urchin is a sea creature with muhiple appendages that are able to stick to the sides of 
· objects and move themselves about. The Urchin configuration is based upon this animal. The 
robot would have multiple legs that would be capable of attaching themselves to the windows. 
By moving the legs the robot will be able to walk across the windows. The problems with this 
robot is that there will be some legs that will have to be in contact with the window. The legs 
will have to be protected so that they will not scratch the windows, and they will have to be 
made so they do not leave any smudge marks on the windows when they release. Movement 
of robots using legs is a very complicated process. The positioning and movement of each leg 
must be carefully mapped out for the robot to be able to successfully move over the surface. 
Because of the buoyancy of the water, these robot legs would not have to be made to support 
the full weight of the robot, they would just need to be adequate to move the robot around. 

The Clingfish 

The Clingfish, also known as an algae eater for freshwater, is a connnon fish in most 
household aquariums. This fish will attach itself with its mouth to the side of a tank, and 
begin to eat any deposits that are on the walls. The fish will move about the tank using its tail 
while eating. The robot version would attach itself to the glass through the use of the cleaning 
apparatus, and not a separate set of appendages. This robot will also have a large contact area 
on the windows. An advantage that this configuration has over all of the others is that with 

_ this configuration it is possible to shield the entire cieaning manipulator from the animals in 
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the aquarium This design is similar to several types of pool cleaners that are available for use 
in most residential homes. 

The Jellyfish 

The final robot design is based upon neutral buoyancy, where an object that is place in water 
will not sink or float but "hover" in place. The Jellyfish would be designed to be neutrally 
buoyant. It would float next to the windows but only touching the window with the cleaning 
apparatus. With a neutral buoyant robot, smaller forces would be needed to move the robot 
around the windows. This robot configuration would have to be carefully balance so that the 
robot would always be in the same position with respect to the glass. With the other designs, 
the attachment to the windows would provide for the proper orientation, such as the legs on 
the Urchin. The balancing of the Jellyfish would need to be carefully analyzed so that when 
the robot is propelled through the water, the robot will still maintain the same orientation that 
it will need to accomplish the cleaning procedures. 

CHOSEN CANDIDATE FOR THE LOCOMOTION METHOD 

The different robot locomotive schemes 
each have their own set of advantages and 
disadvantages. The optimal design will 
allow for an_-~ to construct robot that 
can efficiently move around to perform the 
necessary cleaning tasks. Not only must 
the robot be able to move around the 
windows, but it must be able to maintain its 
position while the cleaning procedures are 
being performed. Any appendages that 
must be used for movement will have to be 
carefully examined to ensure that they will 
not scratch the windows, leave any 
smudges on the windows, or hun any of 
the animals that might be in the way. For 
these reasons it is felt that the appropriate 
locomotive scheme will be one that 
minimizes the contact area . upon the 
windows. Although the Jellyfish system 
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minimizes the contact, the complications in implementing this design eliminates it as a choice. 
The configuration that will be used \vill be a modified version of the Spider Configuration. 
While the initial concepts for the Spider was a "swinging" movement from the robots 
umbilicals~:~ the modified version will use a system of supports. A spider weaves a web and is 
capable of moving across. the area of the web, this robot will have a deployable grid for a 
"\veb" that will enable it to move around the windows. This structure will be designed so that 
it is outside of the edges of the windows so that there will be no contact with the structure and 
the windows. Only the cleaning manipulator will be in contact with the windows. For this 

. design, the support structure and the locomotive systems will be integrated into one unit. 
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Telescoping support beams will move down the windows while the cleaning manipulator is 
moved across. Any necessary umbilicals for power can be run through the support structure 
instead of freely floating in the water. Another advantages of this is that the cables will be 
shielded from the animals preventing them from chewing into the cable. This. design allows 
for the minimal contact area that is desired, along with an easier robotic system to design and 
manufacture. 

THE CLEANING MANIPULATOR 

A specialized cleaning manipulator is to be 
made for use with this robot. This 
manipulator will have to come in contact 
with the windows so it must be made of a 
softer material than the acrylic that is used 
for the windows. Currently the aquarium 
uses nylon pads that the divers use to scrub 
the widows with. One disadvantage of 
using these pads in a scrubbing motion is 
that sediment can get stuck between the 
pad and the windows. With the applied 
pressure on the pad this Sediment can 
scratch the windows . .. - .. -· . . 

Cleaning 
Brush 

To minimize the contact of.the cleaning manipulator and the windows a rotating drum will be 
·, \ used. This drum will have nylon fibers that are attached to the spinning drum that will sweep 

across a small portion of the window. These brushes will remove any particles from the 
window and move them away from the robot. This will minimize the probability of sediment 
becoming attached to the brushes which could lead to scratches on the windows. As 
mentioned earlier, one of the design constraints was to power the robot without the use of 
electricity. The cleaning manipulator will be powered with the use of water flow. Water 
supplied from the buildings water source will be used to rotate the scrubbing manipulator. 

CONCLUSIONS 

The phase one design of the undenvater robotic window cleaner has been completed. Based 
on conceptual designs the optimal configuration has been chosen for phase two. The 
Modified Spider configuration will be the basis for the detailed design work of the robot. 
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Abstract 
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Widely used in manufacture, coordinate measuring machines are traditionally designed with a serial 
structure, which is composed of a serial chain of three mutually perpendicular prismatic joints to achieve 
three degrees of freedom in motion. There are some shortcomings such as error accumulation and low 
stiffness in this kind of structure. This paper introduces a coordinate measuring system (CMS) with a 
parallel structure. Compared to a serial one, it is more accurate and robust. This paper also studies some 
important issues in designing and developing this type of coordinate measuring systems, including the 
closed-form forward and inverse solutions, workspace analysis, and system calibration. 

Keywords: Coordinate measuring; Parallel mechanism; Self-calibration 

L Introduction 

In the manufactory industry, dimensional inspection of mechanical parts is often necessary, therefore 
an accurate coordinate measuring system (CMS) is quite useful. Traditionally, the system consists of a 
serial structure of three mutually perpendicular prismatic joints. Its structure and coordinate calculation 
are quite simple and it also has large workspace. However due to the serial structure, errors caused by 
geometrical offsets and deformations by thermal and loading effects are accumulated. Moreover, low 
stiffness also limits its applications. To overcome these shortcomings, a coordinate measuring system with 
a parallel structure, which is quite similar to parallel robot manipulators, is proposed by Dr. Ziegert 0 . 

Figure 1 exhibits the structure of this system. It is composed of a triangular granite base with columns 
rising from each of the three comers. A circular ring is kinematically supported by these three columns. 
Three precision spheres are affixed on the interior of the ring, and form the reference coordinate frame. 
On each of the three base spheres, two Laser Ball Bars emanate from magnetic sockets to form the legs of 
two tetrahedrons, one above and the other below the plane of the ring. The spheres at the apexes of the 
two tetrahedrons are connected by a rigid center rod. A probe is attached to the lower sphere such that the 
probe tip is collinear with the center rod. 

This system has five degrees of freedom and six leg length sensors. The distance between the top 
sphere center and the bottom sphere center is fixed. Using this constraint and the redundant length, the 
leg lengths can be self -calibrated. · 

Actually, for coordinate measuring, only three values (x, y, z) are needed. Therefore, three degrees of 
freedom are sufficient for CMS. In this case, the above design is unnecessarily complicated for coordinate 
measuring. 

Inspired by the above design, a new type of parallel-link CMS is proposed in this paper. The machine 
is composed of 4 parallel links and processes 3 degrees of freedom. The detailed structure of the new 
CMS is given section 2. Forward and inverse kinematic solutions of the mechanism are given in section 
3. Section 4 presents the results of workspace analysis obtained by a numerical method. Section 5 studies 
the issue of system self-calibration. Concluding remarks are given in section 6. 
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Figure 1 The Structure of CMS Designed by Dr. Ziegert 

ll. System Design 

The structure, illustrated in Figure 2, is composed of a circular ring and four variable prismatic links. 
Three precision spheres, which are called base spheres, are affixed on the interior of the ring, these three 
base spheres divide the ring into equal parts and form the reference coordinate frame. There are three 
fixed rods that connect the base spheres to the center of the ring. A moving sphere is connected to the 
three base spheres through three prismatic links, respectively. In addition, a redundant prismatic link 
connects the moving sphere to a sphere located at the center of the ring. Four sensors are installed in the 
prismatic links and a probe is attached to the moving sphere such that the probe tip is collinear with the 
center link. Among four prismatic joints, only three are actuated. 

Figure 2 the Structure of CMS with Parallel Mechanisms 
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The CMS has only three degrees of freedom, while there are four length sensors. From any three of 
the four values measured by the sensors, together with the coordinates of the corresponding base spheres, 
the position of the moving sphere can be determined in the reference coordinate frame. Using the 
redundant sensor value, the joint offsets and deformations of the links may be corrected, which makes it 
possible to continuously compensate various errors to produce high-quality coordinate measuring. 

lli. Kinematic Analysis 

3.1 Coordinate Definition 

p 

Figure 3 Coordinate Definition 

There are many choices in defining the reference coordinate frame, and we usually choose the one 
which can simplify the analysis. In our system, the reference frame is defined based on the three base 
spheres on the ring. As illustrated in Figure 3, we select one of the spheres (B1) as the origin of the 
coordinate frame, the vector from origin to another sphere (B2) as the x axis, and the plane determined by 
these three base spheres as the x- y plane. 

3.2 Nominal Case 

Let us discuss an ideal situation. In this case, we assume that in CMS, errors such as joint offsets and 
link deformations do not exist, and parameters given are precise. 

For the forward kinematics, the coordinates of the base spheres and corresponding link lengths are 
given. From these values, we should find the position of the moving ball joint. Let r represents the radius 

of the ring, then the coordinate values of three base spheres are B, = (0, 0, 0), B2 = ( .J3r , 0, 0), B3 = ( 

.J3 r , ~ r, 0). Let the lengths from the moving ball joint P to the three base joints be p 1 , p 2 , p 3 . P is 
2 2 

the intersection of the three spheres, whose origins are B,, B2, B3 and radii are P 1 , P 2 , P 3 , 

correspondingly. From Figure 3, we have 

II p - B dl = p i i= 1' 2, 3 (1) 

where P is the vector from the origin to moving joint, Bi is the vector from the origin to the ith base joint. 

Let P = [x,y,z ]T , (1) can be written as 
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'1 2 .., 
X~+ Y +zw = pl 

( x - J3r) 2 + y 2 + z 2 = p 2 

J3 .., 3 2 2 
(x--rt+(y--r) +z =p3 2 2 

Thus x, y, z can be unique determined from (2), 

p2- p2 J3 
X= I 2 +-r 

2J3r 2 
2 2 2 2 P1 + P2- P3 1 y= +-r 

6r 2 
~ 2 2 2 z =- p 1 -x - y 

The problem of inverse kinematics is as follows. 

(2a) 

(2b) 

(2c) 

(3a) 

(3b) 

(3c) 

The coordinates of the four base joints and the moving joint are given. The link lengths need to be 
determined. 

Figure 4 

In Figure 4, B 1, B 2, B 3 , B 4 and Pare given, we can find the lengths of S 1 , S 2 , S 3 , S 4· Define B1, 

B 2. B 3 and B 4 as the vectors from origin of the coordinate frame to the base joints. From Figure 4, 

i =1,2,3,4 (4) 

Thus the link lengths are 

i = 1,2 ,3 , 4 (5) 

IV. Workspace Analysis 

The workspace of the CMS is defined as the 3D Cartesian space that is reachable by the moving joint 
P. For any position given by coordinate (x, y, z) , the corresponding link lengths can be uniquely 
determined by the machine inverse kinematics. Each link has physical constraints p min and p max , 
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Therefore. if all the link lengths satisfy the constraints, the position P is within the workspace~ otherwise, 
it is outside the workspace. 

In our system, a searching method is used to determine the workspace. In the workspace, there must 
be a minimal and maximal values in the z axis, which is named Zmm and Z max • Define two variables, Z · 
and Z + , which satisfy the inequalities Z · < Zmin and Z + > Z max The searching process starts at the plane 
Z = Z ·, increases llZ at each step, and ends at the plane Z = Z +_ It is shown in Figure 5. 

z 
2+~------------------------

Zmax 

Zmm ....... .... ..... .. ...... . 

z-~--------------------------

Figure 5 Workspace Slicing in Z 

For any given Z, the searching process continues in X-Y plane illustrated in Figure 6. Assume that a 
point P 1 on the boundary is found by increasing radius R 1 until one constraint is violated, The angle a. is 
then increased by l:la. and the coordinate of point P 2 is calculated using R 2 = R 1 and a.+l:la.; If P 2 is 
outside the workspace, the radius R 2 is decreased until a new boundary point is found. Otherwise, if P 2 is 
inside the workspace, the radius R 2 is increased until a new boundary point is found. All the boundary 
points will be found if the value of a. is continuously changed from 0 to 21t. 

y 

~-----------------------------.x 

Figure 6 Search for Boundaries in X-Y Plane 
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A program that computes the workspace using the above searching procedure was written. The 
parameters are given as follows: 

r = 1~ p min = 2~ p max = 3 Unit:m (All units in this paper are meters.) 

where r is the radius of the ring; p is the link length. The coordinate frame was defined in Figure 3, 
section 3. The computed workspace is shown in Figure 7a and Figure 7b . 
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Figure 7a Workspace in X-Y Plane ofZfrom -1.74 to -1.95 
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Figure 7b Workspace in X-Y Plane of Zfrom -2,0 to -2.8 
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Similarly, we slice workspace in Y axis, the computed workspace in X-Z plane is shown in Figure 8. 

I 000: y = -0.5 *** : y=O.S XXX: y=-2.0 
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Figure 8 Workspace in X-Z Plane of Different Y 

V. System Self-Calibration 

The task of system self-calibration is to (1) identify parameters of the system kinematic model and (2) 
use the identified parameters to modify the model resided in the controller. In this paper, as a starting 
point, we attempt to identify the offsets of three active joints using the measurement redundancy. 

5.1 Formulation of the Measurement Residual 

As was mentioned, there are four prismatic joints and any three of them can determine the position of 
the machine tip. Measurement from the redundant sensor can be used for system self-calibration. Let 
1\ A 1\ 1\ 

pi (i=l to 4) be the measured values of the joints. From any three of them, say pl' p 2 and p 3 , 

together with the joint offsets f).p,. , p4 can be computed by the direct & inverse kinematic procedures. 
When the model parameters of the system is not sufficiently accurate, there exists a discrepancy between 

A 

the computed, say P4 , and the measured, say p 4 + !lp 4 , where !lp 4 is the offset of the fourth joint; that 

is, 

(6) 

For the purpose of the system control, we don't need to know !lp 4 . By taking two measurements, one 

before and the other after its configuration, one has, 

1\ 

e J = P 4 ,i - (p 4,J - llp 4 ) 

1\ 

ek = P4,k - (P4,k- llp4) 

(7a) 

(7b) 
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Define the relative error residual e Jk as follows: 

(8) 

Then 
A A 

e Jk = (p 4,1 - P 4,k) - (p 4,J- P 4,k ) (9) 

The residual e Jk does not depend on the offset of the fourth joint. 

5.2 Cost Function 

The residual define in the last section is a function of the offsets of the first three joints; that is, 

eJk = f(P; ,pk, !lp) (10) 

Where pi = [p 1,1 , p 2.1 , p 3.1 ] is the joint vector, and !lp = [ !lp 1 , !lp 2 , !lp 3 ] is the joint offset 

vector. The objective of parameter estimation is to minimize the following cost function 
m m 

E = L LJ2
(pj,pk,!lp) 

j=l k=l 
k~j 

(11) 

by choosing llp. This is a nonlinear least squares problem and there are many optimization techniques 
that are effective in solving this type of problems. We select the Gauss-Newton algorithm to seek the 
solution of the problem. 

5.3 Simulation 
Unit : m 
x 1 o·4The Mean of Position Error in Norm 
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Figure 9 Position Errors (Noise: 0. 0001 Uniformly Distributed) 
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> 

We assume that the base joints are sufficiently accurate and the coordinate values are known. We also 
assume that the four prismatic joint values can be measured by the sensors. Two different range of errors 
were added to joint readings. 

In the simulation, we set the radius of the ring to be r = 1, the range of link lengths to be from 2.5 to 
3.5, the joint offset initial errors to be [0.01 0.015 0.02 0.01] and the joint measurement noise to be 0.0001 
and 0.001 , uniformly distributed. The simulation results are shown in Figures 9 and 10. 

Unit : m 
x 1 o-3 The Mean of Position Error in Norm 

8------~~----~----~----~------~ 

7 
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1 
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Measurements 

Figure 10 Position Errors (Noise: 0.001 Uniformly Distributed) 

VL Conclusions 

A new design of parallel-link Coordinate Measuring Systems is proposed in this paper. Although this 
CMS is only a conceptual design, it has the potential to become a practical one due to its simplicity and 
high stiffness. Since the system can perform self -calibration, errors dues to thermal and loading may be 
compensated on-line. Future studies include self-calibration of the entire system, dynamic modeling, 
control and implementation considerations. 
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Abstract 

When lightly armed paratroops or commando soldiers are faced with a mine field which must be crossed during 
insurgency type combat operations, their only option is to fmd a clear path across the field using hand-held mine 
detecting equipment. Such hand-held devices have been used widely since WW-11, but they do expose the 
operator to considerable danger. Not only is the operator endangered from the mines, but he also has to walk 
slowly across the open field, thereby presenting himself as an easy target for enemy snipers. His predicament is 
further worsened by the fact that he may have to wear head-phones, thus impairing his hearing. The present 
paper describes a concept where the current hand-held equipment could be replaced by a small, lightweight, RPV 
hovercraft system. The hovercraft would be carried on the back of one soldier, and released into the mine field 
when needed. The hovercraft locomotion system would distribute the low vehicle weight such that no mines 
would be detonated. Upon detecting a mine the robot would automatically mark the ground at the mine location 
with a blast from a aerosol can of 'Day-Glow' paint. A standard inductive detection system would be housed 
within the robot, along with the Radio-Control equipment and signal conditioning / processing electronics for 
the detection system. Such a system is of course only effective against metal mines, however this could be easily 
retro-fitted with a remote plastic mine detection system of comparable size. At the present time no small plastic 
mine detection system exists, although much military funding is currently being directed at this problem. It is 
anticipated that a satisfactory system based on 'ground penetrating radar', 'seismic (ultrasonic) waves', or some 
other appropriate technology will be available soon. One of the challenges involved in the development of the 
hovercraft robot was to make it quiet, so that an enemy sentry would not hear the detection operation. With 
small gasoline engines being notoriously noisy and difficult to muffle without serious loss of performance, an 
electric system was studied. This required the use of super light weight construction of the hovercraft structure, 
together with the latest in high power /weight ratio neodymium magnet motors, and high tech rechargeable 
batteries. 

Introduction 

The "Land Mine" has been part of the military 
arsenal since before WW-1. It is a particularly 
insidious weapon in that it tends to be totally 
indiscriminating. Such mines lie silently in wait to 
often eventually kill or maim as many friendly 
troops as enemy, and even innocent civilians years 
after hostilities have ceased. 

Land mines come in many varieties including: 
anti-tank mines, anti-personnel mines, gas mines, 
incendiary mines, etc. Not all mines have to be dug 
into the ground and covered with soil, many mine 
types are simply scattered over the ground, often 
using aircraft for wide coverage and quick 
deployment. These latter mines are usually small 
anti-personnel munitions and can avoid detection by 
being made to appear like innocent objects such as 
rocks or tree branches. Particularly unpleasant are 
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anti-personnel mines disguised to look like desirable 
items such as childrens toys or food, thus inviting 
the victim to handle and thereby detonate the mine. 

Mines can be detonated by many methods. 
Physical pressure is the usual way of triggering anti
tank mines, but they can also be detonated 
magnetically by a large mass of metal such as a 
vehicle. The magnetic mine can avoid detection 
through being buried deeper than pressure types, 
and can .even counter "Chain Flailing" machines by 
detonating only when directly below the vehicle, 
having survived the chain impacts. 

Magnetic mines are 'active' rather than 'passive' 
in that they need internal circuitry and a power 
source to function. Arms manufacturers have now 
begun to consider the development of 'Intelligent 
Mines' with the ability to discriminate between 



targets (vehicle or soldier; friendly or enemy) 

Existing Detection & Clearance Methods 

Mine fields can be dealt with in two basic ways 
depending on the combat operation, these being 
'Clearance' or 'Detection'. 

Mine 'Clearance' involves the deliberate 
controlled detonation of mines to open up a safe 
path for combat vehicles through the field. The 
safest method of mine clearance involves the use of 
air-dropped "Disrupter Bombs". Such bombs are 
designed to set up large amplitude surface waves 
which shake up the ground over a large area 
surrounding the bomb impact point. Such bombs 
may not detonate magnetic mines, and are difficult 
to deliver accurately enough to overlap and thus 
clear a continuous path. 

Another mine clearance technique involves the 
use of "Chain Flailing" vehicles. Such vehicles 
employ a large rotating drum held out ahead of the 
main vehicle body (containing the driver, engine, 
fuel, etc). Lengths of metal chain attached to this 
drum tend to fly around and strike the ground, 
thereby detonating pressure activated mines 
harmlessly ahead of the vehicle. 

The problem with the clearance method is that it 
inevitably looses any element of surprise in the 
combat operation, and it also relies on the 
availability of large equipment in sufficient numbers. 

The alternative to clearance is 'Detection', which 
attempts to fmd a safe path across a mine field by 
clearly marking the location of mines, but without 

. detonating them. This technique lends itself to 
insurgency type combat operations, such as 
commando raids involving lightly armed paratroops. 
Since no mines are detonated it becomes possible 
for troops to cross a mine field without alerting the 
enemy to their presence. The technique is not 
practical if vehicles need to be driven across the 
field since it my not be possible to maneuver around 
the known mine positions. 

Miniature Hovercraft Robot Concept 

When lightly equipped troops need to traverse a 
mine field during clandestine insurgency operations 
there is currently only one detection option 
available. This option requires the use of hand-held 
mine (metal) detecting equipment which can be 
carried on the back of a single infantryman. Such 
. and-held devices, which essentially employ 
·nductive techniques, have been used widely since 
WW-II, but they do expose the operator to 
considerable danger. Not only is the operator 
endangered from the mines, but he also has to walk 
slowly across the open field, thereby presenting 
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himself as an easy target for enemy snipers. His 
predicament is further worsened by the fact that he 
has to wear head-phones, thus impairing his 
hearing. 

The following sections describe a concept where 
the current hand-held equipment could be replaced 
by a small, lightweight, RPV hovercraft system 
which could be carried on the back of one soldier as 
before. However in this case there would be no 
need for the soldier to expose himself to enemy 
snipers, instead the hovercraft would be released 
into the mine field and remotely controlled by a RF 
communications link from the operator hidden in 
cover. 

The hovercraft's unique locomotion system is 
ideal for distributing the vehicle weight over a large 
enough area to negate any possibility of detonating 
pressure activated mines. The hovercraft would be 
small ~d largely non-metallic, thus avoiding the 
detonatiOn of magnetically activated mines. 

A standard inductive detection system would be 
housed within the robot, along with the radio
control equipment and signal conditioning j 
processing electronics for the detection system. The 
inductive system could be retro-fitted with a system 
m?re suitable for the remote detection of all-plastic 
mmes once such a system becomes available. 

Upon detecting a mine below the robot, the 
ground would automatically be marked at the mine 
location by activating a blast from a aerosol can of 
'Day-Glow' paint housed beneath the robot. 

Troops would then be able to cross the field 
along the swept path by being careful not to step on 
any of the marked mine locations. 

Hovercraft Design Details 

The design parameters of the robot hovercraft are 
relatively simple to define. The robot must be small 
and light enough to be comfortably carried on the 
bac~ of a single soldier, this limits the weight to a 
maxtmum of 20 lbs and the diameter to 2 ft. A 
circular configuration is called for since this readily 
accommodates the inductive coil, fan and ducting 
arrangements; makes the skirt simple to construct; 
and apows accurate performance predictions to be 
made. 

Since insurgency type operations must be carried 
out silently, the size and noise restrictions point to 
a system lifted and propelled by light weight, high 
output d.c. motors. These would have to be 
provided with electrical power from a pack of high 
energy rechargable batteries. It may not be easy to 
recharge the batteries in the field due to availability 
of an outlet an extended recharge time, so the 
design would have to be optimized around 
maximum endurance. Obviously previously charged 
additional packs could be carried. 



The following sections look in detail at the 
various sub-systems involved in the design. 

Power Requirements 

For the simple skirt-less circular planform 
hovercraft system shown in figure 1., the following 
performance equations have been derived in Ref.[1]. 

r 
----~-

~;t 

~ p c G~tnu:a~ }I h 
~ Cush100 

7777777777777777777777777 _I_ 
Figure 1. Simplified Skirt-less Hovercraft. 

The power (P) required is equal to the kinetic 
energy in the annular jet per unit time (neglecting 
losses and potential energy increases), such that: 

p = 1rRpw 

The vertical lift (L) must equal the vehicle weight 
(W), giving: 

W = L = 1rRPW{2sin8 + (R/h)(l+cosO)} 

For a vehicle radius (R) of 1 ft, a hover height 
(h) of 1", an overall weight (W) of 20 lbs, an 
annular air jet width (t) of 1/2", and jet angle of 
30 o, the lift equation can be used to fmd the jet 
velocity (v). This velocity, when substituted into the 
pow~r equation, provides an estimated power 
requrrement of 1/10 hp. 

This estimate assumes that all the available power 
can be converted into pressure energy below the 
vehicle, and therefore it neglects the fan efficiency 
and the various head losses associated with the air 
ducting system. Typically only 40% of the available 
power ends up doing useful work. 

Another assumption is that the vehicle hqvers 
~bov~ a flat rigid surface, which is likely to be 
mval.td when operating over rocky terrain or grass, 
and IS certainly untrue over water. 

Ta~ing into account all of the previously 
menttoned assumptions results in rather complex 
and cumbersome equations, such that in general 
hovercraft design data is presented in the form of 
performance curves. Although fundamental to the 
design of full size vehicles, the use of such curves 
for model hovercraft development IS not 

appropriate. One reason is that the curves have 
been developed using empirical data derived from 
full size test vehicles, which may not be applicable 
when scaled down to the model level. Secondlv full 
s~ze hovercraft rarely adopt a circular planf~rm . 
smce the rectangular shape more readily lends itself 
to transportation needs. 

In the case of the present model hovercraft the 
predicted power requirement of 1/10 hp is so small 
that modest d.c. motors using the latest in high 
power /weight ratio permanent magnet technology 
could readily supply this need. These powerful 
motors would likely have ample power reserves to 
over~ome the effect of those items neglected from 
the srmple power requirement analysis. 

Listed below are the results of a survey of typical 
small d.c. motors offered by a leading manufacturer: 

hp 
Watts 
Effie. 
Length 
rpm 
Weight 

Small Samarium 
Colbalt Motor: 

0.03 hp 
23W 
78% 
1.65 in 
up to 5500 
5.5 ozs 

Larger Ptvf Type 
d.c. Motor: 

0.12 hp 
90W 
71% 
4.98 in 
up to 4000 
27.0 ozs 

As can be seen from the above, small d.c. motors 
c~ have excellent power /weight and power 1 size 
rattos. However these examples can be bettered by 
the use of Neodymium magnet motors with low
inertia coil-less rotors, but only at high cost. 

The ~otor will also be called upon to supply 
propulsive power to the vehicle as well as lift. On 
conventional hovercraft a separate engine and 
propeller system is used since the propulsive power 
needs to be variable,, while that for hover remains 
constant. .For the present application, however. it is 
proposed to use only one motor and generate 
propulsive forces by opening vents in the ;ide \vall 
of the main down-draught ducting. The propulsive 
power requirement is expected to be small given the 
light weight of the vehicle and near frictionless 
nature of the air cushion effect. 

The power for the electronics, vent servos. and 
spray-can actuation will be supplied by the same 
rechargeable batteries used to power the motor. 
The choice of batteries is of course crucial to the 
success of the design. They must be relativelv light 
and hold enough power to complete a c~mbat 
mission without recharging in the field (although 
more t~an one battery pack could be carried). 
A typical combat mission is expected to bt: 
completed in one hour, as far as mine detection 
operations are concerned. 

The energy density of common NiCd batteries is 
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about 0.017 hp hr/lb, so for a 1/10 hp motor 
operating for one hour (@ 70% efficiency), the 
required weight of batteries would be 8.4 lbs, of 
which only half needs to be on the vehicle. These 
figures can be significantly improved through the 
use of the latest battery technologies, such as: 
Metal Hydride, Lithium-ion, or Zinc-Air. 

Fan and Straightener System 

The fan is the primary element for converting 
mechanical power at the engine output shaft to 
kinetic energy (per unit time) of an air stream with 
an appropriate differential pressure and flow rate. 

Many types of fans have been used for hovercraft, 
including: axial flow fans, centrifugal fans. mixed 
flow fans, and crossflow fans. Although the axial 
flow fan was used on all of the pioneering 
hovercraft it has now been largely replaced by the 
other types. This shift in fan design was an attempt 
to reduce the space allocation for fans to a 
minimum by laying the fans in a 'rolling-pin' fashion 
along the edges of the craft. This leaves the main 
body of the craft free to carry payload. 

Because the present proposed hovercraft does not 
have to carry any cargo and has a circular planform, 
the 'old' axial fan layout happens to be the most 
convenient configuration. 

Two approaches are possible when it cones to 
selecting a suitable fan for the hovercraft design. 
One method involves designing from scratch a 
ducted fan specifically matched to the engine speed 
and torque characteristics, and able to provide the 
required flow rate and generate the necessary 
pressure differential across the blades. The 
disadvantage of this approach is that the resulting 
fan design has to be custom manufactured. The 
alternative approach is to use an off-the-shelf 2 or 
3 blade model aircraft airscrew. Such propellers are 
generally designed for use in the open air as 
opposed to ducted operation, and are also optimized 
to produce thrust rather than shift a large volume of 
air with a high pressure differential. However. with 
such a large excess of power available it may not be 
necessary to have a very efficient fan system. 

Figure 2. Typical Axial Flow Fan Design 
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Pursuing the custom fan approach the following 
design procedure was used. For the present 
proposed hovercraft design a 2 ft diameter annular 
air jet, 1/2" wide, is ejected from the vehicle base. 
The velocity of the jet (v) calculated from the lift 
equation is 52 ft/s, which translates to an air flow 
rate of 13 ft3 /s (1/5 cfm). For a fan diameter of 1 
ft rotating at 10,000 rpm (n), standard design 
equations and charts such as those presented by 
Wallis [2) suggest the following fan configuration: 

Overall Diameter 
Hub Diameter 
Number of Blades (B) 
Root Chord 
Tip Chord 
Root Angle of Attack 
Blade Twist 
Max Thickness/Chord Ratio 
Blade Tip-Ducting Gap 

1 ft 
4" 
6 
1 3/8" 
5/8" 
24° 
None 
5.5 (constant) 
1/8" 

Such a Fan would deliver a flow rate of 10 fe js 
on 1/10 hp. The small deficiency in flow rate (of 3 
ft3 /s) would simply translate to a hover height 
slightly less than 1". 

The gage pressure required in the air cushion 
beneath the hovercraft is given by: 

Pc = pw (1 +cosO) /h 

which when applied to the present design gives 
0.0425 psi. The gage pressure generated below the 
fan is given by: 

Pr = pBcr11'(n/60)2 CL 

where p is the , air density, c is the blade chord 
length at radius r, and CL is the local blade lift 
coefficient. Choosing the root chord and a CL of 0.6 
produces a pressure of 0.102 psi. These values are 
ideal since a ratio of PriPc of 2.5 is usually 
recommended so as to account for the manv head 
losses encountered in the ducting between t.he fan 
and skirt cushion. 

Fixed Angled 
Flat Blades ( 6) 

Fixed Straight _ _,..__ __...._ __ _ 
Flat Blades (6) 

Axial 
..-Flow 

Fan 

Figure 3. Straightener Arrangement 



AIR FLOW AIR FLOW 

Simple Plenum Simple Peripheral Jet 

Skirted Plenum Skirted Peripheral Jet 

FLEXIBLE SKIRT 

. FEED HOLE 

Skirted Modified Plenum 

Figure 4. Typical Skirt and Ducting Configurations [3] 

The fan will inevitably communicate angular 
momentum to the air stream, resulting in an 
inefficient swirling motion. This swirl can be 
cliilii.nated by providing a set of evenly spaced fiXed 
vanes (straighteners) so arranged that the torque 
which they exert on the fluid at any radius is equal 
and opposite to that of the fan at the same radius. 
Figure 3. shows the straightener arrangement 
recommended for installation just below the fan on 
the proposed hovercraft design. 

Skirt and Ducting System 

Several combinations of skirt and ducting 
geometries have been use on hovercraft over the 
years. Two choices are available for the ducting 
arrangement, these being the "Plenum" or the 

"Peripheral Jet". The plenum design is simple to 
construct and so the cost is low, however the 
cushion pressure is maintained simply by a direct 
dow.1ward jet thrust which is less efficient than the 
peripheral jet configuration. The peripheral jet 
design uses the centrifugal forces generated by 
turning an annular jet flow to create the necessary 
cushion pressure. This requires a more complex 
ducting arrangement but does produce a more 
efficient and structurally stronger vehicle. 

The addition of flexible skirts serves to allow the 
hard body of a craft to hover higher above the 
ground without an additional power penalty. The 
skirts can absorb impacts and therefore provide a 
more comfortable ride over terrain strewn with 
rocks or foliage. Figure 4. shows some typical 
skirted and skirt-less ducting arrangements. 
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For the present hovercraft design it has been 
decided to adopt a skirted peripheral jet 
configuration. As well as high efficiency, this system 
provides a good ground clearance for the solid 
vehicle body (essential when hovering over mines). 
It also creates a region of relatively calm air under 
the center of the vehicle, ·which is necessary to 
ensure effective operation of the paint spray 
marking system. 

Because the hovercraft design adopts a circular 
planform the physical construction of the skirts are 
relatively sim pie. It is proposed to use a rubber 
truck tire inner-tube for the skirt, suitably cut and 
riveted to the vehicle body. This is considerably 
easier than making the complex three-dimensional 
skirt shape for a rectangular planform, which often 
calls for the assembly of many cut and shaped 
pieces. 

Remote Mine Detecting System· 

For the prototype hovercraft it is proposed to use 
a standard 'Metal Detector' as the remote mine 
locating system. An off-the-shelf device such as the 
RS 63-3003 would be a good choice since this uses 
a 8" . diameter search coil and a VLF circuit. These 
features enable metal to be detected even under 
shallow water or in highly mineralized ground. 

The inductive search coil would be centrally 
located on the underside of the vehicle, and the 
accompanying electronic control box would be 
placed on the upper surface of the hovercraft to one 
side of the central fan housing. 

Over recent years arms manufactures have been 
developing all-plastic mines. Such mines could not 
be detected by the proposed inductive coil system. 
Development is currently underway using a variety 
of techniques to produce a remote detection system 
for these all-plastic mines. It is hoped that such 
systems would be comparable in size and weight to 
the current inductive devices so that a simple 
retrofit could be made to the hovercraft. 

Spray Paint Marking System 

Having detected the presence of a mine below the 
vehicle body it is intended to use a spray paint 
marking system to indicate the mine location. 
Painting the ground in this way would not detonate 
the mine and could be achieved fairly easily. 

Systems are already commercially available for 
automatically dispensing blasts of bug spray or de
odorizer into the air for use in restaurants. These 
units accept a standard size aerosol spray can and 
use a battery driven timer and motor/gear system to 
depress the spray head periodically. Such a system 
could be readily modified to accept a paint can and 

dispense only would given a command signal. 
The metal paint can should not be placed below 

the inductive coil since false readings might result, 
therefore it is proposed to place the can and its 
actuation system on top of the robot to one side of 
the fan ducting. A small plastic pipe would then be 
required to transport the spray jet to the underside 
of the vehicle. 

Care will have to taken to avoid blockages in the 
tubing and to replace near empty paint cans, since 
the consequences could be literally fatal. 

Communications and Control Systems 

To keep the robot simple and reliable an 
autonomous operation is not recommended. Instead 
the robot will be controlled by a human operator 
situated in a safe position but one where the vehicle 
can be continuously observed. The operator would 
have a small joy-stick which would be used to 
control all in-plane (parallel to ground) motions, i.e. 
start, stop, left, right, forwards, and reverse. The 
communications link for this control would involve 
the use of a standard model-aircraft-type multi
channel radio control unit actuating proportional 
servos attached to side vents in walls of the main 
fan down-draught ducting. No control over hover 
will be provided. 

For the frrst prototype the human operator will 
also be in the mine detection-spray actuation loop. 
For the metal detector system the signal normally 
supplied directly from the electronics box to the 
head phones via a wire, will be sent via an RF link 
to the head phones which will still be worn by the 
remote operator. The operator will then listen to 
the metal detector in the normal way and make a 
decision regarding the presence or absence of a 
mine. If a mine is detected the operator will use 
another of the radio control channels to activate the 
spray can servo. 

Steering & 
Paint Control 

Joystick 

Figure 5. Communication and Control Links 
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Electronics 

Engine 
Search Coil 

Axial Flow Fan 

Servo-valve 
Steering Vent 

Figure 6. Overall Robot Hovercraft Configuration 

Later varients may take the operator out of the 
detector loop by using signal conditioning circuits 
and a micrprocessor to make a decision as to 
whether a mine has been detected or not. It may 
even be possible to remove any need for an 
operator by using on-board software to maneuver 
and navigate the vehicle for complete sweeping 
coverage along a predetermined path across the 
mine field. 
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Abstract 

This paper describes a programming framework to execute a petri net simulation and real-time control for 
an automated system. This framework allows for the creation of a simulation for a proposed flexible 
automated system, and for the simultaneous development of the control software using the same code for both 
the simulation and the real-time control. The framework uses timed petri nets with inhibitor arcs to both 
model and control the system. The transitions represent actions to be performed, and the places either the 
necessary conditions to implement an action, or the conditions that exist when the action is completed. Each 
transition is represented by a unique function which is used within the framework to execute the petri net. 
When completed the program will scan the ftrSt petri net and execute each transition in order if all of the input 
places are marked. The framework is designed to allow a hierarchical structure to the petri net model, and a 
modular approach to the construction of the model is used. A set of prototype functions in C are used to create 
the petri net model, with the user providing the necessary programming within the function itself. A time
based diagnostic feature is incorporated into the framework to detect problems during the operation of the 
actual system. This diagnostic feature only requires the input of maximum times for any given action, and can 
be activated for only selected actions or for all actions (or functions) that the petri net perfoiUlS. A sample 
application is provided to demonstrate the implementation of the framework for both the simulation and 
control of a simple robotic cell. 

I. INTRODUCTION 

A Flexible Automated System (FAS) consists of 
many concurrent tasks performed by variety of 
equipment such as machine tools, robots, automated 
guided vehicles, process controllers, etc. The ftrSt 
step taken in the design of an FAS is to create a 
simulation model of the proposed system to be used 
to predict the its performance in order to ensure that 
the actual system will perform as desired, or to 
investigate alternative solutions. Once a satisfactory 
performance is obtained, a control system which will 
monitor the activities in the system has to be 
designed. This additional effort might comprise up 
to 15%-30% of the total cost of the system [1]. 
However, if it was possible to develop the simulation 
model and the control system simultaneously it would 
ensure that the system will operate as expected and 
will reduce its cost. 

Previous work in this area includes [2] which 
details the Structured Analysis and Design 
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Technique or SADT which is a software package to 
simultaneously develop the simulation and control of 
an F AS. It uses the system requirements as input and 
then generates the corresponding petri net model. 
From this an automatic code generator creates the 
control software. Another proposal is presented in 
[3], which uses two different types of petri net 
software to simulate the system (Timed Colored Petri 
Nets), and another to control the system (Colored 
Petri Nets for Control). 

This paper presents a programming framework 
for the simultaneous development of both the 
simulation and control software for an F AS using 
petri nets, and includes an integral time-based 
diagnostic system as proposed in [4]. The framework 
presented in this paper extends the previous work by 
developing the simulation model and the control 
software in the same code, which reduces the 
verification and validation of two software packages. 
It also includes an integral time-based diagnostic 
system which is already implemented within the 



framework itself and only requires user input for 
process times. 

D. THEPROG~GFRAMEWORK 

This framework was designed to implement the 
modeling of a multi-leveled timed petri net with 
inhibitor arcs [5-8]. It provides the capability to 
develop a model for simulation purposes, and with 
the integration of external predefined functions to 
control the system itself. These functions are used as 
modules which are added to the program framework. 
Some programming in C might be required in order 
to make some modifications to the main program and 
to the functions. The major features of the system are 
listed below. 

1. Provides a program framework to implement the 
petri net for simulation and real-time control 
modes. 

2. Provides support for a multi-level petri net 
structure in order to allow the implementation of 
hierarchical models. 

3. Allows for any type of communications between 
the controller and PAS elements (RS 232, digital 
1/0 board, etc.) that is supported by C language. 

4. Provides a time-based diagnostic feature as an 
integral part of the framework, which features a 
data gathering mode, and can be activated for 
selected ttansitions or for all transitions in the petri 
nets. 

5. Incorporates a debug feature to test the petri net 
execution. 

The program implements a hierarchical set of 
predefined petri nets, where each ttansition 
represents an action to be performed by the system. 
The places of the petri net represent either a 
condition that is required to be true to perform the 
action (input place), or a condition that is satisfied by 
performing an action (output place). The program 
may be run in one of two modes, either the 
simulation model mode, or as a real-time control for 
anFAS. 

The program has an input section to define the 
input and output places for each ttansition, the initial 
markings for each petri net, as well as any other 
necessary input for the program. Each transition is 
represented by a unique function that is called by the 
main program. These functions are defined by the 
user from a set of prototype functions, as the 
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framework is intended to allow a modular approach 
to the creation of the petri net program. Six types of 
functions are defined up to now, but other types could 
be created using the existing types as a template. 
The prototype functions are intended to allow the 
user to create the final program with as little input as 
possible, although some programming is required. 
The six types of prototype functions created for the 
framework are listed below. 

1. Function which does not communicate to an 
external device or does communicate with an 
external device but no reply is required. At the 
completion of the code execution the function ends 
its trring 

2. Function which communicates with an external 
device but the reply will be received and used in 
another function. This function executes its code 
and sets a time limit within which the external 
signal is to be received, and then ends its trring 
(used in simulation model mode only). 

3. Function that executes its code and waits for an 
external device reply before completing its trring. 
In simulation mode this is represented by a 
duration time, the actual signal is used in the 
control mode. 

4.Function that executes its code and waits for 
external device reply from a signal sent by another 
function before completing its trring (In this 
instance the function will stop frring at or beyond a 
specific time set in another function (Type 2). This 
is used for simulation only. 

5. Function that transfers control to a petri net lower 
in the hierarchy 

6. Function that transfers control back to a petri net 
higher in the hierarchy 

The functions listed above may be modified by 
the user to carry out any type of task needed, and the 
framework is designed to allow the flexibility to 
incorporate any type of coding that is required. Once 
the petri nets have been defined and a unique 
function for each ttansition has been incorporated 
into the framework, the program can be executed. 

The program operates by testing each transition 
for frring in order beginning with the lowest 
numbered transition and continuing in ascending 
order until all transition have been teste.q. The 
program runs in an infinite loop until specifically 
ordered to stop. If the current marking of the petri 



net allows a transition to be frred the function for that 
u: :sition is immediately executed, and the marking 
ve( ~Or is updated by subtracting the arc weight from 
each of the input places. When the transition ends its 
ftring (or the function has executed its code) the 
marking vector is again updated by adding the 
requisite number of tokens to the output places, and 
then the next transition in order is tested. As the 
framework allows for a hierarchical system a 
transition may represent another separate petri net, 
and in this case if the transition fires the program 
transfers control to the petri net of lower hierarchy 
and this new net is scanned for transition ftrings. To 
transfer control back to the petri net of higher 
hierarchy a transition that calls this petri net must be 
executed. An example of the petri nets for this 
hierarchical structure will be shown in the next 
section. 

The petri net in Figure 1 will be used to 
demonstrate how the framework performs. Figure 2 
shows what the physical setup of the system 
controlled by this petri net might look like, and in 
this system the petri net represents an external 
control program for the robots. It is assumed that the 
process depends only on the presence of parts in the 
feeders and that the conveyor and pallets are always 
available. The initial marking for the petri net isM 
= (2,1,0,1,0). First, the program tests the lowest 
numbered transition, To, and as the input places of 
T 0 have sufficient tokens to allow ftring, the marking 
is changed to M = (0,0,0, 1,0) and the function 
corresponding to To is executed. This function sends 
a signal to the robot to execute code within its own 
controller, and then continues scanning the net. The 
completion of task will be detected in later scan and a 
token will be added to P2. When To has completed 
ftring the program will change the marking to M = 
(0,0,1,1,0), and the program will then test T1 for 
ftring, the marking will be updated, and the function 
corresponding to T 1 will then be executed. 

Finally, when T 1 has completed its ftring the, 
marking will be updated toM= (0,0,0,0,1) , and the 
petri net will be scanned until the markings for To 
and T 1 have sufficient tokens to frre the transition. 
The simple petri net shown will be executed 
indefinitely as a specific transition to stop the infinite 
loop of the program is required. 

The updating of tokens in Po, P1, and P3 would 
have to be done by incorporating a communications 
program to test for the presence of parts using 
external signals. The framework allows for any type 
of communications program to interface with 
external devices, whether an RS232, digital 1/0 or 
other type of communications. Within the framework 
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the communications links can be polled, and the 
markings of any petri net set according to the 
received messages. It is up to the user to provide 
such a package, and to integrate it into the 
framework. It is anticipated that this can be done by 
using a commercially available library of 
communications functions which will allow the 
communications links to be polled before the 
transitions of the current petri net are checked for 
ftring. This was done for the application of this 
framework to a robotic cell as explained in the next 
section. 

Beyond the basic options for the program the 
framework also provides some additional options for 
the user: 
1. Priority setting - A method of setting priorities 

which determines which transition will receive a 
token from a shared input place. In the basic 
framework a lower numbered transition will 
always have priority to take a token from a shared 
input place, as it is being tested before a higher 
numbered transition and thus has priority for 
tokens from any shared input places. A method to 
change the order in which the transitions are tested 
is provided in the framework to allow for a higher 
numbered transition to be tested before a lower 
numbered one, and thus have higher priority. The 
user must program this section to determine in 
what order the transitions of a given net will be 
tested, such as a rotating priority for a given set of 
transitions and so on. This is a default and no user 
programming is required to implement this priority 
scheme. 

2. Diagnostics - The diagnostic option has two 
modes: a data gathering and a real-time system 
diagnostic mode. In the frrst mode the duration 
time for each transition is recorded to a ftle which 
can be analyzed later by the user. In the other 
mode, the system tracks the duration time of each 
transition, compares it to a preset value and sets an 
error flag if the time exceeds that value. These 
preset time values are provided by the user and 
represent estimates for process times. If these 
times are not known accurately enough then a data 
gathering mode can be activated to find the times 
from actual operation. The diagnostic system can 
be activated to check only selected transitions 
instead of all transitions if this is desired. 

ill. SAMPLE APPLICATION OF THE 
FRAMEWORK 

The above framework was used to simulate and 
control a robotics cell that loads and unloads ICs to a 



test machine. Figure 3 describes the layout of the cell 
except the PC used to run the petri net program and 
communicate with the robot controller through an 
RS232 communications link. The major elements of 
the cell include: 
1. A Seiko RT3000 robot. 
2. An end effector with two suction pads mounted at a 

90 degree angle from each other, equipped with a 
set of vacuum and blow generators to handle the IC 
chips .. 

3. A failure bin containing 32 bins. 
4. Two boxes containing 11 trays each for input and 

output of the ICs. Each tray contains 88 ICs in an 
8 by 11 array. 

5. A fixture for temporary holding of a chip if 
reorientation of the chip is needed. 

6. A fixture to hold the chip during the test. 
7.A PC to run the program and communicate with 

the robot controller and test machine. 

The loading/unloading tasks are performed as 
follows: f'rrst the robot pulls out an input and output 
tray from the tray boxes, and picks up two chips from 
the input tray using the suction pads on the end 
effector. A chip is loaded into the test fixture and a 
signal is sent to the test machine to start the test. At 
the end of the test the robot picks up the tested chip 
and immediately loads a new (untested) chip into the 
test f'txture from the other arm of the end effector. If 
a retest or a rotation of the tested chip is necessary 
this is done before loading a new chip. Once the new 
chip has been placed in the test fixture a start signal 
is sent to the test machine. While the new chip is 
being tested, the robot places the tested chip into the 
output tray or in a failure bin depending on the 
outcome of the test. A new chip is then picked up 
from the input tray and the robot waits for the test 
machine to send a signal indicating the end of the 
test. The cycle is repeated until all of the chips have 
been tested. When an input tray is empty (or an 
output tray full) the robot pulls a new tray from the 
tray box and continues with its cycles. 

The cell controller was designed using the 
hierarchical feature provided by the framework. The 
highest level petri net (supervisory) was designed to 
represent the overall control system while the lower 
nets in the hierarchy represent the detailed actions 
for each sequence as detailed below: 

1. Initialization - Here communication between the 
controller and the robot controller is established, 
and production information (e.g. number of ICs to 
be processed) is read. 
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2. Startup Sequence - Prepare the system to process 
the first IC. 

3. Cycle Sequence - Run the specified number of 
typical cycle in which one IC is processed. 

4. End Sequence - Perform actions· to end test after 
Cycle Sequence is complete. 

A program within the robot controller was used 
to control the individual moves required to perform 
variety of tasks. These tasks were performed upon 
request from the petri net controller. These control 
signals sent to and received from the robot controller 
through an RS232 communications link. 
Commercially available software for serial 
communications was incorporated into the 
framework. The corresponding communication port 
was checked at every scanning cycle of the petri net 
program for messages from the robot to indicate 
completion of a task (and the end of ruing for a given 
transition). 

The supervisory level petri net is shown in 
Figure 4. In this net there are 4 separate events, 
listed above, which must be executed in sequence. 
The arc weights marked N, which are outputs from 
To and T 1, are dependent on the number of chips to 
be processed. This number represents the number of 
times that the Cycle sequence must be run, and the 
value is two less than the number of chips being 
tested. This is because the last two chips to be 
processed are handled by the End sequence. · 

Once the system has been initialized (T 0 or 
function 1 in the program}, Startup sequence is 
executed, then the Cycle sequence is performed 
which processes one chip every time this sequence is 
run. After all chips have been processed, except the 
last two ICs, the End sequence is run to process these 
last two chips and to end the petri net program. 

The unlabeled transitions (T 2 and T 5) exist to 
ensure that the end sequence is run at the proper 
time. When the cycle sequence ends its f'tring and 
executes its output function, a token is transmitted to 
P7. If tokens are allowed to accumulate in P7 this 
would cause the end sequence to be run at the wrong 
time as it must run after the cycle sequence has 
completed its last cycle. To avoid this T 5 removes a 
token every time the cycle sequence ends, and then 
sends a token to P9 which enables T2 and the process 
starts all over again. 

The supervisory level net has initial markings of 
M[O][O] = M[0][6] = M[0][8] = 1. M[x][y] 
represents the marking of place [y] in network [x]. 
The token at Po starts the system running, and the 
tokens at P6 and P8 are to allow T3 and T2 to fire in 
proper sequence. 



The subnet that corresponds to the Startup 
sequence is shown in Figure 5 (net 1). The tasks 
monitored by this net are: 
1. Pull out an input tray and an output tray to provide 

access to the chips and an area to place those that 
pass the tests (system assumes that all trays are 
inside the boxes at initialization) 

2. Pick up two chips from the input tray, one for each 
arm of the end effector 

3. Load one chip into the test fixture and send a start 
signal to the test machine 

Once these steps have been completed the system 
is ready to run the Cycle sequence and this net 
transfers back to Net 0. 

The simulation model created for this 
application was run, and a portion of the output file 
is shown below. As no performance goals were 
specified, and good estimates for the transition times 
were not known the simulation model was used to 
check the task sequences only. The order of 
transition execution that this represents is shown in 
Figure 6. The printout contains the unique function 
number and the times when the transition began 
firing and ended llring, and is shown as Figure 7. 

The petri net program was successfully used to 
control the cell. A sample of the debug ftle run 
during the program is shown in Figure 8. There are 
two additional parameters added to the debug ftle, 
que and ctoit. The que parameter represents the 
number of characters in the receive queue, and ctoit 
·is the message sent from the robot 

The diagnostic options for both the time 
recording of transition firing, and a test of the 
diagnostic system were done during the run described 
in the last section. The ftle for both of these options 
is shown in Figure 9. The number listed describes 
the firing time of the specified transition in seconds. 
A test of the diagnostic system was done by setting 
the maximum time variables for transitions 0 and 1 
(of net 1) to 3 seconds and 5 seconds respectively. 
This ftle contains the messages for the transitions 
that have exceeded the maximum allowable time, 
referred to as a timeout. The message will repeat 
until the transition has ended firing as the error flag 
is not reset until the transition ends frring. This file 
represents the execution of tasks shown in Figure 6. 

IV. CONCLUSIONS 

The programming framework introduced in this 
paper has been successfully tested and implemented 
on an actual robotics cell, and the major features of 
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the framework were demonstrated. In particular, the 
hierarchical structure allows the control program to 
be executed by a distributed computer system. 

The integral real-time diagnostics system 
provides for the detection of failure of equipment as 
well as for deviations between expected and actual 
performance of each task. As a result, once a task is 
not being performed within a specific margin about 
its optimum, the operator will be alerted to take a 
corrective action. This will improve the overall 
system performance. 

Further work with the programming framework 
to simplify the building of the final program will 
need to be done to make this program more useful 
and user friendly. 
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Part 2 Assemble 
P~rts L 2 

Part 3 jlldd part 3 

to suba:s:s~mb I~ 

Completed 
assembl~ 

Figure 1: A task based petri net model of an example assembly. 

Part 
1 

Part 
2 

Robot 1 

Part 
3 

Robot 2 

Figure 2: Physical setup of robotics cell controlled by the petri net of Figure 1. 
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TEST FIXTURE 

OUTPUT TRAY 
BOX 

TRAY 

Figure 3: Top view of robotics cell. 

- 159-



IHITIALIZATIOH 

SEQUENCE <HET 1> 

CYCLE SEQUENCE <HET 2) 

END SEQUENCE <HET 3) 

Figure 4: Supervisory level petri net (net 0). 

PULL OUT INPUT PALLET 

PULL OUT OUTPUT PALLET 

PICKUP NEJ.I CHIP <ARM B> 

PICKUP NEJ.I CHIP <ARM A> 

LOAD CHIP <ARM A> 

SEND START SIGNAL 
TO TEST MACHINE 

TRANSFER BACK TO 
MAIN NET <HET 8) 

Figure 5: Startup sequence petri net (Net 1). 
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NETO 

NET 1 

NETO 

Figure 6: Order of transition execution for example printouts. 

Beginning of Simulation 
Executed fin 1, Begin firing = 0.0()()()()(), end firing = 1.100000 
Executed fin 2, Begin firing= 1.150000, end tiring= 2.350000 
Executed fin 7, Begin firing = 2.350000 
Ftn 7 ended firing at 4.100000 
Executed ftn 8, Begin tiring = 4.150001 
Ftn 8 ended tiring at 6.000001 
Executed fin 9, Begin luing = 6.050001 
Ftn 9 ended tiring at 8.000001 
Executed ftn 10, Begin luing = 8.050001 
Ftn 10 ended tiring at 10.100001 
Executed ftn 11, Begin firing= 10.150002 
Ftn 11 ended firing at 12.300002 
Executed ftn 12, Begin firing = 12.350002, end firing = 14.550002 
Executed ftn 13, Begin firing = 14.600002, end firing = 16.900002 

Figure 7: Example file for simulation model. 
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Beginning of Debug File 
Net 0, Marking 0 = 1 
Net 0, Marking 6 = 1 
Net 0, Marking 8 = 1 
Loop number 1, que= 0 Receive queue is empty 
Executed ftn 1 
Net 0, Marking 1 = 4 
Net 0, Marking 2 = 1 
Net 0, Marking 6 = 1 
Net 0, Marking 8 = 1 
Loop number 2, que = 0 
Executed ftn 2 
Net 1, Marking 0 = 1 
Loop number 3, que = 0 
Executed ftn 7 
ctoit = 2000 Message from robot (completed TO (fin 7) of net 1) 
Loop number 317 

Figure 8: Debug ftle from the real-time control mode operation. 

Net 0, Transition 0 = 12.912088 to (ftn 1)firing time= 12.9 seconds 
Net 1, Transition 0 timeout of 3.000000 (repeat 64 times) 
Net 1, Transition 0 = 6.428572 
Net 1, Transition 1 timeout of 5.000000 (repeat 22 times) 
Net 1, Transition 1 = 6.208791 t1 (ftn 8) timed out after 5 seconds 
Net 1, Transition 2 = 3.736264 
Net 1, Transition 3 = 3.131867 
Net 1, Transition 4 = 4.395603 
Net 1, Transition 5 = 0.000000 
Net 0, Transition 1 = 25.549450 

Figure 9: Time recording and diagnostic file for real-time control run. 

- 162-
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Abstract 

This paper proposes an estimation technique which employs measures of information for nonlinear 

systems. General recursive estimation and in particular the /(a/man filter i~ discussed. A Bayesian 

approach to probabilistic information fusion is outlined. The notion and measures of information 

are defined. This leads to the derivation of the algebraic equivalent of the Kalman filter, the 

{linear) information filter. The characteristics of this filter and the advantages of information 

space estimation are discussed. State estimation for systems with nonlinearities is considered 

and the extended Kalman filter treated. Linear information space is then extended to nonlinear 

information space by deriving the extended information filter. This establishes all the necessary 

mathematical tools required for exhaustive information space estimation. The advantages of the 

extended information filter over the extended Kalman filter are presented and demonstrated. 

This extended information filter constitute an original and significant contribution to estimation 

theory made in this paper. It forms the basis of the decentralized estimation and control methods. 

Keywords: estimation, nonlinearities, information filter, data. fusion. 
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1 Introduction 

All data fusion problems involve an estimation process. An estimator is a decision rule which 

takes as an argument a sequence of observations and whose action is to compute a value for the 

parameter or state of interest. The /(alman filter is a recursive linear estimator which successively 

calculates a minimum variance estimate for a state, that evolves over time, on the basis of periodic 

observations that are linearly related to this state. 

1.1 Systen1 Descriptio11 

A very specific notation is adopted to describe systems throughout this paper [1]. The state of 

nature is described by an n-dimensional vector x=[x~, x 2, ... , xn]T. Measurements or observations 

are made of the state of x. These are described by an m-dimensional observation vector z. 

A linear discrete time system is described as follows, 

x(k) = F(k)x(k- 1) + B(k)u(k- 1) + w(k- 1), (1) 

where x(k) is the state of interest at time k, F(k) is the state transition matrix from time (k-1) to 

k while, u(k) and B(k) are the input control vector and matrix, respectively. w(k) "J JV(O, Q(k)) is 

the associated process noise modelled as an uncorrelated, zero mean, white sequence with process 

. . 
noise covanance, 

E[w( i)wT (j)] = bijQ( i). 

The system is observed according to the linear discrete equation 

z(k') = H(k)x(k) +v(k), (2) 

where z( k) is the vector of observations made at time k. H( k) is the observation matrix or model 

and v(k) rv N(O, R(k)) is the associated observation noise modelled as an uncorrelated white 

sequence with measurement noise covariance, 

E[v( i)vT (j)] = <5iiR( i) . 

It is assumed that the process and observation noises are uncorrelated, 

E[v(i)wT(j)] = 0. 
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INITIALISE 

' 
PREDICTION 

I 

OBSERVATION 

II 

ESTIMATION 

Figure 1: Kalman Filter Stages 

The notation due to Barshalom [1] is used to denote the estimate of the state x(j) at time i given 

information up to and including time j by 

x(i I j) = E [x(i) I z(1), ... z(j)] 

This is the conditional mean, the minimum mean-square error estimate. This estimate has a 

corresponding variance given by 

P(i I j) = E [(x(i)- x(i I j)) (x(i)- x(i I j))T I z(l), ... z(j)] (3) 

1.2 Kalman Filter Algorithm 

A great deal has been written about the Kalman filter and estimation theory in general [1], [2], 

[7]. An outline of the Kalman filter algorithm is presented here without derivation. Figure 1 

summarises its main functional stages. For a system described by Equation 1 and being observed 
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according to Equation 2, the Kalman filter provides a recursive estimate :X( k I k) for the state 

x( k) a.t time k given all information up to time k in terms of the predicted state :X( k I k - 1) and 

the new observation z( k) [5]. The one-step-ahead prediction, :X( k I k - 1), is the estimate of the 

state at a time k given only information up to time ( k- 1 ). The Kalman filter algorithm may be 

summarised in two stages: 

Prediction 

Estimation 

x(k 1 k- 1) = F(k)x(k- 1 1 k- 1) + B(k)u(k) 

P(k I k- 1) = F(k)P(k- 1 I k- l)FT(k) + Q(k) 

x(k 1 k) = [1- W(k)H(k)] x(k 1 k- 1) + W(k)z(k) 

P(k I k) = P(k I k- 1)- W(k)S(k)WT(k), 

where the gain matrix is given by 

W(k) = P(k 1 k- I)Hr(k)s-1(k), 

the innovation covariance by 

S(k) = H(k)P(k I k- l)HT(k) + R(k), 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

and 1 is the identity matrix. From Equation 6, the Kalman filter state estimate can be inter

preted as a linear weighted sum of the state prediction and observation. The weights in this 

averaging process are {1- W(k)H(k)} associated with the prediction and W(k) associated with 

the observation. The values of the weights depend on the balance of confidence in prediction and 

observation as specified by the process and observation noise covariances. 

2 The Information Filter 

The information filter is essentially a Kalman filter expressed in terms of measures of information 

about the parameters (states) of interest rather than direct state estimates and their associated 

covariances. This filter has also been called the inverse covariance form of the I<alman filter (2], 

[7]. In this section, the contextual meaning of information is explained and the information filter 

derived. 
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2.1 Information Space 

Bayesian Theory 

The probabilistic information contained in z about x is described by the probability distribution 

function, p( z jx), known as the likelihood function. Such information is considered objective because 

it is based on observations. The likelihood function contains all the relevant information fro1n 

the observation z required in order to make inferences about the true state x. This leads to 

the formulation of the likelihood principle. It states that, all that is known about the unknown 

state is what is obtained through experimentation and so the likelihood function contains all the 

information needed to construct an estimate for x. However, the likelihood function does not 

give the complete picture, if before measurement, information about the state x is made available 

exogenously. Such a priori information about the state is encapsulated in the prior distribution 

function p(x) and is regarded as subjective because it is not based on any observed data. How 

such prior information and the likelihood information interact to provide a posteriori (combined 

prior and observed) information, is solved by Bayes theorem which gives the posterior conditional 

distribution of x given z, 

p(x, z) - p(xjz)p(z) 

- p(zlx)p(x) 

¢:> p( xlz) -
]J(zlx)p(x) 

p(z) 
(10) 

where p(z) is the marginal distribution. In order to reduce uncertainty several measurements may 

be taken over time before constructing ·the posterior. The set of all observations up to time k is 

defined as 

zk ~ {z(1),z(2), ... ,z(k)}. (11) 

The corresponding likelihood function is given by 

(12) 

This a measure of how "likely" a parameter value x is, given that all the observations in zk are 

made. Thus the likelihood function serves as a measure of evidence from data. The posterior 

- 167 -



distribution of x given the set of observations zk is now computed as 

(13) 

It can also be computed recursively after each observation z( k) as follows 

( l
zk) = p(z(k)lx)p(xlzk-l) 

p x p(z(k)IZk-I) . (14) 

In this recursive form there is no need to store all the observations. Only the current observation 

z( k) at step k is considered. This recursive definition has reduced memory requirements and hence 

it is the most commonly implemented form of Bayes theorem. 

Measures of Information 

The term information is employed in the Fisher sense, i.e a measure of the amount of information 

about a state x present in the set of observations zk, up to time k. The score function, sk(x), is 

defined as the gradient of the log-likelihood function, 

(15) 

The Fisher information matrix, :1 ( k), is then defined as the covariance of the score function, 

:J(k) (16) 

Expressing this result as the negative expectation of the Hessian of the log-likelihood gives 

(17) 

The notion of Fisher information is useful in estimation and control. It is consistent with informa-

tion in the sense of the Cramer-Rao lower bound (CRLB) [2]. According to the CRLB, the mean 

squared error corresponding to the estimator of a parameter cannot be smaller than a certain 

quantity related to the likelihood function. Thus the CRLB bounds the mean squared error of 

any unbiased estimator of x. 

E[{x(k)- x(k I k)}{x(k)- x(k I k)}Tizk] 2:: :r-l (k). (18) 
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In this way the covariance matrix of an unbiased estimator is bounded from below. From Equation 

18, it follows (by definition) that the CRLB is the inverse of the Fisher Information matrix, :J ( k ). 

This is a very important relationship. A necessary condition for an estimator to be consistent in 

the mean square sense is that there must be an increasing amount of information (in the sense 

of Fisher) about the parameter in the measurements, i.e the Fisher information has to tend to 

infinity as k --+ oo. The CRLB then converges to zero as k --+ oo and thus the variance can also 

converge to zero. Furthermore, if an estimator's variance is equal to the CRLB, then such an 

estimator is called efficient. 

Consider the expression for the Fisher information matrix in Equations 16 or 17. In the par-

ticular case where the likelihood function, Ak(x), is Gaussian, it can be shown that the Fisher 

information matrix, .J(k), is equal to the inverse of the covariance matrix P(k I k), that is, the 

CRLB is the covariance matrix. This is done by considering the probability distribution func

tion of a Gaussian random vector x( k) whose mean and associated covariance are x( k) and E 

respectively. 

p(x(k)) .N (x(k), x(k), E) 

1 ([x(k)- x(k)]T E-1 [x(k)- x(k)]) 
exp-

~det(E) 2 · 

Substituting this distribution in Equation 17, 

.J(k) 

- -E [v x \7 x Tzn p(Zk lx(k))] 

[ 

T { [x(k)-x(k I k)]TP-1(k 1 k)[x(k)-x(k 1 k)] ( ~ )}] 
- E \7x\7x 2 + In y27r(P(k I k)) 

- E[P-1 (k I k)] 

p-l(k I k) 

( - CRLB- 1
). 

Assuming Gaussian noise and minimum mean squared error estimation gives, 

.J(k) == p- 1 (k I k). 
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This information matrix or the inverse of the covariance matrix, is central to the filtering tech

niques employed in this thesis . Although the filter constructed from this information space is 

algebraically equivalent to the Kaln1an filter, it has been shown to have advantages over the 

Kalman filter in multisensor data fusion applications. These include reduced computation, al

gorithmic simplicity and easy initialisation. In particular these attributes make the information 

filter, easier to decouple, decentralize and distribute. These are important filter characteristics in 

multisensor data fusion systems. 

2.2 lttforlttation Filter Derivatio11 

The two key information-analytic variables are the information matrix and information state 

vector. The information matrix has already been derived above as the inverse of the covariance 

matrix, 

Y(i I j) A p-l(i I j). (23) 

The information state vector is a product of the inverse of the covariance matrix (information 

matrix) and the state estimate. 

y(i 1 i) A p-1(i 1 i)x(i 1 j). (24) 

The variables, Y(i I j) and y(i I j), form the basis of the informatio:1. space ideas that are central 

to the work presented in this thesis. The information filter .is derived as follows, 

1-W(k)H(k) - (P(k I k- 1)- W(k)H(k)P(k I k- 1)] p-l(k I k- 1) 

- [P(k 1 k- 1)'- W(k)S(k)S-1(k)H(k)P(k 1 k- 1)] p-1(k 1 k- 1) 

- [P(k I k- 1)- W(k)S(k)WT(k)] p-l(k I k- 1) 

- P(k I k)P-1 (k I k- 1). (25) 

Substituting the expression of the innovation covariance into the filter gain matrix gives 

W(k) = P(k I k- 1)HT(k)[H(k)P(k I k- 1)HT(k) + R(k)]-1 

{:> W(k)[H(k)P(k I k- 1)HT(k) + R(k)] = P(k I k- 1)HT(k) 

{:> W(k)R(k) = [1- W(k)H(k)]P(k I k- 1)HT(k) 

- 170-



{::} W(A~) = [1- W(k)H(k)]P(k I k- l)HT(k)R-1 (k). (26) 

Substituting Equation 25 into Equation 26 gives 

(27) 

Substituting Equations 25 and 27 into Equation 6 and pre-multiplying through by p-l ( k I k) gives 

the update equation for the information-state vector a.s 

p-1(k 1 k)x(k 1 k) == p-1(k 1 k -1)x(k 1 k- 1) + Hr(k)R-1(k)z(k), 

or 

y(k I k) == y(k I k- 1) + HT(k)R-1(k)z(k). (28) 

A similar expression can be found for the information matrix associated with this estimate. From 

Equations 7, 8 and 25 we have 

P(k I k) == [1- W(k)H(k)] P(k I k- 1)[1- W(k)H(k)]T + W(k)R(k)WT(k). (29) 

Substituting in Equations 25 and 27 gives 

P(k I k) == [P(k I k)P-1(k I k- 1)] P(k I k- l)[P(k I k)P-1(k I k- l)]T 

+ [P(k I k)HT(k)R-1(k)] R(k) [P(k I k)HT(k)R-1(k)]T (30) 

Pre and post-multiplying by p~l ( k I k) then simplifying gives the information matrix update 

equation as 

or 

Y(k I k) == Y(k I k -1) + HT(k)R-1 (k)H(k). 

Defining 

as the information-state contribution from a.n observation z( k), 

I(k) ~ IIT(k)R-1(k)II(k) 
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as its associated information matrix, and 

L( k I k- 1) = p-1 (k I A~- 1 )F( k )P( k- 1 I k- 1) (35) 

as a propagation coefficient {independent of the observations made), the linear l(alman filter may 

now be written in terms of the information state vector and the information matrix; 

Prediction 

Estimation 

y( k I k - 1) = L( k I k - 1 )y( k - 1 I k - 1) 

Y(k I k- 1) = [F(k)Y-1(k- 1 I k- 1)FT(k) + Q(k)] -
1 

y(k I k) = y(k 1 k- 1) + i(k) 

y ( k I k) = y ( k I k - 1) + I( k). 

(36) 

(37) 

(38) 

(39) 

This is the information form of the Kalman filter, [8], [6]. Despite its potential applications, it 

is not widely used and it is thinly covered in literature. Barshalom [2] and Maybeck [7] briefly 

discuss the idea of information estimation, but do not explicitly derive the algorithm in terms of . 

information as done above, nor do they use it as a principal filtering method. 

2.3 Filter Characteristics 

By comparing the implementation requirements and performance of the Kalman and information 

filters a number of attractive features of the latter are identified: 

• The information estimation Equations 38 and 39 are computationally simpler than the state 

estimation Equations 6 and 7. This can be exploited in partitioning these equations . in · 

decentralized multisensor estimation. 

• Although the information prediction Equations 36 and 37 are more complex than Equa

tions 4 and 5, prediction depends on a propagation coefficient which is independent of the 

observations. It is thus again easy to decouple and decentralize. 
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• There a.re no gain or innovation covanance matrices and the maximum dimension of a 

matrix to be inverted is the state dimension. In multisensor systems the state dimension 

is generally smaller than the observation dimension, hence it is preferable to employ the 

information filter and invert smaller information matrices than use the Kalman filter and 

invert larger innovation covariance matrices. 

• Initialising the information filter is much easier than for the Kalman filter. This is because 

information estimates (matrix and state) are easily initialised to zero information. However, 

in order to implement the information filter a start up procedure is required, where the 

information matrix is set with small non-zero diagonal elements to make it invertible. 

These characteristics are useful in the development of decentralized data fusion and control sys

tems. Consequently, the work in this thesis employs information space estimation as the principal 

filtering technique. 

3 The Extended Kalman Filter (EKF) 

In almost all real data fusion problems the state or environment of interest does not evolve linearly. 

Consequently simple linear models will not be adequate to describe the system. Furthermore, the 

sensor observations may not depend linearly on the states that describe the environment. A 

popular approach to solve nonlinear estimation problems has been to use the extended Kalman 

filter (EKF) [I] [3]. This is a linear estimator for a nonlinear system obtained by linearisation of 

the nonlinear state and observations equations. The derivation of the EKF follows from arguments 

of linearisation and the Kalman filter algorithm. 

3.1 Nonlinear State Space 

The system of interest is described by a non-linear discrete-time state transition equation in the 

form 

x(k) = f (x(k- I), u(k- I), (k- I))+ w(k), (40) 

where x( k - 1) is the state at time k- 1, u( k - 1) is a known input vector, w( k) is some additive 

process noise, x( k) is the state at timestep k, and f( ·, ·, k) is a non-linear state transition function 
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mapping previous state and current control input to the current state. It is assumed that obser

vations of the state of this system are made according to a non-linear observation equation in the 

form 

z(k) = h (x(k), k) + v(k), ( 41) 

where z( k) is the observation made at time k, x( k) is the state at time k, v( k) is some additive 

observation noise, and h( ·, k) is a. non-linear observation model mapping current state to observa

tions. It is assumed that the noises v( k) and w( k) are all linearly additive Gaussian, temporally 

uncorrelated with zero-mean 

E[w(k)] = E[v(k)] = 0, Vk, 

and corresponding covariance 

E[w( i)wT (j)] = hijQ( i), E[v( i)vT (j)] = hijR( i). 

It is also assumed that the process and observation noises are uncorrelated 

E[w(i)vT(j)] = 0, V'i,j. 

3.2 Su1n1nary of EKF Algorithm 

The derivation of the EI(F follows from that of the linear l(alman filter, by linearising state and 

observation models using Taylor's series expansion [7] [2]. A summary of the EI<F algorithm is 

presented here without derivation. 

Prediction 

Estimation 

x(k 1 k- 1) = r (x(k- 1 1 k- 1), u(k- 1), (k- 1)) 

P(k I k- 1) = \7fx(k)P(k- 1 I k- 1)\7fx T(k) + Q(k- 1) 

x(k 1 k) = x(k 1 k- 1) + W(k) [z(k)- h(x(k 1 k- 1))] 

P(k I k) = P(k I k- 1)- W(k)S(k)WT(k) 
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where 

( 46) 

and 

S(k) = \7hx(k)P(k I k- l)Yhx T(k) + R(k). (47) 

The Jacobians Yfx(k) and \7hx(k) are typically not constant, being functions of both state and 

tin1estep. It is clearly evident that the EKF is very similar to the Kalman filter algorithm, with 

the substitutions F--+ Yfx(k) and H--+ Yhx(k) being made in the equations for the variance and 

gain propagation. 

It is prudent to note a number of problematic issues specific to the EKF. Unlike the linear filter, 

the covariances and gain matrix must be computed on-line as estimates and predictions are made 

available, and will not in general tend to constant values. This significantly increase the amount of 

computation which must be performed on-line by the algorithm. Also, if the nominal (predicted) 

trajectory is too far away from the true trajectory then the true covariance will be much larger 

than the estimated covariance and the filter will become poorly matched. This might lead to 

severe filter instabilities. Lastly, the EI{F employs a linearised model which must be computed 

from an approximate knowledge of the state. Unlike the linear algorithm, this means that the 

filter must be accurately initialised at the start of operation to ensure that the linearised models 

obtained are valid. All these issues must be taken into account in order to achieve acceptable 

performance for the EKF. 

4 The Extended Information Filter (ElF) 

4.1 Nonlinear Infor1nation Space 

In this section the linear information filter is extended to a linearised estimation algorithm for 

nonlinear systems. The general approach is to apply the principles of the EKF and those of the 

linear information filter in order to construct a new estimation method for nonlinear systems. 

This generates a filter that predicts and estimates information about nonlinear state parameters 

given nonlinear observations and nonlinear system dynamics [9]. All the computation and track-
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ing is in information space. The new filter will be termed the extended information filter (ElF) 

and is the major novel contribution of this chapter. In addition to providing a solution to the 

nonlinear estimation problem, the ElF also has all the advantages of the information filter and 

resolves some of the problems associated with the EKF. In p·articular, information space allows 

easy initialisation of matrices and vectors. Given the importance of accurate initialisation when 

using linearised models, this is an extremely desirable characteristic. A major drawback of the 

El(F is excessive computational burden. Carrying out the prediction and estimation processes 

in terms of information will significantly reduce this load by simplifying the prediction and es

timation equations. These equations are then easily partitioned and decentralized. It is argued 

that estimation for nonlinear systems, in particular multisensor systems, is best carried out using 

information variables rather than state variables. 

4.2 ElF Derivation 

The derivation of the extended information filter uses principles from both the derivations of 

the information filter and the EKF. The ElF cannot be extrapolated from these two filters in 

an obvious manner. This is because in the nonlinear case, the function operator h cannot be 

separated from x( k) in the nonlinear observation equation, 

z(k) = h (x(k), k) + v(k), (48) 

and yet the derivation of the information filter depends on this separation, which is possible in the 

linear observation equation. 

From the EI(F equations it follows that, 

1- W(k)\7hx(k) - [P(k I k- 1)- W(k)\7hx(k)P(k I k- 1)]P-1(k I k- 1) 

[P(k I k- 1) - W(k ){S(k)S-1(k)} \7hx(k) X 

P(k I k- 1)]P-1(k I k- 1) 

[P(k I k- 1)- W(k)S(k)WT(k)]P-1(k I k- 1) 

¢? 1- W(k)\7hx(k) P(k I k)P- 1(k I k- 1). 
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Similarly, 

W(k) = P(k I k- l)\7hx T(k)[\7hx(k)P(k I k-_ l)\7hx T(k) + R(k)]-l 

{:} W(k)[\7h$(k)P(k I k- 1)\7hx T(k) + R(k)] = P(k I k- l)\7hx T(k) 

{:} W(k)R(k) = (1- W(k)\7hx(k)]P(k I k- 1)\7hx T(k). 

Substituting Equation 49 into this expression gives 

W(k) = P(k I k)\7hx T(k)R-1 (k). (50) 

In order to use Equations 49 and 50 to derive the ElF, the EKF state estimation Equation 44 

must be expressed in the same form as that for the conventional Kalman filter. This is done by 

adding and subtracting the term W(k)\7h$(k)x(k I k- 1) to the left hand side of Equation 44 

(addition of zero): 

x(k 1 k) - x(k 1 k -1) + W(k) [z(k)- h(x(k 1 k -1))] 

- x(k 1 k- 1)- W(k)\7h$(k)x(k 1 k- 1) + W(k) [z(k)- h(x(k 1 k- 1))] + 

W(k)Vhx(k)x(k I k- 1) 

- [1- W(k)Vhx(k)]x(k I k- 1) + W(k) [v(k) + Vhx(k)x(k I k -_1)] 

- [1- W(k)Vhx(k)]x(k I k- 1) + W(k)z'(k), 

where z'( k) is the 'equivalent' linearised observation vector, 

z'(k) = v(k) + Vhx(k)x(k I k- 1), 

and the innovation vector is given by, 

v(k) = z(k)- h(x(k I k- 1)). 

(51) 

(52) 

(53) 

Equation 51 is now in a form similar to that of a linear Kalman filter. The derivation of the ElF 

then proceeds by substituting Equations 49 and 50 into Equation 51. 

x(k I k) - [1- W(k)Vhx(k)]x(k I k- 1) + W(k)z'(k) 

- [P(k I k)P-1 (k I k- l)]x(k I k- 1) + [P(k I k)Vhx T(k)R-1(k)]z'(k). 
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Pre-n1ultiplying both sides by p-I ( k I k) gives; 

p- 1 (k 1 k)x(k 1 A7) = [P- 1 (k 1 k)P(k 1 k)P- 1 (k 1 k- 1)]x(k 1 k- 1) + 

[P- 1 (k I k)P(k I k)\7hx T(k)R-1 (k)]z'(k) 

p- 1 (k I k- 1)x(k I k- 1) + \7hx T(k)R- 1 (k)z'(k) 

{:} y(k 1 k) y(k 1 k- 1) + i(k). (54) 

This is the extended inforn1ation estimation equation where the information contribution from 

nonlinear observation z( k) is given by 

i(k) = \7hx T(k)R- 1(k)z'(k), (55) 

where z'(k) is the 'equivalent' linearised observation given by Equation 52. z'(k) gives an ex

pression of the system observation if the nonlinear system is replaced by an equivalent linearised 

system. It depends on the innovation, the state prediction and the Jacobian evaluated at this 

prediction. 

To compute the information matrix update, Equations 49 and 50 are substituted into the EI<F 

variance update equation, 

P(k I k) - [1- W(k)\lhx(k)]P(k I k- 1)[1- W(k)\lhx(k)]T + W(k)R(k)WT(k) 

- [P(k I k)P-1(k I k- 1)]P(k I k -1)[P(k I k)P-1(k I k- 1)]T + 

[P(k I k)\lhx T(k)R-1 (k)]R(k)[P(k I k)\7hx T(k)R-1(k)]T. ' (56) 

Pre and postmultiply by p-t ( k I k) on both sides gives 

{:} p-l(k I k) - p-l(k I k- 1) + \7hx T(k)R-1(k)\7hx(k) 

{:} y ( k I k) - y ( k I k - 1) + I( k). 

(57) 

(58) 

This is the linearised information matrix update equation where the associated matrix contribution 

is given by 

(59) 
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To obtain the corresponding prediction equations, consider the EKF state and variance prediction 

equations. Pre-multiplying the state prediction Equation 42 by p-I ( k I k - 1) and inverting the 

variance prediction Equation 43 gives the information vector prediction, 

x( k 1 k - 1) - r ( x( k - 1 1 k - 1), u ( k - 1), ( k - 1)) 

¢:? p-1(k 1 k- 1)x(k 1 k- 1) - p-1 (k 1 k- 1)f (x(k- 1 1 k- 1), u(k- 1), (k- 1)) 

¢:?y(klk-1)- Y(klk-1)f(x(k-1lk-1),u(k-1),(k-1)). 

The linearised information matrix prediction is obtained as follows, 

P(k I k- 1) \7fx(k)P(k- 1 I k- 1)\7fx T(k) + Q(k- 1) 

¢:? Y(k I k- 1) - [\7fx(k)Y-1(k- 1 I k- 1)\7fx T(k) + Q(k)] -
1

. 

This completes the derivation of the ElF, the entire algorithm can be summarised as follows: 

Summary of ElF Algorithm 

Prediction 

y( k 1 k - 1) = Y ( k 1 k - 1 )f ( k, x( k - 1 1 k - 1), u ( k - 1), ( k - 1)) ( 60) 

Y(k I k -1) = [\7fx(k)Y-1(k -11 k- 1)\7fx T(k) + Q(k)]-
1 

(61) 

Estimation 

y(k 1 k) = 5r(k 1 k- 1) + i(k) 

Y( k I k) = Y( k I k - 1) +I( k) 

The information contributions being 

l(k) = \7hx T(k)R-1(k)\7hx(k) 

i(k) = \7hx T(k)R-1(k)[v(k) + \7hx(k)x(k I k- 1)] 

where v( k) is the innovation given by 

v(k) = z(k)- h (x(k I k- 1)) 
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4.3 Filter Cltaracteristics 

This filter has several attractive practical features, in particular: 

• The filter solves, in information space, the linear estimation problem for systems with both 

nonlinear dynamics and observations. In addition to having all the attributes of the infor

mation filter, it is a more practical and general filter. 

• The information estimation Equations 62 and 63 are computationally simpler than the EI<F 

estimation equations. This makes the partitioning of these equations for decentralized sys

tems easy. 

• Although the information prediction Equations 60 and 61 are of the same apparent complex

ity as the EKF ones, they will be easier to distribute and fuse because of the orthonormality 

properties of information space parameters. 

• Since the ElF is expressed in terms of information matrices and vectors, it is easily ini

tialised compared to the EKF. Accurate initialisation is important where linearised models 

are employed. 

Some of the drawbacks inherent in the EKF still affect the ElF. These include the nontrivial 

nature of Jacobian matrix derivation (and computation) and linearisation instability. 

5 Summary 

This paper has developed estimation techniques which form the basis of decentralized estimation 

and control. The notation and system description have been introduced and explained. Estima

tion theory and its use were discussed, in particular the Kalman filter algorithm was outlined. 

The information filter was then derived as an algebraic equivalent to the traditional Kalman filter. 

Its attributes were outlined and discussed. The extended l(alman filter was then presented as 

a state space solution to the estimation problem for a system characterised by both nonlinear 

system evolution and nonlinear measurements. The original and novel contribution of this pa

per is the extended information filter, ElF. This algorithm provides an estimation technique in 
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extended information space for nonlinear systems. It was derived from first principles, explained 

and appraised. It has all the attributes of the linear information filter and less of the problems 

associated with the EKF. 
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ABSTRACT 

FORCE CONTROLLED EDGE FINISHING 
USING MICRO-MANIPULATORS1 

Gloria J. Wiens 
Department of Mechanical Engineering 

University of Florida 
Gainesville, Florida 32611 

In manufacturing facilities and research and development laboratories, there is significant 
interest in the use of passive and active micro-manipulators for automating deburring and 
finishing applications. Current research objectives are to provide active micro-manipulators a 
degree of intelligence based on process models which are integrated into the controller. As a 
result, the micro-manipulator is given the ability to respond intelligently to burr variations 
instantaneously, hence more effectively removing burrs and providing better surface quality. 

INTRODUCTION 

With an increase in cumulative trauma disorders among manual deburring operators, a 
renewed interest in automating deburring and finishing applications has surfaced in industry [1]. 
Manual deburring is a time consuming and expensive operation which is repetitive and 
hazardous, resulting in significant health costs. Also, since deburring is a finishing process and 
parts at this stage in production have high value, it is essential that deburring be performed 
economically without producing scrap or rework. In response to these issues, manufacturing 
facilities and research and development laboratories are investigating the use of passive and 
active micro-manipulators for automating deburring and finishing applications. Resulting from 
these initiatives, several micro-manipulators have recently been or are being patented. 

As indicated by researchers at Sandia National Laboratories [2], the opportunities for new 
automated edge finishing technologies exist in the low volume, agile manufacturing niche. The 
following characteristics were identified as the strengths of manual edge finishing processes: 
agility, process knowledge, process adaptability, and sensor-based control. Summarizing, 
automation must exhibit these characteristics in order to compete with and supplant manual 
processes. Further, the automated processes must be cheaper than manual edge finishing to 
make inroads into production lines. 

As of to date, passive micro-manipulators have been successfully applied to the 
con1mercial robotic deburring applications due to their simplicity and the cost. The current 
active micro-manipulators which operate under constant force control have been shown to be 

Portions of this work have been supported by the National Science Foundation 
under grant NSF-DDM-9313834, with technical collaboration with 3M, 
Hammond Machinery, Inc., NIST, Sandia, and UTRC. 
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effective for chamfering and deburring as long as the surface or edge has only relatively small, 
uniform burrs. For general surface or edge conditions which may not meet this condition, the 
constant force control automated de burring systems have the inherent characteristic of leaving 
the finished surface or edge as an imprint of the ori~inal. Typically, in force controlled 
chamfering, the thrust force on the cutter (normal to the part's surface or edge) is controlled by 
the micro-manipulator and is specified as a constant value based on an empirical process model 
or by trial and error. As part contours become more complex in their geometry (i.e., radii of 
curvature become small), the current micro-manipulator systems begin having difficulty in 
maintaining the correct direction of the thrust force, and distinguishing between part 
misalignment, large burrs and noise. 

To overcome these difficulties, Wiens et al. [3] conducted an investigation determining 
trends and correlations between the position and force data collected during the edge chamfering 
and deburring process. The research resulted in controller development forming an initial 
integration of these trends and correlations into 'logic modules'. Current research objectives are 
to provide active micro-manipulators a degree of intelligence based on process models which 
are integrated into the controller. As a result, the micro-manipulator is given the ability to 
respond intelligently to burr variations instantaneously, hence more effectively removing burrs 
and providing better surface quality. 

CURRENT WORK 

In the current work, a micro-manipulator has been developed for use in chamfering of 
aerospace components. It has been designed for use on machine tools (rigid setups) and robot 
manipulators (compliant setups). To study the performance of this micro-manipulator and to 
develop correlation models, experiments have been conducted on two setups for chamfering of 
76 mm x 36 mm x 3 mm, 4130 steel coupons. To form a baseline, a high speed precision spindle 
(5,000 rpm -60,000 rpm) was directly mounted to a 3-axis CNC milling machine. This formed 
the rigid-rigid setup, in which the chamfer depth is the primary control parameter. In the second 
case, the spindle was attached to a back-driveable micro-manipulator, mounted to the milling 
machine forming the compliant-rigid setup. In this setup, compliance is provided by the micro
manipulator, in the sense that the force applied on the spindle is controlled by the micro
manipulator. A uniform chamfer depth was achieved in spite of minor fixturing errors, and the 
variation in chamfer width was held within 0.025 mm (< 0.001 "). · . 

For force controlled chamfering, the thrust force (normal) on the cutter is controlled by 
the micro-manipulator and is specified as a constant value based on an empirical process model 
or by trial and error. A theoretical end milling process model, extended to include the effects 
of varying chip thickness and chamfer width in chamfering, only provided the directional effects 
in force magnitude versus chamfer depth changes. Based on the fmdings in trend and correlation 
studies, the process model and the correlation results are integrated into the micro-manipulator's 
control algorithm using 'logic modules' for decision making. The resulting process model-based 
smart controller performed well in detecting the burrs and achieving the desired chamfer depths 
and was robust to part misalignment and robot base errors. 

- 183 -



CONTROLLER THEORY AND PRELIMINARY RESULTS 

The resulting model-based process controller instantaneously adjusts the applied thrust 
force, F Y' whenever a burr is encountered [ 4]. The controller utilizes a simple 'logic module' 
which modifies the input reference thrust force (F REF) by 11F REF, based on the sensor and a priori 
position data measured in the direction normal to the part's edge, an empirical process model of 
FY (a function of the chamfer depth), and the modified chamfer depth d. I.e., 

11F = F (d) - F (d ' = F (d) - F . REF y y~ y REF 

where 

(1) 

d = (y J(cbnrd)- y 2) 

= (yl(cbnrd)- y2(~ + (yl(ldMI)- yl) 

= (dREF + f1d ) 

:= (dREF + yl(cbnrd)- YJ ) 
(2) 

where change in chamfer depth, ( 11 d) = 
(yl(desirecJ;-YJ), Y2(ideaJJ is the CAD model 
position ('ideal' edge prior to chamfering 
without burrs), y 2 is the actual part's 
edge prior to chamfering, YJ(desiredJ is the 
'desired' chamfered edge, and y 1 is the 
actual position of the micro
manipulator's cutter (refer to Figure 1 ). 
When zero base errors are assumed, if 
(Y2r;cJeaJJ - y:) is positive it represents the 
burr height (additional material to be 
removed), and if it is negative it 
represents depth of a valley (excessive 
material was removed during prior 
machining). Since constant force 
control yields an imprint of the original 
surface, the expression (yJ(desiredJ - Y1) is 
taken as analogous to the burr height, 
(y2(ideaJJ - Y2) = (yl(desiredJ - Y1), assuming 
(yi(desiredJ - y1) is negligible for the case 
without a burr. Thus, using this 
simplified logic, (yi(del·iredJ - y 1) can be 
used to detect the presence of the burrs 
and to quantify the burr height in real
time. Under the "no burr" condition, 
(yl(desiredJ- Y2oc~eaiJ) would be the desired 
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Figure 1. Preliminary Experimental Results [4] 
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chamfer depth and is denoted by dREF· 

Hence, the actual chamfer depth achieved 
is CYr Y2(ideal)), denoted by d. The 
controller's objective is to drive d to be 
equal to ( Yl(desiredF Y 2r;deal)). This is achieved 
by continually updating the input reference 
force F REF (initially calculated using dREF) 

using the process model (equation 1) and 
the modified chamfer depth, d (equation 2). 
The 'logic module' was further modified to 
account for slight part misalignment, so as 
to further meet the project's overall 
research objective of providing an edge 
finishing micro-manipulator the ability to 
respond intelligently to burr variations and 
other operating conditions. 

Figure 1 shows experimental results 
for both constant force chamfering and 
'smart' chamfering in the presence of a 
step burr using a one degree of freedom, 
back-driveable micro-manipulator, 
mounted as the endeffector of an ABB IRB 

Figure 2. One d.o.f. Micro-Manipulator 

6/2 robot shown in Figure 2. The top pair of plots delineate how under constant force control 
the chamfered edge (represented by y 1) is a replicate of the original edge. From tool maker's 
microscope measurements, a uniform chamfer depth of 0.400 mm was produced until a burr was 
encountered. During the burr, the chamfer depth reduced to 0.048 mm and returned to 0.389 mm 
as the burr was exited. Results of 'smart' deburring control are shown in the lower pair of plots 
where the reference force was modified by the 'logic module'. The force plot indicates that the 
reference force was modified when the burr was encountered. The chamfer depth changed from 
0.377 mm before encountering the burr, to 0.265 mm during the burr; thus resulting in a more 
uniform edge (as indicated by the corresponding position plot). That is, (y1(desiredrY1) was 
significantly smaller under 'smart' de burring control [I.e., ( -0.095mm before the burr; 0.257mm 
during the burr) for constant force control and (-0.072mm before the burr; 0.040 mm during the 
burr) for 'smart' deburring control]. The averaged percent error measured fromy1(desiredJ was as 
follows: using constant force control, -31% before the burr and 84% during the burr; and using 
'smart' deburring control, -24% before the burr and 13% during the burr. Even though there is 
still error, using the 'smart' controller resulted in a major reduction in the finished edge error, 
by approximately 84% during the burr. [It should be noted that as the tool exited the burr, the 
chamfer depth did not return to the value it held before encountering the burr. This is due to the 
current device's hardware limitation rather than the controller limitations, which will be resolved 
in new design.] 
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CONCLUSIONS 

Based on the findings in trend and correlation studies, the process model and the 
correlation results were integrated into the micro-manipulator's control algorithm using 'logic 
modules' for decision making. The resulting process model-based smart controller performed 
well in detecting the burrs and achieving the desired chamfer depths and was robust to part 
misalignment and robot base errors. To conclude, the results of this preliminary development 
of a 'smart' controller has demonstrated the feasibility of using process models in finishing 
applications, where unexpected burrs may be encountered. Furthermore, these preliminary 
results indicate that with the use of process model-based control, the proposed automated 
finishing system has great potential in becoming the most accurate and efficient means for 
chamfering and deburring complex parts. 
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Abstract-A bilateral controller or a force reflecting 
manual controller (FRMC) allows an operator to 
sense forces which are exerted on a remote system. A 
universal controller can control any remote system as 
opposed to a master/slave system. Forerunners to 
this technology were large, bulky and impeded by 
inertial forces, large frictional forces and backlash. 
Inertia forces are one of the inherent disadvantages 
common to serial-structured controllers. This paper 
describes design concepts for a new 3-DOF FRMC 
which focu!es on miniaturization and simplicity. 
Relative advantages and disadvantages of serial and 
parallel-structured controllers are also discussed in 
an effort to justify these new concepts. 

INTRODUCTION 

Force reflection in teleoperator systems is quickly 
becoming a field with commercial potential in indus
try as well as the private sector. Potentially, a teleop
erator could do everything a person would normally 
do to perform a task-as though remote objects were 
actually seen and handled. And if the operator also 
had a full sense of being at the remote site, this would 
seem ideal. That condition is called telepresence [1]. 
Recently, the inclusion of force reflection is referred 
to as telesensation in the context of a virtual reality 
environment. Such an environment provides the op
erator with a 3-D feel of the remote site as well as a 
feeling of touch and sound feedback. 

Industrial applications may be concerned with un
structured environments-nuclear, space, marine
and private sector may use it in more challenging 
diverse applications such as remote training, medical 
operations and video games. Presently these control
lers are more specialized for individual tasks andre-
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search. In order for the controllers to become feasible 
for most applications, their design must be made 
practical, compact and universal. The concepts de
veloped at FlU will combine a parallel-structured 
controller with a compact design. 

Topics discussed here cover advantages of force 
feedback and the structural benefits of serial and par
allel systems when used with the controller. 

BILATERAL FEEDBACK ADVANTAGES 

The involvement of the human operator in teleopera
tion is necessary, and the human/machine interface 
and the operator's abilities to interact efficiently with 
the manipulator systems is a crucial issue [2]. 

In industry a vast majority of robots work autono
mously: once programmed, it does ore assigned task 
over and over. A teleoperator hardly ever repeats the 
same task. And it is usually seen not in a factory but 
in a variety of other settings. Most important, a hu
man operator sees, feels, and controls the remote task 
through the teleoperator [ 1]. 

Task completion time is the deciding factor when a 
decision is made whether bilateral feedback needs to 
be implemented or not. Several experiments have 
shown that force feedback provides a large improve
ment in performance. Also, adding information 
through one type of feedback (force) could make up 
for degradation in another type of feedback (visual 
frame rate). Decreasing the quality of visual feedback 
had less of an effect on performance when force 
feedback was used , as shown in Figure 1 [3]. There
fore, whenever visual feedback conditions are ex
tremely poor and cannot be improved, the use of 



force feedback could be expected to enhance per
formance. 

~~-------------------------------.... 
• JI)Jfl 

,.u,·~u 

·~----~--~----~----~--~----~ 1 

Figure 1. Interaction of Subtended 
Visual Angle [3] 

SERIAL VS PARALLEL CONTROLLERS 

Both the serial structure and the parallel structure 
have advantages and disadvantages when applied to 
robotic systems. We briefly review the essential 
characteristics of each structure below. 

Serial Structure Controllers: The serial structure is 
geometrically simple and has a large, dexterous 
workspace. Serial force-reflecting controllers have a 
history of being large in scale and impeded by inertial 
forces. Serial-structured controllers have servo mo
tors, brakes and encoders mounted at each joint of a 
multi-degree-of-freedom (DOF) controller. The dis
tributed nature of the actuator locations throughout 
the manipulator structure produces undesirable iner
tial and gravitational effects which reduce the pay
load capacity of the serial manipulator. Also, in serial 
robots, errors in each joint add up towards the end
effector; thus, the error at the robot's hand is maxi
mized [4]. The cantilever nature of the serial structure 
also exhibits low stiffness and results in serious static 
and dynamic deflection and positional errors at the 
end-effector of the manipulator under the influence of 
a large payload. Figure 2 shows a 6-DOF serial con
troller made by the Kraft Company. 

Serial structures in g!neral have been thought of as 
superior to parallel structures because of their excep
tional workspace [4 ]. This might hold true for the 
slave/manipulator but not for the master/controller. 
As discussed above, a serial structure tends to add 
weight and inertial forces to a controller and/or ma
nipulator. When used as a controller, these forces will 
conflict with any bilateral force feedback or true tete
sensation. As mentioned earlier, telesensation is a 
new term which implies a combination of all feed-
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back-3-D visual, force (touch), thermal, audible, 
etc.-received from the remote manipulator to create 
a virtual environment for the operator. 

Telesensation, which also may be thought of as syn
onymous with telepresence, has been gaining accep
tance because of the advent of virtual reality. Force 
feedback is the component of telesensation covered 
in this paper. 

Effort has been made to balance the inertia effects of 
serial structures with counter weights and se
rial/parallel hybrid systems. Even with these efforts 
the serial controller still experiences its inherent 
drawbacks. The advantages are greater when the se
rial structure is used as a manipulator (large wolk
space, simple joint actuator position contro~ etc.). 
When implemented as a manual controller, their size 
often becomes too large, and their weight too heavy 
for practical use. 

Parallel Structure Controllers: A parallel structure 
usually allows to place all motors, brakes, and acces
sories at one central location-the base. This elimi
nates the necessity to move around most of the ac
tuators as in the serial case. Hence, the input power is 
mostly used to support the payload. Also, the errors 
at each joint do not add up as one moves towards the 
payload as we have seen in serial structures. This 
implies a higher precision at the end-effector when 
parallel structures are used. Similarly, deflections at 
joints and links do not add up as in the serial case, 
which again implies better precision at the end
effector. 

Figure 2. Kraft Serial Controller 

It is interesting to mention here that it is possible to 
have a serial frame with parallel control strategy if 
the motors are located at the base and each joint is 
controlled via a series of pulleys and cables. Se
rial/Parallel hybrids introduce unnecessary mechani
cal complexity to manual controllers which inight be 
beneficial to manipulators. This mechanical com
plexity often results in bulky designs which are not 



Table 1. Functional Characteristics of Typical Industrial Manipulators and 
Universal Bilateral Manual Controllers 

Characteristics Industrial Manipulator Universal Manual Remote Manipulator used 
Controller (UMC) with UMC 

Functional Nature Autonomous Repetitive Manual Teleooeration Manual Teleoperation 
Environment Structured Human Operator Interface Complex, Uncertain 
Size Large Compact Small/Large 
Wei2ht Heavy Light Light/Heavy 
Actuator Location Distributed (Serial) Centralized, Base Mounted Distributed (Serial) 

(Parallel) 
Compliance in Drive Stiff, Rigid, Flexible Flexible 
Transmission Non-Backdrivable Backdrivable Backdrivable 
Friction Large Small Small/Large 
Inertia Large Small Small/Large 
Load Capacity (lbr) 25-200 2-20 5-200 
End-Effector Specialized Joystick Interchangeable 
Control Variables Joint Actuator Position End-Effector, Position/Force End-Effector Position/Force 
Application Structured Task Unstructured Task Unstructured Task 

acceptable for the design sought in this work. Also, 
the cables offer low precision due to slippage, and 
need frequent maintenance and replacement. 

Because this paper is concerned mainly with con
troller design, the beneficial traits of hybrid systems 
for manipulators are covered further. Table 1 lists 
some of the characteristics found with controllers and 
manipulators [ 5]. 

STRUCTURAL CONCEPT 

The overall benefit of the universal parallel force
reflecting manual controller (FRMC), as the word 
universal implies, is that it can be used with any ma
nipulator as long as there exists a control software 
interface. The FRMC is used to position the manipu
lator's end-effector at any desired position and ori
entation. The controller's workspace is not as critical 
because only the manipulator's end-effector posi
tion/orientation is being controlled. The FRMC sim
ply feeds the control software with translational or 
rotational directional signals which the control soft
ware then uses to drive the respective actuators lo
cated at the manipulator. The design takes the char
acteristic that parallel mechanisms are more compact 
and have smaller working volumes and takes advan
tage of it. Figure 3 illustrates the major components 
of a universal FRMC system [6]. 

The proposed 3-DOF FRMC will be capable to posi
tion the end-effector of any remote manipulator. 
Then, with a simple one-key input, the operational 
mode will switch to that of orientation. The 3 degrees 
of freedom will then correspond to the three orienta-
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tion parameters (e.g., a set of Euler angles) of the 
end-effector. As the operator wishes, the control 
mode may be switched back and forth between the 
position and orientation modes. Hence, the design 
emulates a 6-DOF controller by combining a 3-DOF 
controller and special control software. 

Virtual Reality 
(VR) Unit 

Force-Reflecting 
Manual Controller (FRMC) 

Figure 3. FRMC Integrated into a 
Teleoperation System (6] 

CONTROLLER HARDWARE 

Here we address the three major components of the 
FRMC design. They are the motors, encoders and 
gear heads. We note that these components are the 
most critical ones to affect the performance of the 
FRMC. By comparison, we list the kinematic struc
ture of FRMC as the most critical issue, followed by 
the selection of these critical components. 



Servo Motors: The servo motors used for the con
troller will be the most difficult to acquire. The small 
size needed-less than 2 inches in diameter and less 
than 2 inches in length-will be difficult to fmd. Be
cause the human hand is able to sense forces from 
0.016 to 4.5 lbf, the desired minimurnlmaximum re
flecting forces of the manual controller need to be 
selected accordingly to fully utilize the human capa
bilities. In the design of the 3-DOF controller, the 
continuous maximum reflecting forces of 4 lbf and 
the peak reflecting forces of 6 to 8 lbf at the joystick 
will be used as design goals. 

Encoders: The encoder signals to the control soft
ware at what radial location each of the control
ler/manipulator joints is positioned. For the manipu
lator the encoder is used to its full potential because 
the joints usually rotate to their full limits. For the 3-
DOF controller, the rotational limits will most likely 
be in a range between 0 and 90 degrees. In order to 
keep the controller size smal~ the positional sensors 
will be high precision potentiometers. The potenti
ometers will give the resolution needed and the de
sired size. 

Figure 4. 3-DOF Gimbal Design Concept 

Gears: Because of the low forces being transmitted 
and the revolutions constrained from 0 to 90 degrees, 
the goal is set to implement a direct-drive configura
tion. Eliminating gear sets from the design will also 
reduce the friction in the system and any backlash 
effects inherent in gears. The direct-drive system will 
allow the controller to be fully backdrivable. This 
means that the motor may be driven from the input 
shaft or the output shaft without being restricted. As 
an example, worm gears can be driven from the input 
shaft but not from the output shaft because of its gear 
configuration. 
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FRMC DESIGN ALTERNATIVES 

Gimbal Design 

As the kinematic sketch in Figure 4 illustrates, the 
gimbal design uses a parallel structure. The arcing 
gimbals, which are powered by motors placed on the 
base, produce a large workspace in the X- and Y -axis 
directions. 

The third joint can be implemented as a linear dis
placement of the joystick in and out of the gimbal 
structure. However, because such a selection will 
increase the size of the overall system, it is not con
sidered to be an attractive design option. Instead, the 
third joint is visualized as a revolute joint rotating 
about the main axis of the joystick as discussed later. 

This design enables better encoder resolution. When 
a large displacement is produced along the X and Y 
axes, a relatively small displacement is produced at 
the base servo motors and encoders. This high reso
lution enables the user to control the manipulator 
with higher precision. Also, due to the relatively sim
ple kinematic structure, the input-output equations 
will be simple and possibly have a closed-form solu
tion. 

Modified Gimbal Design 

This design is a more compact version of the gimbal 
design presented above. The X- and Y -axis servo 
motors are located in the same area but the arcing 
gimbals are replaced with one straight shaft and one 
straight shaft with arcing center as shown in Figure 5. 
The third degree of freedom can be located in either 
of two positions that is covered in the next section. 
The compact design of this concept reduces friction 
considerably and simplifies the mechanical structure. 

FigureS. 3-DOF Modified Gimbal Concept 



Third-Degree-of-Freedom 

The third-degree-of- freedom can either be positioned 
inside the hand gripper (Figure 6) or made to rotate 
the base about an axis perpendicular to the base 
where the X and Y axes intersect. 

If a servo motor with relatively tight tolerances which 
can fit inside the gripper is available, the first option 
will be favorable. With the motor inside the gripper, 
the weight of the controller will be kept at a mini
mum and the design will remain compact without 
affecting the other axes. 

Figure 6. Modified Gimbal with Rotational 
Gripper 

If the servo motor is positioned to rotate the base, the 
structure will not be as compact as in the above case. 
The advantages of such a design are easy accessibil
ity of components and the available gearing options. 
The third motor will rotate the entire base with the X 
and Y axes attached to it. The extra weight and size 
will require that the servo motor be geared to the 
base. In this ~ase, it is expected that a simple spur 
gear configuration will suffice. 

CONCLUSIONS 

Serial and parallel structures were discussed as two 
alternate kinematic structures to develop force
reflecting manual controllers (FRMC). It is shown 
that parallel structures have more desirable charac
teristics to build very compact FRMCs. After briefly 
addressing the desirable characteristics for the major 
FRMC components, namely the actuators, encoders 
and transmission systems, we introduced two con
ceptual FRMC design. These design alternatives offer 
compact FRMC systems which can readily be inte
grated into a teleoperation or a telesensation system. 
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ABSTRACT 

The Theremobot, introduced at 
the 1995 Florida Conference on Recent 
Advances in Robotics (Haney and 
Myler, 1995), is a system under 
development that will assist individuals 
with severe motor disabilities through 
the use of dual robotic arms. These 
disabled individuals will control the 
robotic arms through a series of hand 
gestures, monitored by a dual camera 
system, that represent directive 
commands for the robot. Since the 
ensemble of hand gestures produced by 
the user may contain tremor or spastic 
movements, an intelligent controller is 
being developed to recognize and filter 
undesirable and nonproductive motions. 
Once the directive commands are 
determined by the controller, the desired 
positioning data is sent to a servomotor 
controller which directs the arms 
movement . . 

In the early development of the 
system, one of the primary goals has 
been to construct dual arms that are 
inexpensive and easy to maintain. A 
secondary goal of the system has been to 
include the mechanical ability to lift and 
manipulate eight ounce objects as well as 
the mechanical mimicry of human arm 
motion to facilitate the interface between 
robot and user. This paper presents 
recent accomplishments in the 
Theremobot project towards these goals. 
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INTRODUCTION 

The purpose of the Theremobot 
project relies on the development of a 
dual robotic arm system that will benefit 
and assist individuals with severe motor 
disabilities. Such severe motor 
disabilities often are associated with 
Cerebral Palsy (CP). Persons who suffer 
from CP often experience uncontrollable 
shaking in the limbs, eyes, and head. 
These conditions originate from defective 
signals that are sent from the brain to 
different muscle regions of the body. 
This spastic condition interferes with the 
coordination of an individual and makes 
simple tasks such as moving, eating, and 
work related duties difficult. The 
primary target group for the Theremobot 
includes individuals with spastic, 
athetoid, and tremor CP in the diplegic 
region of the body; i.e. the upper 
hemisphere of the body consisting of the 
hands and arms. 

The Theremobot project consists 
of two major focus areas of research. The 
first area deals with the development of 
an intelligent controller that analyzes and 
filters a collection of hand gestures. Once 
the compilation of hand gestures are 
filtered of spastic and tremor motions, 
the controller analyzes the suggestive 
gestures and determines the di~ective 

positioning data for the robotic arms. A 
recent development in the controller has 
been implemented (Gaber and Myler, 



1996). Other intelligent controllers have 
been speculated upon (Gaber and Myler, 
1995). 

The second area of concentration 
in the Theremobot system is the 
development of the dual robotic arms 
themselves. Unlike many of the 
commercial robotic aids (Go sine, et al, 
1991; Hammel, et al, 1989, 1992; Taylor, 
et al, 1993) that are very expensive, 
complex and time consuming to repair, 
the Theremobot robotic arms are 
designed to address cost and ease of . 
repair. Four fundamental goals have 
driven the design of the arms. They are : 

1) Low cost. 

2) Ease of maintenance. 

3) Ability to lift and manipulate 

eight ounce objects. 

4) Physically mimic human arm 

movement. 

The first goal was to construct 
robotic arms that are inexpensive. To 
accomplish this task, the arm is designed 
and built using materials that are 
inexpensive and readily available to any 
person. This includes hobby 
servomotors, such as those used in radio 
controlled car and airplane applications, 
and plastics, such as high density, light 
weight polypropylene. 

The second goal was to design 
the robotic arms in such a way that the 
replacement of a worn or broken part is 
simple. The design approach 
incorporates parts that are easily 
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detachable, such as servomotors. Since 
the servomotors employed have an 
easily removable drive disk, many of the 
wearable parts are attached to the disk so 
that replacing the broken or worn part 
consists of simply removing a couple of 
screws, replacing the part, and 
reattaching the new piece to the servo 
shaft. 

The third goal of the robotic arms 
design is the mechanical ability to lift and 
manipulate eight ounce objects. To 
accomplish this, the design places hobby 
servomotors at specified locations on the 
arm taking advantage of lever and 
fulcrum points. Depending on the 
location and the function of the joint at 
that location, the servomotors are sized 
accordingly to produce the required 
amount of torque. The ability to lift and 
manipulate eight ounces is chosen 
specifically due to the simple tasks that 
the arms will be called on to perform. 
These task include placing, sorting, and 
assembling small parts, assisting the user 
in dining, as well as manipulating pieces 
during board game play. 

The final goal of the robotic arms 
is the mimicry of human arm and hand 
movements. To achieve this . task, the 
design of the robotic arms imitates the 
physical characteristics and form of the 
human arm. Implementing such a design 
has proven to produce the desired 
motions for the desired tasks listed 
above. The ability to mimic human limb 
movements in the operation of the 
robotic arms was also chosen to simplify 
the task that the controller must take to 
direct the arms movements. The 
controller does not have to perform 



rransformations of spatial and coordinate 
motion. 

ROBOTIC ARMS PROTOTYPE 

The prototype of the robotic 
arms of the Theremobot has achieved the 
fulfillment of the four goals mentioned 
above. These goals were accomplished 
by incorporating the design 
implementations that were also 
mentioned with the goals. A photograph 
of the prototype is shown in Figure I. 

After the completion of the 
prototype, the first duty was to test the 
functionality of the arms. A simple 
demonstration was performed that tested 
the arms ability to lift eight ounce 
objects and to move similar to human 
arms. The demonstration involved 
stacking two cans, approximately eight 
ounces, on top of each other. The 
motions performed during the 
demonstration included hand rotation, 
supinators, pronator, levator, and 
depressor for forearm movements, elbow 
motion, abductor and adductor 
movement, and shoulder motion with 
abductor, adductor, levator, and 
depressor movement. 

Figure 1. Theremobot Ann Prototype 
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The physical attributes of the 
prototype include a reach of 24 inches, a 
width of 3 inches, and a base size of 24" 
H x 11" W x 16" D. The size of the base, 
compared to the size of the arm, results 
from two factors. The base houses a 
computer power supply with 
accessories and the servomotor 
controller. The height of the base also 
provides an offset for the ann to avoid 
contact with the supporting surface. 

The gripper design, Figure 2, 
consists of two opposing fingers similar 
to human digits. The fingers incorporate 
soft grip pads at the tips that are used 
for gripping with an overhanging hard 
plastic edge (fingernail) that can be used 
for scrapping or picking. If one of the 
digits happens to wear or break, the part 
is easily replaced by loosening the screw 
at the top of the servo disk. 

Figure 2. Theremobot Gripper 

The wrist and forearm designs are 
shown in Figure 3. Wrist motions are 
provided by the center ·servomotor, 
located to the right of the figure, on the 
gripper base. Since the gripper base is 
attached at the base of the wrist, it is 
possible to perform hand rotation. The 
hand rotation is provided by controlling 
the forearm servomotor, which is located 
towards the left of the figure This motor 



turns the wrist with a drive rod that runs 
through the length of the forearm. 

Figure 3. Wrist and Forearm Links 

The elbow design and upper arm 
link are shown in Figure 4. The 
servomotor, located to the left of the 
figure, is the dynamic joint that links the 
upper arm link to the forearm link. Since 
the elbow joint motions require a large 
amount torque, a 132 oz-in servomotor 
was incorporated at this location. The 
upper arm link is connected to the 
shoulder mechanism, located at the right 
of the figure (Figure 4 ), by attachment to 
a steel rod as shown in Figure 5. 

Figure 4. Elbow and Upper Ann Link 

Figure 5 shows the shoulder 
mechanism in detail. The shoulder 
mechanism performs three functions. It 
provides arm rotation, side-to-side 
motion, and vertical lift. The rear 
mounted servo, located in the lower right 
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comer of the figure, provides arm 
rotation. The arm responds to the 
rotation by the rod that is attached to the 
rear servo. The other servos, located at 
the top and left of the figure, provide the 
lift and side-to-side motion, respectively. 
The servomotors that drive the 

necessary high torque requirements are 
three 13 2 oz-in motors. 

Figure 5. Shoulder 

A unique feature associated with 
the horizontal and vertical motions of 
the shoulder mechanism are achieved by 
a pair of semicircular guide rods, Figures 
5 and 6, that allow the main drive rod, 
that passes through the center of the 
sphere joint, to be moved up, down, left, 
and right. When a servo rotates, the arm 
responds in the appropriate directions. 
The rear arm rotation servo is confined 
to the outer semicircle by a nylon guide 
that allows the arm to rotate dependent 
on the horizontal and vertical position of 
the arm. This is biomimetic to the 
corresponding motion and action of the 
human arm. 



Attached to the rear servo in 
Figure 5, is a counterbalance of weights. 
Since the servos being used to produce 
the lift and horizontal motion are only 
132 oz-in, the counter weights balance 
the mass of the arm. 

sted rod 

Figure 6. S boulder Mechanism 

SUMMARY 

The development of the 
prototype of the dual robotic arms 
accomplished the preliminary goals of 
the project. These included the concern 
for a low cost and simple unit to 
maintain. Despite these achievements, 
continued testing needs to be performed 
to test the durability of the parts and 
motors on the arms. In like manner, 
testing should consist of similar tasks to 
those that will be performed by users. 
These tasks may include sorting and 
placing small parts in bins, eating and 
game playing. 

After the prototype has been 
thoroughly tested, the redesign phase of 
the project will begin. Some of the 
designing features to be added will 
include the incorporation of a dual 
robotic arm design and several 
adjustments that are inherited from the 
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test regimen. Such redesigns will also 
include new arm links, shoulder 
mechanism, and a reconsideration of the 
size of the base unit. 
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Abstract: 
The emphasis of this paper is to investigate the 
modeling performance of a given system in a 
certain frequency range using an Artificial 
Neural Network (NN) architecture. The training 
phase of the NN model is fully executed in the 
time domain. After the training phase, we obtain 
a model that accurately matches the time 
response of the system. We utilize the NN model 
to investigate its system characteristics in 
frequency domain. Parallel as well as series
parallel architecture's are investigated and the 
later one is recommended as a robust structure 
for frequency domain analysis and synthesis of 
physical systems with limited bandwidth. In 
addition, the effect of sampling time, as well as 
different types of training signals are utilized in 
order to investigate the performance of trained 
model in various circumstances. Simulation 
results for the first as well as second order 
systems show the effectiveness of the trained 
NN to mimic the response of linear systems with 
certain accuracy within the given frequency 
range. 

I. Introduction 
Neural Networks have been intensively used for 
system modelling during the last decade. In 
addition, a variety of method has been developed 
for controller implementation. In [ 1 ], it was 
shown that, a two layers network with an 
arbitrarily large_ number of nodes in the hidden 
layer can approximate any continuous function. 
Narendra [2] has proposed various NN 
structures for identification and control of 
nonlinear systems. Therein he has presented a 
prospective method for the dynamic adjustment 
of the parameters based on back propagation 
algorithm. Various NN architectures such as 
Hopfield, Kohanon and Counterpropagation 
have been investigated during the last decade (3, 
4, 5, 6] which successfully demonstrate the 
effectiveness of NN in system identification and 
control. 
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All of these research focuses on the effectiveness 
of NN approach in time domain for the system 
identification or control. Their objectives include 
the establishment of the input and output 
mapping for a given systern as a function of 
time. Discrete time-domain models are adopted 
because inputs and outputs have to be 
represented by sampled values for computer 
processing. Such approach eventually provides a 
discrete time NN model that mimics the behavior 
of system at certain sampling frequency. 
However, the frequency response of such trained 
model has not been investigated before. In this 
paper such issues will be addressed. 
Furthermore, from controller design view point, 
the analyses of many systems in frequency 
domain are significant in various control 
applications. In this work the performances of 
the trained NN models in the frequency domain 
and related modeling issues are investigated ... 

II. Time-Domain modelling: 
For a linear Single-Input-Single-Output (SISO) 
system, the input output relation can be written 
as: 

No Mo 

y( k) = I a;y( k - i) + I bjU( k - j) ( 1) 
i•l )•0 

Where y and u are input and output respectively, 
and ai, bj · are unknown parameters. In order to 
obtain a NN to mimics the above input and 
output relation, an identification scheme as 
shown in Figure 1 is adopted. Herein current 
inputs and outputs as well as previous inputs and
outputs are utilized as the training inputs to the 
Neural Network. Please notice that M and N 
parameters in Fig. I are not necessarily identical 
to the order of Mo and No in equation (1). We 
use the back propagation algorithm to obtain 
the Neural Network model. It matches fair well 
the system input and output relation in the time 
domain as shown in [I - 6]. 



Plant 

Neural Net 
Model 

Fig. I Identification scheme 

III. Model Evaluation in the Frequency
Domain 
After completion of training phase, we obtain a 
model that is a discrete version of the inputs and 
outputs mapping as follows: 

y(k) = f[y(k -l),y(k- 2), · · ·,y(k- M + 1), 

u(k),u(k -1),·· ·,u(k- N)](2) 

In the frequency domain, we apply a sinusoid 
input to the above model and observe its steady 
state output. Our interest herein is to find out the 
extent that the above neural net model mimics 
the original continuous time model for various 
sinusoid inputs with different frequencies. We 
focus on magnitude response in this work which 
is related to minimum phase function, although 

· the frequency response in general includes both 
magnetite and phase. 
To obtain frequency response of the trained 
model, the following two models could be used 
in the recall phase: 

y(k) = f[y(k -1),y(k- 2),- · ·,y(k- M + 1), 

u(k),u(k -1),·· ·,u(k- N)](2a) 

y(k) = f[y(k -l),y(k- 2),···,y(k- M + 1), 

u(k),u(k -1),·· ·,u(k- N)](2b) 

Where the ji( i) is the estimated value of output 

at the ith sample time, and y( k) is the actual 
value. We call the first one parallel model, and 
the second one series-parallel model. Both are 
illustrated in Fig. 2. The conditions under which 
the parallel model will converge are unknown 
for time domain system identification [2]. In the 
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Neural Net " .Ckl 

Fig 2. (a) Parallel model 

" ""'' 

Fig 2. (b) Series-parallel model 

frequency domain, the feedback in the parallel 
model makes the convergence of neural net 
model unknown. Due to recursive nature of the 
parallel model, any disturbance will be 
propagated and would eventually ruin the 
response as a whole. This observation is shown 
in our simulation results. 

IV. Training process: 
A. Training input: 
The training signals have critical impact on the 
performance of resulting NN model. We have 
observed such phenomenon by applying three 
different types of training signals and comparing 
the results. The test signals include the sinusoid 
signals, the random signals and the random 
signals with holding values. 
When we train NN model with sinusoid signal, 
the frequency response of resulting model 
matches the original one very well around 
certain frequency range -- the frequency used to 
train the model. However, the matching degrades 
as the training frequency deviate from the_ 
training frequency. This is an expected result 
because the neural net model is only exposed to 
the information of certain frequency. 
When the neural net is trained with the random 
signal, the frequency response of trained models 
matches the original one very well in a relative 
wide range. This is due to the frequency 
characteristics of random signal. Two different 
simulation results are shown in Fig. 6 and 8. 



time 

Fig. 3 Random signal with value holding 

The third type of training signal includes the 
signals with random amplitude values, but the 
duration of each value change is larger than one 
sampling period. An example of this type of 
training signals is shown in Fig. 3, where the 't is 
the change period of training signal, and the 
sampling period is -r/5. If -r is the time constant of 
a first order system, this signal could give the 
system a longer time to demonstrate its dynamic 
characteristic, especially in the low frequency 
range. Our simulation shows that this type of 
training signal could improve the performance of 
NN model in the low frequency range with the 
expense of performance degrading in high 
frequency range. 
The selection of training signal depends on 
chosen frequency range on which it is expected 
the model achieves a good matching. In general, 
random signal is appropriate for obtaining 
accurate frequency response in a larger 
frequency range. 

B. Order of NN model: 
As shown in ·Fig. 1, the trained NN models 
require a window of the input and output to 
capture the dynamics of the system. Comparing 
eqs. (1) and (2), the order of original system in 
term of input and output (No, Mo) and the neural 
network (N, M) is not necessary the same. For 
the first order system, (I) becomes: 

y(k) = ay(k -1) +bu(k) (3a) 

However, for a second order system, (I) has the 
following form: 

y(k) =a1y(k-l)+a2y(k-2)+bu(k) 
(3b) 

Our results show that the number of inputs and 
outputs required in NN model (N, M) could be 
the same as the order of original system CNo. 
Mo). Such proper size of input and output 

Fig: 4 Neural network architecture 

window is depended on order of original system. 
Even with larger window size, we still achieve 
almost the same results. To keep the computation 
effort at an optimum level, the order selection of 
the trained model based on the order of system is 
recommended herein. 

C. Sampling rate and it's effects on . the 
simulation results 
According to Nyquist sampling theory[IO], the 
sampling rate determines the range . of frequency 
on which the discrete model could mimic the 
original system. As an identified model of the 
system, the neural net should be also in 
accordance with sampling theory. Such 
expectation is shown in our simulation results. In_ 
Fig. 6 and 8, the vertical dash line is the Nyquist 
frequency limit set by the sampling theory, 
which is the half of the sampling frequency. We 
could observe that the curve generated by the 
trained model began to deviate from the original 
one when it approaches this line and loses its 
way soon after across the line. 

V. Simulation Experiments: 
A. Neural Network and linear system model: 
We use back propagation and serial --parallel 
model as shown in Fig. 2 (a). The neural 
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networks consist of four layers as shown in 
figure [4] with one input layer, one output layer 
and two hidden layers of 20 and I 0 neurons. 
Both numbers of neurons and layers could be 
reduced for computation efficiency. However, 
since this configuration provides good results in 
all given examples in this paper, it is used for all 
the cases. 
Two examples are shown herein. They are 
typical first and second order system in the form 
of: 

k 
G1(s)=-- (3a) 

'tS+ 1 
2 

(!) 

G2 (s) = 11 

2 (4a) 
s2 + 2sro II + (!)II 

The value range we used for k, -r and ron, ~ are as 
follow: 
k: 0.1to10,-r: 0.1to10, 
ron: 0.1 to I 0, ~: 0.1 to 1. 

B. Simulation Results: 
We use different values as shown above for k, -r 
and ron, ~ in order to demonstrate the 
effectiveness of the proposed method regardless 
of parameter variations. When determining the 
sampling frequency, we must take into account 
the time constant -r for the first order system and 

oscillation frequency (!) d = (!), ~1-s2 for the 
second order system . 
For the first order system, we use sampling 
frequency of -r/5. The result is shown in Fig. 5 
for time domain response and in Fig. 6 for 
frequency domain. For the second order system, 
we use sampling frequency of Td/20, where 
Td=27t/ron (for ~<1). The simulation results are 
shown in Fig. 7 and 8. 
The above simulation experiments show that 
within the frequency range specified by the 
sampling rate, neural network models 
approximate the system quite accurately in 
frequency domain. This could be viewed as a 
nature extension of the time domain matching, 
because the frequency responses are just the 
steady response of the system with sinusoid 
input. 

VI. Conclusions: 
Neural Networks not only can approximate the 
linear systems in the time domain, but also have 
the capability to represent a given system in the 
frequency domain within a given frequency 
range. The result is significant since we could 

utilize NN model in time domain as well as 
frequency domain. Therefore, once we obtain the 
trained neural network model, we could apply 
frequency domain analysis methods to conduct 
stability analysis, controller design, and other 
proper analysis and synthesis. However, the 
drawback of the proposed approach is the 
sampling rate as we have discussed in the paper. 
Further works need to be done in formulating the 
limitation of sampling theory on neural network 
modeling. 
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Bio-Power: A Study of Fermentation Driven Insect Robots 
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In recent years there has been much interest shown in the area of 'insect' robotics. 
These small robots usually mimic the appearance or behavior of real insects. Many aspects of 
these robots have been intensely researched such as simulating instinctive responses and 
reproducing complex legged locomotion. However, one area that has not been studied in 
depth is the conversion of food to mechanical motion. 

Most researchers have been content to use available small button-cell batteries to 
power their diminutive creations, despite the low endurance and non-renewable limitations of 
this approach. Batteries are not biodegradable and most are toxic to the environment. There 
are battery recycling operations, but this costs money and more energy. For insect robots to 
truly live up to their promise, they must eventually mimic one of the major abilities of real 
insects which is "living off the land." The concept of man-made systems that derive power 
from food is not new. Bennetto [I] in England has been working on a "living battery" for 
many years, that attempts to produce electrical energy directly from a complex bio-chemical 
"soup" involving E. Coli bacteria. The work so far has only produced modest power (0.2W) 
from relatively large vats ( 4 liters) of reactants. It also employs chemicals (F erricyanide) 
which are not naturally available in the environment. Although this technology holds great 
promise it is clearly a number of years away from viability. This paper deals with developing a 
power source which would allow a robot to eat and convert food to mechanical energy by 
means of fermentation, with no harm to the environment. 

As a 'stop-gap' approach, work is currently underway at USF into the study of direct 
conversion of food into mechanical power. Since no electrical power is produced this method 
cannot drive electronics, _but it can be harnessed to physically move an insect robot. This 
conversion is possible through the digestion of sugar by yeast, or fermentation. 

The simple biological process of fermentation has been around for centuries. The 
process uses yeast to convert a sugar/water solution into alcohol and C02. The gaseous C02 
is capable of building up large pressures in a closed fermentation vessel. This pressure can be 
released to produce mechanical motion much as a miniature steam engine, and used to propel 
an insect robot vehicle. After the yeast has converted all of the sugar in the solution to 
alcohol and C02, most of the solution can be dumped and fresh sugar/water solution added. 
Yeast will remain alive in the vessel after the conversion is complete, so it is not necessary to 
continually add yeast. 
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This power plant is environmentally safe and non-polluting. There are no batteries to 
charge or replace, only sugar water to replenish. Further developments will allow for 'natural' 
sources of food to be converted into sugar (plants, real insects, etc.) by a predigestion 
reaction, thus negating the need for man-made refined sugar as a fuel. The 'eating' of food by 
a robot allows it to stay in operation longer, perhaps even indefinitely, as long as its yeast 
colony remains alive and there is a source of water and sugar available. 

FERMENTATION BACKGROUND 

Fermentation is a well studied and developed science. The fermentation process is 
very simple. When yeast is added to a sugar solution it eats the sugar and produces two main 
components: C02 gas and alcohol. In a sealed container, such as a beer or wine bottle, the 
pressure developed by the released C02 is sufficient to literally explode the bottle. An insect 
robot will have to use a much smaller quantity of liquid, but surprisingly high pressures can 
still be achieved with these smaller quantities. 

One drawback to fermentation is the ,speed at which it occurs. It can take several 
hours before a small, unhealthy, or inactive yeast colony will produce an appreciable amount 
of C02. This lag time can be overcome with close attention to the condition of the yeast. The 
yeast colony must be kept active, populated, and supplied with food as best possible to remain 
healthy and active. If the alcohol content of the solution becomes too high, the yeast will die, 
literally eating itself to death. One way to keep the alcohol content at a safe level is to limit 
the amount of sugar the yeast has available at the beginning of a cycle. If there is an 
overabundance of sugar in the solution, alcohol content must be monitored and alcohol 
removed before it's concentration becomes too high and yeast die. Too little sugar, and the 
pressure vessel will not live up to its fullest potential. 

In an optimum scenario, fermentation would be allowed to continue until just before 
all the sugar is used, and then almost all of the solution is poured off. This allows the yeast to 
remain active during fluid changes, and allows for maximum sugar consumption and a quick 
restart. After the vessel is emptied, more sugar rich solution would be added and the vessel 
sealed. As fermentation nears completion, yeast cells ·settle to the bottom of the vessel, 
forming a thick paste-like liquid. When the used solution is emptied, most of the yeast will 
remain in the vessel in the paste, and some will stay in suspension in the solution that remains 
in the vessel. 

The three ingredients needed for fermentation to take place are sugar, water, and 
yeast. None of these are toxic, and all are biodegradable, making this approach to a power 
source very environmentally friendly. In future years, it will be possible for a robot to roam 
around eating plants, grass, bugs, etc. to maintain a full tank of fuel. 

DESIGN CONSTRAINTS 

As a "proof of concept" approach it was decided to build a small wheeled robot 
vehicle approximately two cubic inches in size. It was to be given no inclines to negotiate and 
would simply move under its own power around a circular track along which would be 
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positioned a number of sugar feeding stations. This means a very small and lightweight frame, 
no steering mechanism, and possibly only three wheels. The fermentation process can only 
produce limited power, especially from the small fermentation vessel that could fit into the 
proposed vehicle. Second, any component in the power plant must be able to withstand 
sustained pressures in excess of 5 psi. This alone is not a problem, but considering the weight 
constraint, requires the lightest and thinnest components possible. It is obvious that weight is 
the main design constraint. Almost all constraints stem from this area; therefore, very close 
attention must be given to the weight of the robot. 

Another design constraint is imposed upon the yeast. The yeast must be highly 
tolerable of alcohol in its environment. There are many yeast strains, specifically champagne 
yeast, which are much more alcohol tolerant. Where a typical beer yeast can survive in up to 
an 8% alcohol solution, champagne yeast can survive in as high as 22% alcohol. 

APPARATUS AND PROCEDURE 
In order to quantify the level of pressure and energy that can be obtained from very 

small ( 1 in3
) fermentation vessels, a set of experiments were performed. The testing apparatus 

consists of two wooden stands, each containing a pressure gauge (0-1 0 psi gauge pressure) 
and a test vessel with a vinyl hose connecting the two. Two different vessel sizes used were, 
46.4 ml, and 50.0 mi. These volumes include the vessel and connecting hose used between 
the vessel and pressure gauge. The total headspace (the volume of air between the level of the 
liquid and the back of the pressure gauge) was measured as accurately as possible, by 
subtracting the volume of liquid added from the total internal volume of the vessel and hose 
system. 

To start a cycle, a measured quantity of solution of known specific gravity was added 
to a selected vessel. Specific gravity was used to measure the sugar concentration of the 
solutions. Measuring specific gravity is reliable and provides for an easily reproducible 
method of measuring sugar concentration. Next, if this was a first run (no yeast in the vessel) 
a small quantity of yeast was added. If this was a continuation of a test, no yeast needed to be 
added, as yeast will be left behind in the small amount of solution that remains after the spent 

• 
PRESSURE GAUGE 

CONNECTION HOSE 

Figure 1: Basic Testing Apparatus 
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solution is poured off. Once there was sugar and yeast in the vessel, the vessel was shaken 
lightly and connected to the pressure gauge via the vinyl hose. Time was noted. Pressure 
readings were taken at various intervals for the first tests, and at 30 minute intervals on 
subsequent tests. Readings were taken until the pressure no longer increased, at which time a 
new test was run, either with the same or new quantities/concentrations of sugar solution. 
The tests took several hours to run, most between 9 and 10 hours. 

RESULTS 
The results from the pressure test were very encouraging. Pressures above 9 psi were 

obtainable from 1 0 ml of 1. 080 gravity sugar solution. 
The type of yeast used is a very important variable in the tests. All the tests presented 

in this paper used one type of yeast, Wyeast Labs liquid American Ale yeast (#1056), a 
brewing yeast. This yeast has a moderate alcohol tolerance, so the yeast would often be 
useable only once, as most of it would be killed by the alcohol produced with the high gravity 
solutions used in the tests. One type of yeast that has a high alcohol tolerance is champagne 
yeast. Champagne yeast can tolerate up to a 22% alcohol solution. This should provide for 
higher pressures, more complete consumption of the sugar, and more yeast cells remaining 
alive after fermentation is complete. One other important plus to using champagne yeast is 
the fact that higher concentrations of sugar are allowable, meaning less swapping of fluid and 
more power from each given quantity of solution. Future tests will involve different types of 
yeast, mainly champagne yeast. 

Foil owing is a graph of experiments that have been run. The highest pressure achieved 
thus far is 9.2 psi from 10 ml of 1.080 solution using the American Ale yeast. This pressure 
translates into 2.31 joules, approximately the amount of energy in a 1 kg mass held .24 meters 
above the ground. From the graphs it is visible that pressure builds slowly in the first stages 
of fermentation, and then increases rapidly until slowly leveling off as fermentation is 
complete. There were two pressure vessels used, each with approximately the same head 
space, slightly more than what is expected to be used in the actual robot. Since testing is still 
underway and the design of the pressure to mechanical motion mechanism is still in the 
thought stage, it is impossible to say exactly what size the final fermentation chamber will be 
or how large the head space will be. Head space plays a factor in how much pressure is 
developed, the smaller the head space, the larger the pressure, but due to reduced volume the 
overall energy is less. Energy is calculated as simply the volume of head space multiplied by 
the pressure developed. 

The fermentation chamber used on the actual robot will have a maximum size of 
approximately one cubic inch, or 16 mi. The experiments run so far have used 5 ml, 7. 5 ml, 
and 10 ml of 1.080 gravity solution. This translates to 0.305 in3

, 0.458 in3
, and 0.610 in3

, well 
less than the desired final volume, leaving plenty of head space for any foam that is developed 
during fermentation. 
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CONCLUSION 

Obviously this research is currently in its early stages. Before the feasibility of the 
system can be truly evaluated a good deal more testing will be necessary. These. tests would 
include the use of other yeasts, sugar concentrations, and head spaces. 

The preliminary results look encouraging. It is hoped that the pressures developed 
will provide enough energy to move the prototype insect robot around the circular track 
between sugar feeding stations. Efficient conversion of C02 gas pressure to mechanical robot 
motion will be a crucial factor. Obviously the required build-up time to achieve useable 
pressures will make for a "burst-type" motion pattern for the robot, with long periods of 
inactivity followed by rapid movements. 
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The paper investigates the geometrical meaning of the determinant of the Jacobian 

(detj) of .the three connector lines of a planar in-parallel platform device using reciprocity. A 

remarkably simple result is deduced : The maximum value of det j namely, det im is simply 

one-half of the sum of the lengths of the sides of the moving triangular platform. Further, this 

result is shown to be independent of the /ocat~on of the fzxed pivots in the base. 

A dimensionless ratio A = ldet 11 I det j m is defined as the quality index ( 0 ~ A ~ 1 ) 

which can be used to measure "closeness" to a singularity. 

An example which determines the optimal design by comparing different shaped 

moving platforms having the same det}m is given and demonstrates that the optimal shape is 

in fact an equilateral triangle. 

Introduction 

The geometry of the singularities of serial manipulators is well known[1,2,3]. The 

conditions for determining singularities are obtained from the vanishing of the determinant 

of the 6x6 Jacobian ( detl) relating the instantaneous joint motions to the instant mo~ion of 

the end effector. For virtually all industrial manipulators with special geometry for which 

pairs of joint axes are parallel or intersect at right angles, det J can be expanded as a product 
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of factors. The algebra can be simplified considerably by choosing the reference point on the 

third or fourth joint axes counting the grounded joint as the first joint in the chain. It has been 

established that the first and sixth joint parameters of a six joint manipulator cannot produce 

a singular configuration. 

As far as the authors are aware, little is known as to determine how close a 

manipulator is to a singularity as the end effector moves from one location to another. It is 

far from clear how to measure 'closeness'. The major contributing factor to this problem is 

that det J has dimensions(length3
) for spatial serial manipulators. Recently Keler[ 4] made an 

important inroad into this problem by determining expressions for the maximum value of det 

J, namely det Jm , for a number of industrial manipulators. In this way he has able to define a 

quality index A where 

and for which 0 ~ A ~ 1 . 

A= ldetJI 
detjm 

Even less is known about the singularities of the parallel mechanisms. In general 

there is no judicious choice for the reference point to simplify the determinant of the 6x6 

Jacobian matrix, det j , of the lines of the six connectors joining the moving platform to the 

fixed base. Here, singularity configurations must be defined by the linear dependence of 

systems of lines (screws of zero pitch). Now all the special screw systems have been 

identified and investigated in great detail by Hunt[5] and later by Hunt-Gibson[6,7] and 

Rico-Duffy[8,9]. However, examining special configurations of a particular in-parallel 

mechanism and relating them to special screw systems is not a simple task. 

At the outset, it appears that the problem of how to measure 'closeness' to a 

singularity may well be solved by determining a quality index A. At least this is a starting 

point. When A = 0 the device is in singular configuration and when A = 1 the device is in its 

best configuration to sustain load. 

This paper investigates the geometrical meaning of det j for in-parallel planar 

manipulators. A definition of det Jm is proposed which enables a definition for a quality index 

for in-parallel planar manipulators. 
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Line Coordinates 

G(xij~Yij) $t 
$ij Q 

qk 

0 

Figure 1 : Mutual Moment of Lines $ij and $k 

In this paper the ray and axial coordinates of lines $k and $iJ are defined by sk = 

{&;~ok} and SiJ = {~oij,'~j} where~ is the Unit VeCtOr defining the direction of the line and ~0 

= r. x ~ is the moment of the line about a reference point 0. Clearly ~ ·~o = ~·(r._x S) ::::: 0 and 

~·~=1. 

Employing matrix notation, the mutUal moment(see Hunt[5] and Duffy[IO]) of a pair 

f k I. $ d $ .h -- [§.k] d . d. s-. [S.oij] b o s ew tnes iJ an k Wit ray s k = S an axts coor tnates iJ = S .. can e 
--Ok --y 

expressed as 

(1) 

where a is the angle between them and qk is the mutual perpendicular distance. 
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Here, the basis for sk is { t ,.i, Off; Oc(, Ocj_, cfs.} or simply { t ,.i; cfs. } whereas the 

basis for sij is { cj_ , cj_ , Ocfs.; Oi. , Oj , If } or simply { cj_ , t;L ; If } (see Figure-1 ). The moments 

of the line $iJ about the x andy axes are respectively (yiJ, -xiJ) and its direction is If. 

From here on, lines such as $kin the x-y plane will be designated in ray coordinates 

(see Figure 1) and 

(2) 

where the abbreviates cos l4 = ck and sin l4 = sk have been introduced and Pk is the moment 

of the line about the origin 0. 

Lines such as $iJ passing through the penetration point G of the x-y plane parallel to 

the z-axis will be designated in axis coordinates as 

(3) 

It is simple to deduce from (1) or Figure 1 that the mutual moment of the lines $k and 

$iJ which are themselves mutually perpendicular is given by 

(4) 

where qk is the absolute magnitude of the moment of Sk and ~1. 

The Geometrical Meaning of det j and det im for Planar In-Parallel Platforms 

with RPR Connectors 

Figure-2 illustrates an in-parallel platform with three serial RPR connector chains. An 

applied force is related to the resultant leg force by 

w=J& (5) 

• c is a dual operator for which i! =0. 
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where 

The abbreviations c;=cos 9; and s;=sin 9; have been introduced. 

Figure 2 : An In-Parallel Platform with General Geometry 

Arranging the pairs of the columns ofj in the form 

and using Grassman's expansion yields 

Y12 :-xi2 :1 = (s1P2- S2P1 ):-(c1P2- C2P1 ):(cis2- C2S1) 

Y23:-x23:I = (s2p3- S3P2 ):-(c2p3- C3P2 ):(c2s3- C3S2) 

Y3t:-x3I:l = (s3pi -sip3):-(c3pt-'1P3):(c3si -cis3) 
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where(x12, y 12 ), (x23 , y 23 ) and (x3h y31 ) are the coordinates for the points of intersection of the 

pairs of lines ($~, $2), ($2, $3) and ($3, $1). 

Now 

(II) 

are respectively the unitized coordinates of the lines $12, $23 and $31 . 

Expanding the determinant of} from the first column of(6) yields 

(12) 

Figure 3: Geometric meaning of detj 
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Therefore 

(13) 

where the abbreviation s3_2 = s3c2-c3s2 = sin ( ~-8;_) has been introduced. 

Expanding the determinant from the second column of ( 6) 

(14) 

Therefore 

(15) 

Analogously expanding from the third column of ( 6) 

(16) 

The determinant of j has thus been expressed in three alternative forms. Now it is 

apparent from Figure-3 that 

(17) 

The determinant of j can thus be expressed in three alternative forms as scalar 

multiples of the three mutual moments. The scalar multiples are respectively sin( 83- 82), 

sin( 8r 83 ), sin( 8r 81) and therefore 

det j = s3-2q 1 

det j = -S3-Iq2 = SI-3q2 

detj = s2-Iq3 

(18-1) 

(18-2) 

(18-3) 

The geometrical meaning for the alternative expressions (see Figure-3) is clear. 

However q1, q2 and q3 are variables and it is not immediately clear how useful these 

expressions for detj are in determining a quality index. 

It is interesting to examine the expressions for det j when any pair of the connectors 

become parallel. Consider for example that the connector lines $1 and $2 are parallel (or they 

could be anti-parallel) as illustrated by Figure-4. 
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Figure 4: Connectors $1 and $2 Parallel 

For the parallel case 01 = 02 and s2_1 = 0. The third expression for det j (18-3) fails 

since q3 -+ oo and hence detj = O·cx:>. However the other expressions (18-1) and (18-2) yield 

equivalent values for detj. Analogously expressions (18-1) and (18-2) fail when s3_2=0 and 

SJ-3=0. 

It is clear (see Figure-3) that the three connectors $~, $2 and $3 form a triangle and 

through the vertices pass the lines $12, $23 and $31 • This construction will now be used to 

determine det Jm for a general planar in-parallel mechanism (a mechanism consisting of a 

fixed triangular base jointed to a ~oving triangular platform by three RPR connectors in 

parallel). In Figure-5, the vertices of the triangle are labeled D, E and F. The base of the 

mechanism has fixed pivots at points G, Hand I which lie somewhere along the lines $ 1, $2 

and $3. The moving platform has pivots A, Band C which also lie on the lines $1, $2 and $3. 

(Any pair of fixed and moving pivots A-H, B-1 and C-G must not of course coincide.) For 

the optimal configuration the detJm can be expressed in three ways and 

detj"' = q1 sinP= q2 siny'= q3 sina' (19) 
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Figure-5: General In-parallel Mechanism in Optimal Configuration 

When the angles a'~ ·P' and r' are known it is required that qh q2 and q3 are all 

maximum subject to the condition expressed by (19). For example, for a given value of P' 
which is an angle between the lines $3 and $2 Figure-6 illustrates that qi is maximum when it 

joins D to the joint at C which is on the line $I . Hence q1 is an altitude of the triangle DEF 

and q I' and q I" are both less than q I· 

Further, the optimal configuration for det im is realized when qh q2 and q3 are the 

altitudes of the triangle DEF as shown in Figure-5. These three altitudes intersect at the point 

U which is the ortho-center of triangle DEF and simultaneously the in-center of the platform 

triangle ABC i.e. qh q2 and q3 bisect the angles a, fJ and r of the triangle ABC. Further 

examination reveals that the triangles DBA, CF A, CBE are similar and the triangle DEF is a 

scaled mirrored image of these triangles. 
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Figure 6 : Geometry of the maximum q1 

From the expression ( 19) 

detjm = q2 siny' 

and from Figure-5 

q2 = dsina' 

where 

13 sina' 12 siny' 
d= . +-~--

sin(a'+P) sin(P+r') 

Therefore 

. [ l3 sina' 12 siny' ] . , . 1 

detJm = . ( 1 p) + . (p ') Sina stny sin a+ sin +r 

I sin2 a'siny1 I sina'sin2 r' 
= 3 + --=2~----

sin(a'+P) sin(P+r') 
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Now 

thus 

From Figure-S 

Therefore from (24) 

a'= (;r- a) I 2 

r'=(1l-y)l2 

P=(a+y)/2 

= 13 cos2(~) + 12 cos2 (~) 

= 1 ( 1 + cos a) l ( 1 + cos r ) 
3 2 + 2 2 

12 + 13 + 12 cosy+ /3 cos a 
= 2 

(24) 

(25) 

(26) 

Hence for a general planar platform det im is one-half the sum of the lengths of the 

sides and is independent of the location of the fzxed pivots G, H and I which can lie 

anywhere on the lines $b $2 and $3. 

It is now possible to employ these results to determine the quality index variation for 

any in-parallel planar platform. It is proposed to use det }m for an in-parallel platform for 

which det Jm = 0.5L where L is the sum of the lengths of three sides of the moving platform 

ldetJI 
(the quality index will be defined by A= O.SL ). 

Figure-7 illustrates a general triangular platform which has interior angles of 50°, 60° 

an 70° and its base pivots coincide with the intersection points of the connector action lines 

- ~ b $2 and $3. The platform is in its optimal configuration and A= 1 (det}m=7.4241m). 
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Figure-8 shows the quality index A as a function of a rotation y, about the z-axis 

through the mass center Q of the moving platform. It is interesting to note that the quality 

index l=O when r= 120° and y=-6rf and this is because q1, q2 and q3 are all zero. Clearly 

l=l when y=rf. 

\ 
\ 

\ 
\ 

\ 

y 

I 

I 
I 

I 

I 
I 

I 

2 

Figure 7 : Optimal configuration of a general triangular platform 

Figure ... 9 shows the quality index A. as a function of linear displacements parallel to x

y plane. It is important to note that when the moving joint I' coincides with the base joint I 

the center of the platform Q coincides with the point J (see Figure ... 9). The three expressions 

for det j are undefined because it is possible to rotate the moving platform about the axis 

through the coincident joints. Analogously this also happens when the moving joints 2' and 

3' coincide with base joints 2 and 3. 
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Figure 8 : Variation of A with rotation r about Q 
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Determination Of An Absolute Quality Index Aabs 

Figures 10 through 12 illustrate three different mechanisms which have same value of 

det Jm = 6m and they are in their optimal configurations. A moment M = 1 Nm (Newton

meter) is applied to these platforms in order to determine the maximum leg force of each 

platform. 

Case 1 : line segment platform with two coincident joints 

Figure 10 : Line segment platform 

M 
Fmax = F; = -

1 
= 0.1667N 

l 
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Case 2 : isosceles platform 

/ 
S2.Sy / 

/ 
/ 

/ 
/ 

Figure 11 : isosceles platform 

/ 1 = 12 = 4.7664m /3 = 2.4672m 

d . /1 + 12 + /3 6 
etJ = = m 

m 2 

M . 
Fmax = F; = /2 tan52.5 = 0.1610N 
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Case 3 : equilateral platform 

\ 
\ 

\ 
\ 

\ 
\ 

\ 
\ 

I 
I 

I 

60~ 1 
I 

I 
I 

Figure 12: equilateral platform 

/1 = 12 = 13 = 4 m 

d 
. /1 + /2 +13 

et} = =6m 
m 2 

M 
Fmax = ~ = F; = F; = .J3I

1 
= 0.1443N 

It is important to note that the lowest value ofF max occurs for the equilateral platform 

and this is the optimum design. 

Further, from these results it is possible to determine an absolute quality index A.abs 

using an equilateral platform as the basis for comparison. In other words for an arbitrary 

platform it is necessary to define Aabs using the longest side. For example for case I 
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for case 2 

and for case 3 

6 6 
Aabs = = = 0.6667 

1.5/ max 1.5 X 6 

6 
Aabs = 15/ 

• max 

= 
6 

= 0.8392 
1.5 X 4.7664 

6 6 
Aabs = 1.5/max = 1.5 X 4 = 1.0 

It is now clear that in general 0 ~ A..abs < 1 unless of course the moving platform is an 

equilateral triangle for which 0 ~ A..abs ~ I . 
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CONTOUR ERRORS IN A NEW CLASS OF CNC 

ABSTRACT 

MACHINE TOOLS 

Xiu Daoxi and Oren Masory 
Robotics Center 

Florida Atlantic University 
Boca Raton, FL 33431 

A new class of CNC milling machine based on parallel structure similar to Stewart 
Platform has been proposed recently. This paper demonstrates, through simulation, the 
magnitude of of the contouring errors of such machines due to the dynamic behavior of the 
actuators' controller. Two cases are being investigated: In the frrst case it assumes that the all 
controllers are identical, and in the later that there ase small deviations between their 
parameters. Simulation results, demonstrating these errors along straight lines and arcs, are 
provided. 

I. INTRODUCTION 

A new class of CNC machining center, based on parallel manipulator concepts, have been 
proposed and prototyped recently [1-3]. In contrast to serial manipulators, in this case the 

· end-effector is attached to a moveable plate that is supported in-parallel by a number of 
actuated links. As a result, this type of manipulators is anticipated to possess the advantages 
of high force/torque capacity, high structural rigidity, and better accuracy. 

Recently, parallel manipulators in general and Stewart platforms [4] in particular have 
attr~cted considerable interests in the literature. Topics cover such areas as kinematics 
analysis [5-7], workspace analysis [8-10], practical design/construction considerations [11], 
dynamics [12,13], and numerous applications [14-18]. However, very few publications on the 
accuracy issue of parallel manipulators such as Stewart platforms can be found. ·Since high 
accuracy is generally believed to be one of their advantages, it is important to address this 
issue [19,20]. We focus on the accuracy issue of Stewart platforms in this paper. 

In the machining operation, the end effector of the manipulator holds spindle which in 
tum drives the cutting tool. The accuracy of the part depends on many variables such as 
machine accuracy, machine deflections due to cutting forces, machine thermal expansion and 
others. This paper investigates the effect of the actuators' controllers on the contour accuracy 
which in tum effects the part accuracy. In the frrst case it is assumed that all controllers are 
identical and therefore the contour errors are due to their dynamic response. In a second case 
mismatched axes, in which there are small deviations between the controllers' paramet~rs, will 
be introduced. Simulation results of these errors for straight ·lines and circular arcs are 
presented. 
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ll. CONSTRUCTION OF STEWART PLATFORM 

The structure of Stewart platform consists of a base plate as reference and a moving 
plate actuated by six prismatic joints legs connecting both plates. Each leg links the base and 
the moving plate with U-joint and ball-joint, respectively; therefore, each prismatic leg has six 
degrees of freedom, so does the moving plate. Each link leg is realized by a hydraulic piston 
and each piston is connected to a electro-hydraulic servo valve. A 50HP (1500psi 50gpm) 
hydraulic pump is used to provide the power to the system. The displacement of each leg is 
measured by a linear optical encoder that its signal is used as the feedback to the controller. 
The controller is implemented on an ffiM I AT computer in which a motion control board, 
with six control modules one for each leg, was installed. The configuration of the system is 
shown in Figure 1. 

D Stewart Pial form 

Figure 1. Stewart Platform - System configuration 

m. PLANT MODEL 

The configuration of each cylinder and its electro-hydraulic servo valve is shown in 
Figure 2. The valve is a two stage flapper-nozzle type flow control valve. The flow through 
the valve is controlled by a current input signal to the pilot stage which in tum propotionally 
displaces the main spool. The displacement of the main spool will let the oil from the pump 
system flow into the cylinder and causes the cylinder to move in a certain velocity. The 
description of this arrangement is shown in Figure 2 and the corrsponding block diagram in 
figure 3 [21,22]. 
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u ........ 
/ pilot stage 

main spool 

~ ~ velocity or cispl acement 

~ 

"cylinder 

Figure 2. The Configuration of Servo-Valve Cylinder 

F G2(s) 

v 
Gl(s) G(s) 

Figure 3. The Block Diagram of the Hydraulic Actuator Model 

Referring to Figure 3, U is the input signal to the hydraulic sevovalve, V is the velocity 
of the cylinder, and F is the load acting on the piston. G1(s) is the transfer function of the 1st 
stage of the valve given by: 

k 
GI (s) = o 

~+1 
(01 

(1) 

G2(s) is the transfer function describing the effect of the load and it is given by: 

G(s) is the transfer function of the valve and the cylinder and is given by: 

1 
G ( s) = ----::-2 ----

_s_+c-s-+1 
2 

(02 (02 
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IV. PID CONTROLLER DESIGN 

Each control module implements a PID controller where its gain are selectable by the 
user. The block diagram of the control system for each leg is shown in Figure 4 [23] . 

counter 

Figure 4. The velocity control system with a PID controller 

The design of the PID controller was performed in Laplace domain and then 
transformed to Z domain. In S-domain, the PID transfer function is given by: 

k. 
G (s)=k +_L+kds 

c p s 

where: kP 

k; 

kd 

proportional gain of the PID controller 

integral gain of the PID controller 

derivative gain of the PID controller 

Using Eqs. 1-4 the closed loop transfer function can be derived: 

where: k1 

ka 

ke 
vr 
vc 

D/A gain 

Amplifier gain 

Encoder gain 
Velocity reference 
Actuator velocity 

(4) 

The ITAE (integral of time multiplied by absolute error) criteria was used as the 
performance index [24]. The standard form of the characteristic equation of a fifth order 
system that minimizes this criteria is given by: 
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(6) 

In order to obtain the same form as in Eq. (6), a prefilter, Gp(s), was added to the 

(7) 

The gains of the PID contoller were found by comparing the coefficents of the closed
loop characteristic equation of Eq. (5) to the form in Eq. (6). Then, the controller and the 
prefilter were discretized using Tustin bilinear transform given by [25]: 

2 z-1 s=---
1;, z+l (8) 

where 10 is the sampling time of the controller. 

All the physical plant parameters, given in the Appendix, were substituted in the 
formulae to determine the controller gains and the natural frequency of the system. 

V. INVERSE AND FORWARD KINEMATICS 

As stated above, the structure of Stewart platform consists of a base plate as reference 
and a moving plate actuated by six prismatic joints legs connecting both plates. Each leg links 
the base and the moving plate with U-joint and ball-joint, respectively; therefore, each 
prismatic leg has six degrees of freedom, so does the moving plate [26]. 
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Figure 5. Stewart platform and coordinate systems 

Refering to Figure 5, a base coordinate system {B} with radius Rh is placed at the 

base center Oh with its Z axis perpendicular to the base plane. Similarly, the coordinate 

system { P} with radius RP is located at the center of the moving plate. If the pose of the 

moving plate is described by a 3 x 3 orientation matrix R and a translation vector q which 
defmes { P} with respect to { B } , i.e. the vector from the origin of { B } to the origin of { P}. 

The length of each leg Li can be described as follows: 

(10) 

where 

L; The ith leg length 
R The orientation of the moving plate 

p; The vector from the origin of moving plate to the ith upper joint 
q The position of the origin of the platform coordinate in the base coordinate 

b; The vector from the origin of the base frame to the ith lower joint 

The equation (10) formulates the solution of the inverse kinematics of the Stewart 
platform, i.e. if given the pose of the moving plate, the corresponding leg lengths of the pose 
can be found. It is straightforward. 

The forward kinematics problem was solved using the revised Newton-Raphson 
Algorithm[5]. The main procedure includes the following steps. 

1. Based on the inverse kinematics formula, we get the differential equation as 

where: JP 

t:J 
d 
0 

The Jacobean for the Stewart platform 

The differential motions of the six legs 
The differential displacement of platform 
The differential rotation of the platform 

(11) 

2. Given the initial pose=[ q • R*] , obtain the corresponding zi• 's using inverse kinematics 

and the error vector 

111=1;-t. 
I 

(12) 
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3. Using the revised Newton-Raphson Algorithm , the actual pose can be calculated using 
the following formula by iteration. 

q=q*+kd (13) 

(14) 

4. Iteration converging check condition 11.!\zll ~ £ (15) 

VI. TRAJECTORY PLANNING 

In the machining operation, specific contours have to be tracked. In some cases they 
are not given by explicit mathematical description but by a collection of point along the 
contour. Thus, different interpolation techniques are being used to generate smooth curves 
through these points. Here, cubic polynomials are used to determine the motion between two 
adjacent via points. The trajectory (contour) calculations are done in world coordinate system 
in order to reduce contour errors. The polynomial formula for each coordinate is as follows: 

(i=1,2, .. , 6) (16) 

where X; { t) is the position or orientation of the platform in { B} and the coefficients are given 

by: 

bo = X;(O) 

• 
q = X;(O) 

• • 
3(X;(t1 )- X;(O) 2X;(O) X;(tf) 

~= - --~ 
t 2 tf tf 
f (17) 

• • 
-2(X·(t1 )- X·(O)) (X·(t1 )- X·(O)) 

~= I I + I I 

t3 t2 
f f 

where t 1 is the time period going through each segment 



VI. CALCULATION OF CONTOUR ERROR 

Using the plant model, the inverse kinematics, the forward kinematics and path 
planning scheme mentioned above, the contour error was simulated following the process 
shown in Figure 6. 

Planned leg lengths and veloci es 

Real Leg lengths and Velocities 

Real Trajectory 

Planned contour 

Figure 6: The contour error calculation process 

Vll. SIMULATION RESULT 

The process, shown in Figure 6, was simulated using Matlab and two contours were 
investigated: 5" by 5" square and a 10" diameter circle. The simulation was repeated for two 
cases: 

1. Matched-axes - In this case the control models of all actuators are identical. 
2. Mismatched-axes - In this case there are small differences between the actuators' 

controllers due to the fact that it is impossible to tune analog devices precisly. Deviation of 
±5% in the gains and ±2% in the natural frequencies were assumed. 

As a frrst step a PID controller was designed using the constants given m the 
Appendix. The time response of the leg velocity for a step input is shown in Figure 7. 

- 235-



1000 

2000 

I 
~~~O~.t~0~2~0~.J~OL.4 __ 0L.5--0.LI--O.L7--0.LI--O.LI~ 

lrne, MCond 

Figure 7: Velocity response of the closed loop velocity controller. 

Next, the required velocity along the trajectory in world coordinate system, shown in 
Figures 8, were determined. 

_7 
i !6 
~5 

!· 
~3 

12 
f' >o 

5 

3 

y (inc:Ns) -5 -5 
X (inChes) 

(a) (b) 

Figure 8. Required velocity along the trajectory (a- Square, b- Circular) 

Using the controller sampling time and the inverse procedure the leg lengths and 
velocities were calculated. The centers of both trajectories is at X= Y =0, both parallel to XY 
plane at Z=70". Figures 9 and 10 illustrate the rquired leg lengths and velocities for the above 
trajectories respective! y. 
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Figure 9: Required leg lengths (a- Square, b- Circular) 
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Figure 10: Required legs velocities (a- Square, b- Circular) 

The above velocities were used as references to the controller. The produced leg 
lengths were used to calculate the contour errors according to the scheme described above. 
Figures 11 and 12 illustrate the contour errors (translation and orientation) for both 
trajectories in the case of matched axes. As shown the translation and orientation errors are 
very small (in the order of 100microinch and microdegree). These errors are smaller than in 
the case of traditional machine tools where dynamic errors are in the order of 1 OOOmicroinch 
[1-3]. In the case of mismatched axes, there is one order of magnitude difference in the 
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amplitude of errors for the case of square contour and very little diffemce in the case of 
circular contour, as shown in Figures 13 and 14 respectively. 
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(b) 

Figure 11: Contour errors for matched axes - Square (a- Translation , b - Orientation) 
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Figure 12: Contour errors for matched axes- Circle (a- Translation, b- Orientation) 
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Figure 13: Contour errors for mismatched axes- Square (a- Translation, b- Orientation) 
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Figure 14: Contour errors for mismatched axes- Circle (a- Translation , b - Orientation) 
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Vill. CONCLUSION 

The simulation result gives us how much the accuracy of the Stewart platform is and 
shows that the CNC machines based on parallel manipulators have higher accuracy than the 
conventional ones. Also we can see the mismatches in the system plant models can affect the 
contour errors one order higher in amplitude although we do not consider the load 
disturbances. So when considering all the effects on the system, some other appropriate 
control scheme must be adopted. All the simulation blocks and process stated above are the 
basis for our future work. 
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APPENDIX: Constants for the servo valve, piston and controller 

k0=0.365 mlsN 

k1 =3.5x lo-s rnls/N 

7f=4.2x 10 -3 s 

ro1=180 rad/s 

ro2=261 rad/s 

k1 =0.000305 V/pp D/A gain, 

ka =0.3 Amplifier gain 

ke =308346 pp/m 

(l)n = 149.29. 

kd =0.0478 

kp = 13.375 

k. =587 
I 

To =0.00 1 second 
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A closed-form inverse force analysis was performed for a planar four-bar mechanism 
with a rigid coupler and frame but with compliance in the form of linear springs in the input and 
output lin~. A known force was applied to the coupler link on a line fixed in the plane 
containing the frame. A sixteenth degree polynomial in the tan-half-angle of the angular 
displacement of the output link was derived asing algebraic elimination. A numerical result is 
presented which verifies the solutions. 

INTRODUCTION 

Interest in the inverse force analysis of compliant mechanisms has grown since a closed 
form inverse solution in the form of a 6th degree polynomial for a special planar two-spring 
system (see Fig.1) was reported by Pigosk.i and Duffy (1993,1995). Prior to this Vanderplaats 
( 1984) reported an iterative solution for the two-spring system and Seireg( 1969) obtained 
approximate solutions for systems undergoing infinitesimally small displacements from unloaded 
positions. More recently Hines, Duffy and Primrose( 1995) using a different problem formulation 
have derived a 6th degree polynomial with coefficients which are much simpler than those given 
by Pigoski and Duffy( 1993, 1995). 

Recently Dietmaier( 1995) derived an inverse force analysis for a tetrahedral three-spring 
system (see Fig.2) in the form of a 22nd degree polynomial. This result was verified 
independently by Zhang, Liang, Duffy and Primrose( 1995) using a different problem formulation 
and also by employing a synthetic proof. 

Most recently Sun, Liang and Liao ( 1995) obtained a 54th degree polynomial for the 
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y z 

Fig.l Two-spring system Fig.2 Tetrahedral three-spring system 

inverse force analysis of the planar three-spring system shown in Fig. 3. 
In this paper a 16th degree polynomial is derived for the most general planar two-spring 

system( see Fig. 4) which is essentially a planar four-bar mechanism with a rigid coupler and 
frame but with compliance the form of linear springs in the input and output links. 

The general two-spring system(see Fig. 5) is essentially a 4R mechanism with a rigid 

y y 

Fig.3 Three-spring system Fig.4 Two-spring system 

coupler m (link a) and a fixed frame (link b). The input and output links labeled 11 and~ 

contain linear springs(elastic constants k1 ,k2 and free lengths Jo1, .b2 ). We consider that the 
coupler link is unbounded and that a force F with components F x and F Y is applied to it at point 
0 together with a couple. 
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This is equivalent to applying a 
force parallel to F on a line fixed in the 
XY plane whose perpendicular distance 
from 0 is p=m!F(see Fig.5). It is 
important to recognize that there is a 
more complicated problem formulation 
for which the force F is applied to some 
specified point fixed on the coupler link . 
For that case p is unknown, which seems 
to make the problem more complicated 

Two force equations for the system 
equilibrium (Fig.5) are 

y 

0 X 

Two-spring system 

(1) 

(2) 

Where Fi =~ (~ -loi) and the abbreviations cosei = ci and sin6i = si (i=1,2) have been introduced. 
Further taking moments about 0 yields a third equation for equilibrium of the system 

(3) 

Finally projections on the x and y axes yield the following two equations 

(4) 

(5) 

The inverse analysis consists of specifying Fx, FY and m and solving the equations (1) through 
(5) for the five unknowns 6 1 ,62 , <I> , 11 and 12. 

Before proceeding with the inverse analysis. It · is proper to mention the works Eijk and 
Dijksman(1976, see also Eijk 1985 and Dijksman 1979), Haringx(1950, 1949, 1947, 1942) who 
describe such phenomena as negative springs stiffnesses and negative spring lengths. Finally the 
stability of such a system can be elegantly describled using catastrophe theory (see 
Zeeman(1991}, Amol'd(1992) and Hines, Marsh and Duffy (1995) ). 

THE INVERSE ANALYSIS SOLUTION 

The solution is obtained by deriving a pair of equations in the variables e 1 and e2 which 
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can be expressed in the form 

A 1 c1 + B1 s1 =0 
A2 c1+B2 s1+C2=0 

(6) 
(7) 

where AI, Bl, A2, B2 and c2 are functions of e2. Eliminating el from (6) and (7) yields 

(8) 

which is degree 16 in the tan-half-angle t2 =tan(62 /2) . 

Equation (6) is relatively easy to derive. Re-arranging (1) and (2) and dividing to eliminate 
F1 yields 

from (3) 

Hence 

m 
F s =-=F 

2 2 b b 

Substituting (10) and (11) in (9) gives 

F -Fcot62 cot6
1 
=-x ___ _ 

Fy-Fb 

which can be expressed in the form of ( 6) where 

and 

(9) 

(10) 

(11) 

(12) 

(13) 

The of (7) derivation is more involved. It is necessary to eliminate 11 and 12 from (4) and 
(5) by direct substitution( in order to avoid the introduction of extraneous roots) and finally to 
eliminate <I> from (4) and (5). 
From (3) 

and hence 
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(14) 

From (14) 

(15) 

From (2) 

and hence 

(16) 

From (16) 

(17) 

Further substituting (9) into ( 17) yields 

(Fy-Fb) (F -Fbcot62 ) 
1 C - X +1 C 

1 1- 01 1 k
1 

(F -F ) 
y b 

or 

(18) 

Substituting (14) ,(15), (16) and (18) into (4) and (5) to eliminate 11 and 12 , and re-arranging the 
resulting equations gives 

(19) 
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and 

(20) 

where 

(21) 

Squaring and adding ( 19) and (20) to eliminate <I> yields equation (7) where 

F F F F"' F F 
+2 (--X+~) 1 s + ( 2 -b) 2 +1 2 +1 2 -a 2 +--K. -2 -X~ (24) 

k k 02 2 k 01 02 k 2 k k 
1 1 1 1 

For a given set (Fx, FY ,m) together with the mechanism parameters (a,b) and spring parameters 
(k1,k2 ,101 ,102 ) it is possible to solve (8) and obtain a maximum of 16 values for .62 • 

Solving (6) and (7) for c1 and s1 yields 
c1 =B1 C2 I (A1 B2 - A2 B1 ), (25) 

Substituting in tum each value of 62 computed from (8) into (25) yields a unique corresponding 
value for 6 1 • Finally substituting each value of 62 into (14) yields a corresponding value for 12 

, and each corresponding value of 6 1 into (16) yields a corresponding value for 11 • In this way 
it is possible to generate maximum of 16 sets of ce. '~' 1 ,:J ) and hence to construct a 
maximum of 16 real possible assembly configurations. 

NUMERICAL EXAMPLE 

Here a numerical example is given which yields sixteen solutions, ten of which are real. 
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-0.0073 
-0.5756 
0.3268 
0.0198 

-103.7551 +52.2129*1 
-103.7551-52.2129*1 
0.0058 
0.0043 
-307.2718 
-492.8423 
0.0722+0.3240*1 
0.0722-0.3240*1 
0.01 08+0.0009*1 
0.01 08-0.0009*1 

-192.9204 
-280.8496 

-11.5835 
-6.0471 
-5.8892 
-3.9888 
-1.7738-1.8944*1 
-1.7738+ 1.8944*1 
-0.5326 
-0.2446 
-0.1406 
-0.0677 
0.1672-0.0037*1 
0.1672+0.0037*1 
0.4049-0.0471 *I 
0.4049+0.0471 *I 
2.5907 
6.0343 

0.7006 
2.3710 
2.4423 
3.0290 
1.1 029+0.6526*1 
1.1 029-0.6526*1 
4.5535 
5.3031 
-1.4409 
-3.7605 
2.4090-0.0326*1 
2.4090+0.0326*1 
3.5408-0.0991 *I 
3.5408+0.0991 *I 
-0.0115 
-1.1106 

-0.0005 
0.9350 
0.9613 
1.2732 
1.6507 -0.2765*1 
1.6507+0.2765*1 
1.5868 
1.2572 
0.7570 

-0.5435 
3.0531 +0.0220*1 
3.0531-0.0220*1 
2.4870+0.0405*1 
2.4870-0.0405*1 
2.5103 
3.0628 

Ten real configurations are shown in Fig. 2-1 to Fig. 2-10 . For each configuration the 
spring forces F1 and F2 on the lines 11 and 12 intersect at a point on the line of the applied force 
F. All the solutions (real and complex) satisfied the forward analysis. 
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Fig. 2-1 
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Fig. 2-3 

Fig. 2-5 
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Vibration Analysis of Stewart-Platform 
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Dept. of Mechanical Engineering 
Florida Atlantic University 

ABSTRACT 

This paper provides a general analysis of the static rigidity and the vibrations of a Stewart-Platform. 
The platform stiffness matrix, its physical meaning and numerical example are presented. Also, the changes 
in natural frequencies as function of the platform pose are shown. 

I. INTRODUCTION 

Stewart-Platform, a parallel manipulator, has 
attracted researchers attention recently due to its 
structural rigidity compared with serial 
manipulator[l,2,5,6]. In [2,3,4] the rigidity matrix 
of parallel manipulators and a way to explicitly 
evaluate its stiffness were discussed. The adoption 
of such structures as future machine tools has being 
investigated recently [8-10]. Since in this 
application the structure is excited by periodical 
force, produced by the imbalance of the spindle and 
the cutting force, it is important to determine and 
map the natural frequencies of the structure within 
its working space. 

This paper presents a procedure by which the 
natural frequencies of a Stewart Platform, driven by 
electric actuators using leadscrew, can be found. 

ll. PLATFORM RIGIDITY 

The exploration of the rigidity of the Stewart
Platform is under the general assumption: the only 
flexibility deformation of the links is in the axial 
direction, there is no bending or buckling 
deformation and there is no axial deformation of the 
joints. 

The static equations of a Stewart platform are 
described in [1] and given by: 

[J] [f]=[F] (1) 

where: 

are the forces exerted on the platform by the 
actuators 
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F = [Fx,Fy,Fz,Mx,My,Mz]T 

are the generalized forces and moments acting on 
the mass center of the end efector. 

J - the platform Jacobian given by: 

slx s2x s3x s4x Ssx s6x 

s.y s2y s3y s4y Ssy s6y 

I= 
slz s2z s3z s4z Ssz s6z 

Mix M2x M3x M4x Msx M6x 

Miy M2y M3y M4y Msy M6y . 

Mlz M2z M3z M4z Msz M6z 

where: [Six' Siy' Siz], i=1,2, ... ,6, are unit vector 
along the leg's direction, 
[Mix,Miy,Miz] are the moment of the 
vector Si about the origin of the platform. 

The relationship between the differential 
extension of the legs (dL) and the differential 
translation and rotation of the center mass of the 
platform ( dX) is given by: 

dL=[J]T dX 

where: dL=[ dlt ,dl2,dl3,dl4,dls,dl6tT 
dX=[ dx,dy ,dz,d9x,d9y,d9z] 

(2) 

Considering each leg as a linear spring, the 
forces excerted by the the leg, fi, can be related to the 
corresponding deformation of the leg.s ( dli), 
expressed as follows: 



f=[K)dL (3) 

where K is a diagonal matrix containing the spring 
constants of the legs. 

In case of lead screw implementation of the leg, 
ki is related to the leg's material (elastic modules Ei) 
and the cross-sectional area, Ai, and its length, li : 

A . 
k . =E.-1 

I I l 
I 

Combining Eqs. 1-3 yields: 

F=JKJT dX 

(4) 

(5) 

The platform stiffness matrix, JKJT, is 
symmetric, positive semidefmite, and is always 
diagnalisable if it has distinct eigenvalues. Also, 
since K is function of the platforn pose the stiffness 
matrix is also depends of the pose. 

A coordinate transformation, q,, which is the 
eigenvector matrix of JKJT can be used to obtain: 

F'=K'dX' (6) 

where: 
F'= q,-1 F = [F F F M' M' M' ]T . x• r z• x• Y' z 
tS the load expressed m the new coordinate system 
~X'= ~-ldX = [dX', .dY', dZ',d9'x• d9'Y' d9'z]T 
tS the displacements m the new coordinate system 
K' is a diagonal matrix given by: 

r K; 0 l 
K'= 4>-1JKJT4>=' K~ I 

lo KJ 
The matrix K' decouple the system, that is, in 

the new system a force acting along one of principal 
axis will cause a displacement only along that axis. 
As an example, consider the Stewart-platform in 
FAU Robotics Center which has the following 
dimensions (see Figure 1): 

Base diameter: Rb = 0.92m 
Platform diameter:~= 0.31m 
Base joints distribution: 60° equally 
Platform joints distribution: 30--90--30--90--30--90 
Length of legs: 1.4m-2.0m 
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Figure 1: Stewart Platform definitions 

Assume a platform pose of X=[O, 0, 1. 7, 0, 0, 0] 
the above procedure was used to obtain the 
transformation matrix q,-1: 

r 

o.58 026 -o.oo 0.31 0.10 

-Q26 0.58 -0.00 0.70 -o.31 

q,-I = o.09 -o.76 -o.oo o.63 -o.o7 

l 
0.76 0.09 0.00 -o.07 -o.63 

o.oo -o.oo -o.oo -o.oo o.oo 

o.oo -o.oo -1oo -o.oo -o.oo 

o.ool 
I 

-o.oo, 
0.00 

-o.oojl 
-100 

0.00 

Note that according to the sixth row, a force in
Z direction will cause displacement only in that 
direction. This is due to the fact that in this pose 
the system is symmetric about the Z axis. Similarily, 
the fifth row express another principal axis of the 
system, which is the rotation about the Z axis. In 
other cases the principal axis are composed of 
several motions. For example the fourth row ndicate 
the translation along X axis and rotation about Y 
axis (with minor translation and rotation in Y axis, 
will compose another principal axis. 

3. Platform Vibration 

The general dynamic equations of a Stewart
platform had been developed by many 
researchers[1,3,6]. The following discussion follows 
the same analysis based on the assumption of small 
displacement. The dynamic equation of the platform 
is given by: 



IFl lm olxl 
lMJ=lo deJ 
where: -X= [x,y,z] .. .. - -

8= [Bx,ey,ez] 

F = [Fx , FY , Fz] 

M = [Mx,My,Mz] 

1m 0 ol 
.... I o 01 m=lo m 

mJ 0 

r Ixx -lxy -Ixzl 
I I I=l-lxy Iyy -lyzJ 
-lxz -lyz lzz 

Combining Eqs. 5 and 7 yields 

(8) 

Since the matrix M is not diagonal, this is so 
called dynamically coupled system. Similarily, the 
stiffness matrix, K,is not diagonal and thus the 
system is statically coupled. In order to decouple the 
system, a transformation matrix, ~, is used: 

[M1 = q, T[M]q, 

[K1 = q, T[K]q, 

[X'] = q, T[X]~ 
(9) 

The above transformation matrix, q,, is actually 
the eigenvector matrix of Eq. 8, The columns of this 
matrix are eignvectors of the system which are 
orthogonal to each other relative to the stiffness 
matrix K and mass matrix M. 

Since Eq. 8 has been decoupled, X' is represents 
the principal axes along which the system vibrates at 
its natural frequencies. The natural frequencies, c.o 
ni•of this system are given by: 

fK 
ro,; =v~ i = 1,2, ... ,6 (10) 
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As an example, the above platform was assumed 
to be driven by 20mm diameter steel lead screw 
(E=210x109 N/m2) at the pose X=[O, 0, 1.7, 0, 0, 0]. 
The load attached to the platform is· a spindle with a 
shape of a 0.2m diameter cylinder and height of 
0.2m with a centert of mass at the origin of the 
platform coordinate system. 

r 1.43 · 
I 
1--0.38 

T I 0 ~ = 
I o 

l 0.94 

--0.55 

0.38 

1.43 

0 

0.01 

--0.55 

--0.94 

0 

0 

-1.00 

0.04 

0 

0 

0 0 

0 0 

0 0 
0 0 

0.50 --0.86 

0.86 0.50 

0 l 
o I 

I 
o I 

-1.00 I 
o I 
0 J 

The ftrst six natural frequencies are: 3.21xlo2, 
3.23xlo2, 3.25x103, 2.0xlo4, 5.6xlo4, 5.67xlo4 
radlsec 

Notice that c.oni are corresponded to row
l, ... ,row-6, of the transfer matrix respectively. 

For comparison, consider a single DOF machine 
that uses the same leadscrew and driven the same 
mass. Its natur~ frequency can be calculated as 
about c.on=4.5x10 . It can be seen, that the platform 

has a lower natural frequency in two particular 
principle axes which indicates lower stiffness along 
these directions. 

3.2 Natural frequency discussion 

Since the system stiffness changes as function of 
the pose, the natural frequencies change accordingly. 
Some work has been reported dealing with the 
rigidity behavior of parallel manipulators [2-4], 
which provides some insights into the evaluatation of 
the stiffness of this kind of manipulators. 

In case the platform is used as a machine tool it 
is essential to evaluate the natural frequencies within 
its workspace. Moreover, since a spindle is attached 
to the platform, one has to make sure that it will not 
excite vibration in the system when used in full 
range of spindle speeds. 

To determine the effect of the pose on the 
platform's natural frequencies, the solution scheme 
discussed above was repeated for 27 poses located 
within and at the edge of a cube 0.4m side with its 
center at X=[0,0,1.7,0,0,0] (the platform was kept 



horisontal at all poses). Figures 2 and 3 illustrate the 
lowest and the highes natural frequencies at these 
poses respectively. As shown, while the platform is 
in lower poses its stiffness is higher and vise versa. 
Moreover, due to symetry, the stiffness of the 
platform is higher X=Y=O. The results of these 
figures are given in Tables 1 and 2. 

1.6 

1.5 
0.4 

1.5 
0.4 

1.8 

1.7 

1.6 

1.5 
0.4 

0.4 

-o.4 -o.4 

Fig 3.1: Lowest natural frequencies 

0.4 

• -o.4 -o.4 

Fig 3.2: Highest natural frequencies 

0.4 

. -o.4 -o.4 

Fig 3.3: Natural frequencies in singular pose. 

When the platform is near a singular pose, the 
natural frequency will be very small and one of the 
six principal frequencies approches zero which 
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indicates very low stiffness (acquiring additional 
DOF). Fig 3.3 illustrates the above mentioned case 
and the results are summarized in Table 3. 

4. Conclusion 

General theoretical and numerical analysis of 
the rigidity and vibration behavior of Stewart
Platform were discussed. It was demonstrated that 
the natural frequencies very in the range of one order 
of magnitude and therefore one has to be aware of 
any application which might excite the structure. 
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X=-0.2 X=O X=0.2 

Y=-0.2m Y=O Y=0.2m Y=-0.2m Y=O Y=0.2m Y=-0.2m Y=O Y=0.2m 

Z=1.9m 280.21 283.532 280.00 284.96 2.9135 2.8441 279.26 285.93 278.77 

Z=1.7m 339.60 344.97 339.34 346.84 357.21 346.18 338.05 348.22 337.45 

Z=1.5m 4.23.51 4.32.93 423.19 435.47 453.55 434.65 420.99 437.51 420.25 

Table 1: Lowest natural frequencies 

X=-0.2 X=O X=0.2 

Y=-0.2m Y=O Y=0.2m Y=-0.2m Y=O Y=0.2m Y=-0.2m Y=O Y=0.2m 

Z=1.9m 59204 57725 59170 58287 57401 58254 58198 58552 58216 

Z=1.7m 65476 63522 65441 64231 62971 64196 64158 64592 64173 

Z=1.5m 74238 71599 74205 72479 70552 72441 72499 72974 72506 

Table 2: Highest natural frequencies 

X=-0.2 X=O X=0.2 

Y=-0.2m Y=O Y=0.2m Y=-0.2m Y=O Y=0.2m Y=-0.2m Y=O Y=0.2m 

Z=1.9m 122.89 123.79 122.83 102.99 103.76 102.92 72.669 73.211 72.588 

Z=l.7m 127.65 128.71 127.58 97.424 98.228 97.337 52.187 52.591 52.103 

Z=1.5m 126.50 127.69 126.42 78.497 79.186 78.400 9.1618 9.1975 9.0758 

Table 3: Lowest frequencies near singular pose 
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A Method for Measuring the Position 
and Orientation of a Stewart Platform 

Roy Smollett 

Robotics Center 
Aorida Atlantic University 

Boca Raton, FL 33431 

Abstract 

This report describes a method for determining the position and orientation of a Stewart Platform 
manipulator. The method uses a single theodolite, positioned in one location, to measure the azimuth and 
elevation angles of a target attached to the platform. The target is in the form of a tetrahedron. The theodolite 
observations are made on the comers of the tetrahedron. A simulation of the method indicates that the platform 
position can be determined with a pose error norm of approximately 0.015 inches. 

I. Introduction 

The Florida Atlantic University Robotics Center 
has designed and constructed two Stewart Platform 
manipulators. The worlc space envelope of these 
manipulators is approximately a hemisphere with a 
radius of 18 inches. References [1,2,5,6] provide 
descriptions of various aspects of these devices. One of 
the issues associated with building such devices is the 
determination of the actual kinematic parameters after 
it has been assembled. Generally, calibration methods 
[3,4] follow these steps: 1) Determining the position 
and orientation of the platform w.r.t an arbitrary fixed 
coordinate system for a number of poses; 2) Recording 
of the platform joint variables for each pose; 3) 
Development of error model which include the 
parameters to be identified; and 4) Identification 
algorithms. If enough measurements are made the 
kinematic parameters can be estimated to appropriate 
accuracy. 

In [7] two methods for measuring the platform 
position using a single theodolite are described. In one 
method two theodolite positions are used. These 
methods can provide both position and orientation of 
the platform. One must either use two theodolites or 
repeat the measurements after moving the theodolite to 
the second position. In the frrst method two vertical 
measuring tapes are used and in the second method a 
standard bar is used. 

The method described here uses a target in the 
form of a tetrahedron with known dimensions. This is 
an extension of the standard bar target concept to a 
three dimensional target. This enables one to 
determine both position and orientation of the platform 
from a single theodolite position. It is assumed that 
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the tetrahedron is rigidly attached to the platform and 
the tetrahedron position and orientation relative to the 
platform are accurately known. In effect the 
transformation from platform coordinates to 
tetrahedron coordinates must be determined by some 
independent method such as standard mechanical 
inspection tools. 

ll. Measurement Method 

In the proposed method a frame structure in the 
form of a tetrahedron is attached to the top of the 
platform. The comers of the tetrahedron serve as a 
target for the theodolite observations. The target is 
constructed of 5/16 inch diameter brass tubing with 
edge dimensions of approximately 30 inches. Sharp 
points are attached to the comers · to form easily 
detected observation points. The tubing makes a stiff, 
stable structure with minimum obstruction of to the 
view from the theodolite. Figure 1 illustrates the 
structure of the target. The theodolite is placed as close 
as possible to the target without interfering with the 
platform worlc envelope. The theodolite is used to 
measure the azimuth and elevation angles of the 
comers of the target. The elevation angle is measured 
relative to the gravity vector which is determined by a 
sensor in the theodolite. The azimuth angle is 
measured relative to an arbitrary reference determined 
by the user. 

The Robotics Center's theodolite is an Electronic 
Theodolite Model E1 manufactured Kern & Co. LTD, 
Aarau Switzerland. The accuracy of the angular 
measurements is approximately +1- 5 arc seconds. The 
minimum distance from the theodolite to the target is 



about 6 feet which is limited by the focus adjustment of 
the telescope. 

X 

2 

Figure 1: Tethrahedron theodolyte target. 

The experiment then consists of moving the 
platform to some selected poses. At each pose the 
azimuth and elevation angles of the comers of the 
tetrahedron as well as the joint variables of the 
platform are measured. If the measurements are used 

The tetrahedron position and orientation are 
described in the form of a transformation from 
tetrahedron coordinates to world coordinates. 

The definitions of equations relating to this process 
are given below. 

1) XT(i), Y T(i), Zy-(i) for i = 1 to 4 are the 
coordinates of the corners of the tetrahedron in the 
tetrahedron coordinate system. One of the corners 
is located at the origin. 

2) Xw(i), Y w(i), Zw(i) for i = 1 to 4 are the world 
coordinates of corners of the tetrahedron. The Z 
axis of the world coordinate system is the vertical 
gravity vector where the positive direction is up. 
The reference point for azimuth measurements is 
assumed to lie in the plane Xw = 0. A positive 
azimuth angle represents a counter clockwise 
rotation about the positive Z axis. The 
elevation angle is measured from the positive Z 
axis, thus points on the theodolite horizon have an 
elevation angle of 1t/2 radians. 

for kinematic parameter identifiCation, the minimum 
number of poses is given by one sixth of the number of 3) 
parameters. 

i=1 to 4 

m. Data Analysis 

The position and orientation of the 4) 
tetrahedron/platform for each pose can be estimated 
from the thoedolite observations. This is a non-linear 5) 
least squares estimation problem based upon several 
assumptions which are: 

is the transformation from tetrahedron coordinates 
to world coordinates. 
z.o, Y 0, Zo are the world coordinates of the origin 
of the tettahedron coordinate system. 
The matrix R is a 3x3 orthogonal matrix which 
describes the rotation associated with the 
coordinate transformation. 

6) The azimuth angle for point i is computed by 
1) The length of each edge of the tetrahedron is 

accurately known. These distances can be easily AZ(i) = T AN-1 [X0(i)/Y 0(i) ] 
measured with a coordinate measuring machine. 

2) The errors in the azimuth and elevation 7) The elevation angle for point i is computed with 
measurements have a Gaussian distribution and the equation 
the standard deviation of error in azimuth and 
elevation are equal. 

3) The position of the theodolite is at the origin of the 
world coordinate system. The reference for the 8) The measurement errors are computed by: 
azimuth angle observations is selected such that 
the azimuth angle data are in the range of 0 to 90 
degrees. 

4) A coordinate system is defined for the tetrahedron 

EAZ(i) = AZ(i) - MAZ(i) = the azimuth error 
EEL(i) = EL(i) - MEL(i) = the elevation error 

and the coordinates of each corner are described in where MAZ(i) and MEL(i) are the azimuth and 
this system. the elevation angles measured by the theodolite. 

5) The transformation from the platform coordinate 9) The estimation cost function is given by: . 
system to the tetrahedron coordinate can 
determined by other methods. 
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COST= EAZ(i)2 +EEL(i)2 summed for i = 1 to 4 



The least squares estimation algorithm is 
attributed to Marquardt and is described in [8]. The 
algorithms which describe the rotation matrix in terms 
of a quatemion are provided in [9]. The estimation 
process converges in less than 10 iterations and takes 
about 5 seconds on a 386 based computer. It is likely 
that for some poses of the platform one or more comers 
of the tetrahedron will not be visible by the theodolite. 
In those situations the process fails. A possible solution 
is to provide more than 4 observation points. One could 
define features of the platform as points to be observed 
with the theodolite. One would then make observations 
on as many points as visibility permits. (Presumably 
there will be at least 4.) For maximum accuracy the 
points should be widely spaced in both azimuth and 
elevation. It is necessary to determine the coordinates 
in the tetrahedron coordinate system of any such points 
added. 

IV. Simulation results 

rotation matrix, and the Euler angles. There was no 
attempt to introduce random errors into this data ftle. 
The second phase used data from the initial phase as 
input data. Random noise was added to the azimuth 
and elevation angles to simulate errors in the 
theodolite measurements. The noise was uniformly 
distributed over the range of +1- 10 arc seconds. Again 
the QBASIC random number generator was used to 
provide the random errors. Note that the noise had a 
uniform distribution rather than a Gaussian 
distribution as assumed in the previous section. The 
RMS value of the noise was computed as a part of the 
process. 

The noisy azimuth and elevation angle data were 
used to estimate the position and orientation of the 
tetrahedron as outlined in the previous section. This 
was done for the 1000 poses simulated given in the 
input data file. 

Several performance measures were computed to 
evaluate the errors associated with this method. These 
include the following: 

A target tetrahedron of the type described has been 1) 
constructed however as of this date it has not been used 

The mean and RMS value of the error in 
parameters of Xo, Y 0, and Zo· These are the world 
coordinates of the origin of the tetrahedron 
coordinate system. 

to measure the position of the platform. In order to be 
useful the accuracy in measuring the position and 
orientation of the platform should be better than the 
repeatability of the platform. A computer simulation of 
the process has been performed to estimate the errors. 
It is intuitive that the larger the tetrahedron and the 
closer the theodolite to the target; the more accurate 
the results will be. The simulation is concerned with 
the effect of errors in the angle measurements upon the 
estimates of pose position and orientation. 

The simulation was performed in two phases. In 
the initial phase a computer program was written to 
produced a data files representing 1000 poses. All 
edges of the tetrahedron were set equal to 31 inches. 
The world coordinates of the origin of the tetrahedron 
coordinate system were randomly distributed about the 
point Xo=66, Y 0=66, Zo=O. This represents the center 
of the platform work envelope. The range of variation 
of these coordinates was +/-18 inches for each 
coordinate. The QBASIC random number generator 
was used to assign the coordinate values. This program 
nominally produces a uniform distribution of values 
over the range. In a similar manner the platform 
orientation was simulated by assigning values for the 
Euler angles associated with the rotation matrix. The 
range of the angle Pill +/- 60 degrees. The range of 
THETA and of PSI was +1- 45 degrees. 

The output file from this pose simulation phase 
consisted of the world coordinates of each comer of the 
tetrahedron, the azimuth and elevation angles, the 
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2) The Euler angles were computed from the rotation 
matrix as determined using the noisy data. The 
mean and RMS values of the error in Pill, 
THETA, and PSI were computed. 

3) The RMS value of the cost function was computed. 
4) The algorithms associated with the quatemion 

provide a method for computing the rotation angle 
represented by the rotation matrix. The RMS value 
of the error in this angle was computed. 

5) The RMS value of the simulated measurement 
error was computed. This is not known a'prori 
since the noise was generated at the time the 
program ran. 

These results are tabulated in Table 1. 

When the Euler angle THETA has a value of zero 
it is not possible to compute the Euler angles Pill and 
PSI from the rotation matrix. If THETA is nearly zero 
the values of Pill and PSI may be in error due to 
numerical truncation and roundoff. This may cause the 
tabulated values for errors in these angles to be 
somewhat inflated. This does not imply that there are 
large errors in the rotation matrix but rather it means 
the error cannot be evaluated using Euler angles when 
THETA is near zero. 

A separate subset file of the simulated poses of 
those poses wherein THETA squared was less than 
0.0001 radians was created . There were 38 poses in 



this subset. The RMS error in PSI was 0.165 radians process seemed to add nothing to the process so it was 
and the RMS error in PHI was 0.104 radians. Other abandoned. 
errors are approximately the same as shown in Table 1. 

Variable Mean Error RMS Error 
X -5.79E-5 [in] 7.37E-3 [in] 
y -2.89E-5 [in] 8.17E-3 [in] 
z -4.45E-5 [in[ 2.59E-3 [in] 

PSI 1.70E-4 [rad] 4.52E-3 [rad] 
THETA -1.965E-6 [rad] 0.1E-3 [rad] 

PHI -1.67E-4 [rad] 4.52E-3 [rad] 
Rotation Angle 1.26E-4 [rad] 

Table 1: Simulation results. 
A second subset of poses was created by selecting 

those poses wherein THETA squared was greater than 
0.00031 radians. There were 970 poses in this subset. 
The RMS error in PSI was .00125 radians and the 
RMS error in PHI was 0.00124 radians. These values 
are less than one third the values shown in Table 1. 
Other errors were approximately the same as shown in 
Table 1. 

In view of the difficulty with near zero values of 
THETA, the transformation rotation angle was 
provided as an alternate method of describing errors in 
the tetrahedron orientation. 

v. Conclusions 

A method of using a tetrahedron target to enable 
the determination of the platform position and 
orientation using only a single theodolite position was 
described and tested by simulation. The author believes 
the simulation results to be representative of the 
accuracy with which one can determine the platform 
position and orientation. 
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The present paper focusses on the development of a hands-on project-based 
evaluation procedure for a senior level university course in Robotics. 

In essence, the evaluation procedure involved dividing the class into small teams. 
Then a universal task was given to all the teams, which required the design and 
construction of a robot to complete. The object of the task was to develop an 
autonomous machine that could find and retrieve a specific ball (1" dia.) from the 
bottom of a water filled container. Three balls (one aluminum, one steel and one 
plexiglas) were initially randomly placed into a 16" deep plastic container (trash can). 
Then a die was thrown to randomly select which ball was to be retrieved. Once the 
robot had been set for retrieval of the selected ball, it was placed on top of the 
container and switched on. No further human intervention was then permitted. A set of 
rules were issued to explicitly define the task and permit judgments of success or failure 
to be made. 

Having successfully applied this concept to the Fall 1995 Robotic Systems class at 
USF, a number of common solutions were observed amongst the eight robots created. 
Ball retrieval tended to be achieved using either a suction pump, a bottom searching 
scoop, or a paddle/ elevator arrangement. Having retrieved all three balls, a sorting 
system was employed, usually involving a cantilever scheme that separated the balls by 
weight. A second more ingenious technique was to separate the balls based on how far 
they bounced when dropped. 

INTRODUCTION 

University level courses in Robotics1 are becoming more numerous across the 
country as educators recognize the importance of interdisciplinary high-tech systems to 
the economic well being of the nation. 

One such course is currently offered by the Mechanical Engineering Dept. at USF 
designated by: EGR EML 6800 Robotic Systems. The class is offered at the graduate 
level but is open as a technical elective to undergraduates. 
The class is very popular and typically attracts 40 + students when offered approximately 
once a year. 
The class takes the form of an overview of the systems and technologies that are 
involved in all forms of modern robots. It also serves to make students aware of the 
latest emerging technologies that impact robotics research and design. A syllabus for the 
course is available from the authors. 

The present paper focusses on the development of a hands-on project-based 
evaluation procedure for the course. 
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PRO.JECf RATIONALE 

One of the problems with teaching robotics courses is how to appropriately grade 
the students. Traditional examinations on the lecture material and on-paper 
surveys/designs have their merits, but few would argue that involving the students in a 
competition requiring the physical construction of an actual robot would hold vastly 
more educational value. Such a concept is attractive since the students must learn to 
work successfully in a team, they learn to source and acquire the hardware needed, they 
learn about the cost of components, they get to physically interact with machines and 
develop trouble-shooting skills. The professor benefits in a number of ways, not the least 
of which is that this method avoids the drudgery of reading through piles of exam papers 
or project documents. 

The problem of logistics however is often cited as a stumbling-block to this approach. 

How can the department afford to provide the cost of robot construction? 
What space needs to be provided for the construction? 
How can a class of 40 people be organized into building a robot? 
How can the robot be finally judged as successful or not? 
How can an individual student be graded appropriately? 
When are the students going to build the Robot? 
Who is going to supervise the construction? 

These type of arguments usually conspire to get the concept labeled as impractical. 
However, a formula for success has been developed at USF that negates most of the 
problems while retaining the main educational benefits. 

PRO.JEcr CONCEPT 

The concept initially involves dividing the class into small groups (typically consisting 
of no less than 3 and no more than 5 students), for a class size of 40 this would create 
8 groups of 5 students. Usually the students are able to quickly form these groups 
without much imposition by the professor. 

A specific task is defined for the whole class and each group is given the job of 
constructing its own robot which will successfully complete this common task. 

This task assignment is ·given at the very beginning of the semester, and a final 
completion dead-line is established at the end of the semester. 

No specific space is provided or meeting times specified for the robot development. 
Each group establishes its own schedule and work habits. These hours are above and 
beyond any catalogue defined lecture attendance, and therefore can be considered as 
homework time. 

An out-of-pocket expense limit is set at $150 per group. In other classes a student 
is typically asked to buy a text book costing $70 or so. Should the student opt to trade 

. this book in later he or she can expect to lose $30 on the deal. Five students could 
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therefor expect to realize a net loss of $150. Since no text book is required for the 
Robotics Systems class it is not unreasonable to ask students to pay up to $30 each for 
any hardware that they decide to purchase. This teaches the students fiscal responsibility, 
forces them to look at lower cost solutions, and frees the department fronr any financial 
obligations. 

Since the class is at the graduate level students would normally expect to gain either 
an A or B grade. Grades of C or lower would indicate failure to participate or some 
other gross deficiency. The grading therefore becomes a simple procedure: All 5 
members of a group would receive the same grade; the grade would be A if the finished 
robot successfully accomplishes the defined task, or B if the robot is unsuccessful but 
a genuine attempt has been made. It is inevitable that certain individuals will surface 
as the driving force in any group while others will tend to slack. Since each team 
member will end up getting the same team grade, one might receive a better or worse 
grade than his efforts deserve. This is however reflective of real-life team situations, and 
therefore acts as a learning experience in itself. 

PRO.JECf DESCRIPTION 

By applying the concept principles described above, a project was devised and run 
with great success during the fall 1995 semester. The students were asked to develop a 
robot which successfully completed the required task as defined by the following official 
rules: 

(1) The class_ will be divided into groups of 5 students each 

(2) Each group will be issued with a standard size plastic container (trash can) 

(3) Each group will be issued with Three (3), 1" Diameter, Spheres. One will be Steel, 
one Aluminum, and one Plastic (Acrylic). 

(4) On the day of the exam (last week of semester), the container will be·filled with tap 
water to within 2" of the rim. The three spheres will then be dropped together into 
the container and will settle on the bottom in some random positional distribution. 

(5) Over the course of the 16 week semester each group should have designed and built 
a robot device that will autonomously retrieve any of the spheres from the bottom 
of the container and bring it to the surface. 

( 6) The particular sphere that has to be retrieved by each group will be randomly 
selected at the time of the exam. · 

(7) The robot cost is limited to $150 ($30 per student in leu of the lack of text book 
needed for the class). 

(8) No water can leave the container. The water must not be contaminated in any way. 

(9) Once the sphere to be retrieved has been selected, the group may "set" their robot 
for that particular task and initiate its operation. No further human control or 
intervention will be permitted. 
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10)The container nor the spheres can be modified in any way. 

11) The robot may free-swim, or support itself on the container, but it must not stand 
on, or hang from, any other structure. 

12) Multi-Stage Systems are permitted. 

13) Only one attempt will be allowed. 

14) Robots must carry their own power source. 

15) A positive "Flag" must indicate when the robot has completed its task. 

16) A successful operation will end with the preselected sphere either ejected from the 
container or brought to a location where "dry" extraction is possible by the instructor. 
All non-preselected spheres should be submerged at the bottom of the container at 
this time. 

PRO.JECf SOLUTIONS 

Out of 8 student groups that attempted the project task only one failed. Interestingly 
the main reason for this failure was over-sophistication. The group attempted to solve 
the problem.using a complex set of servo motors with limit-switched relay controls. The 
solution called for 20 or so relays and mobile wiring harnesses which had a tendency to 
get hung up and promote bad electrical connections. 

By comparison the 7 successful systems looked rather crude and "Rube-Goldberg"; 
often utilizing duct tape, PVC plumbing, aluminum drink cans, and assorted ply-wood. 
However, despite their appearance they each represented an elegant solution to the 
project task. One in particular completed the task in about 10 seconds, and unofficially 
repeated the task for all 3 balls in similar fashion. 

Despite the unique overall look of each groups' device, it was clear that certain 
approaches were common: 

Firstly, all groups used electrical batteries as a power source, although some were 
rechargeable and some not, and some were D-Cell size while others used small lead
acid devices. 

Secondly, all groups adopted a single system attached to the bucket rim, i.e. no free
swimming,. or detaching multistage systems were employed. 

Thirdly, all groups used a 2 phase approach, consisting of a "retrieval" phase where all 
three balls were brought out of the bucket, and a "sort" phase where the desired ball 
was separated and retained while the other two were returned to the bucket depths. 

Even more commonality could be found within the two phases: 

_ Retrieval Phase approaches fell into 3 categories, 
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(a) Suction Pump -

(b) Paddle /Elevator -

(c) Bottom Scoop -

here a pump was used to draw the balls to an 
intake and then lift them via plumbing to the sorter. 
a paddle or impeller was used to induce swirl in the water and 
thereby maneuver the balls to the base of a helieal elevator. 
a close fitting scoop was towed along the bucket floor and then 
following one complete sweep the scoop converted to a lifting 
mode to carry the balls up to the sorter. 

Sort Phase approaches also fell into 3 categories, 

(a) Sprung Cantilever - the balls were successively passed over precisely sprung 
cantilever trap doors, thereby sorting the balls by weight as they 
fell or passed over each trap door station 

(b) Counter-weight - similar to above except that the springs were replaced by 
counter-weights 

(c) Bounce Distance - in this innovative approach the sorting was achieved by dropping 
the balls onto a hard surface and placing target cups at 
corresponding bounce distances unique to each ball material. 

The "Flag" required to indicate completion was quite varied, including: illuminating 
LED's, flashing police car type lights, sounding buzzers, and mechanically operated signs. 

. Figure. 1 - Typical 
Student Design Solution 
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Manipulator Systems 

ABSTRACT 
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This work presents an algorithm which determines the dynamic performance limit of either coop
erating robotic systems or single manipulator systems. In this study, the dynamic performance 
limit is determined by the maximum payload that the system can manipulate along a a desired 
trajectory. The maximum payload is determined by evaluating the time-optimal control for the 
system along the known trajectory. Minimum time movements characteristically require that a 
set of motors in the robot be driven at their maximum torque throughout the motion. These 
movements are limited by the combination of motor performance, mechanical advantage of the 
kinematic chain, and the location of the start and goal positions. By increasing the payload for 
a motion until a minimum time solution is no longer feasible the payload limit of the system for 
the associated path is obtained. To illustrate the algorithm a detailed analysis of a 3R planar 
robotic arm is presented. The analysis includes numerical results for independent and cooper
ating robotic arms using their maximum payload under time-optimal control. Furthermore, the 
maximum payload for the cooperating robotic system to perform the same motion with a l(sec) 
time constraint is determined. 

INTRODUCTION 

Time-optimal control of robotic systems determines the torque profiles that minimize the transit 
time required for the the system to move from an initial to a final configuration. Minimizing transit 
time decreases the operating costs of the system and increases its productivity in a manufacturing 
environment. Here, the focus is on determining the maximum payload for the robotic system 
while it is being driven to minimize time. Moreover, while most strategies for optimal control of 
robots focus on single open chains, we examine the case of two robots holding the same workpiece. 

Determination of the maximum payload for a robotic system has applications in advanced 
trajectory planning, and in the design and selection of robot manipulators. For example, in the 
design stage of a manipulator, the maximum payload may be used as a criteria for sizing actuators, 
(see Thomas et al., 1985.) Moreover, Wang and Ravani, (1988b), use the maximum payload as a 
basis for classifying robot manipulators in accordance with a dynamic performance criteria. 

This paper presents the foundation for the software package, TORUS, for Time-Optimal 
Robot System, which embeds time-optimal control strategy into a payload maximization algo
rithm. The payload maximization algorithm offers the designer the opportunity to examine the 
performance of a design while it is being pushed to its dynamic limits. The algorithm determines, 
for a given path, the maximum payload that the system can carry, and the minimum time in 
which the system can move that maximum payload on the path from the start to goal positions. 
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This study was performed for a dynamic model of two Odetics manipulators moving 
an object in a vertical plane. The two arms, when they cooperate, form a 6-R closed planar 
kinematic chain. For this system there are more actuators than degrees of freedom. The payload 
maximization algorithm determines the optimal use of the redundant actuators by maximizing 
the payload and minimizing the time required to perform the motion. Bounds on the actuator 
torques limit the dynamic performance of the robotic system. It is within these limits that the 
algorithm searches for the maximum payload and the corresponding torque histories that result 
in a minimum-time motion of the maximum payload along the path. 

LITERATURE SURVEY 

The notion of trying to control robot manipulators in such a manner as to minimize the time 
required to perform a task is a well established problem in robotics. The obvious motivator being 
the relationship between time to perform the given task and productivity. The early classical 
work was done by linearizing the dynamics and using linear optimal control theory to plan the 
motion, (see Kahn and Roth, 1971). Robotic systems are complex dynamic systems and it was 
evident that the required linearization severely limited this method. 

The work of Bobrow, Dubowsky, and Gibson (1985), presented the minimum time solution 
along a prescribed path. This was the first work to consider the complete, nonlinear, dynamics 
and torque constraints for robotic systems. 

With the solution to the problem of time-optimal control for robotic manipulators Bobrow 
(1988) was able to derive a path planning technique which produces time-optimal manipulator 
motions in a workspace containing obstacles . This work showed the power of time-optimal control 
to plan motions for robotic systems. Time-optimal control is used to find the optimum path to 
avoid the obstacles as well as to minimize the time to perform the motion along that optimum 
path. Thereby demonstrating the ability of time-optimal control to be used as a tool to couple 
the path planning problem with the dynamics problem in robotics. 

All of the above works were concerned exclusively with open kinematic chains. Bobrow, 
McCarthy, and Chu (1990) presented results for planar robots cooperating to manipulate a work
piece under time-optimal control . Further theoretical work by McCarthy and Bobrow (1990) 
yielded a theorem which determines the minimum number of saturated actuators and/ or torques 
for a general robotic system under time-optimal control . This theorem demonstrates how time
optimal control forces robotic systems to their actuator limits. 

The notion of measuring the performance of a robotic system was expanded to include 
dynamics by Wang and Ravani, (1988a) and (1988b ). In this work, Wang and Ravani introduce 
the Dynamic Load Carrying Capacity, (DLCC), as the maximum load that the manipulator 
can carry in executing a given motion within a specified precision. They present an algorithm for 
obtaining numerical solutions to the trajectory optimization problem associated with synthesizing 
robot dynamic trajectories with maximum load carrying capacities. Their method results in 
either load-optimal motion with a time constraint, or with near time-optimal motion with load 
constraint. However, computationally their methods are very difficult to implement. They use the 
ILP (Iterative Linear Programming) method to solve for the optimal trajectories. This method 
involves a linearization of the dynamics equations of the system at each step in generating the 
desired trajectory. 

In Larochelle and McCarthy, (1991 and 1992), numerical results, found using TORUS, 
of determining the maximum payload of a robotic system moving a workpiece along a prescribed 
path were presented. Here, we extend that work by presenting the theoretical foundations for the 
payload maximization algorithm and solving the payload maximization problem with a perfor
mance time constraint. 
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F 

Figure 1: Two Cooperating PUMA Manipulators. 

SYSTEM DYNAMICS 

Here we present the equations of motion for the closed chain formed by two general robots and a 
workpiece, see Fig. 1 (Huang and McClamroch 1988) Let q1 and q2 be the vectors of joint angles 
for the left and right robots, respectively, and let q3 define the position of the workpiece. The 
equations of motion of a general pair of cooperating robots are obtained by first writing Lagrange's 
equations for each robot arm and the workpiece separately. The holonomic loop closure constraints 
and Lagrange multipliers are used to combine the three systems to obtain; 

[Ml(ql)]ql + hl(ql,ql) = lll + C! 
[M2(q2)]<i"2 + h2(q2, <i2) = ll2 + C2 
[M3(q3))q3 + h3(q3, q3) = U3 + C3 

(1) 

Where [Mi], hi are the corresponding mass matrix, coriolis and gravity terms, respectively, 
Ui are the generalized forces due to the actuators for each system, and Ci represent the generalized 
forces due to the interaction of the three systems. 

In order to relate the constraint forces Ci to the dynamics of the system, we use the fact 
that, for a system of rigid links, the constraints do no work. Defining cT = ( cf, ci, ci) and 
qT = (qf,qi,~) we have; 

(2) 

for all admissible velocities q. 
For constrained systems, the qi are not arbitrary; they must satisfy the closure equations 

which guarantee that the robots hold the workpiece. Using the standard Lagrangian formulation 
it can be shown that there is a vector A ;f. 0 such that; 

c = [J(q)]T A (3) 

where [J(q)] is the Jacobian of the loop closure constraint equations, (see Greenwood, 1988) .. This 
vector A defines the internal forces of the closed chain system. The coupled equations of motion 
for the system become; 

[M(q))q + h(q, q) = u+[J(q))T A, (4) 
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where 

[ [M1] 0 0 ] [M(q)] 0 [M2] 0 
0 0 [M3] 

h( q, q) = { ~~ } and u = { 
lll } ll2 (5) 
UJ 

and the forces, u, are related to the vector of actuator torques T by a matrix transformation; 

u = [B]T (6) 

TIME-OPTIMAL CONTROL 

Strategy 

First, the given path is parameterized in terms of a single path parameters. In the case of planar 
motion s identifies the position and orientation, {x, y, a}, of the workpiece as it traverses the 
specified path. The total time to traverse the path is; 

(7) 

Here, the goal is to find the control that minimizes the time required for the system, with a 
prescribed payload, to traverse the given path. Therefore, at each position on the path, the 
control must maximize the velocity in the direction of the path. 

To maximize s at each point s along the path the system must be either accelerating 
as much as possible, or decelerating as much as possible, throughout the motion. Therefore the · 
time-optimal solution is found by determining the maximum, or minimum, acceleration s along 
the path that is attainable by the robotic system, (see Bobrow, et al., 1985). The path of the 
robotic system in the 8 - s phase plane, i.e. the time-optimal trajectory, is found by identifying the 
points along the path at which the system must switch from maximum acceleration to minimum 
acceleration. 

Implementation 

The time-optimal trajectory along a given path can now be found. The equations of motion for 
the system, Eq. 4, are written in terms of the path parameter s, and its first two time derivatives, 
(see Bobrow, 1990, and Chu, 1990). Eq. 4 and the bounds on T and .X combine to form a linear 
programming problem; 

Maximize/minimize s subject to: 
a(s)s- [B]T- (C)T.\ = d(s, s) 

Tmin ::,:; T ::,:; Tmax 

,X min ::,:; .\ ::,:; .\max 

(8) 

The second step is to construct the maximum velocity curve. The maximum velocity curve 
represents the maximum velocity the system can have at each point on the specified path. The 
maximum velocity curve is found by numerically determining the maximum value of s, max(s), 
for each s along the path. Note that for a solution to be valid both T and.\ must be within their 
prescribed limits. 

Once the maximum velocity curve has been. constructed the time-optimal trajectory can 
be found. First, using point of the path and integrate backwards in time to construct the minimum 
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Figure 2: Payload Maximization. 

acceleration curve. This integration is performed until the curve intersects the maximum velocity 
curve or one of the axis in the 8-s phase plane. Similarly, find the maximum acceleration curve 
by integrating forward in time from the beginning of the path. Connecting these curves in the 8 
- s plane are switching points. These are the points along the path at which the system changes 
from maximum acceleration to minimum acceleration and vice-versa. These points were found 
using the ladder search algorithm, (see Bobrow, 1990, and Chu, 1990). 

MAXIMIZING THE PAYLOAD 

In this section we present a discussion of the methodology of payload maximization using the 
time-optimal trajectory in the 8 - s phase plane. 

Strategy 

The equation of motion for the translation of a rigid body is; F = mx; where, F is the total 
force on the body, m is the mass of the body, and x is the acceleration of the center of mass 
of the body. If the total force on the body is fixed and m is increased then x must decrease. 
Therefore, in the context of the general robotic system being studied here, which have bounds on 
their actuators, as the payload for the path is increased the maximum and minimum accelerations 
s that the system can apply to the workpiece are decreased. Moreover, as the acceleration of the 
workpiece decreases the slope of the velocity of the workpiece decreases. Therefore, as the payload 
is increased the time-optimal trajectory falls in the s-s plane, see Fig. 2. In this figure the time
optimal trajectories are plotted for a linear path of the cooperating Odetics manipulators. In this 
example the mass of the payload is increased in equal increments from 20(1bs) to 218(lbs) . Note 
that as the payload is increased the time-optimal trajectory approaches the s axis as expected. 
In addition, it is shown that the magnitude of the acceleration that the system can apply to the 
workpiece is decreased. This can be seen in the decrease in the slope of the time-optimal traj~ctory 
throughout the motion. Continued increase of the payload will result in additional lowering of 
the time-optimal trajectory until at some point on the path the trajectory intersects the s axis. 
That is to say the velocity of the workpiece on the path becomes zero. Two general cases may 

-270-



15 

s 10 

5 

0 

0 2 3 

Path parameter s 

Figure 3: Maximum Payload Exceeded at Path Endpoint. 

occur and are discussed below. 

Case 1 

First, the robotic system may be unable to accelerate the workpiece in the desired direction 
along the p~th. Thus at the start or end point of the path the payload can only be moved in 
the opposite of the desired direction. For an example, see Fig. 3. This plot was generated for 
a vertical movement of the workpiece; the goal position being located directly under the start 
position. Here, the system is unable to move the workpiece from the end point of the path, s = 3, 
toward the start point, s = 0, of the trajectory. The maximum acceleration at the end point, 
toward the start point, is negative, therefore, the workpiece actually moves away from the start 
point. 

Case 2 

A second case occurs when the robotic system becomes unable to move on the ·path away from 
the endpoints. In this case, the system can accelerate the workpiece along the path away from 
the start point as well as decelerate the object into the end point. However, at some point along 
the path the payload is too large for the actuators to support and the system can not move on 
the path, i.e. s becomes zero. For an example, see Fig. 4. This plot was generated for the path 
shown in Fig. 5. It is at the bend in the path, where the system has to turn the workpiece from a 
slight falling motion to a lifting motion, that the system becomes unable to move the workpiece 
along the path. 

Effects on the Time-Optimal Trajectory 

In this section a more theoretical discussion of the effect of payload maximization on the time
optimal trajectory is presented. Specifically, an analysis of the tangent curves, curvature, and 
radius of curvature, of the time-optimal trajectory is done in order to support and augment the 
previous discussion of the payload maximization algorithm. 

Recall that the time-optimal trajectory is a curve in the s-s phase plane representing the 
velocity along the path as a function of position on the path. Let Y ( s) be an explicit function for 
the time-optimal trajectory; Y(s) = s(s). Then; 

I d S 
Y (s) = -(Y(s)) =-:-

ds s 
(9) 
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Equation 9 gives the slope of the time-optimal trajectory in the s-s phase plane. At a point for 
which the system has s = 0 the slope of the time-optimal trajectory is infinite; i.e. whenever the 
trajectory intersects the s axis it must do so at a right angle. Therefore, the tangent line to the 
time-optimal trajectory at a point for which s = 0 is vertical. 

Now, the curvature and radius of curvature of the time-optimal trajectory will be derived. 
First, it is necessary to compute the rate of range of the slope of the the time-optimal trajectory; 

II SS(J)- s2 

y (s) = ·a 
s 

(10) 

where sC3 ) is the third time derivative of s. 
Recall that the equation defining the curvature K for an explicit curve is, (see Faux and 

Pratt, 1987); 
y" 

K= 3 

(1 + y':o~)2 

Substituting Equations 9 and 10, for y' and y" respectively into Eq. 11 yields; 

s(3)s- s2 

K,----~ 

- (s2 + s2)~ 

For the condition that s = 0 Eq. 12 yields; 

-1 
K= -.-. 

s 

(11) 

(12) 

(13) 

The radius of curvature, p, which represents the radius of the osculating circle at the point where 
s = 0, is defined as !· Specifically, for the condition at which s = 0; 

p= -s (14) 

Examining Equations 13 and 14 it is clear that for systems that can impart larger accelerations 
to the workpiece that their time-optimal trajectories will rise faster and farther in the s - s phase 
plane. Systems with maximum payloads can impart smaller accelerations to the payload and 
therefore have decreased radii of curvature at the endpoints of their paths. Note however that the 
above analysis is applicable only in the region for which the assumption that s = 0 is valid. This 
occurs at the end points of the path and at any other point for which the time-optimal trajectory 
intersects the s axis. 

In Fig. 6 a detail of the time-optimal trajectory for the cooperating robot system with a 
maximum payload is plotted. Note how the osculating circle at the endpoint of the path is very 
small compared to the arc drawn of the osculating circle at the start point. This is due to the 
fact that the system can impart very limited acceleration to the workpiece at the endpoint of the 
path. 

The Algorithm 

In order to find the maximum payload the system can carry along a path the mass of the workpiece 
is incrementally increased. As the maximum payload is approached the time-optimal trajectory 
in the s-s plane is brought down toward the s axis. When the payload has exceeded the capacity 
of the system there is some point s* on the path at which there is no valid solution to Eq. 8. 
That is to say that at s* the maximum, or minimum, acceleration curves yield s.* = 0. In other 
words, the system becomes stuck and is no longer able to move along the path. Physically, at s* 

the motor limits, or the reaction force limits, would have to be exceeded for the robot system to 
continue along the path. Thereby determining the maximum payload. 
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Link Length (m) Mass (kg) 
K 0.6136 29.5 
L 0.5128 6.81 
H 0.7620 varied 

Table 1: Kinematic Parameters. 

CASE STUDY 

To illustrate the application of the algorithm described in this paper two identical prototype 
robots were used. The path studied is made up of three connected B-splines. The robots are 
positioned such that their base joints are 0.5(m) apart, see Fig. 7. The robots are described by 
their geometry, mass, and peak continuous motor torques as listed in Tbl. 1 and Tbl. 2. 

The path studied is shown below, see Fig. 8. Equivalent results are obtained when this 
path is reflected about the y-axis. The start and goal positions are shown, as well as the initial 
and final configurations of the robot system. 

The left and right robots working independently were found to have a maximum payload 
of 6(lbs); see Fig. 9 and Fig. 10. The maximum payload for this path, for the cooperating robot 
system, was found to be 240(lbs). The complete time-optimal control solution is presented in 
Fig. 11. Note that the slope of the time-optimal trajectory is near zero throughout this motion. 

The maximum payload for the system with a performance time constraint of l(sec) was 
found to be 193(lbs). This was found by applying the payload maximization algorithm (TORUS) 
with the additional constraint that the payload is maximized subject to the minimum time to 
perform the motion being less than, or equal to, 1(sec). Maximizing the payload for a robotic 
system for a given path while minimizing the time to perform the given task is a problem that 
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Motor Max. Torque (.N m) Min. Torque (Nm) 
8 452.0 -452.0 
t/J 226.0 -226.0 

"' 
67.8 -67.8 

Table 2: Dynamic Parameters. 
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Figure 7: Two Cooperating Odetics Manipulators. 
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Figure 8: The Path. 

arises in manufacturing, where productivity and timing of assembly lines is important, and in 
controlling the time the actuators of the manipulators are active in order to prevent overheating 
and premature wear. 

CONCLUSION 

In this paper ·we presented a payload maximization algorithm which uses time-optimal control 
theory. In addition, numerical results for time-optimal control of a cooperating robotic system 
while using the maximum payload on a prescribed path, for which the maximum payload was 
found to be 240(/bs), are shown. Furthermore, for this same motion, the maximum payload for 
which the robotic system can perform the task in 1(sec) was found to be 193(/bs). It is hoped 
that this algorithm will provide the designer a tool with which to measure the performance of 
robotic systems and will eventually lead to stronger robot manipulators. 
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Time-optimal control for the maximum payload along the linear path for the left robot. a) 
Time-optimal trajectory, b) independent variables, c) torques, d) internal forces. 

Elapsed time: 0.82 sec. Payload: 6lb. 

Figure 9: Control for Maximum Payload-Left Robot . 
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Figure 10: Control for Maximum Payload-Right Robot. 
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Abstract - This paper presents an introductory survey in 
the field of teleoperation and telesensation systems. The 
word "telesensation" has just been introduced in this 
field to describe an advanced teleoperator system that 
integrates virtual reality and provides the feedback in
formation such as aural, tactile and force feedback to the 
operator. This advanced system allows the human opera
tor to be able to perceive the feelings as if he/she were at 
the actual environment. Force-reflecting teleoperation 
system is the main discussion of this paper since force 
feedback is one of the most important supplementary in
j()rmation in a teleoperation or a telesensation system. 

INTRODUCTION 

The words 'telepresence" and '1eleoperation" define the 
remote control of a system, whereas 'telesensation" is 
used to specifically highlight the use of virtual reality and 
presence of force reflection or a feeling of 'touch" in the 
feedback loop. In the literature, the word telepresence and 
teleoperation are used interchangeably. Hence, we see that 
teleoperation is a more inclusive term to describe remote 
control in any form, while telesensation implies integra
tion of virtual reality and touching sensation into remote 
control. Since our focus in this work is primarily in force
reflecting systems, which may or may not be used in a 
virtual reality environment, we will refer to this system as 

a teleoperation system~ it will imply telesensation should 
virtual reality is also integrated to the system. 

A teleoperator is a human-machine system usually con
sisting of two robot manipulators that are connected in 
such a way as to allow the human operator control of one 
manipulator (the master ann) to generate commands 
mapping to the remote manipulator (the slave ann). A 
teleoperator system generally consists of a manual control
ler, control hardware/software, sensory feedback, and a 
remote manipulator. Teleoperation tasks are distinguished 
by the continuous interaction between a human operator. 
teleoperator system, and the environment as illustrated in 
Figure 1. 

The main function of the teleoperator system is to assist 
the operator to perform and accomplish complex, uncer
tain tasks in hazardous and less structured environments 
such as space, nuclear reactors, and under-water opera
tions, with ease, comfort and fidelity. In a typical teleop
erator system. the operator receives feedback information 
from a viewing system. Other available feedback informa
tion includes aural, tactile. and force feedback. Although 
audio channel may be useful to the operator. the sound is 
often limited from the system [ 1 ]. 

Remote System Human/Machine I Manual Controller I 
Interface 

Robot/Platform Display 

8 GUI Software 
Actuators Control Software Actuators 

Sensors Interface Software Sensors 

Figure 1. Information Flow in Teleoperation Systems 
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Force reflection is a type of force feedback in which forces 
experienced by the remote manipulator are fed back to the 
manual controller. Force reflection is most helpful when 
other sensory feedback such as vision is absent [2]. In 
such situations where there is dust or gases involved, the 
viewing by television cameras is difficult or almost im
possible. The force reflection becomes the most important 
information for the operator to complete the tasks. The 
operator with force reflection tends to make less attempts 
to complete the tasks than that the operator without force 
reflection [ I] . 

In the late 1940's. the first manual controllers were de
signed and developed by Ray Goertz and his group at the 
Argonne National Laboratory. Because these two manipu
lators were physically connected. the system failed to do 
the job when the pair of the manipulators were a few feet 
apart [3]. Later in 1954, Goertz and his group developed 
the force-reflecting servo-manipulator. It was used in a 
highly radioactive environment. · 

In 1958, the General Electric produced a manipulator 
which included force reflection and an exoskeleton master 
controller called the Handyman Electro-hydraulic manipu
lator. However, the Handyman did not prove to be useful 
because of its relatively large dimensions [ 4). 

During the 1970's, NASA developed an advanced teleop
erator system. The Remote Manipulator System (RMS) 
was developed for the space shuttle. The system used two 
three-DOF joysticks to control the end-effector. One joy
stick was used to control the translational motion while 
the other controlled the rotational motion [5]. In 1977. 
Teleoperator System Corporation created a force
reflecting manipulator called SM-229, which was de
signed to be used in a nuclear plant. During 1980's, Oak 

Ridge National Laboratory (ORNL) developed the M-2 
Maintenance System and the Advanced Servomanipulator 
(ASM) master-slave, force-reflecting teleoperator system 
for the use of maintenance in a nuclear plant. However, 
because of their large size and elbow-down geometry. the 
system's workspace was somewhat limited. 

Draper Laboratory at MIT led by Whitney has designed 
and developed a hand controller which implemented re
solved motion rate control [6]. This controller was com
pact but it showed insufficient force reflection because of 
its limited workspace. In 1985, Landsberger and Sheridan 
developed a parallel-structured arm using cables in ten
sion and a single passive compressive spine [7]. This sys
tem can be operated by resolved motion and rate control. 

In 1980, Hill and Salisbury at Stanford Research Institute 
(SRI) joined by Bejczy at Jet Propulsion Laboratory (JPL) 
developed a bilateral six-DOF force-reflecting manual 
controller. The design used a counter-balancing mecha
nism to minimize the gravitational effects [8]. Repperger 
and his group at the Armstrong Laboratory developed a 
teleoperation system consisting of closed-loop controllers 
with nested position and force loops [9] . 

In the 1970's, the Center for Intelligent Machines and 
Robotics (CIMAR) of the University of Florida developed 
a six-DOF nine-string manual controller and a four-DOF 
force-reflecting planar controller [3]. Later, at the Uni
versity of Texas, Tesar and Tosunoglu developed ·a six
DOF nine-string force-reflecting manual controller and a 
three-DOF spherical force-reflecting shoulder controller. 
Due to the locations of actuators, the effects of inertia on 
both systems were negligible. 

Table 1. Milestones in Teleoperation System Development 

YEAR SYSTEM DEVELOPED DEVELOPED BY 
1940's First Manual Controllers Ray Goertz and his group at 

Argonne National Laboratory 
1958 Handyman Electro-hydraulic General Electric 
1970's Remote Manipulator Svstem (RMS) NASA 
1977 SM-229 Teleoperator System Corporation 
1980' s Maintenance System (M-2) Oak Ridge National Laboratory 

Advanced Servomanipulator (ASM) (ORNL) 
1980 6 DOF Force-Reflecting Hill and Salisbury at SRI and Bejczy 

at JPL 
1985 Parallel-structured Am1 Landsberger and Sheridan 
1985 6-DOF 9-String Manual Controller Tesar and Tosunoglu at University of 

3-DOF Spherical Shoulder Texas 
1993 Rotex Experiment DLR - German Space Agency 
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In 1993, the 'Rotex Experiment." developed by the Ger
man Space Agency, DLR, was the first space telerobot 
which demonstrated that the telemanipulation can be 
controlled from the earth through a time delay [10,11]. 

Jacobson and his group have developed the master-slave 
teleoperator system with force feedback for the Naval 
Ocean System Center [ 12] . The system has seven degrees 
of freedom and the master and slave arms are isomorphic. 

As it can be seen from the above review, a great amount of 
effort has been spent towards the design of force-reflecting 
teleoperator systems. Therefore, it is worthwhile to discuss 
the design aspects of the system. The following section 
presents two of the main perspectives of the design of a 
force-reflecting teleoperator system: mechanical design 
and controller design. 

FORCE-REFLECTING TELEOPERA TION 
SYSTEM 

In a force-reflecting teleoperation system, the operator 
uses the force reflecting manual controller to direct the 
remote manipulator and receives visual information from 
a video image and/or graphical animation on the com
puter screen. A virtual reality unit may be provided to 
improve perception. While the input motion moves the 
remote system, forces experienced by the system are re
flected at the manual controller, so that the operator feels 
the forces acting on the system. Therefore, the perform
ance of teleoperation system is greatly enhanced. 

Force-Reflecting Mechanical Design 

The architectures of force-reflecting manual controllers 
can be divided into two main categories: serial and paral
lel. 

Most of the force-reflecting manual controllers use a serial 
structure because of its design simplicity. compact size, 
and large workspace. An example of such design is the 
Kraft KMC-91 00 force reflecting hand controller pro
duced by Martin Marietta/Kraft. This compact system has 
six degrees of freedom and is kinematically similar to the 
human arm. It is intended to be used for the Flight Tel
erobotic Servicer (FTS). Figure 2 shows the kinematic 
design of this system. 
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Figure 2. Kraft Manual Controller 
(Serial Kinematic Design) 
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Although the serial structure has certain advantages over 
the parallel structure, the parallel structure is a promising 
design in some aspects. The parallel design allows the 
actuators to be located on the ground base. Thus, it pro
vides higher stiffness and better precision. A parallel 
mechanism, the Stewart platform (Figure 3) was first in
troduced by Stewart. It has six degrees of freedom and 
uses all six actuated prismatic joints. However, because 
the prismatic actuators are not backdrivable, this type of 
design can not be used for tasks requiring compliance of 
the manipulator. 

Figure 3. Stewart Platform 
(Parallel Kinematic Design) 

Based on the design of Stewart platform, a nine-string six
DOF manual controller has been developed at the Uni
versity of Texas at Austin (3]. It is capable of reflecting 
forces up to ten pounds by using nine actuators to control 
nine string tensions. In addition, three constant-pressure 
air cylinders are used to provide constant compression 
forces where the strings cannot provide. Also at the Uni
versity of Texas at Austin. a three-DOF spherical shoulder 
manual controller has been developed. This system has 
almost the same feature as the nine-string controller ex
cept that it has only three degrees of freedom. Both sys-



terns, however, are rather bulky. These systems are shown 
in Figure 4. 

Figure 4. Six-DOF Nine-String (left) and 
Three-DOF Shoulder (right) Manual Controllers 

(Both Parallel Kinematic Design) 

Force-Reflecting Controller Design 

In a force-reflecting teleoperation system, two control 
modes, position and force, must be implemented in the 
control loops. Whitney notes that when . a force is exerted 
by the end-effector on the environment. a force control 
mode is perpendicular to the environment and the position 
control mode can be exerted to the environment tangen
tially [ 13]. Figure 4 depicts the concept of closed-loop 
control in force-reflecting teleoperator system. 

Position Loop 

KF 
Force Loop 

~----------~KP~------------~ 
Figure 4. Closed-Loop Control of a 

Teleoperator System 

Currently, two types of control methods used for force
reflecting teleoperation system are Kinesthetic Force 
Feedback and Shared Compliant- Control [ 14] . Both meth
ods provide force feedback except that kinesthetic force 
feedback has stiffer system. In kinesthetic force feedback, 
the forces sensed by the remote manipulator are fed back 
and reflected through the operator's manual controller, 
whereas in shared compliant controL the human operator 
shares the control task with the autonomous compliant 
control of the remote manipulator. 

When there is no significant time delay involved. the two 
control modes perform the given task at about the same 
efficiency. However, under the presence of time delay in 
the teleoperation system such as under-water operations or 
in space operations, force reflection becomes troublesome. 
The system displays oscillation and most critically, in
stability. Experimental results show that the kinesthetic 
force feedback control mode cannot be operated at time 
delays above 0.5 to 1 seconds because of the instability 
problem [ 14]. 

Shared compliant control has been implemented as a new 
feature added to the force-reflecting telerobot system. In 
shared compliant control, the human operator controls the 
compliant robot hand. The compliant hand reduces the 
contact force between robot manipulator and objects. 
Thus, it improves smoothness of mechanical contact and 
safety. 

W.S. Kim, B. Hannaford, and A.K. Bejczy at Jet Propul
sion Laboratory (JPL) have proven the superiority of 
shared compliant control over kinesthetic force feedback 
system [ 14]. Their experiment demonstrates that shared 
compliant control is able to perform the task at time de
lays above 1 second. This is possible because the entire 
feedback loop remains in the remote side. As a result, 
time delay in communication does not cause a stability 
problem. In addition to the time delay advantage, the 
completion time is also reduced when shared compliant 
control is used instead of kinesthetic force feedback [ 14]. 

Recently, S. Lee and H.S. Lee at the Advanced Teleop
eration (A TOP) laboratory of JPL proposed the new con
cept of teleoperator control system called 'telemonitoring" 
sensory feedback [15]. The control mode consists of posi
tion control with position error based force reflection and 
remote site compliance ( 16]. Basically, its control mode is 
under shared compliant control but having telemonitoring 
force feedback. The experiments have been conducted to 
evaluate and compare the performance of various manual 
control methods including conventionaf force feedback, 
shared compliant control and telemonitoring force feed
back. The experimental results showed that the telemoni
toring force feedback was always ranked first [ 15]. They 
revealed that under shared compliant control mode, the 
operator tends to make larger positional and/or orienta
tiona! command errors. This is because the operator does 
not know how much force on the remote manipulator is 
shared by the compliant control. As a result, the operator 
feels uncertain in evaluating commands which causes 
more erroneous and hesitant control behavior. The authors 
also suggest that when the proposed system is compared to 
the conventional force feedback and shared compliant 
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control, it is expected to perform better where time delay 
is significant although the experiment is not yet verified. 

CONCLUSIONS 

A teleoperator system extends the intelligence and capa
bilities of humans and robots by feeding back visual and 
force information, whereas a telesensation system at
tempts to achieve the same goal by providing multi
sensory feedback to the operator in a virtual reality envi
ronment. In either case. force reflection represents an im
portant component of these systems. This component also 
makes the mechanical design of the overall system quite 
challenging. In an effort to address this problem, we first 
reviewed the previous work in this area, later compared 
the serial and parallel architectures, and addressed the 
conventional and emerging control strategies in the field. 
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The idea of using renewable energy sources to drive cars or generate electricity is 
not new. Such natural resources ar Solar Energy, Wind Power, Wave Power, and 
Geothermal Energy, have all been widely proposed as partial solutions to problems of 
global pollution and dwindling fossil fuel reserves. 

The use of renewable energy does, however, have a further benefit which is often 
overlooked, that is one of "unlimited endurance". A machine or vehicle deriving its 
power from natural renewable sources can theoretically remain in operation indefinitely, 
or at least until some vital part comes to the end of its service life. With this in mind, 
it should be possible to construct robots with a "start-and-forget" mission. 

Recent advances in miniaturization technologies has sparked the emergence of so 
called ''bug" or "insect" robots. Small machines dedicated to a specific task would be 
perfect candidates for "start-and-forget" missions. Such uses might include: patrolling 
household guttering and ejecting accumulated leaves, loosening debris inside a/ c ducting 
for final extraction by filters, cleaning build-up from the walls of plumbing, etc. 

If such robots were to use conventional batteries for their power, their endurance 
would be severely limited, and they would have to budget sufficient energy resources to 
be able to return to a rendezvous location where they could recharge or have a human 
overseer swop out batteries. 

Although much work has recently been put into the development of ''bug" robots, 
virtually no attention has been paid to power sources, most researchers being content 
to use simple hearing-aid type batteries. The present paper attempts to address this 
deficiency by studying a range of novel techniques which specifically allow bug robots 
to derive their power from the environment. The paper considers: Light, Heat, Fluid 
Flow, and Food, as potential energy sources, and proposes such innovations as: PVDF 
Fur, Nitinal Springs, and Thermionic Stacks; as well as more conventional solar 
collectors and turbines. The use of natural food sources is also briefly considered, while 
the bulk of this approach is the subject of a separate paper. 

BUG ROBOTS 

Much interest and effort has recently been focussed on the concept of BUG 
ROBOTS W,4. Such devices can range in size from a fraction of an inch5 up to a foot' 
or so in length. These Bug Robots are so called mainly because of their resemblance to 
insects, either structurally or in terms of intelligence (response). 
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Being relatively small (although huge in comparison to recently proposed nan a
machines) they offer a host of unique potential applications. A "swarm" of such robots 
has been suggested for non-terrestrial planet exploration, since collectively they could 
cover a wider survey area, they could absorb some failures or losses of the swarm 
members without impacting the mission, and would likely be cheaper to produce. Single 
bug robots could be used to clean the inside of small-bore plumbing or a/ c ducting, and 
perhaps could even affect repairs. Around the home, bug robots could constantly patrol 
the gutters ejecting leaves and other potential blockages. 

It is clear that the applications of these machines are limited only by one's 
imagination and the current state-of-the-art. 

WHAT MAKES A BUG ROBOT GREEN? 

In an attempt to develop the technology of bug robots, scientists and engineers have 
tended to focus on three (3) main areas: Locomotion, Control, and Sensing. Locomotion 
research has led to miniature actuators (pvdf film, NITINAL wire, etc.), and legged 
configurations (with gait and foot placement strategies). Control research has resulted 
in software implementation of AI. and AB. (artificial behavior) schemes that have 
attempted to duplicate insect response such as "swarming", running to dark cover when 
threatened, reducing complex data from limited multi-facetted eye geometries. The 
availability of small powerful micro-computer chips has also made the processing 
possibilities wider for bug robots. Finally, developments in miniature sensors for a wide 
variety of detection options has also helped give bug robots a more comprehensive 
''view" of their environment. 

Very little has however been done on ways of powering such machines. In most cases 
researchers have been content to simply use whatever button-cell or appropriate 
chemical battery is available. If however it is the goal to create machines that duplicate 
some of the more desirable characteristics of insect behavior, it is clear that LWING 
OFF OF THE ENVIRONMENT would be an immensely valuable trait. 

Green Bug Robots are therefore devices that generate all their power by scavenging 
for it from renewable environmental energy sources. Such robots would have far greater 
endurance than using simple batteries, and would essentially become Forgotten Machines, 
as far as human involvement in re-charging is concerned, as they went about their 
programed task. 

Although other possibilities no doubt exist, the four ( 4) principal renewable energy 
sources available are: Light, Heat, Fluid Flow, Food. 

LIGHT OR HEAT POWERED SYSTEMS 

The system options in this case depend greatly on whether the robot is to operate ~ 
indoors or outdoors. Indoors the light source is likely to be artificial. This has the 
advantage of 24 hour availability, but the intensity and heat components are likely to 
be low. Outside the source is natural sunlight which is fickle (due to clouds and sun's 
position), is only available in the day, but can be intense with a high heat component. 
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Light Powered Systems 

Due to low indoor intensity, or outside night periods, it is likely that any light 
powered system will not run directly off of the source, but will instead use the source 
to charge up a power reservoir (rechargeable battery, capacitor, thermal accumulator). 

Although not often applied to bug robots, such systems have been available for some 
time. A simple solar-cell can be used to convert light photons into electrical energy for 
charging a small battery. Disadvantages to be overcome include: poor efficiency (and 
hence large collector area), short life for the most efficient types, fragility of the solar
cells, and need for frequent cleaning. 

Heat Powered Systems 

Since plutonium heat sources are restricted, thermal systems are likely to also source 
their energy from the sun's rays. Although under particular conditions of structured 
environment it is possible that an artificial hot spot is normally present (i.e. the 
condenser in an a/ c system). Since electronics do not run directly off of heat, a 
conversion stage is necessary to change thermal energy to electrical energy. Space is 
limited on a bug robot, but system demand is also low, so a thermocouple-based method 
(thermionics) would be well suited. Once, again the electrical output would most likely 
be used to charge a battery rather than drive anything directly. Thermionics could be 
used exclusively for driving the electronics while other options exist for converting heat 
energy directly to mechanical motion of the robot or strain energy storage. A 
Radiometer type device with black and white vanes rotating due to incident radiant 
energy could possibly be harnessed to drive an insect robot. Such devices give only tiny 
torques, but this may still be sufficient for very small robots. Another possibility exploits 
Nitinal Springs (shape-memory alloys of Nickel, Titanium and Aluminum) which 
undergo gross thermal expansions. Such systems are reminiscent of reptile behavior, 
where an alligator might spend considerable time motionless in the sun while heat 
energy is absorbed. Explosive (although infrequent) movements are none-the-less 
possible once sufficient absorption has taken place. Problems still to be overcome 
include: development of miniature heat collectors/directors, high energy capacity to 
volume ratio thermal storage reservoirs (perhaps based on solid-to-solid phase change, 
such as pentaerythritol), and efficient thermal-to-electrical energy conversion. 

FLUID FLOW POWERED SYSTEMS 

Such systems exploit the available kinetic energy present in fluid flows. An obvious 
fluid source would be natural wind, but depending on the operating environment it 
could also be forced air flow such as in an a/c duct, or water flow in a pipe or river. 

As with the case of light, wind as a power source can be fickle since its strength and 
direction are uncertain. Because of this it is unlikely that natural wind would provide 
a reliable and efficiently exploitable source of power for bug robots. However, such a 
power source would be eminently suitable in certain structured environments such as 
a/ c ducting. Under such conditions light as a power source is negated, whilst a steady 
flow of air in a predicable direction is readily available. For such an application several 
power generation systems are possible. 
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A turbine (windmill) represents a relatively low-tech method, but one with few 
implementation problems. The turbine could drive a small d.c. generator (shaft driven 
motor) to directly power the whole system if the flow is strong enough and 
uninterrupted. Alternatively, a battery charging approach could again be used if the flow 
is weak or if there are frequent calm periods. 

A more high-tech approach is to use PVDF Fur. Since PVDF is available as a 
metallized piezoelectric plastic ftlm it could be cut into fine strips (hairs) and assembled 
into a Fur Coat configuration. With appropriately positioned turbulence stimulators the 
fur could be induced to violently flutter in the air stream, and thus produce voltage 
spikes. These voltage spikes could be used to charge a capacitor or battery, but probably 
couldn't be used to directly drive electronics. 

A PVDF-based system is smaller, lighter, more efficient, less direction sensitive, less 
affected by dirt/ dust, and requires no moving parts when compared to a turbine-based 
system. Problems to be overcome include: making appropriate electrical connections to 
the fur hairs, rectifying the a.c. voltage spikes generated by the oscillating hairs, and 
converting the high voltage/ low current power generated to low voltage/high current 
power suitable for battery charging. 

FOOD POWERED SYSTEMS 

From a robotics viewpoint, food is not a particularly efficient source of energy. A 
typical human adult dietary intake of 2000 calories/ day can be found in just 1 ounce of 
gasoline. The advantage however, is that food can be found naturally in the environment 
by scavenging. Few would deny then, that a food-based system represents the most 
desireable of all renewable power options since it is not subject to the vagaries of sun 
light or wind, although it is dependant on availability. 

Since purely biological machines are not likely in the near future the nutritional 
content of food is unimportant, it is simply the chemical energy that is of interest. This 
chemical energy must clearly be converted to a power stream more suitable for 
machines, such as electrical or thermal or perhaps even gas pressure energy. 

So what would be a suitable food for a bug robot to eat?. Vegetation is obviously 
the most abundant, and easy to find. Other food sources such as "real" bugs would have 
to be hunted or lured, thereby increasing the robot complexity considerably. Assuming 
therefore a plant diet (including algae, moss, lichens, etc.) it is obviously the sugars 
present in these materials that represent their energy component. Any bug robot 
digestive system would therefore likely comprise of the following stages: Extract sugars 
from food; Eject waste; React with sugars to provide power stream. 

Because of the infancy of this technology, any early prototypes are likely to start with 
a food source of pure refined sugar, with the extraction stage initially omitted. Since the 
onboard creation or renewal of digestive juices would represent further undesirable 
complexity, it would be advantageous to devise a system where the stomach acid is not 
consumed or degraded in the reaction, such that the processes could continue 
indefinitely with the simple addition of sugar and water. 

Bennetto7 in England have been working on a "living battery" for many years, that 
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attempts to produce electrical energy directly from a complex bio-chemical "soup" 
involving E.Coli bacteria. The work so far has only produced modest power (0.2W) 
from relatively large vats ( 4 liters) of reactants. It also employs chemicals (F erricyanide) 
which are not naturally available in the environment. Although this technology holds 
great promise it is clearly a number of years away from viability. 

As a 'stop-gap' approach, work is currently underway at USF by Campbell8 into the 
study of direct conversion of food into mechanical power. Since no electrical power is 
produced this method cannot drive electronics, but it can be harnessed to physically 
move an insect robot. This conversion is possible through the digestion of sugar by 
yeast, or fermentation. 

The simple biological process of fermentation has been around for centuries. The 
process uses yeast to convert a sugar /water solution into alcohol and C02• The gaseous 
C02 is capable of building up large pressures in a closed fermentation vessel. This 
pressure can be released to produce mechanical motion much as a miniature steam 
engine, and used to propel an insect robot vehicle. After the yeast has converted all of 
the sugar in the solution to alcohol and C02, most of the solution can be dumped and 
fresh sugar /water solution added. Yeast will remain alive in the vessel after the 
conversion is complete, so it is not necessary to continually add 'Yeast. 

This power plant is environmentally safe and non-polluting. There are no batteries 
to charge or replace, only sugar water to replenish. Further developments will allow for 
'natural' sources of food to be converted into sugar (plants, real insects, etc.) by a pre
digestion reaction, thus negating the need for man-made refined sugar as a fuel. The 
'eating' of food by a robot allows it to stay in operation longer, perhaps even 
indefinitely, as long as its yeast colony remains alive and there is a source of water and 
sugar available. 
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A Design for a Microelectronic Fish Robot 

Christopher J. Rose Harley R. Myler 
Department of Electrical & Computer Engineering 
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Orlando, Florida 32817-2450 

ABSTRACT 

Underwater vehicles play an 
important role in unlocking the mysteries 
of our oceans; however, existing 
underwater vehicles have exhibited a few 
shortcomings. The majority of vehicles 
are designed for short term, tethered 
operation. Electric motors are used for 
propulsion and these· generate noise 
pollution in the . aquatic environment. 
This can make it difficult to approach 
aquatic organisms for observation. These 
vehicles are typically large and complex 
and can be expenstve and time
consuming to maintain. 

This paper explores a new approach 
to the design of an underwater 
autonomous vehicle. Foil owing the idea 
of biomimesis, of machines mimicking 
nature, we · plan on building a self
contained "fish" style robot. By basing 
the propulsion system on the oscillation 
of a tail and using shape memory wires 
to actuate the tail, we hope to build a 
silent and efficient robot. An efficient 
design coupled with the ability to 
recharge power automatically using solar 
energy while on mission will give the fish 
robot a wide exploration range. With a 
life span approaching one month, the 
fish would be well suited for long term, 
long range, reconnaissance. 
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Missions could include locating the 
source of toxic spills and leaking waste 
dumps. By blending in with the marine 
ecosystem, the robot could be useful in 
the census of populations and the 
recording of migratory behaviors of 
aquatic animals. In this paper we present 
the groundwork, and work to date, of the 
Micro Electronic Fish Robot or, MEFiR 
(pronounced mef-eer). 

INTRODUCTION 

The proposed MEFiR . design ts 
intended to meet 3 goals: 

1. Long range, 
2. silent operation and the 
3. form must follow a natural 

design. 

To achieve an extended operating 
time, power must be taken iri whenever 
possible. The current proposal calls for 
the MEFiR to swim or float to the 
surface when it needs to recharge. Solar 
cells on the side of the body will use 
sunlight to charge the batteries. Once the 
charge is substantial enough, the robot 
will continue on its programmed mission. 
Efficiency is another factor that helps 
increase the active range. The primary 
means of propulsion for the MEFiR is 
going to be an oscillating tail design. 



Existing underwater vehicles rely on a 
propeller as the primary means of 
locomotion and these designs are only 
about 40% efficient. In contrast, tail 
designs achieve about 86% efficiency 
(Triantafyllou 67). Silent operation is to 
be achieved by using shape memory 
wires for propulsion. Shape memory 
wires offer easy control, and basically 
linear motion. 

The MEFiR system is divided 
into five subsystems, control, 
locomotion, power, buoyancy and 
sensing (figure I). Each system will be 
explained in tum, following a short 
discussion of shape memory alloys (that 
will be used m the locomotion 
subsystem). 

Sensing 

Control 

Buoyancy 

Figure 1, System Diagram. 

SHAPEMEMORY ALLOYS 

Shape memory alloys (SMA's) are bi
metal materials that change shape over a 
range of temperatures. Current 
applications of SMA's include a 
greenhouse window that opens when the 
temperature exceeds a certain level; to an 
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aircraft skin that changes shape to 
compensate for the strains at different 
speeds. SMA's come in many forms, 
such as sheets, bars or wire. Shape 
memory wires are being considered as 
the primary means of propulsion for the 
ME FiR. 

Any metal alloy that has the 
ability to return to a previous shape or 
size due to a change in temperature is 
considered a shape memory alloy (see 
reference to Shape Memory 
Applications). There are two effects that 
are exhibited in SMA's, one way and 
two way shape memory effects. The one 
way effect transforms the material from 
a "cold" shape to a "warm" shape that it 
retains upon cooling. The two way effect 
allows the material to return to its cold 
shape upon cooling. SMA's can be 
conditioned to exhibit the two-way 
shape memory effect. 

The wire being considered for 
propulsion of the MEFiR is a nickel
titanium (NiTi) alloy. Heating of the 
NiTi wire can be achieved by running a 
current through the wire. Several factors 
effect the rate at which the wire will 
contract/relax. These include the diameter 
of the wire, the amount of current 
through the wire, and the cooling rate of 
the wire. Two-way shape memory 
alloys can recover from a ~aximum 
contraction of 8% of the total length. 
The recommended operation range is 
3%-5% of the total length. 

SMA wires can last for millions 
of cycles (see reference to Mondo
tronics) and wire life can be extended in 
several ways. First by keeping the total 
contraction length to below the 5% limit, 



and secondly by making sure the wire is 
allowed to return to its cold shape 
without any stress/strain. It seems that 
the life of the wire will be the single 
biggest range limiting factor. 

LOCOMOTION 

The pnmary mechanism of fish 
locomotion is based on two factors, 
length and flexibility of the tail. There are 
three distinct methods of propulsion; 
ostraciform, carangiform and 
anguilliform. Fish using the ostraciform 
method of propulsion have short, very 
rigid tails. This motion is relatively 
simple, as only the tail moves from side 
to side. Anguilliform motion is found in 
fishes with long, very flexible tails, such 
as eels (Gray 24). Locomotion of the 
MEFiR will be achieved using 
carangiform motion. This requires the tail 
length to be about 50% of the body 
length, and the tail must be of medium 
flexibility. 

The prototype tail mechanism is 
designed around a semi-rigid plastic rod 
(figure 2). This is a very simple model of 

SMA Wire-----:"'--..>?: f------··---· 

' ' 
' ' ' ' ' 

Top View 

i i! /( 
!!!~ 

Front View 

Figure 2, Prototype TaiL 

fish locomotion. Since the plastic rod is 
basically incompressible, a force 
excoriated along the length of the rod 
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causes the rod to bend laterally (Bone 
45). 

The overall length of the rod is 3 0 
em, with the tail membrane and the 
flexing area of the tail accounting for 15 
em. The dashed lines indicate where the 
rod is scored in the front view. The top 
view shows the attachment of the shape 
memory wire. This design allows for 
multiple strands of wire to be run to each 
point. This spreads the stress/strain over 
several wires. This design also allows the 
wires of each side to pass under the 
plastic rod when they are cooling, 
reducing the stress on the wires. Figure 3 
shows a working model of this design. 

Figure 3, Working ModeL 

An alternative design, yet untested, is to 
use a hinge at each flex point. The SMA 
wire is going to be segmented and 
attached at the mid point between each 
hinge (figure 4 ). A model for this design 
is in construction. 

BUOYANCY 

There are several methods that fish 
employ to maintain buoyancy. The first 
is to use the pectoral fins as foils to 
generate lift while the fish is swimming 
(Bone 79). If this method was applied to 
the MEFiR, the obvious drawback 
would be that the MEFiR would have to 
constantly swim. It could not take 



advantage of currents, nor could it 
surface to recharge without swimming. 
Other fishes use a swimbladder, that 
provides a static positive buoyant force. 
This is the anticipated approach for the 
ME FiR. 

Figure 4, Redesigned Tail 

There are currently two types of 
systems in consideration, a gas bladder 
and a water bladder. 

The gas bladder system will 
basically consist of an inverted air space 
(figure 5) with a SMA release valve. The 
bottom of the bladder allows water to 
flow into the chamber. Gas can be 
produced in either of two methods, by 
electrolysis or by chemical reaction. 

Gas production via chemical 
reaction is fast, but the chemical supply 
ts exhaustible. If the chemical 
consumption rate can be timed to the life 
expectancy of the SMA wire, then the 
chemical gas production if feasible. 
Electrolysis is slow, but as long as the 
MEFiR has power, buoyancy control 
can be maintained. 
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Figure 5, Electrolysis Bladder. 

Both gas bladder designs require 
that the bladder be open to the water on 
one end. In turbulent waters, its possible 
that the MEFiR could be flipped over, 
loosing the gas pocket and possibly 
never recovering. Another disadvantage 
is that the amount of lift generated will 
be greatly effected by a change in depth. 

The water bladder is consists of a 
SMA piston inside a deformable 
chamber (figure 6). Upon contraction, 
the piston expands the bladder displacing 
more water and caustng greater 
buoyancy. 

Expansion Contraction 

Figure 6, Water Bladder. 

The natural buoyancy of the 
MEFiR will depend on the type of 
buoyancy system used. With a gas 
bladder, the MEFiR will be slightly 
negatively buoyant, with the gas 
producing enough positive buoyancy to 
raise it. A water bladder would require 
the MEFiR to be positively buoyant. 



Either buoyancy design can 
facilitate a case where emergency 
recovery may be needed. The air 
bladders would simply fill all the way 
up, allowing MEFiR to float to the 
surface, or the piston simply would 
expand the bladder creating the same 
effect. 

POWER SYSTEM 

The design proposal requires that the 
MEFiR recharge its batteries while on 
mission, or power cycle. To accomplish . 
this, solar cells are being considered to 
line the skin of the robot. When the 
charge on the batteries reaches a low 
level, the MEFiR will surface, and enter 
a standby mode while power is taken in 
from the sun. When the batteries are 
replenished, the robot will continue on 
its mission. 

A salt water version of the 
MEFiR could use a design that charges 
the batteries while in the water. Two 
dissimilar metals when submerged in an 
electrolyte (in this case salt water) 
produce a voltage. This voltage could be 
utilized by the MEFiR. 

SENSORS 

A varying array of sensors are needed to 
allow the MEFiR to perform any task. 
There are sensors needed for feedback to 
the control circuit, and additional sensors 
needed to perform specific mission 
tasks. The feedback sensors would 
consist of; 

• A pressure sensor to determine 
depth, and give feedback to the 
buoyancy control system. 
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• A power monitoring circuit to engage 
the power cycle function. 

• Current direction and magnitude 
sensors to enable the MEFiR to use a 
current to its advantage. 

• Tail positioning information, to 
ensure that all the SMA Wires are 
functioning properly. 

MISSION POSSIBILITIES 

Mission profiles can vary 
greatly, but here are a few that are 
appropriate to the proposed MEFiR 
capabilities. The MEFiR could be 
equipped with the ability to determine 
the concentration of a certain chemical, 
and locate the source. Once the source is 
found, the MEFiR would do an 
emergency assent and upon surfacing 
determine its location via GPS. A radio 
beacon could alert teams as to the 
location of the robot upon surfacing and 
a clean-up crew could be dispatched. 

Equipped with basic pattern 
recognition ability, the MEFiR could 
blend in with a coral reef system and 
count populations of fish. Its silent 
operation would allow it access to 
populations of fish that are difficult to 
study. 

SUMMARY 

The Microelectronic fish robot is 
intended to be a long range, long term 
reconnaissance robot. The MEFiR 
follows the concept of biomimesis, 
where design closely mimics or is driven 
by designs from nature: in this case fish. 
A tail driven by shape memory. wires 
allows the MEFiR to operate quietly and 
efficiently. Buoyancy control is achieved 
through the use of a swim bladder. 



Sensors for the MEFiR are divided into 
two categories; operational sensors and 
mission sensors. Operational sensors 

· consist of pressure (depth) sensors, 
water current measurement devices and 
power measurement. 
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NEURAL NETWORK IN SIMULATED MULTIPROCESSOR 
ENVIRONMENT 

ABSTRACT 

Raisa Szabo, Ph.D. 
School of Computer and Information Sciences 

Nova Southeastern University 

The results of computer simulation for several aspects of parallel programming in 
relation to the Backpropagation algorithm are presented. The Backpropagation, the most 
widely used massively parallel neural network learning algorithm, was used to investigate 
the different aspects of parallel programming with the intent of providing the fastest 
overall execution of the algorithm in simulated multiprocessor environment. The 
programming techniques applied to the Backpropagation algorithm were realized by the 
use of the Multi-Pascal, language which is an extension of Pascal, with the additional 
features for creation and interaction of parallel processes. The paper discusses the results 
of the investigation into a suitability of the BP algorithm for concurrency, data parallelism 
and partitioning, synchronous iteration mechanfsm, communication and synchronization 
delays, and performance on different parallel microprocessor architectures. 

Index Terms - Backpropagation, parallel programming, concurrency, and synchronization 
delays. 

INTRODUCTION 

Parallel processing architectures are becoming widely accepted because they can 
provide significant improvements in computational time [ 1]. There is ' a wide range of 
important computational problem in science and engineering that require much greater 
computing power than sequential algorithms can provide. These areas include robotics, 
aerodynamic, weather prediction, particle physics, signal processing, image processing 
in computer graphics, AI, neural networks, and many others. 

Parallel computers have either shared or distributed memory. Shared memory 
machines (multiprocessor environment) coordinate interprocessor communication through 
a global memory that all processors share, while distributed memory machines with a local 
memory attached (multicomputer environment) communicate by message passing [2]. 
Parallel systems require a different programming approach than traditional sequential 
computers. To enhance the performance of the parallel architecture, algorithm may need 
to be written for the particular system [4]. In fact, a particular algorithm may not be 
suitable for a system other that one it was designed for. Computer programmers have to 
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carefully partition a task and assign processes to individual processors for execution in 
order to achieve better resource utilization and higher performance level [4,5]. It is 
necessary in most cases to reanalyze a standard sequential algorithm in order to keep a 
large number of processors working in parallel, and to enhance the overall performance. 
A good match between an algorithm and an architecture results in a good correspondence 
between program graph and network topology [9]. The mapping approach of a selected 
algorithm to world of simulated multiprocessor environment was selected to be 
investigated in this research [3]. 

The Multi-Pascal is the language with a simple set of high level parallel 
programming abstractions that have sufficient power to represent parallel algorithms for 
both multiprocessors and multicomputers [6]. Multi-Pascal was designed to be machine
independent and can run on wide variety of parallel computers by allowing the dynamic 
creation of parallel processes to run on the physical processors. In multiprocessor 
environment, Multi-Pascal allows data to be shared by parallel processes through the use 
of shared variables, which are a software abstraction of the shared memory found in 
multiprocessor hardware. To assist in process synchronization, Multi-Pascal also has the 
standard feature of spinlocks. 

The BP network [7] consisted of eight binary inputs, one hidden layer of 16 
neurons, and an output layer of four binary encoded outputs. The sequential version of the 
Backpropagation algorithm was reexamined and modified for parallel implementation, 
although those modifications did not affect the algorithm itself. Most of the modifications 
were related to the 1/0 and file handling capabilities of the Multi-Pascal simulator. 

The Backpropagation algorithm consists of many loops, prime candidates for 
parallelization. Furthermore, these loops can be grouped according to their function 
within the algorithm into several distinct sections: 

I. Initialization 
A. Computing the hidden layer output 
B. Computing the output layer output 
C. Computing the error terms 
D. Computing the input-hidden layer weights 
E. Computing the hidden-output layer weights 

Sections A - E were executed for each input training pattern and make up one 
iteration. The training data file contained 256 patterns so one epoch equaled 256 iterations. 
The training continued until the error and outputs were within the desired tolerance. 
Throughout this paper, variables associated with the input layer, hidden layer, and output 
layer used the letters I, j, and k, respectively. Thus, the input-hidden layer weights are 
referred to as Wij, and the hidden-output layer weights as Wjk. In reference to the code, 
the sections listed above will be used rather than actual line numbers. 
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Before applying the parallel programming constructs from Multi-Pascal, the 
algorithm was analyzed to determine the data dependencies [2]. A dataflow architecture 
is an execution paradigm in which instructions are enabled for execution as soon as all of 
their operands become available. The sequence of executed instructions is based on data 
dependencies, allowing dataflow architectures to exploit concurrency. A data dependency 
graph (DDG) of the sequential algorithm was constructed; it is shown in Figure 1. In the 
DDG the sections A through E are represented as circles, data flow dependencies are 
represented by a directed line, and anti-dependencies by a directed line with a slash 
through it. The dependencies dO- d12 represent the following program variables: 

dO: Wij, Wjk 
d1, d5, d6: Oj 
d2, d4: Ok 
d3: BetaJ 
d7: BetaK 
d8: Wij 
d9, d10: Wjk 
d 11: Wij, Deltaij 
d12: Wjk, Deltajk Figure 1 . Data dependency graph for the 

Backward Propagation Algorithm 

It can be seen that the algorithm had seven1 data flow dependencies and five anti
dependencies. The cycles created by the anti-dependencies, d8 - d12, prevented the 
algorithm from being effectively parallelized. The anti-dependencies were all due to the 
appearance of the weights, Wij and Wjk, or their updates in the computations. If the 
analysis is limited to one iteration, those anti-dependencies could be ignored leaving only 
the data-flow dependencies between each section. DDG indicates that because of the data
flow dependencies, sections I (which is executed only one time) A, B, and C may not be 
computed in parallel. In addition, sections D and E may not be computed in parallel with 
A, B, or C, but may be computed in parallel with each other. Horizontal position of the 
circles indicates possible parallel operation. This data dependency graph was the basis for 
all of the simulations. Although most sections of the BP algorithm cannot be executed 
concurrently, the computations within each section can be done in parallel using the 
different constructs provided by Multi-Pascal. 

1 
For simplicity, multiple dependencies of the same type between the same sections are represented by one line. 
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SIMULATIONS AND RESULTS 

The first simulation employed the FORK and FORALL statements to parallelize 
each section of the BP. The parent process containing the FORALL statement will always 
wait for all the child processes to terminate. In the case with the FORK statement, the 
parent process is executed in parallel with all of its children. The initialization section used 
the FORK statement to read in the training data, while the Wij and Wjk arrays are being 
initialized. We could not employ the FORALL statement to initialize the weight arrays. 
The algorithm used to initialize the weights generates a new seed for the next call to the 
RNG. This implies a data-flow dependency between each random number generated; 
therefore, the weights have been initialized sequentially. The execution time of the 
initialization section is a very small P.ercentage of the overall execution time of the BP 
algorithm, so it has a negligible effect on the overall speed-up of the algorithm. 

To parallelize the main sections of the BP algorithm the outer FOR loops in 
sections A through E were converted~ FORALL statements. To ensure correct operation 
it was important to declare the index variable used in the inner FOR loops, and the 
variable sum was used as local variables in the FORALL block, as illustrated in section 
A of code segment 1. 

(* A compute first layer output *) 

FOR j : = 0 TO Jmax - 1 DO 
BEGIN 

sum:= 0; 
FOR I : = 0 TO lmax DO 

sum : = sum + ln[m, 11 * Wij[i, j]; 
Oj[j] : = sig( sum ); 

END; 

FORALL j : = 0 TO Jmax - 1 DO 
VAR sum: REAL; 

1: INTEGER; 
BEGIN 

sum:= 0; 
FOR I : = 0 TO lmax DO 

sum : = sum + ln[m, 11 * Wij[i, j]; 
Oj[j] : = sig( sum ); 

END; 

1 Sequential code for section A (top): Using FORALL 

in section A (bottom) 

The results of the first simulation are summarized in Table I. The execution time 
and speedup factor are presented for each section of the algorithm. The results show that 
the speedup for the different section varied greatly. The frrst simulation was allowed to run 
to completion, however, the simulation halted after approximately 100 iterations due to 
the limitation of the Multi-Pascal simulator: a maximum of 10,000 processes are allowed. 
This may seem adequate, but each time a process is created, the simulator assigns it a 
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number. When the execution of a process is completed, the simulator does not reassign 
that number to a new process. It is therefore easy to reach the 10,000 limit if the problem 
is sufficiently large, as it is the case after many iterations of the algorithm. 

Since the total run time of the BP algorithm consists of many iterations plus the 
initialization, it seemed that the time for one iteration would serve as a good indicator. 
In fact, the speedup for one iteration serves as an upper limit on the speedup attainable if 
the algorithm runs to completion. For example, if the initialization section was taken into 
account, and it is assumed that the program runs for 4772 iterations, the speedup for the 
algorithm is 8.83 or 1.29 compared to 6.85 for one iteration. For this reason, all further 
simulations look at one iteration which is included in the table of results. 

In any computer system, there is always an overhead associated with creating a 
parallel process and dispatching it to a particular processor where it will be executed. For 
this overhead to be justified, the duration of the process must be much larger than the 
creation overhead . . To help overcome a granularity problem with FORALL statements, 
Multi-Pascal's GROUPING option on the FORALL statements was used, and the results 
are shown in Table II. The group size was set to the square root of the maximum index 
value in each loop [6]. 

Table I 
Replace outer FOR loops with FORALL loops 

Program Execution Time Speed-up Number of 
Section Processors 

I 29510 1.29 2 

A 360 8.91 17 

B 420 3.15 18 

c 300 6.06 18 

D 460 8.22 18 

E 1270 10.37 18 

1 Iteration 29203 6.85 18 

Similar results were obtained for group sizes down to two. The table demonstrates 
that not only did the execution times increase but that the speedup factor was not as large 
as for the previous simulation. This fact indicates that the execution time of a loop was 
greater than the total process creation time, and most likely due to the multiplication 

2 This is the number of iterations it takes to train to < 0.01 error and 0 bad patterns as determined from the C 

program execution. 

3 The execution time for one iteration is greater than the sum of the times for sections A - E due to some sequential 

code not included in the sections. 
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operations which tend to take a relatively long time. 

Table II 
Add GROUPING option to FORALL loops 

Section Execution Speedup Number of 
Time Processors 

I 29510 1.29 2 

A 850 3.76 5 

B 650 1.92 5 

c 640 3.69 5 

D 400 23.70 5 

E 320 13.99 5 

1 Iteration 3240 6.53 51 

In the preceding simulations only the outer FOR loops were run in parallel. Next, 
to increase the parallelism further, the inner FOR loops were converted to FORALL loops 
as well. In order to secure the correct results, however, write access to certain local 
variables was being controlled. An example of this is the variable sum, in section A. The 
inner loop used sum to accumulate the computations for each index. When executed, the 
inner FORALL created a copy of its block of code for each process created, including the 
variable sum. Clearly, only one copy of sum was needed. A global variable could serve, 
but read/write access to it had to be 
controlled to prevent one process 
overwriting another. A SPINLOCK 
variable is used for this purpose 
along with the LOCK and UN
LOCK statements as in section A 
of code segment 2. 

Table III summarized the re
sults of this simulation. The 
GROUPING option was removed 

(* A compute first layer output *) 
FORALLj := 0 TO Jmax- 1 DO 
V AR sum: REAL; ( • local variable •) 

BEGIN 
sum:= 0; 
FORALL I : = 0 TO lmax DO 

BEGIN 
LOCK(L); 
sum : = sum + ln[m, I] • Wij[i, j]; 
UNLOCK(l); 

END; 
Oj[j] : = sig( sum ); 

END; 

from all loops and Spinlocks were 2 Code for section A using Spinlocks to access local variable 

used to avoid contention for shared 
variables in sections A, B, and C. An interesting point from the table is that despite the 
increased number of processors, the execution times for sections A, B, and C are not 
significantly less than for the previous simulation. This apparent contradiction is a result 
of two factors. First, the larger number of processes created was due to the added 
FORALL loops. Second, the increased execution times were most probably due to 
processes wasting time spinning while waiting for access to a shared variable. Thus, 
despite more processors, the algorithm took longer to run. 
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Table Ill 
Use SPINLOCKS to control access to shared variable 

Section Execution Speedup Number of 
Time Processors 

I 29510 1.29 2 

A 1540 2.65 143 

B 760 2.18 143 

c 1500 1.87 143 

D 320 29.97 143 

E 280 16.11 143 

1 Iteration 4780 4.82 143 

Rather than using SPINLOCKS to control access to the local variable, it is possible 
to use a CHANNEL variable. 

The channel test operation 
was used to ensure proper 
initialization of the channel. Only 
the first process to execute within 
the FORALL stores the value 0 in 
the channel. Subsequently, a 
process reads the channel sum and 

( * A compute first layer output *) 
FORALL j : = 0 TO Jmax - 1 DO 
VAR sum: CHANNEL OF REAL; 
BEGIN 

IF NOT sum? THEN sum : = 0; 
FORALL I : = 0 TO lmax DO 

sum : = sum + ln[m, 11 * Wij[i, j]; 
Oj[j] : = sig( sum ); 

END; 

Writes back the new COmputed 3 Code for section A using CHANNEL variable 

value. Since there is only one 
value in the channel, when a process reads the value~ all other processes are blocked until 
the new sum is written back; it is shown in code segment 3. 

The results of this simulation are given in Table IV. It is interesting to note the 
significant reduction in execution time compared to the previous simulation. Since the only 
difference between the simulations was the use of spinlocks vs channel variables, it is 
apparent that the channel variable is a more efficient method of controlling access to a 
local variable. This efficiency also shows up in the number of processors used. Since 
processors spent less time spinning, they become free for more useful computations soo
ner, and fewer processors are required. 

The need to test for empty cannel was eliminated by using an array of CHANNEL 
variables. This approach assigns a different CHANNEL variable to each process created 
by the outer FORALL, and ARRAY of CHANNEL was declared as a shared variable; it 
is shown in code segment 4. 
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Section 

I 

A 

B 

c 

D 

E 

1 Iteration 

( * A compute first layer output *) 
FORALL j : = 0 TO Jmax - 1 DO 
VAR 1: INTEGER; 
BEGIN 

sum[j] : = 0; 
FORALL I : = 0 TO lmax DO 

sum[j] : = sum[j] + ln[m, I] * Wij[i, j]; 
Oj[j] : = sig( sum[j] ); 

END; 

4 Code for section A using ARRAY of CHANNEL 

Table IV 
Use CHANNEL variables to control access to local variable 

Execution Speedup 
Time 

29510 1.29 

420 10.72 

450 4.06 

410 7.49 

400 23.70 

320 13.99 

2380 9.98 

Number of 
Processors 

2 

92 

92 

92 

92 

92 

92 

The results of replacing a single channel variable with an array of channels are shown in 
Table V. There is little difference from the results in Table IV. 

The results of the final simulation are shown in Table VI. This simulation produced 
the fastest execution time of any of the simulations. It also resulted in the best speedup 
factor. The execution time of sections D and E is reduced by 56% compared to the 
previous simulation (320 units vs 420 units). However, this speedup is not without cost: 
136 processors are required. 

The simulations have used several of the program constructs provided by the Multi
Pascal simulation package. The parallel BPA consists of several relatively simple modules 
or sections with data flow dependencies between them. These require that one section com
pletes execution before the next section can be computed. The synchronization between 
sections is achieved by use of the FORALL statements. 
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Table V 
Use ARRAY of CHANNEL to control access to local variable 

Section Execution Speedup Number of 
Time Processors 

I 29510 1.29 2 

A 420 12.21 94 

B 450 4.76 94 

c 410 8.40 94 

D 400 23.70 94 

E 320 13.99 94 

1 Iteration 2410 10.42 94 

Other synchronization techniques are possible but really provide no advantage in 
this case. The overhead necessary to implement them would be relatively high compared 
to the actual loops being synchronized. 

Table VI 
Use FORK to computeD and E sections in parallel 

Section Execution Speedup Number of 
Time Processors 

I 29510 1.29 2 

A 430 12.22 94 

B 460 4.73 94 

c 410 8.4 94 

E4 330 42.73 136 

1 Iteration 2050 12.4 136 

CONCLUSIONS 

Writing an effective parallel program is a more complex and demanding task, than 
writing sequential code. The success of parallezation depends on two factors: (1) how 
accurately and officiently we can compute data dependencies, and (2) how we schedule the 

4 Due to the operation of the FORK operator, the execution time of sections D and E are combined. 
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parallel iterations onto parallel processors in a pattern that reduces the elapsed execution 
time as much as possible. There are many subtleties that can cause a seemingly correct 
program to give wrong answers [5]. In fact the errors can be small and not readily 
apparent. A clear understanding of how processes are created is imperative in avoiding 
these problems. The simulation found this to be true particularly when assigning local 
variables. 

The simulation results of parallel BP algorithm on the multiprocessor architectures 
shown, appear very promising; they produced a great speedup factor of 56% compared 
to the sequential simulation. However, this speedup is not without cost: a much larger 
number of processors were required. 
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ABSTRACT 
The recruiting problem is defined as selecting a subset lB from a set A such that an optimal measure is either 

minimized or maximized. This kind of problems are often encountered in various disciplines. In this paper, a 
genetic algorithm is designed to solve the recruiting problem. This genetic algorithm is then applied to the 
problem of robot robot calibration experiment planning, which is a typical recruiting problem. 

I. INTRODUCTION 

Genetic algorithms (GAs) are heuristic search algorithms based on the mechanics of natural selection and 
natural genetics. These algorithms mimic a natural evolution process, in which those highly-fit individuals will 
have better chance to survive competition within a generation. Individuals also exchange genes to form new and 
potentially better offsprings in the new generations. GAs search along different directions in the hope to find 
better and better solutions in the search process. 

The foundation of GAs were first laid out by Holland in his famous book, Adaptations in Natural and 
Artificial Systems [ 1]. De Jong did comprehensive simulation studies in early 1970's, to understand the roles of 
GA parameters in various search problems [2]. Grefenstette formulated the GA parameter tuning problem as a 
search problem and used a meta level GA to select an optimal set of parameters for genetic algorithms [3]. 
Goldberg wrote an excellent textbook in an effort to bring together various computer techniques, mathematic 
tools, and research results that will enable students and practitioners to apply genetic algorithms in their fields [4]. 

As to the application aspects, genetic algorithms have been applied to various areas in optimization, search, 
and machine learning. Goldberg cited a number of references that are from disciplines of biology, business, 
engineering, operational research, pattern recognition, and social sciences [4]. Davis edited a book, in which a 
number of different application case studies were reported [ 5]. Excellent reviews of the genetic algorithms can be 
found in [6-8]. 

A major view point emphasized by Davis is to hybrid GAs. Practitioners should use the principle of GAs, 
not the exact mechanics of the GAs to solve their problems. People may design their own encoding and decoding 
conventions, and the corresponding crossover and mutation operators for their applications. He claimed that he 
had developed a number of genetic algorithms for various types of problems, yet he had to identify a problem that 
would be best coded by binary strings. On the other hand, Holland, Goldberg and others prefer to modify a 
particular problems so that the binary-code based genetic algorithm can be used [ 4]. One of the reasons is that any 
complicated encoding, crossover and mutation operations may be very distant from any reasonable biological 
precedent. The use of high-cardinality of alphabets may severely reduce the dimension of the search space. 
Goldberg pointed out that the user should select the smallest alphabet that permits a natural expression of the 
problem. In this way, one can maximize the number of solution variations for the GA to search. 

The Classical Genetic Algorithm (CGA) is a very useful tool to solve certain type of search problems. 
However, the original GA may not be able to solve a type of problem described in this paper. The major problem 
is due to the evolution process implemented by the crossover and mutation operations in CGA. Although two 
parents may represent legal members in a generation, their children may not. Therefore, the classical genetic 
algorithm may not be able to solve a recruiting problem; that is, select a number of members from a large pool of 
candidates. 

In this paper, a type genetic algorithm that is dedicated to the recruiting problem is proposed. In this 
genetic algorithm, the children produced by crossover and mutation operations are always legal, and the algorithm 
can effectively pick up a subset of members from a pool of candidates based on a fitness function. 

The paper is organized in the following manner: Section 2 overviews a simple genetic algorithm that is 
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based on binary encoding and decoding technique. The problem associated with the classical genetic algorithm for 
the recruiting problem is illustrated in Section 3. The Recruit-Oriented Genetic algorithm is presented in section 
4. The effectiveness of GAs for solving the robot measurement configuration selection problem are examined in 
Section 5. Section 6 concludes the paper with summary and comments. 

A. 

* 
* 
* 
* 
* 

II. OVERVIEW OF GENETIC ALGORITHMS 

A Simple Genetic Algorithm 
A GA typically has the following elements: 
A genetic representation (or an encoding) for the feasible solutions to the optimization problem. 
A population of encoded solutions. 
A fitness function that evaluates the optimality of each solution. 
Genetic operators that generate a new population the existing population. 
Control parameters. 

The GA may be viewed as an evolutionary process wherein a population of solutions evolves over a 
sequence of generations. During each generation, the fitness of each solution is evaluated, and solutions are 
selected for reproduction based on their fitness. Selection embodies the principle of Survival of the fittest. 'Good' 
solutions are selected for reproduction while 'bad' solutions are eliminated. The 'goodness' of a solution is 
determined from its fitness value. The selected solutions then undergo recombination under the action of the 
crossover and mutation operators. The algorithm is outlined as follows: 

initialize the parameters of the GA; 
randomly generate the old_population; 
while convergence not achieved 

{ 
clear the new _population; 
evaluate the fitness of each individual in the old_population; 
copy individuals with highest fitness to the new _population; 
perform crossover based on crossover rate; 
perform mutation based on mutation rate; 
place offsprings from crossover and mutation to the new _population; 
replace the old_population by the new_population; 
} 

The mechanics of a simple genetic algorithm, in its simplest form, is just copying chromosomes, 
swapping partial chromosomes and occasionally changing the value of a randomly selected bit in a chromosome. 
Each chromosome of Os and ls is the encoded version of a solution to the optimization problem. Using genetic 
operators, crossover and mutation, the algorithm creates the subsequent generation from the chromosomes of the 
current population. This generational cycle is repeated until termination criteria are reached. For example, best 
fitness values do not change much after a number of generations, or a predefined number of generations have been 
processed. 

B. Encoding Mechanism 
Encoding mechanism is fundamental to the genetic algorithm structure. It depends highly on the nature of 

the problem variables. A large number of optimization problems have real-valued continuous variables. A 
common method of encoding uses their integer representation. Each variable is first linearly mapped to an integer 
defined in a specified range, and the integer is encoded using a fixed number of binary bits. The binary codes of 
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all the variables are then concatenated to obtain a binary string, or chromosome. For example, a problem 
involves two variables, x andy. Each variable is coded by a 4-bit binary substring, say sx and sy- The 

chromosomes is then obtained by concatenatesx and sy, s = sxsy. Let us assume that sx :;: 1010 and sy = 

0110. Then s = 10100110. 

C. Fitness Function 
The objective function , the function to be optimized, provides the mechanism for evaluating each 

chromosome. However, its range of values varies from problem to problem. To maintain uniformity over 
various problem domains, the objective function is usually normalized to a range of 0 to 1. The normalized 
value of the objective function is the fitness of the chromosome, which the selection mechanism uses to evaluate 
the chromosomes of the population. However, when a sorting procedure is used to compare fitness values of the 
chromosomes in the population, normalization may not be necessary. 

D . Genetic Operators 
Genetic algorithms generate a sequence of populations by using the following three · basic operators: 

reproduction, crossover, and mutation. 
In SGA, reproduction is implemented as a linear search. It becomes a process in which individual 

chromosomes are copied to a potential new population pool according to their objective function values. 
Intuitively, the objective function is some measure of profit~ utility, or goodness that is to be maximized. 
Copying chromosomes according to their fitness values follows the principle that a chromosome with a higher 
fitness value has a higher probability of contributing one or more offsprings in the next generation. 

The reproduction operator may be implemented in an algorithmic form in a number of ways. The original 
form of SGA uses the roulette wheel selection scheme to implement proportionate selection. Each chromosome 
is allocated a sector (slot) of a roulette wheel with the angle subtended by the sector at the center of the wheel 
equaling 21t flfav• where/; is a chromosome's fitness, andfav is the average fitness value of the population. A 

chromosome is allocated an offspring if a randomly generated number in the range 0 to 21t falls in the sector 
corresponding to the chromosome. The algorithm selects chromosomes in this fashion until it has generated the 
entire population of the next generation. 

An alternative way uses a fitness value-based rank of chromosomes to allocate offspring. The scaled fitness 
·values typically vary linearly with the rank of the chromosome. The absolute fitness value of the chromosome 
does not directly control the number of its offsprings. To associate each chromosome with a unique rank, this 
approach sorts the chromosome according to their fitness values. The drawback of this approach is that it 
introduces an overhead in the GA computation. 

Another genetic operator is crossover. Crossover offers a means. for chromosomes to mix and match their 
desirable qualities through a random process. After reproduction, a simple crossover may proceed in three steps as 
follows: First, two newly reproduced chromosomes are selected from the mating pool formed by reproduction. 
Second, a position along the two chromosomes is selected uniformly at random. The third step is to exchange all 
characters following the crossing site. An example is illustrated in Figure 2.1. Two binary coded chromosomes, 
A and B, of length of 16 are picked up from the mating pool. Crossing site 9 is then selected in this particular 
example through random choice. After choosing a pair of chromosomes, the algorithm invokes crossover only if 
a randomly generated number in the range 0 to 1 is greater than Pc• the crossover probability. Otherwise the 
chromosomes remain unaltered. The two new chromosomes following this crossing are shown in Figure 3.2b. 
Chromosome A' is made up of the first chromosome A and the tail of chromosome B. Likewise, chromosome B' 
is made up of the first part of B and the tail of chromosome A. Although crossover uses random choice, it is an 
effective means of exchanging gene materials among highly-fit chromosomes once combined with reproduction. 

Another important genetic operator is mutation, which involves the modification of the value of each 
'gene' of a solution with some probability. In SGA, mutation is an occasional (with small probability) random 
alteration of the value at a particular chromosome position. Its purpose is to serve as an insurance policy; it 
insures against the loss of a particular value of the bit (an allele). A generation may be created that is void of a 
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particular allele at a given chromosome position. For example, a generation may exist that does not have a 1 in 
the third string position when a 1 at the third position may be critical to obtaining a quality solution. Neither 
reproduction nor crossover will ever produce a 1 in this third position in subsequent generations. Mutation, 
however, allows for the possibility of a zero in the third position to be changed to 1. Thus, the critical genetic 
material can be reinstated into the population. Although mutation is a vital part of any genetic algorithm, it 
occurs with a small probability due to its disruptive behavior. 

A: 1110000111100101 
B: 0 1 1 0 1 1 0 0 0 1 1 1 0 0 0 0 

(a) 

A': 1 1 1 0 0 0 0 1 1 1 1 1 0 0 0 0 
B': 0 1 1 0 1 1 0 0 0 1 1 0 0 1 0 1 

(b) 

Figure 2.1 An example of the one-point crossover 

III. A PROBLEM OF THE CLASSICAL GA 

It will be shown through an example that in the CGA, crossover and mutation operations may produce 
solutions that are not valid (not within the solution space). To be able to understand the example, some 
background materials are given first. 

A • Robot Calibration experiment Planning Problem 
The goal of robot calibration is to improve the robot accuracy by modifying its control software. A common 

approach to the problem has been to employ a linearized robot error model that maps the robot parameter error 
vector dp to the robot positioning error vector y through a Jacobian matrix Jacobian matrix J. The measurement 

equation is 
y = }dp (3.1) 

By taking a sufficient number of measurements, one expects to estimate dp in a least squares sense using 
equation (3.1). The accuracy of parameter estimation is highly related to the conditioning of the Jacobian 
matrix. The problem of robot calibration experiment planning can be stated as follows [9-12]: 

Problem: Determine m robot measurement configurations in the reachable robot joint space such that the 
condition number of J is minimized. 

B. An Example 
Let us assume that we want to do measurement planning for a two-degrees of freedom planar robot for 

robot calibration (refer to Figure 3.1)1 
• The lengths of both of its links are one meter, the displacement range of 

the first angle 61 is from 0 to 90 degrees, and that of the second angle ~ is from -90 to 0 degrees. The 

measurable workspace of the robot is also shown in Figure 1 (the shadowed region). 
It is assumed that a concatenated 8-bit binary string is used to code two angles, 4 for each angle. For the 

sake of discussion, we randomly pick two pints that are within the measurable workspace of the robot, say parents 
A and B. Parent A = { 61, 62 } = { 45 degrees, - 45 degrees} and parent B = { 50.4 degrees, - 45 degrees}. The 

corresponding strings for parents A and B are 01111000, and 10001000, respectively. Now let us assume the 
1 Robot calibration is a process by the robot accuracy is enhanced through modification of its control 

software [ 1]. The task of robot calibration planning is to find a set of robot measurement configurations that are 
suitable for robot pose measuring. The robot in this example is 
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crossover site is 1. After crossover, child A = 11111000 and child B = 00001000. The corresponding angles for 
children A and B are { 90 degrees,- 45 degrees} and { 0 degrees,- 45 degrees}. Although these angles are within the 
limits of the joint travels, the end-points of the robot at these measurement configurations are no .longer within 
the measurable workspace (refer to Figure 3.2). 

The same problem can arise whenever a mutation is performed. For instance, let the chromosome value 
before mutation be 01111000, which corresponds to a point in the measurable workspace. Let us assume that a 
mutation takes place at the first bit; thus the resulting chromosome is 11111000, corresponding a point that is 
not measurable. 

This is a serious problem for practical applications because in most application cases, a measurable 
workspace is only a subset of the entire robot workspace. If some of the identified optimal measurement 
configurations are not within the measurable workspace, then the optimal solution is not useful. One way to 
remedy this problem is to check the validity of the children after crossover and mutation before placing them in 
the new generation pool. However, this is not a desirable approach theoretically, although it may work in 
practice. A more systematic method of handling the issue is to use the type of genetic algorithms discussed in the 
next section. 

y 

0 

Measurable 
Workspace 

X 

Figure 3.1 A simple example showing that children are legal 

IV. RECRUIT-ORIENTED GENETIC ALGORITHM 

A. Problem Definition 
A class of problems to be solved can be stated as follows: Let A and IB be two countable spaces. IB, 

with a fixed number of elements, is a subset of A. The objective is to find IB such that a given performance · 
measure /(IB) is optimized, where f is a scaler function. 

B. The Framework of ROGA 
The recruit-oriented genetic algorithm follows the same framework of CGA, therefore it also encompasses 

the elements of CGA outlined at the beginning of section II. The major difference between CGA and ROGA for 
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our application is that after recombination using crossover and mutation operators, ROGA will produce legal 
chromosomes which is guaranteed by the unique coding and genetic operations of ROGA. 

y 

0 

Measurable · 
·Workspace . · · .. 

X 

Figure 3.2 A simple example showing that children are illegal 

C. Encoding and Decoding Mechanism 
The binary encoding scheme is abandoned in ROGA. Each measurable robot measurement configuration is 

assigned an integer. There is a one-to-one correspondence between the integer and the set of joint variables in the 
particular configuration. In another word, the integer is the index of the measurement configuration. Set A is 
now represented by a set of integers, say from 1 to 1000. Set lB consist of n, say 4, integers; for instance 4, 10, 
101, 901. 

The encoding process in this method is just to assign an integer number given a set of joint variables, and 
then combine a number of these indices to form a chromosome. An example is given next to illustrate the 
technique. 

Let us assume that the robot has three joint variables, 61, 62 and ~. The ith robot configuration is 

represented by a set of values of these joint variables, say { 61 ,i• 9.z ,i• d3 ,i}. In a chromosome, it is represented 

by the index i. Furthermore, in order to compute an Identification Jacobian, a number of, say 4, robot 
measurement configurations, have to be used. A chromosome is used to represent the 4 robot configurations. In 
the new coding scheme, the chromosome is just a string of 4 integers, each integer being the index of the 
corresponding measurement configuration. For instance, chromosome 201-13-20-930 represents robot 
configurations number 201, 13, 20 and 930. 

Decoding is a reversed process of encoding. Given a chromosome, say, 201-13-20-930, the corresponding 
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indices of robot measurement configurations are 201, 13, 20 and 930. Finally, configurations {81 ,20 1, 82,20 1, 

~.201}, {81,13' 82,13' ~.13}, {81,20' 82,20' ~.2o},and {81,930' 82,9301' ~.930} arefetchedforcomputing 
the corresponding condition number of the Identification Jacobian. 

D. Fitness Function and Reproduction Scheme 
The fitness function in this case is identical to the one used in CGA, therefore the reproduction scheme 

needs not to be changed. 

E. Crossover 
Recall that the rule of crossover is to exchange gene information between two parents to form either one or 

or children. In this case, two parents are randomly selected from the mating pool. A crossover operation is 
performed based on the crossover rate using the following crossover operator. A crossover site is uniformly 
randomly selected. The substrings of the two parents are swapped. Whenever a resulting child has duplicated 
genes, a random number is randomly picked from set A and is used to replace one of the duplicative gene. An 
example is given next to illustrate the approach. Suppose that set A consists of all integers from I to 1000, and 
suppose that two parents, A and B, are give in Figure 4.1 a. The randomly selected crossover site is 4. After 
crossover, the resulting chromosomes are given in Figure 4.1 b. 

A: 23-90-999-15- 101-202-331 
B: 99-101-235-55- 220-356-332 

(a) 

A': 23-90-999-15- 220-356-332 
B': 99-101-235-55- 101-202-331 

(b) 

A": 23-90-999-15- 220-356-332 
B': 99-101-235-55- 504-202-331 

(c) 

Figure 4.1 An example of the one-point crossover 

Since the gone 101 has two duplicates in B', the second gene 101 will be replaced by a randomly selected number 
from set A, say 504 (refer to Figure 4.1c). 

The crossover probability can be computed approximately by the following equation: 

(4.1) 

where N is the population size, and nc is the number of chromosomes to be picked up for crossover. More 

complex crossover operators can be designed in a way resemble to those in the binary-coded GAs. 

F. Mutation 
The rule of mutation is to prevent loss of certain gene materials in the generation pool. To achieve this 

objective in the ROGA, we pick up a gene from a chromosome and then replace it by a randomly selected gene 
from the given set A with a preset mutation rate. For example, let us assume that the chromosome randomly 
chosen for mutation is as follows: 

A: 23-90-999-15-101-202-331 
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Gene 101 is uniformly randomly selected and is then replaced by 321, a randomly selected number from 1 to 
1000, the set A . Thus the new chromosome is 

A': 23-90-999-15-321-202-331 

The mutation probability P m can be approximated by the following equation 

(4.2) 

where N is the population size, m is the chromosome length, and nm is the number of genes to be picked up for 

mutation. 

V. ANALYTICAL STUDIES OF ROGA 

In this section, certain theoretical aspects of ROGA are to be analyzed. Recall that in CGA, the schema 
theory was developed to examine the effect of three basic genetic operators, reproduction, crossover and mutation, 
on schemata in a population, where a schema is just a similarity template describing a subset of chromosomes 
with similarities at certain chromosome positions. Results from CGA cannot be easily extended to ROGA due 
to the fact that it is not convenient to define schema in this case. Instead, we examine directly the effect of the 
three ROGA genetic operators on chromosomes in a population. 

Let us assume that the number of copies of a particular chromosome A in generation t is L. During 
reproduction, the chromosome get selected with a probability 

P; =!;III; 

where f; is the chromosome's fitness value. The total number of copies to be given to the chromosome in the 

next generation will be 

L(A, t+ 1) = L(A, t}f/If; (5.1) 

where f is the average fitness of chromosomes in the generation. Clearly, the chromosomes that have fitness 
values higher than the average fitness of the generation grow, and those having lower fitness values decay. Let us 
assume that a particular chromosome A has the fitness value above the average by cf with c a constant. Under 
this assumption (5.1) can be rewritten as 

L(A, t+1) = L(A, t)(l +c) (5.2) 

Assuming further that in each iteration, the value of c does not change, we obtain the following equation, 

L(A, t) = L(A, 0)(1 + ci (5.3) 

Equation (5.3) is in a discrete exponential form. This means that based on the reproduction scheme, those highly 
fit chromosomes grow exponentially. 

Now let us examine the effect of crossover on the growth of chromosomes. Assume that whenever a 
chromosome is picked up for crossover, the chromosome is destroyed. Based on this assumption, the number of 
copies for a particular chromosome after reproduction and crossover is 
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L(A, t+ 1) = L(A, t)(I - p c)f/2./; (5.4) 

Equation (5.4) implies that only those chromosomes not selected for crossover will survive. 
Similar analysis can be done for the effect of mutation operations. Assume that whenever a chromosome is 

selected for mutation, it is changed. The probability of a chromosome being destroyed after a mutation operation 
is pmm, where m is chromosome length. Thus, the chromosome after three genetic operations will receive the 

following number of copies in generation t+ I, 

L(A, t+I) = L(A, t)(I- Pc- Pmm}f/2:/; (5.5) 

Although (5.5) is derived based on some strong assumptions, it gives a relative good illustration how a 
chromosome can survive an evolution process in ROGA. 

Note that after scaling is introduced in the reproduction process, a scale factor should be introduced in 
equation (5.5) to account for the effect of scaling to the growth of chromosomes in a generation. 

VI. APPLICATION OF ROGA TO ROBOT MEASUREMENT 
CONFIGURATION SELECTION 

Because ROGA is designed to solve recruiting type of problems such as optimally selecting robot 
measurement configuration, applying ROGA to the problem at hand is straightforward. The only places the user 
needs to pay attention are the encoding and decoding process and the tune of parameters such as population size, 
crossover and mutation rates. The encoding and decoding convention has been discussed in Section 5.2, where the 
robot configuration selection problem has been used as an example. As to the issue of tuning the parameters of 
ROGA, it will be addressed in detail next. 

A • Environment Simulation 
The Intelledex, a RRP-type robot, is selected as a test bed for the study. The Modified Complete and 

Parametrically Continuous (MCPC) convention was used to model the robot, and its parameters are listed 
reference [3]. Furthermore, the joint limits for 61, ~ and d3 are set according to the manufacturing 

specifications. 
To simulate the robot pose measurement process, we randomly generate a number of robot measurement 

configurations within the robot workspace to form an initial population. Each chromosome of the population, 
representing a set of robot measurement configurations, is evaluated by its fitness function, the condition number 

·of the Identification Jacobian at these robot measurement configurations. This population is continuously updated 
by three basic genetic operations. After the algorithm converges, each candidate solution obtained by the GA is 
then decoded to a set of robot measurement configurations. This set of configurations are then used to "calibrate" 
the robot, again by simulation. 

To be able to evaluate the performance of GAs, we use the best, medium and worst fitness values as three 
measures. Due to the randomness of the genetic algorithms, results will be different from one run to another, 
even if the values of the GA parameters are identical. Therefore we run a genetic algorithm a number of times for 
each set of parameter values. The average fitness values of the multiple runs are used to evaluate the performance 
of the GA algorithms under different parameter settings. 

C . GA Parameter Tuning 
For ROGA, we first randomly generate a gene pool A, in which each gene corresponds to a robot 

measurement configuration. A chromosome is made up of a number of genes that are randomly picked up from 
the gene pool. 

Because ROGA employs the same reproduction strategy of CGA, the reproduction procedure used in the 
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simulation is identical to that of CGA. Readers are referred to Section 6.3, especially Figure 6.3.1 for the 
description of the reproduction procedure. 

Parameters in ROGA are population size, crossover rate, mutation rate, maximum number of copies for the 
best chromosome, and number of measurement configurations in each chromosome. The elitist strategy is always 
used in this study since it has been proven a useful feature. 

There exits a number of ways to select GA parameters. A logic approach is to treat the selection problem 
as an optimization problem and then to apply a search technique to find best parameters for the GA. Grefenstetee 
designed a meta level GA to tune the parameters of GAs [9]. A population of GAs with different parameters are 
competing one other. Based on their performance, the meta level GA will adjust parameters of the low-level GAs. 
The process continues until some convergence criteria are satisfied. Grefenstetee discovered that although the 
optimal parameter values of GA found by the meta level GA produce better performances, the improvement is 
marginal, comparing with the set of parameter values suggested by De Jone [2]. 

In our simulation studies study, we decided to use the cyclic search (or successive search) method. Starting 
from the initial parameters similar to those suggested by DeJong and Grefenstetee, GA parameters are changed 
one at a time, until all parameters are changed. This process continues until no significant improvement can be 
obtained. 

The initial values for ROGA parameters are given in Figure 6.1 after some preliminary studies. The 
identified values are listed in Figure 6.2. 

Population size (Popsize) = 100, 
Crossover rate (P _c) = 0.6, 
Mutation rate (P _m) = 0.1, 
Maximum number of copies for the best chromosome (R_n) = 2, 
Number of measurements = 4, 
Elitist (Elit) = Yes. 

Figure 6.1 Initial values of ROGA parameters 

Population size (Popsize) = 100, 
Crossover rate (P _c) = 0.8, 
Mutation rate (P _m) = 0.2, 
Maximum number of copies for the best chromosome (R_n) = 2, 
Number of measurements = 8, 
Elitist (Elit) = Yes. 

Figure 6.2 Final values of ROGA parameters 

This final set of parameter values is very close to that of initial parameter values listed in Figure 6.1. 
This is because, (1) the initial values have been proven to be good values [2,3], and (2) the performanceofROGA 
is not very sensitive to the choice of parameter settings. 

We plot also the best, median and worst fitness values in Figure 6.3, which were obtained using the set of 
GA parameter values given in Figure 6.4. 

VI. CONCLUSIONS 

The recruiting-oriented genetic algorithm is proposed to solve a class of problems that can be characterized 
as a recruiting process. Due to the unique characteristics of these problems, the coding and decoding convention is 
no longer binary. Consequently, new crossover and mutation operators have to be designed to match the coding 
convention. 

In ROGA, the same as in CGA, those highly fit chromosomes grow exponentially in sub$equent 
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ability of recombining gene materials of parents to produce better children, and mutation prevents the loss of 
certain gene materials in the generation pool. 

The genetic computing technique has been applied to the problem of robot calibration measurement planning. 
Sets of reasonably good parameters for GAs have been determined through simulations. 

Popsize: 100, P _c: 0.8, P _m: 0.2, R_n: 2, Elit Yes x10..3 
1.6,..;.-.:---,------,r-----r----r------r-----, 
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ABSTRACT 

For several years F AU has conducted experiments and performed studies for the purpose of developing 
an instrument for calibrating robots and other precision machines using a laser interferometer as the basic 
measuring instrument. Several different concepts exist for such an instrument. In one concept a laser beam 
is split into four seperate beams each of which is directed to a retroreflector target attached to the machine 
whose 3 dimensional coordinates are to be determined. The four beams are directed to the target by mirrors 
mounted on motor driven gimbals which are part of a pointer-tracker system. As the robot moves about its 
wolk space interferometers measure the change in the length of each beam The target position can then be 
determined by a least squares estimation analysis. The four beam laser coordinate measuring machine (CMM) 
concept is especially attractive because: 

1. An interferometer has very fine resolution for length measurements 
2. It is a self calibrating system; 
3. It is not necessary to measure the gimbal angles to determine target position; 

Factors which limit the accuracy of this CMM include random noise in the interferometer data and 
path length errors due to kinematic errors in the mirror gimbals. This simulation study provides estimates of 
CMM errors due to these effects. 

I. INTRODUCTION 

References [1-7] describe some of FAU's the 
prior wolk on the laser CMM. In particular Ref. (8) 
and (9) describe the the effects of gimbal errors on 
the interferometer path length. The laser used in this 
project has a wave length of 632.8 nm. The 
interferometers have a resolution of 10 nm. One 
hopes that the system accuracy will approach this 
resolution. 

The system geometry considered in this study is 
illustrated in Figure 1. Two of the gimbals are 
arranged in a horizontal line with a spacing of one 
meter. The other two are arranged in a vertical line 
with a spacing of 600 mm. The distance between 
these two lines is 700 mm. This arrangement was 
selected as one that would fit on the optical table 
presently used for the project. The target space is in 
the form of a cube two meters on a side. The shortest 
distance from a gimbal to a target point is 2.5 
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meters. The target space was selected as representive 
of the that which would be required to calibrate a 
Puma Model 562 robot 

Interferometer noise can be due to air 
turbalance with associated temperature gradients in 
the beam path, random variations of the laser 
frequency, and vibration of the optical components 
and/or the machine under test. Vibration effects are 
of special concern because it is expected that the 
machine under test will have vibrations that are not 
correlated with the semic vibrations of the optical 
table. 

An ideal gimbal would have the two axes of 
rotation intersect at a point on the on the mirror 
surface. These two axes would be orthogonal and the 
laser learn would strike the mirror at the intersection 
of the two gimbal axes. If these conditions do not 
exist then the path length is a function of gimbal 
angles in addation to target position. If one knows 
all of the gimbal parameters and the gimbal angles 



then these effects can be included in the analysis 
which determines target position. However this is a 
much more complex analysis problem than if the 
gimbals were known to be approximately ideal. 

ll. DATA SIMULATION 

The data simulation generated path length data 
for target positions scattered throughout the target 
space. These path length data represent the 
interferometer measurement data used to estimate 
the target position. These path length data include 
various assumptions relating to gimbal kinematic 
parameters and interferometer noise which will be 
described in greater detail. 

Two hundred fifty target positions were 
assigned throughout the target space. Initially these 
target positions were selected to be on a rectangular 
grid. Small random variations were then added such 
that the target positions would not be uniformly 
spaced. 

The study considered the effects of three 
different sets of gimbal kinematic parameters. These 
represent three different degrees with which the 
gimbals deviated from ideal. The three cases 
considered were: 

1. Gimbals with ideal kinematic parameters 
2. Gimbals with kinematic parameters considered 

to be representive of a new design with small 
gimbal errors 

3. Gimbals with considerably larger deviations 
from ideal. 

A tabulation of these parameters is given in 
Table 1. In general terms the parameters Cx and Cy 
describe the distance between the beam center and 
the gimbal center when the gimbals are at zero 
position. These parameters change with target 
position. The terms a.1 and a1 are measures of the 
degree to misalignment of the two gimbal axes. The · 
terms a.2,~e, and e2 are measures of the degree with 
which the second axis of rotation does not lie on the 
surface of the mirror. The precise defmations of 
these terms is quite complex and are given in 
Ref.(8). The simulation assigned random values 
within a representive maximum range for each 
gimbal. In Table 1 the entry labeled STDGIM 
represent the ideal gimbal. The entries labeled 
GIM25 .OOx were assigned kinematic parameters 
considered to be representive of the new gimbal 
design. The entries labeded EXGIM.OOx are 
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rerpresentive of gimbals with even larger deviations 
from ideal. 

The simulation adds a random noise to each 
beam path length. This simulates random noise in 
the interferometer measurement data. This creates 
errors in addition to the gimbal kinematic errors. 
This noise is generated by a random number 
generator. It generates values with a uniform 
distribution within specified peak-to-peak limits. 
The RMS value of this noise is about 0.285*(peak
to-peak limit). Four different levels of random noise 
were simulated. 

1. No noise 
2. Noise in the range +/-100 nm (57 nm RMS) 
3. Noise in the range +1-500 nm (285 nm RMS) 
4. Noise in the range +/-1000 nm (570 nm RMS) 

Detailed interferometer noise measurements 
have not been made on the FAU laser system as of 
the writing of this report.Initial obseverations of the 
interferometer noise are shown in Figure 2. This is a 
recorded sequence of 500 interferometer path 
lengths with a ftxed target. The · tracker was 
operating and there was a minor amount of tracker 
dither due to noise in the control loop. The noise in 
the ftrst 50 samples in this plot has a peak-to-peak 
value of 1100 nm. The RMS value of the noise in 
this interval is 292 nm. There are several large 
discontinuities and a general drift in subsequent data 
samples. The cause for these is unknown but as will 
become appearent errors of this magnitude will 
cause the system to fail. It is assumed they can be 
eliminated and that a noise level of 292 nm RMS 
represents typical performance. 

The . catalog from the Newport Corp, a 
manufacturer of optical equipment provides, a 
tutorial on random vibration as it relates to optical 
tables. They cite vibration power spectrial density 
for three lab conditions. 

1. Quiet lab 
2. Lab near the street 
3. Lab in an industrial setting 

1E-10 g2 1HZ 
1E-09 
1E-08 

In the tutorial they are concerned with 
frequencies in the range 0.1 to 100 Hz. Their 
formulas predict vibration of 230 nm RMS at 1 hz. 
and 7.3 nm at 10Hz. This is at the floor of a quiet 
lab; not the table top. These values are consistant 
with the obseverations above. 

These examples lead to the conclusion that 
random noise will be at least 100 nm RMS and 
perhaps as much as 500 nm. 



m. DETERMINATION OF TARGET 
POSITION 

Two different system models were used for the 
calibration program. One was a ten parameter model 
while the other was an eighteen parameter model. 
Both programs are self calibration programs. They 
provide estimates for the system parameters as well 
as the target coordinates. There is no need to 
perform a seperate calibration experiment. The 
gimbal angle data are not used in the program nor 
are the true values of the target coodinates. The ten 
parameter model treat the gimbals as ideal gimbals 
with no kinematic errors. It provides estimates for 
the four laser beam offset parameters and six gimbal 
coordinates as listed below. 

For gimbal 0 we defme the coordinates to be: 
x=O y=O z=O Units are in mm. 

For gimbal 1 we delme the coordinates to be: 
x=O z=O 

The program provides an estimate for the y 
coordinate. The simulated value for y is -1000 mm. 
For gimbal 2 we defme z=100. The program 
provides estimates for x andy. The simulated values 
are x=-700 y=-500. The program provides estimates 
for the x,y and z coordinates of gimbal 3. The 
simulated values are x=-700 y=-500 z-700 

The eighteen parameter model program 
provides estimates for the above parameters plus 
eight more, two for each gimbal. These are intended 
to provide compensation for the errors that exist 
when the laser beam is not incident at the center of 
the mirror. The terms Cx and Cy provide measures 
of this effect The compensation model for this effect 
is described in Ref.(9). Note that this method of 
compensation is only an approximation to the more 
exact gimbal model described in Ref(8). The gimbal 
error compensation terms are proportional to the 
sine of the angle of the laser beam reflected from the 
mirror. Two componets of this angle are used; one 
in the X-Y plane and the other in the X-Z plane. 
The angles are computed from the estimated values 
of the target position. It is not necessary to measure 
the gimbal angles. The calibration program is a 
non-linear least squares estimation process. It 
proceeds in two stages. 

1. Given estimates for the system parameters, the 
program generates estimates for the target 
coordinates. 

2. Using the estimated system parameters and the 
estimated target coordinates; the program 
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provides revised estimates for the system 
parameters. 

The process is iterated until there is no 
significant change in the parameter values. The 
program selects those values that result in the 
minimum value of the sum of the squares of the 
measurement error. The measurement error is the 
difference between the geometric path length and 
the path length as determined by the interferometer. 
The geometric path length is the distance between 
the estimated gimbal position and the estimated 
target position. The interferometer data include 
effects due to kinematic error, random noise, and the 
estimated path length offset parameter. There are 
only four measurements for each target position 
since there are four laser beams. The system 
parameters are estimated using all of the 
measurement data. In the examples cited there were 
250 target positions which produce 1000 
measurements. 

The process requires that initial "guess values" 
be entered for the parameter variables. The rational 
for generating these are as follows. We assume that 
one can easily use a measuring tape to estimate the 
coordinates of the gimbals. With even moderate care 
these measurements should produce initial estimates 
of the true gimbal coordinates within one 
centimeter. In a similar manner the path length to 
the initial target position can be measured within 
one centimeter. One can then also estimate the path 
length offset parameter within 1 em. When the 
analysis program is initiated it assigns random 
values for these parameters which are within the 
range of +1- 1 em from the simulated value. 

IV. COMPUTATION RESULTS 

Table 2 provides the major results of this effort 
The entries labeled STDGIM were computed for 
ideal · gimbals, those with no kinematic errors. 
Entries labeled GIM25 are intended to be 
representative of the new gimbal design or any other 
design with kinematic parameters as shown in Table 
1. Entries labeled EXGIM represent gimbals with 
excessive kinematic errors. Most of the results were 
computed using the ten parameter model. Cases 
where the eighteen parameter model was used are 
noted. 

The column labeled Noise is the RMS value of 
the random numbers added to the laser beam path 
length to simulate noise in the interferometer data. 
The noise units are nanometers. The column 
labeled Residual Error is RMS value of the 



measurement error at the termination of the 
calibration program. The units are namometers. The 
column labeled Absolute RMS Error is the RMS 
value of the distance between the simulated target 
positions and the estimated target positions. The 
units are millimeters. 

As one would expect the simulation of ideal 
gimbals with no noise in the interferometer data 
resulted in no significant error. The estimated values 
for system parameters were the simulated values.The 
estimated target positions were the same as the 
simulated values. 

When noise is added to interferometer data the 
absolute error in the estimated target position 
becomes large. At least the error is large for the 
intended purpose of calibrating a robot. This is 
because all of the estimated target positions are 
shifted from the simulated positions by a similar 
amount However if we determine the coordinate 
transformation that produces the "best fit" between 
estimated target positions and the simulated target 
positions then the error between the transformed 
estimated target positions and the simulated target 
positions is much reduced. In Table 1 this error is 
labeled RMS Relative Error. A small value for the 
Relative error implies that the distance from one 
target point to another as determined using the 
estimated target position data is approximately 
correct. The Relative Error is a measure of the 
uncertainty in this distance. This is of significance 
for robot calibration applications since we are only 
concerned with the relationship between several 
robot poses rather than the robot world coordinates. 

The systematic shift in the estimated target 
positions is due to the fact that the estimated values 
for the gimbal coordinates and the laser beam offset 
values typically do not equal the simulated values. 
This is a direct consequence of adding noise to the 
obseveration data .. Adding noise to the data causes 
the results to become random numbers which 
approximate the simulated values. Any difference 
between the estimated parameter values and the 
simulated values leads to a systematic bias in the 
estimated values for target position. 

The column in Table 1 labeled Maximum error 
is the greatest distance between any simulated target 
position and the transformed value of the estimated 
target position. Typically this maximum value was 
two to three times the RMS Relative Error. In all of 
the simulation experiments there were several target 
positions with near maximum errors. 

One might assign some system performance 
goals similar to the following: 
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1. In order to calibrate the Puma robot the laser 
system RMS relative error should be no more 
than .05 mm. 

2. In order to calibrate a CNC Milling Machine the 
RMS relative error should be no more than .001 
mm. 

Using these system goals as a guide we 
conclude that all of the examples considered in 
Table 1 are adequate to calibrate the Puma robot 
Only the ideal gimbal system with noise less than 57 
nm is adequate to calibrate the milling machine. 
This seems to be an unrealisticly low value for the 
interferometer noise. 

Simulation results for ideal gimbals are labeled 
STDGIM. Target position error increases as the 
interferometer noise increases. When the noise value 
was 285 nm RMS the relative target position error 
was .006 mm. Three special cases were simulated 
using ideal gimbal data. For the data labeled 
TESTGIM.030 gimbals 0, 1, and 2 were ideal 
gimbals. Gimbal 3 was simulated with a value of 2 
mm for parameter Cy. The noise was assumed to be 
zero. The residual error was only 3 nm. The target 
position errors were small also. TESTGIM.003 was 
similar except the gimbal parameter Cx was set to 2 
mm for gimbal 3. The results were nearly the same 
as for TESTGIM.030. An eighteen parameter 
solution was also performed using the data from 
TESTGIM.003. The residual error was reduced 
demonstrating that the gimbal compensation terms 
of the 18 parameter system model do work. However 
there was no reduction in the target position errors. 

Data representative of the new gimbal design 
are labeled GIM25. For interferometer noise values 
of 285 nm or greater there is little difference 
between these gimbals and the ideal gimbals. The 
residual error is about the same as is the target 
position error. We can conclude that gimbal 
kinematic errors of the order simulated have no 
effect on the system performance when the noise is 
285 nm or greater. Recall that this is the value of 
interferometer noise in the preliminary noise 
obseveration data. An 18 parameter solution was 
also performed for these gimbals with 285 mm of 
noise. There was a slight reduction in the residual 
error and no change in the target position error data. 

Data for gimbals with excessive error are labeled 
EXGIM. The target position errors are large 
compared to the other tests. Interferometer noise 
had no effect on target position errors. There was 
a slight increase in residual error with ·a noise 
value of 570nm, the maximum value of noise 
considered. An 18 parameter solution for the case 



with 285 nm of noise reduced the residual error 
considerably compared to the 10 parameter model; 
however the target position errors were similar. 
The relative target position error for all of these 
tests was approximately .05 mm RMS; marginally 
adequate to calibrate the Puma. We can conclude 
that the target position errors are due mainly to 
the large kinematic errors in the gimbals and 
interferometer noise had no effect. An adequate 
form of gimbal compensation would reduce the 
target position errors for gimbals with kinematic 
errors of the magnitude simulated. 
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a1 a2 Ae 
Gimbal mm mm mm mm Degrees Degrees Degrees 

STDGIM 0 0 0 0 -90 90 90 
GIM25.000 -.0065 -.0094 .00012 -.0385 -89.82 89.98 89.84 
GIM25.001 -.0057 .0045 -.00250 .00058 -89.94 89.90 90.19 
GIM25.002 .1418 .0084 -.0033 -.03597 -89.85 90.07 89.97 
GIM25.003 -.0036 .1418 -.00196 -.0045 -90.12 90.01 89.98 

EXGIM. 000 .5584 1.862 .0079 -.1021 -89.70 90.44 89.46 
EXGIM.001 1.621 -.5121 .2513 .2116 -90.55 89.90 90.36 
EXGIM.002 1.449 -1.623 .3029 .4006 -89.75 89.67 90.47 
EXGIM.003 -1.442 -.138 -.4201 .3988 -90.70 89.44 90.46 

Table 1:,Summary of Simulated Gimbal Kinematic Parameters (Ref. 7) 
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Test RMS 
Designator Noise 

STDGIM 
STDGIM 
STDGIM 
STDGIM 
TESTGIM.030 
TESTGIM.003 
TESTGIM.003 
(18 PAR) 

GIM25 
GIM25 
GIM25 285 
GIM25 570 
GIM25 
(18 PAR) 

EXGIM 
EXGIM 
EXGIM 
EXGIM 
EXGIM 
(18 PAR) 

Opticil 
hble 

RMS RMS 
Residual Absolute 
Error Error 

0 <1nm 
57nm 29nm 
285 140 
570 280 
0 3 
0 4 

0 1 

0 12 
57 31 
146 .088 
281 .065 

285 141 

0 216 
57 218 
285 265 
570 364 

285 143 

RMS 
Relative 
Error 

< 1 nm 
.0041 mm 
.084 
.107 
.0046 
.0049 

.0288 

.029 

.0152 

.0043 

.0069 

.095 

1.184 
1.171 
1.169 
1.25 

1.175 

Maximum 
Error 

<1nm 
.0008mm 
.006 
.0071 
.0013 
.0014 

.0015 

.003 

.0033 

.010 

.017 

.0048 

.048 

.048 

.047 

.053 

.0439 

< 1 nm 
.0021 mm 
.0169 
.0201 
.0027 
.0029 

.0045 

.0053 

.0063 

.0144 

.137 

.136 

.130 

.15 

.109 

Table 2: Summary of Simulation Results 
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Figure 1: Geometry of four beam laser CMM ( Dimensions in mm) 
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Figure 2: A Sequence of 500 laser interferometer path length measurements for a static target. 
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Introduction 

The fuzzy logic controller (FLC), as a robust controller with a good performance for nonlinear control system, 
has been widely accepted and used in many applications. Many successful results in applications have been 
reported and many products has been made. More and more people come to know that the fuzzy logic controller is 
a powerful tool to solve some real-world application problems, especially for the problems encounted in the control 
of nonlinear and large disturbance systems. 

However, the fundamental analysis of the properties of the fuzzy logic control, especially from the point of 
view of theory, is needed. An important topic about the FLC is stability analysis. Why can the FLC work very well 
in most applications? why does the FLC have good stability? These questions need to be answered in order to bring 
the applications of FLC to a new level. 

Three traditional analysis methods are employed in this paper to perform stability analysis of the FLC, those 
are the method of isoclines, the method of describing function and the method of bode plot. Before a detailed 
discussion on the stability of the FLC is presented, we review the basic FLC design relevant to our application. 

Design of Fuzzy Logic Controller 

The block diagram of our system construction is shown in Figure 1. The system consists of a laser head, 
interferometers, tracking gimbals, tracking mirrors, a tracking controller and feedback sensors of the system 
(quadrant detectors). 

The operation principle of the system is as follows: Two beams of the laser with slight different frequencies, 
say f. and / 2 , are emitted from the laser head, passing through the optics (including the interferometer, the 

beam spliter and the beam bender) to project to the tracking mirror mounted on the gimbal, which is made 
up of two motors. The measuring beam is directed to the retroreflector attached to the moving target. During a 
measurement process, the target is normally mounted on the end-effector of the robot to be calibrated. In the ideal 
case, the laser beam should hit just on the center of both the tracking mirror and the retroreflector on the target. 
The feedback beam should hit the center of the quadrant detector. When the target moves, the error between the 
laser beam and the target center will be projected to the quadrant detector. This error is used as the feedback 
signal and inputted to the digital controller which resides inside the computer. During the measurement 
phase, the laser interference between the out-going beam and the returning beam must happen at all the time. This 
means that the laser spot for both the out -going beam and the returning beam must overlap all the time. This goal 
is achieved by the controller. The controller receives the error feedback signal, and sends out the associated 
commands to motor gimbals to move the motor to realize the tracking of the target. The relative displacement of 
the target can be determined by the interferometer and the receiver. 
Figure 2 shows the block diagram of the control system in our application. This is a closed-loop control system, 
just as a traditional PID control system. A major difference is that the FLC is employed as the out loop controller. 
Membership functions associated with the control of X andY axes are shown in Figure 3 and 4, respectively. 
The control rules is shown in Figure 5. In order to introduce a phase lead to overcome a pure time-delay existed in 
the process or plant, these rules have been shifted accordingly [1][2]. Totally the controller has 49 control rules. A 
detailed description how to design the control rules will be presented in forthcoming papers. 

Using the membership functions combined with the control rules, we obtain a lookup table. Because of a high 
tracking quality required for the application, we divided the output surface into 15 grids. Moreover, the bilinear 
interpolation technique was used to smooth the output obtained from the lookup table. Figure 6 shows the control 
output surface for the X and Y axis controllers. 
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StabWty Analysis of FLC 

Method I. Method of Isoclines 

There exist a number of methods for the analysis of the stability of the FLC. One is the method of the 
describing function, which is suitable for high order system and we will discuss it later. In this section, we 
introduce the method of isoclines due to the simplicity of the method. 

The method of isoclines is a graphical procedure for determining the phase portrait of the system[3]. It can be 
used even if the differential equation cannot be solved analytically. In practice, it is a very powerful method for the 
analysis of the stability of the low-order systems. 

Isoclines are lines in the phase plane corresponding to constant slops of the phase portrait, it describes the 
relationship between the error and its error rate. Let us construct a phase portrait for the linear, second-order, 
damped system. The differential equation of the system is: 

Setting t; = 0.5, we have 

Define the state variables as: 

We have: 

X. =e 

.12 = e 

dxz 2 x. . - = -m,. --m,. 
dx• x2 

Define a normalized state variable 

~ e . 
X3=-=-=E 

m,. m, 

So The equation becomes: 

dE e 
-=-1--
de E 

This is the trajectory slop in the phase plane. 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

Isoclines associated with slops corresponding to equation (6) constitute a family of straight lines passing 
through the origin in the phase plane. This is illustrated in Figure 7. In this figure, we define the slop 

m = d £/de= -1- e/ E. By varying the value of m, we can find the relationship between the error and error rate, 

shown as straight lines in Fig. 7. 
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The construction of the trajectory starting with a point which lies on the isocline corresponding to a slop of 2 
is illustrated. The segment of the trajectory drawn from point A on the isocline whose slop is 2 to that whose slop 
is 1 would be a straight line whose slop is the average of 2 and 1, or 1.5. This is indicated in Figure 7 as line 
segment AB. In addition, the following line segment BC, whose slop is 0.5, is illustrated. The remaining trajectory 
is shown as dashed lines. The accuracy of this method depends greatly on the number of isoclines drawn. 

If we define error as e , and error rate as E, we can use the method of isoclines to analyze the stability of the 
FLC. In the same way, the output of the FLC is obtained from the lookup table, and the lookup table is defined in 
the phase plane. In this way, we can perform the similar analysis about the property of the FLC. Just as shown in 
Figure 8. 

From the trajectory of the nonlinear system, if we use language variables, such asSN, MN, SP, MP, LP, to 
replace real variables. We can find the trajectory of the system is converge to the origin. The future path of the 
trajectory after it leaves its initial starting point represents the behavior of the system for the step-input excitation. 
In this example the trajectory approaches the vicinity of the origin, so the system is stable. In another words, the 
rules for the FLC is stable. In an implementation, however, the behavior of a certain system may leave the 
trajectory due to some disturbance. But after a certain period of time, the system will return and move to the origin 
again along one of the slops of the trajectory. The FLC is basically a robust controller. 

Method II. Method of Describing Function 

Applying the describing function to analysis the stability of the nonlinear control system is a traditional · 
method in the nonlinear control theory. This method is very suitable for higher order systems. On the other hand, 
methods based on the phase-plane are only suitable for the second-order system. Thus the method of describing 
function is a very useful tool in analyzing the stability of nonlinear control systems. The assumption for using the 
method of describing function is that the system process has a good low-pass property. Because the method of 
describing function is just based on the principle of low-pass filter of the process. 

The basic principle of describing function is as follows: A simple nonlinear control system is shown in Figure 
9. We assume that the input is a single-frequency sinusoid signal, X= A sins. The output of the nonlinear 
controller contains many frequency components, from the fundamental frequency to higher frequencies. We also 
assume that the process has some low-pass property, which means the output of the process will only include the 
fundamental frequency component. Higher frequency components have been filtered by the plant This assumption 
is significantly important for the method of describing function. This is because if the property of low-pass of 
the process is not preserved, high frequencies will be included in the output of the system. The results of this 
method may not be valid. Based on this assumption, the relationship between the output and input for the 
nonlinear system is: 

(7) 

where N is defined as the describing ~ction (DF), which describes the relationship between the input and output 
of the nonlinear controller. 

The describing function for the FLC is similar to that of multiple-relay with dead zone[4], similar to the curves. 
given in Figure 10. Because the describing function satisfies the superposition principle(5], summing up the DFs 
of all of relays yields the DF of the FLC, as shown in Figure 10 (c). 

The mathematical description is given as follows: For each relay, the DFi is: 

(A~ I:J.,) 

(8) 

(A< L\1) 
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The DF for FLC is: 

(9) 

The extreme value for each DF is at A = JiAi . 
One of the problems in applying the DF to analysis the stability of FLC is that the input to the FLC is two 

dimensional variables. So it is difficult to describe the three-dimensional variables distribution. Here we adopt the · 
separate variable method. That means in Lookup Table, firstly, we fix the derivative variable. In this way, we can 
describe a set of relationship between the error input and the output of FLC. Secondly, we can fix another 
derivative variable to obtain another set of relationship between the error input and the output of FLC after the first 
set of relationship is obtained. In this sequence, we can obtain all of the relationships among the error input, the 
error derivative and the output of FLC. 

Now we use the method as described above (set the error derivative to "ZERO" ). The error input and the 
output of FLC in the system is shown in Table 1. The extreme positions and the extreme values of the OF are 
shown in Table 2 (for convenience, only positive values are given). 

Table 1. 

0.030 0.065 . 0.090 0.110 0.135 0.175 0.250 

Ml 21 90 144 316 428 467 960 

Table 2. 

Al 0.0424 0.092 0.127 0.156 0.191 0.247 0.3.$4 

PI 446 881 1019 1829 2018 1699 2445 

Similar to the analysis above, the negative inversion of OF, -1/N(A) is given in Figure 11. The Nyquist 
frequency response for our plant, the u500 _ x axis model, is given in Figure 12. The negative extreme value for 
the frequency response of plant G(s) is -0.0000608, and the extreme value in -1/DF is -0.00013. ·so both 
trajectories don't have any intersection in the complex plane. 

The combined plot including both ('1/DF of FLC and Nyquist response of the plant is shown in Figure 13. 
From Figure 13, it is very clear that it doesn't encircle -1/N(A) when the trajectory of the frequency-response of the 
process G(s) moves around the 0 circle in the complex plane. We can thus conclude that the system is stable 

according to the Nyquist stability theory.Now we fixed the error derivative, that is, we let e =SP. We obtain the 
relationship between the error input and the output ofFLC, as shown in Table 3. 

Table 3. 

AJ 0.00 0.065 0.090 0.110 0.135 0.175 0.250 

Ml 0 38 75 201 298 338 720 
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The describing function of the system is as follows: 

N,(A)=2~{Jt-(~)2 
+ 1-(

6_;'>'} (10) 

(11) 

In Figure 14, the negative inversion of describing function discussed is shown. The extreme value of -1/DF is 
about -0.00025. So it is obvious that -1/DF doesn't intersect with the Nyquist frequency response of the plant G(s). · 
We conclude thus that the system in this situation is stable. 

Using a similar method to perform the analysis for the remaining cases by fixing other error derivatives, and 
analyzing the relationship between the error and the output of FLC, we can reach the same conclusion. 

Based on the above analysis, we can conclude that the system is stable. 

Method III. Method of Bode Frequency Response 

In the traditional design of PID controller, we use Bode plot to analyze the transient response of the system 
and use Bode technology to design the controller. Also from the Bode plot, the stability of the system can be 
determined in terms of the phase margin and amplitude margin of the system. Here we will use this classical 
technique to analyze the stability of the FLC. 

From the describing function of FLC, we find that the maximum value in DF is about 7000 Machine 
Step/Min .. We define the Zero dB line and -rr line ofDF according to the following method: 

Zero dB Line of DF = -20Log10(maxJN(A)D (12) 

-tr Line of DF = -tr- arg(N(A)] (13) 

The -rr line of DF in our application is equal to -rr, because the N(A) has only the positive real section. The 
judgement of the stability for the nonlinear system is as follows: The zero dB line and -rr line of DF, together 
with the amplitude and phase frequency response of the plant, are drawed in the Bode plot, respectively. Just as · 
shown in Figure 15. The zero dB line of DF can move up or down depending on the value of fN(A)I. H the 
following condition is satisfied, the system will be stable. otherwise the system is unstable. 

The system is stable if all of the Bode frequency response of the plant, whose response range is above the zero 
dB line, the phase response of the plant associated satisfies: -

E>(m) > -rr (14) 

This implies that the E>(m) trajectory floats above the -rr line in that range. From Figure 15, it is clear that 

our system satisfies the condition given in ( 14 ), in the range between the m=O and m= OJ 4 (the intersection point of 

the frequency response of the plant and the zero dB line of OF), that is the phase associated satisfies E>( m) > -rr . 
Strictly speaking, the p~se at that intersection is about 170 degree, which means only 10 degree phase margin. 

However, in fact, in our system, the output of the FLC is smaller than that maximum output set by the 
theoretical analysis. In other words, some boundary entries of the lookup table are not used in the real control. We 
still consider these outputs as a section of the lookup table to make FLC more complete. The actual maximum 
output is only about 300 machine step/min. So the zero dB line in the Bode plot should be higher, which means 
that the range of the plant frequency response should be narrower than we discussed above. This suggests that our 
real system is more stable. 

- 329-



Generally speaking, some conditions must be satisfied to apply the Bode method to judge the stability of the 
nonlinear control system. These are: 

1) The nonlinear control system has single value output (one-input one-output). 
2) The plant model is a minimum-phase system. 

Obviously our system satisfies all of the conditions above. So the analysis based on the discussed above is 
believable. From the above analysis, we can see that the Bode method is more convenient than the describing 
function method to analyze the stability of the nonlinear control system under certain conditions. 

We discussed the analysis of the nonlinear control system with the help of three different method. From this 
discussion, we find that among these methods, the phase-plane method is most convenient, but it is only suitable 
for lower-order system. The describing function method is more complicated, but it is applicable to higher-order 
systems. The condition is the assumption of a low-pass plant. Relatively speaking, the Bode method is easy to use, . 
however, more restrictive conditions have to be satisfied in order to apply this method. Fortunately, most real
world systems are or can be approximated by a minimum-phase system. Therefore, the bode plot method is a useful 
tool for the stability analysis of a class of control systems. 

Conclusions 

The stability analysis of the Fuzzy Logic Controller for the controller of the F AU laser tracking system has 
been done in this paper. The methods are based on the traditional nonlinear control theory. From the above 
discussion, we find that the FLC is a robust controller. In fact, FLC is a representation of nonlinear 
controllers. However, the FLC is the only nonlinear controller which doesn't use nonlinear functions to define 
input and output relationship. It uses language variables to describe the property of its nonlinearity, which is 
friendly to the human. This is the main reason why the FLC is rapidly being accepted by many application fields 
soon after it is introduced. 
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Observability of Error Parameters of Laser Tracking Systems under 
Plane Constraints1 

Abstract 

Hanqi Zhuang, Zvi S. Roth and S. · Hu 
Robotics Center and Department of Electrical Engineering, Florida Atlantic University 

Boca Raton, FL 33431 

Laser tracking systems based on interferometry offer the potential for continuously producing noninvasive and 
highly accurate measurements over a large work volume. This paper addresses the issue of estimation of error 
parameters of laser tracking systems, under the assumption that target points are confined on plane surfaces. 

It has been reported that major geometric error sources include gimbal axis misalignments and mirror center 
offset in a single-beam laser tracking system. When multiple trackers are employed, the uncertainties in modeling 
the geometric relationships among the individual trackers also play an important role in error analysis. Moreover, 
when plane constraints are imposed for the sake of self -calibrating the laser tracking system, unknown parameters 
include plane normal and distance. In this paper, through studying the structure of Identification Jacobians of the 
single-and multiple-beam laser tracking systems under a single- or mutiple-plane constraints, important 
observability conditions of the error parameters of these systems are obtained. Some of the conclusions are also 
useful for self-calibrating other mechanical systems under plane constraints. 

1 . Introduction 
Systems that combine laser interferometers, optics and electromechanical mirror-positioning devices to 

perform coordinate measuring have been developed by several researchers. Methods include single-beam (Lau, 
Hocken and Haynes 1985) and multiple-beam target tracking (Brown, Merry and Wells 1986; Zhuang et al. 1992). 
The former uses both length and angle measurements to determine the target location. The latter uses length 
measurements only. This paper deals with both single-and mutiple-beam laser tracking systems. 

For proper operation of a laser tracking system, error sources affecting its accuracy performance have to be 
carefully identified and compensated. The error sources can be classified into geometric and nongeometric ones. 
Nongeometric errors include temperature, pressure and humidity effects which can cause distance measurement errors 
in the order of magnitude of a few microns. Manufacturers of laser interferometers often provide compensation kits 
against such effects to bring distance measurement errors down to a fraction of a micron, provided that the laser 
system only performs single axis measurements. . 

When laser interferometry is applied for target tracking, geometric errors in the beam steering mechanism will 
play a leading role. If a gimbal-mirror mechanism is used to steer the laser beam, potential geometric errors include 
mirror center offset and gimbal axis misalignment which are the main concerns of this paper. Error analysis revealed 
that if not properly corrected, such errors can contribute many hundreds of microns of distance measurement errors. 
Furthermore, even with perfectly machined and assembled mirror gimbals, the system performance is limited by the 
repeatability of the trackers determined by the resolution of the gimbal angle encoders and tracking errors of the 
gimbals servo loops. 

A kinematic model of single-beam laser tracking systems was proposed in (Zhuang and Roth 1995). A 
linearized error model that relates 3D errors of the target points to the errors in internal measurements and kinematic 
errors of the laser system has also been developed, based on the proposed kinematic model. A major advantage of the . 
proposed model is that mirror center offsets and gimbal axis misalignments, which have been shown to be major 
coordinate measuring error sources, can be compensated for arbitrary target positions. This property is used in the 
calibration method proposed in this paper. 

When multiple trackers are employed, the uncertainties in modeling the geometric relationships among the 

1 This work was supported partially by National Science Foundation under Contracts DDM-9310420 and Dl\11-
9409716. 

- 337-



individual trackers also play an important role in error analysis. 
Laser tracking systems are very accurate devices. In the absence of a more accurate instrument for system 

calibration, laser tracking systems have to rely on self-calibration techniques. When targets move on a predefined 
surface, the constraints provided by the surface equation may allow the system to perform self-calibration (Zhuang et 
al. 1992). In this paper, we assume that plane constraints are imposed on target motion. When.ever locations and 
orientations of these planes are assumed unknown, parameters to be estimated include plane normal and distance. 

Through studying the structure of Identification Jacobians, important observability conditions of the error 
parameters of various system configurations are obtained. These system configurations include single- and multiple
beam laser tracking systems under a single- or mutiple-plane constraints. Some of the observations made in the 
paper are also useful for self-calibrating other mechanical systems under plane constraints. 

The paper consists of five sections. A brief review of the system principles of operation and geometric error 
analysis is given in Section 2. Kinematic modeling procedures for both single- and multiple-beam laser tracking 
systems are outlined in Section 3. Extensive observability studies of the systems under single- or multiple-plane 
constraints is given in Section 4, followed by concluding remarks in Section 5. 

2 . Preliminaries 
2.1 Operation of a Tracking Laser Interferometer 

A schematic diagram of a simple laser tracking mirror positioning servo mechanism is shown in Figure 2.1. 

Receiver 

SO% Beam Retroreflector 

Splitter 

• 

Lateral Effect 
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l20 Projection of 
f Beam Center 

,--.:.....-, 

Motor 
Controller 

Figure 2.1 Schematic of a Laser Tracker 
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Two orthogonally polarized beams at narrowly spaced frequencies, referred to as the measuring beam having a 
frequency of t 1 and the reference beam having a frequency of ! 2 are emitted by the laser head. The reference beam is 

diverted to the receiver by a polarizing beamsplitter located on the single beam interferometer. The measuring beam 
proceeds through the interferometer and the 50% beamsplitter and is directed by the tracking mirror to a retroreflector 
located on the moving target. The returning beam from the retroreflector goes parallel to the incoming beam and 
enters the 50% beamsplitter from the opposite direction. The beam which passes through the 50% beamsplitter is 
reflected by the polarizing beamsplitter and emerges into the receiver. If the movable retroreflector changes position, 
a Doppler frequency shift of t1f occurs, which is then translated through interferometry to a relative displacement 
reading having a resolution in the order of magnitude of a fraction of a wavelength (the wavelength for a helium-
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neon laser is 632.8 Jim). The beam reflected by the 50% beamsplitter is transmitted to a four quadrant detector, 
which detects the deviations of the returning beam from the center. The resulting error signals drive the servo 
systems which adjust the angles of the two degrees-of-freedom mirror gimbal. The four-quadrantdetectormay be 
replaced by a lateral effect photo diode which produces analog signals corresponding to the x-y coordinates of the 
beam center in the sensor coordinate frame. 

If rotation angles of the two gimbal axes are measured with sufficient accuracy along with the distance 
measurement, a single-beam laser tracker is capable of performing accurate 3D measurements, provided that the 
system is properly modeled and carefully calibrated. 

2. 2 Operation of a Multi-Beam Laser Tracking System 
The schematic diagram of the FAU laser tracking system is given in Figure 2.2. This system consists of 

three laser trackers described in Section 2.1. Each laser tracker is made up of a gimbal, a tracking mirror and some 
optics. Each gimbal has two rotary degrees of freedom. The angles of the gimbals are recorded by optical encoders. 
Therefore, the multi-beam laser tracking system is capable of measuring both the position and orientation of the 
target. If the angular information is not used, the system can only measure the target position. 
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Figure 2.2 Schematic of a multi-beam laser tracking system2 

2.3 Error Sources 
For proper operation of a laser tracking system, error sources affecting its accuracy performance have to be 

carefully identified and compensated. The error sources can be classified into geometric and nongeometric ones. 

2 The coordinate system associated with each tracker is the base coordinate system of the tracker. In some cases, the 
base coordinate system of the first tracker is considered as the reference coordinate system. Readers are referred to 
Section 3.1 for details, including the notation used in the figure. 
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Nongeometric errors include temperature, pressure and humidity effects which can cause distance measurement errors 
in the order of magnitude of a few microns. Manufacturers of laser interferometers often provide compensation kits 
against such effects to bring distance measurement errors down to a fraction of a micron, provided that the laser 
system only performs single axis measurements. 

When laser interferometry is applied for target tracking, geometric errors in the beam steering mechanism will 
play a leading role. If a gimbal-mirror mechanism is used to steer the laser beam, potential geometric errors include 
mirror center offset and gimbal axis misalignment which are the main concerns of this paper. Error analysis revealed 
that if not properly corrected, such errors can contribute many hundreds of microns of distance measurement errors. 
When multiple trackers are employed, such as the system described in Figure 2.2, the geometric relationship among 
three trackers may not be accurately known. Furthermore, even with perfectly machined and assembled mirror 
gimbals, the system performance is limited by the repeatability of the trackers determined by the resolution of the 
gimbal angle encoders and tracking errors of the gimbal servo loops. 

3. Modeling of the Multi-Beam Laser Tracking System 
The model of a multi-beam laser tracking system consists of two levels. In the first level, each individual 

tracker is modeled by a kinematic model whose core is a mirror reflection model. In the second level, the three 
trackers are linked by two homogeneous transformations. In this section, a complete and minimal order kinematic 
model for a single laser tracker is summarized, followed by modeling and sensitivity analysis of the multi-beam laser 
tracker. 

3 .1 A Kinematic Model for a Single-Beam Laser Tracker 
The material presented here is a summary of the description given in (Zhuang and Roth 1995). 
The modeling process is made up of three sequential steps. The first step involves the modeling of an "ideal" 

tracker, namely a perfect gimbal with zero mirror center offset. This model is extended in the second step to include 
mirror center offset, still under the assumption of a perfect gimbal. The final step involves further extension of the 
model to account for gimbal imperfections. To keep the notation simple, the subscript that denotes the kth tracker 
is dropped. 

A. Model of an ideal single-beam tracker 
A tracker consists of a gimbal and a mirror. The gimbal can be treated as a two degree-of-freedom 

manipulator. Initially, it is assumed that the two gimbal axes are intersecting and perpendicular, that the second 
gimbal axis lies on the mirror surface, and that the incident beam hits the mirror at its center. A simplified geometry 
of a sequentially-moved mirror is shown in Figure 3.1. Three Cartesian coordinate frames, the base frame {xb, Yh> 
Zb}, the frrst link frame {xlt Yh zd, and the mirror frame {xm, Ym• Zm}, are assigned as shown in Figure 3.1. The 
origins of the three frames are placed at the mirror center 0. Zb is the rotation axis of the first joint, z1 is the 
rotation axis of the second joint, and Zm is normal to the mirror surface~ 

The unit surface normal of the mirror represented in {xb, y b> Zb}, denoted by b c = [be,» bc,y• bc,zY• is 

bc,x = cos81 cos(h 

bc,y = sin81 cos82 

bc,z= sin82 

(3.1a) 

(3.1b) 

(3.1c) 

Denote by b; and b (}7 respectively, the unit direction vectors of the incident and reflected beams with respect 
to { xb, y b> zb}. The relationship between b; and b 0 is described by the following equation, 

where 

b 0 =-B(bc)bi 

2b :.x - 1 2bc,xb c,y 2b c,xb c,z I 
B(bc) = 2bc,xbc,y 2b;y- 1 2bc,ybc,z. 

2bc,xbc,z. 2bc,ybc,z. 2b;,z- 1 
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is the familiar mirror image reflection matrix (Levi 1968). 

s 

gimbal axis 2 

target position 
gimbal axis 1 

Figure 3.1 Ideal Geometry of a Single-Beam Laser Tracker 

Let R be a reference target point at which 91 = 92 = 0. If the distance between the mirror center and the target 
is known, the location r of the target at any point P is readily computed as follows 

(3.3) 

where l is the distance from the point at which the incident beam hits the mirror surface (that is, point 0 in this 
ideal case) to the target location; lm is the relative distance measured by the laser interferometer; and 17 is the distance 

from the reference point to point 0. To compute the target location r, the parameters lr andb; need to be obtained 

by calibration. lm, 9h and fh are provided by distance and angular measurements of the laser tracking system, and b c 

is computed by Equation (3.2) using the measured 91 and 92. 

B. Modeling mirror center offset 
The model given above is to be extended to include nonzero mirror center offset, under the assumption of 

perpendicularly intersecting mirror gimbal axes. To compute the target position in the base frame, let us refer to 
Figure 3.2. 

Let bT m be the transformation from {B} to {M}. The structure of bT m will be given in Section 3.2.C. Let 

R ir and t ir be respectively the rotation submatrix and translation vector of hT m when 91 = 92 = 0. Let the 

representation of the initial point of incidence at the mirror frame {M} be mr;r = [ex, cy, O]T, where the z component 
of this vector is zero since such a point lies on the x-y plane of {M}. Let lm be the relative distance measured by 
the laser interferometer; and L, be the distance from the reference point to point 0. 

The point of incidence r; on the mirror surface is 
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(3.4) 

where 
(3.5) 

target position 

Figure 3.2 Modeling Mirror Center Offset of a Single-Beam Laser Tracker 

An arbitrary target point can be computed using the following equation, 

r = r; + lb 0 = R;, mr;, + t ;, + l5 b; + (lm + l, - l)B(b c)b; (3.6) 

where 
(3.7) 

In the absence of gimbal axis misalignment, calibration of the laser tracking system requires the identification 
of five parameters: the mirror center offset coordinates ex, cy; the distance offset of the interferometer l,; and two 
components of the unit vector b; of the fixed incoming beam. 

C • Modeling the combined mirror center offset and gimbal axis misalignments 

The transformation bT m is 

bT m = Rot(z, 81)Rot(x, a 1)Trans(ah 0, O)Rot(z, 82 + L18~Rot(x, a2)Trans(O, 0, e~ (3.9) 

Nominally, a 1 = 900, ~ = 0, L182 = 900, a2 = 900 and e2 = 0. 

The target position with respect to the base frame is computed using both Equations (3.9) and (3 .6). 
Whenever the laser tracking system performs measurement, the 10 tracker parameters, ex, cy, l,, ah at. Li~, a 2, e2, 

and two components of the unit vector b; have to be calibrated. In the remaining text, we use a 1 Ox 1 vector p to 
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denote the tracker parameter vector. 

3. 2 The Kinematic Model for the Multi-Beam Laser Tracking System 
A . Computation of the target position 

The kinematic relationship among the three trackers is depicted in Figure 2.2. Let the base coordinate system 
of tracker I be the reference coordinate system of the multi-beam laser tracking system. The transformation from the 
base coordinate of tracker k to that of tracker j is denoted by jT b for j, k = I, 2, 3. The distance from the ith mirror 
center to the target is denoted by h. Let the target position be denoted by r . Let the point of incident at the mirror 
surface of the kth tracker be denoted by r;,k· Point r;,k is represented in the kth gimbal base coordinate system. 
Assume that 1 T 2, 1 T 3 and lk are known, one is able to compute the target position in reference coordinate system. 

If both the angular measurement of the gimbals and the distance measurements of the laser interferometer are 
used, one is able to compute the target position and orientation, provided that each tracker is tracking a distinct target 
point on the rigid object. However, normally angular measurement of a gimbal is inferior to the distance 
measurement of a laser interferometer. One may only use the distance measurement to compute the position of a 
single target point, provided that all the trackers are tracking an identical point. A procedure that computes the target 
position r in the reference coordinate system using the distance measurement only is given as follows. 

Mirror center r;,k-is first transformed to the reference coordinate system by 1T k· Let the (3x3) rotation 
submatrix and (3xl) position vector of 1 T k be 1 Rk and 1t k• respectively. Then, 

for k = 1, 2,3 (3.10) 

The target point r is then an intersection point of the three spheres centered at 1r;,k with radius lk. That is, r 
satisfies the following system of equations: 

k = 1, 2,3 (3.11) 

The uniqueness of the solution can be determined by the physical setup of the system. In (Zhuang et. al. 1992), a 
detailed solution is provided for this problem. 

A major task of modeling the three individual trackers is to representr;,t in the corresponding tracker base 
coordinate system, taking into consideration of gimbal axis misalignment and mirror center offset. This is the 
subject of the next section. 

B • Sensitivity analysis of the multi-beam system 
We argue that even if angular measurement of a gimbal is inferior to distance measurement of a laser 

interferometer, the angular measurement may be used to predict the mirror center offset. This claim will be backed 
by the sensitivity study. A differential transformation, which relates parameter errors to measurement residuals, 
plays an important role in sensitivity analysis. The differential transformation corresponding to the kinematic model 
of the laser tracking system presented in Section 3 is derived. 

Let us consider the kinematic model of Equation (3.11 ). Drop the index k for simplicity. Pcrturbating both 
sides of the equation yields, 

Or, 
(3.13) 

It is clear that by identifying tlr; anddl, ti' can be effectively compensated. To study tlr;, we first analyzeti';. tlr; is 
then related to li'; by a fixed transformation. 

From (3.7) 

Normally, the measurement accuracy of beam length is much better than that of gimbal angles. Therefore dlm,k can 
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also be ignored. The remaining terms are 

(3.14) 
From (3.4) 

(3.15) 

In (3.14) and (3.15), we considerdl,, tb; and li-;, to be fixed errors. We assume that the fixed errors can be 

compensated through calibration. In another word, we are mainly interested in the effect of angular measurement 
noise to the measurement accuracy of target point. These errors are reflected in dls. The quantity dls is a function of 
the gimbal joint angles 81 and 82. It can be written as a linear combination of d81 and d82 as follows, 

(3.16) 

After a tedious derivation, it can be shown that IIMII2 and IINII2 are orders of magnitude smaller than one (the detailed 
expression of M and N is given in (Zhuang and Roth 1995). We also consider dlsdJ; to be negligible. Thus the 
uncertainties in predictingr; can be approximated by a fixed vectorcr;- Similarly, the uncertainties in predicting l, 
can be represented by a fixed scalar dl. 

In summary, the main objective of calibrating each tracker is to obtain kinematic error parameters of these 
trackers that can be used to, together with the angular measurement, predictthe beam length adjustment ls·k and the 
incident point, ri,k o. Since the angular measurements of the gimbals are not sufficiently accurate, the predicted 
incident point may be further compensated by li-;,k· We also modify the length measurement by dlk. Let l,,ko be the 
laser beam length offset provided by the calibration of individual trackers. The quantities needed in the computation 
of the target position by (3.1 0) and (3.11) can be computed by the following equations: 

ri,k = ri,k O(pk, ek,lk) + cri,k 

lk = lm,k + z,,k0 + dlk- ls'k(pk,8k) 

(3.17) 

(3.18) 

wherepk and 8k = [81.k' 82.k]T are respectively the parameter and joint vector of the kth tracker. By representingr;,to 
and lst in terms of tracker joint and parameter vectors, we emphasize the dependence of ri,ko and ls·k on these 
quantities. 

Substituting (3.17) into (3.10) yields 

(3.19) 

Because IRk is fixed, cri,k and It k cannot be separately identified. Fortunately for the purpose of compensation, these 
do not need to be separately computed. The errors represented by cri.k can be absorbed by It k" Without confusion, 
we then use (3.1 0) as the equation describing the mirror center offset in the reference coordinate system. 

4 . Observability Studies 
Let the measurement equation be 

Hx =b 

where H is a mxn observation matrix, x is a nx I parameter vector, and b is a mx I measurement vector. The 
observability of the parameter vector x, given the matrix H and the vector b, is defined in terms of the rank of H. It 
is said that x is observable if the rank of His full. In this section, we study the observability of error parameters of 
the laser tracking system in various configurations. 

4. 1 Calibration Strategies 
We propose two calibration strategies, both of which employ plane constraints for the purpose of system self

calibration. 
In the first method, we use the plane to define a reference coordinate system. We calibrate the entire system in 
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two stages. In the first stage, the transformation from the reference system to the base system of each tracker is 
identified, together with the beam length offset of each tracker. In the second stage, we calibrate the two 
transformations among the three trackers as well as 4 additional fixed parameters in each tracker. Notice that the 
transformations among the three trackers can be extracted from the model obtained in the first stage. However, 
recomputing these transformations in the second stage will improve the calibration accuracy. 

In the second method, we treat the plane unknown. The reference coordinate system is defined by the base 
coordinate system of the first tracker. We first calibrate individual laser trackers. By doing so, the unknown 
geometric parameters of each laser tracker, together with the plane parameters, are estimated. The second stage of 
this method is identical to that of the first method. 

The two calibration methods are detailed next. 

4. 2 Calibration a Single Tracker • Method 1 
In this method, we assume that the planes are placed in known positions. In other words, we assume that the 

plane parameters are known a priori. We start with the case of a single-plane constraint. We then discuss the 
situation in which a mutiple-plane constraint is imposed. 

A . A single-plane constraint 

\ 
\ 
\ 
\ 

\ 

Tracker i 

/ 
/ 

/ 
/ 

/ 

OT; 

r~ 
/ 

Reference 
Coordinate 
System 

Figure 4.1 In the case of a known plane, the reference coordinate frame can be defined in terms of the plane 

The plane equation is 

nTr + d=O 

wherer is an arbitrary point on the plane, andn (a 3xl vector) and dare plane parameters. In the caseofn being a 
unit vector, it is the surface normal of the plane and d is the distance from the origin of the coordinate system to the 
plane. Define the augmented tracker parameter vector Pa = [pT, aT, p T)T, where a and p represent the orientation and 
position of the tracker base system in the reference coordinate system. The target position is a function of the 
augmented tracker parameter vector p a and the joint vector 8; that is 
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(4.1) 

The task is now to estimate the 16 augmented tracker parameters. Since r(p0 , 8, l) is highly nonlinear, an 
iterative nonlinear least squares algorithm can be applied to seek the solution. For this purpose, a first order 
differential errormodel is derived next by perturbating (4.7). Let Pa = p0° + dp0 , where p0° is the initial augmented 
parameters of the tracker. Then, 

(4.2) 

where]= Vr. 
The reference coordinate system can be assigned by the user in an arbitrary way. Assume that n is a unit 

vector. Let]= fixT• i/.i/Y. n = [nx, ny, nzY andr = [rx, ry, rz]T, wherejx, jy andjz are lx16 vectors. Equation 
(4.2) becomes 

(4.3) 

The Jacobian matrix of the system is nJa +njy +nJz .. To interpretthis result, let us assume thatn =e 1 = [1, 0, 
O]T. Physically, this corresponds to the case in which the plane normal is parallel to the x axis of the reference 
coordinate system. Equation (4.3) is reduced to 

(4.4) 

Either equation (4.3) or (4.4) provides one scalar measurement equation. To be able to compute dpil' at least 16 
measurements must be taken. Let G = [Ja, 1T, Ja.2T, .... , Ja,mT]T. It is the Identification Jacobian of the constrained 
system. 

To effectively apply the nonlinear least squares algorithm, the observability of the parameters is investigated. 
The observability of the augmented tracker error parameters is determined in terms of the structure of G. It requires 
that the matrix G, which is a submatrix of the Identification Jacobian of the original system, has a full rank. This 
implies that a necessary condition for the constrained system to be observable, the original system should be 
observable. Moreover, even the error parameters of the original system are observable, those of the constrained 
system may not be observable. 

B. A mutiple-plane constraint 
In practice, it is a not good idea to employ only one plane for system self-calibration since measurement data 

is projected to a particular direction. A remedy of this limitation is to use 3 planes. 

Theorem 4 .1. If three planes are non-coplanar to one another, the 'Jacobian matrix of the original system3 can be 

approximated by the Jacobian matrix of the system with the plane constraints. The observability conditions of the 
constrained system 4 are identical those of the original system. 
Proof: Let the normals of the three planes be nb n2, and n3, and let the corresponding distance parameters be db 

th_, and~. Assume that in each joint configuration, 3 target points r(pil' 8,11 ), r(pil' 8, 12) and r(pil' 8, 13) are measured, 
one from each plane5 

• The three plan equations are 

for s = 1, 2, 3 (4.5) 

3 The original system is the laser tracking system iteslf. The plane constraints have not been imposed on the target 
points. In the case of a traditional calibration, target points are measured by an external measuring device. The 
observability of the system can be studied by the Jacobian of the original system. 

4 Constrain ted means the laser tracking system with plane constraints. Target measurements taken for calibration are 
confined in planes. 

5 This assumption is only for the convenience of mathematical derivation. In practice, it is not necessary to take 
three points, one from each plane, in each track joint configuration. 
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The corresponding error model is 

(4.6) 

(4.7) 

Also 

(4.8) 

where s s is the scale factor that satisfies ( 4.8). Equation ( 4. 7) is then reduced to 

(4.9) 

for s = 1, 2, 3. Let A be a 3x3 matrix whose sth row is n/. LetS =diag{sh s2, s3 }, andd = [d~o ~. ~]T. Then 

(4.10) 

If the three planes are non-coplanar to one another, A is invertible. Thus, 

The Jacobian matrix given in ( 4.11) is that of the original system. The observability conditions are preserved. [] 

Note that if the normals of the three planes are orthogonal, the matrix A becomes a rotation matrix. 
Furthermore, if the three plane normals are aligned with the three axes of the reference coordinate systems in such a 
way that n 1 aligns with the x axis, n 2 with they axis and n 3 with the z axis, A becomes an identity matrix. 

Based on the above discussion, we also learn that if only a two-plane constraint is applied, the Jacobian 
matrix of the constrained system may still be singular, even if the Jacobian of the original system is not. 

Although ( 4.11) provides insight information on the observability conditions of the system, computing the 
matrices A andS in general is not convenient. We usually use a system of equations of the form (4.6) as the error 
model for parameter identification. 

A problem of the above method is that it is extremely difficult to know a priori the parameters of these 
planes. This limits the applicability of this method. The second method presented next relaxes this condition with 
some penalties. 

4. 3. Calibration of a Single Tracker - Method 2 
In this method, we assume that the plane parameters are unknown. Again we start with the case of a single

plane constraint. We then discuss the situation in which a mutiple-plane constraint is imposed. 

A . A single-plane constraint 
Among n and d, there are only 3 independent parameters. We assume that d is fixed. In this case, the 

reference coordinate system can be placed inside the laser tracker. If the reference coordinate system coincides with 
the base coordinate system of the tracker, the transformation from the reference system to the base system is an 
identity matrix. In this case, the parameters to be calibrated are just the 10 laser track parameters. The companion 
equation to (4.2) is 

(4.12) 

Notice that the plane normal n is no longer a unit vector. The error parameter vector consists of the three 
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components of dn and the 10 components of dp. 
When only one plane is used, the (3x13) Jacobian matrix is [r(p0,e,l)T nTJ(p0,e,l)]. The study of 

observability issue becomes more complex due to the term r(p0,e,l)T in the observation matrix. Following the 
assumptions and derivations given in Section 4.2, we can conclude that a necessary condition for the observability of 
the error parameters is that the Jacobian of the original system should be non-singular. Furthermore, the vectors 
from the origin of the base coordinate system of the tracker to the measured target points must be non-coplanar 
(Figure 4.2). Otherwise the Jacobian of the constrained system becomes singular. 

Tracker i 

Reference 
Coordinate 
System 

Target Points 

Figure 4.2 The vectors defining three target points must be non-coplanar 

It is clear that if the origin of the reference coordinate system lies on the plane, the resulting Jacobian matrix 
becomes singular, regardless where the target point is. This is unlikely in practice since in the second calibration 
method, the reference coordinate is inside the laser tracker. 

Clearly, even if the conditions discussed above are satisfied, the Identification Jacobian of the constrained 
system can still be singular. This is because, as analyzed in Section 4.2.A, the corresponding submatrix of the 
Jacobian consists of rows that are linear combinations of the rows of the Jacobian of the original system. 

B. A mutiple-plane constraint 
In this case the error model of the system is 

(4.13) 

for s = 1, 2, 3, where i is the plane index. The plane normals n s are not necessarily unit vectors. The error parameter 
vector is made up of 9 plane parameters in dn 1, dn 2, and dn 3, as well as the 10 parameters in dp. 

The following theorem summaries some of the necessary conditions for the error parameters of the constrained 
system to be observable. 

Theorem 4 . 2 Assume that the three planes are non-coplanar to one another. The error parameters of the multi
plane constrained system are observable only if 
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(1) The vectors from the origin of the base coordinate system of the tracker to the measured target points on each 
plane are non-coplanar (refer to Figure 4.2). 

(2) The Jacobian matrix of the original system is non-singular. 
Proof: Let us assume, again for convenience of discussion, that in each joint configuration, 3 target points 
r(pa,8,l 1 ), r(pa,8,li) andr(pa,8,l3) are measured, one from each plane. The error model has been given in (4.13). Let 
l5 = l + dlso and assume that dls << l. Then, 

(4.14) 
Thus, 

(4.15) 

Let p = diag{r(p0,8,lt ), r(p0,e,l2), r(p0,e,l3)}; p is a (3x9) matrix. Let dna = [dn 1 T ml cn{]T. Similar to the 
derivation of ( 4.1 0), we obtain 

(4.16) 

The (3x19) Jacobian matrix in this case is [P AJ(pa0 ,8,l)]. Let us assume that there are m measurements. The 

((3m)x19) Identification Jacobian of the constrained system can be obtained by stacking [Pi AJ(pa0,ei,li)], j = 1, 2, 
... m, from the top to the bottom. We partition the Identification Jacobian into two sub-matrices. The frrst 
submatrix, say P, consists of Pi and the secondsubmatrix, say A, consists of AJ(pa0,ei,li). The two conditions are 
respectively necessary and sufficient conditions for the sub-matrices P and A to be non-singular, which are in turn 
the necessary conditions for the error parameters to be observable. 0 

4. 4. Calibration of a Multi-Beam System 
A major task of this calibration is to identify the transformations among each individual trackers. For this 

purpose, the plane constraints are again employed. Let the (3x3) rotation submatrix and (3x 1) position vector of 
1 T k be 1 R k and 1 t k• respectively. Then, 

· for k = 1, 2,3 

The governing equations for computing target point r using mainly distance measurements6 are 

k = 1, 2,3 (4.17) 

where 1 Rk and 1t k are respectively the rotation submatrix and the position vector of 1T k• and 1T 1 is a 4x4 identity 
matrix. Since each individual gimbal has beenpre-calibrated,r;,k and It can be computed with the measuredgimbal 
angles and laser beam length. 

Let us impose a 3-plane constraints on the target points. Equation (4.5), which is given in a general form, is 
still valid here. To obtain the error model, the Jacobian of the original system, J, must be derived. For this 
purpose, we discuss two cases. 

A • Gimbal angular measurements are relatively accurate 
When angular measurements of all the trackers are relatively accurate, the only unknowns are transformations 

1 T 2 and 1 T 3. These transformations can be determined if target points are computed independently by each tracker. 

6 We argue that distance measurements are more accurate than angular measurements. Therefore, using distance 
measurements only can improve the accuracy of target position computation. However, we still use angular 
measurements to predict mirror center offset of each tracker. That is why we say the target point is computed mainly by 
dsistance measurements. 
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This problem can be decomposed into a number of pose estimation problems7 and solutions can be found in []. 
One may also use iterative procedure to further improve the accuracy of estimation, which is the subject of the 

following discussion. Perturbating (4.17) yields 

k = 1, 2,3· (4.18) 

where cfl R I = cflt I = 0. However, cflR k = I R l Q(I8k), where I8k is the orientation error vector of IRk and .Q(v) 

denotes the skew symmetric matrix of vector v. Notice also .Q(I8k)ri,k = - .Q(r;,k) I8k. Equation ( 4.18) can then be 
written as 

k = 1, 2,3 (4.19) 

By solving cr from (4.19), we obtain the expression of the Jacobian matrix. In this case, the (12xl) parameter 
vector Pa consists of I82, I82, tlt2 anddt3. Let v k = IR~i.k + Itk - r; v k is the vector from the kth trackerto the 

target. Equation ( 4.19) can be written as 

Hdr=[ 

0 0 l [::::] + [ 

0 0 l [ ::: l (4.20) 
v2T 0 v 2T 1R2~l Ti,2) 0 

0 V T 0 v{ 1 R3!2 1r;, 3} 3 

where 

I v{ I H = ::: 

Theorem 4.3: The Jacobian of the multiple-beam system can be written into the following form, 

0 0 

vl 0 

0 vl 

if and only if the origin of the three trackers are not co linear. 

0 0 

0 (4.21) 

0 

Proof: The necessary and sufficient condition for the matrix J to be invertible is that the three vectors v k must be 

independent. However, v k is the vector from the kth tracker to the target. Therefore, to write Jacobian in the form 
( 4.21 ), the condition given in this theorem must be satisfied. 0 

By studying the structure of the Jacobian matrix, the following observation can be made: 

Theorem 4. 4: The orientational error parameters of the kth tracker are not observable whenever the mirror center 
offset of the tracker is zero. 
Proof: Whenever the mirror center offset of the kth tracker is zero, .Q(r;,t) = 0. The corresponding terms in the 
Jacobian matrix are also zero. Consequently, the corresponding error parameters are not observable. 

0 
7 Two sets of point measurements are given. Each set of measurement is defined in one particular coordinate 

system. The problem is to find the pose of one coordinate system with respect to the other. In the computer vision 
literature, it is referred to as the pose estimation problem. In the robot calibration }iteration, it is the problem of robot 
localization. 

·- 35D-



Theorem 4.4 reveals a serious problem. By using the error model ( 4.19), the algorithm is not robust due to 
the fact that the Jacobian matrix is near singular all the time. This is because the mirror center offset of each track 
is very small. This prompts us to devise the following scheme for the calibration of the multi-beam system. The 
proof of Theorem 4.4 also shows that the orientation error of 1 T k is secondly important, comparing its positional 
error. 

We can calibrate in advance the transformations 1 T 2 and 1T 3, assuming that each track can independently 
measure target points. After 1T 2 and 1 T 3 are determined, we then further improve the accuracy of 1t 2 and 1t 3 by 
using an iterative method. In this case, the error model is 

k = 1, 2,3 (4.22) 

with dtt 1 = 0. The corresponding Jacobian is 

0 0 

J=H-l (4.23) 

Provided that H is invertible. The observability of d t 2 and d t 3 is further investigated next. 
To estimate the unknowns, at least three measurements must be taken. The corresponding Identification 

Jacobian is 

0 0 

0 

0 

0 0 

0 0 

where the second index of v and the index of H denotes the first, second and third measurement. 

Theorem 4. 5: Assume that three measurements are taken. The Identification Jacobian of the multiple-beam laser 
tracking system is non-singular if and only if at least three non-coplanar target measurements are obtained by all the 
three trackers. 
Proof: With at least three non-coplanar target points, the matrix made up of H{ 1 is non-singular since eachH;-1 is 
non-singular. Under the same condition, the matrix made up of v kJ is non-singular. Therefore, the Identification 
Jacobian of the multi-beam system is non-singular. 

It is also straightforward to prove that the given condition is a necessary condition. [] 

Based on the above theorem, it can be said that with three planar constraints, the positional error parameters of 
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I T 2 and I T 3 are observable. 

B . Gimbal angular measurements are not sufficiently accurate 
When angular measurements of the trackers are not sufficiently accurate, the unknowns are IT 2 and IT 3 as 

well as .1/k• for each tracker. As discussed in Section A, the rotation matrices 1 R 2 and 1 R 3 can be calibrated in 
advance and its accuracy is secondly comparing with that of the position vectors. Therefore, the remaining task is to 
calibrate It 2 and It 3 and .1/k fork = 1, 2,3. The governing equations for computing target point r using mainly 
distance measurement are 

(4.24) 

where r;,k 0 and lk 0 are the predicted quantities before compensation. Perturbating both sides of the equation yields, 

Equation (4.26) can be written as 

Hdr= 

0 

v[ 

0 

0 

0 

When the condition of Theorem 4.3 is satisfied, the corresponding Jacobian is 

J=H-1 [ 

0 0 

v{ 0 

0 v{ 

k = 1, 2,3 (4.25) 

k =I, 2,3 (4.26) 

(4.27) 

l (4.28) 

To estimate the unknowns, at least 4 measurements have to be taken. The Identification Jacobian of the 
system is obtained by stacking J of the form (4.28). 

Theorem 4. S: Assume that four measurements are taken. The Identification Jacobian of the multiple-beam laser 
tracking system is singular if and only if 

u k,4 = G.t!l k,I + bku k,2 + cp k,3 (4.29a) 

where ak, bk and ck are scalars satisfying 
(4.29b) 

and uk. = vkjllvk .11 fork= I, 2 andj = 1, 2, 3, 4. 
,] ' ,] 

Proof: With at least three non-coplanar target points, the matrix made up of H;-1 is non-singular since each H;-I is 
non-singular. The condition of the matrix made up of v kJ and lkJ being singular is the sub-matrices 

8 Moreover, .1/k is equivalent to dlk in (3.I8). The introduction of .t1 is that we need to reserved to denote a 
pertubation operation. 
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v[I lk, 1 

v[2 lk,2 

v[3 lk,3 

v[4 lk,4 

being singular, which is in turn equivalent to the following matrices being singular 

T 
uk.2 

since lk,j = llv k)l. Let ak, {Jk, rk and flk be scalars. If vectors [uk,iT 1]T is not linearly independent, there exists a 
nonzero scalar, such that to following two equations are simultaneously satisfied: 

aku k.I + {Jp k,2 + rku k.3 + 11P k,4 = 0 
ak + {Jk + rk + Tlk = 0 

Without the loss of generality, let us assume that 11k is nonzero. From (4.30a), 

u k.4 = Dl!l k,I + bku k.2 + cp k,3 

where 

Substituting ( 4.30b) into ( 4.32), we have 

Thus ak, bk and ck satisfy ~ + bk + ck = 1. 

(4.30a) 
(4.30b) 

(4.31) 

(4.32) 

(4.33) 

On the other hand, if (4.29a) and (4.30b) do not hold simultaneously, there is not a nonzero Tlk• such that 
(4.30a) and (4.30b) are simultaneously satisfied. Consequently [uk./ 1]T is linearly independent. [] 

5 • Summary and Concluding Remarks 
To successfully calibrate a laser tracking system, error sources need to be properly modeled. Furthermore, 

error parameters need to be effectively estimated. To achieve these objectives, the observabilities of error parameters 
of single- and multiple-beam laser tracking systems under plane constraints have been investigated in this paper. 

The following observations can be made: 

I. To calibrate a laser tracking system, a single-plane or two-plane constraint may not be sufficient, due to the 
fact that the error residuals are projected onto a reduced space. 

2. Under the assumption that the location and orientation of the planes are known, the parameters of the 
constrained system are observable, provided that the parameters of the original system are observable. The 
significance of this observation is that with a three-plane constraint, we can calibrate almost any system, 
without accurately measuring the target positions of the system with an external measuring device. However, 
it is not feasible in some cases since a sufficiently accurate multiple-plane constraint is difficult to obtain. 
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3. In the case of unknown plane parameters, those necessary and sufficient conditions for the observability of 
error parameters become necessary conditions. 

4. In a multiple-beam laser tracking system, even the angular measurement of each individual trackers is not 
sufficiently accurate, these can be used to dynamically predict mirror center offsets of the trackers, which in 
turn improve greatly the accuracy of a multiple-beam laser tracking system. 

5. A task in the calibration of the mutiple-beam laser tracking system is to determine the transformations among 
individual trackers. Surprisingly, a necessary condition of estimating unknown orientational error parameters 
in these transformations is that the mirror center offsets are nonzero, if mainly distance measurements are used 
in computing target positions. In this case, it was also observed that orientational errors of the 
transformations are secondly to positional errors. 

6. Beam distance offsets of the laser trackers can be estimated together with the positional error parameters of the 
transformations among the trackers in a very weak condition. 

Based on the above observations, we suggest the following procedure to calibrate the mutiple-beam laser 
tracking system: 

1. Each individual tracker is calibrated using a 3-plane constraint. Ten tracker parameters along with 9 plane 
parameters are estimated in each track calibration. These measurements, after the usage of this step, can be 
reused in the second and third steps of this procedure, provided that three trackers track identical points. 

2. The transformations among the three trackers are computed by the pose estimation algorithm given in the 
robotics literature. In this case, plane constraints are not necessary needed. 

3. The positional parameters of the transformations, along with the beam length offsets, are further refined by 
using target measurements taken under the 3-plane constraint. 
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Abstract 

This paper describes a new method for extracting the 
3D coordinates of the centroid of a feature using an 
active-translating monocular camera. The basic idea is to 
use the clearance invariant that exists in a translational 
motion of the camera. The centroid is a more stable 
image feature than a corner, and can be tracked. Robust 
and accurate results from real image experiment are 
shown. The proposed approach uses at least three frames 
of image sequence, and can be extended to more frames 
of image sequence for achieving better results. 

1. Introduction 

Measurement of 3D coordinates is an interesting 
subject and a challenge area. It takes an important role in 
industry, agriculture, science research, and military. This 
paper concentrates on the extraction of 3D coordinates of 
the environment from an image sequence taken by a 
monocular camera. It uses the general clearance invariant 
to link the visible data to the extracted parameters, which 
means that the vertical distance to the path of the 
observer from a 3D object is kept invariant during the 
translational motion between them. 

When there is a relative motion between an observer 
and the environment, the images on the observer retina 
vary, but the environment is perceived as solid. This 
unchanging property under varying visible phenomenon 
is called invariant. Sometimes, this invariant can be used 
to extract the information about the relative motion and 
the environment. Because of the ambiguities in both 
perceptive projection and depth-velocity, there is no 
unique solution about the relative motion and the 

environment when a monocular camera is used. 
However, if either the relative motion or the environment 
is known, the other one can be obtained. In the paper, a 
monocular camera is in purposive motion and an 3D 
coordinate of an interesting visible object can be 
calculated if the object can be seen, and traced. 

Based on the clearance invariant, a new method to 
measure 3D coordinates is proposed by using an active
moving camera. The following are some advantages. 1) It 
is easier to control the translational motion of a camera 
than to control of a stereo camera pair. 2) It is a remote 
measurement and suits to measure indoor as well as 
outdoor environment. 3) Comparing with non-vision 
techniques such as radar, laser, and sonar, it is simpler in 
both implementation and operation. There is no need for 
energy transmission. 4) It is robust. The relevant image 
processing involves image filtering, feature 
segmentation, feature detection, feature tracking, fitting 
of the feature trajectory, and the computation of 3D 
coordinates. 

2. Related Knowledge 

2.1 Invariant 

Some aspects of an object or event may be invariant 
even while others change. Such things are said to be 
invariDnt under transformation [3]. Similarly in 
perception, there are invariant properties of the image 
that remain constants during the motion of the eye. To 
understand perceptive invariants it would be helpful to 
ask the question "Jww do we perceive things to be 
constant when their projected images continually 
change?". 

* This work was supported in part by a grant to Florida Atlantic University from The National Science Foundation, 
Division of Information, Robotics and Intelligent Systems, Grant# IRI-9115939. 
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Gibson in 1967, first captured tllis idea in 
perception, and said [1]: 

"If invariants of the energy flux at the receptors 
of an organism exist, and if these invariants 
correspond to the permanent properties of the 
environment, and if they are the basis of the 
organism's perception of the environment ... , then I 
think there is new support for realism in 
epistemology as well as for a new theory of 
perception in psychology." 

Visual invariants such as tlle equal range invariant. 
tlle flXation invariant. tlle looming invariant, tlle 
clearance invariant. as well as tlle time-to-contact 
invariant in the observer's forward translation motion are 
discussed in [6] and [11]. 

a) Clearance Invariant in General Translation 

Raviv discussed the clearance invariant in a forward 
translational motion of a camera [6]. We expand the 
above mentioned invariant into the general translational 
motion of a camera [10]. The advantage of the latter is 
that the orientation of a moving-camera can be arbitrary 
so that the object of interest may be always within the 
view field of the camera. 

p 

D 

Moving Camera 

Figure-1 Observer's ego-translation 

As shown in Figure-1, a moving camera undergoes 
translational motion, and Pis a visible point . We assume 
that the 3D environment is stationary. 

Refer to Figure-1, The moving path of a camera is 
denoted by the line L, and the vertical distance from the 
point P to the line L as D. It is obvious that the length of 
D is kept invariant under the translational motion of the 
camera. It is a geometrical invariant. 

Based on the general clearance invariant. we show 
that in [10]: 

(1) 
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where, d~ is tlle derivative of ~ with respect to 
dt 

time. Tis the translational velocity vector of the camera 
(see Figure-1). 

The meaning of equation (1) is that the geometrical 
invariant D can be measured using the information on 
angle ~ and its ftrst derivative as well as the velocity T. 

Note that even though the projection of point P in 
d~ 

the image is continuously changing, the ratio --!1!,- is 
sm·~ 

constant at all time. 

2.2 Projective Geometry 

a) Perspective Projection Equation 

Let R = (X, Y, Z)' denote the coordinates of a 3D 
geometrical point, r = (x,y,f)' denote its 2D 

coordinates in the image plane, and f denote the focal 
length. The relationship between R and r is: 

r = fR (2) 
" R·z 

" where z is a un!t vector in the Z direction. Equation (2) 
is called perspective projection equation. 

Equation (2) can be rewritten as 

X= jX (3-1) 
z 

y = jY. (3-2) z 
The perspective projection equation. has two 

characteristics: 1) The 2D image projection from a 3D 
point is unique. 2) The 3D perspective from a 2D image 
pixel has infinite number of solutions. For example, if R 
is a solution of Equation (1), scalar R by an arbitrary 
constant k satisfies the mentioned equation . It means 
that the transformation from 2D to 3D is not unique by a 
camera. 

b) 2D and 3D Velocities 

While a camera is moving in a stationary 
environment, all objects in the environment are relatively 
moving with respect to the camera. Let T = ( Tx , Tr, Tz ) ' 
denote the translational velocity of the moving camera, 
ro = ( ro x , ro r, ro z )' denote the rotational velocity of the 

moving camera, and V = dR denote the 3D velocity of an 
dt 

object When a camera centered coordinate system is 
used, the 3D velocity of an object can be expressed as: 

V =-T-roxR (4) 



where R is tbe distance between the camera and the 
object 

Equation (4) can be rewritten as: 

dX 
- = -Tx- WyZ + WzY 
dt 
dY 
-=-Ty-WzX +WxZ 
dt 
dZ 
-=-Tz -wxY+royX. 
dt 

(5-1) 

(5-2) 

(5-3) 

Let v = dr denote tbe 2D velocity on the camera 
dt 

image plane projected by tbe object. Differentiation of tbe 
perspective projection equation yields 

" 
v = f (RxV)xz 

(R. ~)2 

Equation (6) can be rewritten as below. 

dx 1 
- =- (XTz - fl'x) + 
dt z 

(6) 

1 
+-(xyro.x- (x2 + f 2 )roy+ yfroz) (7-1) 

f 
dy 1 
dt = z (yTz- fl'r) + 

1 
+-((y2 + / 2 )ro.x -xycor -xfcoz) (7-2) 

f 
3. Proposed Algorithm 

In Figure-2, R' is the projection of R on the plane of 
XOY, , is the angle between T and R, cp is the angle 
between R and R', and ~ is the angle between R' and Y. 

y 

Figure-2 The relationship among P, R, t}, <p, and~ 

Referring Figure-2, 3D coordinates R = (X ,Y,Z)' 
can be calculated as: 

X= IRI cos cpsin$ 

Y =IRicoscpcos$ 

(8-1) 

(8-2) 
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where, 

Z = IRI sin<p 

IRI = Dsin '(}. 

cp = tan-1 
( .j z ) 

x2 +Y2 . 

$ = tan- 1 (3._) 
y 

'(} = cos-1 < lrnl2 -ITI2 -IRI2) 
21111RI 

(8-3) 

(9) 

(10) 

(11) 

(12) 

where, 117?1 is the normal of the vector from Tto R. 

When the Z axis coincides with the optical axis of 
the camera, and the X and the Y are parallel to the x and 
y respectively, where x and y are image axis of the 
camera, cp and ~ can be rewritten as tbe functions of the 
image coordinates and the focal length of the camera. 

<p = tan-1 
( f ) (13) 
~x2 + y2 

$ = tan-1 (.E) (14) 
y 

where, (x,y) is the image projection of the 3D object to be 
measured. 

Su-bstituting Equation (9) into Equation (1) yields 

I 
·
1 

ITisin, 
R d'(} . (15) 

dt 
Substituting Equation (15) into Equation set (8) 

yields 

I-risin, 
X= " 1 cos<psin$ 

d'(} 
(16-1) 

dt 

ITt sin, 
Y = cos<pcos$ d, (16-2) 

dt 

lrt sin, 
Z = "1 sin<p d, (16-3) 

dt 
where, , , cp, and ~ can be calculated using Equations 
(12) -- (14). 

So far, the formulas to calculate 3D coordinates have 
been written. Next is to consider tbe problem of detecting 
image feature. 

4. Detection of Image Feature 

The centroid of an image bulb is selected as feature 
since 1) It is more stable than otber feature like corner. 2) 
It is less sensitive to intensity noise. 3) · It has the 



resolution of a sub-pixel. 4) It simplify correspondence 
problem. 

a) Centroid of contour 

If a contour is given, the centroid of it can be 
calculated using the image moment. Denoting ( x c, y) 
as the centroid of a closed contour, it can be computed as 
follows: 

X = ECOIIIOUT 

c LM 
ECOIIIOUT 

LYM 
Yc = eco~u~S 

ECOftiOuT 

where, .6s is the microelement in area. 

b) Correspondence 

(17-1) 

(17-2) 

Tracking of image feature depends upon the 
matching it in consecutive frames of images. Correlation 
function of intensity template, and summation of the 
square of intensity difference are two typical techniques 
used to solve the correspondence of image feature. 

This section describes a new way of feature-tracking 
where the centroid of a contour is used as the tracked 
image feature. After edge detection and segmentation, a 
sequence of image becomes binary color. 

(a) 1st frame (b) 2nd frame 

(c) Superpose of two frames 

Figure-3 Overlapping of tlle image contour in 
consecutive frames 

Refer to Figure-3. The overlapping of the image 
contour in consecutive frames may be a cue to track the 
centroid of tlle contour. It is obvious that this overlapping 
would occur if tlle contour covers large enough area and 
tbe camera's sampling frequency is appropriately high. 
The centroid of a contour usually appears in this 
overlapping area, which can be used as a search region. 

5. Fitting a Trajectory for a Centroid 

For a translating camera, the feature coordinates can 
be expressed as 
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x(t)= Xo-Txt f 
Z0 - Tzt 

y(t) = Yo- Trt f 
Z0 -Tzt 

where, R0 = (X 0 , Y0 , Z0 )' is the initial R. 

From Equation set (18), we get 

(18-1) 

(18-2) 

y(t) Y0 - Trt 
-= (19) 
x(t) X0 - Txt 

Equation (19) expresses a straight line since 
dy Tr h. h. . T - = -, w tc ts a constant. he trajectory of an image 
dx Tx 
feature under a translational motion of the camera can 

always be expressed as either y =ax+ b or x =.! (y- b) . 
a 

In real sequence, it is necessary to reduce the effect 
of noise. There are two ways to do it 

a) Direct Unear Fitting 

Here a straight line is fitted to the set of the given 
points in the image. 

b) Indirect Unear Fitting 

Based on Equation (18), an indirect linear fitting is 
proposed. In Equation (18), both y and x are expressed as 
functions of timet. Witll a real transformation toy and x, 
new linearly dependent variables on time t are derived. 
We denote them as 'V and ~- The linear fitting can be 
used to reduce the noise on 'V and ~- Because time t is 
noise free, it can be used as independent variable in the 
linear fitting. We express the real transformation as 
follows. 

; = t-tk 
x-x1 

t-t 
'fi=--A:-

y-yk 

(20-1) 

(20-2) 

where, (x1 ,y1 ) belongs to the set of (x, y), and t1 

corresponds to (x1 ,y1 ). 

Substituting Equation (18) into Equation (20) yields 

;= Zo-Tztt (Zo-Tzt), 
TzXo -TxZo 

- Zo-Tztt (Z -T. ) 'V- o zl · 
TzYo -TrZo 

(21-1) 

(21-2) . 

From Equation (21) we see that 'V and ~ are linear 
functions of time t. Therefore, linear fitting can be used 
on a set of ('JI, ~)to reduce the effect of noise. 

c) Iteration 



In order to reduce the effect of noise on (x.t , y .t), an 

iteration based method is proposed. If a set of (x, y) is 

given which has N elements, the iteration has the 
following steps. 

1) Letting k=l ,2, .... .N, get N results from the indirect 
linear fitting. 

2) Make the average from the above fitted results. 

3) Using the average set from step 2), repeat the 
steps 1) and 2) until the current average set converge. 

The converged set after iterative linear fitting is used 
as input to calculation of 3D coordinates. · 

6. Experiments 

A 486-PC and a video camera mounted on a 
Coordinate Moving Machine (CMM) are used to perform 
experiments. Here is a result of a real image experiment. 
The scene is a picture in front of tbe camera. The 
distcwce between tbe camera and tbe picture is 46 inches 
(1168.4 mm). The camera is moving at 100 mm/second 
towards tbe picture {Z), at 20 mm/second in left 
horizontal direction (X), and at 10 mm/second in down 
vertical direction (Y). The length of image sequence is 15 
frames. The image feature to be tracked is tbe centroid of 
zero-cross contour. Picture-! and Picture-2 shows tbe 
frrst and last frames of the used image sequence. The 
calculated values of Z, X, and Y corresponding to tbe 
image feature are respectively shown in Table-!, Table-2, 
and Table-3 for selected 20 image features. The errors of 
calculated coordinates achieved witbin 0.03% --2.5%. 

7. Conclusions and Future Work 

. A new invariant-based extraction of 3D coordinates 
from an image sequence taken by a monocular camera is 
proposed. It is easy to implemen~ more robust and 
accurate. 

8. Reference 

[ 1] J. J. Gibson (1979), The Ecological Approach to 
Visual Perception, Lawrence Erlbaum Associate. 
Inc., Publishers. 

[ 2] D. Marr (1982), Vision, W. Freeman and Company, 
New York. 

[ 3] Cutting (1986), Perception with An Eye for Motion, 
MIT Press,. 

[ 4] B. Horn, (1986), Robot Vision, The MIT Press, 
Cambridge, Massachusetts. 

[ 5] S. Negahdaripour and B. Horn (1987), "Direct Pas
sive Navigation", IEEE trans. of PAM/, Vol. 9, No. 
1. 

[ 6] D. Raviv (1991), "Invariants in Visual Motion", 
NISTIR 4722. 

-359-

[ 7] D. Raviv (1992), "Flat Surfaces: A Visual 
Invariant", NISTIR 4794. 

[ 8] D. Raviv, and J. S. Albus (1992), "Representations 
in visual motion", NISTIR 4747. 

[ 9] Y. Aloimonos (1993), Active Perception, Lawrence 
Erlbaum Associates, Publishers, Hillsdale, New 
Jersey. 

[10] L. Yang and D. Raviv (1994), "An Invariant-Based 
Method to Extract the Focus of Expansion", 1994 
Florida Conference on Recent Advances in 
Robotics. 

[11] J. Barron, D. Fleet, and S. Beauahemin (1994), 
"Performance of Optical Flow Techniques", Inter. 
Jour. of Computer Vision, Vol. 12, No. 1, pp. 43-
77. 

[12] D. Raviv, and N. Ozery (1994), "A Visual Motion 
Fixation Invariant", CVPR. 

[13] S. Krishnan, (1994), "2-D Feature Tracking 
Algorithm For Motion Analysis", Master Thesis, 
Electrical Engineering Department, Florida 
Atlantic University. 

Picture-I The ftist image frame 

Pictyre-2 The last image frame 



Zfmm) Fra. 2 Fra3 Fra. 4 Frn5 Frn6 M-:.7 Frn. 8 Frn.l9 Frn.IO Frn.ll Frn .12 Fra.l1 Fra.l4 Fra.l5 Ave.? 
No. I 1159.1 1132.1 1126.3 1140.9 1141.8 1145.8 1153.1 1154.1 1153.8 1155.3 1163.0 1164.8 11675 1160.0 1151.3 
No. 2 11855 1136.4 1131.6 1132.2 1144.1 1157.7 1141.3 11485 1151.3 1150.8 1154.2 1158.3 1161.7 1161.2 1150.3 
No. 3 1134.3 1145.6 1111.6 1111.4 1097.2 1113.3 1118.9 1122.2 1123.1 1127.2 1137.1 1139.8 1142.4 1143.9 1126.3 
No.4 1128.6 1088.4 1067.3 1081.8 1103.8 1106.1 1108.0 1110.0 1117.6 1115.9 1121.9 1126.1 1131.1 1131.9 I 109.9 
No. 5 1091.2 1075.9 1087.6 1108.0 1104.6 1111.9 1126.2 1127.0 1124.3 11275 1137.1 1137.8 1143.5 1144.8 II 17.7 
No.6 1145.2 1170.0 11495 1125.4 1140.8 1153.6 1165.0 1161.1 1155.2 1156.2 1160.6 1164.2 1170.2 1169.2 1156.2 
No. 7 1151.5 1120.4 1134.9 11515 1173.9 1166.2 1164.3 1159.9 1162.9 1174.5 1167.4 1165.5 1168.9 1175.3 1159.8 
No. 8 1218.8 1168.6 1148.2 1178.2 1180.6 1155.2 1156.8 1163.8 1174.4 1172.0 1172.9 1173.9 1176.8 1180.2 1172.9 
No. 9 1119.3 1133.4 1159.0 11775 1186.4 1180.5 1173.1 1167.8 I 171.9 1174.6 1179.6 1178.7 1181.3 1181.8 1169.0 
No. JO 1187.4 1181.7 1164.2 1175.2 1172.6 1178.4 1175.9 1176.8 1181.0 1181.2 1181.0 1183.3 1185.0 1186.8 1179.3 
No. I! 1171.0 1163.7 1174.6 1192.2 1187.1 1183.6 1178.9 1179.2 1180.5 1183.0 1178.7 1180.7 1183.3 1185.1 1180.1 
No. l2 1182.9 1147.1 1132.6 1142.7 1160.0 1165.3 11775 1178.4 11755 1179.4 1180.8 1181.4 1176.4 1175.7 1168.3 
No. l3 1226.8 1198.2 1173.1 1147.4 1146.8 1170.9 1179.8 1173.2 1168.7 1170.4 1178.6 1177.0 1180.0 1179.2 1176.4 
No. l4 1168.0 1168.4 1138.9 1131.8 11425 1166.1 1173.5 11695 1168.2 1167.1 1175.1 1177.3 1176.2 1176.5 1164.2 
No.l5 1147.8 1154.1 1157.6 1156.3 1169.6 1174.3 1174.9 1175.7 1173.1 11705 11745 1175.0 11765 1174.2 1168.2 
No.16 1130.1 1140.6 1170.1 1174.2 1161.8 1147.3 11535 1165.8 1170.7 1167.4 1166.1 1165.3 11635 1165.8 1160.2 
No. I? 1148.3 1163.6 1137.2 11435 1124.9 1147.6 1149.7 1144.2 1140.9 1143.6 1150.2 1154.1 1156.6 1157.1 1147.3 
No.18 1163.2 1180.8 1120.0 1121.6 1116.0 1143.4 1143.9 1155.6 1153.3 1156.4 1163.1 1170.7 1169.6 1167.6 1151.8 
No.l9 1185.6 1161.1 1129.4 1138.3 1131.8 1153.4 1151.9 1154.0 1159.8 11655 1172.0 1171.9 1181.1 1183.4 1159.9 
No.20 1154.2 1154.1 1142.9 1133.7 1150.2 1150.2 1150.6 1153.9 1157.8 1161.9 1164.6 11625 1162.9 11645 1154.6 
Ave.Z 1154.1 1147.1 1138.2 1163.7 1147.7 1154.4 1157.1 1158.2 1159.1 1160.6 1164.6 1166.0 1168.7 1170.4 
Tru.Z 1168.4 1168.4 1168.4 1168.4 1168.4 1168.4 1168.4 1168.4 1168.4 1168.4 1168.4 1168.4 1168.4 1168.4 
A rT. 0 -14.3 -22.3 -30.2 -24.7 -20.7 -14.4 -11.3 -10.2 -9.3 -7.8 -3.8 -2.4 0.3 2.0 
Arr.% -1.2% -1.9% -2.5% -2.1% -1.7% -1 .2% -0.97% -0.87% -0.8% -0.67% -0.33% -0.2% 0.03% 0.17% 

Table- I Calallated Z coordinates , True Z coordinate. Absolute Arrors, as well u RelatJve Errors for the 20 tmage features 

x(mm) Fra. 2 Fra. 3 Fra4 Fra5 Fra. (; Fra..1 Fra !I FraQ Fra.IO Fra.ll Fra11 Fra .11 &:!...14 Fr:a.IS A veX 
No. I 15.703 15.225 15.097 15.366 15.345 15.411 15565 15564 15538 15.566 15.794 15.830 15.911 15.630 15539 
No.2 10.922 10.304 10.229 10.233 10.420 10.464 10.305 10.436 10.481 10.448 10.517 10.615 10.711 10.673 10.483 
No. 3 -31.93 -32.23 -31.41 -31.40 -31.11 -31.45 -31.57 -31.65 -31.68 -31.76 -31.89 -31.94 -31.98 -31.99 -31.71 
No. 4 -54.72 -52.47 -51.90 -52.53 -53.48 -53.57 -53.65 -53.72 -54.00 -53.94 -54.14 -54.28 -54.42 -54.43 -53.66 
No.5 -45.14 -4454 -44.98 -45.74 -45.63 -45.87 -46.33 -46.35 -46.27 -46.34 -4659 -46.60 -46.72 -46.73 -46.01 
No. 6 -51.09 -58.23 -57.19 -56.01 -56.61 -51.10 -57.54 -57.31 -57.00 -56.95 -57.03 -57.08 -57.21 -51.09 -57.10 
No. 7 -16.80 -16.44 -16.56 -16.70 -16.87 -16.81 -16.71 -16.72 -16.69 -16.66 -16.65 -16.62 -16.57 -16.49 -16.67 
No. 8 -5.768 -5.649 -5.618 -5.578 -5.568 -5.631 -5.571 -5.510 -5.427 -5.449 -5.405 -5.365 -5.283 -5.198 -5.501 
No. 9 14.357 14.605 15.039 15.384 15.569 15.449 15.293 15.192 15.340 15.438 15.617 15.606 15.721 15.762 15.312 

No.IO 16.231 16.179 15.921 16.176 16.139 16.304 16.271 16.330 16.486 16.522 16558 16.675 16.713 16.873 16.388 
No.I! -9.223 -9.092 -9.079 -9.091 -9.058 -9.986 -9.915 -9.851 -9.m -9.696 -9.691 -9.582 -9.472 -9.496 -9.500 
No.12 37.184 35.950 35.474 35.838 36.560 36.751 37.292 37.449 37.340 37.601 37.715 37.805 37.581 37.561 37.007 
No.13 43.162 42.087 41.100 40.044 40.037 41.140 41.543 41.211 41.002 41.115 41.581 41.507 41.708 41.690 41.350 
No.l4 57.538 57.552 55.950 55.580 56.201 51.655 58.025 57.757 57.678 57.612 58.208 58.336 58.259 58.283 57.474 
No.15 57.207 57.513 57.712 51.622 58.392 58.664 58.693 58.751 58.580 58.433 58.753 58.809 58.946 58.765 58.346 
No.16 19.099 19.298 19.932 20.001 19.679 19.300 19.459 19.810 19.944 19.813 19.760 19.724 19.643 19.739 19.657 
No.l7 17.099 17.353 16.808 16.926 16.451 16.988 17.004 16.834 16.702 16.764 16.971 17.083 17.149 17.144 16.948 
No.l8 -79.89 -80.86 -16.15 -76.71 -76.25 ·71.89 -71.86 -78.50 -78.28 -1835 -78.63 -78.97 -78.79 -78.56 -78.31 
No. l9 -64.25 -62.86 -61.14 -61.50 -61.10 -62.05 -61.93 -61.95 -62.12 -62.29 -62.47 -6238 -62.66 -62.68 -62.24 
No.20 54.721 56.681 56.037 55.486 56.422 56.380 56361 56550 56.716 57.028 57.196 57.014 57.024 57.138 56.481 

Table-2 Calallat.ed X coordinates for the 20 unage features 

v(mm) &a., Frn 1 Fra. 4 Fra 5 Fra 6 Fro:. . 7 Fra!l Fr::.Q m.lo Fra.ll Fra.l 2 m.l3 m.I4 m.ts Ave.Y 
No. I -22.11 -21.68 -21.64 -21.95 -22.00 -22.10 -22.25 -22.30 -2235 -22.42 -22.55 -22.60 -22.67 -22.69 -22.24 
No. 2 -29.09 -27.98 -27.92 -28.03 -28.35 -28.48 -28.29 -28.53 -28.63 -28.67 -28.75 -28.85 -28.97 -28.99 -28.54 
No.3 -43.70 -44.11 -42.89 -42.93 -42.46 -43.09 -4330 -43.45 -43.50 -43.67 -44.03 -44.15 -44.27 -44.37 -43.57 
No.4 -28.27 -27.16 -26.94 -27.36 -27.91 -28.02 -28.15 -28.24 -28.45 -28.49 -28.65 -28.78 -28.94 -29.03 -28.17 
No.5 -17.05 -16.94 -17.20 -17.53 -1151 -17.12 -17.96 -18.04 -18.08 -18.19 -18.33 -18.40 -1852 -18.60 -17.87 
No.6 38.818 39.630 38.746 37.701 38.190 38592 38.968 38.682 38.301 38.232 38.314 38.359 38528 38.345 38.529 
No.7 27.180 26.309 26.566 26.925 27.499 27.174 27.025 26.788 26.786 27.091 26.745 26580 26.614 26.760 26.860 
No.8 24.255 23.104 22.584 23.239 23.221 22.457 22.387 22.505 22.757 22.606 22.521 22.451 22.436 22.453 22.784 
No. 9 29.988 30.258 30.968 31.478 31.698 31.436 31.153 30.831 30.892 30.904 31.009 30.888 30.902 30.841 30.946 
No.IO 59.715 59.375 58.308 58.833 58.595 58.845 58.602 58550 58.724 58.641 58.514 58511 58.585 58.618 58.753 
No.ll 62.659 62.096 62.630 63.595 63.218 62.896 62.485 62.404 62.366 62.428 62.047 62.047 62.100 62.123 62.507 
No.l2 50.558 48.849 47.993 48.410 49.097 49.297 49.817 49.664 49.328 49.390 49.331 49.231 48.810 48.698 49.177 
No.l3 45.684 44.509 43.443 42.305 42.190 43.181 43508 43.127 42.834 42.834 43.151 42.977 43.038 42.890 43.262 

No.l4 46.485 46.422 45.032 44558 44.943 46.030 46.265 45.994 45.850 45.714 46.110 46.145 46.012 45.974 45.824 

No.15 35.828 35.998 36.021 35.919 36.365 36.494 36.462 36.420 36.251 36.041 36.109 36.041 36.018 35.838 36.129 

No.l6 -37.10 -37.48 -38.43 -38.55 -38.20 -37.81 -38.00 -38.35 -3851 -38.44 -38.45 -38.46 -38.46 -3857 -38.20 

No.l7 -45.24 -45.84 -44.87 -45.14 -44.44 -45.26 -45.36 -45.23 -45.14 -45.27 -45.54 -45.71 -45.82 -45.87 -45.34 

No.18 48.044 48.679 45.826 45.734 45.321 46522 46.423 46.900 46.652 46.680 46.915 47.213 47.009 46.747 46.762 

No. l9 57.879 56.470 54.669 55.015 54.505 55516 55.374 55.369 55.512 55.195 56.060 55.926 56.400 56.462 55.791 

No.20 -62.55 -62.54 -61.97 -61.52 -62.39 -62.39 -62.42 -62.60 -62.80 -63.02 -63.17 -63.07 -63.10 -63.21 -62.62 

Table-3 Calaliated Y coordinates for the 20 amage features 

-360-
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