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Graphical Path Planning for the Payload Inspection and 
Proces~ing System 

R.NI. Byers* 
University of Central Florida, Orlando, FL 

Abstract 

The Payload Inspection and Processing System 
(PIPS) is a highly redundant manipulator whiCh 
will be required to maneuver in confined areas in 
the shuttle payload bay. Simulation of manipu
lator trajectory is required in order to perform 
path planning. Sophisticated CAD models exist 
for both the shuttle bay and payloads. !GRIP is a 
robot simulation software package with collision 
detection functions and into which CAD models 
tnay be imported. A method described by which 
the end effector of a highly redundant manipu
lator is directed toward a target via a Lyapunov 
stability function. A cost function is constructed 
from collision detection information. Obstacles 
are avoided by causing the vector of joint param
eters to move orthogonally to the gradient of the 
workspace cost function. The result. is a graphi
cal simulation of a collision free path. 

1 Introduction 

Final preparations of payloads for launch on the 
space shuttle in the Payload Changeont Room 
(PCR) at the launch pad. Decanse of the dimen
sions of the PCR and the sensitivity of shuttle 
payloads, there are specific tasks which are diffi
cult , costly or hazardous to perform by humans 
due to lack of access. These tasks include: 
• photographic inspections. 
• visual inspections 
• spot cleaning 
• cover installation and removal 
• line replaceable unit (LRU) installation and re
moval 

• Assistant Professor, ~tfechanica.l & Aerospace 
Engineering 

1995 Florida Recent Advances in Robotics 

• connector installation and removal. 

The Payload Processing and Inspection Sys
tem (PIPS) is conceived as a automated ma:nip~ 
ulator which can perform these tasks safely and 
more rapidly than technicians. References [1] and 
[2] discuss the requirements for inspection and 
processing of space related payloads and the fea
sibility for employing a manipulator to perform 
such tasks. 

Commercial manipulators typically possess six 
or fewer DOF for primarily anthropomorphic 
tasks such as indus trial assembly and are there
fore not redundant. Such manipulators are not 
well suited for tasks requiring an extended reach 
in a confined workspace as exists in the P CR. 
Consequently, the design of the PIPS will seek to 
exploit the dexterity of a so-called "serpentine'~ 

manipulator. These manipulators are character
ized by a very large number of degrees of free
dom which allow an extended reach and a high 
degree of redundancy. A prototype manipulator 
at the Kennedy Space Center possesses eighteen 
degrees of freedom. Of great concern is the abil
ity to control the PIPS to perform its required 
tasks without colliding with objects in the pay
load bay. Current efforts are directed at develop
ing a graphical simulation for path planning for 
the PIPS. 

Several approaches for achieving collision 
avoidance with redundant manipulators have 
been suggested. l\tiaciejewski and Klein [3], Naka- , 
mura (4], and \Vegerif, et al [5] make use of the 
rdoore-Penrose pseudoinverse [6] to generate the 
joint rates to move the end effector and null mo- . 
tion to avoid obstacles. The pseudoinverse solu
tion is hampered by the existence of singularities 
for which the pseudoinverse is undefined. Un
der these circumstances, no motion in the speci-
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tied direction is possible. Sciavicco and Siciliano 
[7] make use of a Lyapunov stability function to 
track a prescribed trajectory and augment the 
configuration space to a accommodate obstacle 
avoidance constraints. An alternative approach 
is used by Pasch [2] and Asano [8]. They pre
scribe an obstacle free end effector path and cause 
each joint to adhere to that path in a ,:follow the 
leader" mode. All of these methods require that 
at least the end effector's trajectory and veloc
ity be prescribed. This presumes that a suitable 
velocity function for the end effector is readily 
detern1ined. Only vVegerif [5], who makes use of 
sensors to detect obstacle proximity, allows for 
the end effector to deviate from the prescribed 
path as an emergency mea.'iure. 

There are several limitations inherent in these 
approaches. The psendoinverse kinematic so
lution may result in singular configurations for 
which some small motions of the end effector re
quire excessive and physically unrealizable joint 
speeds. Although redundant degrees of freedom 
seem to offer some potential for singularity avoid
ance, Baker and 'Vampler [9] show that singular
ity free trajectories cannot be guaranteed. The 
requirement to specify the end effector trajectory 
and velocity presumes that a. suitable trajectory 
is easily determined. Such a trajectory must not 
only itself be obstacle and singularity free , but 
must allow for the permissihlf' motion of the en
trained links. N till motion may not be sufficient 
to cause the entrained links to avoid obstacles be
cause such motion is constrained by the end effec
tor trajectory requirements. Furthermore, ac; dis
cussed by Doty, et al , [10] the pseudoinverse solu
tion to robot manipulator kinematics can lead to 
inconsistent results (i.e. resnlt.s that are not in
variant with respect t.o changes in t.he reference 
frame and/or changes in the dimensional units 
used to express the problem). 

In Refs [11] and [12), t.he author presented an 
alternative method for determining an acceptable 
robot trajectory which allows the end effector's 
path, as well as the entrained link's t.o be free 
to move around obstacles. The control algorithm 
uses a Lyapunov stability approach to generate a 
fan1ily of joint rates which will move the end effec
tor toward a desired target. The relative mot.ion 
of the joints can be weighted to meet operational 

requirements such as rate or deflection limits. Be
cause the end effector path is not specified, there 
are no requirements for inverse solutions, and sin
gular joint configurations are only encountered at 
the reachable workspace boundaries. 

Obstacles are avoided by determining the dis
tance from each link to the surface of each obsta
cle in the workspace. An obstacle gradient vector 
indicates the direction in the joints space toward 
the obstacle array. By selecting only joint motion 
which is orthogonal to this direction, collisions 
with obstacles are avoided. 

The collision avoidance algorithm is demon
strated to a notional PIPS based on the Foster-
11iller serpentine truss [2] with sixteen degrees of 
freedom. Both the end effector's desired final po
sition and orientation may be specified. The al
gorithm is coded in the C programming language 
and graphically displayed using the Interactive 
Graphical Robot Instructional Program (!GRIP) 
by Deneb Robotics, Inc.[13] 

2 Manipulator Kinematics 

The end effector position is a function of the vec
tor of generalized joint displacements g_. 

J.:. = r.(q(t), t) E ~m (1) 

Figure 1 illustrates that the location of a point in 
space given by the 3 x 1 vector r. can be expressed 
in terms of an inertial frame by its position in an 
intermediate frame, r.8 , the location of the origin 
of the intermediate frame, f...t and the orientation 
of that frame with respect to the inertial frame, 
given by the 3 x 3 direction cosine matrix R~. 

(2) 

It. is convenient to express the transformation in 
the form 

(3) 

This is accomplished by defining the 4 x 4 trans
formation matrix relationship 

I 
R(j I 

--I 
o o 1 

~;] [~;] 
(4) 
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Figure 1: General Transform of a. Vector 

The well known Denavitt-Harten berg conven
tion [14], is used for describing the tra.nsfonna
tion between link coordinate frames and is shown 
in Fig. 2. The length ai is the length of the com
mon normal between the frames. For a revolute 
joint this is link length. The length eli is the dis
tance between the origin 0;-land the point Hi. 
In a prismatic joint, this is the variable compo
nent. The angle C¥i is the rotation of the joint 
axis i and the =i axis. about the commounormal; 
the "twist" of the link. The angle f)i is the rota
tion angle between the Xi-1 axis and the common 
normal HiOi measured about the =·i-1 axis in the 
right-hand sense. In a revolute joint., this is the 
variable parameter. In the D-H convention, the 
4 x 4 transformation between link frames is given 
by 

[cO; -s8iCCti sf) iSO' i a;cO;] 
T~ 1 = sei C8iCO'i -c0iSCI!i a.is()i 

(5) ,_ 
0 SO!i CO'i di 
0 0 0 1 

where c()i =COS ()i, s()i =sin ()i, CO'i =COS CX j , and 
sai =sin a;. 

For a manipulator consisting of n links , the po
sition and orientation of the end effector (frame 
n) with respect to an inertial frame (frame 0) , is 
expressed in terms of the link transformations 

n 

Ton = ITT/-1 
i=l 

= 
[ -0-

I 
L,~r] Rlm·ye l I 0 

--I 
0 0 I 

[to, 1' r Ll'] (6) -n2 -TL3 

0 0 = 

Joint i 

=f 
;:' 

H 

y' 
I -::.:: Joinli+l 

/ 

Figure 2: Denavitt-Hartenberg Coordinate 
Transform Convention 

The vectors r , rn , and rn are unit column 
-nt - 2 - 3 

vectors of the direction cosine matrix which re-
late the end effector's orientation to the inertial 
frame. The vector Ln

4 
gives the end effectors 

location with respect to the origin of the base 
frame. 

The velocity of the end effector is given by 

dr. 8r.. dg_ • - = -- =Jq 
dt 8q dt -

(7) 

where J is the Jacobian matrix. For an end ef= 
fector trajectory specified by f.. the required joint 
rates are given by 

q. = J*i-
-r -

(8) 

where 

(9) 

is the pseudoinverse for n > 3. Equation (8) gives 
the minimum norm joint rates which satisfy the 
end effector trajectory f... When IJ JTI = 0 the 
pscudoinverse is undefined and infinite joint rates 
are required to satisfy the specified end effector 
velocity. Obviously, even when the manipulator 
is in a singular configuration, it is still possible 
to moYe the end effector in directions other than 
the singular direction. 

As with all pseudoinverse kinematic solutions, 
the end effector 's trajectory must be specified· 
and takes priority over obstacle avoidance. As 
noted before, choosing an acceptable end effec
tor path can be a difficult task in a complex 
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workspace and it sometilnes occurs that the spec-
ified path precludes obstacle avoidance. To fur-

4 

= - L&.t (Jiir) (13) 

ther complicate matters, null motion for obstacle 
avoidance may be incompatible with th~ task of where 
singularity avoidance'.·:'. ·· · i <!: , ;;,-' :_ ~;~ ·.· ... -- . 

i=l 

3 Lyapunov 
proach to 
Control 

Stability Ap
Manipulator 

As an alternative to the operator prescribing the 
end effector path, the end effector may be driven 
to its target by use of a Lyapunov stability func
tion. The desired end effector position may be 
represented by a target transformation 

Ttarget 
0 = 

= 

[ -0-

[r6, 

Rtarget 
0 

0 

!.r2 !.r.'l 
0 0 

I Lt:t] I 
--I 
0 I ,., l -T.t (10) 

1 

where r.r,, i = 1, 2, 3, are the unit column vectors 

f R target d . - Tl . l"a-,. J o 0 an !.r
4 

- !.tm·get. 1e c 1ae1 ence )e-
tween the manipulator's actual configitrat.ion and 
the desired configuration is given by the array of 
vectors 

E· = r - r -a -T; -n; 

The scalar Lyapunov function is chosen 

(11) 

, ' '<.o:"' ~ O!.n . . · ·Ji=--' . 
82 

i = 1, ... 4 (14) 

To ensure that V < 0 we choose the joint rate 
vector 

(15) 

where §.i are n x 1 unit vectors and M is an x n 
positive definite scaling matrix, Eq. (13) be-
comes 

4 TJ 71ti'JT . ""'""'f· ;.,ti'J. • €· V--~-~. ,_, 
- i=l IIJT till 

(16) 

which is always negative. Substituting Eq. (15) 
into Eq. (7) gives 

4 

1~ = ""'""' J · NI i. - ~' _, 
i=l 

~17) 

No matrix inversion is required; the control is not 
sensitive to singularities. In contrast to Eq. (8) 
which gives joint rate to satisfy a desired trajec
tory, Eq. (17) moves the end effector in response 
to a family of joint rates which depend on the 
relative priority of joint motion caused by the 
matrix i\1. In addition, this matrix enforces ap
propriate unit transformations. 

(12) 4 Joint Motion Weighting 

V n1ay be viewed as the ·'energy" of the system 
and is always positive. To drive v· t.o zero. and 
hence the end effector to the target position and 
orientation, it is sufficient that. li < 0 for every 
subinterval of time on t0 ~ t ~ t !· 

Taking the tin1e derivative of F gives 

= 

·I 

= -I:,&.[ Ln , 
i-1 

Generally, the boundary conditions and obstacle 
avoidance requirements can be satisfied by an in
finite number of joint trajectories by modification 
of the i\f matrix. The composition of the Nf ma
trix is determined by the various requirements on 
the hardware or end effector task. 

In addition to avoiding obstacles, manipulator 
arms are frequently limited by th~ manipulator 
architecture in the magnitude of the joint deflec
tions and joint rates which can be ?-Chieved. The 
AI matrix may be selected to enforce joint rate 
and joint displacement lin1its. 

It is useful to think of the .~1 matrix as the 
non-linear stiffness matrix. The deflection of the 
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ith J·oint is bounded by qi . < q• < q• • Defin-~ · man - • - •n1o.z 

ing 

",· \Linki-1~/ Link~· 
'-1 = qin,az - qiman 

r. = q + q c(. t)· cij • ima..: iuun l· '1 ----Linki+l 

h 
__ 2qi- ri ca+t)j ~-

Ai Obstaclej 

TJi = sign ( qi) 

qimaz 
2 

The elements of Nf are given by 

m·. _ { ki(l- TJih) 
t}- 0 

i=j 
i=f:j 

(18) 

Equation (18) causes the ith joint rate toward 
the joint limit to approach zero near the limit 
and the rate to be near the maximum if away 
from the limit. 

5 Obstacle A voidance 

With the end effector motion no longer pre
scribed, much greater latitude is allowed in ob
stacle avoidance . .Joint motion which moves the 
manipulator away from obstructions is no longer 
subordinated the end effector path. 

Obstacle avoidance requires that the distance 
to obstacles v ·vis-a-'llis the manipulator links be 
known. In a realistic environment, devices in 
the workspace may be numerous and complexly 
shaped. CAD models of high complexity, such 
as exist in the Payload Changeont Room may be 
imported to !GRIP. The 1-IIN-DISTANCE func
tion in the GSL language returns the minimum 
designated links and devices in the CAD environ
ment. !GRIP can be set to disregard auy devices 
outside of a selected radius. 

The cost function C'ij is the minimum distance 
between the ith link and the j th obstacle (Fig. 
3). Contact of the ith link with the jth obstacle 
is indicated by C'ij = 0. 

The potential function 

n/ n.o l 

P=I:I:-... 
i=l j=J CIJ 

(19) 

where nl is the number of liuks and no is the 
number of obstacles. P --. oo upon contact with 
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Figure 3: Obstacle Cost Functions 

an obstacle. The gradient of the potential func
tion with respect to the joint space vector is given 
by 

8P 
p=-
- 8g_ 

(20) 

The time rate of change of P can thus be ex
pressed 

dP . - = ttTq 
dt --

(21) 

Assuming that a trajectory exists which allows 
the end effector to reach the target without pen
etrating any obstacles, then if P ::; 0 throughout 
the maneuver, the collision avoidance points will 
not encounter the obstacle surfaces. The compo- · 
nent of q which is orthogonal to p is found via 

-r -
Gram-Schmidt orthogonalization[16] 

(22) 

where Ji. is a unit vector in the direction p. Equa-
tion (22) may be written -

~ 

=> 1. 
= 
= 

[En - (JitiT)] ir 
!Jlf. (23) 

where En is the n x n identity mantrix . • M is the 
obstacle avoidance metric given by 

(24) 

ii is positive semi-definite. The fact that this 
matrix possesses a zero eigenvalue becomes ev
ident when Jl· is parallel to q . In this circum
stance, it is-impossible for tl1e end effector to 
move closer to the target. The most obvious case 
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occurs when the target is unreachable or the ma
nipulator has entered a dead-end path. The op
erator may take some steps to avoid the manipu
lator becoming trapped by designating interme
diate targets, or waypoints. 

As an alternative to measuring distances from 
the links to devices in the workspace, obstacles 
may be modeled as prhnitive solids. In this ap
proach, the centt·oid of the jth object is located 
at Qj = [xi y i z i J T and has the dimensions 
2a;, 2bj, 2cj, along its pl'incipal axes. The ori
entation of the solid with respect to the inertial 
frame is given by a direction cosine matrix. Ob
stacle avoidance points Pi, i = 1, ... , u,p are des
ignated along the manipulator arm. In the shuu
lation model, these points are the joints and the 
link midpoints. The location of the jth. obsta
cle vis-a-vis the ith obstacle avoidance point is 
approximated by the super-ellipsoid function Figure 4: Notional PIPS 

e k~ k~ 

Cj (Pi)= (Xi- Xj) J +(Yi- Yi) 1 +(=i- =i) is mounted to a pedast~ with two revolute joints 
a i b i c i and three telescoping prismatic joints. At the end 

. . . ( 2 ~) of the truss, a revolute wrist is mounted, giving 
The destred sha~>e of the ;t~l obstacle Is approxt- the complete system eighteen joints and sixteen 
mated by selectmg approprta.t.e values for kj, kj, independent degrees of freedom. In Fig. 5 the 
~nd kJ ~ 1. For kj' = ~~] = I;;J = 1 the s~u·face PIPS is shown manevering in a shnple represen
ts an ~ctahedron. Settmg kj ' = kj .= k] = 8 tation of the PCR/Shuttle Payload Bay environ
appro~mates a rectangular p~ralleloptped. Con- ment.. In the simulation, it is desired to view a 
:act Wt~l: the ~t~rface of t~le ~ th ob~r.~:le. by t.:1 ~ point, to the aft of the large cylindrical payload 
zth colltston a\·otdance pomt ts approxm1<t.ted )) from a distance of six inches. Ci(Pi) = 1. The workspace potential function is 
defined by 

n., np 

p = L: L: rcj(p;)- 1J-l 
i 

(26) 

where np is the number of collision avoidance 
points. The gradient Yect.or p is generated by 
a finite difference method a., clcscribed above. 

6 Example Maneuver 

Figure 4 shows a model of the Payload Inspec
tion and Processing System, based on the Foster
Miller Serpentine Truss, under development a.t 
the Kennedy Space Center. The illustration wa.<> 
generated using the IGR1P software. The Fos
ter ?v!iller Truss, with twelve degrees of freedom, 

7 Conclusions and Recom
mendation 

Au algorithm has been presented which will move 
the end effector of a redundant manipulator to
ward a target state while avoiding collisions of the 
arm with obstacles in the workspace. Allowing 
the end effector path to be free avoids the prob
lem of singularities found in the pseudoinverse 
solution of the robot kinematics. · In addition, 
it simplifies the operator's workload and allows 
greater latitude for obstacle avoidance. The algo
rithm is straightforward and requires only mod
est computing power. Although it is applied here 
to a highly redundant manipulator, redundancy 
is not explicitly required for its implementation. 
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Serpentine manipulators such as the PIPs are 
envisioned for employment in complex and costly 
environments. This method provides a tool for 
path planning by which specific maneuvers may 
be simulated without risk. A nominal joint his
tory may be generated which is subsequently 
used as an open loop trajectory to be tracked 
by a robot with distributed control. 

Figure 5: Simulated PIPS l\1aneuver 
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1. Abstract 

The concept of "Active Vision" is being applied to the 
area of autonomous navigation. A visual invariant called 
LOOMING, which is the change of image expansion 
over time, is the key primitive to this research. This cue 
has been implemented on an electric vehicle at Florida 
Atlantic University. A golf cart has been outfitted with a 
PC, a fixed forward-looking camera, and the necessary 
actuators to facilitate the driving operations of steering, 
braking and speed control. Each actuator is being driven 
in open-loop with no sort of local feedback connected to 
the actuator. The only source of "system feedback" to 
all actuators is through the images obtained from the 
camera. The images are processed and the relative 
information is extracted and applied to the navigation 
task which generates the necessary commands to the 
actuators. The current task is to follow another vehicle, 
mimic its actions while avoiding collisions. 

There are several goals of this research. The first goal is 
to demonstrate that the task of driving is possible using 
only visual information as feedback. The second goal is 
to show that the invariant information extracted is 
sufficient without the need for computational-expensive 
reconstruction. And the third goal is to show how the 
tasks can be achieved in closed-loop using a relatively 
simple, low cost system, without tethers ,or remote 
communications. Among the many advantages to this 
approach are a system that is self-contained, easy to 
maintain, and is constructed almost completely of off
the-shelf hardware. 

2. Introduction 
. 

The phenomenon of reaction to visual information has 
been studied by psychologists by observing the link 
between occurrences in the subject's visual field of view 
and the resultant action taken by the subject [ 4]. The 
quantity that is obtained by the subject and used as a 

mechanism for defense is called visual looming. 
Presently there are at least five ways to extract this 
information from a visual scene[!]. The looming value 
L of an infinitesimally small three-dimensional object is 
defmed [3] as follows: 

L = -(dR I dt) I R 

where R is the range and d/dt is differentiation w.r.t. 
time. The unit of looming is time·1

• It can be shown that 
the looming can be approximated from the relative 
change in the projected area A of the object as follows: 

L- (dNdt) I 2A 

This is the approach that is currently being employed 
in the test vehicle. 

3. Vehicle Description 

3.1 Base Vehicle 

Fig. 1 - Early Loomy with hood removed 
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The base vehicle is a 1990 Club Car Corporation golf 
cart. The propulsion system for the vehicle is provided 
by a 36VDC, 1.5HP motor. The vehicle has a 65.5 in. 
wheel base with a turning 'radius of 15.5 feet. Power is 
stored by six 6V deep cycle batteries which are part of 
the original cart. All auxiliary power needs are extracted 
from this battery pack with the minimal effect of 
shortening run time from a stock value of 6-8 hours to a 
still respectable 5-6 hours. The top speed of the vehicle 
is 14 mph and is proportionally controlled by a solid 
state PWM speed controller manufactured by Curtis
PMC. This device was installed on the cart to allow both 
manual driving mode as well as computer control via a 
0-1 OVDC input. This eliminated the need for additional 
actuators to move the foot pedal and, as an added 
benefit, improved the efficiency over the original 
rheostat-resistor network that consumed constant power 
regardless of speed. 

3.2 Camera Mounting 

The camera which is mounted on the Loomy is a 
Panasonic UG-455 Camcorder. The use of such a device 
to the visual input has both positive and negative effects. 
On the positive side, this camera offers a structurally 

rugged case for mounting, accepts a noisy DC power 
input with a nominal value of 12V, and provides the 
convenience of an on-board VCR The AliTO 
operating mode of the camera adapts well to various 
lighting conditions as well as providing an automatically 
focused image to be processed. Negative effects 
encountered with this camcorder are related to its 
physical characteristics. The camera weighs just over 4 
pounds which provides a good deal of inertia effect as a 
result of motion transients, e.g., irregularities in the 
driving surface such as expansion joints. Extensive 
experimentation was performed in an effort to isolate 
this effect. Various foam blocks, inner tubes, and 
springs were sandwiched between the top of the tripod 
and . the camera mounting plate. Each exhibited an 
unacceptable amount of image jitter, especially in the 
vertical plane. Deflections as much as 10 degrees were 
encountered that became almost sinuso-idal due to 
continuous disturbances from the road surface. The best 
solution encountered was an "almost rigid" mount. This 
configuration provides the most stable frame to process. 

3.2 Pneumatic Steering & Braking Actuators 

1995 Florida Recent Advances in Robotics 

The cart is equipped with a self-adjusting rack and 
pinion. Steering is augmented by a single pneumatic 
cylinder mounted to the steering tie rod. This cylinder is 
controlled by two electro-pneumatic spool valves driven 
by the a data acquisition board in the PC. With the 
system enabled, air pressure is applied to both sides of 
the cylinder to partially "lock" the drrection of the 
wheels. A steering command is executed by removing 
pressure from one side of the cylinder, thus allowing the 
piston to move in that direction, resulting in a change in 
wheel position. At any time, the "rider" may elect to 
take over control by pressing the system override button 
which removes power from the spool valves. This 
results to both sides of the cylinder being opened to free 
air and steering restored for manual driving. 

The responsiveness of the steering varies with two 
factors available air pressure and vehicle speed. The air 
supply is stored in a tank connected to a compressor on 
board and is replenished as the vehicle uses the air. 
These compressors have not been installed as yet more 
data is being collected about consumption rate and 
volume. It does, however, make sense to use the 
smallest amount possible to conserve onboard resources 
( i.e. battery life). The chart in Figure 2 shows the time 
required to move the steering actuator from center-to
lock and from lock-to-lock. While under normal driving 
conditions these motions are rarely encountered, they are 
a worst case scenario that has to accounted for in the 
control algorithm. 

Friction I @ 32 psi I @40psi 
center to lock travel 

Static I 2.78 sec I 1.69 sec 
Rolling -1 mph I 1.84 sec I 1.25 sec 

lock to lock travel 
Static I 3.34 sec I 2.53 sec 
Rolling -lmph l 2.79 sec I 2.28 sec 

Figure 2 - Steering Data 

Braking is achieved by a single pneumatic cylinder 
attached to the existing brake linkage, in parallel with the 
manual foot pedal. A single spool valve controlled by 
the PC drives the cylinder in .one direction, while the 
spring from the existing braking system returns the 
cylinder to its retracted state. Here too, the operator can 
override the automatic control system and drive the 
vehicle manually, with the cylinder being opened to free 
air. The installed cylinder operating at a pressure of 
32psi is able to exceed the specification provided by the 
manufacturer in terms of braking distance listed at 14' 
from a speed of 12:MPH as shown in Figure 3 below. 
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Pressure Distance 
10 psi 92ft 
20psi 36ft 
30 psi 17ft 
40psi 12ft 
50 psi 10ft 

Figure 3 - Braking Data 

All of the pneumatic actuators are located "under the 
hood" and do not pose any physical hazard to the 
operator of the cart. Figure 5 below shows the mounting 
of the steering actuator. 

Figure 4 - Steering Cylinder Mounting 

4. Computational Implementation 

Computational power is provided by a 80486 compatible 
PC operating at 33w-Iz. The PC is powered by an 
inverter connected to the cart's traction battery pack. A 
data acquisition adapter and a frame-grabber are 
installed in the PC. 

4.1 Vision/Looming Computations 

The visual information is provided by the frame grabber 
in the PC receiving its data from the camcorder. The 
target is located in the frame and the size and position of 
the target are measured. This information is compared 
to the information obtained in the next frame and applied 
to the looming equation above using the elapsed time 
between frames as the change in time. Currently the 
approach used is averaging a frame rate of 10 frames 

per second. Position information is used to determine 
necessary steering corrections based on the desired 
horizontal location ofthe target in the field of view. 

4.2 Control Scheme 

The control scheme that is being implemented is that of 
a fuzzy nature. Information extracted from each 
successive image is and supplied to two 'fuzzy-rule' 
sorting routines. The nature of the fuzzy controller lends 
well to the transient environment of a sampled visual 
input and to the non-linearities, and "fuzzy behavior" of 
the pneumatic actuators employed in this system[2],[5]. 
The result of the fuzzy rules for speed control 
precompensates a proportional controller for to 
commanded value to the solid state speed controller. 
The five emergency stop buttons installed around the 
cart disengage all control signals from the actuators 
returning control to the operator regardless of the 
computer commanded values. 

5. Results and Future Goals 

A first version of the "Loomy" automatic car was 
presented at FAU. Experiments in the near future will 
focus on both car following and lane following. We are 
currently gathering data to be used for performance 
evaluation. Factors such as changing light conditions, 
inclement weather conditions, and road-way obstacles 
are beyond the scope of this project and are to be 
addressed as future work. Figure 5 below show a block 
diagram of a proposed future version of "Loomy". 
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Abstract 
This paper presents a new visual motion cue, we 

call the Visual Threat Cue (VTC) that provides some 
measure for a relative change in range as well as 
clearance between a 3D surface and a jixaled 
observer in motion. We defme the VTC, derive a 
theoretical model for it and sbow the visual field 
related to it. This cue is independent of the 3D 
environment, needs almost no a-priori knowledge 
about it, is rotation independent, and is measured in 
[time-1] units. 

A practical method to extract the VTC from a 
sequence of images of a 3D textured surface obtained 
by a jixaled, fixed-focus monocular camera in motion 
is also presented. A global dissimilarity measure is 
extracted directly from the raw data of the gray level 
of textured images from which the VTC is obtained. 
This approach of extracting the vrc is independent 
of the 3D surface texture and needs no optical flow 
information, 3D reconstruction, segmentation, feature 
tracking or pre-processing. It needs almost no camera 
calibration. This algorithm to extract the VTC was 
applied to a set of twelve different texture patterns (of 
3D scenes) from the Brodatz's album, where we 
observed a similar behavior for all the textures. 

Key Words: Active Vision, Visual Motion Cue, Visual 
Navigation, Mobile Robots 

1 Introduction 
The problem of automating vision-based 

navigation is a challenging one and has drawn the 
attention of several researchers over the past few years 
(see for example [1, 2]). When dealing with a 

moving camera-based autonomous navigation system, 
a huge amount of visual data is captured. For vision
based navigation tasks like obstacle avoidance, 
maintaining safe clearance, etc., relevant visual 
information needs to be extracted from this visual 
data and used in real-time closed-loop perception
action control system. In order to accomplish safe 
visual navigation · several questions needs to be 
answered, including: 1) What is the relevant visual 
information to be extracted from a sequence of 
images? 2) How does one extract this information 
from a sequence of 2D images? 
3) How to generate control commands to the vehicle 
based on the visual information extracted? 

This paper is focused on the ftrst two of the above 
mentioned questions. 

We present a new visual motion cue, called the 
Visual Threat Cue (VTC) that provides some measure 
for relative change in range as well as clearance 
between a 3D surface and a jixaled observer in 
motion. In this paper we define the VTC, derive a 
theoretical model for it, present the relevant visual 
field and also present a robust practical way to 
extract it from a sequence of images. This cue is 
independent of the 3D environment and needs almost 
no a-priori knowledge about it. It is rotation 
independent, and is measured in [time-1] units. 

A practical method to extract the VTC from a 
sequence of images of a 3D textured surface obtained 
by a jixaled, fixed-focus monocular camera in motion 
is also presented. For each image in such a 2D image 
sequence of a textured surface, a global variable we 
call the Image Quality Measure (IQM} is obtained 
directly from the raw data of the gray level images. 

* 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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The VTC is obtained by calculating. relative temporal 
changes in the IQM. This approach of extracting the 
VTC is independent of the 3D surface texture and 
needs no optical flow information, 3D reconstruction, 
segmentation, feature tracking, pre-processing and 
can be extracted directly from the raw gray level data 
of images. The process of extraction can be seen can 
be seen as a sensory fusion of focus, texture and 
motion at the raw data level and needs almost no 
camera calibration. This algorithm works better on 
images obtained from natural scenes 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. 
This algorithm to extract the VTC was applied to a 
set of 12 different textures from the Brodatz's album, 
where we observed that the relative temporal 
variations in the IQM behaves in a similar fashion 
and its value is approximately equal f<X" most of the 
textures employed. A comparison of the theoretical 
VTC and the VTC extracted from the images is 
presented. 

This paper is organized as follows: In section 2 
we deime the VTC, present the visual field associated 
with it and also present a relation between the blur 
circle and the VTC. In section 3 we describe the 
procedure to extract the IQM and the VTC from a 
sequence of images and in section 4 experimental 
results and the analysis are presented. 

2 The Visual Threat Cue (VTC) 
2.1 Definition 

Mathematically we deime the VTC, for R > Ro as 
follows 

!!__( R) 

vrc = Ro dt <t> 
R( R-RoJ 

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. We 
explain the significance of Ro in later sections. Note 
that the units of the VTC are [time-1 ]. It is dependent 
only on the observer's translational velocity, but is 
independent of its rotational component [6]. 

2.2 Equal VTC 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 
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observer in motion, that have same value of the VTC 
for any 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 on the minimum 
clearance sphere of Ro centered at the location of the 
observer is the maximum which is inimity, indicating 
that the absolute distance between the observer and 
the camera is the minimum clearance. A positive 
value of VTC corresponds to the region in front of the 
observer and a negative value corresponds to the 
region 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 The VTC and 3D Space 
As mentioned earlier, the size of equal VTC 

surfaces is a function of time (i.e., measured as [time
t] units) and are not measured in distance units. This 
means that different surfaces in 3D may result in the 
same VTC value for different translational velocities. 
For a given direction, a point located at a greater 
distance with a relatively larger value of the relative 
translational velocity vector may have the same value 
of the VTC as a point at a · clo8eJ' distance with 
relatively smaller value of translational velocity 
vector. 

2.4 The VTC as a Sensory Feedback Signal 
Using the VTC information one can demarcate 

the region around an observer into safe, high risk, and 
danger zones (Figure 2). Based on this knowledge one 
can take an appropriate control action to prevent 
collisions or maintain clearance. In [7] the VTC 
based control schemes have been designed to achieve 
the tasks of collision avoidance and maintenance of 
desired clearance from an a-priori unknown textured 
surface. These control schemes were implemented in 
real-time on a 6-00F flight simulator controlled by a 
486-based personal computer. The results are highly 
encouraging. 

2.5 Relation between the VTC and the 
radius of the blur circle 

The amount of blur in an image can be 
characterized by the radius of the blur circle (see for 
example [3, 4]). For a given camera, the focal number 
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f, focal length F are constants and for a fiXed focus 
setting the distance between the lens and the image 
plane vo is also constant [4]. With these constants the 
following relation can be derived [6]. 

!!_(a) !!...(R) 
dt = u0 ~d~t __ 

a R(R-u0 ) 
(2) 

where a is the radius of the blur circle, R is the 
range between the camera and the ftxation point on 
the object, uo is the distance to which the camera is 
focused initially and the d(.)/dt represents 
differentiation with respect to time. 

H Ro is set to be uo which is the distance to 
which the camera is focused initially, then it becomes 
the VTC i.e., the desired minimum clearance will be 
the distance to which the camera is initially focused 
to. Extraction of a and d(a)ldt from a sequence of 
images has been shown to be difficult (see for 
example [3, 4]) . . In later sections we present an 

.!!_(R) 
alternate way to measure ( dt Uo) in a robust 

R(R-Uo) ' 
manner with out measuring a and d(a)/dt 

3 Extraction of the VTC from a sequence 
of Images 
3.1 Image Quality Measure (IQM) 

Local spatial gray tone variations in an image 
give rise to a visual pattern in the image known as ' 
texture. These spatial gray level variations are due to 
the visual characteristics of the 3D scene being 
imaged, the illumination, the range between the scene 
and the observer, as well as due to camera parameters 
like zoom, aperture, resolution, focus, etc. When there 
is a relative motion between a textured surface and a 
fixated, fixed-focus moving observer, the perceived • 
texture in the 2D image varies. For instance, consider 
the case of a camera that is initially focused to a 3D 
surface at a very short distance and gradually moves 
away from this surface. As a result, the perceived 2D 
image texture varies from one image tQ another, 
mainly due to focus, i.e., the image of the scene in 
perfect focus is very sharp and has many details, then 
as the camera moves away from the scene, fine details 
gradually get smeared and eventually disappear (see 
Figure 4). When the image is in perfect focus, the 
dissimilarity, i.e., spatial gray level variations is very 
high, and as the details get smeared the dissimilarity 

gets smaller and smaller. We describe an IQM to 
measure the dissimilarity of the image. Using the 
relative temporal variations in this IQM we extract 
the VTC. 

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

/QM=l~ff( ± IJI(x,y)-l(x+p,y+q~J (3) 
~ .X:Zlljpy, p--L. t-4 

where I(x,y) is the intensity at pixel (x,y) and xi 
and Xf are the initial and fmal x-coordinates of the 
window respectively ; Yi and Yf are the initial and 
fmal y-coordinates of the window in the image 
respectively and Lc and Lr are positive integer 
constants; and D is a number defmed as 
D =(24+1)x(24+1)x( x1 -X; )X(y1 - 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 a 
window of size 50 x 50 pixels in the center of the 
image and 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 worlcs directly on the raw gray 
level data without any spatial or temporal smoothing. 
3) It does not need a model of the texture and is 
suitable for many textures. 4) It is simple and can be 
implemented in real time on parallel hardware. 5) It 
is non-probabilistic and is independent of the number 
of gray levels used in the image 

3.2 Extraction of the VTC from relative 
variations of the IQM 

The IQM descn"bed in Equation (3) was applied 
to a set of 12 different textures from Brodatz's album 
[5]. The experimental details are provided in the 
following section. Based on our experimental results, 
we observed that the IQM mentioned above is almost 
a constant when the range between the surface and 
the camera is very large and it increases non linearly 
as the camera approached the distance to which it is 
focused to. We observed that the radius of the blur 
circle varies inversely with the IQM, i.e., when the 
texture details are sharp, IQM is very high and the 
radius of blur circle is almost zero, and vice-versa. 
Hence for ranges greater than the initial distance to 
which the camera is focused to, we modeled the 
radius of the blur circle in terms of IQM as follows: 
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or: 

1 
IQMoc-

CJ 
(4) 

.!!_(a) .!!_( IQM) 
dt = dt (5) 

CJ IQM 

By combining Equation (2) with Equation · (5), using 
uo = R(p we obtain the following relation: 

.!!_( IQM) .!!_( R) 
dt = Ro dt (6) 

IQM R( R-Ro) 

where d(.)/dt represents the derivative with respect to 
time. 

The VTC obtained by using Equation (6) does 
not need knowledge about the camera parameters like 
the focal number f or the focal length F and is 
independent of the magnitude of the IQM. 

4 Experimental Details 
A CCD camera is attached to the Coordinate 

Measuring Machine (CMM) and the texture surface is 
placed in front of the camera as shown in the Figure 
(3). The maximum distance between the surface and 
the camera is 900 mm and the minimum distance 
being 200 mm. The camera is focused to the closest 
possible distance which in the case of the camera used 
is 200 mm, i.e., texture details are sharp when the 
distance between the camera and the surface is 200 
mm. The error in the initial setting is about 1 mm. 
Once this is set, the measurements in relative ranges 
(for obtaining the ground truth values) were as 
accurate as the CMM. With this focus setting, the 
distance between the camera and the surface is varied 
from 900 mm to 200 mm in steps of 10 mm. 

The CCD camera attached to the CMM as shown 
in Figure (3) captures the images of the texture. These 
images are then digitized by the PC-based image 
processor PC-VISION PLUS. These digitized images 
are then processed by a 486-based personal computer, 
to extract the IQM and the VTC. For a given texture, 
we computed these measures at 71 different distances 
and this was repeated for 12 different textures [6]. 
Figure (4) shows an imaged texture (D18 from [5]) as 
a function of range for 20 different ranges. This set of 
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images shows intuitively the evolution of details in . _ 
the image as a function of range for a ftxed focus 
camera. The experimental results along with the 
textures used are presented in the following section. 

We have also performed a few experiments to 
study the variations in the IQM for various initial 
focus settings. We present the cases for which the 
initial focus setting was 250 mm, 300 mm. 

4.2 Results and Analysis 
The IQM described in Equation (2) is extracted 

according to the procedure descn"bed in the section 
3.1, and the VTC is extracted from the relative 
temporal variations of the IQM. Because of 
limitations on the size of the paper we present the 
results of only three textures and a complete set of 
results for all the twelve textures employed is 
presented in [6]. 

For each the texture patterns employed, we 
present the following: 1) Five sample images (out of a 
total 71 images) relative ranges 200 nun, 280 nun, 
400 mm, 550 mm, 900 mm (Figures 5a-7a). 

2) The normalized measured IQM as function of 
the distance between the camera and the surface (It is 
normalized since the extraction of the VTC is 
independent of the absolute magnitude of the IQM. 
Figures 5b-7b). 3) A plot depicting the theoretical 
VTC and the VTC extracted from the images (Figures 
5c-7c). 

Note that ~t = 1s in the computation of the VTC, 
and there is no spatial smoothing on the images or 
temporal smoothing in the IQM or the VTC. 
In Figure (8) and (9) we show the effect of the desired 
minimum clearance Ro on the relation between the 
IQM and the VTC as a function of distance between 
the camera and the surface. Note that behavior as a 
function of the relative range is similar for all 
clearance values. 

5 Conclusions and Future Work 
In this paper we present a new visual motion cue, 

we call the Visual Threat Cue (VTC) that provides a 
measure for some relative change in range between a 
3D surface and a fixated observer in motion. It is 
time-based, rotation independent and does not need 
3D reconstruction. The results presented in this paper 
are for the case where the direction of motion of the 
observer is perpendicular to the textured surface. 
Currently we are working on the extension of the 
above approach for the cases where the direction of 
motion is not perpendicular to the surface. For the 
results presented in this paper there is no spatial 
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smoothing on the texture or temporal smoothing on 
the IQM or the VfC. Adding some temporal 
smoothing to the IQM will signifiCalldy improve the 
results of the vrc. 
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Figure (1): Cross section of the VfC, 
t is the instantaneous translational Figure 2: Qualitative VfC 

Figure 3: Block Diagram of the 
Experimental setup 

vector 

Figure ( 4): Sequence of Images depicting the Evolution of Details in the Image a Decrease in the Relative Range, 
dis the Range between Surface (018) and the Camera 
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Figure (4): Sequence of Images depicting the Evolution of Details in the Image a Decrease in the Relative Range, 
d is the Range between Surface (018) and the Camera 

Figure (Sa): Image sequence for texture 0110, dis the relative distance 
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Figure (Sb): Normalized IQM versus the distance Figure (Sc): The VTC versus the distance between 
between the Surface and the Camera for texture the Surface and the Camera for texture 0110 
D110 

1995 Florida Recent Advances in Robotics 
University of Central Florida, Orlando, Florida, April 26, 1995 

19 



Figure (6a): Image sequence for Texture 09, dis the relative distance 
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Figure (6b): Normalized IQM venus the distance 
between the Surface and the Camera for texture D9 Figure (6c): 1be VfC versus the distance between 

the Surface and the Camera for texture 09 

Figure (7a): Image sequence for Texture 012, dis the relative distance 
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Figure (7b): Normalized IQM versus the distance 
between the Surface and the Camera for texture 012 

Figure (7c): The VfC versus the distance 
between the Surface and the Camera for texture 
012 
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Figure (Sa): Normalized IQM versus the Distance 
between the Surface and the Camera for Texture 
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Figure (9a): Normalized IQM versus the Distance 
between the Surface and the Camera for Texture 
DllO, Minimum Clearance Ro = 300mm 
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This paper describes the design and 
development of a mobile robotic system to 
process Orbiter Thermal Protection System 
(TPS) Tiles. This work was justified by a TPS 
automation study which identified tile 
rewaterproofing and visual inspection as 
excellent applications for Robotic automation. 
The paper will outline the rationale for the 
chosen design. Each sub-system will be 
described. 

These sub-systems include: 1) a seven degree 
of freedom robot mounted on a three degree of 
freedom mobile base, 2) a rewaterproofing tool 
which contacts the tile and maintains precise 
contact pressure using force control, 3) a vision 
system which measures the precise position of 
the robot relative to the tiles and inspects the 
tiles for surface defects, and 4) a Workcell 
Controller (WCC) using relational database 
technology to manage the flow of information 
between the robot and operations personnel. 

The paper will close with a discussion of the 
certification testing which will verify that the 
system satisfies all operational requirements. 

1. Background 
Robotics and automation technologies have 
historically not played a role in the ground 
processing operations of spacecraft and space 
systems. In part, this has been due to 
skepticism regarding the viability of these 
technologies and a strong concern for safety of 
flight hardware and personnel. NASA 
Headquarters and KSC Robotics personnel felt 
strongly that the time was right to investigate 
both applications and technologies for ground 
processing. In 1990 the Orbiter Thermal 
Protection System (TPS) ground processing 

activities were investigated [NASA-TPS 90, ]. 
This study not only concluded that there were 
tasks worth automating but that current robotic 
technologies were mature enough to make this 
automation possible. 

Focus was placed on the TP S of the Space 
Shuttle since it was a task that was possible to 
automate within a relatively short time and it 
brought in flight hardware issues. It also 
offered high payback and could serve as a first 
step in providing compelling arguments for 
automation for both ground processing and 
space robotics. Beyond this there was a strong 
rationale for these applications including: 
safety, time, quality and reliability and 
paperwork reduction. 

2. Thermal Protection System Tasks 
Lower surface rewaterproofing and inspection 
are the two processes that were initially chosen 
for implementation because they were both 
technically feasible and had good payoff within 
a relatively short time frame. The TPS Process 
Study [NASA-TPS 90, ] outlined additional 
processes that would be natural extensions to 
initial robot system's capabilities (e.g. non
contact tile bond verification, surface 
contouring). 

2.1. Rewaterproofing 
The Orbiter is covered with several types of 
TPS materials that protect the orbiter's 
aluminum skin during the heat of reentry. The 
lower surfaces are covered with silica tiles. 
These tiles have a glazed coating over soft and 
highly porous silica fibers. Water in the tiles 
causes a substantial weight problem which can 
adversely affect launch and orbit capabilities for 
the shuttles. Since the orbiters may be exposed 
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to rain, the tiles must be waterproofed with a 
specialized chemical, Dimethylethoxysilane 
(DrvtES), which is injected into each and every 
tile. 

In the current process, DMES is injected into a 
small hole in each tile by a hand-held tool that 
pumps a small quantity of chemical into the 
nozzle. The nozzle is held against the tile and 
the chemical is forced through the tile by · a 
pressurized nitrogen purge for four seconds. 
The nozzle diameter is about 1 em and the hole 
in the tile surface is about 0.1cm. 

2.2. Ipspectjop 
During launch, reentry and transport a number 
of defects can occur on the tiles. These are 
evident as scratches, cracks, gouges, 
discoloring, erosion of surfaces. These defects 
are examined to determine if they warrant 
replacement, repair or no action. The typical 
procedure involves visual inspection of each 
tile to see if there is any damage and then to 
assess and categorize the defects according to 
detailed criteria. Later, work authorization 
documents are issued fdr repair of these 
defects. 

3. Design Constraints 
As described above, the tasks dictate robot 
system specifications. In addition, the 
operating environment will also impact robot 
design. The following issues had strong 
influences on design options. 

3.1. Facility Issues 
During a flow, the time period between landing 
and takeoff, the orbiters are refurbished in the 
Orbiter Processing Facilities (OPF) at 
Kennedy Space Center (KSC). These facilities 
provide access to all areas of the orbiters 
through the use of intricate platforms that are 
laced with plumbing, wiring, corridors, lifting 
~evices etc. With the exception of the 
Jackstands that support the orbiters, the floor 
space directly beneath the orbiter is initially 
clear. This is not the case for the surrounding 
structure. During flow the work areas can be 
very crowded. 

It :w~s clear that the robotic system must require 
m1rumal special conditions for deployment and 
operation. As a result, it was decided that the 
robot must be capable of entering the OPF 

through the personnel access doors and gaining 
access to the lower surface of the orbiter via 
several different routes. These constraints 
resulted in the maximum height, width and 
length of the stowed robot to being 1. 75m 
( 7 0 11

), 1. 1m ( 4 2 11
), and 2. 5 m ( 1 0 0 11

), 

respectively. However, once under the orbiter 
the tile heights range from about 2. 9 meters to 
4 meters. 

Additional constraints include the negotiation of 
jack stands, columns, workstands and 
overcoming cables and hoses. In addition there 
are hanging cords, clamps and hoses. Because 
the system might cause damage to the ground 
obstacles (i.e. cables and hoses), cable covers 
are used for protection but the robot system 
must traverse these covers. 

3.2. Task Issues 
People are understandably cautious about robot 
systems in close proximity to flight hardware 
such as the Orbiter. The paramount concerns 
are safety to the personnel and the Orbiters and 
process integrity. As a result, the robot was 
designed to be fail-safe. Since, DMES is 
flammable the system must meet or exceed 
Class I Division IT Group D requirements of 
the National Electrical Code (NEC). 

One of the tenets of the project is to impact the 
current tasks and flow as little as possible. This 
means performing the same tasks in at least the 
same amount of time with minimal operational 
and facility impacts and providing equal or 
better quality. 

4. System Design Issues 
There is a direct relationship between the size 
of the robot workspace and the number of tiles 
covered. As one might expect, the .larger the 
workspace, the greater the number of tiles 
covered. What is not so obvious are the effects 
of the workspace size on the time that it takes to 
process all the tiles. For example, if the robot 
has a small workspace, then the time to stow, 
move and re-deploy may dominate the overall 
time, not the actual processing of the tiles. In 
this section we show the effects of workspace 
and mechanism movement time on the design. 

4.1. Base Tessellation 
Tessellation refers to the tiling patterns of the 
robot workspace across the total area of the 
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orbiter to be serviced (the task- space). An 
important observation about tessellating the 
workspaces is that there are always some 
inefficiencies in coverage due to overlap. From 
our studies we determined that the amount of 
overlap did not greatly affect overall time for a 
workspace greater than 150-200 tiles. This 
gave us a bound on workspace and therefore 
robot manipulator reach. 

4.2. Base Moye Effects 
If operators are required to interact every few 

minutes with the system for monitoring base 
moves then the attractiveness of the system to 
users is far less than one that needs only 
infrequent attention. A goal of approximately 
one base move per half-hour was set. Once per 
half hour translates roughly into 80 moves 
during the course of rewaterproofing the 
orbiter. This results in a workspace of 300 
tiles. It is important to note that a reduction of 
1 second on the tile servicing time results in an 
approximate 4 hour reduction in total task time. 

5. Mobile Robot 
The facility constraints provided dimension 
limits for the whole system and task constraints 
drove system specifications such as speed and 
accuracy as well as physical specs on reaches 
with the workspace.We examined a wide 
variety of options for the needs of these tasks. 
This included classes of devices that allowed 
inspection from afar, large fixed but movable, 
manipulators and even suction-cupped walkers. 
These ideas became detailed examinations of a 
wide variety of robotic devices. Many options 
were rejected on the grounds of flexibility, 
issues of self-sufficiency, safety to personnel 
or flight hardware etc. As a result of these 
preliminary studies the system we focused on 
was that of a mobile base integrated with a 
manipulator system. 

5.1. Locomotion 
The size constraints of the vehicle coupled with 
the close quarter navigation needs for operating 
in the OPF required a locomotion system of 
high maneuverability. A wheeled system 
utilizing Mecanum® wheels was selected 
which utilizes novel roller wheels to obtain 
three-degree-of-freedom (DOF) motion in the 
plane, pure rolling contact for accurate 
positioning, and non-singular motions for 
small and precise final motions . Wheel 

compliance is eliminated by the use of 
automated screw jacks that descend from the 
base and contact the floor. The base is formed 
by a very rigid welded steel frame. The design 
was deflection driven to provide a very stiff 
base from which to operate the manipulator. 
Figure 1 shows a general outline of the sub
systems of the mobile robot. The base also 
supports two enclosures for electronics and 
rewaterproofing equipment as well as an on
board nitrogen tank and a battery cage. 

5.2. Manjpulatjon 
When the base reaches a particular work area 
the stiffiegs are deployed. The manipulator then 
deploys itself from it's stowed configuration. 
The manipulator provides a number of motions 
to reach the tiles. As shown in Figure 1 the first 
vertical motion is termed the Major-Z. Linear 
rails connect the two Major-Z actuators to give 
a vertically raised rigid platform that can move 
the rest of the mechanism along the length of 
the robot. A second vertical motion (Minor-Z 
translate) is then used to lift the later sections of 
the manipulator. The two vertical motions are 
used because a single telescoping device could 
not provide the combination of stroke length, 
short stowed height, payload and accuracy 
needed. Atop this motion is a 3 60 degree 
rotating motion (Minor-Z rotate). From this 
rotate motion a boom nearly a meter in length 
extends to a stow-deploy link. This link only 
swings the wrist and tool plate intoposition for 
the work. The need for this motion stems from 
the height requirements and the need to package 
the robot within the constraints imposed by the 
facilities. The wrist is a modified Rosheim 
wrist that provides a hemispherical non
singular workspace. It is capable of moving 
and accurately positioning the end-effector 
(25kg). To relieve moment lo'ads on the 
Minor-Z motion the boom, wrist and toolplate 
are counter- weighted. The counterweight, 
although it increases overall weight and 
complicates deployment slightly, simplifies 
issues of accounting for deflections due to 
tremendous off-center loading conditions. 

All motions are designed to be manually 
operated for maintenance and component 
failure reasons. All motions also have absolute 
encoding to give position at all times, even in 
the event of power cycling or computer failure. 
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5.3. Posjtjooin& apd Nayje-atjop 
Precise positioning is needed to achieve 
accuracies of lmm across the lower surface of 
the orbiter. An approach that utilizes two 
systems, delivers the required accuracy. A 
rotating eye-safe laser scanner reads bar code 
targets that are precisely located in the facility. 
Triangulation from three or more of the many 
targets can give us robot position within a few · 
centimeters. This will position us precisely 
enough to find a specific tile. The tile positions 
are known with respect to the shuttle and we 
can register the tile position with the vision 
system being used for inspection. There are 
several frames of reference and corresponding 
transforms between them. The Orbiter is 
parked within some position error which is 
known and measured as a normal procedure. 
This gives us the orbiter-facility transform. 
Then the transform between the robot and 
facility is given by the laser positioning system 
and fmally the loop is closed through the vision 
system which precisely identifies the position 
of a specific tile whose position is known on 
the orbiter. This finally gives the precise robot
orbiter transform. 

5.4. Electronics and Power 
The electronic design of mobile robot is driven 
by two major constraints: It must a) run un
tethered for up to 10 hours (one 8- hour shift 
plus setup, employment, and deployment 
time), and b) meet the NBC Class 1 Division II 
group D requirements for operating in a 
hazardous atmosphere. 

Detailed power estimates indicated that a 
minimum of 15 kilowatt-hours needed to be 
carried on-board. Standard gelled lead acid 
batteries were chosen since they offer good 
power density, can be deeply discharged with 
no degradation, are simple to charge, and are 
rugged, cheap, and reliable. The battery pack is 
removable via a palette-jack, and the entire 
battery pack is charged off-board the robot. 
The robot can also be powered through a 
tether. 

To meet the NEC requirements, all of the 
electronic enclosures are purged (Type Z per 
NFP A 496), including the battery pack. 

Additionally, excess heat will be removed from 
the main electronics enclosure with heat pipes. 

5.5. Computin& 
The computing environment consists of four 
on-board computers and one off-board 
database. The overall system architecture is 
shown in Figure 2. 

Three of the on-board computers are VMEbus 
based real-time systems: a robot controller 
which controls the base and manipulator 
motions and monitors the overall health and 
status of the robot; a vision system which 
performs the registration and inspection tasks; 
and a waterproofing system which controls the 
waterproofing injection system. 

The two computer systems which directly 
control actuator motion (robot controller and 
waterproofing system) employ "safety circuits" 
between the computer servo outputs and the 
motor amplifiers. This piece of hardware has a 
large number of analog and digital inputs which 
monitor various safety critcal system 
parameters. The power to all motor amplifiers 
is immediately disabled should the safety circuit 
detect an out of tolerance parameter. 

The fourth on-board system is the high level . 
controller which resides on a Sun Sparc-2 
computer. The controller is responsible for 
planning the course of action to complete a 
given task and appropriately commanding the 
subsystems. In the case of an error or failure in 
any system, primary sating is performed via 
the safety circuits, and the controller performs 
recovery actions. The controller also maintains 
a graphical operator interface, which allows the 
operator to load and update task parameters and 
stay informed about the progress of the current 
task. 

5.6. Software 
Software comprises a large and critical portion 
of the entire system .. All software is written in 
ANSI C and utilizes ANSI compliant SQL. 

Our goal from the beginning has been to allow 
a full upgrade path to autonomy in both 
hardware and software and to provide a self
reliant system. In system design this has meant 
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provisions for all on-board power and supplies 
that might have been supplied through a tether. 
At the same time issues of safety and many 
'what-if ·scenarios had to be considered. The 
decision was finally for the operator-override 
option. This was no different than the full
autonomy mode but allowed the robot to be 
shut down at ~y time by the operator. 

To protect both flight hardware and the robot, 
we are using untrasonic proximity sensing 
around the robot tooling. Contact bumper 
strips surround the base and critical sections of 
the manipulator. The operator is primarily 
accountable for robot actions during base 
movements and deployment and stowage of the 
manipulator. 

6.0 vision System 
The vision system has two primary functions. 
One is to accurately determine the relative 
position and orientation of the robot tooling 
with respect to Orbiter tiles. The other is to 
perform post-flight visual inspections. To 
accomplish these functions, the vision system 
is comprised of a high resolution black and 
white camera, computer controlled diffuse( 4) 
and specular strobes( 4), laser light projectors, 
CPU, software, and image processing 
hardware. The accuracy requirements for 
positioning are driven by the need to ensure 
that the I em rewaterproofing nozzle is placed 
over the 1 mm waterproofing hole. The 
location of this hole is calculated off-line 
through analysis of tile images. These images 
will be acquired by the robot system during an 
initial data acquisition run for each orbiter. The 
purpose of this initial data acquisition run is to 
effectively develop as-built geometrical data 
and to acquire baseline tile images for each 
orbiter. 

6.1 Relatiye Position and Orientation 
The vision system uses a two step process to 
accurately position itself with respect to a tile. 
First, it uses its laser light projectors to 
determine the perpendicular distance from the 
robot tool plate to the tile surface and the 
orientation of the optical axis with respect to the 
tile surface. The optical axis is perpendicular to 
the surface of the tool place which faces the 
tile. This information is used by the robot high 
level controller to move the vision system to the 

proper position and orientation so the 
remaining 3 degrees of freedom can be 
calculated. These remaining degrees of 
freedom are calculated through image matching 
techniques that utilize the current and baselined 
tile images. 

6.2 visual lpspections 
The vision system pe.tforms visual inspections 
by comparing pre- and post-flight time images. 
It will identify areas on a tile whose visual ~ 
appearance has changed. It does this by first 
aligning the pre and post flight images very 
accurately to account for any differences in 
vision system viewpoint location. The 
differences between these images are 
calculated. These differences are then 
processed to eliminate differences that are 
artifacts of the processing so only real 
differences in the tile's visual appearance are 
reported to operations personnel. Current! y the 
vision system is capable of identifying missing 
tile coating and missing pillow type gap fillers. 
Plans are in work to extend the capability of the 
vision system to identify all lower surface tile 
defects. • 

7.0 Rewaterproofing System 
The rewaterproofing system was designed to 
automate the current manual rewaterproofing 
process. The system was designed to be fail 
safe to ensure that tiles were not damaged and 
that the proper amount of fluid was injected in 
each tile's rewaterproofing hole(s). It utilizes 
force control with redundant sensing to ensure 
that proper contact force is maintained between 
the rewaterproofing nozzle and the tile surface 
during the injection process. The nozzle is 
surrounded by a containment system seal and a 
slight negative pressure to capture any D:MES 
from a failed injection. The containment 
system helps to minimizes unnecessary Dl\1ES 
from being vented to the local environment. 
Process completion is verified through 
redundant sensing of injection force and Dl\1ES 
injection prt:ssure. 

8.0. Workcell Controller 
Considerable effort has been directed at 
making the robot fit the existing process. As 
the primary interface between operations and 
the mobile robot, the WorkCell controller 
(WCC) is central to the successful 
implementation and acceptance of the robotic 
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system. Operations personnel will use the 
wee to specify the robot's work and then 
manage the data which documents the results 
of that work. A user interface has been 
developed which allows the specification of 
work by graphical or textual methods. 
Process results will be available as textual 
reports or graphical tile maps which indicate 
status with stippling or color. Additionally, 
the wee will manage and display the tile 
images acquired by the vision system. The 
requesting of a job and processing of the 
resulting data is done independent of the 
execution of work by the robot. 

The wee takes data from existing NASA 
databases and creates the tables which contain 
the data required by the robot to complete a 
job. The wee will interface to the Master 
Dimension Database (MDD) and the Tile 
Information and Processing System (TIPS). 
The MDD contains information on the 
geometry and location of each tile on the 
Orbiter. This data is used to calculate where 
to send the robot in order to complete a task. 
TIPS is a database which contains 
information about the Orbiter which is 
dynamic. The robot receives data from the 
WCC via a temporary ethemet link. The 
wee utilizes a multitasking, distributed 
architecture. It is networked using TCPIIP 
and multiple workstations can be supported. 

9.0 System Integration and 

Certification 
All major sub-systems have been designed 
and fabricated in separate facilities. This has 
required tight control of all interfaces. 
Integration and acceptance test plans are 
being written to support system delivery to 
KSC and final system integration and testing 
at KSC. 

The mobile robotic system has been designed 
as a "production certifiable prototype". This 
means that the system has been designed and 
built such that all relevant NASA 
req~irements pertaining to Ground Support 
~qu1pment have been satisfied. The system 
1s currently be modified to convert the 
prot?~Ype system into a production unit. 
Addttlonally, all documentation required for 

system implementation and certification is 
being developed. 

10.0 Copclusjop 
A prototype mobile robotic system for space 
shuttle servicing has been configured, designed 
and is currently undergoing system integration 
and testing. This robot system, when 
implemented, will mark the beginning of a new 
era in the ground processing of critical space 
flight hardware at NASA's Kennedy Space 
Center. 

Acknowledgments 

This work has been funded through NASA's 
Code X Telerobotics program under the 
leadership of Dave Lavery and Mel 
Montemerlo. 

This project is being done in partnership with 
Rockwell International, SRI International , 
NASA Langley Research Center, I-NET Space 
Services Inc., and the NASA Kennedy Space 
Center. 

Reference 

[NASA-TPS 90] NASA Kennedy Space 
Center, "Thermal Protection System Process 
Automation Study Final Report," KSC-DM-
3491, October 1990 

27 fl~5 F~orida Recent Advances in Robotics 
Illverstty of Central Florida, Orlando, Florida, April 26, 1995 



28 

Existing NASA databases 

, 
- - Workcell - -User Interface ............. ----1_~ (Job Creation & Status) .... - RTPS Database 

- -~l ..... - - -
---------------------------------------------------~-~-----Mobile Robot------------~------~~---~--~;r~~:--~-~-- ~Op-0~e-ra0:to·r----------T ~~ 

Job Data ...,_---1.~ Controller - -
....._ (Ill..C) Interface : / 

~~~\~~ ~ ¥: 
~ -

Motion Contra 
Rewaterproof 

Tool 
Vision Syste.uJ ~ :=- Image Data 

I 

·- ---------------------------------------------------~- ------::--_ -· 
Figure 1 Information System Architecture 

w.JOR Z: TRANSLATION 
(2 PlACES} 

ICSC lJLE ROBOT CONFIGURATION 

Figure 2 Mobile Robot System 

1995 Florida Recent Advances in Robotics 
University of Central Rorida, Orlando, Rorida, April 26, 1995 
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ABSTRACT 

In the laser tracking measuring system, the control 
objective is to minimize the target tracking error by 
adjusting joint angles and angular rates of the tracking 
gimbal. The gimbal that orients the mirror is made of two 
rotary tables. The proposed control architecture employs an 
inner loop1 embedded within an outer loop. The inner loop 
that generates the required joint torque to drive the motors 
of the tracker is designed and implemented by the rotary 
table manufacturer. The outer loop, designed by us, maps 
off-center error signals of the returned beam to the required 
position and velocity of the tracking gimbal angles. In this 
paper, we investigate the possibility of using a Fuzzy 
Logic Controller to achieve the control objective of the 
outer loop. 

1 . INTRODUCTION 

Laser tracking coordinate measuring systems are 
among the most accurate metrology devices for robots and 
machine tools [1-6]. The development of high accuracy 
performance laser tracking systems involves two important 
issues: robust control to enhance the dynamic tracking 
capability of the tracking mirror and stringent calibration to 
guarantee the ultra-high accuracy of interferometric 
measurements. The paper addresses control issues relevant 
to laser tracking systems. 

The laser tracking system under investigation 
consists of a laser interferometer system, a tracking mirror 
mounted on a two DOF gimbal, a corner cube retroreflector 
mounted on the moving target, and a lateral effect 
photodiode that measures the off-center deviation of the 
returning laser beam. 

The control objective is to minimize the target 
tracking error by adjusting joint angles and angular rates of 

1 
We normally consider the tracking gimbal as one 

identity. At this level, only one inner loop exists. 
However, if we go down to the level of DC motors in the 
gimbal, two loops have to be used to control the two 
motors of the gimbal. 

the laser tracker. The overall control scheme employs one 
outer loop and one inner loop. In the outer loop, a 
controller is used to regulate the dynamic errors measured 
by the lateral effect photodiode and to send required 
displacement and velocity of the tracking gimbal angles to 
two inner loops. In each inner loop, a controller is used to 
regulate the control signal that drives each of the two 
motors of the tracking gimbal based on the desiredjoint 
rate and the feedback signals of the motors. In this paper, 
the Fuzzy Logic Control (FLC) strategy is applied to the 
outer loop control to achieve the control objective. 

The paper is organized in the following manner. The 
operating principles of the laser tracking measuring system 
is outlined in Section 2. The control strategy is discussed 
in Section 3. FLC Implementation details are given in 
Section 4. Preliminary experimental results are given in 
Section 5. The paper ends with concluding remarks. 

2. OPERATING PRINCIPLES OF THE 
LASER TRACKING SYSTEM 

A schematic diagram of the servo mechanism of the 
laser tracking mirror currently in use at the Florida Atlantic 
University Robotics laboratory is shown in Figure 1. 

Two orthogonally polarized laser beams at narrowly 
spaced frequencies, referred to as the measuring beam having 

a frequency of ! 1 and the reference beam having a frequency 

of !2 , are emitted by the laser head. Tqe reference beam is 

diverted to the receiver by a polarizing beamsplitter located 
on the interferometer. The measuring beam proceeds 
through the interferometer and the 50% beamsplitter and is 
directed by the tracking mirror to the corner cube 
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 whjch 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 J:jf occurs, 
which is then translated through interferometry to a relative 
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displacement reading having a resolution in the order of 
magnitude of a fraction of a wavelength. The beam reflected 
by the 50% beamsplitter goes to the lateral effect 
photodiode, which detects the deviations of the returning 
beam from the center. Error signals drive the servo systems 
which adjust the angles of the two degrees-of-freedom 
mirror gimbal. 

If rotation angles of the two gimbal axes are 
measured with sufficient accuracy along with the distance 
measurement, the single-beam laser tracker is capable of 
performing accurate 3D measurements, provided that the 
system is properly modeled and carefully calibrated. 

Single Beam 
lntefferometeJ 

Receive• 0 
~ Four Quadrant W' Photodiode 

I 20 Projection of 
1 Beam Center ...-----

Motor 
Controller 

Figure 1 Schematic of a Laser Tracker 

3 . STRUCTURE OF THE CONTROL 
SYSTEM 

The control schematic block diagram for the laser 
tracking . system is illustrated in Figure 2. This control 
strategy was first proposed in [7] and resembles the one 
proposed in [6] for the tracking control of a vision-based 
robotic system. When the tracking beam hits the comer of 
the retroreflecting target, the returning beam from the target 
is coincident with the incoming beam to the target. No 
error signal is thus generated by the lateral effect 
photodiode. An arbitrary target displacement will cause the 
returning beam to go parallel to the incoming beam at 
some nonzero distance, in which case an error signal 
proportional to the target displacement is produced by the 
lateral effect photodiode. The error signal is preprocessed 
by an outer loop controller prior to being mapped to the . 
joint space of the tracking gimbal. An inner loop 
controller then produces proper control signals based on the · 

desired displacement and velocity feedback of the gimbal 
angles. 

The structure of the control system is flexible in the 
sense that different control algorithms can be implemented 
in the outer loop. In this paper, we test the effectiveness of 
the Fuzzy Logic Control strategy for this purpose [8]. 

dr - Target tracking error vector 

• - Regulated beam off-center error vector 

d6/tk - Gimbal velocity 

" - Velocity 
-r - Torque 

dr 

Figure 2 Control structure of the laser tracking system 

The controller in the inner loop can also be designed 
with different levels of complexity. In the simplest case, 
one can assume that the coupling effects between the two 
gimbal motors are negligible. This is always true in slow
tracking needed, for instance, for machine calibration. 
Therefore the two decoupled loops, become standard DC
motor control loops. However, coupling effects can 
always be taken into consideration in the outer loop. 

In our system, the inner-loop control is performed by 
a commercially available motion control card. In this 
study, we treat the inner loop as a black box, that is, the 
detailed dynamics of the inner loop is not identified. For 
this purpose, the FLC is a natural choice. Some other 
reasons are: 

1. FLC bas a better tracking performance. The 
traditional technique trades the controller's response 
time with overshoot: fast response with a substantial 
overshoot and subsequent fluctuations , which 
implies that the camera's motion will not be 
smooth; small overshoot with slow response and 
prolonged setting time. With a fuzzy logic 
controller, we can use rules and membership 
functions to represent a better control curve, yielding 
an improved control performance. 

2. FLC is more robust. When conditions are 
different, parameters of a conventional controller need 
to be tuned to cope with the change of conditions. 
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3. 

In some cases, the whole structure of the controller 
needs to be changed. On the other hand, a FLC can 
h.andle such a situation very well. For instance, a 
FLC that was used to control a two-stage invened 
pendulum (which is a hard problem) performed well 
even though the length and weight of the pendulum 
changed substantially. 
FLC i~ easy to implement. To be able to use 
a conventional controller, the plant model has to be 
provided. With the fuzzy logic controller, one does 
not need to model the plant (for example, motor and 
amplifier) precisely. 

4. FUZZY LOGIC CONTROLLER 
DESIGN AND IMPLEMENTATION 

The design of a FLC involves the following tasks: 
(1) Define the input and output variables, (2) Transform 
these variables to linguistic variables, (3) Define proper 
membership functions for each variable, ( 4) Construct a 
number of control rules, and (5) Map these rules to a look
up table. The above tasks are normally performed off-line. 
In real time, the FLC uses values of control inputs as 
indices to fetch a control output value from the look-up 
table. The control value is eventually applied to the plant. 

By proper mechanical adjustment, we can assume 
that the error in the x and y directions of the quadrant 
detector correspond to each of the axes of the gimbal, 
respectively. In this way, two FLC systems need to be 
designed, one for each gimbal axis. The inputs of each 
FLC are the error and error rate of the target projected onto 
the quadrant detector in either the x direction or the y 
direction and the output is the required angular velocity of 
one of the gimbal axis that will drive the error and error rate 
of the target to zero. 

Since the quadrant detector only measures the 
projected target error, the error rate is approximated by a 
simple time difference operation. 

To design the FLCs, a set of linguistic variables 
have to be defined. In our case, we use 7 membership 
functions to represent each of the two variables, error and 
control. On the other hand, because the dynamic range of 
error rate is small, only 5 membership functions are used to 
describe error rate (refer to Figure 3). In the figure, these 
membership functions are defined: large negative (LN), 
medium negative (MN), small negative (SN), zero (ZE), 
small positive (SP), medium positive(MP), and large 
positive (LP). 

LN MN SN ZE SP MP LP 

Error _c:xxxtxxx=J 
-0.20 -0.15 -0.1-.06 -.04.04 .06 0.1 0.15 0.20 

(a ) 

Error Rate 
--..:....-MN __ xnx-x MP 

-0.10 -0.04 -0.02 0 0.02 0.04 0.10 

(b) 

LN MN SN ZE SP MP LP 

Control 

'- UV\J\LI\IV\ I 
·1200 -400 -100 0 100 400 1200 

(Machine Steplms} 

(c) 

Figure 3, Membership functions 
(a) Input error, (b) Input error rate, (c) Control variable 

Note that the "small" membership functions for all 
the variables are chosen not to intersect at zero, which can 
help the controller to suppress overshoot and limited 
cycling. 

For each gimbal axis, a set of rules is carefully 
selected based on experimentation. For each pair of error 
and error rate, a control variable can be chosen from the 
table shown in Figure 4. A total of 35 rules were 
constructed for each gimbal axis control. 

I~ 
LN MN SN ZE SP MP LP 

MN LP LP MP MP SP ZE SN 

SN LP MP MP SP ZE SN MN 

ZE LP MP SP ZE SN MN L"i 

SP MP SP ZE SN MN MN I.."i 

MP SP ZE SN MN MN LN I..'l 

(Volt) 

(Volt) 

LN • Large Negative 
MN • Medium Negative 
SN - Small Negative 

SP • Small Positive 
MP- Medium Positive 
LP • Large Positive 

ZE• Zero 

Fig.4. Fuzzy rule Memory 

Figure 4 Fuzzy rule look-up table 
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Design of the FLCs can be optimized to obtain a 
better performance by trying different membership 
functions and rules. The look up table shown in Figure 4 
must also be optimized. Software implementation was 
done using Microsoft C. A block diagram of the FLC is 
given in Figure 5. 

Fig.S. Bloc:lc diagram of the fuzzy logic: c:ontroDer. 

Figure 5 Block diagram of FLC 

After the look-up table is generated off-line, it can 
be stored in memory. For each error and error rate pair, the 
corresponding control input is to be selected on-line from 
the look-up table matrix. In this way, the response time 
can be very fast. In ~ach sample interval, the ~rror is ., 
measured from the quadrant detector, the error rate is 
computed from the measured errors, and the corresponding ! 

output is obtained from the look-up table. For instance, if · 
the error is small positive and error change is medium 
positive, then a medium negative control value is picked up 
from the table and used for driving the motor. Because the 
membership functions can be scaled, different output values 
may be tried for so-called "medium positive". 

Because the output generated by the loop-up table is 
quantized, a "defuzzification" step is necessary to improve 
the control quality. It is a process that allow a number of 
rules to be active simultaneously. These rules normally 
reside in a small neighborhood of the look-up table. For · 
instance, when the the error is small positive but slightly 
biased towards medium positive, and error change is 
medium positive but biased towards small positive, then 
rather than picking up only a medium negative control 
value, one may interpolate four neighboring rules, MN, 
MN, MN, and LN, to produce a required output for driving 
the motor. 

5 . EXPERIMENTAL RESULTS 

In the experiment, a target retroreflectorwas mounted 
on a coordinate measuring machine. As the target moves, 
the projected target error was measured by a quadrant 
detector, and was sent to a PC-486 via an AD converter. 
The projected target error values were then differentiated to 
obtain error rates, and were jointly fed to the Fuzzy Logic 
Controller described in Section 4. Using error and error rate 
at each sampling interval as the indices, the required control 
command was computed by interpolating 4 neighboring 
control values fetched from the look-up table. This control 
command, scaled by a gain, was then send to a motion 
controller to drive an individual gimbal motor. In orderto 
track the target motion, two such control loops were 
implemented in the PC to control both of the gimbal 
motors. 

Currently, the sampling interval of the system is 
about 5 ms, which can be reduced to about 2 ms after 
simplification of the control algorithm. The tracking speed 
is about 30 mm per second, with the target being 2 meters 
away from the laser tracker. 

The FLC is analogous to a PD controller, as its 
control action is based on the error and error rate inputs. 
Figure 6 depicts a set of typical profiles of the projected 
target error, error rate and the generated control commend. 
It can be seen that the error rate leads the error, and the 
control command tracks the trends of both the error rate and 
error. In fact, the control variable lags the error rate and 
leads the error, though the phase is 180 degrees a part. 
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Figure 6 Experiment Results 
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6. CONCLUSIONS 

A Fuzzy Logic Controller is designed and 
implemented to control the gimbal of a laser tracking 
measuring system. Preliminary results has shown that the 
performance of the controller is promising, although more 
studies need to be conducted to tune the FLC parameters so 
that the tracking quality of the laser system is greatly 
improved. 
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ABSTRACT 

The main challenge to generate virtual reality from 
aerial imagery is the difficulty of reconstruction of 3D 
models in complex urban areas. One promising solution 
to the problem is the insertion of 3D models of cultural 
features in the image data textured onto terrain elevation 
values. However, the necessity of extracting features 
manually in this method results in its failure to meet the 
automation requirement for the feature extrusion 
application. This research proposes an approach based 
on a novel pattern recognition technique to 
automatically extract the features, and therefore, the 
insertion of 3D models into the elevation data becomes 
feasible. Combined with a fast correlation method for 
stereo correspondence, the proposed approach can 
furnish the automatic feature extrusion with realistic 
appearances. The multiscale techniques and the parallel 
data structures of the underlying algorithms provide the 
advantages of utilizing multiple processors, which 
enables the system to significantly increase the 
throughput. 

Keywords: Virtual Reality, Object 3D modeling, Terrain 
Visualization, Image Registration, Aerial Photography, 
Pattern Recognition, Parallel Processing, Stereo 
Photogrammetry. 

1. INTRODUCTION 

Virtual reality is becoming increasingly important as 
a tool to provide cost effective alternatives for training 
and to provide enhanced capabilities for activities such as 
mission planning and mission rehearsal. The ability to 
generate virtual reality utilizing photo databases created 
by remote sensing is of particular interest, because these 
databases are well established and cover vast land masses 
throughout the world. This ability will extend 
applications of the photo databases from high altitude to 
low altitude. One example of such applications is the 
simulation of helicopter operations. The chief 
requirements for imagery-based virtual reality include 1) 
the ability to fly through digital 3D databases comprised 
of realistic 3D representations of both natural and 

cultural features, 2) automatic extraction of the 
information from digital imagery without manual 
intervention, and 3) a fast processing speed. 

The main challenge to generate virtual reality from 
aerial imagery is the difficulty of reconstruction of 3D 
models in complex urban areas. Although there are 
methods such as factorizationun21 to recover a perspective 
view of 3D structures without computing depth as an 
intermediate step, a true 3D scene reconstructed from a 
stereo image pair is more desirable for virtual reality 
applications. This is because it has the potential for 
rendering high quality 3D features and displaying some 
special viewing 'effects such as fly-through and multiple 
perspective views. Unfortunately, recent research has 
determined that the use of stereo disparity alone will not 
reliably detect and delineate cultural structures. fJJ More 
complicated methods for the fusion of monocular cues 
and stereo disparities have been investigated. f41 However, 
despite considerable research efforts from both the 
computer vision and photogrammetric communities, 
current techniques to extrude the features which give the 
terrain a realistic appearance when it is viewed from 
ground and near ground level requires significant 
amounts of computing time even for simple cases. 

Moreover, it is argued that the current technical 
effort in terrain visualization depending exclusively on 
digital imagery may not be adequate, f51 because there are 
some inevitable difficulties in image-based terrain 
visualization, such as occlusion, distortion and low 
resolution. These difficulties often lead to misleading 
visualization of the sides of buildings or trees, the height 
or depth of cultural features, or what is underneath trees 
or other camouflage. The alternative to a pure photo
based method is the insertion of the synthesized features 
from a database of 3D models into the scenes comprised 
of image data textured onto terrain elevation values. £51 

However, the necessity of extracting features manually in 
this method£31 results in its failure to meet the automation 
requirement in the feature extrusion application. 

Comparing a variety of different techniques, it can 
be concluded that the insertion of synthesized features 
into a 3D scene is a promising scheme. This scheme 
constructs sharp cultural features by the maximal 
utilization of the a priori knowledge ~d computer 
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graphics, instead of imposing an impractical requirement 
to stereo photogrammetry. If an automated pattern 
recognition method is developed, this scheme has the 
potential to provide high fidelity, full automation, high 
speed, and geometrical accuracy to feature extrusion. 
Recently, the authors have developed a pattern 
recognition method to automatically identify interest 
features from imagery.[6

-71 Together with a fast algorithm 
for recovering elevation data from the imagery, a model
based feature extrusion scheme can be developed to 
reconstruct a 3D scene using both the photo database and 
the synthesized feature database. This fully automated 
approach has the potential to provide efficiency and high 
fidelity, and increase the throughput significantly. 

In this res.earch, the open terrain, natural features, 
and other unknown cultural features which comprise the 
background of a 3D scene are reconstructed using an 
area-based correlation method for stereo correspondence. 
The extrusion of known buildings and cultural features is 
accomplished by inserting 3D representations of pre
modeled features into the 3D background scene 
reconstructed from stereo correspondence. The selection 
of feature models and determination of their locations 
and orientations are achieved by the pattern recognition 
method. 

In contrast to the results reported from previous 
wor~, [4•

8
-
111 the proposed system will provide a 3D scene 

comprised of not only high resolution imagery draped 
over true terrain elevation data, but also geometrically 
accurate 3D representations of features with all known 
textures and details. The employment of non-feature
based object recognition and stereo correspondence 
methods allows a full automation of the system. The 
multiscale techniques and the parallel data structures of 
the 1,mderlying algorithms provide the advantages of 
utilizing multiple processors, therefore, significantly 
increasing the throughput. 

The philosophical basis of the proposed approach is 
full utilization of the a priori knowledge which includes 
image geometry and the information from the features of 
interest. Image geometry is applied using epipolar 
geometrical constraints. Feature information is extracted 
by pattern recognition. This approach is superior to 
previous work using symbolic knowledge representations 
to generate building hypotheses, [4•

8
-91 which are often 

very complicated, inadequate, and difficult for 
automation. Taking advantages from the latest 
development of pattern recognition, computer graphics, 
and photogrammetry, this approach will be able to 
significantly increase the throughput, fidelity, and degree 
of automation in the process of feature extrusion. 

The rest of the paper is organized as follows: Section 
2 gives an overview of the system; Section 3 describes the 
image registration module; Section 4 illustrates the 
Pattern recognition module; Section 5 introduces the 
stereo matching module, and Section 6 presents the 
lllodeling and rendering module. Finally in Section 7, an 
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experimental example is shown, which demonstrates the 
effectiveness of the proposed approach. 

2. THE PROPOSED APPROACH 

Using the object recognition method as a core, a new 
feature extrusion and terrain visualization system is 
proposed. This system includes five computational 
modules: image registration, 3D feature database 
modeling, pattern recognition, stereo correspondence, 
and 3D scene rendering. Figure 1 illustrates the overall 
system and the feature extrusion procedure. In this 
procedure, the stereo image pair and the 3D model 
database are the input. The assumptions about the stereo 
images are that the interior calibration has been 
performed to satisfy the ideal pin-hole camera model, and 
that one image has a known relationship to the ground. 
The image registration determines the relative 3D 
position and angular attitude of the left and right images 
with respect to each other. Using this position 
information the images are digitally resampled to 
conform to the epipolar geometry constraint. The pattern 
recognition module takes the resampled stereo pair as the 
scene and the images generated from the 3D models as a 
template to identify features present in the scene and to 
determine their coordinates and orientations. The stereo 
matching module generates the terrain elevation data. 
Finally, the 3D scene rendering module drapes the 
textured imagery over the elevation data and inserts ·the 
3D features. 

Input stereo Input 3D 
image pair feature database 

'if ' 
Image registration Pattern 

and resampling ~ recognition 

'II 

Stereo 
matching 

1 Elevation Model 

3D scene [; 

'"' rendering Coordinates 
I 

I' 

3D feature Models 

Figure 1. The feature extrusion procedure 
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3. IMAGE REGISTRATION 

Image registration is a key initial step in many tasks 
involving the automated interpretation of aerial images. 
The function of image registration is to identify the 3D 
position of each camera at the moment of exposure and 
the angular relationship between the cameras. The 
camera position determines the relations between the 
image points and ground points in the scene. The 
position relationship between cameras allows the 
application of the epipolar geometry constraint which 
reduces the search for stereo correspondence from 2D to 
1D. 

The most common method of establishing the 
relative position and orientation between two images is to 
select pairs of corresponding control points such as 
landmarks in the two images. However, general 
landmark matching is an unsolved problem,£81 and the 
approaches using different features for registration are 
not only very complicated, but also inevitably need 
operator intervention to eliminate false control features 
such as moving buses and cars. £81 Another more 
promising approach is correlation-based, which is often 
implemented using the Fourier transformation. In 
contrast to other image registration methods, the Fourier 
transformation method is characterized by an outstanding 
robustness against correlated noise and disturbances, 
such as those encountered with occlusion and 
nonuniform, time varying illumination.£6

-
7

• 
12

-
141 In 

addition, the method is stable for as little as 44% of the 
overlap region,£141 and can be implemented as a fully
automated method. 

The Fourier transformation registration method is 
basically an image auto-correlation computation, which 
is also used in pattern recognition. An image registration 
problem can be converted to pattern recognition by 
viewing the first image frame as the input and the second 
frame as the template. Therefore, using the pattern 
recognition method described in the next section, stereo 
images can be registered when there are relative 
translations, rotation and scaling changes. £6-

71 It should 
be pointed out, however, that the method in Section 4 can 
not yet deal with the off-plane rotation. The effort to 
extend the method to camera movement with the six 
degrees of freedom is underway. 

4. PATTERN RECOGNITION 

The pattern recognition module provides the 
infoimation about what objects are present in the scene 
and where the objects are located. Previous research has 
shown that the presented pattern recognition method 
guarantees success for the planar distortions, and is very 
stable and robust. £6-71 This pattern recognition method is 
very effective for objects such as tanks and airplanes, 
which is particularly helpful to feature extrusion because 
the reconstruction of these objects exclusively using 

stereo vision is very difficult due to their small sizes and 
complicated shapes. The method used is mathematically 
well defined and works as follows: 

Given an input scene image f(x '. y ') and a template 
t(x',y'). If the scene image/contains the template that is 
rotated with an angle 90, scaled by a factor 1/k, and 
translated to (x0• y0), in the Cartesian coordinate system 
then f(x '.Y ') can be written as 

f(x' ,y')=M._x' ,y')+ 

x'cosSo + y'sin9o -x'sin9o + y' cos So (1) 
+t( k -xo, k -yo) 

where b(x', y') represents the background. In Eqn. (1) it 
is assumed that only one object appears for simplicity. 
However, it is easy to extend Eqn.(1) to the more general 
case of multiple objects. If 

x' = r cos 9, y'= rsin9, l = lnr, 10 = Inr 

Then Eqn.(1) becomes 

/( e1 cos e, e1 sin 9) = b( e1 cos e, e1 sin 9) + 

+t(e1--lo cos(9-90 )-xo,e1--lo sin(9-9o)-yo) 
(2) 

Adding another two variables x andy, Eqn.(2) can be 
rewritten as 

f(x+e1 cos9,y+i sin9)=M._x+e1 cos9,y+i sinS)+ 

. +t((x-x0)+i~ cos(9-9o),(y-y0)+i~ sin(9-9o)) 
(3) 

Eqn. (3) gives an image representation in a four
dimensional hyper-image space, in which the four 
dimensions correspond to the translations along the x and 
y directions, the in-plane rotation 9, and the scaling 
parameter l, respectively. From Eqn. (3) it can be seen 
that one way to generate this 4D hyper-image space from 
a 2D image is inserting a group of transformed images 
pixelwise all over the 2D image. The inserted 
transformed images are the original image expressed in a 
polar-logarithmic coordinate system using the inserting 
pixel as the origin. The advantage of introducing this 4D 
hyper-image space is that in this space f can be expressed 
as a simple linear shifting of t plus background, that is, 

where subscript 4 denotes a function in the four
dimensional hyper-image space. 

(4) 

Matching in this 4D hyper-image space is 
accomplished by employing a phase-only filter defined as 
a subspace correlator. Using u and v to denote 
frequencies along the 9 and l axes, and using upper case 
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letters to represent the Fourier transform of a function, 
the phase-only filter Hq,(u, v) is defined as 

* T (O,O,u, v) 
Hq,(u, v) I I T(O,O,u, v) 

e-jq>(u,v) (6) 

where superscript • denotes the complex conjugate, 

j 2 = -1, <p(u,v) is the phase of T(O,O,u,v), and 

T(O,O,u,v)is the subspace Fourier transform of t(O,O,e,l) 
defined as 

T (O,O,u, v) = fi t(O,O, S,l)e-Z1tj(u&+-vl)d6dl (7) 

Eqn. (6) shows that the phase-only filter is stable because 
of its unit magnitude. The subspace Fourier transform of 
/4(x,y,9,[) is given by 

Jf a l - j21t(uatvl) ..Jedl F4 (x,y,u,v)= J4 (x,y, , )e u' (8) 

After filtering, the correlation G in the frequency domain 
is 

G(x, y,u, v) = F2 (x,y,u, v)Hq,(u, v) (9) 

Applying the inverse Fourier transformation to Eqn. (9), 
and taking the magnitude of the inverse Fourier 

Left 
Image 

J, 

transform the correlation g(x, y, e, [)is obtained. 

g(x, y, e, l) =I fJ G(x, y, u, v )e -Z1tj(u&rvl) dudvl (1 0) 

Finally, the coordinates of the maximum of g(x, y, e, l) in 
the 4D hyper-image space indicate the parameters of 
translation, rotation and scaling. 

The procedure using pattern recognition to identify 
the objects together with their locations and orientations 
is illustrated in Figure 2. Given a pair of stereo images 
and a template of the interest object, performing the 
pattern recognition to the left and right images 
respectively results in a set of orientation and location 
information for each image. Calculating the disparities of 
the locations in the left and right images, the 3D 
positions of the objects can be identified using 
triangulation. Combined with the orientation, the 
information about what, where, and how the objects 
should be inserted in the 3D world coordinate system is 
obtained. In this procedure, stereo matching is fairly easy 
because the centers of the recognized objects are well 
separated. 

5. STEREO CORRESPONDENCE 

The function of the stereo correspondence module is 
the calculation of the binocular disparity for recovering 
elevation data from the scene. There are basically two 

Right 
Image 

Pattern 
Recognition 

Template 
IE-- Image 

,...------fl:'~ I Orientations f 
~""':i-.l.~-----. 

Orientations I Locations 
(2D) 

Matching 

l 

Locations 
(2D) 

Triangulation for 
Locations (3D) 

Information for 
Object Insertion 

Figure 2. Pattern Recognition Procedure 
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kinds of methods for stereo matching: area-based and 
feature-based approaches. The feature-based approach 
has become popular since the mid-1980's. The primary 
advantage of this approach is that it can significantly 
reduce the amount of information needed by processing 
the features, i.e. edges. However, the 3D information 
provided using this method is sparse and inaccurate. 
Particularly for imagery such as open terrain that does 
not contain enough features, the feature-based approach 
cannot precisely describe the terrain. Moreover, to date 
there still is no reliable method for feature-based 
disparity matching. [tSJ 

The alternative to the feature-based method is an 
area-based approach. Compared with the edge-based 
method, this approach provides a dense depth map and 
can be used for identifying smooth surfaces. This 
approach can be made faster by using multiscale and 
parallel implementations. It is very robust with respect to 
noise and illumination changes[l61• Another advantage of 
this method is that is not overly reliant on the initial 
scene registration£81• 

The stereo matching method in this research is the 
least square optimization which is similar to Matthies' 
work. [1 71 One practical concern for the area-based 
approach is the size of the correlation window.£18

-201· In 
this research a size of lOxlO pixels is selected for 
reducing the computation time. The matching pair is 
determined using normalized cross-correlation. Once the 
disparity map is obtained, terrain elevation data can be 
calculated using space triangulation. [211 

6. DATABASE MODELING AND REALISTIC 3D 
FEATURE RENDERING 

The goal of the feature modeling module is to build a 
database for interest features. The database will provide 

Figure 3. (a) Left image 

templates for pattern recognition and prepare 3D models 
for the feature insertion. The basic functions of the 
feature modeling module include generating gray scale 
images of multiple perspective views for an object, and 
providing detailed 3D models in the form of a file for 
feature insertion. This research employs a graphical 
simulation tool IGRIP (Interactive Graphics Robot 
Instruction Programi221 as the platform for modeling. 
The advantages of using I GRIP include easy use, 
compatibility with the 3D scene rendering module, and 
realistic texture and color. 

The feature rendering module is for the 
reconstruction of a realistic 3D scene by draping a high 
resolution image onto the terrain elevation data and then 
inserting the present features into the scene. The software 
platform for this module is Render Man n.A£23

-241 produced 
by Pixar. This module accomplishes rendering in two 
steps. First, it builds a 3D mesh of the terrain elevation 
data and then drapes the gray scale values of the original 
image onto the mesh to form a terrain model. Second, it 
converts an IGRIP model to a RIB (RenderMan Interface 
Bytestream) file format acceptable by RenderMan, and 
then combines the object model with the terrain model to 
finally generate a 3D scene. 

7. EXPERIMENTAL EXAMPLE 

This section will present an example which 
demonstrates how the proposed scheme works. Figure 3 
is a stereo pair of aerial images of the Reitz Union area 
on the University of Florida campus, where there is a 
building that is difficult to extrude using area-based 
stereo photogrammetry techniques. The frrst step of 
feature extrusion is image registration. In this example, a 
traditional least-square correlation method is used, and 
12 ground control points are established using aerial 

Figure 3. (b) Right image 
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Figure 4. The disparity map. 

Figure 5. The feature model viewed from different view points 
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triangulation techniques. Through this photogrammetric 
procedure, the interior orientation and relative 
orientation of the camera model are established. 

Figure 4 is the disparity map calculated from the 
stereo p~r in Figure 3. Using disparity information the 
3D elevation data can be calculated. 

The building is the object of interest that is pre
modeled using !GRIP. Figure 5 shows two different 
views of the model. This model contains the brick texture 
of the wall, which is information difficult to obtain from 
the original imagery due to the top view point. 

(a) An !GRIP-generated template 

(b) The recognition result for the left image 
in Figure 3. 

Figure 6. Pattern recognition using a template in 
the database. 

The recognition result is shown in Figure 6. Figure 
6(a) is the template generated using the same model as 
Figure 6, but viewed from the top view point which was 

the camera exposure position. Figure 6(b) is the result of 
displacement detection for the left image. in Figure 3. The 
origin of the coordinate system is at the center of the 
image, the horizontal and vertical axes represent the 
translations along the x andy axes, respectively. The 
brightest spot in the image is the maximum value of 
correlation gin Eqn. (10), which signifies the center of 
the building. The displacement from the spot to the 
image center is (16, 13) in terms of the pixel value in the 
image coordinate system. Because there is no rotation 
and scaling change, the scaling and rotation detection 
result is not displayed. 

Similarly pattern recognition should be applied to 
the right image in Figure 3 using the same technique and 
the coordinates of the building center can be obtained. 
Applying triangulation, the center of the building in the 
world coordinate system will be calculated. 

7. FUTURE WORK 

Although the preliminary results are encouraging, a 
considerable amount of work needs to be done to make 
the system work as proposed. First, the pattern 
recognition method has to be extended to 3D for planar 
objects in order to detect the off-plane rotation 
parameters. Next, a terrain rendering module to combine 
the pre-modeled feat~res and the terrain elevation data 
must be accomplished to generate a virtual scene. 

Once the future work is done the proposed system 
will be able to operate automatically with little human 
intervention. The fast speed and the realistic appearance 
should make the system a superior choice as a virtual 
reality terrain visualization tool. 
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ABSTRACT 
As a project<for the EEL 5934 Intelligent Machines Design class an autonomous sailboat was 
constructed Design philosophy was based on a minimalistic machine intelligence approach that 
focused on environmental reactionary behavior as opposed to an algorithmic expert-system approach. 
The boat uses wind direction, wind speed, boat direction, and boat speed sensors to steer the boat and 
trim the sails accordingly. Equipped with a 68HCJJ processor, the boat can navigate from point to 
point adjusting the sails for the most efficient use of the wind. 

EXECUTIVE S~Y 

The sailboat uses four sensors, wind direction, wind 
speed, boat direction and boat speed for autonomous 
point to point navigation. Sail position is optimized 
approximately every 12 seconds based on comparison of 
current and previous boat and wind speeds. Boat 
direction and boat speed provide enough information to 
obtain a velocity vector which allows the boat to track its 
position. Thus given the current position (x, y) and any 
desired position (xl, yl) a desired heading can be 
calculated using simple trigonometry. A steering system 
reacts to deviations among the current direction and the 
desired heading keeping the boat on course. The desired 
heading is also updated as the boat approaches its 
goal, see Figure 1. If the desired heading lies within a 
range of 30° to either side of the direction of the wind, 
the closest direction not within this range is chosen, 
asseen in the transfer from point (xl, yl) to (x2, y2). A 
zigzag approach is customary when sailing upwind. 

I 

~ ex:))) :7. 
• Tack · ~ 

\ 
y 

Wind Directiox 

Figure 1: Point to Point Navigation 
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INTRODUCTION 

The purpose of the project is to design and build an 
autonomous I intelligent robot that functions without the 
interaction of people. Much work has been done in 
creating autonomous 'cars' or land vehicles. This paper, 
however, focuses on the production of an autonomous 
water vehicle, specifically a sail boat. 

The purpose of controlling a boat differs in many 
respects to that of controlling a land vehicle. Rarely are 
there any obstacles to avoid on the water, hence this 
popular goal in autonomous agent design will be omitted 
Three important goals are essential for any autonomous 
sailboat: 

1. Given a particular direction, maintain that 
direction. 

2. Be able to change direction, i.e. tack. 
3. Trim the sails for most efficient use of the 

wind for that direction. 

INTEGRATED SYSTEM 

Any effective system must successfully integrate a proper 
array of sensors with efficient 1 actuation devices. The 
sensor array should be chosen so as to provide accurate 
and relevant information for goal-based actuation. For 
instance, in order to maintain a given direction (goal 1 ), 
there must exist a direction sensor as well as direction
correcting actuation. Two direction sensors, boat with 
respect to wind and boat with respect to magnetic north, 
provide input data for a steering mechanism. The 
steering mechanism also serves as the actuation for 
tacking (goal 2) and is implemented based on the 
distance the boat has traveled, thus requiring a boat 
distance sensor. The final goal, trimming the sails, 
provides an excellent test for a minimilistic approach, i.e. 
actuation based on environmental conditions as opposed 
to an expert algorithmic approach. The sail actuation 
system provides sail movement based on a change in boat 
and wind speed. A wind speed sensor completes the 
array of four sensors. 

The data retrieving routines for the four sensors, wind 
speed, boat distance, ·boat direction (compass), and wind 

direction are shown on the left of the Data Processing 
Hierarchy Chart in Figure 2. The three actuation 
systems, sails, tack, and steer are shown on th~ ldt 

The robustness of the sensor array, coupled with the 
knowledge of time, serendipitously gives novel 
information. Averaging the output from the boat 
direction sensor gives a time-averaged direction. 
Combining information from the boat distance and boat 
direction sensors gives an incremental chang~ m relativ~ 
position (8x, 8y). If relative position (~ y) is kno~ 
then Goal 1 can be upgraded from sailing along ~ 
straight line, to sailing from point to point. Thus at any 
time the intended heading can be updated to arrive at the 
specified point more accurately. The three actuation 
routines utilize the manipulated data te» p1roduce mor~ 
efficient motion. 

Some actuation routines such as Tack and Steer call foK' 
actuation of the same mechanical System at the same 
time. Their conflict is resolved by an arbitration routine 
which decides which routine has priority. Vruu~ of boat 
speed and boat distance determine arbitration between 
Tack and Steer, see Figure 3. Two variations of Steer 
can also be implemented, Steer from Compass, and 
Steer from Wind direction, giving different behaviors to 
the system. 

Boat 

Tack 
Speed 

I ! 
Steer Arbitrater 

Compass 
I I 

Steer Boat 

Wind Distance 

Figure 3: Arbitration Scheme 
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PHYSICAL STRUCfURE 

The type of sailboat chosen for this project is the 
catamaran. Its dual-hull configuration gives it an 
advantage over a single-hull craft in terms of the amount 
and size of cargo it can carry, namely batteries, motors, 
and electronics. Each pontoon is made out of paint 
covered basswood . The V -part of each pontoon is made 
out of two 3/32" x 4" x 24" pieces glued at the bottom to 
a 1/4" x 24" strip. The upper part of the V is 
approximately 2-7/8" wide and extends for 2' 5". The 
pontoons are connected in the rear and center by two 
114" x 1-1/4" x 14" pieces of wood. 

The mast is made out of a stiff wooden dowel which 
extends 29" above the hulls of the boat. Three wires 
connected 3/4 of the way up the mast secure the mast to 
the boat Two are connected to either hull 4" behind the 
mast. The third runs forward and is connected to a pair 
of lines that run to the forward-most part of each hull. 
This third line is the main support for the forward-most 
sail, the jib (9" x 17"). The main sail (15" x 26") freely 
rotates about the mast and provides most of the force 
from the wind. 

:MECHANICAL CONTROL SYSTEMS 

The two actuation systems, steering control and sail 
control, require mechanical system designs that allow for 
efficient motion using DC motors. Both systems use a 
rotating screw shaft giving translational motion. 

Steering 

Actuation of a simple rudder system provides steering for 
the sail boat, see Figure 4. The rudder consists of a fin 
connected to a long metal bar that is bent at an angle of 
90°. 

When the motor turns on, the screw shaft rotates in place 
(its position is fixed) either pulling or pushing the arm of 
the rudder which turns the fin about its axis of rotation. 
The connector slides up and down the rudder arm as the 
rudder rotates. When the motor turns off, the position of 
the rudder stays stationary. 

Sail Control 

The position of the main sail is determined by the 
position of the boom. A line connects the rear of the 
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boom to a nut on the screw drive giving a range of 26° to 
either side of center. 

SENSORS 

Four external sensors on the sailboat, wind direction, 
wind speed, boat speed, and boat direction · provide the 
micro controller with information about its environment 
The circuit diagram of all four sensors can be found in 
Appendix A. 

Wind Direction Sensor 

The direction of the wind with respect to the boat is 
found by a wind vane placed on top of a potenticm~ter\) 
see Figure 5. The output voltage directly relates to the 
wind direction and can be easily read by the AID port on 
the 68HC11. With a range of 260° and resistance of 
1 OOKn the wind direction sensor gives a reliable signal 
for little power. 

·:::: : : : :: : : : : :: : :::: :: : :::: :::: : :: : : : : :::: : : 

Wind Direction 

Top View 

c 
Figure 5: Wind Direction Sensor 

Wind Soeed Sensor 

The purpose of the wind speed sensor is to relate 
pertinent information about the speed of the wind in the 
vicinity of the boat to the 68HC 11. The ideal wind speed 
sensor: 

1. Senses wind from any direction 
2. Senses low wind speed. 
3. Has low power consumption 
4. Takes up minimal space 
5. Has minimal mass 
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After several design failures, the final version of the 
wind speed sensor took the form of a · spin-wheel 
mounted on a vertical axis that spins whenever wind 
blows from any direction through the external vents, see 
Figure 6. 

Figure 6: Wind Speed Sensor (Top View) 

The spin-wheel has eight curved anns and is made out of 
Styrofoam. It is mounted on a small vertical axis (a 
paper clip) and hovers about 5 mm over the horizontal 
platform. A black paper disk with two notches mounted 
on its underside permits an upward-facing optical sensor 
(TSL 250) to detect the spinning of the wheel. Its light 
weight, low friction, and small moment of inertia allow 
for reaction to light breezes. 

I 

Boat Soeed Sensor 

The ideal boat speed sensor gives speed relative to both 
the water and a global reference, such as land. Because 
of the difficulty of measuring speed with respect to land, 
the boat speed sensor only measures the speed of the boat 
with respect to the water in the direction of forward 
motion. The boat speed sensor uses an infra-red emitter 
and defector placed on opposite sides of a paddle wheel 
to detect motion, see Figure 7. 

Figure 7: Boat Speed Sensor 

Originally, the boat speed sensor had shorter paddles and 
was designed to float freely behind the boat Longer 
paddles allow for detection in wavier conditions while 
rigid attachment to the boat frame provides durability 
during transport. 

Boat Direction Sensor - Electromagnetic Compass 

Many autonomous robots could benefit from a global 
orientation sensor. Although there are many such 
sensors on the market today, their cost prevents many 
from using them. It is possible, however, to construct an 
inexpensive electronic compass that can be read by the 
68HC11 board for real-time directional orientation. This 
data can easily be coupled with a distance or velocity 
sensor to give relative position for navigation or map 
making with an autonomous robot [Doty & Seed]. 

An electronic compass can be made in one of several 
ways. Popular methods involve using Hall effect sensors 
or :fluxgate magnetometers [Caristi, '91; Lancaster, '88; 
Noble, '92]. Most of the Hall-effect and fluxgate 
compasses, however, are either too complicated to 
assemble in a short period of time, or have poor 
resolution [Grenoble, '90; Ke, '92]. I propose that an 
accurate and reliable compass can be made by attaching 
a two-channel encoder to a regular magnetic compass. 

To make the compass, place three small ceramic magnets 
(5mm x 5rnrn x 20mm) in the bottom of a cylindrical 
floating device; I used a small plastic cough syrup cup 
30rnrn tall and 40rnrn in diameter, although a piece of 
Styrofoam of similar size could be substituted. The 
weight of the magnets in the bottom of the plastic cup 
lower the center of mass below the water level to provide 
stability to the system, see Figure 8. 
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30mm 

.fiOmm 

Figure 8: Magnetic Compass 

A two-channel encoder requires two optical sensors 
placed 90° out of phase on a black and white encoder, 
see Figure 9. The encoder has black stripes on 

receiver 1 reciever 2 

Figure 9: Two-Channel Encoder 

transparency material over a white background. The 
circular encoder (50mm in diameter, 16mm tall) rests 
directly on top of the container of the magnetic compass. 
The compass, encoder, and water reside in a 1/2 cup 
Rubbennaid container 63mm tall and 58mm in diameter 
and is placed on top of a pontoon several inches away 
from metal or motors. 

The two receivers in Figure 9 receive reflected light from 
emitters placed on the same side of the encoder. A third 
receiver placed inside the circular encoder can detect the 
moment when a slit in the encoder passes in front of an 
emitter. This allows the sensor to orientate itself with a 
uniform global reference, such as magnetic north, both 
before and during use. This self calibration minimizes 
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errors that might accumulate asJ he encoder rotates back 
and forth. 

I achieved a precision of 6° using thirty increments on 
the encoder. Reducing the size of each increment 
demands greater precision in the spacing of the two 
receivers to remain 90° out of phase. A precision of 4 °-
5° should be obtainable by changing encoder spacing size 
and receiver separation distance only. Reliability of the 
compass in both semi-static as well as dynamic 
environments is surprisingly good. 

BEHAVIORS 

There are three functioning behaviors to fue sm OO:ffit 

1. steer from compass direction 
2. steer from wind direction 
3. steer to a new heading (tack). 

Currently arbitration only takes place between compass 
steering and tacking, even though wind direction 
steering is present and fully operational. Arbitration 
does not occur until the boat reaches its desired i>osition 
and the boat is traveling at some minimum ~ at 
which point the boat is.put into tack mode. Once in tack 
mode, the boat turns its rudder in the direction of the 
next desired heading and waits until its direction is 
arbitrarily close to this heading. It then returns the 
rudder near its original position and sailing resumes with 
compass steering to the next point. 

A number of way-points (x, y) can be given to the boat to 
sail toward. Given the boats current position, a desired 
heading can be calculated that will not lie in a region of 
30° to either side of the direction of the wind. This gives 
a zigzag approach when sailing to a way-point that is 
upwind. · 

EXPERThtiENTS AND RESULTS 

Two experiments were performed where the objective 
was to sail to point (10, 1000) where the y-direction is 
defined to be the direction the boat is facing when 
initially turned on. The first experiment had a sensor 
failure in the boat speed sensor. "Since it uses an 
unmodulated infra-red sensor, it is subject to the sun's 
radiation which swamped the receiver. Since all three 
actuation routines rely on input from this sensor, none of 
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the systems worked properly. It did, however, provide a 
chance to test the sailing ability of the physical system. 

With the rudder in a straight position, the boat 
continually steered into the wind. This was the result of 
more force being applied by the wind in the rear of the 
boat than in the front because the jib had no battons to 
support a proper shape. After adding a hatton and 
testing again, the boat sailed in a straight line. The rest 
of the boat reacted well to the size of the waves and 
amount of wind during the first test 

The ambient infra-red problem was solved for the second 
testing, however, the wind was not nearly as strong. 
Trying to achieve the same goal, the boat began sailing 
in a certain direction and maintained that direction well. 
The speed of the boat, however, was not fast enough to 
tum on the steering routine but a only a few times. 

Recently, a potentiometer was added to the rudder system 
to give feedback regarding angular rudder position. This 
information will be helpful in keeping the steering 
control routine from becoming unstable and oversteering. 

This navigation routine neglects one important 
characteristic of sailboat navigation. Just because the 
boat is heading in the correct direction, does not 
necessarily mean it will take that path. A sailboat will 
drift in the direction the wind is blowing to, thus a 
compensation routine needs to be written to modify the 
position of the boat dependent on the direction and speed 
of the wind. Luckily, that information is available from 
the wind speed and wind direction sensors and the 
routine needed to compensate for a more accurate 
position only requires a bit of experimentation. 

CONCLUSION 

An autonomous sailboat was created that can navigate 
from point to point using wind direction, wind speed, 
boat direction, and boat speed sensors. The ability of the 
boat to detennine position has greatly enhanced the 
capabilities of the boat. It does not yet take into account 
the amount of drift caused by the wind, however, the boat 
is equipped with the proper sensors to be able to 
mathematically compensate for this. I would suggest to 
anyone who is working on navigation or map making to 
try integrating the electronic compass described here 
with their shaft encoders. Several adjustments to the 
steering software should be made and the cheap motors 
should be replaced with more efficient ones to reduce 

battery drain. The rest of the boat works well and should 
provide me with a reliable platform to work with for 
many adventures to come. 

The method used for navigation of the sailboat can be 
effective for any autonomous agent. The sensors needed 
to accomplish navigation are simple to make and fairly 
robust. Initiating similar routines for land-based vehicles 
provides a plethora of opportunity in the areas of 
navigation, object identification, and map-making. The 
authors are open to sharing any information needed to 
interested individuals wishing to duplicate the method 
used here. 
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Abstract 

This paper reports on current progress 
of a new project involving the control of 
dual robotic arms for use by individuals 
with disabilities characterized by uncon
trollable tremor and spastic movements. 
Disabilities of this type are caused by 
defective signals to certain muscles 
regions of the body and these defective 
signals restrict the range of an individuals 
performance in assembly, sorting, and · 
part placing tasks. If the tremor can be 
modeled as noise in the nervous system, 
we postulate that a controller could be 
built that filters the noise from an 
ensemble of observed directed gestures 
and leaves only the desired gestures as 
input to a robot positioning interpreter. 
This interpreter would then command 
dual robot arms fabricated to numtc 
human arm motion for the. 
accomplishment of the tasks listed 
above. We have titled this work the 
Theremobot project and present here the 
background work that has been 
accomplished to date. 

1 Introduction 

The Theremobot project at the 
University of Central Florida ts 
concerned with the development of a 

I 

pair of controllable robotic arms to be 
used as an aid to the disabled. The 
primary target group for the robot are 
those individuals with spastic and trem.or 
movements in the diplegic region of the 
body; i.e., the upper hemisphere of the 
body consisting of the arms and hands. 

The problem of robot control in the 
presence of tremor noise has been 
studied recently (see Gonzalez, et al, 
1995; Repperger, et al, 1994), but 
successful systems have not yet been 
fielded due to the difficulty of the 
filtering and control problem. Robotic 
aids to the disabled, however, are fairly 
numerous (Go sine, et al, 1991; Hammel, 
et al, 1989, 1992; Taylor, et al, 1993). 
These aids, in all cases, involve the use 
of commercial robot systems that 
typically are very expensive and require 
extensive service and repair support 
systems. The goals of our project 
address the problems of cost and repair 
of the robot system and we as yet have a 
great deal of research to conduct in the 
development of the controller. 

There are three fundamental goals of our 
project with respect to the Theremobot 
system: 

1) An intelligent controller 
capable of interpreting spastic 
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gestures and decoding those 
gestures into useful and pur
posive arm motion. 

2) Inexpensive and modular con
struction. 

3) Ability to lift and manipulate 
objects weighing up to 8 
ounces. 

The project was named "Theremobot" in 
honor of Leon Theremin. Theremin 
invented one of the first successful 
electronic musical instruments. This 
device was played by waving the hands 
over and around two antennas, one 
coupled to control the pitch of an audio 
oscillator and the other volume. The 
instrument was never touched by the 
artist as it was played, hence the 
similarity to the proposed Theremobot. 

The first goal, the intelligent controller, 
has only been speculated about at the 
present" time (Gaber and Myler, 1995). 
The most promising approach seems 
likely to involve a vision system with 
stereo electronic cameras. The cameras 
would be used to observe the hand and 
arm movements of the subject. The 
images produced would be fed to a 
computer for processing. The images 
would be analyzed to determine the 
purposive hand and arm movements of 
the subject. Upon deriving the desired 
movement, the proper positioning data 
of the subject's hands and arms would be 
translated to the robot arms and 
grippers. As a result, the robot hands 
and arms will function as the subject's 
limbs. 

This approach could be classified as a 
teleoperation method where the gestures 
of the subject are directing the behavior 
of the arms remotely. Robust control 
techniques would be the most promising 
avenue for this approach. The controller 
would, from the nature of the problem, 
have to accommodate a large range of 
disturbance inputs. 

A second approach would be to train the 
robot controller in a gesture language 
unique to the subject. The controller 
would be programmed with a set of. 
motion commands for the tasks possible. 
A neural network or adaptive fuzzy logic 
controller ~ght best be suited to this 
approach because learning is a major 
aspect of the method. 

The secbnd goal, inexpensive and 
modular construction, has been achieved 
at the present time (although this result 
does not include the controller). A 
prototype of the robot arms and 
grippers are currently being fabricated 
that consist of easily obtainable 
servomotors and light weight plastics. 

The servomotors for this application are 
the same devices used in remote 
controlled cars and airplanes and are 
found in some animatronic displays. The 
gripper architecture consists of two 
opposing fingers that are modeled after 
human digits in that each finger 
incorporates a soft grip pad at the tip 
with a hard nail for picking and scraping. 
These 'fingers' are designed to allow for 
ease of replacement and be inexpensive · 
to replace when worn. 
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The links and joints of the robot arms are 
designed to resemble human arms and 
have similar construction (plastic and 
servomotor) to the gripper. The arms 
will also be inexpensive and easy to 
replace. Figure 1 shows the completed 
gripper for the .Theremobot. 

Figure 1. Theremobot Gripper 

The final goal of the project, the ability 
to lift and manipulate objects weighing 
up to 8 ounces, is achieved by sizing and 
positioning the servomotors to allow for 
enough joint torque to carry a load of 
this mass. The tasks intended for the 
arms, light assembly work, paper and 
envelope handling, . eating, and game 
playing do not require strength beyond 
the ability to lift 8 ounces and so this has 
been set as the upper limit to conserve 
cost of the unit. 

2 Gripper and Arm 

The gripper and arm fabrication, as 
mentioned above, are being designed with 
the ideas of cost, ease of replacement, 
and human limb resemblance in mind. To 
accomplish the first task in the 
construction, materials and motors are 
being examined to discover the 
appropriate components for the robot 
that are low cost and readily available to 
any buyer. The materials examined for 
the arm links and gripper components 
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have included polystyrene, nylon, and 
polyurethane. 

The second task of the Theremobot 
project is to design a system such that a 
person who has to replace a part on the 
robot can do so with great ease and 
simplicity. A final design consideration 
has been to make the robot arms and 
grippers resemble human limbs as much 
as possible. In doing so, the robot can 
nunuc human limb movements, 
limitations, and functions. This approach 
is easily classified as "form follows 
function", however, there is a deeper 
ramification to th~ approach that speaks 
to the requirement of the controller to 
filter undesirable motions (tremor) from 
the gestures of the human operator. If 
the arms being controlled mimic the 
physical motion capabilities of the 
human arms being emulated, then the job 
of the controller to correctly interpret 
the desired motion will be simpler and 
facilitated by the implicit motion 
constraints of the system. Simply put, a 
coordinate and spatial motion 
transformation will not be required. 

The motion of the robot arms and 
grippers will include elbow motion, 
abductor and adductor movement, hand 
rotation, supinators, pronator, levator, 
and depressor movement from forearm 
muscles, and shoulder motion with 
abductor, adductor, levator, and 
depressor movement. All these motions 
are being incorporated into the arm 
design to provide human like control of 
the arms. 
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3 Software and Controller 

The software and control development 
of the project, to date, consists of a 
motor controller circuit that handles 
pulse width modulation (PWM) for the 
servomotors and set of simulation 
programs that simulate the robot arm 
motion and appearance. The motor 
controller device that is being used is 
capable of commanding the positioning 
of sixteen servos at one time. Test 
programs have been written to control 
the gripper in a highly modular fashion 
to allow for easy expansion as the 
controller evolves in complexity. 

The motor controller is a commercially 
available part that consists of a small 
electronic circuit card (3" x 3 ") with RS-
23 2 serial input and direct output to 
common PWM servomotors. The 
software to develop the arms has been 
coded in C and BASIC to run on IBM 
PC class machines. The controller board 
is commanded by downloading a 
position data structure over the serial 
port. The controller board is plug 
replaceable in the event of failure. We 
anticipate the need for a substantial 
computer control system as the project 
develops, so the use of a serial command 
interface will permit us to use virtually 
any platform available. 

Experiments with the gnpper and the 
control program written to allow 
manipulation of the fingers from the 
keyboard have shown that our goals of 
manipulating envelopes and paper have 
been accomplished. Additionally, small 
objects of 8 ounces or less can be 
grasped and held. 

The robot ann simulator program . was 
created prior to arm development· .for use 
in torque analysis, with inputs being 
different joint angles of the arm and arm 
link length, chosen arbitrarily to 
determine the proper servomotor 
position and link lengths to achieve the 
desired object manipulation. The 
program is currently being rewritten to 
provide a three dimensional view of the 
robot arms. 

4 Summary 
The Theremobot project is a com
bination of simple, low cost mechanical 
design with an intelligent controller 
designed to help individuals with tremor 
and spastic motion disabilities cope with 
the environment around them. The 
totality of the project will most likely 
include a vision system connected to a 
workstation class computer that 
interprets spastic, but directed, human 
gestures. The appropriate control 
commands will be fed to a motor 
controller for the positioning data of the 
robot arms and grippers. This system 
will be used to perform tasks that a 
disabled subject would not be able to 
perform easily. These tasks include 
manipulating envelopes for bulk mail 
purposes, playing with board games and 
puzzles, computer programming and the 
handling of eating utensils. 
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Abstract 

In robotic path planning, one of the most commonly used 
objectives is the avoidance of singularity, typically based 
on some indices relating to either the determinant or the 
condition number of the manipulator Jacobian. While one 
can determine whether a manipulator is exactly at 
singularity or not, by checking if the corresponding 
determinant of its Jacobian is equal to zero; the 
determinant, if nonzero, does not yield any meaningful 
result regarding the degree to which the manipulator is 
near the singularity. Although the condition number does 
give some sense of nearness to singularity, it 
unfortunately lacks the invariant property with respect to 
the change of system metric (e.g. from centimeter to 
meter). As such, any 'optimal' solution based on the 
aforementioned indices could only be deemed as arbitrary 
in nature. In this article, a new index for quantitative 
characterization of a robot at a near-singularity state is 
proposed to remedy the above deficiencies. The basis of 
the new index is originated from the concept of reciprocal 
screw in screw system theory. Due to the geometric 
nature of theory, the resulting index is invariant with 
respect to the metric of system. Examples will be given 
to illustrate this important property. 

1. Introduction 

The most common way to characterize the singularity 
conditions of a serial manipulator is to use the 
determinant of its Jacobian matrix. By solving the 
conditions for which the determinant of the Jacobian 
matrix is equal to zero, one can identify the singular 
configurations of the robot. By substituting one of the 
singularity conditions back into the Jacobian matrix, we 
can find out characteristics of singularity at that specific 
configuration, including the degrees of freedom of the 
manipulator (rank of the Jacobian), the lost degree(s) of 
freedom, and the joints which should be utilized to move 
away from the singular configuration. Using the 
determinant of the Jacobian matrix to find out the 
characteristics of the singularity involves relatively simple 
and straightforward procedures, and several illustrations 
can be found in the literature [1,2]. 

In robot control, we do not want the serial 
manipulator either at the singular configuration or, in 
practice, close to one. As mentioned above, the 
determinant of the Jacobian matrix is a potent method to 
give information about serial manipulators when they are 
exactly at the singular configuration. It does not, 
however, yield any physically meaningful information 
when the determinant of the Jacobian matrix is not zero, 
about whether or not a serial manipulator is at a 'near 
singular' configuration. In addressing the above 
deficiency, researchers have proposed alternative measures 
based on singular values or condition number [4-8] of the 
Jacobian to describe how close a manipulator is near 
singularity. Certainly either one is a better measure than 
the determinant. However, both have a major drawback; 
i.e., they are not invariant with respect to units change. 
In other words, if we use centimeter, instead of meter, to 
describe the same configuration of a robot, the resulting 
singular values and condition numbers will change. This 
will be illustrated using an example in Section 4 later. 

As a remedy to the above methods, we propose a new 
and, more importantly, an invariant index to characterize 
the singularity and the near singularity states of serial 
manipulators. The proposed measure, which shall be 
referred to as 'screw-based singularity index (SSI)', is 
developed based on the concept of reciprocal screws 
similar to the manipulability index of [9], which was 
derived for closed-loop spatial mechanisms only. The 
SSI may not be any more useful than existing ones to 
identify the singular configurations, because the 
determinant of the Jacobian is quite sufficient in that 
aspect. The Singularity Index is, however, far more 
accurate and physically meaningful in providing a 
quantitative measure to characterize the 'near' singular 
configurations because it is invariant with respect to 
different measurement metrics. 

2. Screw· Based . Modeling of Serial r 

Manipulators 

2.1 Basic Development 

We begin with a discussion on screws and their 
applications to the modeling of serial manipulators.' As is 
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well known, for serial chain manipulators with n active 
joints, the 6x 1 vector of linear-and angular velocities, v 
and ro, of the end effector are related to the nxl vector of 
joint rates, q , by: 

(1) 

where J, a 6xn linear transformation matrix, is referred to 
as the Jacobian of the manipulator. 

A screw is basically a geometric entity which, by 
definition, is composed of a line and a 'pitch' (scalar), 
characterized by six scalar parameters (screw coordinates) 
[3]. However, when attached with appropriate physical 
meanings, it can be used to conveniently represent 
instantaneous kinematics (angular and linear velocities) as 
well as statics (forces and moments) in a single body, or 
collectively, a system of bodies. 

For example, the instantaneous motion of a rigid 
body, such as the end effector of the manipulator, can be 
conveniently expressed as a screw represented by a vector 
pairl given by [ro, Jl] [3]. In the foregoing notation, ro 
is the angular velocity of the body and J.1 is the 
translational velocity of a point (may be imaginary) in the 
body which is instantaneously coincident with the orioin 
of the fixed reference frame. Note that an one-to-;ne 
correspondence exists in general between the vector-pair 
~d _the line-pitch descriptions-- here the pitch of the screw 
1s g1ven by the ratio of linear to angular velocities {J.1)ro) 
and the direction of ro gives the axis (line) of the screw. 

Similarly, the instantaneous motion of a kinematic 
pair can also be described by a screw. In a serial chain 
configuration these joint screws act 'in series'; thus the 
end effector screw which describes the instantaneous 
motion of the end link can then be expressed as a linear 
combination of all the joint screws. That is, using the 
same vector pair as defined previously, we can write 

where $;, and qi (i=l, .. ,n) are, respectively, the 

normalized joint screw (in the form of a twist) and its 
ass~iated joint rate (or amplitude of twist [3]). One can 
rewnte Equation (2) into a matrix form as: 

1Such a combined angular and translational 
velocity pair is also referred to as a 'twist'. 

(3) 

It can be seen that the above relationship is essentially the 
same as Eq.(l) except that the matrix which relates the 
joint ra~es to the end effector velocity (described by a 
screw) IS the screw matrix containing all the normalized 
joint screws in its columns, as opposed to the usual 
Jacobian matrix. In fact, if choosing to describe the end 
effector linear velocity (v in Eq.(l)) at the same reference 
point as that used by Eq.(3)--namely at the origin of the 
fixed frame, then J.1 becomes one and the same as v and, 
consequently, the screw matrix in Eq.(3) must be identical 
to the Jacobian. It would be helpful to made clear that in 
the _context of instantaneous kinematics (or statics), the 
chmce of where to locate the fixed reference frame is 
completely arbitrary; for example, one can still locate 
such a frame at the tool center point (TCP) of the end 
effector. 

Note that the above development is valid in oeneral 
~o~ serial open chains connected through any lo;er-pair 
JOmts. For the common case of a revolute joint, since 
only pure rational relative motion is possible the 
~ormalized screw coordinates are basically just the Plucker 
hne coordinates of the joint axis (namely a screw of zero 
pitch).given by [u,(pxu)], where p andu are, 
respectively, position and directional cosine vectors of the 
joint axis. For a prismatic joint, on the other hand the 
joint screw must be one with infinite pitch since ~nly 
pure translation is allowed; in which case the screw 
coordinates are simply [0, u], with u being the directional 
cosine vector of the corresponding prismatic joint axis. 
Throughout the following discussion we shall retain the 
use of the term 'Jacobian' interchangeably with the 'screw 
matrix', although the geometric meanings of the latter 
will be emphasized in the development. 

2.2 Reciprocal Screws: 'Wrench-of-Constraint' 

In order to facilitate understanding of the followin a 

discussion, it is necessary to introduce the concept of 
'reciprocal screws'. By definition, two screws, $i and $ j, 
are said to be reciprocal when the following condition 
holds: 

(4) 

in which the trailing superscript T denotes the transpose, 
and 

~ = [03x3 13x3] 
13x3 03x3 

is an operator which, in effect, exchanges the positions of 
the upper three coordinates and the lower three coordinates 
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of the screw it operates on [11]. It is remarked that Eq.(4) 
has also been alternatively written as $; ® $ j = 0. 
Notice that the foregoing condition of reciprocity is purely 
a geometric condition. It is very useful for studying 
relationship between constraints and freedoms in a body 
when the screws are given appropriate physical meanings 
in kinematics and statics. 

Just as representing the velocity state of a rigid body 
by a screw, the statics state, too, can be represented by a 
screw in the form of a vector pair2, [f, m], comprising 
the resultant force (f) and the resultant moment (m) 
applied at that body. The screw which describes the 
velocity state, namely [ro, Jl], and the screw which 
describes the statics state, namely [f, m], become 
reciprocal screws when they satisfy the condition of 
reciprocity, which is equivalent to: 

m T ro + rT J.1 = 0 (5) 

It can be seen that the left hand side in the above has 
the same meaning as the instantaneous 'rate of working' 
between the two (wrench and twist) screws associated with 
the body. Hence, a useful way to understand reciprocal 
screws is to regard them as such screws of wrench and 
twist whose rate of working is zero. Moreover, since the 
load wrenches which have no work interaction with the 
motions can only be those of the reaction forces and/or 
moments attributed to constraints of the system, a still 
more useful interpretation for a screw and its reciprocal 
counterpart is to physically relate the former as the 'twist
of-freedom' (i.e., attainable motions) whereas the latter as 
'wrench-of-constraint' (i.e., constraint reactions) of the 
body. 

Analogous to concept of vector spaces, systems of 
screws can be formed by independent screws. The screw 
system formed by n independent screws is called a 'n
system' [3]. In general, a 'six-system' of screws 
containing a totality of 5-infmity of screws span the entire 
3D space, since no more than 6 screws can be linearly 
independent. For an 'n-system' of screws, n being no 
greater than 6, there exist associated with it a '(6-n)
system' of reciprocal screws, which can be seen to be 
consistent with the fact that the combined number for 
degrees of freedom and constraints for any system cannot 
exceed6. 

As an example, the joint screws in a serial-chain, six 
degree-of-freedom robot form a six-system in general, and 
there is no screw reciprocal to it except when it is at 
singularity. The robot loses one or more, say m, degrees 
of freedom at singularity and, correspondingly, the system 

2The combined force and moment pair is called a 
'wrench.' 

becomes a (6-m)-system for which there exist m-system 
of screws reciprocal to it. When a robot has less than six 
degrees of freeqom, it cannot achieve any arbitrary motion 
or, equivalently; exert arbitrary load in all directions. The 
direction in which the robot cannot exert any load is given 
by the screw reciprocal to its joint screws, denoted with 

. $ R • Furthermore, the direction in which the robot cannot 
twist. i.e., 'twist of non-freedom', is given by the elliptic 
polar corresponding to the reciprocal screw, namely, 
(~$R). 

2.3 Joint Rate Solution Using Reciprocal Screws 

In what follows we describe the joint rate solution 
based on the reciprocal screw for a general serial 
manipulator with n degrees of freedom, n s 6. Here we 
shall limit the discussion to the solution for the case with 
n = 6 only (the understanding being that the result is 
equally applicable to the case with n < 6). Recall that Eq. 
(2) gives the velocity equation of any such serial 
manipulator, in which $i has been used to denote the 
normalized twist screw of the i-th joint. We now define 
$ Ri , for i= 1 , .. n, as the normalized screw reciprocal to all 

the (five) joint screws but the i-th joint; that is, 

$J(~$Ri)=O, j=1,2, ... ,n; j;ei (6) 

then, by taking the reciprocal product between $ Ri and 
Eq. (2), it is easy to show that the joint rate of the i-th 
joint can be explicitly obtained as [11]: 

(7) 

where $ ee has been used to represent the end effector 

screw for convenience. 

It is interesting to note, from result of Eq. (7), that 
the joint rate at the i-th joint is essentially the ratio of the 

work done by $ Ri on $ ee to that of $ Ri on $;. It is also 

worth ·noting that $ Ri has the physical meaning that it 

represents the portion of the resultant wrench (exerted by 
the end effector) which is due to the actuator at joint i 
alone. For a six d.o.f. robot, there are in general six such 
wrenches of reciprocal screws which will be linearly 
independent (except at singularity); the combination of 
such a system of reciprocal wrench screws can equilibrate 
any arbitrary external load. 
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3. The Screw-Based Singularity Index (SSI) 

We are now ready to develop the proposed singularity 
index (SSI). Briefly stated, the main idea of the 
Singularity Index is to have a means of quantifying 'the 
degree of dependency' of each individual joint in the serial 
chain. One way to do so is suggested by the denominator 
of Eq. (7), which clearly indicates that the manipulator 
will be at singularity when the denominator becomes zero. 
However, the denominator, which is the reciprocal product 
between the twist screw and the wrench screw associated 
with a joint, has associated with it physical meaning 
which can be utilized provide useful geometric insight 
even if its value is not zero at near singularity. 

As pointed . out before, w$ Ri has the physical 
meaning that it is the wrench which is exertable by the 
end-effector due to the i-th joint (actuator). For the i-th 
joint, it can generate a twist of $ . at the end-effector and 

I I 

it also can induce a wrench of w$ Ri to the end-effector. 

Therefore the meaning of reciprocal product of ,$; and 

w$ Ri represents the rate of working between those two 
screws; that is, the effectiveness of transmitting the 
actuator effort by the i-th joint to the end-effector at its 
present configuration. If such a reciprocal product is zero, 
then the implication is that, at this configuration, joint i 
now has no effect on the motion and/or the force load of 
end effector whatsoever [10]. In other words, the 
physically active joint is instantaneously rendered 
'inactive' and in effect become part of the constraint 
structures, which is exactly the case when a manipulator 
is ~t singularity. As can be inferred, the larger the 
re~1procal product is, the more effective it is the joint 
bemg cons1dered, and hence the farther away it is from 
singularity. To remove the ambiguity due to scale, it is 
necessary to 'normalize' the quantity with respect to some 
standard metric .. In this case, we have chosen to use the 
maximum attainable rate of working between the screws 

,$ i and w$ Ri • 

. Based on the above, we can defme ajoilzt singularity 
zndex (JSI) for each active joint in a robot manipulator as 
follows: 

JSJ. = lw$Rl0 r$il 
' lfJV;I + lcv;jjm;l 

(8) 

where w$ R;®1 $; represents the reciprocal product of twist 

r$ ; and wrench w$ Ri , in which 

w$Rl = [ ~}nd ,$, = [ ;;J respectively. 

Each index seen above consists of two parts: the 
numerator represents the effectiveness for a specific joint 
and the denominator indicates the maximum possible rate 
of work of the two screws. The index means how 
efficient the twist induced wrench is with respect to the 
twist itself. Each index can vary from zero to one. If the 
JS/i equals to zero, it means the i-th joint is linearly 

dependent to the other joints, hence the serial manipulator 
is at a singular configuration. If it is close to zero, then it 
~eans the i-th joint is almost, though not exactly, 
linearly dependent on the rest of the joints, and the serial 
manipulator is said to be at a near singular configuration. 
The obtainable velocity of the end-effector at that 
configuration can be approximated as being spanned by all 
the ,$ j 's with the corresponding i-th twist being excluded. 

The serial manipulator will be at a near singular 
configuration if any of the indices is close to zero. 
Clearly the joint index which gives the minimum value of 
all indices should be used to quantify the degree to which 
the manipulator is close to becoming singular. That is, 
for an n degrees of freedom system, there will be n 
indices: JSI1 , JSI2 , .... JSI n, associated with the n joints 

and, for the manipulator, the screw-based singularity index 
of ( SSI) shall be defined as: 

(9) 

The SS/ as proposed here has the advantaoe that it 
provides information on not only which is 

0

the most 
linearly dependent joint to the others is, but how linearly 
dependent it is. Moreover, perhaps the most important 
feature is that the SSI is invariant with respect to different 
measurement metrics. This means that any solution based 
on the optimization of the SSI will indeed be 'optimal' 
and independent of any chosen metric. An apparent 
disadvantage is the increase in its computation complexity 
due to the need to calculate the reciprocal screws. 
However, it should be noted that it is often possible to 
obtain most, if not all, of the reciprocal screws in closed 
form because of special geometry inherent in most serial 
chain manipulators. Further discussion on such a topic is 
outside the present scope of this paper. 

4. Examples 

For a 3 degrees of freedom (x, y, and rotation about z) 
planar manipulator as shown in Fig. 1, we will first find 
the Jacobian, the determinant of the Jacobian, the singular 
values and the condition numbers associated with this 
configuration, and then demonstrate how they are ooino to 
change if the units of measurement are changed. We :.in 
also illustrate the use of the proposed index. 
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1.0 m 

Figure 1: The 3 degrees of freedom planar manipulator 

Referring to Fig. 1, the velocity equation between the 
end-effector and joint rates can be expressed as follows: 

(l)xe-e rad I sec 

(l)y e-e rad/sec 

=J[ !:] (l)z e-e rad I sec 

vxe-e m/sec 
(10) 

Vye-e m/sec 

vze-e m/sec 

The exactly same system can also be represented by using 
the units of centimeter, radian and second. In that case, 
the . velocity relation between end-effector and joint rates 
will be 

[

roz rad I sec] [ B1
] 

V x em I sec = J 2 ~2 
VY em/sec 83 

(12) 

where 

J2 =[-3~ 
300 

1 1 lrad I sec 
-100 -100 em/ sec 

300 100 em I sec 

It is noted that Eqs.(11) and (12) describe that same 
physical system, just with different units. Now, we are 
going to calculate its determinant, condition numbers and 
our proposed Singularity Index for the matrices J 1 and J2. 

3.1 The determinant-based measure 

Det(J1) =-4m2 I sec3 

Det(J2 ) = -40000 em2 I sec3 

where Although the determinants of J 1 and J2 are relatively easy 

CO; e-e :the angular velocity of the end-effector in the i directi~compute, we can hardly know whether -4 m2 I sec3 is 

V; e-e :the linear velocity of the end-effector in the i direction~loser or farther away from the singularity. The values 
. -4 m2 I sec3 and -40000 em2 I sec3 do not contain much 
ej : the magnitude of the joint rate of the i-th joint of physical meaning. 

0 0 0 ro x rad I sec 

0 0 0 roy rad I sec 

1 1 
J= 

-3 -1 

1 roz rad I sec 

1 Vx m/sec 

3 3 -1 vy mlsec 
0 0 0 Vz m/sec 

is the Jacobian at this configuration. 

Since this is a 3 degrees of freedom manipulator which 
moves in a plane, cox, COY and Vz are always equal to 

zero. Eq.(lO) can be simplified into Eq.(ll). 

(11) 

where 

3.2 The SVD-based condition number 

The idea is to write the Jacobian in the form 

u T m D v, where m D is a diagonal matrix, and u and v 
are row orthonormal matrices. The diagonal elements of 
m D are known as the singular values of the Jacobian 
matrix. The ratio of the largest singular value of a matrix 
to the smallest one gives the condition number of the 
matrix. In this case, the singular values of J 1 are 

[

5.588 0 0 ] 
m d (of J 1 ) = 0 1.190 0 

0 0 0.6018 

And the condition number of J 1 is 

Conditionmunber (of J 1) = 5
·
588 = 9.285 

0.6018 
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For J2, 

--- [534.806 0 0 ] 
md (of J2 ) = 0 118.259 0 

0 0 0.6325 

Condition number (of J 2 ) = 534
·
806 = 845.543 

0.6325 

There are two major disadvantages with the use of the 
singular values and the condition number in de~cribing 
singularity. First, both the singular values and the 
condition number change when the units of measurement 

· change. Second, the units of the singular values, and 
hence the condition number, can not be easily identified, 
so their physical meaning is hard to be comprehended. 

3.3 The Screw-based singularity index (SSI) 

For a planar 3 degrees of freedom system, the wrench 

screws can be conveniently written as w$ = (fx,f,;mzl· 

Note that, in actuality, the full representation should be 

w$ = (fx,fy,fz;mx,my,mz)T . Since fz, fz and m, 

are always equal to zero for a planar 3 d.o.f. system, the 
representation can be abbreviated. 

For J 1, we can find the reciprocal wrenches as 
follows: · 

[
fxl [1] kg·mlsec

2 

w$Rl = f 1 = 0 kg·mlsec2 

mz 1 kg·m2 lsec2 

[

1 I ..fil kg· m I sec
2 

w$R2 = 11..fi kg·mlsec2 

0 kg· m2 I sec2 

[

1 I ..fil kg · m I sec
2 

w$R2 = 11..fi kg·mlsec2 

0 kg·m2 lsec2 

where the w$ Ri is the wrench which is reciprocal to all 
but the i-th twist of this serial manipulator. 

Based on the above reasoning, the manipulability 
indices of the serial manipulator shown in Fig. 1 are 
defined as follows: 

JSil = lw$R1°r$d = l-21 
lrdiVd+ lwdlmd 1· 3{2 + 1·1 

0.381 

JSI
2 
= lw$R2°t$zl = O 447 If 21lV 2l+ lw2llm2l · 

where w$ R;®1 $; represents the reciprocal product of twist 

1$; and wrench w$Ri. The Singularity Index (SSI) is 
given as the minimum value of all the lSI's: 

SSI = min(JSI1, JSI2 , JS/3) = 0.381 

In the case that the unit is changed from meter to 
centimeter, the joint singularity indices obtained above 
will remain invariant. As an example, the effects on ,$1 9 

w$ Rl and JS/1 due to the unit change are demonstrated in 

the following. 

Clearly it is seen that the JSI1 after the unit change is 
exactly the same as the old one. In addition, it can be 
deduced tbat JSI2 , JSI3 and thus the Singularity Index for 
the manipulator will also remain the same. From the 
above discussion, it can be seen that the proposed 
Singularity Index is invariant to change of measuring 
units and have clearer physical meaning. Although this is 
only a 3 d.o.f. planar example, the same rationale can be 
applied to general 6 d.o.f. manipulators without 
modification. 

S. Conclusion 

We have proposed a new index, referred to as the 
screw-based singularity index (SSI), for quantitative 
characterization of a robot at a near-singularity state to 
remedy the metric dependency deficiency associated with 
the extant measures. A main feature of the SSI is that it 
not only identifies which is the most linearly dependent 
joint to the others is, but indicates the degree of how 
linearly dependent it is. In addition, more importantly, it 
is invariant with respect to different measurement metrics. 
Examples illustrating the invariant property as well as 
utilities of the new index has also been included. 
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Abstract 

The paper presents an attempt to solve the 
forward kinematic problem of parallel manipulator by 
mapping using Neural Networks. Different network 
architectures were trained with limited set of data 
confined to subspace . of the manipulator workspace. 
The recall results indicate the the solution is not 
accurate enough for positioning control purposes. 
However, since the forward kinematic solution for a 
general parallel manipulator is numerical, the use of 
the recall data as the initial guess reduces 
dramatically the number of iteration needed for the 
numerical algorithm to converge. 

1. INTRODUCTION 

Much attention has been paid to the use of 
parallel manipulators as an alternative to the serial 
manipulators. The primary reasons for such 
alternatives are that they offer much higher stiffness, 
load capacity and wider dynamic bandwidth. A closed 
form solution of the forward kinematic problem for 
the general parallel manipulators is not available. 
And yet, the forward kinematics solution is essential 
to some application areas such as kinematic 
calibration. Research on the subject has lead to 
iterative numerical solutions for the general case and • 
closed form solution for particular geometries. 

Mapping between the joints and world spaces is 
an alternative approach for the solution of the · above 
problem. This paper investigates the feasability of 
using artificial Neural Networks (NN) for such 
mapping. A feedforward NN architecture trained by 
the backpropagation (BP) algorithm have been 
explored for this purpose. A similar methodology of 
solving the forward kinematics problem in the case of 
serial manipulators was proposed in [2]. Different 
network architectures, single as well as multi hidden 
layer with variety numbers of neurons, were used in 
this study. 

1995 Florida Recent Advances in Robotics 

The parallel manipulator in this case has the 
configuration known as Stewart platform [1], 
illustrated in Figure 1 . Its structure consists of a base 
plate and a moving plate actuated by six prismatic 
joints (legs) that connect both plates. Each leg is 
connected to the base plate and the moving plate with 
U-joint and ball-joint, respectively. 

A base coordinate system {B} is placed at the 

base center 0 b with its Z axis perpendicular to the 
base plane. Similarly, the coordinate system {P} is 
located at the center of the moving plate. The pose of 
the moving plate is described by a 3 X 3 orientation 
matrix Rand a translation vector q which defmes {P} 

with respect to {B}. The length of each leg Li can 
be described as follows: 

(1) 

where: 

Li The ith leg length 
R The orientation of the moving plate 

pi The vector from the origin of { P} to the 
ith upper joint 

q The position of the origin of {P} wrt {B} 

b i The vector from the origin of { B} to the 
ith lower joint 

2. USE OF NEURAL NETWORK 

Many highly non-linear problems which are 
difficult to solve with conventional methods are 
reported to be successful using various neural network 
architectures because of the network's learning 
capability. 

One of the reason for using neural network is the 
network capability to map non-linear relationships 
between two sets by a simple training procedure. In 
this case, during the training, the input to the network 
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is the six lengths of the platform's legs and the output 
is the corresponding pose as illustrated in figure 2. 

Backpropagation is an extension of many 
ADALINE structures involving the addition ~f a 
nonlinear function on the output of each neuron, and 
the use of multiple layers. ADALINE, which stands 
for ADAptive LINear Element, consists of a single 
neuron of the McCulloch-Pitts [4-6] type with the 
weights determined by the Least Mean Square (LMS) 
learning law. As a supervised learning, the neuron 
computes an error signal, the difference beween the 
desired output and the computed output, and adjusts 
the weights so that the computed output is closer to 
the desired output. However, it does have feedback to 
compute the output error which is fed it back to the 
input during the training phase. 

In order to make the training fast and the cost 
function reach the global minimum, the learning 
function with momentum and adaptive learning rates 
are used. The activation functions for the hidden 
layers are sigmoid and the activation function for the 
output layer is linear function. 

3. NETWORK TRAINING 

The workspace, which was used for training, was 
limited to the cubic space ditmed by -S<X<S inches, 
S<Y <S iriches, and 70<Z<80 inches. Fifty poses of 
the platform were randomly generated within this 
worlcspace with orientation angles a., ~ and 'Y varied 
from -S0 to so. The corresponding leg lengths were 
calculated by Eq. (1). Forty sets of data were used to 
trained the network while therrest were used to test 
the network in the recall phase. 

Initially the backpropagation algorithm was used 
to train the network, using the above data. After 
50,000 epochs the network did not converge. Since 
the BP algortihm employs gradient descent procedure, 
the "non-uniform" distribution of the data used for 
training forced the neurons to adjust their weights in 
such a way that they saturate. This type of data has 
led the training to a local rather than a global 
minimum. 

To overcome this problem, the Z data were 
transformed to the same range as other data points by 
removing the central value of Z (subtracting 7S"). The 
same network, with the modified data, was trained, 
and this time the solution converged. For the recalling 
phase, the outputs of the networks were transformed 
inversely. 

4. NETWOK ARCmTECTURE 

Several network configurations were used and 
their structures and the number of connections, N, are 
indicated in Table 1. All these networks were trained 
with 40,000 epochs and the fmal value of the sum
squared error, SSE, which is an indication for their 
performance is also shown in Table 1. In general, 
more number of neurons and more hidden layers have 
better performance which converges faster. 
Unfortunately, there is still no analytical method to 
determine the optimal usage of the network to give 
the best results. Comparing the results from several 
types of configurations is the only possible way to 
determine the suitable network. The convergence of 
the above networks is illustrated in Figure 3. 

Case Architecture N SSE 
1 6-10-10-6 220 8.9201S 
2 6-S-1S-6 19S 104.417 
3 6-1S-S-6 19S 167.339 
4 6-20-6 240 2.44234 
s 6-2S-6 300 l.S3037 
6 6-30-6 360 0.829004 
7 6-60-6 720 0.234006 
8 6-30-30-6 1260 0.44286 2 

Table 1: Network architecture and training results. 

To evaluate the results obtained by the networks, 
the Euclidain norm difference between the target and 
the recalled pose was determined separately for 
position and orientation. These results are shown in 
Figures 4 and S. 

The error norms seems not so small. One reason 
for that is that the network was trained by only SO,OOO 
epochs and it does not reach the error goal. Another 
reason is that only 40 poses were used for training. 
As a result, the trained network does not match the 
forward kinematics accurately. 

5. USE OF NEURAL NETWORKS FOR 
ITERATIVE NUMERICAL SOLUTION 

In the previous part, we have shows the efficiency 
that the neural network can solve the forward 
kinematics of Stewart platform. The direct 
implementation through recalling phase makes the 
solution procedure simple. If high accuracy is not the 
main concern, we can use the results directly. If the 
requirement for high accuracy is quite strict, we can 
not use the results from the recalling phase directly. 
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However, these results can be used to accelerate the 
convergence of the numerical solution. 

Newton-Raphson is a gradient decent search 
based method and therefore the initial guess of the 
solution effects the solution and its convergence. 
Although in some cases the initial guess can be 
determined intuitively, for continuous processing 
procedure such as real time control this task is 
impossible; One accepted approach is to choose one 
fixed point as the initial point for all cases. 

In this case the forward kinematic problem was 
solved numerically using Newton-Raphson method. 
This procedure was used twice for two initial guesses: 
1) The solution provided by the neural network; and 
2) An initial pose given by [0 0 LL/6,0 0 0]. Figures 6 
and 7 illustrate the error norm between the initial 
guess and the solution. As shown the initial guess 
obtained by the neural network is by far better. Table 
2 present the required number of iterations needed by 
the Newton-Raphson method to converge to the 
solution using the two initial guesses. As shown, the 
use of the neural network results as initial guess, 
reduced the required number of iteration in all cases. 

Pose N1 N2 
-- 1 10 81 

2 39 61 
3 59 70 
4 63 87 
5 63 78 
6 41 64 
7 62 80 
8 26 63 
9 61 73 
10 54 79 

Table 2 The comparison of the iteration number for 
two cases. 

6. CONCLUSIONS 

It was shown that a backpropagation with 
minimum of three layers is capable of learning the 
forwrad kinematics of a Stewart Platform. In order 
for a neural network to be fast and accurate a large 
number of neuron as well as large number of data are 
needed. After training, the network can provide a 
solution with a certain degree of accuracy directly and 
simply. If higher accuracy is required, the network 
solution can be used as an initial guess for any kind 
numerical method. This might eliminate the problem 
local minima and divergence and will accelerate the 
convergence. 
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A KOHONEN SELF-ORGANIZING NEURAL NE_JWORK FOR THE 
SOLUTIONS OF FORWARD KINEMATICS OF ROBOT MANIPULATORS 

Dali Wang and Ali Zilouchian 
Dept. of Electrical Engineering 

Florida Atlantic University 
Boca Raton, FL 33431 

ABSTRACT 

Kohonen self-organizing neural network is used to solve 
the fonvard kinematics problems of robot manipulators. 
In the training phase, neurons learn their distribution 
through competition learning. In sequel, the nonlinear 
mapping has been obtained by proper calibration of 
training results. The proposed method is based on the 
unsupervised learning which does not rely on the 
knowledge of process model and target information. 
Simulation results have shown the effectiveness of the 
proposed method for a two degree planer robot 
manipulator. 

I. INTRODUCTION 

The kinematics problems address the relationship 
between a robot end-effector position and its joint angles. 
In forward kinematics, the end-effector positions in 
Cartesian space are obtained for given joint parameters. 
Therefore, the fonvard kinematics specifies the relation 
between the joint angle vector <I> ( n x 1) and the 
Cartesian vectors X (m x 1) as: X=f(<I>), where f is a 
nonlinear and continuous function. The inverse 
kinematics problem is defined by: <I>=f1(X). 

Most proposed techniques for above problems are 
numerical methods. Due to their iterative nature, the 
computation efforts to reach final solution are time 
consuming and does not necessary guarantee the 
convergence. Further more, the numerical solutions are 
depended on the accuracy of Denavit-Hartenberg [1] 
parameters and the proposed kinematics models. 

In the other hand, neural networks (N.N.) possess the 
significant features such as learning and nonlinear 
approximation. These properties make neural network a 
promising approach to solve the kinematics problems. 
One possible solution is to divide the working space of 
the robot into a number of discrete areas, and use a 
numerical procedure to detennine the kinematics solution 
for each area. The cerebellar model articulation 
controller (CMAC) [2, 3], which is the preliminary form 
of neural network, was developed based on this idea to 
act as a function approximator. CMAC is a mapping that 
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encodes an input vector into a set of pointers, which 
selects a set of weights from subtables. The selected 
weights are then summed to generate the output vector. 
The weights are obtain through learning given by the 
error between of desired output and CMAC output, which 
means a supervised learning. 

In [4], Guez proposed a solution to inverse kin~matics 
problem using back propagation algorithm. It has been 
shown that with 3 layers of perceptrons, the inverse 
kinematics problem can be solved. Nguyen and Patel in 
[5] proposed a similar solution to the fonvard kinematics 
problem. In addition to back propagation algorithm with 
<I> as input and X as output vector, the authors suggested 
a number of different network architecture such as the 
output splitting and the function link network which 
aimed for fast convergence and lower degree of 
complexity. The counter propagation network was also 
employed, which gave faster convergence rate but larger 
error. The main advantage of the back propagation 
algorithm for the solution of kinematics problem is 
capability of adapting to changes occurring in the 
environment and within the system. However, the 
supervised learning required large number of 
input/output data. This poses a strict limitation on the 
application of proposed methods with limited available 
data set. 

In [6, 7], it was reported that the Kohonen's self~ 

organization map could be used for the kinematics 
problems. Lattice-topology conserving map were 
employed to obtain the transformation between <I> and X. 
A sequence of trial movement of robot arm was proposed 
to position the end effector at different target locations in 
order to gradually improve the mapping. The main 
advantage of the technique is its unsupervised learning. 
However, this method depends on fonvard kinematics for 
inverse kinematics solutions, and vice versa. 

The fonvard kinematics problem is solved in this paper. 
An unsupervised approach is proposed which only 
requires very limited number of input and output data.' 
The simulation results for 2 degree planner robots are 
presented to show the effectiveness of the approach. 

University of Central Horida, Orlando, Horida, April 26, 1995 
65 



II. PROBLEM FORMULATION AND 
APPROACH 

The problem can be formulated as the development of an 
N.N. architecture to learn the end effector position by 
given joint angle values. By achieving this goal, we 
obtain the mapping between joint angle space and end 
effector space without an external teacher. 

The idea can be demonstrated by a single two degree 
robot example as shown in figure 1. The input data ~ 1 
and ~2 are provided by the measurements of the joint 
angles of the robot. It is desirable to obtain end effector 
positions without any prior knowledge of robot 
kinematics parameters. The basic idea to solve the 
problem is to obtain the discretized value of input space ( 
~ 1 & ~2) represented by a set of neurons based on the 
working space limitation of end effector (the boundary in 
Cartesian space). This process is called training. Since 
only the angle values are available in the training phase, 
some limited knowledge regarding the end effector 
position has to be used to establish the mapping between 
neuron position and the discretized Cartesian space. This 
is illustrate in Fig. 2. For each small area in the 
continuous Cartesian space Al, there is a corresponding 
mapping in the neuron space A2 represented by a neuron 
location. If we discretize the Cartesian space (Al) into 
A3 with same number of cell as the neurons, each neuron 
would correspond to one cell in A3. We calculate the 
mapping between neurons and cells during a calibration 
phase. By combining A2 and A3, we obtain a new 
neuron space (A4). Each neuron position in A4 stores 2 
different sets of data: weights, coding the angle value for 
the neuron position, and cell's reference, coding the 
center of discretized Cartesian space coordinate. 

y axis 

x axis 

Figure 1. Two degree of freedom planner robot 

.. -
.. -~:::~:~~::::::::-

y 

Figure 2. Illustration of the mapping process 

A. The training 

The training process is illustrated in Fig. 3. It consists of 
moving randomly the end effector within the defined 
working ~ace, measuring the joint angle value (~1, ~2), 
then sendmg the angle value to the network as training 
sample. E.ach end effector position defines an angle 
vector. Notice that two nearby points in the Cartesian 
space generate angle vectors that are close to each other 
and vice versa (i.e., the mapping is continuous). Weights 
thus are organized such that those neurons with closest 
topology are mapping of similar topological inputs. Due 
to nonlinear nature of the mapping, the mapped neuron 
space may not be in the same shape as input space. 

Each neuron receives two inputs ( ~ 1 and ~2) from the 
input layer and is assigned a weight vector ( with two 
components). For each input vector (<I>), neurons 
compete with each other to determine which processing 
element's weight is closest to the input. The winning 
neuron is selected and the weights (W m) of the winner 
and the neurons within its vicinity are allowed to be 
adjusted by Kohonen learning law: 

W m(k+ l)=W m(k)+cx(k)(<I>-W m(k)) (la) 

Wi(k+ l)=Wi(k)~ for i::;em (lb) 

where a. (k) are a suitable learning rate and m indicated 
the winner and the its neighbors within certain vicinity. 
As training going on, ex and range of vicinity slowly 
decrease to achieve a converged solution. The whole 
training processing is unsupervised. No information 
about end effector position is provided. 
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Neuron a 

Figure 3. Kohonen self-organizing training process. 
End effector moves randomly within working space; 
Joint angles are measured and sent to the network 
training samples 

B. The calibration 

The outcome of training is a set of neurons properly 
distributed in a 2-D space as shown on Fig. 2. The next 
step is to establish point to point mapping between a 
discrete Cartesian space and the neurons. The easiest 
solution is to find the coordinate in Cartesian space for 
each neuron. This goes back to pervious solution which 
make unsupervised learning meaningless. Our objective 
is to use few points to obtain accurate solution for 
kinematics problem. 

The process starts with discretizing the Cartesian space 
to the same number of cells as the number of neurons. 
We move the end effector along the boundary to obtain 
an angle value corresponding to the center of each cell. 
Thus, we have a data set in the Cartesian space with their 
coordinate (x, y) and angle value (~1, ~2). In sequel, we 
use the angle values as input of the trained neural 
network to find the winners. This procedure establishes 
the mapping between the cell in Cartesian space and the 
neurons in the network along the boundary. We can find 
all of other mapping by the method as shown in Fig. 4. 
Suppose we discretize the Cartesian space to n x m cells 
which corresponds · the n x m neurons in the neural 
network. The ell - elm - crun - cnl are calibrated cells 
that correspond to neurons N11 - N1m - Nrun - Nn1 in 
the N.N. We start with a convex point in Cartesian space, 
for example C11. The closest point to C11 and its two 
horizontal & vertical neighborhoods (C12, C21) is C22. 

Suppose Cxy is the vector corresponding to point Cxy. 
Then c22 is the vector which minimizes the following 
cost function in L1 norm sense: 

S1=L(ICxy-C111+1Cxy-C121+1Cxy-C21D ~minimum. (2a) 

Due to the nature of Kohonen self-organized N.N. and 
the continuity of the mapping, there exits a neuron in the 
N.N. which minimizes the following function: 

S2=r(!Nxy-N 111+1Nxy-N 121+1Nxy-N21 1) ~ minimum (2b) 

.... I 

Cnl o-----n 

Cl \ 1 =en 
X X 

C~l1 C~IJ-Cil ___ _...;.c;l.. ~~: 
01-ellzec:l C~ space~ • 0 Nl1 Nil Nil 

v--~-

jC11.1'11! CIZJU%) C:ll.Hill 

Figure 4. Process of calibration 

By denoting Nxy =N22, the neuron N22 is the one that 
correspond to cell C22. Given N22, N 12, N 13, another 
neuron (N23) which is corresponds to cell ~3 can be 
obtained. The procedure can be repeated to reach desired 
calibration. 

If two neurons make the S2 of (2b) very close to each 
other, · additional calibrated neighbor points can be 
introduced. In most cases, three neighborhood points are 
sufficient for the calibration of a neuron. Actually we do 
not need to. put all the uncalibrated neurons into (2b) to . 
find Nxy, although the calibration is done off-line. The 
easiest solution is to find a number of points (for example 
4 points) closed to a single neuron (one ofN11 , N12, N21 
in above example) and substitute them into (2b) to find 

NKY. 

Total 2(m+n) of cells in the example are needed for the 
calibration of other neurons. This is a conservative 
number. In most cases the calibration could be completed 
using n+ 3 cells. This includes the cell along one 
boundary and four coiner points. Even if we use whole 
boundary for calibration, only 2(m+n)/(mn)=2/m + 2/n 
percent of the total number of cells has been utilized. 
Consider a typical 2 axis robot with 30 x 30 in. working 
space. If we discretize the space by 0.1 x 0.1 in. cells, the 
maximum number of cell needed for calibration only take 
1.3 percent of total cells. 
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Ill. THE SilVIULA TION RESULTS 

In the following simulation, we choose a rectangular area 
as the working space of the end-effector. The lengths of 
robot links are 11 and 9 in. The initial values of neurons 
could be selected randomly. However, in order to 
facilitate convergence, they are selected such that the 
majority of them are in the proper orientation relative to 
the final desired neuron space. 

Competition learning requires all training vectors to be 
normalized to find the minimum Euclidean distance. 
Many general methods are available for normalization (8, 
9] but all suffer from one common drawback regarding 
the change of original variables. In our problem, the 
scales of original variables contain important information 
that may be lost during normalization. In order to 
preserve such information, we introduce a third variable 
to construct the input vector to the neural network. By 
changing the value of this variable, a normalized input 
vector is obtained whereas remaining inputs (joint 
angles) unchanged. 

Fig. 5 shows the development of neuron distribution 
during the training phase. The initial weights of neuron 

0 

0 

are randomly selected to congregate within the estimated 
range of neuron space. After 1000 end effector positions 
have been presented for training, the weight vectors have 
been moving out of the center range. With 5000 training 
steps, the neurons begin to approach the shape of its 
distribution. After 20,000 steps of training, the neurons 
develop to a proper distribution which is very close to its 
final form. Fig. 6 shows the average error versus the 
number of training steps. Obviously, the training result is 
fare satisfactory after 6,000 iterations. 

IV. DISCUSSIONS AND CONCLUSIONS 

We have shown that the Kohonen self-organization 
network could be used to solve the forward kinematics 
problem. The basic idea is to use the self-driven feature 
of Kohonen feature map to learn the nonlinear mapping 
between the continuous inputs and outputs. Only a 
limited number of target set information is needed for 
calibration. This approach differs from the previous 
approach in that the process is completed without an 
external teacher and prior knowledge of system model in 
both forward and reverse directions: The approach can be 
extended to solve inverse kinematics problem. 

Q)-0 0 

~. 0 

o ot:P 
0 

Figure 5. The development of neu~on distribution versus training steps 
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FOR MICROCONTROLLERS 

ABSTRACT 
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and 

Mehdi Daryadel 
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There exists a need and an opportunity to develop 
industrial control languages that take advantage of the 
powerful facilities offered by modern microcontrollers. 
Such languages should be easy to learn and be 
programmable in an intuitive manner. This study focuses on 
the high-level control language for embedded microcontroller 
applications. Specifically, it investigates the suitability 
of fuzzy-logic control as a complementary environment to 
ladder logic. The syntax and grammar are developed for a 
prototype language. The language is implemented as a code 
generator. The input to the code generator is a high-level 
description of the control task. The output is a subroutine 
written in the native assembly language of a 
microcontroller. 

1. LADDER LOGIC - THE DEFAULT INDUSTRIAL CONTROL LANGUAGE 

In the most basic implementation, Programmable Logic 
Controllers (PLCs) are Boolean processors. Over the years, 
PLC systems were supplemented by analog control such as 
proportional-integral-differential (PID) controllers, or 
hybrid digital-analog control. In its simplest 
interpretation, ladder logic is a circuit diagram. Figure 1 
shows a simple ladder logic program. 
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MOTOR 

Figure 1. A PLC ladder .logic diagram: A latched output . 

Each rung of the ladder is a Boolean (logic) statement. 
MOTOR is on if OFF is not pressed and if ON is pressed or if 
MOTOR is on. That is, 

MOTOR = (NOT OFF) AND (ON OR MOTOR) . 

Ladder logic has the advantage of being pictorial, and thus, 
easy to follow. Each rung is independent. If the program 
is implemented by relays, current will flow through each 
rung simultaneously. Most high-level languages such as C or 
FORTRAN are sequential in nature. Humans do not perceive 
control tasks as purely sequential activities. The 
perception of control tasks involves rules and exceptions , 
besides simple procedural routines. Ladder logic, with its 
sequence independent one-rung-per-task approach is easier t o 
visualize and modify. This advantage seems to increase 
further as the automation tasks grow in size. 

A parallel development in the last decade concerns the 
general adoption of Fuzzy-Logic Control (FLC) in many 
applications (see the Bibliography). FLC is intended to 
bring more intelligence to the application, resulting in a 
smoother, more human-like quality to control. There are a 
few commercial FLC development systems that assist the user 
in constructing and evaluating a rule base. 

2. FUZZY LADDER LOGIC CONTROL 

Both ladder logic and fuzzy logic control are rule oriented 
sequence dependent control task description languages. 
These properties make it easy to merge FLC and ladder logic. 
Once the linguistic variables and the term sets are 
established, the control task is described by a set of 
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rules. In our implementation, each rule starts with an IF 
keyword and has conditions and actions. A condition is a 
statement between two parentheses that ties an input 
linguistic variable with a term set, i.e., meaning: input 
linguistic variable equal or is term set. The conditions are 
separated by a (fuzzy) logical AND operator. The conditions 
are separated from the actions by means of the keyword THEN. 
The actions are similar to conditions but they apply to the 
output linguistic variables. The following example shows a 
rule specification: 

IF(temperature is hot) AND (humidity is dry) 
THEN (AC =medium); 

Here, temperature and humidity are linguistic variables 
associated with the two inputs. AC is a linguistic variable 
associated with the output (air conditioning unit). The 
term hot is one of the values the linguistic variable 
temperature may assume. Similarly, d~ and medium are terms 
of the linguistic variables humidity and AC. 

Fuzzy logic control rules can easily be combined with other 
PLC statements. Each fuzzy logic rule becomes a rung of the 
ladder. The figure below shows such an implementation. 

Figure 2. A fuzzy rule implemented as a rung of a ladder 
logic. 

Besides the input and output linguistic variables, the 
switches (inputs) and coils (outputs) of the ladder diagram 
must also indicate the term. In Figure 2, the first switch 
pertains to the linguistic variable temperature and its term 
hot. The set of terms associated with each linguistic 
variable must also be specified. Each term is a fuzzy set 
with its own membership grade function. In our 
implementation, we use a block of ASCII text along with the 
diagram to specify the term sets. Each term is defined by a 
trapezoidal membership grade function and the definitions 
are placed within the keywords %term and %endterm. Assuming 
that temperature is measured as a byte (0 to 255), consider 
the following terms for the linguistic variable temperature. 
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%term temperature 
cold (1@0, 1@30, 1@70, 0@90) 
cool (0@80, 1@90, 1@170, 0@190) 
warm (0@190, 1@200, 1@220, 0@230) 
hot (0@220, 1@225, 1@235, 0@255) 
%end term 

3. CONCLUSIONS 

Fuzzy-logic control is easily combined with ladder logic to 
produce an effective programming environment for industrial 
automation and control. Both Boolean and analog inpu ts and 
outputs are handled by FPLC. Moreover, each Boolean 
statement may be •fuzzified• by defining terms ON and OFF. 

There are advantages in supplementing ladder logic with 
fuzzy logic control to achieve Fuzzy Programmable Logic 
Control (FPLC). FPLC is rule oriented. The order of rules 
is arbitrary. It is easily modified. FPLC uses linguistic 
terms in rules. No special training is required. Operators 
and technicians may easily write programs. FPLC tolerant to 
contradictory or redundant rules. FPLC is capable of 
generating non-linear multi-input-multi-output rules without 
the need of further special features. The main disadvantage 
to this scheme is that the response of FLC is difficult to 
predict with analytical tools. Simulation is often the only 
course of evaluation. 

BIBLIOGRAPHY 

1. Arrestam R., and J. Holmlund. Fuzzy Logic Control 
Language (FLCL) for Embedded Controllers. Research 
Report, Industrial Research Laboratory, University of 
Florida, 1991. 

2. Isik, C. Inference Hardware for Fuzzy Rule-Based 
Systems. Fuzzy Computing Theory, Hardware, and 
Applications, Edited by M. M.Gupta and T.Yamakawa, 
Elsevier Science Publishers B.V. (North-Holland), 1988, 
pp. 185-199. 

3. Larsen, P. M. Industrial Applications of Fuzzy Logic 
Control. International Journal of Man-Machine Studies, 
12, 1980, pp. 3-10. 

4. Sugeno, M. (ed), Industrial Applications of Fuzzy 
Control. North-Holland, Armsterdam, 1985. 

1995 Florida Recent Advances in Robotics 
University of Central Rorida, Orlando, Rorida, April 26, 1995 

73 



5. 

6. 

7. 

8. 

74 

Yeralan, s., and D. J. Ramcharan. A New Standard for 
Industrial Control Languages. Proceedings of the 12th 
Computers and Industrial Engineering Conference, 
Orlando, Florida, March, 1990. · 

Yeralan, S., and R. Arrestam, J. Holmlund, and D. J. 
Ramcharan, •Fuzzy-Logic Control Language for Embedded 
Controllers, • Proceedings of the 14th Computers and 
Industrial Engineering Conference, Orlando; Florida, 
March, 1992. 

Yeralan, S. and B. Tan, •Fuzzy-Logic Control as an 
Industrial Control Language for Embedded Controllers,• 
to appear in Design and Implementation of Intelligent 
Manufacturing Systems, H. Parsaei, editor, Chapman & 
Hall, 1995. 

Yeralan, S., and B. Tan, •An Architecture and Language 
for Fuzzy PLCs• Proceedings of the International 
Conference on Industry, Engineering, and Management 
Science (IEMS94) Conference, Cocoa Beach, FL, March 
1994. 

1995 Florida Recent Advances in Robotics 
University of Central Florida, Orlando, Florida, April 26, 1995 



NEURAL NETWORK CONTROLLER FOR TURNING 
OPERATION OF A METAL CUTTING PROCESS 

Oren Masory, Ali Zilouchian and Sammy S. Cartright 
Robotics Center & Dept. of Electrical Engineering 

Florida Atlantic University 
Boca Raton, FL 33431 

In% "masory@accjau.edu" 
In% "zilouchi@accjau.edu" 

Abstract 

In this paper, the design and implementation of an 
effective Neural Network(NN) for process 
identification as · well as a Neural Network 
controller to track a desired cutting force under 
payload variations are presented. The proposed 
learning algorithm for NN is the backpropegation. 
In addition, an on -line controller algorithm is 
developed for the turning operation to track the 
desired force trajectory as closely as possible in 
spite of wide ranges of disturbances and payload 
variations for each metal cutting task. The 
simulation experiments demonstrate the effectiveness 
of the proposed method. 

1. Introduction 

During the past two decades, the commercial use of 
Computer Numerically Controlled(CNC) machines 
tools has been increased dramatically. A common 
drawback of these machines is their process control 
variables, such as the machining feeds and speeds, 
which should be prescribed by a process 
programmer, and, consequently, depend upon his 
process knowledge and experiences[l]-[3]. Flexibility 
as well as availability of various computer 
processing elements in a CNC machine have 
stimulated various research in order to automate the 
control of metal cutting process. In particular Model 
Reference Adaptive Control Adaptive (MRAC) for 
various metal cutting operations has been proposed 
by a number of researchers (e.g. [1]-[7]). These 
schemes estimate controller parameters directly, with 
process dynamic implicit in the design. Such 
proposed adaptive controls schemes can overcome 
instability and tool breakage due to process 
parameter variations. However, the identification of 
the given process is not an easy task. Furthermore, 
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the adaptive controller can become very 
complicated. In [8], the design and implementation 
of a hierarchical, knowledge based controller for 
turning is proposed. The proposed system consists 
of an intelligent supervisor and two control 
subsystem[8].1n this work, the effectiveness of 
using Neural Networks(NN) as an identification 
method as well as a controller implementation for a 
metal cutting process is investigated. 
The paper is organized as follows. In section 2, the 
turning operation is briefly described. Sections 3 
presents the identification of the process using NN. 
In section 4, an on-line NN controller has been 
developed for the turning operation to track the 
desired force trajectory as closely as possible in 
spite of wide range of disturbances and payload 
variations. Section 5 consists of conclusions. 

2. System Description 

Metal cutting is a convenient way to make one or a 
few pieces of almost any shape from an available 
chunk of raw material. In metal cutting operations 
an edged tool is driven through material to remove 
chips from parent body and leave geometrically true 
surfaces. The kind of surface produced by the 
operation depends on the shape of the tool and the 
path it traverses through the material. If a material is 
rotated about on its axis and a tool is traversed in a 
defined path relative to this axis, a surface of 
revolution is generated . 
When the material is cut, the workpiece is driven 
with respect to the tool, or the tool with respect to 
the surface, at a relative high rate of speed. This is 
called the cutting speeds and is commonly expressed 
in meter/min. or ft/min. Simultaneously, the tool is 
advanced comparatively slowly in a direction 
perpendicular to the cutting speed. This motion is 
called the feed and is defined as the tool advances into 
or along the workpiece for each of revolution of the 
workpiece and is given by mm/rev. or inch/rev. The 
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depth of the cut is the normal distance from the 
surface being remove to the surface exposed by the 
cutting tool. . 
During the machining as illustrated in figure( 1 ), a 
force is acting on the tool. The force has three 
perpendicular components consist of Fc(Cutting 
force), Ft(Trust), and Fr(Radial). In general, the 
magnitude of the cutting force(Fc) is related to. the 
tool/workpiece materials, tool geometry as well as 
process parameters. The system parameters include 
Feed{t), Cutting speed(V), and depth-of-cut(d) as 
shown in figure(!). 

Fc:CUTTING 

Figure ( 1): Cuttt"g force In turning 

A simple mathematical description of the magnitude 
of cutting force can be given as: 

Fe =Ks .d.fP (1) 

where in equation (1), the parameters are given as 
follows: 

d: Depth of cut[mm] 

Ks: Specific material related cutting force 
parameter[N/mm2 1 
f" Feed{ mm/rev 1 
p=constant parameter 

The cutting speed can be presented by the following 
equation: 

V=1t.D.N (2) 

where D is the workpiece parameter diameter and N 
is the spindle RPM 
During the process, depth of cut( d), spindle speed as 
well as parameter Ks .which is related to a particular 
material can change. The purpose of the controller is 

to maintain a constant value for the cutting force( Fe) 
in spite of variations in the above parameters. A 
simple block diagram of the process is shown in 
figure(2). 

CONTROLL£R 

SENSOR 

CUTTING 
PROCESS 

Figure(2): Block diagram of cutting process with Controller 

The controller is fed by the difference between the 
required and the actual forces and generate a velocity 
reference(V) to a closed-loop servo drive that can be 
approximate as a second order system in the 
following form: 

where ~=.7 and 25<IDn<40 radJsec. 
·The factor 60/N convert the velocity of the table to 
feed. Assuming linearity relation between f ·and 
Fc(P= 1 ), the cutting process can be model as a frrst 
order lag transfer function as follow: 

(4) 

The controller suppose to keep the system stable and 
provide fast response to changes in spindle speed as 
well as depth of the cut which might change either 
as step or ramp function. 

3. Process Identification Using NN 

As many investigated have reported previously, large 
number of parameters are involved in the dynamics 
of cutting process. In order to by-pass the temporal 
influence on these parameters, number of data based 
numerical representation methods such as Auto
regressive Moving Average(ARMA) were proposed 
to address the issue (e.g. [8]) . The ARMA model 
takes a set of data registrations and recasts it into a 
discrete, recursive, linear stochastic format. This 
form is taken as a representative relationship for the 
highly dynamic nonlinear process. 
In this section, the input-output data are utilized to 
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~·. 

model the turning operation of the process using 
backpropegation NN as an alternative identification 
scheme for the turning process[I3]-[14]. In sequel, 
an on-line NN controJler is design which actually 
produces the control surface decision during the 
turning operation. The overall proposed scheme is 
shown on figure (3). 

~N 
CONTROLLER 

I 
I 

NN 
IDENTIFICATION 

BLOCK 

CUTTING 
PROCESS 

Figure(3): Block Diag~m of NN controller 

Random input signal 

Time domain output for random input signal 

200 300 400 500 600 
lime (sees) ·Figure(4) 

Figure(5) 

- 3-Uyet Back~ion will'l~ LR & ~ 

[tr------1 
0 10 20 ~ 40 50 50 70 50 

3-Uyer Bad!~~~ LR & Mc:lrnetium 

The proposed NN architecture for off-line 
identification block consist of two hidden layer , one 
output layer and two input layers. The two inputs 
data include the present as well as previous velocity 
reference(V). The output data consists of on-line 
actual force which is detected by the sensor. The first 
hidden layer consist of 40 neurons, the second hidden 
layer consist of 30 neurons . Sigmoid ·activation 
function is utilized for all the neurons in the hidden 
layers. A limited linear function with clamping at 
either + 1 or -1 has been utilized for the output layer. 
The simulation result for off line identification of 
the process is shown in figures 4-7. In figure (4), 
the generated random input as well as process 
output to such random inputs are shown. These data 
have been utilized for the training of NN. In figure 
(5), the training results of NN with only one 
hidden layer consist of 40 neurons is shown. In 
figure (6) and (7), the error for the learning with 
adaptive learning rate and momentum factor are 
presented[10]-[12]. It is observed that in the latter 
case, the algorithm converges in a relative small 
number of iterations. 

CflftM --------,_....&,., Figure(6) 

Figure(7) 
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4. Controller Design 

The proposed learning algorithm for the NN 
controller is the backpropagation approach where 
the initial neural network weights are determined in 
a systematic approach using geometric interpretation 
of the neuron function. In order to implement the 
NN controller, the process has be.eh simulated using 
Simulink package. The NN controller has been 
implemented as an integrated part of the system as 
shown in figure (8). An on-line algorithm is 
developed for the turning operation for tracking 

Desired 

0.001_SEC DELAY 

100 
s2+t4s+100 
Transfer Fen 

desired force trajectory. The controller is the inverse 
transfer function (G) of the process input -output 
mapping which has been obtain from the off-line 
identification procedure of the previous section. 
The simulation results are shown in figures (8), 
demonstrate the effectiveness of the proposed method 
both in learning phase as well as in precision 
accuracy in the control phase action which is 
highly desirable for turning operations of the metal 
cutting process. 

Product 

1 

(301300) s + 1' 

Transfer F cn1 

Ks = Specific cutting force 

F = force1 

oulloree 

100 150 200 250 300 350 

Product1 
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5. Conclusions 

In this work, the effectiveness of using Neural 
Networks as identification and as an alternative to 
an adaptive controller of a metal cutting process are 
investigated. Partial simulation results are provided 
herein which demonstrate that the proposed approach 
is feasible. The real-time implementation of the 
proposed technique for a metal cutting machine is 
in progress. 

References 

[1] G. Amitay, S. Malkin and Y. Koren," adaptive 
Control Optimization of Grinding" ASME J. Eng. 
Industry, Vol. 103, No. 1, pp.102-111,1981. 

[2] 0. Masory, and Y. Koren, " Varaiable-Gain 
Adaptive Control Systems for Machine Tools," 
Journal of Manufacturing System, Vol. 2, No. 2, 
pp. 165-174, 1983. 

[3] 0. Masory, "Real-Time estimation of Cutting 
Process Parameters in Turning", ASME Trans. on 
Engineering for industry, Vol.106, pp. 218-221, 
1994. 

[5] A.G. Ulsoy, Y. Koren, and F. Rasmussen, 
"Principle Development in the Adaptive Control of 
Machine Tools" ASME Trans. Journal of 
Engineering for Industry, Vol. 105 pp. 107-112, 
1993. 

[6] I. D. Landau, and R. Lozano,"Unification of 
Discrete Time Model Reference Adaptive Control 
Designs", Automatica, Vol. 17, No.4, pp. 593-611, 
1981. 

[7] L.K. Daneshmend and H.A. Pak, "Model 
Reference Adaptive Control of a Feed Force in 
Turning," ASME Journal of Dynamic Systems, 
Measurements and Controls, Vol. 108, Sept. 1986., 
pp. 215-222. 

[8] K. Danai and A.G. Ulsory, : An Adaptive 
Observer for On-line Tool Wear Estimation in 
Turning, Part 1: Theory, Part II: Results," 
Mechanical Systems and Signal Processing, Vol.1, 
No. 2, pp. 211-240. 

1995 Florida Recent Advances in Robotics 

[9] N. Olgac and G. Zhao, "time Series Applications 
for a predictive Model of the General Turning 
Mechanism", Trans. of society for Computer 
Simulation, Vol.3 No. 1., 1986. 

[9] 0. Masory and J. Wang, ''Two Stage Actuation 
Control System for CNC Contouring Systems" 
Proceeding of American Control Conf., pp. 375-
379, Chicago, 1992. 

[10] H. Guo and S. Gelfland,"Analysis of Gradient 
Descent Learning Algorithms for Multilayer 
Feedforward Neural Networks "IEEE Trans. On 
Circuits and Syst. Vol. 38, No.8, Aug. 1991. 

[ 11] A. Van Oyenand B. Niehuis, "Improving the 
Convergence of the Back Propagation Algorithm,'~ 
IEEE Trans. on Neural Networks, Vol.5, No.3, 
March 1992. 

[12] N. B. Karayiannis and A.N. 
Venetsanopoulos,"Fast Learning Algorithms for 
Neural Networks"IEEE Trans. On Circuits and 
Syst(II) Vol. 39 No. 7, pp.453-475, July 92. 

[ 13] M. Polycarpou and P. Ioannou, 
"Modelling,Identification and State Adaptive 
Control of Continuous-Time Nonlinear Dynamic 
Systems Using Neural Networks, Proceedings of 
1992 American Control Conference pp.36-40, June 
1992. 

[14] K. S. Narendra and K. Parthasarathy, " 
Identification and Control of Dynamic Systems 
Using Neural Networks"IEEE Trans. On Neural 
Network. Vol.1, March 1990. 

[15] W. Thomas Miller, R.S. Sutton, and P. Webos, 
editors, Neural Network for Control MIT press 
1992. 

79 
University of Central Florida, Orlando, Florida, April 26, 1995 



INTERACTIVE SIMULATION OF AN ULTRASONIC TRANSDUCER 
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ABSTRACT 

A simulation of an ultrasonic transducer was achieved on a 
Silicon Graphics Crimson workstation. This simulation was 
designed to produce data virtually identical to the actual data 
returned by this sensor, to allow the testing of obstacle 
avoidance and path planning algorithms. While producing 
accurate range data, the simulation also incorporates 
geometric ranging errors found in the actual sensor. These 
errors include undetected objects due to sonar reflection, 
object offset due to beam width, and ranging errors due to 
angle differences between the object and sonar. 

INTRODUCTION 

The human brain has tremendous computational power 
dedicated to the processing and integration of sensory input. 
Since the early 1970's computer generated graphic displays 
have made the job of interpreting a vast amount of data 
considerably less difficult. Numbers can be overwhelming, it 
is much easier to see changes in data if it is displayed in 
graphical terms. Improved graphical performance in 
computer hardware at reduced costs is leading to the 
development of interactive computer graphics and real-time 
simulations, allowing the engineer to interact with the 
simulation. 

Robots require a wide range of sensors to obtain information 
about the world they inhabit. These sensors detect position, 
velocity, acceleration, and range to objects in the robot's work 
space. There are many different sensors used to detect the 
range to an object, but, by far, the most commonly used 
sensors are ultrasonic transducers, or sonar (SOund 
NAvigation and Ranging). 

HARDWARE 

The simulation was implemented using a UNIX based Silicon 
Graphics Crimson workstation. The processor provides high 
resolution 2D and 3D graphical representations with flicker
free quality on a 20-inch monitor with 1280 by 1024 
resolution. 

In a sonar ranging system, a short acoustic pulse is first 
emitted from a transducer. The transducer then switches to 
receive mode where it waits for a specified amount of time 
before switching off (user defined). If a return echo is 
detected, the range, D, can be found by multiplying the speed 
of sound by one half the time measured. The time is halved 

since the time measured includes the time taken to strike the 
object, and then return to the receiver: 

D = ct 
2 Eqn(1) 

where c is the speed of sound and tis the time in seconds. The 
speed of sound, c, can be found by treating air as an ideal gas 
and using the equation 

c = .jyRT m 
s Eqn(2) 

where y is the ratio of the specific heat at constant pressure 
(Cp) to the specific heat at constant volume(~) and is equal 
to 1.4, R is the molal gas constant and is equal to 287 
m2/(s2K), and the temperature, T, is in Kelvins. Substituting 
in the values, the equation reduces to 

c = 20.fi' m 
s Eqn(3) 

which is valid to within 1% for most conditions. The speed of 
sound is thus proportional to ·the temperature. At room 
temperature (20 °C, 68 °F) the values are: 

em= 343.2 m/s Cr = 1126.3 f/s 

The sonar array consists of sixteen Polaroid environmental 
ultrasonic transducers show in figure 1. They are instrument 
grade ultrasonic transducers intended for operation in air. 
Figure 2 shows the typical beam pattern at 50 KHz. From the 
figure, it can be seen that at 15° from the centerline of the 
transducer, in both directions, the response drops off 
drastically, thus producing a 30° cone of acoustical energy. 

Figure 1: Environmental ultrasonic transducer [Pol80] 
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NOTE: dB normalized to on-axis response 

Figure 2: Typical beam pattern at 50 KHZ [Pol80] 

The range is accurate from 6 inches to 35 feet, with a 
resolution of ±1 %. 

Common to all sonar ranging systems is the dilemma of sonar 
reflection. With light waves, our eye can see objects because 
the incident light energy is scattered by most objects, which 
means that some energy will reach our eye, despite the angle 
of the object to us or to the light source. This scattering 
occurs because the roughness of an object's surface is large 
compared to the wavelength of light (-550 nm). Only with 
very smooth surfaces (such as a mirror) does the reflectivity 
become highly directional for light rays. Ultrasonic energy 
has wavelengths much larger ( -0.25 inches) in comparison. 
Therefor, ultrasonic waves find almost all large flat surfaces 
reflective in nature. The amount of energy returned is strongly 
dependent on the incident angle of the sound energy [Poo89]. 
Figure 3 shows a case where a large object is not detected 
because the energy is reflected away from the receiver. 

Sonar 

Figure 3: Undetected object due to reflection. 
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Geometry affects range in two major ways. The range 
equation assumes that the sonar beam width is negligible. As 
a result, an object may be off-center, but normal to the 
transmitted beam. The range computed will be correct, but 
the object will be offset from the centerline. Using the 
formula: 

offset = Rsin<t> Eqn(4) 

at a range of 9 meters and a beam width of 30°, the offset 
would be 2.33 meters from center. Figure 4 illustrates this. 
An object which is not in the direct path of the robot would be 
detected as an obstacle to avoid. 

Actual 

Object 

Position 

Figure 4: Object offset due to sonar width. 

Sonar 

The second geometric effect is shown in figure 5. When the 
object is at an angle to the receiver, the range computed will 
be to the closest point on the object, not the range from the 
center line of the beam [Reu91]. 

Sonar 

Figure 5: Range error due to angle between object and 
sonar. 
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SIMULATED APPROACH 

Backwund of Silicon Graphics Qperatjon 
The three major routines of the Graphics Language (GL) used 
in the simulation were z-buffer, feedback, and projection 
transformations. Z-buffer provided the depth sorting, while 
feedback provided the data needed to perform the necessary 
calculations of distance and normal vectors of planes. The 
projection transformations define which objects can be seen, 
and how they are portrayed within the viewing volume. 

A call to feedback places the system into feedback mode. 
Feedback is a system-dependent mechanism in the form: 

count= feedback( array_name, size_of_array) 
The Geometry Engine is used in feedback to transform, clip, 
and scale vertices to screen coordinates, and to do basic 
lighting calculations. This raw output is then returned to the 
host process in the form of a feedbuffer array, array_name. 
The array contains three sets of coordinates (x,y,z), color and 
texture information. The number of elements stored in the 
array is returned by the feedback routine, count. 

To move from the world coordinate system, where all the 
objects in the scene are defined, to the screen coordinate 
system, the scene you see on the screen, a projection 
transformation has to be specified. The projection 
transformation defines bow images are projected onto the 
screen. There are three ways to project an image onto the 
screen: perspective, window, and orthographic. 

Both perspective and window set up perspective projection 
transformations. Viewing a scene in perspective projection is 
similar to viewing the scene with the human eye, items far 
away are smaller then items closer and parallel lines converge 
to a vanishing point in the distance. 

Orthographic projection is different from perspective in that 
the items are projected through a rectangular parallelpiped. 
This is the limiting case of a perspective frustum as the eye 
moves infinitely far away. Each point is projected parallel to 
the z axis onto a face parallel to the x-y plane. 

.smw 
The mechanical disturbance of local gas molecules by a source 
of sound produces a sound wave. Sound propagation involves 
the transfer of this vibrational energy from one point in space 
to another. Because of this energy transport, as the wave 
proceeds outward, it also increases in area. The resulting 
volume, or field of view (FOV), resembles a cone. The height 
of this cone is the range of the ultrasonic transducer, and the 
angle of the cone is the transducers beam pattern. In this 
simulation, these values are 10 meters by 30°. Figure 6 shows 
the resulting conic FOV. Since there is no conic viewing 

volume, a perspective projection was used to simulate the 
sonar's conic FOV. 

Figure 6: Sonar's field of view. 

In the simulation, the conic section is drawn in two different 
colors depending on values obtained from the ranging routine. 
If an object is detected within the FOV of the sensor, the conic 
section is red and is drawn out to the range of the object. If 
there is no object withing the sensor's FOV, the conic section 
is green and is drawn out to the maximum distance. 

RANGE DETERMINATION 

In the simulation, the position and orientation of the mobile 
vehicle as well as the location of all objects are known in the 
world coordinate system. The locations of the unexpected 
obstacles are known by the simulation programmer, but not by 
the navigation algorithm which is being tested and developed. 
The feedback ranging technique is then applied by drawing 
the scene from the vantage point of the sensor. The scene is 
drawn in feedback buffer mode and the feedback data buffer 
is then parsed to determine the distance to the nearest 
obstacle. Figure 7 shows the vehicle and simulated world 
with all the unexpected obstacles. 

Sonar Ran~e Determination 
To determine if a sonar sensor receives a return echo, and the 
resulting distance to the object, two passes are required. From 
these two passes the range and angle between the sensor and 
object are determined. 
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Figure 7: Simulated world showing vehicle and 
unexpected obstacles. 

In the first pass, the unexpected obstacles are passed through 
a 4x4 transfonnation which maps the points into a perspective 
projection from the point of view of the sensor, and sets the 
rear clipping plane to MAX_SONAR._DISTANCE. Since a 
perspective projection physically alters the objects, the 
distance and angle cannot be accurately determined. The first 
pass is only used to detect the presence of any unexpected 
obstacles within the viewing volume of the sensor. 

Once it has been determined that there are unexpected 
obstacles within the range of the sensor, a second pass is used 
to calculate the range and angle of the closest one. An 
orthographic projection is used so that the objects are not 
altered by the viewing volume. Five different regions of the 
sonar's FOV are used to accurately determine if the reflection 
from the object is sensed by the sonar. The five different 
projections correspond to the upper left, upper right, center, 
lower left, and lower right portions of the sonar's FOV. 

When the feedbuffer array has been filled with data from the 
unexpected objects, it is necessary to parse through the array 
to find the nearest one. Using the z values, the distance from 
the sensor to the objects is found. To find the angle between 
the object and the sonar, the normal of the plane must be 
determined. Then, by using the dot product, the angle 
between the normal of the plane and the sonar vector can be 
found. 

Of the nine coordinates obtained from the feedbuffer array, the 
x andy are screen coordinates while the z is a z-buffer value. 
The distance to the object can be found by using the z values 
and scaling them by (MAX_SONAR_DIST/ 
getgdesc(GD_ZMAX)). An average of the three is used as the 
distance to the object. The x and y values are in screen 
coordinates and must be transformed into points which line on 
the plane to determine the normal of the plane. By using a 
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x = x 0 + a*t 
y =Yo + b*t 
Z = z 0 + C*t 

Eqn(S) 

backward transformation, the x and y screen coordinates can 
be transformed into a line in space. Knowing two points on a 
line it is an easy matter to convert these into a three-space 
paramatized line equation in the form: 
where a, b, and c are the vector components in the form 
ai+bj+ck and t is the parameter. By replacing :xo, y0, Zo with 
the three sets of initial points, and using the three different 
distances, three points which lie on the plane are found. From 
these three points, the normal to the plane can be found, and 
subsequently the angle between the plane and the sensor. If 
that angle is less than the sonar's beam width, 30°, the sensor 
receives a return echo from the object. 

RESULTS AND CONCLUSIONS 

~ 
The most important parameter for the simulation of an 
ultrasonic transducer is the correct calculation of the distance 
to the object. If the calculated distance is inaccurate, any 
decisions based on this erroneous value will be incorrect. It 
is easily checked by placing the sensor in front of an obstacle 
at a known location, calculating the actual distance, and 
comparing the calculated distance with the range returned by 
the sensor. Because of the accuracy of the floating point 
transformed z returned by feedback, the calculated distance 
and returned range are identical. 

The second important parameter is the calculation of the angle 
between the sonar vector and the normal of the plane. An 
error in this angle may cause an object to go undetected, or it 
may cause an object to be detected that should not have been. 
This angle is inspected five times using the five different ortho 
perspectives. If any objects are within the projection, the 
angle between the sonar and the normal is calculated. If the 
angle is within tolerance, a variable is set to true. This 
variable, in turn, determines whether the range is set to the 
minimum distance to an object, or set to the maximum sonar 
distance, MAX_SONAR_DIST. 

Real world objects have varying surfaces with different 
textures. The bark on a tree, for example, has a very uneven 
exterior. In the simulation, the trunk of a tree is approximated 
as aN-sided cylinder. Because this significantly reduces the 
complexity of the objects' exterior, fewer of its sides reflect 
back to the simulated sensor. Therefore, to increase the 
simulation's correspondence to the actual hardware, the angle 
used to calculate if a reflection is sensed is 33 o instead of 30°. 
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This greater angle increases the likelihood of an object 
returning an echo to the sensor. 

A true simulation should replicate the disadvantages along 
with the advantages of the simulated hardware. In the case of 
an ultrasonic transducer there are three major disadvantages: 
undetected large objects due to reflection, object offset due to 
sonar beam width, and ranging error due to the angle between 
an object and sonar. A fourth source of error occurs when the 
sonar "detects" an object due to reflections from object 
irregularities. 

The ability of an ultrasonic transducer to miss a large object is 
a major drawback when using these sensors to avoid 
unexpected obstacles. Therefore, the simulation should also 
have this flaw so that users developing algorithms for obstacle 
avoidance can accurately fine tune these algorithms in the 
simulated world before applying them to the "real" world. 
Figure 8 shows this flaw. From the figure it can be seen that 
the sensor completely missed ... the large object. When the 
vehicle was rotated slightly to the left or right, the sensor 
again picks up the object. 

Figure 8: Simulation of undetected 
large object due to reflection. 

Figure 9 shows an example of object offset. The object is 
offset, but nonnal to the transmitted beam, causing an error in 
the x component. The sensor is receiving an echo from the 
plane whose normal is parallel with the sonar's vector, but 
from the figure it can be seen the object is offset from the 

beam's center. The second half of the figure shows if the 
vehicle continued forward, it would miss the obstacle. 

l 

I 

Figure 9: Simulation of object offset due to 
beam width. 

Range error due to the angle between an object and the sonar 
is shown in figure 10. This error arises because the range 
computed is the closest distance to the object within the FOV 
of the sonar, and not the range from the center line of the 
beam. From the figure it can be seen that the sonar cone is 
drawn only to a distance where the cone frrst meets the plane. 

Figure 10: Simulation of range error due to 
angle between object and sonar. 
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The simulated version of the last disadvantage, "phantom" 
echoes from object irregularities, occurs as a consequence of 
round off errors, and is shown in figure 11. Since all 
primitives are drawn using flat planes, if the user wished to 
incorporate "phantom" echos, he/she would have to create 
multi:fuceted surfaces. Fortunately, round off errors make this 
unnecessary. Due to these round off errors, the angle between 
the object and sensor occasionally falls within tolerances and 
cause a return echo. This phenomenon can be increased by 
scattering small blocks along the floor to help reflect the 
"sound" back to the sensor. 

Figure 11: Simulation of phantom echo. 

Conclusions 
A computer simulation of hardware should accurately emulate 
the hardware's function in real time. When a simulation does 
this, the transition from the simulation to the real world is 
slight and uncomplicated. The results obtained from the 
simulation can accurately be transformed to the hardware. 
''What-if' scenarios can be performed on the simulation. 
Simulations also have many other advantages. In a simulated 
world view, the point of view can be changed on-the-fly to 
view the scene from any location and at any altitude. In this 
simulation, a scene can be observed from the point of view of 
the driver, or from any vantage point in the simulated 
environment. 

Sixteen ultrasonic transducers were integrated on a Kawasaki 
Mule 500. This vehicle was modified to be a navigation test 
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vehicle (N.T.V.). The current simulation of an ultrasonic 
transducer, or sonar, accurately determines the range to the 
nearest obstacle. It also mimics the problems associated with 
using ultrasonic transducers to detect objects. Currently the 
sonar simulation is used to test path planning and path 
execution for this vehicle. 
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ABSTRACT 
The purpose of this paper is to present the 
evaluation and the benefits of using a Fuzzy 
controller in comparison with an existing 
conventional controller used to control fuel delivery 
back pressure on a jet engine fuel engine test 
bench. The evaluation is done using a non-linear 
model of the system. This model was correlated with 
existing conventional controller before analyzing the 
proposed Fuzzy controller. Two methods of designing 
controllers were experimented with. The first method 
included the development of a tool that inputs the 
rules,membership functions, and output the 
appreciate consequences. The second method was 
based on bivariants curve development and scaling 
the inputs and outputs for this particular system. 

II. GENERAL BACKGROUND AND 
SYSTEM DESCRIPTION 

The subject of fuzzy set was introduced by Lotti A. 
Zadeh in 1965 [ 6]. In that work Zadeh was implicitly 
advancing the concept of human approximate 
reasoning to make effective decisions on the basis of 
imprecise linguistic information[5]. The first 
implementation of Zadeh idea was accomplished in 
1975 by Mamdani [4], which demonstrated the 
viability of Fuzzy Logic Control(FLC) for a small 
model steam engine. Many consumer products as well 
as other high Tech. applications using fuzzy 
technology are currently available in Japan,U.S. and 
Europe. A survey of recent industrial applications may 
be found in [8]. 

In this paper the fuzzy control for an industrial 
process is investigated.The system is the extension of 
a jet engine fuel system test bench whose purpose is to 

simulate the engine's combustor pressure. The process 
diagram is shown in figure 2.1. Fuel flow is sprayed 
into the tank through fuel nozzles as would be the case 
on the engine into the combustor.The level of the fluid 
in the tank is controlled by number of controller. 
Combustor pressure is an important component in the 
fuel system stability and needs to be control to a+/-
1% error tolerance for the steady state operation,and a 
+/- 2.5% error band . for the transient 
operation.Without these tight specifications many of 
the test that are run to clear fuel system components 
for jet engine operation are consider invalid. 
Currently there is a conventional PI controller that 
controls this pressure, and it does not meet the 
specifications mentioned above. The current response 
using the conventional control, is shown in figure 2.2. 
This data was acquired from actual operation and was 
used to verify the non-linear model that has been 
developed for the control development. The developed 
model assumes incompressible fluid in the tank and 
isotropic properties of the gas. It utilized three states 
in the tank,pressure, liquid level and vacuum 
pressure.In addition each of the valves and their 
respective EHSV' s are modeled, which adds an 
additional three states for each of the valve stoke. The 
EHSV' s are modeled as first order lag systems which 
are adequate due to their fast responses. There is a 
closed minor loop for each of the valves. This loop is 
an analog control that uses position request and closes 
the loop using position feedback from an L VTD as 
shown in figure 2.3. Each of the valve stroke are 
converted to areas which are used to calculate both the 
gas and fluid flow into and out of the tank. These flows 
are then used to calculate the resulting pressure rate of 
change. 
The system functions as follows. Fuel flow is sprayed 
into the tank through fuel nozzles as would be the case 
on the engine into the combustor. The level of the 
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fluid in the tank is controlled by an analog controller. 
This process, controller, valve and EHSV are modeled 
to be adequate as not effect the output of this study. 
There are two other valve-EHSV assemblies that are 
used to control pressurizing the tank and venting the 
tank( de-pressrize ). The pressurizing valve is hooked to 
a constant 1200 psi nitrogen gas source and the vent 
valve is tied to a vacuum pump to aid in de
pressurizing the tank. All of the above actions are 
included in the model with the addition of all pluming 
volumes as measured from the actual system. The 
pressure in the tank is read by a pressure transducer 
and is fed back to the computer. 

The interface from the digital engine model to the 
control is internal to the computer and includes 
pressure request , and pressure feedback. The interface 

from the control to EHSV's that controls the two 
valves is a single output that is normalized to -1 to 
+ 1. This output is related to valve stroke as shown in 
figure 2.4. The actual system uses a 0~ 10 volt output 
and each valve's authority is limited for half the 
voltage. The pressurizing valve position is closed at 
4.95 v and open at 10 volt. The vent valve(de
pressurize) is closed at 5.05v and opened at O.Ov. 
There is a small overlap to avoid hunting. The 
pressurizing and de-pressurizing valves are also 
normalized with the values between 0 and 1. The 
pressurizing valve is an exponential valve while the 
vent valve is a linear valve. The model was verified by 
the matching the tank de-pressurizing transient shown 
in figure 2.2 . This correlation was considered 
adequate to use the model as a tool to evaluate the 
design of the fuzzy controller. 

FIGURE 2.1 Pressure Tank System Schematic 

FIGURE 2.2 System Response Using Conventional PI Control 
(This run was used to verity modellntegrtty) 
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ill. FUZZY CONTROLLER DESIGN 

In the next two sections, two distinct FLC design 
and implementation for the described system is 
presented. The advantages as well as disadvantages of 
each method is briefly discussed. 
Method #1: The design and implementation of the 
described process using a FLC design similar to [ 4] 
and [ 6] is carried out in this sub-section. The method 
includes the development of an algorithm which 
consist of rules,membership functions, and the outputs 
the appropriate consequences depending on the 
inputs[!], [7]. The developed algorithm was utilized 
to evaluate the controller structure. The results and 
performance of the fuzzy controller has been 
dramatically improved based on the implementation 
results. 
Two inputs and one output are defined for the 
controller. The two inputs to the fuzzy controller 
(antecedents) are ERROR and DELTA ERROR 
which are defined as follows: 

ERROR= The set point minus the process 
output. 

DELTA-ERROR= The difference between 
the present and last past errors. 

The output ( consequent ) of the fuzzy rule base 
controller will be the control action. 
With the defined inputs and output, the next step is 

to quantize them over their respective universe of 
discourse into fuzzy membership functions and assign 
fuzzy linguistic variables. In simple term, you create 
overlapping fuzzy sets (membership functions) over the 
entire possible range of given inputs and outputs and 
give each set as a name (linguistic variable). For our 
FLC design seven membership functions with the 
following linguistic variables are chosen: 

NL: Negative Large 
NM: Negative Medium 
NS: Negative Small 
ZR: Zero 
PS: Positive Small 
PM: Positive Medium 
PL: Positive Large 

The membership functions are selected for both inputs 
and outputs. While developing the fuzzy controller for 
this system, some experimental results were obtained 
for various membership functions (triangular, 
trapezoidal) . No significant differences were noted by 
varying the membership function states and therefore 
triangular shape membership functions were used due 
to their simplicity. Triangular fuzzy membership 
functions were defined as shown in figure 3.1 with 
their associated linguistic variable names. Figure 3.2 
represents the fuzzy rule-base for the control of 

process. The associated fuzzy control surface is shown 
i~ fig~ue_ 3 .4. Th_is surface was generated by 
dtscrett~a.tl_on of the mpu~ over their respective ranges 
of pos~tbtho/ and executing the fuzzy. inferencing and 
defuzzlficatton to compute the control output. 
This general purpose fuzzy tool was used to evaluate 
the control structure presented in figure 3.3. By 
implementing an integrator on the control output 
steady state error is avoided. The scaled factors sho~ 
in figure 3.3 are used to account for the fact that all the 
membership functions are normalized to ·1.0. The 
results of this fuzzy controller are shown in figures 3.5-
3. 7. As can be seen from these plots, the performance 
of the fuzzy controller is dramatically better than the 
base line conventional control(Due to space limitation 
the figures for conventional controller performance ar~ 
not shown herein). 
There are however a couple of undesired characteristics 
notable from these plots. The first is that fuzzy 
controller tend to dither the valve stoke while 
attempting to regulate the system at high pressure. 
The second undesirable characteristic is the fuzzy 
controller's sensitivity to the noise. Due to such 
undesirable characteristics an alternative fuzzy 
controller design has been attempted as presented in 
the next section. 

-1.0 0.0 1.0 
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IV. FUZZY CONTROLLER DESIGN: AN 
ALTERNATIVE APPROACH 

In this method the control surfaces are utilized to 
design the desired compensators similar to the 
approach in [2]. For this system two control surfaces 
were used, one for' coarse' control and one for' fine' 
control. The coarse control was used to 'slam' the 
valves when large errors were presented regardless of 
the change of the error. The fine controller was utilized 
to capt~re steady state and meet steady state 
requirements.Both of these surfaces curves were 
implemented in the simulated control shown in figure 

FIGURE 4.1 'Coarse' Control Surface 

ERROR 

4.3. This implementation included scaling the output 
of bivariante curve by 5 for the coarse curve and 4 for 
the fine curve. This allowed the output to be between -
1 and 1 to be common with the valve input. The 
output w as integrated for each control DT and limited 
to a minimum of -1 and maximum of 1. 

The controller was evaluated for a deceleration 
ramp( with noise),an accelerated step, and a decelerated 
step against the conventional control. The results of 
the evaluation were quite convincing as seen in figures 
4.4 and 4.5. The proposed fuzzy controller is very 
responsive and meets all requirements. 

FIGURE 4.2 'Fine' Control Surface 
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FIGURE 4.3 Fuzzy Control Implementation 
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V. CONCLUSIONS 
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Both of the design methodologies provided fuzzy 
controllers that were superior to the conventional 
controllers that currently utilized for jet engines.The 
only drawback to the fuzzy control was it's sensitivity 
to feedback signal noise. This problem should be 
addressed in the context of the particular system(it 
may not be a problem for all systems). The second 
method successfully resolved the high pressure dither 
problem encountered in the first phase of the fuzzy 
controller design and it's therefore the preferred 
method.The proposed controller is very responsive 
and meets all requirements. Further efforts to 
implement neural network fuzzy tuning[3], and noise 
filtering are under investigation. 
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ABSTRACT 

A research program is described to find variables that 
can be monitored to detect the approach of radiation
induced failure of integrated circuits used in robots for 
nuclear facilities. Such precursor variables should be 
continuous, easily measurable and strongly correlated to 
key failure mechanisms. Proposed precursors are logic 
threshold voltage, standby power-supply current, 
minimum read- or write-cycle times, and minimum/ 
maximum clock frequencies. Simulation and 
measurement are used to explore the usefulness of these 
precursors. 

INTRODUCTION 

Much of the prior work on radiation hardening and 
radiation tolerance has been oriented toward space and 
military applications [1]. There is an increasing need to 
study the special radiation requirements of electronic 
components for use in robotics for nuclear facilities. For 
space applications, there is generally no possibility of 
repairing or replacing a component that fails during use, 
and the consequences of such a failure can be 
catastrophic. This has led to highly conservative design 
practices, including worst-case design approaches and 
extreme redundancy. 

The consequences of component failure in a robot in a 
nuclear facility can also be catastrophic. However, in 
this case, the possibility exists for maintenance, 
including repair or replacement of failed or failing parts. 
If it is possible to detennine in advance of failure that a 
certain component or assembly is approaching failure, 
the robot could be retrieved and repaired before failure 
takes place. Such a system could allow less
conservative design strategies. This approach, if 
feasible, could lead to significantly increased useful life 
without compromising reliability. Fig. 1 shows a typical 
end-of-life distribution of failure doses. In worst-case 
design, the component must be considered to be 
radiation-hard only to a dose Dmin· (In practice, there is 

·Number of Units 

Fig. I. Typical distribution of IC failure doses. 

considerable variability in these distributions, especially if 
components from a variety of wafers, lots, or even vendors 
may be used; this would require even greater safety margins.) 
Suppose, however, that it is · possible to make direct 
measurements that would reliably predict the failure of an 
individual compon~nt before it occurs, and that the part can be . 
used until failure is imminent In that case, the mean useful 
life has effectively been increased nearly to Do and some 
components may live even longeL 

The object of · this research is to determine whether 
measurable parameters exist for many of the electronic 
components used in typical robots that could serve as reliable 
precursors to radiation-induced failures. · 

DEFINITION OF COJ\IPONENT FAILURE 

In practice, component failure occurs when the system of 
which the component is part is unable to function properly 
[2]. In the digital integrated circuits (ICs) studied in this work, 
failure is most often caused by inability of internal circuits to 
operate at the system clock rate. In static logic circuits, this is 
generally caused by inability of the transistors to charge the 
parasitic capacitances sufficiently during a clock cycle [3-5]. 
Components exploiting dynamic logic may fail due to excess 
leakage currents that cause the data, held as capacitor charge, 
to be lost [4, 6]. 

) 

*This work was supported by Sandia National Laboratories, contract# 184379E. 
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RADIATION EFFECTS ON INTEGRATED 
CIRCUITS 

Radiation can affect integrated circuits (ICs) in a variety 
of ways, depending sensitively on the details of their 
fabrication, bias conditions, dose-rate temperature and 
time after irradiation [7-10]. The most important effect 
in field-effect transistors (FETs) is a shift in the 
threshold or turn-on voltage VT, although decreases in 
earner mobility and lifetime can also be significant; 
these effects tend to dominate in bipolar junction 
transistors (BITs). Radiation affects VT through two 
processes. One is the build-up of trapped positive charge 
in transistor gate oxides, which shifts VT negatively. 
This shift can be annealed fairly easily, and can even 
self-anneal spontaneously with time [11, 12]. The other 
V T -shifting process is interface-state build-up, which 
tends to shift NMOS VT's positively and PMOS VT's 
negatively. Interface states are resistant to annealing, 
although some success has bee~ demonstrated using 
high-frequency biases [13]. Different fabrication or bias 
conditions may favor either process over the other. For 
example, radiation-hardened parts are often designed to 
have lower rates of oxide charge build-up than non
hardened parts [3-5,14, 15]. Because of the complexity 
of these radiation-induced shifts, it is difficult to 
accurately predict how a given component will respond 
to radiation. For this reason, our focus is on detecting 
rather than on predicting radiation-induced failure in 
advance of its occurrence~ 

USE OF 1\'IODELING TO STUDY MECHANISI\-IS 
OF RADIATION-INDUCED IC FAILURE 

As we have seen, total-dose radiation primarily affects 
the NMOS and PMOS threshold voltages VTN and VTP 
The radiation response of a particular circuit is difficult 
to predict accurately. The responses can vary strongly 
depending on the temperature of the IC during and after 
radiation, radiation duty cycle, dose rate, and on the type 
of IC. Radiation-induced changes can continue long 
after irradiation, mostly because of spontaneous 
annealing of oxide-trapped charge. Because of the 
complexity of these effects, we have used modeling 
primarily to aid our qualitative understanding of 
dominant radiation-induced failure mechanisms rather 
than to make predictions of the radiation tolerance of 
particular circuits. \Ve are, however, working to develop 
typical and worst-case parameter sets expected in actual 
operating conditions. These scenarios allow generation 
of typical variations of VTN and VTP with dose. Such 
typical variations in device parameters, can then be used 
in a circuit simulator like SPICE (Simulation Program 
with Integrated Circuit Emphasis) to evaluate typical 

1995 Florida Recent Advances in Robotics 

2.0 

Q) 0.0 
0> 
~ 

~ -2.0 
"0 
0 

..c:: 
CJ) 

-4.0 Q) 
~ 

..c:: 
t-

-6.0 ___________ ..... 

0 20 40 60 80 100 

Dose (Arbitrary Units} 
Fig. 2. Hypothetical set of variations in NMOS and PMOS threshold 

voltages which could be caused by radiation. 

changes in circuit performance. By studying these results we 
can develop simplified analytic models to explain the 
dominant failure mechanisms. 

As an example, consider Fig. 2, which shows a hypothetical 
variation of threshold voltages with radiation dose. Fig. 3 
shows the simulated propagation delay through a series of 
CMOS inverters. The delay is composed of two components, 
one (T p) for the low-to-high output transition, the other (TN) 
for the falling transition. Also shown in Fig. 3 are the results 
of a simplified analytic model that clarifies the causes of the 
delay. The figure shows that the falling delay T n dominates 
and blows up as IV TPI approaches the power supply voltage 
V DD· Figs. 4a and 4b demonstrate that such a model can 
explain qualitatively a measurable quantity in actual circuits. 
Fig. 4a shows a simulation of the minimum duration of the 
write-enable pulse that would need to be applied to a latch 
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Fig. 3. Propagation delay of a chain of C~fOS inveners, a-;sum.ing Vr vari
ations in Fig. 2, modeled using SPICE and using a simplified ana
lytical model. 
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Fig. 4b. Minimum write-pulse width of latches measured on _ 
74HC751atches with varying supply voltage V00. 

circuit (the circuit that forms the storage element in a 
static random-access memory or SRAM). The assumed 
threshold voltage variations shown in Fig. 2 were used 
in the modeling. As in Fig. 3, the speed of the circuit is 
reduced by the radiation, and the circuit is expected to 
be more sensitive as V00 is decreased. Fig. 4b shows 
the results of measurements on a similar circuit, 
demonstrating behavior that is quantitatively in 
agreement with the modeling. 

POTENTIAL PRECURSORS TO FAILURE 

We are seeking a precursor, a measurable variable or set 
of variables that change in a predictable way in advance 
of a radiation-induced component failure. A suitable 
variable must be practical to measure quickly, since a 
large number of components in a system may have to be 
scanned. Ideally, it should be possible to make the 
measurements routinely during idle times. The variable 
should be continuous, so that repeated measurements 
on an individual part can be compared to track the 
approach of the variable toward some threshold. Most 

importantly, the variable must be highly correlated to 
the approach of failure: it must be possible to define a 
suitable set of conditions that will reliably predict 
failure and rarely allow non-predicted failures . 

A number of possible precursor variables are under 
study. One is logic threshold voltage. As shown in Fig. 
5, for any logic circuit, there is a small range of voltages 
below which the input can be considered a logical 
"zero," and above which it is a "one." The middle of 
this range is the logic threshold. Most complex digital 
ICs have a "chip-enable" (CE) input, used to turn on or 
off the chip outputs. The logic threshold of the first gate 
at the CE input can be tested by sweeping the voltage to 
the CE input while monitoring the output state, which 
will change as the CE input voltage passes the logic 
threshold This threshold is a linear function of the 
threshold voltages of the NMOS and PMOS transistors 
in the circuit, and so should correlate with V T shift in a 
predictable way, so it should be useful in predicting 
failure in static logic circuits. 1bis measurement 
probably does not predict failures due to leakage 
currents, which are generally dominated by the m10S 
V T shift alone. Leakage-related failures may be more 
easily predicted by monitoring standby power-supply 
current. 

A more direct predictor of oncoming failure is the 
. minimum read-cycle time, the minimum time an IC 

needs to detect whether a stored data value should be a 
logical one or zero. This parameter is likely to be the 
most speed-critical in many IC~. since small transistors 
are typically used to drive the large parasitic 
capacitance of long internal wires. Radiation-induced 
shifts, especially negative shifts in PMOS V T, tend to 
reduce the -available drive current, requiring an 
increasing time to drive the output to an unambiguous 

Vout 

Logic "1" 

Logic "0" 

Logic 
Threshold 

CMOS Input
Output Curve 

Vin 

Fig. 5. Typical CMOS input-outrut trJnsfer curve. showing 
definitions of the logic levels and the logic threshold. 
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logic level. Inability to read the output during the 
provided clock period is likely to be the key failure 
mechanism in many ICs, and is probably highly 
correlated to failure in many others. 

A closely related measure is the minimum write time, 
the minimum time the IC needs to accurately store input 
data. Since higher drive currents are typically available 
to drive the internal circuits, this parameter is typically 
not designed as close to tolerance limits as the read 
cycle is, so this parameter is less likely to be the cause 
of failure. However, the failure mechanism is similar to 
that of the read cycle, and so the two mechanisms are 
likely to be highly correlated [6]. 

It may be that none of these measures is related closely 
enough to the key failure mechanisms to adequately 

· predict failure. It may be possible to test for a wide 
variety of speed-related failures directly by varying the 
clock speed. This method would be difficult to perform 
on-line and could require extensive redesign of some 
systems. On the other hand, this test could be performed 
on the system as a whole. and can detect on-coming 
failures due to the clock rate being either too high or too 
low. 

EXPER.ThiENTAL SEARCH FOR PRECURSORS 

We have devised an experimental setup for making 
automated measurement on a variety of CMOS logic 
parts. Our current system includes the following 
equipment: 

Fluke 9010A Microsystem Troubleshooter 
IBM PC interfaced to Fluke 9010A 
Omega CN 911 Temperature Controller 
Calibrated Co-60 Source 
Datel PC-462 Programmable Voltage/Current 
Source/Meter 
TK1230 Logic Analyzer 
PG5110 Programmable Pulse Generator 
PS5004 Programmable Power Supply 
Revised custom control software 
Custom printed circuit board for test devices 

The experimental setup is designed to measure several 
variables on SRAMs that have been suggested as 

. ·possible precursors to radiation-induced IC failure .. The 
devices to be tested are placed in a Co-60 irradiation 
chamber, where they are exposed to a dose rate of 
approximately 3 k.Rad(Si)lhr. ivteasurements can be 
taken during irradiation. 

iviEASUREl\'IENTS TO DATE 

Currently we are evaluating the usefulness of several 
potenu"al precursors. To date we have considered 
minimum write pulse width (MWPW), standby current 
and logic threshold voltage. All measurements were 
made on Toshiba TC5565APL static random-access 
memories (S_RAMs), organized as 8K x 8. The parts 
were not radiation-hardened. 

MWPW was measured by alternately applying bit 
patterns of 10 and 01 to two data inputs, while applying 
a brief pulse to the IC's Write Enable input, after which 
the corresponding outputs were read. If incorrect data 
was read in any of three tries, the width of the pulse was 
increased. The measurements were made · ·during 
irradiation. Figure 6 shows data from three samples. 
The data were smoothed by averaging five adjacent 
points. For doses up to about 50 kRad, the MWPW 
slowly increases, then abruptly increases. After this 
increase, the MWPWs remained fairly stable between 
46 and 50 ns. After a dose of about 95 kRad, all parts 
failed, apparently due to latch-up. 

To measure standby power dissipation current, the 
power-supply current while the IC was in the read mode 
with all inputs stable, and with all enable inputs 
activated. As shown in Fig. 7, the standby power 
dissipation current increases gradually with dose. 

The logic threshold was measured by varying the 
voltage applied to the output enable (OE) pin while 
monitoring the state of the ·output, detected by the 
current to a fixed supply voltage through a 500 .Kn 
resistor at the output. Fig. 8 shows that the logic 
threshold drops monotonically with dose. 

20 40 60 80 100 

Total Dose (kRad) 

Fig. 6. Mea.;;urcd minimum write-pulse time of three SRA.J..ls. 
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A simple model for the FETs gives the logic threshold 
as 

v _ VDD+J~N1~PVTN+VTP 
LOGIC - l + J~NI~p (1) 

in which ~N and J3p are the n- and p-channel transcon
ductance parameters. While the logic threshold is a lin
ear function of the VT's, Vrn, and VTP cannot be 
determined separately from this measurement The 
gradual increase in the standby current suggests that the 
radiation is causing negative shifts in Vrn, causing the 
NMOS devices to conduct when they would normally 
be off. The initial increase in MWPW in Fig. 6 suggests 
that VTP is also shifting negatively, and that the result
ing decrease in PMOS current drive is greater than the · 
increase in NMOS current caused by the Vrn shift. 

1.6 

1.5 
~ 
"'0 1.4 
0 
~ 
Cl) 1.3 Q) 
~ 

~ r- 1.2 .2 
0> 
0 
_J 1.1 

1.0 

Fig. s. 

. . 

0 20 40 60 80 100 
Total Dose (kRad) 

Input voltage required at SRAM input to enable output 
~1casurcd on the same three samples sho"Wil in Fig. 2. 

However, it is less clear what causes the abrupt increase 
in theMWPW. 

To study this effect, a series of MWPW measurements 
and corresponding SPICE circuit simulations were 
made on simple CMOS latches. The latch comprises the 
same cross-coupled inverter circuit that makes up the 
·internal storage element in the SRAM. The measured 
data were presented as Fig. 4b. That figure shows t an 
abrupt increase in MWPW apparently similar to that 
shown in Fig. 2 for the SRAMs. However, in contrast to 
the SRAM case, the latches did not exhibit useful 
operation after the abrupt increase. A series of SPICE 
simulations were run in which VTP and Yrn were 
shifted negatively in successive runs to simulate the 
effects of radiation~ In the simulations, the rapid 
increases in MWPW occurred as V TP dropped close to -
V DD• which prevents the tum-on of the PMOS devices. 
However, another mechanism must be at work in the 
SRAM, since they were still functional after the abrupt 
MWPW increase. This effect is still under study. 

CONCLUSIONS 

The preliminary results presented here suggest that it 
may be practical to monitor radiation-induced 
degradation on in-circuit components. The ability to 
directly monitor transistor parameters may, in 
conjunction with circuit modeling, allow prediction of 
individual device failure before it occurs. That might 
allow devices to be operated beyor.d their usual worst
case failure doses, and could even allow off-the-shelf 
components [3] to be used in radiation e-nvironments. 
Evaluating the effectiveness of such a strategy depends 
on knowing the correlations among the radiation 
responses of. 4ifferent devices in an IC, and on the 
variability from IC-to-IC, lot-to-lot, manufacturer-to
manufacturer, etc. We are just beginning to obtain such 
data. 
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ABSTRACT 

A radiation hardened and tolerant version of the 
ANDROS V-A and VI-A system has been developed by 
a team composed of engineers and scientists from 
REMOTEC, Inc. and the University ofFlorida. The fmal 
upgrade of the major control components to a hardness 
level greater than one megarad is detailed. Over twelve 
hundred parts were reviewed. The project has completed 
its Phase I and Phase II SBIR redesign with the upgrade 
of most control components. The facilities at the 
University of Florida which include a linear accelerator 
and multiple cobalt irradiators have provided the 
capability to perform the extensive testing required. The 
commercial production of this radiation hardened 
ANDROS makes available a mobile platform that can 
serve as a main work and inspection system for hazardous 
tasks facing the world nuclear industry. 

INTRODUCTION 

The need to handle radioactive "hot" cleanup jobs, such 
as those at former nuclear weapons-producing or nuclear 
processing facilities, has been instrumental in bringing 
together REMOTEC with the radiation hardening group 
at the University of Florida to develop a radiation 
hardened version of REMOTEC's workhorse ANDROS 
mobile robot. The need for remote handling, 
surveillance, and operation in radiation environments, 
toxic and dangerous to human crews, during nuclear 
maintenance, cleanup, decontamination and 
decommissioning led to the award of a Phase I and Phase 
II Small Business Innovative Research (SBIR) contract to 
REMOTEC with the University of Florida as its 
hardening subcontractor. The purpose of the SBIR was 
to evaluate, redesign, test, and build a hardened version 
of the ANDROS series of teleoperated mobile vehicles 
equipped with manipulator and sensor capabilities. This 
paper outlines the detailed research and development 
program undertaken to successfully develop an ANDROS 
robot capable of operating in radiation environments with 
accumulated gamma ray doses exceeding 1 megarad (Si) 
(10 kGray (Si)). 

THE ANDROS ROBOT 

The vehicle being radiation hardened in the project is the 
ANDROS Mark VI-A (Figure 1). There are nearly 400 
ANDROS systems of various types currently in operation: 
they range in size from the 45 kg Mini-ANDROS to the 
robust 300 kg ANDROS Mark V-A. All share the 
family's articulated tracked chassis and reliable, modular 
design. Using common components and controllers 
within the family allows new developments such as 
radiation hardening to be implemented throughout the 
product range and retrofitted to units in the field. 

Fig.1. The ANDROS Robot 

The ANDROS Mark VI-A is 43 em wide, 132 em long, 
weighs 160 kg and is equipped with a six degree-of
freedom manipulator arm which has a capacity of 1 0 kg 
at a full extension of 1.2 m. Its size -somewhat smaller 
than the V-A - makes it more maneuverable. The 
ANDROS vehicles are teleoperated and use on-board 
cameras - a color-zoom surVeillance camera with pan/tilt 
capability and a fixed-position, black and white camera 
mounted on the robot arm. Sensory information 
concerning the vehicle and its environment is transmitted 
to the operator on the video link. 

The system controller is a microprocessor-based system 
which communicates serially with the operator's console 
using an RS232 link. This system allows the robot to be 
controlled using a variety of links including full radio, 
fiber optics, and high-strength cable tether. Analog and 
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digital inputs allow accessories such as radiation 
detectors, temperature monitors, and other vehicle sensory 
information to be added to each unit. Designed for ease 
of decontamination and environmentally sealed, more 
than 60 ANDROS units are used worldwide in nuclear 
facilities. Development of a radiation hardened version 
will greatly expand the capability to carry out tasks in 
radiation environments. 

TECHNICAL BACKGROUND & STRATEGY 

Radiation effects experienced by a robot are dependent on 
the type of radiation in the robot's environment. The 
designers of robots for space environments must consider 
total dose effects and single event upsets from photons, 
electrons, protons, and other energetic particles. The 
designers of robots for most nuclear activities and for 
radioactive waste decontamination and decommissioning 
need only to consider a, J3, & y-rays. y-rays (photons) 
do not cause damage to the structure of materials as 
energetic space particles or neutron can. The photon 
does, however, break the atomic bonds of synthetic 
materials such as TEFLON and some epoxies. Except for 
these materials, most non-semiconducting materials are 
gamma ray radiation hard up to one megarad and are not 
affected by a and J3 particles. Therefore, for the 
radiation hardening of robots, one should mostly 
concentrate on the radiation performance of 
semiconducting components and of plastic or synthetic 
materials. 

The selection of the proper semiconducting components 
for a specific radiation environment is key to an optimum 
and economic design. One can categorize the 
semiconducting components into radiation hardened ones, 
radiation tolerant ones, and radiation soft ones. A 
radiation hardened electronic component is defmed as "an 
electronic component built and tested to ensure operation 
within specification after exposure to a specified total 
dose of radiation." Generally, any marketed rad-hardened 
semiconducting device is not only acceptable for gamma 
ray environments but is also acceptable for particle 
radiation in the space environment. So, Rad-hardened 
components are extremely expensive and their availability 
is limited. When an existing electronic component is to 
be replaced with a rad-hardened part, the first problem 
encountered is the difficulty of fmding a corresponding 
rad-hardened replacement. Sometimes, one must use ten 
or more discrete rad-hard components to construct an 
assembly to replace one single chip. In these cases the 
space and cost factors can become overwhelming. 
Therefore, it is often more advantageous to use radiation 
resistant components and replace them as necessary. 

1995 Florida Recent Advances in Robotics 

A radiation tolerant electronic component is defined as 
"an electronic component that is built and tested to 
ensure acceptable operation within a defined range under 
exposure to a required level of radiation." It is known 
that bipolar devices have a radiation hardness an order of 
magnitude greater than Complementary Metal Oxide 
Semiconductor (CMOS) in ionizing radiation 
environments. Bipolar components tend to be junction 
dependent while CMOS components are interface 
dependent. Thus, off-the-shelf bipolar components are 
inherently radiation tolerant while off-the-shelf 
commercial CMOS components rarely survive exposure 
to a significant total dose of ionizing radiation. Junction 
Field Effect Transistors (JFE'D are even harder than 
bipolar in radiation environments. Replacing CMOS 
devices with their bipolar counterparts or JFETs is a frrst 
step to survive in a radiation environment. 

University of Florida has developed rad-hardened 
electronics design and testing capability , as shown in 
Figure 2, for robotics applications based on radiation 
effect databases, basic knowledge of radiation effects, 
design experience through development of a rad-hard 
ANDROS robot, and testing capability using 60co & 
137 Cs irradiators, an accelerator, and other related 
equipment. 

R!tdiation Etwiromnent 

f 

· . .,«,., ... '"'"··:;;,~'::~ .... .::~iim:J1~ 

Fig. 2. Radiation Hardening Procedure 

The radiation testing facilities at the University of Florida 
include a linear accelerator and multiple cobalt 
irradiators. These facilities provide the capability to 
perform extensive component and whole robot testing. 
Dr. Fred Sias of Clemson University was brought into the 
project as a consultant to work with the University of 
Florida to aid in evaluating the hardness and radiation 
tolerance of all material, electronic and non-electronic 
components present in the ANDROS robotic system. 
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THE DEVELOPMENT PROGRAM 

Operators of robotic or electronic equipment in radiation 
environments must be concerned with the material 
degradation that can be caused by radiation. In general, 
one must ensure that materials selected do not undergo 
structural or other degradation that may effect their 
performance. An example of materials that must be 
excluded include TEFLON, certain greases, oils, glues, 
and optical glasses which decompose under irradiation. 
Some glasses, particularly alkali, will discolor easily, 
clouding their uses as lenses. 

The University of Florida set up a detailed program to 
review all components in the ANDROS robot, totaling 
over 1200 individual items. This review included 
radiation testing of all components whose radiation 
hardness capability could not be assessed from previous 
testing, the literature, or available databases. Tracks, 
o-rings, insulating material, and all plastic components 
were satisfactorily tested without failure to a radiation 
total dose in excess of a megarad. The drive motors for 
the manipulator were tested and showed a radiation 
resistance greatly in excess of a megarad. The ANDROS 
camera systems were tested at the Florida Linear 
Accelerator facility. The black and white Watec 906 
CCD camera was irradiated and suffered gradual 
degradation of the image contrast until detail disappeared 
at .126 Krad (Si) total dose. A Vicon Industries color 
CCD camera and an Industrial Video CVI CCD camera 
were both irradiated to a total dose of approximately 40 
Krads (Si) where they showed deteriorated images. 
Radiation hardened cameras are readily available off the 
shelf, but are expensive. The low cost (<1000 dollars) of 
the tested cameras and the gradual degradation of the 
image and easy replacement may permit use of the non
hardened cameras with replacement whenever the 
degradation begins to affect operations. This testing and 
evaluation was completed by mid 1994 and no significant 
problems were encountered with components other than 
the control electronics. This work has been reported in 
detail in references 1, 2, and 3. 

As a result of this review, the last year of the project has 
concentrated on the design and procurement of hardened 
electronic components. This phase was complicated 
because of the proprietary nature of many of the 
commercial components used in the robot. The design of 
such items as the motor amplifiers and power supplies 
were deemed proprietary by the manufacturers and the 
individual failed components and modes were impossible 
to diagnose without their assistance. For this reason, the 
decision was reached to redesign the majority of the 

control system from the ground up in a hardened or 
radiation-tolerant configuration. An example of a 
radiation hardened component utilized is the Harris 
HCS14KMSR utilized in the redesign of the RS232 
communication link. The great majority of radiation 
hardened parts are manufactured by the Harris 
Corporation. A good example of a replacement radiation 
resistant component is the multiplexer (Mux-16) 
manufactured by Analog Devices that has been 
functionally tested by the University of Florida to well 
over a megarad accumulated dose. 

The major electronic components which were redesigned 
were the computer interface board, motor amplifiers, 
relay board and DC-DC converter. The computer 
interface board required a redesign or replacement of the 
AID converter, D/ A converter, RS232 port, PROMs, 
watchdog circuits, relay drivers, input/output ports, and 
Intel 80C51 processors. Figures 3, 4, and 5 display the 
commercial motor amplifiers, the DC/DC converter, and 
the computer interface board before redesign. 

Fig. 3. Commercial ANDROS motor amplifier prior to 
hardening design 

Fig. 4. Commercial Intronics DC/DC converter prior to 
hardening redesign 
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Fig.5. Computer interface board prior to hardening 
design 

ANDROS Computer Interface Board 

The ANDROS robot utilizes two Intel 80C552 
microcontrollers. The initial · idea was to remove the 
microcontrollers from the robot and place them at the 
control station with an interface board on the ANDROS. 
This course of action is probably the best for situations 
involving newer microcontrollers for which hardened 
versions do not exist. However, the University of Florida 
identified that there was a radiation hardened version 
(SA3865) of the Intel80C51BH microcontroller designed 
by Sandia Laboratories and fabricated at United 
Technologies Microelectronic Center (UTMC) which 
could replace the 80C552 microcontroller with 
modification to the support components. 

In support of the University of Florida effort in this 
project, Sandia Laboratories contributed two SA3865 
microcontrollers to the project to construct the 
demonstration radiation hardened ANDROS prototype. 
Hardened SA3 865 microcomputers have now been 
procured by REMOTEC from UTMC for the Phase III 
commercial version of the ANDROS-RH. For the video 
circuit, Florida procured video speed operational 
amplifiers with a radiation tolerance greater than one 
megarad. RS232 circuits have been designed using 
radiation hardened components from Harris. 
Additionally; relay drivers, watchdog timers, reset 
controllers, microphone, etc., were all redesigned or 
replaced with radiation-hardened parts. 

The redesign of all the on-board components to a 
hardened status required an upgrading of the single 
computer interface board (Figure 5) to a dual board 
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(Figure 6). Figure 7 displays the schematic layout of the 
redesigned radiation hardened electronic system. 

Fig. 6. Redesigned computer interface boards (2) with 
hardened components 

Fig. 7. Rad-Hard ANDROS electronics schematic 

Servo Amplifiers 

The commercial servo amplifiers (Figure 3) were found 
to fail between 500 Gy (50,000 rad(Si)) and 600 Gy 
(60,000 rad(Si)). While these values exceeded 
expectations, they fall far short of the one megarad 
requirement. Due to the proprietary nature of the 

~ commercial power amplifiers used in the ANDROS robot, 
the University of Florida decided to redesign the 
amplifier with a hardened Pulse Width Modulator (PWM) 
circuit and a high power H bridge made entirely of 
discrete radiation-hardened components (radiation
hardened CMOS logic and power FET' s manufactured by 
the Harris Corporation). The hardened version used for 
demonstration is shown in Figure 8. 
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Fig. 8. Hardened servo amplifier boards (2) replacing 
commercial motor amplifiers 

DC/DC Converter 

The commercial off-the-shelf DC/DC converter (Intronics 
Model PC706) performed satisfactorily to approximately 
500 Krad(Si) (Figure 4). Florida chose to follow a 
design replacement course similar to the servo-amplifier 
to replace the Intronics DC/DC converter. A Pulse Width 
Modulator (PWM) circuit with discrete radiation
hardened CMOS components from Harris Corporation 
was built and successfully tested. The cost of this 50 
Watt system was approximately $700. Additionally, a 
radiation-hardened DC/DC converter (ART 2800), good 
to one megarad (Si), is available from Lambda Advanced 
Analog for approximately $5,000 (class B) and $18,500 
(fully certified). 

A-D Converter 

An A-D converter was designed by Florida with discrete 
radiation-hardened Harris parts. Since this redesigned 
board required approximately fifteen radiation hardened 
components costing several thousand dollars, a less costly 
solution was sought. A bipolar A-D converter (AD574) 
manufactured by Analog Devices was found for less than 
two hundred dollars and was estimated to 300 krads (Si). 
Samples from several lots have been tested and, while 
some converters were found to remain functional after a 
total dose of ionizing radiation in excess of a megarad, a 
full range of testing showed failures from 325 krads (Si) 
to 1.2 megarads. Thus, the rad hardened University of 
Florida designed AID converter has been implemented in 
the fmal design. 

Sensors 

The standard ANDROS robot is equipped with only video 
cameras and a microphone as on-board sensors. 
Hardened replacements are available. As part of an 
ongoing Sandia National Laboratory University Program, 
the University of Florida is acquiring data on the 
radiation hardness of typical robotic sensors. The 
Polaroid ultrasonic transducer (PID607281) was irradiated 
to determine its ability to operate in radiation fields. 
This sensor is one of the most common sensors used on 
mobile robots to avoid collisions. As shown in Figure 9, 
the ultrasonic sensor is unaffected by ionizing radiation 
dose in excess of 2 Megarad (Si)). This common sensor 
can be utilized without concern for radiation effects in all 
robotic applications. 

5 .. ~ .. -----··· .. ·---····-·----------. 
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Fig.9. Polaroid environmental ultrasonic transducer 
model PID607281 

On-line Dosimeter 

In a parallel project the University of Florida is working 
to develop a radiation dosimeter module which will 
produce real time output of the total radiation dose 
sustained by various components of the ANDROS robot. 
Recently, a RADFET transducer developed by REM, Inc. 
has become available which may be able to be directly 
used in the ANDROS robot to give on-line readouts of 
total absorbed dose. This radiation readout will enable 
the operator to track the dose to specific components on
line as a function of time in the radiation field. 

SUMMARY 

The University of Florida, working with REMOTEC, has 
redesigned and replaced all electronic control components 
found to be susceptible to radiation total doses below a 
megarad. The fmal product is a highly efficient mobile 
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workstation, the ANDROS-RH which can carry out its 
duties very effectively in total integrated radiation 
e:Q.vironrnents exceeding 1 megarad (Si). The production 
of this radiation-hardened ANDROS robot will make 
commercially available a mobile work system which can 
serve as a main work and inspection system for the 
radiation hazardous decontamination and decommission 
tasks facing the nuclear industry. The availability of this 
hardened work system at a reasonable price should place 
it world wide as part of emergency response teams. 
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Abstract- Proper calibration of a laser track
fn.g system. Is essential prior to using such a de
vice for coordfuate measuring. This paper ex
amines theoretical and fmplem.entation issues re
garding the use of multiple plaues as constraints 
to calibrate a single-beam laser tracldng system.. 
Am.ong a variety of coordfuate measuring de
vices, laser tradcing syst~ based on intef~ 
ometry have the potential of producing nonin
vasive and highly ac:curate measurements over 
a large work volume, and performing real-time 
dynamic trajectory tracking. A geometric model 
for the calibration of single-beam tracker has al
ready been developed by H. Zhuang and z. Roth 
(1]. This model bas three levels of complexity. 
The ideal case which assumes DO gimbal axis 
mfsalignments ·and mirror center offset, a model 
which includes only mirror center offset, and the 
full model which includes both mirror center off
set and gimbal axis misalignment. Based on the 
models for these three cases, simulation stud
ies are conducted to calibrate the geometric pa
rameters in the single beam laser tracking sys
tem. Measurement redundancy are utilized to 
perform self-calibration. A set of external preci
sion planar am-faces Is used to constrain the t&l'
get motion during the se~calibration process. 
The self-calibration problem Is formulated as a 
nonlinear optimization problem. and solution al
gorithms are developed. The sensitivity of the 
model, which means, by adding noise in the 30 
measurements, angles and distance readings is 
also studied. 

I. Introduction 

Proper calibration of a laser tracking system 
is essential prior to using such a device for coor
dinate measuring. Systems that combine laser in
terferometers, optics and electromechanical mirror-

positioning devices to perform coordinate measur
ing have been developed by several researchers [1-4). 
Methods include single-beam [5) and multiple-beam 
target tracking [4,10]. The former uses both length 
and angle measurements to determine the target lo
cation. The latter uses length measurements only to 
obtain the target position. In this paper, we address 
the former case. 

Since interferometer reading is incremental 
and provides only relative displacement information 
of a moving target, there must exist a reference 
point from which relative displacements are mea
sured. When the coordinates of such a point are 
not explicitly available, measurements need to be 
taken from which such coordinates may be deduced. 
Second, the direction of the incident beam has to 
be determined. Third, manual targeting of the in
cid~nt beam towards the so-called mirror center is 
extremely labor intensive. A mirror center offset, 
which is the distance from the mirror center to the 
intersection point of the incident beam with the mir
ror surface, exists and has to be found out. Third, 
due to machining and assembly tolerances, the two 
gimbal axes may be neither perpendicular nor inter
secting, and the second gimbal axis does not neces
sarily ( although it nominally should ) lie on the mir
.ror surface. Significant gimbal axes misalignments 
may also occur in low cost gimbals. This collection 
of error sources necessitates the calibration of the 
laser tracking system. In the absence of a second 
well-calibrated laser tracking system or other coor
dinate measuring machines with comparable accu
racy, the calibration must be done by the system 
itself. This paper focuses on self-calibration meth
ods of a single-beam laser tracking system. 

A schematic diagram of a simple laser track
ing mirror positioning servo mechanism is shown in 
the following figure. Two orthogonally polarized 
beams at narrowly spaced frequencies, referred to 
as the measuring beam having a frequency of f1 and 
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reference beam having a &equency of f2 are emitted 
by the Jaser 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 the retroreftector located on the moving 
target. The returning beam &om the retroreftec
tor goes parallel to the incoming beam and enters 
t he 50% beamsplitter is reflected by the polarizing 
beamsplitter and emerges into the receiver. If the 
movable retroreftector changes position, a Doppler 
frequency shift of V f occurs, which is then trans
lated through interferometry to a relative displace
ment reading having a resolution in the order of 
magnitude of a fraction of a wavelength. The beam 
reflected by the 50% beamsplitter is transmitted to 
a four quadrant detector, which detects the devia
tions of the returning beam &om the center. The 
resulting error signals drive the servo systems which 
adjust the angles of two degrees-of-freedom mirror 
gimbal. 

Receiver[] 

Schematic of a Laser Tracker 
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If rotation angles of the two gimbal axes are 
measured with sufficient accuracy along with the 
distance measurement, a single-beam Jaser tracker 
will be capable of p.erforming accurate 3D measure
ments, provided that the system is properly modeled 
and carefully calibrated. 

Measurement redundancy can be utilized to 
perform self-calibration, as was done for robot cal
ibration by Bennett and Hollerback (7). In this 
paper, we assume that a set of an external pre
cision planar surfaces to constrain the target mo
tion d~ing the self-calibration process is available. 
The method is formulated as nonlinear optimization 
problem and solution algorithms for different cases 
are developed. 

The paper is organized as follows: The model 
of a single-beam laser tracking measurement system · 
with gimbal axis. misalignments and mirror center 
offset is described in Section II. Section III presents 
the self-calibration method of a single-beam laser 
tracking system. In Section IV, sample simulation 
results are presented to demonstrate the feasibility 
of the calibration method. ~t was found that not all 
10 parameters are identifiable. Only 5 parameters 
can be calibrated at this stage of research. Finally, 
Section V provides commets about this calibration 

· method and offers possible solution methods to han
dle some of the 'missing link'. 

II. A Minimal-Order and Complete Model 
for a Single-Beam Laser Thacker 

A. MODEL OF AN IDEAL SINGLE-BEAM TRACKER 

A tracker consists of a gimbal and a mirror. In 
ideal case, it's 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 sim
plified geometry of a sequentially-moved mirror is 
shown in Figure 2.1. The three Cartesian coordi- · 
nate frames, the base frame {xb,t/b,Zb}, the first link 
frame {x1,Yl,zl}, and the mirror frame {xm,Ym,Zm}, 
are assigned as shown in Figure 2.1. The origins of 
the three frames are placed at the mirror center a·. 
Zb is the rotation axis of the first joint, Zl is the ro
tation axis of the second joint, and Zm is normal to 
the mirror surface. When the gimbal is at its home 
position coincident with the mirror surface normal. 
{xb,Yb,Zb} is brought to {xm,Ym,Zm} by the following 
4x4 homogeneous transformation. 
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Fig. 2.1 Ideal geometry of a single-Beam laser 
tracker 

'Tm = Rot(z, 8t)Rot(x, -90°)Rot(z, 82) 
Rot(z, 90°)Rot(x, 90°) (2.1) 

Let R be a reference target point at which 
81 = 82 = 0. If the distance between the mirror 
center and the target is known, the location rp of 
the target at any point P is computed as follows 

rp = lb0 = -(lm + l,. )B(be)bl {2.2) 
· where l is the distance from the target loca

tion to the point at which the incident beam hits the 
mirror surface ( that is point 0 in this ideal case ) . 
4- is the distance from the reference point to point 
0. lm is the relative distance measured by the laser 
interferometer. b, is the unit direction vectors of the 
incident beam with r~ect to {zfl,t/b,Zfl}. lm,8t,62 
are provided by distance and angular measurements 
of the laser tracking system. And l,., b, need to be 
calibrated. 

b0 = - B(be)bt (2.3) 

[ 

2b~= - 1 2be,=be,~ 2bc,=bc,s ] 
B(be) - 2bc,:a:be,~ 2b~~ - 1 2b2,~bc,s 

2bc,=bc,s 2bc,~be,s 2bc,s - 1 
(2.4) 

be,== cos61 cos62 (2.5) 
be,~= sin61 cos62 (2.6) 
bc,s = -sin 62 (2. 7) 

B. MODELING MIRROR .CENTER OFFSET 

This model extends the model given in 2.1 by 
accounting ihe mirror center offsets. But it assumes 
perpendicularly intersecting mirror gimbal axes. 

Figure 2.2 shows the single-beam laser 
tracker with mirror center offset. The initial po- · 
sition of the target is denoted by R. The incident 
beam reflected to R hits the mirror surface at point 
Ir. After the target is moved to an arbitrary paJi
tion P, the incident beam hits the mirror surface at 
a point denoted by I. Let r., r,r, rr, and r be respec
tively position vectors of I,Ir,R, and P represented 
in { Xb,l/b, z,}. Let bor and bcr be the mirror surface 
normal and the direction of the reflected beam when 
the target is at R (that is, when 61 = 62 = 0). Simi
larly let b0 ,be be those vectors when the target is at 
P. Both pairs of vectors are represented in { xb,Jib, z11 }. 

laJd pOiidoo 

Fig 2.2 Modeling ~or center offset of a single
beam laser tracker 

If the distance between the mirror center and 
the target is known, the location r P of the target at 
any point P is computed as follows: 

r = ~r mr,r-(lm+Z..-l.)B(be)b,+l.b, (2.8) 
where 

'· = -be. (~r mrir )/be. bi (2.~) 
~r is the rotatiQn submatrix of mr, when 

6t = 62 = 0. mrir = [e:, '11t o]T is the initial point of 
incident at the mirror frame {M} . 4ru lr, bh B(be) 
are the same as those in the model given in 2.1. 

In summary, in this model, The parameters 
lr, bi, C:, '11 are to be calibrated. 

C. MODELING THE COMBINED MIRROR CENTER 

OFFSET AND GIMBAL AXIS MISALIGNMENTS 

In this model, we introduce both mirror cen
ter offset and gimbal axis misalignments and make 
the model complete. Since the origins of the three 
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coordinate frames are now not necessarily coinci
dent, let points O,, O,, and Om denotes the origins of 
{zt,SI&,Z&}, {zl,SIJ,zl} and {zm,Sim,Zm}, respectively. 
The location of these frames can be selected in a 
particulaf way, by which no redundant parameters 
are used in the model. 

Fig. 2.3 Modeling gimbal axis misalignment of a 
single-beam laser tracker 

B(be) is computed from (2.4). In summary, in 
this model, we have to calibrate 10 parameters as 
b,, c., ev.4-,Qlt at, A82, Q2, e2. 

III. A Method for Self-callbratlon of a 
single-beam laser tracking system 

A. PROBLEM FORMULATION 

Measurement redundancy can be utilized to 
perform self-calibration. In the following method, 
we use an external precision planar surface to con
strain the target motion during the self-calibration 
process. The problem is then formulated as non-· 
linear optimization problem and least square tech- · 
niques are used in the solution algorithm. 

If three different locations of the target on 
each plane are measured, each plane equation can be 
uniquely determined. More than three planar mea
surements provide an overdetermined system. Mea
surement residuals are mostly contributed by the 
uncertainty in the geometric parameters of the laser 
system and the precision planar surface. Specifi
cally in this problem, the mirror center offset, gim
bal axis misalignments, the geometric parameters of 

The transformation matrix is now in the form the laser systems and the uncertainty of the preci-
of sion planar surface create measurement errors. Rel-

'Tm = .Rot(z,B1).Rot(z,Q1)Trans(a1 ,0,0).Rot(z,B2+ ative measurements provided by the inteferometry 
AB2).Rot(z, Q2)Trans(O, 0, e2) (2.10) are assumed to be error free. The task of calibra-

where the angular parameter Q 1 and a transla- tion is to estimate the above parameters to minimize 
tion parameter a 1 are .introduced to model the mis- the measurement residuals. 
alignment of the two gimbal axes. More specifi- Let D~e be a normal to the kth plane and 
cally, .Rot(z,Q1) will align {z6,y,,z6} with {zl,tll,zl} let the distance between the origin of the reference 
and Trans(a17 0,0) will align the resultant frame frame and the kth plane be a~e (See Fig.2.1). The 
with {z1,y1,z,}. Two angular parameters 82 and plane equation is 
Q2, and one translation parameter 62 are used to D~e · ri~e(x)- a~e = O, i = 1, 2, ... , m, k = 1, 2, ... , q. 
model the case in which the second rotation axis where rile is the position of a random target 
does not lie on the mirror surface. In other words, point ~ lying on the kth Plane ; m is the num-
.Rot(z, 82 + A82).Rot(z, Q2) will align {zl,tll,zl} with her of the measurements; q is the number of planes. 
{zm,l/m,Zm} and 'frans(O,O,~) will bring the resul- and x = [bi, L,.]T for ideal single-beam model, x = 
tant frame to be coincident with {zm,l/m,Zm}· And (bi,l,.,Cs,Cv]T for the model with mirror center off-
the location rp of the target at any point P is com- set, x = (b., Cs, ev, l,., Ql, a., A82, Q2, e2]T for 
puted as follows: the model with both mirror center offset and gimbal 

r = Ru- "'rw + tir - (lm + l,. - z.)B(be)bi + axis misalignments. The residual for each measure-
l.bi (2.8) menta is ~~c(z) = D~e·ri~e(x) - a~e. The calibration 

where problem is to minimize the following cost function: 

z. = -be· (~r "'rir + tir- rm)/be · b1 (2.9) J = t E hi~e(z)2. 
R,r and tu- are respectively the rotation sub- le=li=l 

matrix and translation vector of "'T6 when 81 = In the simulations, we study one plane cali-
(J'J = 0. r m and be are the first three elements bration and three planes calibration. 
of the 4th and 3rd columns of "'T& respectively. 
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B. AN OPTIMIZATION ALGORITHM: 

The procedures is as follows: 
Step 1. The solution formulas for the basic 

measurement equations given in Section 2 are used 
to compute rue, i = 1, 2, ... , m, for a given initial x 
and measurements data. 

Step 2. The resulting rue is used to update 
the geometric parameter vector consisting of x, n1e 

and a~e · 
n~e·r;~e(x)-a~e+nf·.dri~e·dx+ri~e(x) · dnle -da~e = 

0, k = 1, 2, 3; (3.1) 
i=1,2, ... ,m. 

The Jacobian matrix is made up of the co
efficients of the unknown parameters in the above 
formula. 

The above steps need to be i~ratively solved 
until the difference of two consecutive solutions is 
within a preset limit. Among the 4 elements of 
n~e,&Jc, only 3 are independent. In the simulation, 
we set a~e as one of the independent parameters. Let 
n~e = [c~ nka cos nkb cos nka sin nkb sin nka]T , 
so, nka and nkb are the other two independent pa
rameters. 

The flow chart of the algorithm is as follows. 
First , a number of points are generated on each 
plane, in this case, 20 points are on each plane. 
Then for each point, by solving the inverse kine
matic problem, the nominal gimbal angles and the 
relative laser-beam distances are obtained. There 
are several ways to solve the inverse kinematic prob
lem. One is a geometric method which is used in 
our simulation. That is, given the target position, 
the specific geometry in the laser-beam tracking sys
tem is to find the nominal gimbal angles and rela
tive -laser-beam distances. The second method is 
Newton's iteration algorithm which is a numeric so
lution for the nominal gimbal angles and relative 
laser-beam distances. The latter method applies for 
many cases especially when the forward model is 
very complicated. So far, the nominal gimbal angles 
and relative laser-beam distances has been obtained. 
The other unknown are the parameters that are go
ing to be calibrated. In the simulation, the actual 
parameters were chosen in the neighborhood of the 
nominal parameters (listed in Table 4.1), say within 
0.01m or 5 degree away from the nominal param
eters. (3.1) provides the formula of the Jacobian 
matrix. From this Jacobian matrix, the parameter 
update is dx = pinv(Jacobian) · (a~e - n~e·ri~e(x)). 
where rile is the measurements of the target p~i
tion, pinv is the psuedo inverse. After obtaining dx, 
one needs to add this dx to the previous parameters. 
Then, based on then new parameters, the Jacobian 

is recalculated until dx is within the preset limit. 
The above procedure works for a simple plane. 

· ·:THE FLOW CHART 

generate 20 points 
on one plane 

for every point, 
calculate 61 , 62 I I 

I 
- -------

initial guess of 
the 6 parameters 1 I 

.(J. 
use the model for single-beam 

laser tracker system to recalculate 
the 20 points 

for every point, 
use (3.1) to calculate 

the Jacobian 

the parameter update is 
dx = pinv(Jacobian) * (n~e•r- a) 

(pinv is the pseudo inverse) 

if jdxj < E 

(e is a preset value) 
.(J. 

update the parameter I 
x=x+dx 

I go back to step 4 until I 
ldxl <e 

'lb test the sensitivity of the model, a uni
formly distributed noise is added to the angle and 
distance readings and target positions. The resul
tant target positions is then computed to the actual 
target positions. 

IV. Simulation Results 

Let p0 and tfl be the nominal and actual parameter 
vectors of the system as given in Table 4.1. When
ever a noise is added to the angle and distance read
ings, we assumed uniform distribution. The noise 
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values are shown in Table 4.2. The mean and stan
dard deviation or the error which is the difference 
between the nominal target positions and the com
puted target positions. 

Table 4.1 Nominal geometric parameters of the 
simulated laser trackin system 

Parameters Values 

0.001, 0.001 
ince bt is a unit vector, · only 

two components in are shown. For the con
venience or simulation, bt is set . 88 (cos a sin b 
cos a cos b sin a]T. There are 3 more parameters 88 

a•, n, for each plane. Set n• = (cos nka cos nkb 
cos nkasin nkb sin nka]T. The 3 independent pa
rameters are nka, nkb and a,. The unit Cor distance 
is meter, while the unit for angles is radius. 

Fig. 4.1-4.4 show the simulation results for 
the model for ideal case and the model with only 
mirror center offsets. The sel£-calibration method is 
feasible for both one plane and three planes. That 
is, from the method, it is seen that l,., bt, e:.:, c, are 
very close to the actual parameters. 'Thble 4.3 is a 
samples of parameter errorS from one of these sim
ulation. Another finding is that a very intelligent 
initial guess about the parameters is not needed. 
The error can be as large 88 5° for angles and 1mm 
for distance readings. Table 4.2, illustrates the ini
tial guess errors. The convergence rate is adequate. 
In the simulation, after 5 iterations, the parameter 
update converges to 10-12 • The condition number 
of the Jacobian is between 103 and 108 • In order to 
verify the simulation results, we use the calibrated 
parameters and the joint angles to recalculate the 
target positions. This data is then compared with 
the actual target positions. Fig. 4.1-4.4 indicate 
that the error is very small. When calculating the 
errors, mean and standard deviation were used. In 
the folioing tables, all the unit for distance is meter, 
while all the unit for angles is radius. 

Tabl 4 2. ·t· I r h e m1 Ja guess error o t e param eters · 
Parameters Errors 

b. {0.1,0.1} 
l,. 0.1 

{e:.:,ev} {0.0009, 0.0007} 
{at, ll82, a2} {0.001, 0.0001, 0.0001} 

{at,e2} {0.0001,0.0001} 

· -to 
2.1223;:..X ..:..:10:;__ ____ ......._ ___ _ 

_2.1222 

,2.1221 

; 2.122 

I 2.1219 

2.1218 

. 2. 121~0 .15 20 
points 

Fig 4.1 ideal case: mean value for the target po
sition error (1-piane). 

7.71 X 10·12 

~ 7.7 

i7.69 
17.68 
7.~0 15 

points 
20 

Fig 4.2 ideal case: mean valu~ for the target po
sition error (3-plane) 

io 15 20 
points 

Fig 4.3 5-parameter case: mean value for the tar-
get position error (1:-plan~) 

-12 
5.75x 10 

5·~o 15 20 
points 

Fig 4.4 5-parameter case: mean value for the tar
get position error (3-plane) 
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Type I noise in 'Thble 4.4 means that a uni
formly distributed random noise of U(3, 3) prad is 
added to the gimbal angle readings and U(-1, 1] 
pm is added into the laser distance readings (Ta
ble 4.2). This level of accuracy is achievab~ with 
commercially available {9) ultra-precise gimbal po
sitioning mounts and with a proper nongeometric
error-compensation procedure for the laser interfer
ometer. Type II noise means that U(3, 3]prad is 
added to the gimbal angle readings and U(-1, 1)pm 
is added to the laser distance readings, which repre-· 
sents a moderately accurate gimbal mount. 

'Thble 4.4 Random noise intensity added to the 
measurements 

Noise On angles on beam on 3D 
Types distances targets 

(prad) (pm) (pm) 
Type I U(-3,3] [-1,1) 0 
TypeD U(-30,30) [-5,5] 0 
Type III U(-3,3) [-1,1) (-5,5] 
Type IV U(-3,3) [-1,1) [-25,25) 
TypeV U(-3,3) [-1,1) [-125,125) 
Type VI _U(-30,30] [-5,5) (-5,5) 
Type VII U(-30,30) (-5,5] (-25,25) 
Type VIII U(-30,30] [-5,5] [-125,125) 

Fig.4.5-4. 7 illustrates the performance of 5-
parameter case under different levels of noise. In 
Fig 4.5 compares the performance of two systems 
under the condition that there is no measurement 
noise in the given target measurements. The two 
systems are of type I and type D as shown Thble 
4.4. By using the ultra-accurate system components 
(i.e., high accuracy gimbal angle and laser distance 
readings), 3D coordinate measuring errors can be 
reduced to below 0.01mm. On the other hand, the 
3D errors of a moderately accurate system is several 
times larger than those of the ultra-accurate system. 

Figures 4.6 and 4. 7 illustrate respectively the 
results using the ultra-accurate and the moderately 
accurate systems under different 3D measurement 
noise conditions, which are also listed in Table 4.4. 
Note that the level of the given target measurement 
noise is increased 5 times from type III to type IV 
and then to type V. This is repeated for noise types 
VI-VIII. It can be seen from both figures that us
ing relatively more measurement points for system 
calibration can improve the system performance. It 
can also be observed that to a certain degree the cal
ibration results are not very sensitive to the given 3 
D target measurements . . This is because the target 
measurement noise is averaged out in the process 
of parameter estimation. However, if the measure-

ments are very noisy, as in the cases of types V and 
VIII the system performance will severely deterio
rate. In summary, it can be said that the sensitivity 
of this method is sound Co~ the model with mirror 
center offset. 

o.oe-------...-----. 

_o.os r--...._---------1 
J.o.04 type II noise 

;o.03 

!0.02 

. 0.01 type I noise 

~0 15 
points 

20 

Fig 4.5 Performance comparison between systems 
with high and moderate accuracy gimbal angle and 
laser distance readin$ts {no mP.AtUtrP.mP.nt n.oise ). 
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Fig 4.6 Performance assessment of systems with 
high and moderate accuracy gimbal angle and laser 
diStance readings (with ultra-accurate measurement 
readings). 

0.12 
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. 

-
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Fig 4. 7 Performance asseBBment of systems with 
low measurments accuracy 

V. CONCLUDING REMARKS 

This paper is mainly concerned about the self
calibration of a laser tracking system. The model 
used to describe the tracking system was first devel
oped in [1]. The self-calibration process is formu
lated as a nonlinear optimization problems and the 
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least squares technique is used to develop the solu
tion algorithms. Simulation results show that this 
self-calibration method is feasible for calibrating pa
rameters in the situation when there is no joint axis 
misalignment in the laser tracking system. Unfortu
nately, at this stage, we couldn't use this method to 
calibrate a system that exhibits axis misalignments. 
One way to reduce the influence of gimbal axis mis
alignment on 3D coordinate measuring significantly 
is by using an ultra-accurate gimbal mount. The 
other way is by calibration which we're going to ex
plore. We noticed that from planar surface only 3 
constraints can be derived which is not enough to 
calibrate the 10 parameters. Our next step is to 
constrain the target motion on some objects which 
create more constraints. 
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ABSTRACT 

The paper proposes a new simple technique for compensation of Zero Order Hold 

(ZOH) effects in digital control systems. Given a feedback dynamic system and an analog 

controller designed in the S-doinain, which is discretized by an arbitrary S to Z 

transformation, an addition of a pole-zero pair in the Z-domain is shown to significantly 

compensate for the gain and phase changes due to the ZOH. 

Applying the proposed method to a variety of examples, including "bench-mark" 

examples studied by other researchers, the closed-loop performance of the digital control 

system is compared to the analog system performance in the time and frequency domains. 
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L THE PROPOSED METHOD 

Digital control design through discretizing an analog controller has been the topic 

of much controversy [1]. The problem is as follows: given a process Gp(s), sensor H(s) 

and a presumably well designed analog controller Gc(s) (Fig. la), find a digital controller 

D(z) (Fig. lb) which produces closed-loop behavior similar to the analog system both in 

the time and frequency domains. 

""--------4 H(s) ~---' "'-------4 H(s) ~--- ___ __, 

Fig. laThe analog closed-loop control system Fig. lb The digital closed-loop control system 

Unquestionably, analog control design followed by controller discretization is far 

more convenient than direct digital control design for the main reason that the sampling 

period value T affects the design process only at the final phase and not up front [2]. As 

observed in [2] and by many practicing engineers, for a sufficiently high sampling rate _!_, 
. T 

most discretizing methods produce closed-loop performance which well approximates the 

analog control performance. In other words, the discretizing problem is meaningful only 

for reiatively low sampling rates. Our goal in this paper is to share with the readers a 

simple and highly practical Zero Order Hold (ZOH) compensation technique that we have 

successfully applied to many "bench-mark" problems studied by the above and other 

researchers, and to other design problems. What we found is that adding this 

compensation to a discretized controller which maintains closed-loop stability results in a 

noticeable improved performance. 
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The method is based on adding a pole-zero pair in the Z.plane to the digital 

controller obtained through some suitable discretization methods, such as Tustin (bilinear) 

transformation, with or without pre-warping. The additional pole and zero partially 

compensate for the low and mid-frequencies phase and gain frequency response effects 

contributed by the WH. 

As is well kno\vn, the contributions of the ZOH and Gp(s) to the exact discrete 

time pulse transfer function are not separable. Yet, generally speaking, regardless of the 

Gp(s) effect, the ZOH causes a delay of approximately T as shoWn intuitively in Figure 2. 
2 

T 

~~~_.-----~-----._~~_.___________________________ t 

Fig. 2 A reconstructed signal using ZOH and its smoothed approximation 

A pole-zero compensation: 

2z 
C(z)= -

z+1 
1) 

shown in Fig. 3 provides a phase of roT which exactly cancels the frequency phase 
2 

1 -IT 

response of the ZOH as obtained from - e . The ZOH magnitude response is canceled 
s 

. . . roT (J)T 
. at frequenctes for which tan 2 = 2. 
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IM 

Pole at -1 

\ 

' ' ........ -
I 

I 
/ 

Fig. 3 1be location of pole and zero of ZOH compensator in the Z-domain 

It is interesting to . note that this cancellation (up to a scale factor of _!_) is the 
T 

inverse of the Tustin transformation of the ftrst order Parle approximation to the so-called 

ZOH transfer function [3]: 

Then: 

1 -sT -e T ------
s 1+-sT_ 

2 

T z+l 
=-

2 z 

(2) 

(3) 

The method does not guarantee stable closed-loop system since it is independent 

of the discretization method and the sampling rate. However one can investigate the 

effects of the sampling rate by applying the polynomial root locus [4]. For a given stable 

analog closed-loop system, a necessary condition for the proposed method to be used is 

that the characteristic polynomial of the discretized system: 
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1 +(2£)D(z)(1- z-1)Z{G,(s)} = 0 
z+1 ·: s 

(4) 

where D(z) is an arbitrary discretized version of Gc(s), has all the polynomial roots inside 

the unit circle. 

In cases where the proposed compensation (1) causes closed-loop instability, a 

modified ZOH compensation of the following fonn is to be considered: 

C'(z) = 2(z- e) 
z+l-2£ 

(5) 

where e is a small positive constant For closed-loop stability, the characteristic 

polynomial implied by: 

1+( 2(z -e) )v(z)(l- z-1)Z{G,(s)} = 0 
z+l-2£ s 

(6) 

must have iill roots inside the unit circle. Note that this modified compensation preserves 

tb.e DC gain of the controller. Figures 4a and 4b illustrate the effect of the new pole-zero 

pair of the ZOH compensation. 

1M 1M 
......... 

' ' m " Unit Clrdc 
Utttt Circle \ 

' <--~~--~~----~'~~ 
\ I 

\ / 

' / 

' _.., - - ......... ...,..,. --
Fig. 4a UnmOdified ZOH compensator Fig. 4b Modified ZOH compensator 
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2. SUMMARY OF THE DESIGN PROCEDURE 

1. Select a suitable S to Z transformation, i.e., Tustin (bilinear) transformation, and 

sampling timeT to discretize the existing analog controller Gc(s) to obtain D(z). 

2. Multiply the result of step (1) by C(z) = ~ to obtain: D(z) = C(z)D(z). 
z+l 

2a. Match the open-loop DC gain of the digital control system to the analog system. 

3. Check the closed-loop stability in Z-domain using equation (4). If stable, observe 

the closed-loop system performance. 

4. 

4a. 

If in step (3) the closed-loop system becomes unstable, then: 

Try C'(z) = 2(z -£) for small e>O to obtain D(z) = C'(z)D(z); use£ as small 
t.+l-2£ 

as possible to guarantee better performance at the higher frequencies. 

4b. Match the open-loop DC gain of the analog and discretized sy~tems. 

4c. Check the closed-loop stability in Z domain using equation (6). If stable, observe 

the closed-loop system performance. 

5. If the closed-loop system in step (4c) is still unstable, use other methods. 

3.EXAMPLES 

a. Lag Compensator [5] 

Given the process 

Gp(s) 4 X Hf ; H(s)=l. 
s(s + 20)(s + 200) 

The following analog controller 
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G ( ) 1 (s+S) de . ed . B d di c s 
80 

(s+0.
1
) was stgn usmg o e agram to satisfy the following design 

specifications: (a) velocity error constant, Kv at least 1000 s-1~ (b) attenuation of all 

. sinusoidal inputs above 400 rad/s by at least 16, (b) steady-state error of (up to) 1% for 

sinusoidal inputs less than 1 rad/s. 

The following table is a summary of the discretization results for three different 

sampling rates. The discretized controller D(z) using Tustin transformation is listed in the 

second column. The third column is the ZOH compensation and the fourth column is the 

complete controller D(z) using the proposed ZOH compensation. Note that in the third 

row, with or without the ZOH compensator, the closed-loop system is unstable. The 

problem is overcome by using the modified compensator shown in the fourth row. 

A 

D(z) Multiplier D(z) 

T=0.01 s 0.0130z- 0.0120 2z 0.0260z2
- 0.0240z --

z-0.9990 z+1 · z2 +O.OOIOz-0.9990 

T=O.OS s 0.0150z- 0.0100 2z 0. 0299 z2 
- 0. 0200z --

z-0.9950 z+1 z2 + 0. 0050z- 0. 9950 

T = 0.1 s Unstable 2z Unstable --
0.0174z -0.0075 

z+l 
0.0348z2 -0.0150z 

z-0.9900 z2 +0.0100z-0.9900 

T = 0.1 s Unstable 2(z-0.2) 0.0348z2 -0.0219z+0.0030 

0.0174z -0.0075 (z+ 0.6) z2 
- 0.3900 z- 0.5940 

z-0.9900 

Table I 

Figures S.la and b depict the closed-loop step and frequency responses 

respectively, of the analog system and the digital control system using Tustin with and 
I 

without ZOH compensation for T=O.Ol s. The ZOH compensation design method 

perfonnance matches the analog system's perfonnance very well, while without the 
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compensation, the system has a slightly bigger overshoot .as shown in Figures 5.1 a. The 

frequency respo~se with and without ZOH compensatio~ are shown in Figures 5.1b. 
l 

When reducing the sampling rate to T=0.05 s, the system with no compensation has a very 

poor performance in time and frequency domains as shown in Figures 5.2a and 5.2b. 

However, whereas with the ZOH compensation, the system performance is close to the 

analog one. 

Reducing the sampling rates even further to T=0.1 s results in an unstable closed

loop system with and without compensation as shown in Table 1. Using the modified ZOH 

compensation with £ =0.2 the closed-loop system becomes stable. The step response 

shown in Fig. 5.3a demonstrates a relatively ·good performance while Tustin 

transformation has made the closed-loop system unstable. Figure 5.3b shows the 

frequency response of the closed-loop system using the modified ZOH compensator. 

b. Lead-Lag Compensation [5] 

Given 

1000 
Gp(s) s s ; H(s)=l. 

s(1 + 10)(l + 250) 

The following analog controller 

Gc(s) 

s 
(1+-) 

4.5 

(1+_:!_) 
0.1 

(1 +2:..) 
10 

(1+-s-) 
110 

has been designed using Bode diagram to meet several specifications: (a) phase margin of 

at least 50°, (b) velocity error constant, Kv at least 1000 s-1, (c) attenuation of the input 

noise at 60Hz and above by a factor of 100, and (d) the steady state error less than 1 rad/s 
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is less than 1%. Using Tustin transformation applied to Gc(s) provided with T=O.Ol s, the 

following digital controller is obtained: 

D(z) = 0.6597 z
2 

-12897 z + 0.6300 
l00z2 -l2893z+0.2900 

With the ZOH compensation of 

D(z) = l3194z
3

- 25793z
2 

+ l26z 
z3 

- 0.2893z2 
- 0.9993z + 0.2900 

2z 

z+l' 
the digital controller becomes 

Figures 6a and b depict the closed-loop step and frequency responses respectively, of the 

analog system, and the digital control system using the Tustin transformation with and 

without ZOH compensation. The effect of the ZOH compensation is evident 

c. Katz's example [6] 

Given 

.0. c )-863.3 
P s--

s:z 

the following analog controller 

G (s)=2940 (s+ 29·4) -
c (s+294)2 

has been designed to meet the following closed-loop sys~m specifications: (a) the 

maximum phase lag at f=3 Hz should not be more than 13°, (b) at any given frequency the 

closed-loop gain should not exceed 5 dB beyond the closed-loop DC gain, and (c) 

maximum tracking error due to an input disturbance moment of 0.028 N.m should be 0.01 

rad. Taking the Tustin transformation with pre-warping* at the sampling time T=0.03 s of 

Gc(s), the following digital controller is obtained by [6]: 

D(z) = 18958z
2 + l1685z -0.7273 

z2 + 11653z + 0.3395 
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This was the only discretization method that resulted in .a stable closed-loop system at 

such low sampling rate [3]. The same controller with .the additional proposed ZOH 

compensation is: 

D(z) = 3.7916z3 + 2.3369z2 -1.4546z 
z3 + 21653z2 + 15047 z + 0.3395 

Adding this ZOH compensation to the D(z), the system output at the sampling 

instants is significantly closer to the original analog step response, shown in Figure 7 a. 

Note also the improvement of the frequency response as shown in Figure 7b. Even though 

the suggested compensator does not perform better . than those obtained by Evans

Kennedy [7] and Keller-Anderson[2] methods, the simplicity of the proposed method is 

quite attractive. 

* Katz's pre-warping which warps the frequency of both pole and zero (reference [6]) differs from the 

"regular" pre-warping which warps at one frequency. 

d. Rattan's Example [8] 

Given: 

G (s) 10 
P s(s+ 1) 

1+0.416s 
Gc(s) 1+0.319s 

A digital controller proposed by Rattan (no design specifications are available in his 

example) is: 

D (z) = 3.436z-2.191 
RaaaD z + 0. 2390 

Using Tustin transformation to discretize the analog controller, the digital controller 

becomes: 
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D(z) = 2.294z -15935 
z -0.2991 

. . 

Applying the modified ZOH ·compensation with£= 0.1 to D(z): 

D(z) = 4.5888z2 -3.6459z+0.3187 
z2 + 0.5009z- 0.2393 

In Rattan's example, the ·closed-loop frequency matching in the W-domain has 

shown better perfonnance than Tustin and pre-warping methods at T=0.15 seconds [8]. 

Figure 8a shows that the step response of the closed-loop system using the modified ZOH 

compensation has slightly lower overshoot than Rattan's method and by far better than 

Tustin transfonnation without compensation. The frequency response of the analog 

closed-loop system, digital closed-loop system using Tustin transfonnation, Tustin with 

ZOH compensation, and Rattan's method are all plotted in Figure 8b. 

··4. CONCLUSION 

This paper introduced a method to partially compensate for the ZOH effects of a 

closed-loop digital control system. By multiplying a discretized given controller in Z

domain by a pole-zero pair, a significant closed-loop perfonnance improvement has been 

achieved in many design examples. We hope that practicing engineers find this method 

useful. 
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ABSTRACT 

In this paper, a novel model reduction technique for 
linear time-invariant systems is presented. The 
proposed technique is based on a conceptual view 
point regarding the balancing of the controllability 
and observability grammians of a mulivariable 
system in a given frequency range of operation. The 
necessary, as well as sufficient conditions for the 
stability of the reduced model are provided. It is 
shown that from the real-time system 's applicability 
view point, the frequency-domain balanced structure 
is a natural as well as a desired approach to model 
reduction of large scaled systems. The simulation 
results have indeed demonstrated .the effectiveness of 
the proposed method in comparison with the 
existing proposed techniques. 

I. INTRODUCTION AND GENERAL 
BACKGROUND 

The incentive for obtaining a reduced model arises 
when one is confronted with a complex high order 
system for real-time computations and controls. Since 
a model is a mathematical representation of a physical 
system or the characterization of a given system from 
the input-output data information, the simplification of 
this model is highly desirable in various synthesis and 
analysis problem. However, the purpose,motivation 
and error criterion between a full-order model and a 
reduced-order system in a given frequency range of 
operation should be specified before a true justification 
and conclusion can be reached regarding the 
replacement of the reduced model with the original 
one. In other word, the reduced model should 
represent the physical system with sufficient fidelity 
such that performance objectives can be met using the 
reduced model instead of the original one in a given 
frequency bandwidth. 
A wide variety of model methods for the model 
reduction have been proposed over the last two 
decades for both SISO and MIMO. Most of these 
schemes have been documented in a text book style in 
[4].However, most of the given scheme therein(as well 
as the proposed schemes in various literatures) are 
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either does not offer a good guarantee of 
performance(such as pade and Routh table), or are 
computationally demanding non-linear programing 
(such as Wilson optimal structure solution)[l,2]. 
In the opinion of many investigators of model 
reduction, two developments have dramatically 
changed the status of the model reduction theory. 
These are the theories of Moor's balanced realization 
[1] and Optimal Hankel-Norm approximation[2]. The 
main advantage of these two methods are that they 
address the problem of Kalman minimal realization 
theory. Specifically, since the rank of a matrix is a 
relative number, by observation of singular value of 
controllability and observability grammians or the 
hankel matrix of the system, the minimality of the 
system can be determined. However, the operational 
frequency bandwidth of a system is a critic al factor 
which should be addressed as an integrated part of any 
reliable model reduction scheme.ln [5] model 
reduction of linear time invariant systems at low 
frequency range has been addressed . The balanced 
structure for any single frequency (wo) has been 
investigated in [6]. In addition, therein, the high 
frequency as well as low frequency approximations 
have been addressed and the interrelations between 
various structures have been obtained. Although Enns 
in [3] has inputs and outputs frequency weighting 
blocks for the balanced structures , there has not been 
any systematic approach to address the problem of 
model reduction in a frequency range of operation. 
In this paper, a systematic approach toward model 
reduction of a time invariant system in a given 
frequency range is presented. The frequency 
bandwidth of a system is an important factor and 
consideration from both theoretical as well as 
applicability view point. It is shown that · the 
proposed frequency domain balanced structure is a 
natural approach to model reduction of large scaled 
system in a given frequency range. 

IT. PROBLEM APPROACH 

In this section, significant contributions of the paper 
are presented. The full descriptions and the proofs of 
the theorems as: well as simulation results are not 
provided in this paper. 
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(i) Continuous Systems 

Consider the following controllable, observable and 
asymptotically stable original system: 

(1-a) x(t)=A x(t) + B u (t) 
y(t)=C x(t) (1-b) 

Definition# 1 :The frequency-domain controllability and 
observability grammians of a system in form of ( 1) 
can be defined as follow: 

Wcf =_Lfw' ( eiw1-Ar1 B B*( e·iw1-A*f1 dw 
21t 

WI 

(2-a) 

w f =_Lf.w' ( eiwLA*r' C*C( e-iwLAr' dw 
0 21t 

W} 

(2-b) 
Definition#2: A controllable and observable system 
is frequency-domain balanced if the following 
condition hold: 

Wcf= Wof=L 

(3) 

Theorem#1:A linear time invariant system described 
as (1) is controllable( observable) if and only if for a 
given frequency range of{w1, w2}, the frequency 
domain controllability( observability) grammian is 
non-singular. 

Theorem#2: For a controllable , observable, and 
asymptotically stable system, the following 
Lyapunov equations can be proven: 

AWet+ Wet A* =-BB*F-F*BB* (4-a) 

A* Wof + W of A =-C*CF*- FC*C (4-b) 

Where F= Jw' ( -jooi-A *)"1 dw 
W} 

Theorem #3 For an original stable model, the 
corresponding reduced system is asymptotically 

stable iff L i~ (3) doesn't possess any common 
entries on it's diagonal. 

Lemma 1 : For any arbitrary system , a unique 
similarity transformation exist which transforms the 
system into a frequency-domain balanced realization . 

Theorem #4: L oc error bound between original and 
reduced systems' transfer functions is directly 
proportional to the singular values of the truncated( 
frequency-domain controllability and observability) 
grammians of the system. 

Based on the above theorems, an algorithm has been 
developed to reduce the order of a system's model in 
any frequency range of operation. The significant of the 
results is the applicability of the algorithm to 
various applications which operate at a limited 
range of frequencies. The results herein take full 
advantage of such issue to resolve the model reduction 
problem and the error bound. It is worth mentioning 
that the proposed algorithm is also valid for zero to 
infinite frequency range which results in the Moore's 
balanced structure. 

(ii) Discrete Systems 

Consider the following controllable and observable 
discrete system: 

x(k+ l)=A x(k) + B u (u) (5-a) 
y(k)=C x(k) (5-b) 

Definition#]: The frequency-domain controllability 
and observability grammians of a system in form of 
(1) can be defined as follow: 

We (ro1,ro2)=2~ 1 X(ro) X*(ro) dro 
u (6-a) 

We ( CilJ ,Cilz)= 2~ 1 Y*(oo) Y( oo)doo 
(6-b) 

where 8 provides the range of frequency and X( 00) 
and Y(ro) are the Fourier transformations ofM(k) and 
N(k) as defined by the following expressions: 

M(k)=Ak B and N(k)=C* (Ak)* (7) 

Theorem#5: For a controllable , observable, and 
asymptotically stable system, the following 
Lyapunov equations can be proven: 

AWe A*- We =-BB*( 8/27t)-f2BB* -BB*ft 
(8-a) 

A*Wo A- Wo =-C*C( 8/21t)-f1C*C-C*Cf2 
(8--b) 

where 

ft= _l_Jw' (1-A*e.ioor' dw 
21t 

W[ . 

f2= _l_f.w' (1-Ae.ioor' dw=f~ 
21t 

W[ 

We and Wo in (8) are defined based on eqs. ( 6-a) 
and ( 6-b) properly. 
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Lemma 2: For any arbitrary discrete system, a unique 
similarity transformation exist which transforms the 
system into a frequency-domain discrete balanced 
realization . 
Due to the space limitation, the frequency domain 
balanced structures for the discrete systems in a 
frequency range is not discussed herein. It can be 
found in [7]. 

ill. A NUMERICAL EXAMPLE 

In this section, a numerical example is presented to 
demonstrate the effectiveness of the proposed method 
in comparison to the original work of Moore balanced 
structure[!]. The selected numerical example is a 
controllability canonical realization which has been 
given in [ 1] as example # 1: 

0 0 0 0 0 

0 0 1 0 
B 

0 

0 0 0 0 

-50 -79 -33 -5 1 

C={ 50 15 0 

The transfer function of the above system can be 
represented as follow: 

G( ) (s+ l)(s+5) 
s (s+ 1 +j4.9)(s+ 1-4.9j)(s+ 1)(s+2) 

The singular values of the balanced Grammian based 
on the provided algorithm in [1] are given as: 

{ cri. ~. ~. ~ }={0.576, 0.147, 0.0904, 0.0192} 

It is desirable to reduce the above original system to a 
second order which is a reasonable order reduction due 
to small singular values of the third and fourth entries 
of the controllability and observability matrices[ 1]. 
Based on Moore balanced realization, the following 
state -space form can be obtained: 

A=[ 2.1954 
b 1.45035 

Br =[.8047 
cb =[-.8047 

1.4503 
.6183 

.7729] 
.7729] 

For the proposed reduced system in the frequency 
range of .1 to .5 HZ the following state space 
realization has been obtained: 
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[ 
2.2163 

Ar= 1.37834 

Bf =[.8114 
Cr =[-.8114 

1.6783 l 
.6543 

.7850] 
.7850] 

The simulation results are shown in figures( 1) and 
(2). In these figures the Nyquist plots have been 
utilized for the comparison of the Moore balanced 
structure and the proposed method. In figure (1 ),the 
Nyquist plots for the original system as well as 
reduced-order system based on Moore balanced 
structure and proposed structure in the frequency range 
of 0.0 to 0.5 HZ are shown. In figure (2), the 
Nyquist plots of the same system are shown for 
frequencies between 0.1 to 0 .5 HZ. It is observed 
that the proposed method is superior to balanced 
structure in the provided range of frequencies. 
However, outside the given frequencies , the Moore 
balanced structure provides a better approximation 
model than our proposed algorithm which is 
expected.If the frequency range is selected between 
zero to infinity, the proposed algorithm will be 
equivalent to balanced model reduction. 

2 r CA•J_ · · : ... : · · · · ·:··· . ... :1 
r
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Figure(J): Orginal and reduced model for frequency 
range ofO.O to 0.5 HZ 
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Figure(2): Orginal and reduced mode/for frequency 
range of 0.1 to 0. 5 HZ 

IV. CONCLUSIONS 

The central contribution of this paper is the 
development of frequency -domain balanced structure 
theory. Simulation results has indeed confirmed the 
effectiveness of the proposed technique for model 
reduction of various large scaled systems. 
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Abstract 
A general framework is introduced in this paper for the 

self-calibration of parallel manipulators. The concept of 
creating forward and inverse measurement residuals by 
exploring conflicting information provided with redund~nt 
sensing is proposed. It is illustrated through a case study, I.e. 
calibration of the Stewart platform, that with this framework 
the design of a suitable self-calibration system and the 
formulation of the relevant mathematical model become 
more systematic. Some of the principles important to the 
system self-calibration are also demonstrated through the case 
study. 

It is shown that by installing 6 redundant sensors on the 
Stewart platform, the system is able to perform self
calibration. There are in total 36 independent kinematic 
parameters in the system. The proposed approach provides a 
tool for rapid and autonomous calibration of the parallel 
mechanism. 

I. Introduction 

Parallel manipulators, particularly the Stewart platform, 
have recently attracted considerable interest. Contemporary 
literature covers topics such as kinematic analysis, workspace 
analysis, practical design/construction considerations, 
kinematic calibration, dynamics and control, and numerous 
applications. . 

The major source of inaccuracy in such a system IS 

manufacturin o tolerances. A practical and economical way of 
0 • • 

enhancino the machine accuracy is through kmematlc 
calibratio~. It is a process by which the actual kinematic 
parameters are estimated and then used to modify the 
kinematic model residing in the manipulator controller. 
Kinematic calibration can significantly improve the 
manipulator accuracy. 

Manipulator calibration is normally done in a well-

, This work is supported in part by National Science 
Foundation under grant DMI-9409716. 
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controlled laboratory environment. Pose data of the 
manipulator is measured by a dedicated measuring device. 
This, together with internal sensing data, is used to identify 
the kinematic model or model parameters of the system. 
However, accurate calibration data through external sensing 2 

is expensive and difficult to obtain. 
Self-calibration has the potential of, (a) removing the 

dependence on any external pose sensing information, (b) 
producing high accuracy measurement data over the entire 
workspace of the system with an extremely fast measurement 
rate, (c) being automated and completely noninvasive, (d) 
facilitating on-line accuracy compensation, and (e) being cost 
effective. 

Researchers have been working on the issue of self
calibration for a number of years, for instance, see [ 1]. 

A self-calibration task may be performed by imposing 
physical constraints to the system or by adding redundant 
sensors. Calibrating a laser tracking system by restricting 
the target motion on a planar surface is an example of the 
former, and using redundant sensing information to calibrate a 
subset of the parameters of a 6-DOF hand controller is an 
example of the latter. This paper concentrates on the second 
approach. 

II. A General Framework for Self
Calibration 

A. System under Consideration 
Systems under consideration are programmable 

manipulators comprised only of ideal closed-kinematic chains. 

B. A Simple Example 
The basic idea of system self-calibration can be 

illustrated by the following example. A planar four-link 
manipulator is shown in Figure 1. Joints A, B, and C are 
passive one degree of freedom (DOF) revolute joints and joint 
D is an active 1-DOF prismatic joint. The notations for the 
length of each linkage and the joint angle between two 
neighboring linkages are shown in the figure. Note that 
parameters a, b and Lie are fixed, and e is a prismatic joint 
variable. By measuring the coordinates of A in a reference 
coordinate frame (not shown in the figure) at a number of 
different configurations of the manipulator, and recording the 
corresponding values of the displacement e, one is able to 
compute parameters a, b and Lie. This is a traditional 
kinematic calibration problem. 

2 External sensing is referred to as sensing done by 
using a device that is not part of the system. On the 
other hand, internal sensing means that measurements 
are exclusively taken by sensors resident in the 
system-. 
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A 

a 

Figure 1. A planar four-link manipulator 

Let us now consider the self-calibration problem. In this 
case, the coordinates of point A are not measured. Instead, the 
angle parameter f3 is measured in addition to the displacement 

c. Note that Ll/3 is a joint offset, which equals LABC when 

the joint reading f3 is zero. 
Applying the laws of triangles in Figure 1, we have the 

following two equations: 

a+ bcos(a+f3+Llf3)- (c+Llc)cos(f3+Ll/3) = 0, (l.a) 

(c+Llc)sin(f3+Ll/3)- bsin(a+f3 +Ll/3) = 0 (l.b) 

where, a, b, Llc, a, and Ll/3 are unknown. When the 

prismatic joint changes its length, a, f3 and c change their 

values. Notice that a is not measured. For each additional 
measurement configuration, one obtains two more equations 
with one more unknown. Four measurement configurations 
will produce four pairs of equations of the form (1) with eight 
unknowns. Thus, one is able to solve the unknowns, 
including a, b and Llc, from this set of equations. 

From this example, it is evident that certain systems are 
capable of performing self-calibration utilizing exclusively 
internal yet redundant sensing information. With respect to 
this example, we define some terminologies such as readable 
passive joint variables, unreadable passive joint variables, 
active joint offsets, and passive joint offsets. In the example, 
c is an active joint variable, f3 a readable passive joint 

variable, a an unreadable passive joint variable, Llc an active 

joint offset, and Ll/3 a passive joint offset. We consider active 
joint offsets to be part of the kinematic parameter vector, the 
readable passive joint offsets to be part of the augmented 
kinematic parameter vector, and the readable passive joint 
variable be part of the augmented joint variable vector. 

C. The Idea 
In the case of self-calibration, construction of a 

measurement residual that corresponds to robot pose errors is 

not a trivial task since no information about poses of 
manipulator is directly available. We overcome this difficui 
by exploring all possible information provided by redund 
sensing. Although the example given in Section II.j 
illustrates the feasibility of self-calibrating a closed-kinematic 
chain manipulator, it may not be practical or economical to 
find all of the unknown kinematic parameters (including those 
introduced by redundant sensing) of a general parallel 
manipulator by solving a set of nonlinear loop equations. A 
more effective approach is outlined below. 

A parallel manipulator has its forward and inverse 
kinematic solutions without redundant sensing, although in 
some cases these solutions can only be obtained by numerical 
means. By installing redundant sensors, one may be able to 
find the manipulator's forward and inverse kinematic solutions 
through a different path. Ideally, the solutions provided with 
and without redundant sensing should be consistent 
However, because of the errors in the nominal kinematic 
parameters of the manipulator, these solutions from two 
paths may not be the same. The discrepancies between these 
solutions can then be used to form measurement residuals. If 
the joint variables are sensed at a sufficient number of 
measurement configurations, the actual kinematic parameters 
may be estimated by minimizing the measurement residuals 
and be used to modify the kinematic model resident in the 
machine controller. 

D . Formulation of the Measurement Residuals 
We derive first a measurement residual by using the 

forward kinematics of the manipulator, and two more by its 
inverse kinematics. 

Let the forward kinematic model of the parallel 
manipulator without redundant sensing be written as 

(2) 

where T, a 4x4 homogeneous transformation, defines the 
manipulator pose. Given the kinematic parameter vector p 
and the active joint vector q, one can compute a solution for 
the pose, denoted by T F· This is a standard forward kinematic • 
problem. 

Let the forward kinematic model with redundant sensing 
be written as 

(3) 

Given a subset of the augmented joint vector q a and the 

kinematic parameter vector p a' one is also able to compute 

another solution for the pose, denoted by T F R" This is a 

special forward kinematic problem. 
Ideally, the solutions from (2) and (3) must be the same 
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since they describe an identical physical system. However, 
due mainly to the errors in the nominal kinematic parameters, 
T F and T F R may not be identical. The measurement residual 

in terms of the forward kinematic solutions can then be 
defmedas 

(4) 

There exist at most six independent error variables in the 
difference T F R - T F' which can be denoted by the 3x 1 

orientation error vector 8 and the 3xl position error vector d. 
These can be obtained by 

forward and inverse measurement residuals. This does not 
prevent other appropriate mathematical tools from being 
utilized to model a prescribed system and formulate 
measurement residuals. 

Based on (5) and (7), one can obtain 6 + n + r forward 
and inverse measurement residual (scalar) equations from each 
measurement configuration where nand r are respectively the 
number of active and redundant joint sensors. Clearly, these 
measurement equations are not mutually independent, since 
measurements acquired from a single measurement 
configuration can produce a maximum of 6 independent 
equations. 

E . The Cost Function 
(5) Three cost functions can be defined in terms of the 

where S is an operator that extracts six nontrivial elements 
from the matrix 8T. We may refer to [8T, dT]T as an 
forward measurement residual. 

Now let us consider the standard inverse kinematic 
problem, whose solution can be written as 

(6a) 

where [•]- 1 denotes a functional inversion. On the other hand, 
the special inverse kinematic solution with redundant sensing 
can be written as 

(6b) 

Ideally, q and q a must be equal to the measured counterparts 

q am. Actually they may not. To explore all the information 

provided by redundant sensing, we switch the poses for the 
inverse solutions; i.e., T FR is used to solve for q, and T F for 

q a· Two measurement residuals in terms of the inverse 

kinematic solutions can then be defined as 

(7a) 

(7b) 

We may refer to the term in (7a) as an inverse measurement 
residual for active joint sensors and in (7b) as an inverse 
measurement residual for passive joint sensors. Note that if 
T F was used in equation (5) for determining q, then (7a) 

would provide no information because T F was previously 

solved for by substituting q m into (2). Consequently q = q 

m. Thus T FR must be used to solve for q. Similarly, T F 

must be used to obtain q pr· 

It should be noted that homogeneous transformation 
matrices are only used to illustrate the concept of formulating 
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measurement error residuals constructed above, 

cFIPJ= :f WF,j ofOj + wtdJdj) (Sa) 
j=l 

CM(pa)= :f w IA.j qj- qjf(qi- qr 
j=l 

(8b) 

m 

c/P Pa = L WfP ,~qprj- q;,,)T(qprj- q;,,) 
i= I 

(8c) 

where the subscript j denotes the jth set of joint 
measurements, and wl' wFJ' w 1AJ and w 1PJ are the positive 
weights. The subscripts F, lA and IP stand for forward, 
inverse active and inverse passive, respectively. In (8a), 
weight w 1 takes care of the scaling problem. It is usually 

determined by the maximum stretch of the manipulator. The 
weights wFJ' w 1AJ and w 1PJ are index-j-dependent, which 

means that they can be used to emphasize or de-emphasize 
measurements from individual robot measurement 
configurations. These weights can be systematically chosen 
if measurement error co variances are available. 

Whenever a measurement produces 6 independent scalar 
residual equations from either (5) or (7a) or (7b), any cost 
function associated with these residual equations may be used 
for kinematic parameter identification. A question is 
immediately raised: which cost function is preferred ? The 
choice is highly application-dependent, and one must take 
into consideration calibration accuracy and computational 
complexity. The issue of calibration accuracy must be 
verified by simulation and experimental studies. The 
computational complexity can be analyzed by studying the 
complexity of the forward and inverse kinematic problems 
involved. Normally, in the case of a parallel robot, the 
forward kinematic problem without redundant sensing is 
complex; and the inverse kinematic problem without 
redundant sensing is simple. On the other hand, by 
introducing redundant sensing, the forward kinematic problem 
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may become simpler and the inverse problem may become 
more complex. In any case, cost functions (8a) and (8c) may 
not be good choices since both of them require solving a 
standard forward kinematic problem. On the other hand, by 
properly placing redundant sensors, one may obtain a closed
form solution for its forward kinematic problem. Thus cost 
function (8b) has potentially an edge over the other two cost 
functions in terms of computational complexity. 

As to the problem of designing kinematic parameter 
identification algorithms, nonlinear least squares procedures 
can be used to iteratively or recursively solve for the 
augmented kinematic parameter vector that minimizes one of 
the cost functions C F' C1 A and Cr In the next section, we 

will demonstrate the idea discussed in this section through a 
case study. 

III. Self-Calibration of Stewart Platforms 

A. System Description 
The parallel robot, illustrated in Figure 2, is composed 

of six variable-length legs, a base and a movable plate. Each 
leg is connected to the base by aU-joint and to the plate by a 
ball joint; its displacement is normally measured by an 
optical encoder. To self-calibrate this six-degrees of freedom 
parallel manipulator, two redundant sensors are installed · on 
each of the alternative U-joints. The location of these three 
U-joints are marked by solid circular patterns in Figure 2. 

B . Coordinate System Assignment 
Traditionally, when poses of the platform plate are 

measured by an external device, one must place an arbitrary 
world coordinate system that is normally defined by the 
measurement device. One must also assign an arbitrary tool 
coordinate system that is normally specified by the fixture 
used for pose data acquisition. In the case of self-calibration, 
these coordinate systems are no longer needed since there is 
no external measuring device and no fixture for data 
acquisition. 

We must instead define a base coordinate system { B}, to 
which all coordinate-dependent kinematic parameters are 
referred. The principle for placing this coordinate system is 
not to introduce any redundant kinematic parameters. In this 
case we place the origin of {B}at the center of the the first U
joint. Its z and x axes are the axes of the first and second 
revolute joints of the U-joint when the reading of the first 
joint is zero; refer to Figure 2. For the sake of kinematic 

r analysis, we also place three local coordinate systems { i} for 
i = 1, 3, 5 on each of the instrumented U-joint in the same 
way as{ B} is placed. Clearly, { B} = { 1 }. The unit vector vi 

will be defined in Section 3.C. 

The ith instrumented U-joint 

Figure 2. Coordinate assignment for the instrumented U-joint 
Note: The coordinate system { 1 }is defined as {B}, and 
the x axis of { i} coincides with the second joint axis only 
when ei, 1 = 0. 

Figure 2. Other notations for the Stewart platform 

The plate coordinate frame { P} is placed at the the center 
of the nominal plate plane with its z axis being perpendiculat 
to the plane and its x axis pointing to the center of the ftrSt 
ball joint; refer to Figure 3. 

The centers of the U-joints on the base are denoted as Bl' 
B2 , . .. , B6 and those of the ball joints on the plate as Pl' P2' 

... , P6 . The coordinates of Bi, i = 1, 2, ... , 6 with respect to 

{B} are described by the 3x 1 vectors b 1' b 2, . . . , b 6 and mose 
of Pp P2 , . . . , P6 with respect to { P} are described by tiJe 
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3x 1 vectors p l' p 2, ... , p 6 . Each of the leg lengths is 

denoted by li, i = 1, 2, ... , 6. b i and pi are the kinematic 

parameter vectors of the ith leg. 

C . Forward and Inverse Kinematics without 
Redundant Sensing 
To compute the forward and inverse measurement 

residuals, one needs to find forward and inverse kinematic 
solutions of the mechanism. In this and the next section, 
these solutions for the particular syustem will be provided. 

Let R and t denote the orientation and the position of the 
plate frame, { P}, with respect to the base frame {B}. R is a 
3x3 matrix and t is a 3x1 vector, both are functions of the leg 
variables li, i = 1, 2, ... , 6. Under the assumptions of perfect 

U and ball joints and perfect prismatic joints for the legs, the 
following constraint equations represent the kinematics of the 
Stewart platform: 

The actual leg length is the sum of the nominal joint 
command li and a fixed offset L1li. 

Let the kinematic parameter vector p be given, which 
include the leg parameters b i and pi as well as the leg length 

offsets L1li for i = 1, 2, ... , 6. At this point the two relevant 

kinematic problems can be defined with respect to the above 
constraint equations [2]: 

1) The standard inverse kinematics problem 
Assuming that the platform pose { R, t } is given, find the 

leg lengths li for i = 1, 2, ... , 6. 

2) The standard forward kinematics problem 
Assuming that the leg length readings li fori = 1, 2, ... , 

6 are provided, find the platform pose {R, t }. 

The solution of the inverse kinematic problem is unique 
and easy to obtain. On the other hand, the forward kinematic 
.problem is difficult to solve analytically, and the solution is 
not unique. In this paper we will adopt a numerical procedure 
to seek forward kinematic solutions of the platform. Details 
of the forward kinematic solution algorithm can be founded in 
[2]. 

D . Kinematics with Redundant Sensing 
Assume that there is no joint misalignment inside each 

of the U-joints. Let vi be the unit vector that is aligned with 

the ith leg and represented in the local coordinate system { i}, 
refer to Figure 2. vi can be written in terms of two redundant 

joint variables, 8i, I and 8i, 2, as follows: 
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(10) 

The offset for the first passive joint is zero by aligning 
axes z and x of the coordinate system {i} to the respective two 
joint axes when both the joint readings are zero. In addition, 
a joint offset L1 ei,2 must be introduced to define the vector vi· 

Let Ri, i = 1, 3, 5, be the rotation from { i} to { B}. The 

following relationship holds for each of the instrumented leg: 

whereR1 =1. 

For both the forward and inverse kinematic problem, we 
always assume that b i' pi and L1li for i = 1, 2, ... 6 as well as 

Ri and L18i, 2 for i = 1, 3, 5 are available. By introducing the 

redundant sensing the inverse kinematic solution of the 
platform remains easy, and the forward kinematic solutions of 
the platform become much simpler. Both problems stated 
below now have linear solutions. 

1) The inverse kinematics problem with 
redundant sensing 
Assuming that the active joint variables li and the 

platform pose { R, t} are given, find the passive joint variable 
eiJ for i = 1' 3' 5 and j = 1' 2. 

2) The forward kinematics problem with 
redundant sensing 
Assuming that the active joint variable li and the passive 

joint variable eiJ fori = 1, 3, 5 and j = 1, 2 are given, find 
the platform pose {R, t }. 

It is straightforward to find the solution of the inverse 
kinematic problem. From ( 11 ), one has 

The right-hand side of the equation is known; thus eiJ can be 

solved from (10). It is also not difficult to solve the forward 
kinematic problem. Let 1p i = (li + L1l)Ri vi + b i; then (11) 
can be rewritten as 

where 1p i and pi are known. Solving for Rand t from (13) is 

now reduced to the problem of estimating the 3D rotation and 

141 
University of Central Aorida, Orlando, Aorida, April 26, 1995 



translation that map a set of data points to another set of data 
points. 

By eliminating t from (13), one obtains 

k= 1, 2. (14) 

where a k = 1p k -
1p k+ 1, and b k = p k - p k+ 1. The singular 

value decomposition method for the problem is given as 
follows (readers are referred to [3] for a detailed account of the 
pose determination problem). 

E. Kinematic Calibration 
Based on the discussion given above, we can define the 

self-calibration problem as follows: 

The Self-calibration problem: Compute the 
kinematic parameters b i' pi and L1li for i = 1, 2, ... 6 as well 

as R; and L18;, 2 fori = 1, 3, 5 using readings of the passive 

and active joints which are taken at a number of platform 
configurations. 

Note that among these parameters, b i' pi and Ali are 
needed for control of the platform. On the other hand, Ri and 

L1 ei,Z are the additional parameters used only to facilitate self

calibration. As will be seen, not all of these kinematic 
parameters are mutually independent. Let us now analyze 
how many independent kinematic parameters needed for 
kinematic calibration of the system and how to select these 
parameters. Tthe center of the ball joints, on the other hand, 
are transformed to the base coordinate system. This is 
different from the conventional calibration of Stewart 
platforms, which always represent these joint centers in the 
plate coordinate system. Let 8p i be the ball joint center 

coordinates with respect to {B}, 8p i = Rp i + t. Clearly 8p i 

depend on the configurations of the platform; however, we 
can choose the coordinates of the ball joint centers in {B} as 
part of the kinematic parameters to be estimated when the 
platform is in its home position. Let these vectors be denoted 
by 8p i,o· Note that 8p i for i = 1, 3, 5 are completely 

specified in { B} when vi' L1li, Ri and li are given;. 

consequently 8p i,O for i = 1, 3, 5 can be determined. 

Furthermore, when 8p i 0, b i and li are given, L1li fori= 2, 4, 
6 can be computed. Finally, three independent parameters 
must be used to describe the rotation matrices Ri. 

In short, the unknown kinematic parameters in this 
system are b i fori= 2, 3, .. , 6 (because b 1 = 0), Ri fori = 3, 

5, L1e. 2 and L1l . for i = 1, 3, 5, and 8 p
1
. 0 for i = 2, 4, 6. 

I , I , 

There are 3 x5+3X2+2X3+3X3 = 36 parameters to be calibrated 

in this new system. As a measurement from each platforrn 
measurement configuration provides 6 independent equations, 
we need at least 6 measurements to estimate these parameters. 

In summary, we first compute the 36 independent 
parameters (b i fori = 2, 3, .. , 6, R . for i = 3, 5, L18. 2 and ..dl 

I I, i 

for i = 1, 3, 5, and 8p i,O for i = 2, 4, 6), given joint 

measurements from at least 6 platform configurations. We 
then obtain b i' pi and L1li for i = 1, 2, . . . 6, directly from 
these kinematic parameters. 

F. Numerical Results 
For the simulation study, the base and plate were both 

taken to be nominally semi-regular planar hexagons, as 
shown in Figure 4. The radii of the base and platform are 1.0 
and 0.5 meters, respectively. The angles LB1 OB6 ani 

LB60B5 are nominally 80 and 40 degrees, respectively; 

similarly, LP1 OP6 and LP60P5 are 40 and 80 degrees, 

respectively. The nominal leg length offset for each leg is 
2.0 meters. To simulate the actual leg parameters 5% of 
parameter errors were added to the nominal parameters. In 
this simulation the kinematic error parameters include 30 leg 
parameters, 6 leg length offsets and 6 angular parameters 
associated with the three passive joints. 

Over the range 1.5 m ± 0.25 m of the leg lengths were 
randomly selected for the identification after verifying that 
these have valid forward kinematic solutions. By solving 
forward and inverse kinematic problems with and without 
redundant sensing, both forward and inverse measurement 
residuals were generated. The three cost functions listed in (8) 
were all tried in the kinematic identification stage. It was 
experienced that the cost function defined in (8b) was most 
efficient as it does not require solving numerically the forward 
kinematic problem. It was minimized with the Gauss
Newton algorithm using the nominal parameters as the initial 
condition. In each iteration, the Jacobian was approximately 
computed with a finite difference approach. By assuming zero 
measurement noise the algorithm converged to the true 
kinematic parameter vector after very few (typically three) 
iterations. 

More numerical studies were also conducted to better 
understand at least the following issues: (a) Number of 
measurements necessary for a robust estimation of the error 
parameters, and (b) Noise sensitivity of the kinematic 
identification algorithm. Random noise was added to the 
nominal parameters (Table 1) and joint readings (Table 2). 
Nongeometric errors such as backlash, compliance, and 
structural variations due to thermal effects were not taken into 
consideration in the simulation study. Numerical results are 
given from Figure 5 to Figure 9. All results were obtained 
by the Levenberg-Marquardt algorithm within 4 iterations. 
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(a) Base Geometry 

(b) Platform Geometry 

Figure 4. Geometry of the Simulated Stewart Platform 

Table 1 Initial Kinematic Parameter Diviations 

Model length Parameters 
Noise Intensity (meter) 

One U[ -0.005, 0.005] 

Two U[ -0.025, 0.025] 

Angular parameters 
Noise Intensity (rad.) 

U[ -0.005, 0.005] 

U[-0.025, 0.025] 

The following comments can be made by studying the 
simulation results given in Figures 5 through Figure 9: 
1. Although the minimum number of measurement 
configurations for the estimation of the 36 kinematic 
parameters is 6, one must use more than this number of 
measurements to improve the robustness of the estimation. 
This is similar to calibration with data provided by external 
measurement devices. Surprisingly, by adding even one or 
two more redundant measurements, the accuracy of 
calibration is significantly improved in this case, which is 
quite different from results obtained with traditional 
approaches. 
2. By comparing Figure 5 with Figure 6 one may notice 
that the self-calibration technique is not sensitive to initial 
parameter deviations as long as they are in the neighborhood 
of the optimal ones. Note that in parameter deviation model 
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two (refer to Table 1), the initial parameters deviates as much 
as 0.025 meter which is a very conservative assumption. 
3. It is clear from Figures 5 and 7 that the sensor accuracy 
must be at least 5 times as high as the accuracy of the 
platform for an effective a calibration task. One may also 
observe that the calibration accuracy is approximately 
proportional to the accuracy of the joint sensors. 
4. Comparing Figure 8 with Figure 9 one may notice that 
the accuracy of redundant sensors is as important as that of 
active sensors. In practice, to achieve good calibration 
results, the accuracy of these two types of sensors must be 
comparable. 

Table 2 Measurement Noise Types 

Type Leg length Encoder U-Joint Encoder 

One 

Two 

Three 

Four 

Noise Intensity (meter) Noise Intensity (rad.) 

U[ -0.00005, 0.00005] U[ -0.00005, 0.00005] 

U[ -0.0005, 0.0005] U[ -0.0005, 0.0005] 

U[-0.00025, 0.00025] U[ -0.00005, 0.00005] 

U[ -0.00005, 0.00005] U[-0.00025, 0.00025] 

0.05 ...,.---,r----------------. 

0.04 Orientation error (rad.) 

·······1e······· Position error (m) 

0 .03 

0.02 

6 7 8 9 IO II I2 I3 I4 15 

Number of configurations 

Figure 5 Position and Orientation Errors 
(Noise Type: Two; Parameter Deviation Model: One) 
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0.05,---r----------------------------

0. 04 Orientation error (rad.) 

................ Position error (m) 

0.03 

0.02 

6 7 8 9 10 11 12 13 14 15 

Number of configurations 

Figure 6 Position and Orientation Errors 
(Noise 'JYpe: Two; Parameter Deviation Type: Two) 

0. 005 -r--:r----------------------------

Orientation error (rad.) 
0.004 

·······M······· Position error (m) 

0.003 

0.002 

6 7 8 9 10 11 12 13 14 15 

Number of configurations 

Figure 7 Position and Orientation Errors 
(Noise Type: One; Parameter Deviation Model: One) 
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Abstract 
This paper focuses on the accuracy enhancement of 

Stewart platforms through kinematic calibration. The 
calibration problem is formulated in terms of a measurement 
residual, which is the discrepancy between the measured leg 
length and the computed leg length. With this formulation, 
one is able to identify kinematic error parameters of the 
Stewart platform without the necessity of solving the forward 
kinematic problem, thus avoiding the numerical problems 
associated with the solution of the forward kinematic 
problem. The error parameters are basically the installation 
errors of the platform ball and U-joints as well as the leg 
length offsets. By this formulation, a concise differential 
error model with a well-structured Identification Jacobian, 
which relates the pose measurement residual to the errors in 
the parameters of the platform, is derived. Because of the 
particular structure and size of the Stewart platform in our 
laboratory, a measurement procedure that utilizes a single 
thoedolite was devised to determine the poses of the platform. 
Experimental studies reveal that the proposed calibration 
method is effective in enhancing the accuracy performance of 
Stewart platforms. 

I. Introduction 

A Stewart platform is a parallel mechanism that consists 
of six variable-length legs connecting at one end to a fixed 
base by U-joints and at the other end to a movable plate by 
ball joints. This structure offers high force/torque capability 
and high structural rigidity in exchange for small workspace 
and reduceddexterity. As a result, similar platforms have 
been used as flight simulators, manipulators and recently as 
computer numerically controlled (CNC) milling machines. 

A typical control strategy for such platforms is to specify 
the pose of the plate in world coordinates and then, using the 
inverse kinematics relationship, to solve the individual leg 
lengths. The accuracy of the platform pose critically depends 
on the knowledge of the kinematic model residing in the 
device controller. The issue of kinematic calibration, like 
those of kinematic, dynamic, control and design, is thus an 
important one for further applications of Stewart platforms. 
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Everett and Lin [3] investigated kinematic calibration of 
manipulators with closed kinematic chains. Their approach 
is based on constrained optimization involving large number 
of redundant parameters. In [4], a simple calibration strategy 
is proposed exclusively for the calibration of Stewart 
platforms. In order to identify each leg's kinematic 
parameters, the length of the respective leg is kept fixed 
while other legs stretch or shrink. Although this method is 
simple, the measurable platform workspace is drastically 
reduced. Another method that utilizes only internal joint 
measurements to achieve autonomous calibration at the cost 
of slow convergence of identification algorithms has been 
proposed in [5]. A kinematic modeling approach, which 
takes into account manufacturing errors of the Stewart 
platform, was proposed in [6]. Using this model, the effects 
of manufacturing tolerances on the platform accuracy were 
investigated. In the same investigation, an error model-based 
technique, which requires the undesirable forward kinematic 
solution, was applied to the calibration of a Stewart platform 
and demonstrated by simulation. Geng and Haynes [7] 
proposed a two-stage calibration procedure in which the 
calibration of plate and base joint locations is decoupled from 
that of joint offsets. Their procedure requires fixing a number 
of leg lengths during pose measurements, which again 
reduces drastically the measurable workspace of the platform. 
No experimental result was reported in [7]. 

Stewart platform calibration, similar to the calibration of 
serial spatial manipulators, normally encompasses four tasks: 
kinematic modeling of the platform to account for major error 
sources; measurement of the platform poses; identification of 
the kinematic error parameters of the platform using the 
measurement data; and accuracy compensation of the platform 
using the identified error parameters. 

This paper focuses on the accuracy enhancement of 
Stewart platforms through kinematic calibration. The 
calibration problem is formulated in terms of a measurement 
residual that is the discrepancy between the measured leg 
length and the computed leg length. With this formulation, 
one is able to identify kinematic error parameters of the 
Stewart platform without the necessity of solving the forward 
kinematic problem, thus avoiding the numerical problems 
associated with the solution of the forward kinematic 
problem. The -error parameters are basically the installation 
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errors of the platform ball and U -joints as well as the leg 
length offsets. By this formulation, a concise differential 
error model with a well-structured Identification Jacobian 
which relates the pose measurement residual to the errors in 
the parameters of the platform, is derived. 

Another important issue in Stewart platform calibration 
is to accurately measure the end-effector poses. Due to the 
particular structure and size of the Stewart platform in our 
laboratory, some of these techniques are not effective. For 
instance, a vision-based system may have insufficient 
resolution and small measurable workspace. A coordinate 
measuring machine may not be able to reach the end-effector 
of the platform, as does a ball bar. In this study, the use of a 
single thoedolite for the measurement of the full poses of the 
platform will be demonstrated. The measurement procedure B 

1 
is effective and the resulting measurement accuracy is "'-..L~--
adequate for this application. It should be mentioned that 
theodolites were used to calibrate a serial manipulator by 
Whitney and his coworkers [8]. 

II. Problem Statement 

The parallel robot, illustrated in Figure 1, is composed of 
six variable-length legs, a base and a movable plate. Each 
leg is connected to the base by aU-joint and to the plate by a 
ball joint. A base coordinate frame {B} is placed at an 
arbitrary location on the base, but the z axis of {B} is chosen 
to be perpendicular to the nominal base plane. Similarly a 
plate coordinate frame {P} is placed somewhere on the plate 
with its z axis being perpendicular to the nominal plate plane 
(Figure 1). Two more coordinate frames, the world frame and 
the tool frame can be placed at convenient locations. Since 
the transformations from the tool to the platform frame and 
from the base frame to the world frame are fixed and 
application dependent, these are omitted for better clarity of 
the discussion and without the loss of generality. 

The centers of the U-joints on the base are denoted as B1, 

B2 , ... , B6 and those of the ball joints on the plate as P 1, P2 , 

... , P6 • The coordinates of B;, i = 1, 2, ... , 6 with respect to 

{B} are described by the vectorsbl' b 2 , ... , b6 , and those of 

Pu P2 , ... , P6 with respectto {P} by the vectors pl' p 2 , ... , 

p 6 • Each of the leg lengths is denoted by l;, i = 1, 2, ... , 6. 

b i andp; are the kinematic parameter vectors of the ith leg. 
Let R and t denote the orientation and the position of the 

plate frame, {P}, with respect to the base frame {B}. R is a 
3x3 matrix and t is a 3x 1 vector; both are functions of the leg 
variables l;, i = 1, 2, ... , 6. Under the assumptions of perfect 

U- and ball joints and perfect prismatic joints for the l,egs, 
the following constraint equations represent the kinematics of 
the Stewart platform: 

Figure 1. Stewart Platform Coordinate Frames 

(l; + illi)2 = (b i - Rp;- t )T(b i - Rp i-t), i = 1, 2, ... , 6. (1) 

The actual leg length is the sum of the nominal joint 
command l; and a fixed offset ill;. 

It has to be stressed that the above assumption is based 
on the results of simulation studies which indicate that the 
platform pose errors due to kinematic errors in these joint are 
very minor in comparison to pose errors due to in b ., p ., ard 

I I 

leg length offsets ill; [4]. 

At this point two relevant kinematic problems can be 
defined with respect to the above constraint equation [4]: 

1) The inverse kinematics problem 
Given the platform pose {R, t}, the leg parametersb ;• Pt 

and leg length offsets ill;, find the leg lengths l; fori = l, 2, 

6. 

2) The kinematic identification problem 
Let the leg lengths l i.P i = 1 , 2, ... , 6, be recorded by the 

leg-position transducers and the platform pose {Rj, tj} be 
measured using end-point sensors, at the jth calibration 
measurement poses j = 1, 2, ... , m, where m is number of 
poses being measured. Estimate the leg parameters b i andP; 

as well as the leg length offsets ill; for i = 1, 2, ... , 6. 
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It has been noted in [4] that neither the ball joint centers 
{Pp P2, ... , P6 } nor the U-joint centers {Bl' B2, .•. , B6 } are 

necessarily coplanar due to fabrication and assembly 
tolerances or any other fixed deformations. Furthermore, 
whenever {Rj, tj} are measured with respect to the world 
coordinate system, {W}, rather than {B}, the estimated base 
parameters b; will also be represented in { W}. 

III. Solution Strategy 

The kinematic identification problem is to be formulated 
as a nonlinear least squares problem. After doing so, a 
standard gradient-based algorithm can be applied to seek its 
optimal solution. 

A . Cost Function 
One possible way to construct a cost function for the 

prescribed problem is to use the norm of the pose errors of 
the platform. However, this formulation will require the 
forward kinematic solution of the platform, which is 
considered to be complex. Another less important problem is 
that scaling is necessary to balance the contribution of 
position errors and orientation errors in the cost function. To 
avoid these problems, one may formulate the cost function 
based solely on the inverse kinematic solution. 

Let [ . . and[ .. be the computed and the measured joint 
-z,1 t,1 

displacements of leg i at the platform pose j, respectively. 
Here the computed joint displacements are obtained by 
applying the inverse kinematic solution of the platform using 
the nominal values of the kinematic parameters and the 
measured platform poses. Then 

(J_ . . + .11.)2 =(b . - R ·P . -t .)T(b.- R ·P. -t .), l,1 I I 1 I 1 I 1 I 1 

i = 1, 2, ... , 6; j = 1, 2, ... , m. (2) 

Define 

!,. · =f(b ., p ., .ell., f . . , R ., t .) =(f . . + .1[.\2-l1 I I I l,1 1 1 l,1 IF 

(b . - R ·P . - t .)T(b . - R ·P . - t .), 
I 1 I 1 I 1 I 1 

i = 1, 2, ... , 6; j = 1, 2, ... , m (3) 

fij is thus the leg length error; also termed the measurement 

residual, which is the difference between the measured and 
the computed lengths of leg i at pose j. Accordingly, the 
following cost function is defined in terms of the 
measurement residuals of all legs at all measured poses: 

C= f. f. J;j =f. i f(b;,p;, &;, l;.j. Rp tj) . (4) 
j=t i=t j= t i= t 
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Thus, the Stewart platform calibration problem is then 
reduced to minimizing C by selecting the kinematic 
parameters of the platform. 

B . The Error Model 
The nonlinear optimization problems described by (4) 

may be solved by standard gradient-based nonlinear least 
squares algorithms since the nominal leg parameters of 
Stewart platforms are usually available. In this section, an 
error model that facilitates the nonlinear least squares solution 
is presented. For simplicity, equation (1) rather than (2) will 
be used. 

Differentiating both sides of (1), one obtains 

2(1; + L1l;Xdl; + dL1l;) = 2(b;- Rp;- t )T(Rdp i- dt ), 

i = 1, 2, ... , 6. (5) 

where d denotes a differential change of the entity. Equation 
(5) can be rewritten as 

dl; = (h;- Rp;-t)T(Rdp;-dt)f(l; + Lll;)- dL1l;, i = 1, 2, 

... , 6. (6) 

However, dl; can be obtained from the leg length reading l; 

and the inverse kinematic solution of the platform, 

dl; = 1;- Y (R p; + t- b ;i(R p; + t- b ;) i = 1, 2, .. . , 6 . (7) 

Based on the above derivation,the following Stewart 
platform error model, is obtained 

[ 
- 1-(R·p· + t ·- b ·)TR 
/; .j + Ll[j ) I } I 

i = 1, 2, ... , 6; j = 1, 2, ... , m. (8) 

The coefficient matrix in (8) is referred to as the Stewart 
platform Identification Jacobian. One now can solve for 
the 42 error parameters dp i' db i and dL1l; from the above 

system of linear equations. The parameters pi' b; and Lll; can 

then be updated using the solved error parameters. The 
process is iterated until certain terminal conditions are met. 

Note that the Identification Jacobian is a block diagonal 
matrix; therefore, error parameters of each leg can be solved 
independently. In this way, one can improve the numerical 
efficiency of the kinematic identification algorithm. One can 
also use the Identificationjacobian to study the observability 
of parameters. 
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l'V. Pose Measurement with Single 
Theodolite 

In this section, a procedure for the determination of the 
measurement system parameters of a single theodolite and 
another procedure for measuring the coordinates of a 3D point 
using the theodolite, are discussed. Readers are referred to [9] 
for a detailed account of the measurement technique. 

A. The Determination of Measurement System 
Constants 
Figure 2 illustrates the measurement setup. Two 

standard scales s1 and s2 have been hung vertically in 
arbitrary locations within the field of view of the theodolite. 
The theodolite is first positioned at T1 and is leveled using 

its internal spirit level sensor to define a horizontal plan 1T 1• 

The scales S 1 and S2 intersect plan 1T 1 at points A and B 

respectively, and thus T1A is perpendicularto S1 and T1B to 

S2 . The theodolite is then moved to a second location, T2 ', 

and is leveled again to define another horizontal plan 112. 

The distance between the two parallel planes 1T 1 and 112 , 8h, 

can be read directly from the scales. The scales intersect 112 

at points A' and B' respectively. Thus T2A' is 

perpendicular to S1 and T2B' to S2 . Further, points TI' and 

T2 are the projections of T 1 and T2 ' on 11 2 and 1Tp 

respectively. 

Figure 2 Setup for the measurement procedure constants 
determination. 

With the theodolite in location TI, an arbitrary point, 

A" , on scale SI is selected. The distance TIA can be 
obtained by 

(9) 

where A A " is measured from the scaleS I and (}I is read frolll 

the theodolite. Similarly the distance TI B can be found by 

selecting an arbitrary point, B" , on scale S2, 

b = Tt B = B B' I (10) 
tan(h 

This procedure is repeated at location T2 ', yielding 

c = T 2A' = AA' (II) 
tan(h 

d = T 2B' = J1.f!__ (12) 
tane4 

Note that the distances A A" , A A' , BB" and BB' are 
measured directly from the scales and the angles (}I, 82, 6

3 

and 84 are measured by the theodolite. From the triangle 

TIAB, one can obtain 

e = AB = Y a 2 + b 2 - 2abcosa (13) 

where the angle a (refer to Figure 1) is measured by the 

theodolite. Again from the triangle TIAB, one obtains 

LTtAB = arccos~ 2 + eZ- b
2

} 
2ae 

(14) 

Since the planes 1T I and 11 2 are parallel and the scales SI 

and s2 are perpendicular to these planes, the following hold: 

T2A = T2 ' A', T2B = T2 ' B', and A' B' =AB. The angles of 

the triangle T2AB are thus given by 

LT1A.B = arcco fez+ e 2 -d21 
~ 2ce 

(15) 

and 

(16) 

Finally, the length TI T2 can be found by 

(17) 

B. Measurement Procedure 
Once the constants a, b, c, d and g are determined, one 

can perform spatial coordjnate measurement. 
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A 

Figure 3 Setup for coordinate measurement. 

Assume that the 3D position of the point P, as illustrated 
in Figure 3, is to be measured. With the theodolite at the 
position T1 the angles 1j/1 and t/J 1 can be measured by the 

theodolite. Similarly the angles 1jl2 and t/J2 can be measured 

with the theodolite in position T2 '. The angles cp1 and cp2 are 

given by 

qJI = Yt - t/Jl' and (/)2 = r2- t/J2 (18) 
where 

and 

(
a2 + g2 _ c2) 

y1 = LAT1T2 =arccos 
2

ag 

~d2 + g2- b2) Y2 = LBT2T1 = arcco 
2dg 

In the triangle T1 T2 P' (P' is the projection of P on 1T 1 ) 

the length T 1 T2 and the angles cp1 and cp2 are now known, so 

the following relations can be obtained: 

T P' sinpz 
q:: I =g. 

sm(qJ 1 + (/)2) 
(19) 

Let the origin of the measurement coordinate system be 
at the middle of the line T 1 T2, its x axis along T 1 T2, the y 

axis on the plane 1t 1 and the z axis perpendicular to this 

plane, as shown in Figure 3. The coordinates of point P can 
be calculated by 

x = qcoscp1 - 0.5g 

y = qsincp1 

z = qtantf11 
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(20) 

(21) 

(22) 

Note that the measurement accuracy of the system 
depends highly on the resolution of the scales. To increase 
the accuracy, the resolution of the measuring tapes can be 
increased by the following method. The theodolite is used to 
measure the angles a and {3, and distance 8 can be 
approximated by 

8 =(scale resolution) a!( a+ {3) (23) 

For a distance of 15 feet, tape resolution of 1/16 inch, and 
theodolite resolution of 2 arc second, the resolution of 8 is 
better than 0.002 inch. 

V. Experimental Study 

The experimental system includes a Stewart platform that 
was designed and fabricated at the FAU Robotics Center, and a 
commercial electronic theodolite (Model Kern-El) that has a 
resolution of 2 arcsecond. 

A. The FAU Stewart Platform 
In the Stewart platform, hydraulic pistons form the links 

of the platform are attached to the platform base and to the 
upper plate by U-joints. Since the rods of pistons are 
allowed to rotate about their axes, the upper U-joints perform 
as ball joints. The pistons are controlled by motion control 
modules hosted by an IBM PC. Electro-hydraulic servo 
valves regulate the flow of oil into the hydraulic pistons, and 
thus determinethe piston's extension velocity. An amplifier 
converts the voltage signal produced by the motion control 
module into the current required to drive the electro-hydraulic 
servo valves. An optical encoder provides the velocity and 
position feedback signal of each leg to the motion control 
module [ 1 0]. 

Table 1. The nominal parameters of the FAU Stewart 
platform (unit: inch) 

Joint No. 

1 
2 
3 
4 
5 
6 

25.03 16.69 4.10 11.10 2.70 -3.85 
0.0 28.90 4.10 -2.70 11.10 -3.85 

-25.03 16.69 4.10 -8.50 7.80 -3.85 
-25.03-16.69 4.10 -8.50 -7.80 -3.85 

0.0 -28.90 4.10 -2.70 -11.10 -3.85 
25.03-16.69 4.10 11.10 -2.70 -3.85 
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(a) Plate 

y 

Bs 

(b) Base 

Figure 4. The geometry of the FAU Stewart platform 

The geometries of the base and the moving plate are 
given in Figure 4 where the base joints are denoted by Bi and 

the platform joints by Pi. The nominal parameters of the 

platform were measured crudely by tape and are given in Table 
1. Furthermore, the nominal joint offsets were set to be the 
nominal length of the six legs when the platform was at its 
home position. 

B . Pose Determination 
In order to measure poses of the platform, three targets 

were placed on the plate, as shown in Figure 4a. These 
targets defined the plate coordinate system {P} in the 

following way: The three targets formed the x-y plane Of 
{P}, their centroid was defined as the origin of {P}, target T 

1 
was on the x axis, and the z axis pointed upward. These 
coordinates were first measured by the theodolite and then 
transformed to the plate coordinate system { P}. Similarly, in 
order to determine the transformation from the theodolite 
coordinate system to the base coordinate system {B} of the 
Stewart platform, another three targets were installed on the 
base, as shown in Figure 4b. These three targets defined the 
base coordinate system {B}; i.e., targets G 1 andG2 were on 

the x axis of {B}, target G 3 was on the y axis, and the z axis 

pointed upward. 
An important mathematical problem is to find a 

transformation that maps a set of a minimum three 3D point 
measurement from one coordinate system to another. For 
instance, assume that the three targets on the plate are 
measured by the theodolite. Thus their coordinates are given 
with respect to {T} and are also known with respect to {P}. 
Then, one need to find a rotation and a translation that relate 
the point measurements in {T} to their coordinate values in 
{P}. The rotation and translation define the pose of the 
platform for this particular platform configuration. After 
formally stating the problem, we summarize an effective 
linear solution method. 

The pose determination problem can be stated as follows: 
Let the given 3D data points 1p k and 2p k' k = 1, 2, ... , m, be 

represented in two coordinate systems { 1 } and { 2 }respectively 
(m is the number of measurements). Estimate the rotation R 
and translation t that transform 1p k to 2p k; i.e., 

k = 1, 2, ... , m. (24) 

By eliminating t from equation (24), one obtains 

k = 1, 2, ... , m-1. (25) 

whereak = 1pk- 1pk+l' andbk = 2pk - 2pk+l' The singular 
value decomposition method is given in [11]. 

Table 2. The coordinates of base targets in { B} and { T} 
' (unit: inch) 

Target x8 y 8 Yr 

-34.1 0.0 0.5 -34.377 166.863 

34.75 0.0 0.5 34.454 166.471 

0.0 16.1 0.1 -9.712 182.407 
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In our experiment, the coordinates of G 1, G2 and G3 

with respect to {B} and {T} were measured by the theodolite 
and were listed in Table 2. The transformation BASE from 
{T} to { B}, obtained with the SVD method, is 

[

0.9994 

0.0343 
BASE= 

0.0010 

0 

-0.0343 -0.0005 

0.9993 -0.0158 

0.0158 

0 

0.9999 

0 

C • Experimental Results 

-3.2437] 
166.5492 

-65.0570 

1 

Before the calibration experiments were performed, both 
the accuracy of the measurement procedure and the 
repeatability of the Stewart platform itself were studied. 

A target was mounted on a CNC machine tool and moved 
to several known locations within the machine workspace. 
The position of the target at each location was measured 
following the procedure outlined in Section N, using the 
theodolite. Two standard commercial measuring tapes with a 
resolution of 1116 inch were used in this experiment. The 
distance between the target locations was calculated using the 
obtained measurements and then compared with the reading 
from the CNC machine controller. It was observed that the 
discrepancy between the CNC readings and the theodolite 
measurements was about 0.005 inch. This point 
measurement accuracy is adequate for our experimental studies 
on Stewart platform calibration. 

The repeatability of the platform was determined by 
repeatedly moving the platform to a number of predetermined 
poses. These poses were measured with the theodolite, and it 
was found that the repeatability of the platform was about 0.1 
inch, which defined the upper bound of accuracy enhancement 
through calibration. 

At this point, the platform was moved to 23 different 
poses within the range of ±1 0 inches in the x, y, z directions 
and ±15 degrees of the roll, pitch and yaw angles. The 
coordinates of the three targets on the platform were also 
measured with the theodolite and then the corresponding 
poses were computed with the algorithm summarized in 
Section V.B. Among these poses, it was found that three 
pose were outliers therefore were discarded. The remaining 20 
poses were transformed from the theodolite coordinate system 
to the platform base coordinate system. 

The minimum number of poses for the estimation of the 
platform parameters is seven since there are 42 parameters. 
However, as a rule of thumb, twice as many as the minimum 
required number of pose measurements need to be used for 
kinematic identification. Thus, among the 20 measured 
poses, 15 poses were used to identify the kinematic 
parameters of the platform and the other 5 were saved for the 

1995 Florida Recent Advances in Robotics 

verification of the identification results. 
The Gauss-Newton algorithm was used to identify the 

platform parameters, where the Identification Jacobian was 
computed by equation (8). The algorithm converged in a few 
iterations, as shown Figure 5, and the final values of the 
identified parameters are given in Table 3. Figure 8 shows 
the convergence of the average measurement residuals (the 
difference between the measured and the computed leg 
lengths) which indicates that the algorithm converge to the 
proper solution. 
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Figure 5. Norm of the error parameter vector vs. number of 
iterations 
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Figure 6. Average leg length errors vs. number of iterations 

For the purpose of verification, the identified parameters, 
together with the measured leg lengths, were substituted into 
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the platform kinematic model to produce 5 verification poses, 
which were then compared with the measured poses. The 
results of this comparison is given in Table 4, whered and 8 
denote position and orientation error vectors of the platform 
pose, respectively. Position errors are in inch and orientation 
errors in rad. 

Table 3. The identified parameters of the FAU Stewart 
platform 

(unit: inch) 

Jnt No. bi,x 

1 28.84 13.30 3.84 11.13 3.06 -4.31 57.00 
2 4.06 29.37 -0.42 -3.03 10.93 -4.30 61.08 
3 -20.10 15.42 4.25 -8.15 7.91 -4.09 56.83 
4 -22.39 -13.06 3.83 -7.19 -8.11 -3.83 57.63 
5 2.06 -28.66 5.00 -2.92 -11.11 -4.04 56.50 
6 27.55 -15.30 4.68 10.99 -3.20 -4.02 56.81 

Table 4 Pose errors using the calibrated platform model 

0.0888 0.1308 0.0329 0.0060 0.0101 0.0029 

The following comments can be made on the 
experimental results: 

1. The identification algorithm converges rapidly since the 
error model is well structured and the Identification 
Jacobian is well conditioned. It was observed that the 
condition number is about 100. 

2. It can be observed from Tables 1 and 3 that the identified 
parameters are far from the nominal parameters due to the 
low repeatability of the platform (about 0.1 inch). The 
repeatability was effected by errors such as clearances 
between the joints, compliance of the legs and 
uncertainties in the home positioning. The identified 
parameters are the best fit of the measurement data in a 
least squares sense; thus these parameters may be far 
from the CAD data. 

3. The results given in Table 4 indicate that the accuracy of 
the Stewart platform after calibration was enhanced to 
near the level of its repeatability. This indicates that the 
calibration method is very effective, and that the 
measurements obtained by the theodolite are sufficiently 
accurate for this particular purpose. One can further 

improve the accuracy of the platform by first enhancing 
its repeatability and then by a stringent calibration. 
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ABSTRACT 
In this short paper a novel closed form solution to the inverse analysis of a planar two-spring system is 
presented which may be extendible to the spatial three spring system. It involves finding the six 
equilibrium configurations of a system of two springs connected at one end to a common pivot and at 
the other to a base. This formulation involves a transformation into polar coordinates where a sixth 
degree polynomial is obtained in terms of tan-half-angle for the rise angle of one of the springs. The 
derivation and the coefficients of this polynomial are much simpler than those obtained in [1] where a 
sixth degree polynomial in one of the spring lengths was obtained 

INTRODUCTION 

A closed-form inverse solution was reported by Pigoski 
and Duffy for the planar two-spring system illustrated in 
Figure I in [I]. The system consists of a pair of linear 
springs joined to ground at fixed points and connected at 
a common point P with coordinates (x, y). The springs 
are assumed to have elastic constants ki and k2, and free 
lengths loi and 102. The inverse solution consists of 
specifying a force F = F x i + F y j applied to P and 
determining all possible locations of P. This is 
accomplished by deriving and solving for the roots of a 
polynomial in a single variable. Such a polynomial can 
be derived from the following set of equations, (I) - (5). 

I1c1=x, 
I2 c 2 = x-X2, 

2 2 2 

(1) 
(2) 

y 

Figure 1: Planar Two-Spring 

X 

I 2 = I 1 + X2 - 2 X2 I 1 c 1, 

Fx= k1 (I1-lo1)c1 + k2(I2-I02)c2, 
Fy= k1 (11-IQI)SI + k2(I2-l02)s2. 

(3) 

(4) 
(5) 

Equations (1) and (2) are parallel projections of the 
spring lengths II and 12 on the coordinate axes, and (3) 
is the cosine law for the triangle with sides II, 12, and 
x2. Equations ( 4) and ( 5) are obtained by resolving 
forces in the x andy direction, and Fi = ~(li-lOi), i = I,2 
are the forces generated in the springs. The 
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abbreviations ci = cos 9i and si = sin 9i have been 
introduced. 

In [I] a sixth degree polynomial in II was obtained by 
eliminating the variables 12, 9I, and 92. Care was taken 
to avoid the introduction of extraneous roots. The 
derivation was complicated. Firstly the pair of variables 
92 and 12 were eliminated in two different ways from (4) 
and (5) employing (I) through (3). This yielded a pair of 
equations of the form 

A ··S . + B ··C -=D . 
1 1 1 1 1, 

(i = I,2) (6) 

where Ai, Bi, Di are functions of the single variable li 
together with the mechanism parameters ki, k2, loi' lo2' 
and x2. Finally 9 I was eliminated from the pair of 
equations ( 6) which yielded a sixth degree polynomial in 
II. 

A much simpler derivation of a sixth degree polynomial 
in the tan-half-angle of 9 I is presented in this paper 
employing polar coordinates (II, 9 I). This is 
accomplished using a single algebraic elimination. Prior 
to this the number of solutions for the inverse analysis is 
verified synthetically using algebraic geometry and is 
shown to be six. It may well prove that the method of 
solution may be more readily extended to more 
complicated spring systems. 

The significance of this type of work has already been 
addressed in [1]. It is suffice to reiterated that parallel 
mechanisms with compliant connectors have played an 
important role in the areas of mounting and suspension 
systems and more recently in robotic force control [2,3]. 
As far as the authors are aware apart from [I] the only 
inverse analysis of the two spring system was performed 
by Vanderplaats [4] who obtained a single solution by 
iteration. In addition Seireg [ 5] obtained an approximate 
solution for systems undergoing infinitesimally small 
displacement from the unloaded position. Finally it is 
proper to mention again the wor~ of Eijk and Kijksman 
[6], Eijk [7], Kijksman [8], and Haringx [9 - I2] who 
discuss the behavior of systems with negative and 
complex spring lengths together with the works of 
Zeeman [13] and Arnol'd [I4] who describe the stable 
and unstable behaviors of such systems using catastrophe 
theory. 

NUMBER OF SOLUTIONS 

The number of solutions for the inverse problem is now 
determined synthetically. This is accomplished by firstly 
substituting for ci, c2, si, and s2 using (1) and (2) into 
(4) and (5) which after regrouping terms yields 

(8) 

S~uaring (7) and (8), makin~ the substitutions 
II =x2+r and I2

2=(x-X2)2+r and multiplying 
respectively by II2 and l2 2 gives 

(x
2 
+ y

2
)·[ (k rX 2- F ~·y + F y" (x- x 2) ]~(k riorX 2·y)

2
, 

(9) 

[ (x- x 2)
2 

+ y
2
}[ (k 2·X 2+F ~·y- F y"xY=(k2·I01x2·y)

2
. 

(10) 

These are both curves of order 4, so by Bezout's theorem 
they have I6 intersections. However, they both have 
double points at A (0,0) and B (X2,0) the base connector 
points, giving a reduction of 4 in each equation. They 
also have simple points at I and J, the circle points at 
infinity, so one more from each equation can be deducted 
giving a total of six intersections. This result yields a 
maximum of six real intersections of the curves which is 
in agreement with the sixth order equation in li in [I]. 

DERIVATION OF A NOVEL INVERSE SOLUTION 

The derivation of a sixth degree polynomial in tan (9 1 /2) 
turned out to be remarkably simple. Firstly it is 
necessary to substitute for the Cartesian coordinates of P 
(x,y) in (7) and (8) with polar coordinates x = 1Ic1, y = 
li s1 using (I), and then to solve for l1 and l2 which 
yields 

(1I) 
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(12) 

Substituting (11) and (12) into (3), the cosine law for the 
triangle, yields equation (13). 

Finally, substituting cos 81 = (1-t2) I (1+t2) and sin 81 = 
2t I (1+t2) into (13) where t = tan(9112), A= k1X2- Fx, 
and B = k2X2 + Fx yields a sixth order polynomial in t 
given by equation (14). Equation (14) can be written in 
the compact form of equation (15). 

Solving equation (15) produces six roots fort, each root 
corresponding to a unique configuration. In [1] a sixth 
order equation in l1 was derived. It is important to 
recognize that the coefficients 36 through ao are much 
simpler than those for the coefficients of the sixth order 
equations in l1. 

EXAMPLES 

An intuitive example can be taken from the case where 
k 1 = k2 = 1, and to1 = to2 = x2 = 1. This case exhibits 
symmetry about the x-axis and about the line x = x212. 

Unloaded System 

The six equilibrium positions of the unloaded system are 
shown in Figure 2. Configurations 1 and 2 are simply 
the positions where the leg lengths (11 and 12) are the 
same as the initial leg lengths (10 1 and Io2), noting that 
leg 1 is attached to the left pivot and leg 2 to the right. 
The third configuration has both legs rotated at an angle 
of 180° (with respect to the x-axis) where 11 = 0.5 and 12 = 1.5. Leg 1 is in compression and leg 2 is in tension. 
The fourth configuration is analogous to the third (8 1 = 
82 = 0°, 11 = 1.5, 12 = 0.5). The fifth and sixth 
configurations share a common position for this 
example, however the spring orientations are different. 
Configuration 5 has both springs in compression 
pointing toward each other, 91 = 180° and 82 = 0°. 
Configuration 6 has both springs in compression also, 
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1 

2 
Figure 2: Equilibrium Positions (Unloaded) 

but the springs point away from each other, e1 = 0° and 
e2 = 180°. This can be explained by imagining two 
helical shaped springs oriented as mentioned above. 
Compressing each spring by a force acting through its pivot, 
see Figure 3, the tips of the springs reach a point where 

Figure 3: Helical Springs in Compression 

they pass through their base points reaching a 
common point midway between the two bases 
corresponding to configuration 6, see Figure 4. The 
length of each leg is measured from the base along 
the direction the spring is pointing (9 1 = 180°, 82 = 
0°). Thus both legs have negative length, in this case 
both are -0.5. 
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(13) 

-4·F y·[ B· (A+ k 1·1 01)
2 

+ F y 
2
· (B+ k 1·1 01) + k 2

2
·1o2

2
·A ]·t

5 

+ S·k 1·1o1·F y·[- F y 
2 

+ 2·B·X 2· (k 1 + k 2) ]·t
3 

(14) 

2 [ ( )2 2 2 2]--F y · A - k 1·1 o 1 + F y - k 2 ·1 02 -0 

6 s 4 3 2 
a 6·t +a s·t +a 4·t +a 3·t +a 2·t +art+ a o=O, 

where 

2 
36 = -Fy (a+ b), 

a5 = -4 Fy ( c + d) , 

a4 = e + f, 

a2 = e- f, 

a 1 = -4 Fy ( c - d) , 

2 ao = -Fy (a- b), 
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-k 21 2 2 2 2 2 a- 1 . 01 - k 2 ·1 02 + F y + A , 

h=2·k r1orA, 

c=k r1or (2·A·B+ F y 
2
), 

- 2 2 2 2 ( 2 2) d-k 1 ·1 01 ·B+k 2 ·1 02 ·A+B· Fy +A , 

e=-k22·1ol· (F y 2- 4·A2) + (F y 2- 4·B2)· (k 12·1o12 + F y 2 + A2), 

f=2·k r1or[ F y 
2
·(3·A- S·B)- 4·A·B

2
], 

g=- S·k r1orF y" (2·B·A- 2·B
2 

+ F y 
2
) . 

(15) 
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Figure 4: Configuration 6, Negative Spring Lengths 

Incremental Load 

Applying a force to the above system in increments of 
0.03 units in they direction, the paths of equilibrium for 
each of the six configurations can be traced as seen as in 
Figure 5. 

Each path is not necessarily a path of motion, rather a 
collection of equilibrium points of undetermined 
stability. As the force increases to Fx = 0, Fy = 0.45, two 
paths of equilibrium (paths 2 and 5) intersect at the same 
point. At Fx = 0, Fy = 0.46, paths 2 and 5 are no longer 
real solutions and oilly exist in the complex plane, giving 
only four real configurations for the given force. It is 
shown in [ 16] that the point of intersection corresponds 
to a degenerate critical point where a change in stability 
occurs. Any increase of force in the y direction can not 
be locally absorbed by the system. At this point, the 
system tends to jump to a new configuration, such as 
configuration 1, corresponding to a catastrophe. Simply 
put, a catastrophe is a sudden physical jump as the result 
of an infinitesimal change in force. A complete analysis 
of the catastrophic nature of the mechansisme can be 
found in [16] or [17]. 

~y kl =k2=1 1o1=1o2=X2=l 

1.5 I I . 

1 ~ L lF 
0.5 ~ . 

0 
3 

A s~frs A 
4 

~ . • 
I . 

~ .. . . ... .... + ..... .. 
-0.5 . 

i 

l2 
-1-0 .. 5 

I I 

0 0.5 1 1.5 X 

Figure 5: Paths of Equilibrium for Incremental Load; 
Fy = 0 to 0.45, step 0.03 
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Survey of Gesture Driven Recognition for 
Robotic Control 

Lawrence D. Gaber Harley R. Myler 
Department of Electrical & Computer Engineering 
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Abstract 
This work surveys and reviews work 
done in the areas of tracking, recognizing 
and machine-learning of human hand 
gestures for various automated tasks. 
The goal of this survey has been to 
provide input to an ongoing research 
effort that seeks to use gesture for the 
human control input of a dual robot arm 
system (Haney and Myler, 1995). The 
tracking requirements of such a system 
may employ the use of a glove with 
posttton sensors or may use a view
based approach of the analysis of 
fingertip trajectories. 

The majority of the research encountered 
so far in the literature has been the study 
of recognizing American Sign Language 
(ASL) for translation purposes. Other 
work has been examined that ts 
concerned with recogruztng action 
gestures such as left, right, up, and 
down. · Different approaches to the 
general problem have been used, such as 
neural networks, which are one tool 
being used to give systems the ability to 
learn different gestures. This paper 
outlines these approaches and provides a 
proposal for the development of a 
gesture recognition system for a dual-arm 
system. 
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Glove Techniques 

Glove employment and usage begins 
with and includes monitoring the 
positions of the finger joints, · three 
dimensional location of the hand and the 
pitch, roll, and yaw of the hand. 

Paper: Hand gesture Recognition 
Method and its Application. 

Monitoring the shape, location and 
motion of the hand is accomplished by 
the Data Glove™. This information is 
translated into the 'hand gesture', which 
they define as the "shape and motion of 
hands to transmit the intention of the 
speaker". This system was used to 
recognize the alphabet of American Sign 
Language which is composed of a series 
of such shapes and motions. Some 
twenty hand gestures are recognized by 
the system, including the dynamic hand 
gestures that are ensembles of hand 
motions in time(Takahashi and Kishino, 
1992). 

Paper: Adaptation of Self Organizing 
Network for ASL Recognition. 

The VPL DataGlove™ and the Self 
Organizing Neural Network were first 
used for hand shape recognition and later 
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used for ASL recognition. . The fiber 
optic glove worn by a signer senses the 
position of 10 finger joints. Pitch, yaw, 
roll, and the three dimensional 
coordinates of the hand are also 
monitored. This information was fed 
into the Self Organizing Neural Network. 

The advantage of this method is that the 
network does not have to be retrained to 
increase the learned set, only the outputs 
have to be re-labeled thus making the 
learning more adaptable. Twenty seven 
hand shapes were first trained on the 
network which originally had twenty 
seven output nodes. Nine additional 
output nodes were then added without 
retraining the system. These extra nodes 
were used to bring the number of 
recognizable hand shapes to thirty six. 

The authors point out tha~ when they 
retrained the already trained network 
with the additional nine hand shapes, it 
did recognize all thirty six hand shapes 
but the previously learnt · information 
was substantially degraded, worsening 
the network's performance (Kim and _ 
Waldron, 1993). 

Vision Techniques 

These techniques are those that 
concentrate on recognition of gesture by 
machine vtston approaches. ~ By 
definition, they involve complex 
algorithms that process electronic images 
of hands. 

Paper: Observing Motion by Multiple 
Visual Tracking Agents. 

This paper describes a method to 
observe a moving object with multiple 
visual tracking agents. Key features of 
the object are monitored by several 
tracking agents. Each tracking agent is 
controlled by its own visual feedback. 
Robust tracking is achieved by the 
introduction of constraint control 
between the individual agents. This 
method is found to be effective in 
observing the motion of a structured 
object such as a human hand (Inaba and 
Inoue, 1991). 

Paper: Visual Gesture Recognition. 

This paper presents a model based 
approach for the recognizing of human
hand gestures. A generic gesture is 
represented by four qualitatively distinct 
phases which are modeled by a finite 
state machine. Trajectories from the 
motions of the hands are computed by 
tracking the fingertips in multiple frames. 
These trajectories are used to find the 
start and stop position of each gesture. 

Gesture recognition is accomplished by a 
table lookup procedure. The table 
represents the gestures translated into 
vector models from which vector 
displacements are compared. Seven 
gestures can be recognized from images 
sampled at four Hz. These gestures are 
the representatives for the actions of left, 
right, up down, grab, rotate, and stop 
(Davis and Shaw, 1994). 

Paper: Space-Time Gestures 

This paper presents a method for 
learning, tracking, and recognizing human 
gestures using-a view-based approach to 
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model articulated objects. Gestures are 
represented using sets of view models, 
rather than single templates. 
Stereotypical space-time patterns, i.e. 
gestures, are then matched to stored 
gesture patterns using dynamic time 
warping. A representation based on 
interpolation of appearance from a 
relatively small number of views is used. 
The representation is built from an 
ensemble of matched filters rather than 
feature sets. 

In this system, the match statistic is the 
normalized correlation between the image 
and a set of learned view models. Each 
model is based on one or more example 
images of a view of an object. Because 
the parameter values underlying the 
object pose are associated with the set of 
correlation scores, a gesture can be 
characterized by the pattern of view 
model scores directly. To recognize a 
gesture, the system does a search to find 
out which stored gesture most closely 
matches the observed space-time pattern 
of model scores. That is, rather than 
transforming sets of view model scores 
to parameters and then matching in 
parameter space, the matching is done in 
the model-score space directly. This 
allows the recogrution of gestures 
without explicit knowledge of the 
transformation parameters. By modeling 
the expected view model score 
conditional on the current scores, 
predictions can be made as to which 
views will most likely be seen at the next 
instant. Using context to guide the 
search can greatly reduce the 
computations to a subset of the view 
models. 

1995 Florida Recent Advances in Robotics 

To account for variations in the overall 
length of a gesture, the observed 
sequence is arbitrarily time-warped to 
the stored gesture models. The dynamic 
time-warping algorithm (DTW) found in 
the speech recogrution and signal 
processing literature is applied. 

A gesture model is trained by providing 
several temporally segmented examples 
of the gesture, and computing the mean 
and variance of the view model 
correlation scores as a function of time. 
Each example is dynamically time
warped to be the same length as the 
longest example before computing 
correlation score statistics. An example 
of the gestures that the system was 
trained to recognize are waving "hello" 
and waving "good-bye" to a camera in 
which the hand fills 1/8 to 1/4 ·of the 
frame being sampled at over 10 Hz 
(Darrell and Pentland, 1993). 

General Machine Vision 

While the final two papers do not deal 
with gesture recognition, they do involve 
topics that are both relevant and 
important to our project. The first is 
concerned with the optimization of 
camera position which is of immediate 
importance. The second is concerned 
with the filtering of unwanted spastic 
motion of the user. This filtering 
process is a major element of the robot 
controller of our project. 

Paper: Optimization of a Computer 
Vision System for the Interpretation 
of American Sign Language. 
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Presented in this paper is a simulation 
algorithm for the optimization of camera 
position with respect to the signer, to 
have a full and reliable interpretation of 
the American Sign Language. The 
simulation includes a three-dimensional 
world point into two-dimensional image 
point transformation algorithm, the 
effect of the depth information loss and a 
sign projection correction test. It is 

· concluded that the viewing camera 
should be positioned at any point in a 
specified area subtended by a solid angle 
of30 degree, where the center of the area 
is located at 45 degree in the azimuth and 
4 5 degree in elevation relative to the 
stgner. 

The theory and the technique are tested 
with regard to the efficiency of 
interpreting American Sign Language 
(ASL) by two adult signers. It is 
demonstrated that positioning the camera 
anywhere in the specified area provides a 
96 per cent correct interpretation of the 
3 6 signs tested. The results also provide 
a preliminary indication that signer 
variability may not present a major 
problem in interpretation, and that a 
computer vision system which captures 
the optimum depth information can 
distinguish between signs which, to the 
naked eye, appear to have similar 
characteristics (Abdallah, Marble, and 
Charayaphan, 1993). 

Paper: Identification of Membership 
Function Parameters with Empirical 
Data From a Biomedical Application. 

This paper applies 
techniques to a fuzzy 
application involving 

identification 
set theory 

biomedical 

engineering. Presented are some of the 
salient mathematical details of an 
extended study in this area with patients . 
having a neuromotor disability. 

The overall objective is to discern the 
difference between a human commanded 
motion and involuntary (sudden, spastic) 
motion made by a patient with a 
neuromotor disability. If the patient 
makes a spastic motion, it is desired to -
first make a decision that a spasm has 
occurred. Secondly, the objective is to 
reflect a force in an appropriate manner 
on a wheelchair stick controller so as to 
make the overall human-machine 
interaction both more controllable and 
safer for the patient (Repperger, 
Chelette, and Phillips, 1994). 

Summary 

We have examined a number of reports 
from the literature that address problems 
and methods of hand gesture recognition. 
The available reports have been scant as 
this is a complex problem and the 
underlying foundation fields of machine 
vision and intelligent control are as yet 
undeveloped in this area to a great extent. 
Compounding the problem ts the 
necessity for substantial computer 
processtng and the wide domain of 
feature analysis necessary for robust 
recognition of gesture. It is indeed a 
challenging area of research. 
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