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CAMERON-MARTIN SERIES AND THE CONTROL OF NONLINEAR SYSTEMS 

ABSTRACT 

Firman Dean King 
Electrical Engineering Department 

University of South Florida 
Tampa, Florida 33620 

Nonlinear systems, particularly those with soft non
linearities, can be characterized by functional series 
expansions. Commonly used expansions include the Volterra 
series, the Wiener series, and the Cameron-Martin series. The 
Cameron-Martin series (analogous to a Fourier series) represents 
systems by a superposition of specially constructed nonlinear 
component systems. These component systems form their outputs 
from products of Hermite polynomials of the outputs of sets of 
linear filters exhibiting certain useful properties. 
Consequently, nonlinear system output control objectives can be 
reformulated in terms of the states and outputs of these linear 
filters, which can in turn be controlled by conventional linear 
control methods. Several new results and examples are given. 

INTRODUCTION 

Late in the last century, Volterra [9] defined the class of 
analytical functionals as those with convergent representations 
of the form 
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Such functionals can be used to describe the input-output 
relationship of a broad class of nonlinear systems. 

( 1 ) 

Wiener, combining certain aspects of his earlier works on or
thogonal expansions and on integrals of Brownian motion processes 
[10, 11] developed a means of making such identifications in the 
case where the input was a zero mean white noise process [12] 
(see also Lee [7], and Goussard et al. [3]). His method first 
required the development of a set of functionals G.[x(*)], which 

.l 

were orthogonal in the sense that 

E[G.G.] = 0, 
1 J 

i ~ j. 

Such functionals may be obtained sequentially by requiring each 
"G" functional to be orthogonal to all possible lower order func
tionals. The a nonlinear system may then be represented by 
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specifying the kernels of the functionals in such a way that the 
system output y(t) is given by 

y( t) = 
00 

Z G [x(*)]. 
n n=O 

( 2 ) 

An alternative form of orthogonal functional expansion is due 
to Cameron and Martin [2]. It may be related to the Volterra and 
Wiener expansions in that any of these expansions may be obtained 
from any of the others [8, 13]. In the Cameron-Martin expansion, 
the input function is assumed to be passed separately through a 
set of linear filters witl1 orthonormal impulse responses. A set 
of orthonormal functionals can then be formed by taking products 
of Hermite polynomial in the outputs of these filters. The sys
tem may then be represented by 

n 
y ( t) = Z A ~ [x(t)] 

m1 , ..• ,mn=O m1 , ... ,mn m1 , ... ,mn 
( 3 ) 

where the W's are the orthogonal functionals described above and 
the A's may be determined by 

= E{y(t)I.V [x(t)]} 
ml , ••• , mn 

( 4 ) 

where the input process must be zero mean white noise. 

IDENTIFICATION 

To identify an unknown system from input-output data, the ex
pectation in Equation 4, above, may be replaced by a time 
average. The present author (along with Samuel J. Garrett, also 
of the University of South Florida) has extended the Cameron
Martin series method to permit identification in the presence of 
control reference inputs which cannot be selected to aid · ~n the 
identification (4, 5, 6]. This situation will exist in robotic 
applications where either the load possesses unknown dynamic 
properties (1] or where complex manipulator arm configurations 
make active identification more attractive than modeling for con
trol formulation. 

This identification is accomplished by adding a zero mean 
white noise dither or lest signal to the reference input, in or
der to obtain a functional series expansion for the 
plant/controller system. It requires that the Hermite polyno
mials in the Cameron-Martin expansion be replaced by functions of 
the form 
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K .(u) = H (u)e(-uai + -) 
n,1 . n 2 

( 5 ) 

. where the a.'s are the Fourier series coefficients of the deter-
1 

ministic reference input. The orthogonal W functionals can then 
be formed as 

W (X) 
ml, ... ,mn 

= K 
1

(u
1

) ..• K (u) 
m1 , mn,n n 

( 6 } 

where the u. 's are the outputs of the orthogonal linear filters 
.l 

described above. System identification may then take place using 
Equation 4, and this identification can be shown to have all of 
the desirable properties of the unextended Cameron-Martin expan
sion, including Parseval's theorem, the best representation 
theorem, the Bessel inequality, and mean square convergence. 

CONTROL 

One of the great advantages of the extended Cameron-Hartin 
series representation of nonlinear systems is that the output is 
determined by nonlinear means from the outputs of a set on linear 
filters acting on the input-. This means that the output of the 
nonlinear system is determined by the states of these filters, 
which are linear functions of the input. This relationship may 
be represented as 

y(t) = 9[q(t)] ( 7 ) 

where y(t) is the system output, e is a nonlinear algebraic func
tion, and q(t) is the combined state vector of the linear 
filters, which may be individually modeled as 

q.(t) = F.q.(t) + G.t(t) 
l 1 l l 

( 8 ) 

u. (t) = H.q. (t) (9) 
1 l l 

where t(t) is the system input. All of the filters may be com
bined into a single state variable model 

q(t) = Fq(t) + Gt(t) ( 10 ) 

u(t) = Hq{t). ( 1 1 ) 

If y'(t) is the desired system output, the corresponding 
state can be obtained from 
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( 12) 

and conventional state regulator methods can be used to control 
the system. 

CONCLUSIONS 

An extension of the Cameron-Martin expansion has been 
presented which permits application of the technique to nonlinear 
functionals of deterministic signals with white noise superim
posed. Such systems may be corttrolled by conventional state 
regulator methods. The combination of these results may permit 
the development of a powerful adaptive control scheme for non
linear systems. 
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A Learning Control Model for Robot Manipulators 

Abstract 

A. Gautam and A. Zilouc.hian 
Department of Electrical Engineering 

Florida Atlantic University 
Boca Raton, Florida 33431. 

In this paper, a novel two-dimensional (2-D) learning scheme for robot manipulators 
is proposed. The scheme is based on an iterative structure which utilizes available data 
from previous operations. It is shown that the fast convergence of the actual trajectory 
to the desired trajectory is gauranteed upon proper selection of a weighting matrix. 
The proposed learning scheme is applied to a trajectory tracking problem for a 2-link 
robot manipulator. Convergence for various different weighting matrices is also shown. 
I. Introduction 

Human beings have the ability to learn from experience. People with experience 
can complete a given task in a better way, since the experience acts as a sort of feed
back information which is used to modify the control action [1]-[3]. Although humans 
and mechanical robots can perform similar tasks, there are sharp distinctions between 
the robots and humans control strategy. For example human control is largely aquired 
through learning, whereas the operation of a robot is specified by a pre-written algo
rithm. 

In this summary, a learning control model for robot manipulators is proposed. The 
technique utilizes a two-dimensional system model with two independent variables. One 
variable reflects an instant in time history and the other variable reflects the number 
of learning execution cycles. The difference between the system output and the desired 
output, is utilized to produce new input sequences, such that the desired trajectory 
can be achieved after a number of iterations. 
II. Problem Approach , 

Consider the dynamic model of a serial-link manipulator with n degrees ~f freedom 
[4]. 

R(q)q + K(q, q) + g(q) = T (1) 

where q = ( q1 , q2 , ••• , qn) denotes the joint angle coordinates, R( q) is a positive definite 
inertia matrix, K ( q, q) consists of the centrifugal, coriolis forces as well as the viscous 
frictional forces and g( q) term comes from the potential energy of the manipulator . 

Now suppose a desired trajectory is given for a time interval i E [O,N], the robot 
trajectory tracking problem is to obtain the ideal input sequences u(i) ( i = 1, ... ; N) 
such that the robot position (velocity) is coincident with the desired one over the given 
time interval. To determine such ideal inputs ,similar to [1] and [2], a two stage control 
strategy is proposed. In the first step the following feedback control law is applied to 
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model (1) : 
r = uo + g(q) + G(qd- q) + H(qd- q) (2) 

where G and H are constant matrices and uo is the initial input. Using (2) the robot 
model in state-space form can be written as 

R(q)ij + K(q, q)- G(qd- q)- H(qd- q) = u 

or in the state-space form as 

where 

X= [ :: ] - [:] 

x = f(x) +Bu 

y = [O,I]x = Cx 

(3) 

(4) 

(5) 

(6) 

f(x) = [ -R(xt)-1 {K(xt. x2) + ;tx2- xu)+ G(xt- Xtd)} ] (7) 

If the geometry of the robot was known precisely, we could utilize classical control 
schemes to obtain the desired trajectory. However, since it is usually impossible to 
obtain the full description of the system dynamics, a pre-designed input sequences 
cannot always generate the desired system outl?ut. Therefore, in the second step, a 
learning process is utilized to generate a new control sequence u(i) that eliminates the 
difference between the actual and desired trajectories. However, the learning process 
should be done in iteration cycle; which introduces a new variable j. Therefore the 
desired trajectory tracking problem for the robot can be formulated as 

x(i + 1,j) = f[x(i,j)] + Bu(i,j) 

y(i,j) = Cx(i,j) 

(8) 

(9) 

where the variable 'i' represents an instant in time and the variable 'j' represents the 
number of learning execution cycles. Equation (8) and (9) are the general form of a 
linear model which has been considered recently [3]. The desired output trajectory 
Yd(i,j) is given over a definite time interval . The error between the actual system 
output and the desired output is given as 

e( i, j) = Yd( i, j) - y( i,j) (10) 

The purpose of the learning scheme is to generate a new control sequence u(iJ) that 
eliminates or reduces the error e(i,j). In this scheme, the new input is generated as 
follows 

u(i,j + 1) = u(i,j) + De(i,j) (11) 

where D is a mathematical operator which maps the error information into control 
input modification [1]. The operator D can be chosen to be either a simple gain or 
a differentia tor or an integrator or any combination of the above. While choosing D, 
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it should be made sure that the system remains within the stable operating region. 
The stability and convergence rate of the learning process is highly affected by proper 
selection of D. If we select D as a constant matrix and substitute equations (8), (9) and 
(11) into equation (10), it can be shown that 

u(i,j + 1) = -DCJ[x(i,j)] + [Ir- CBD]u(i,j) + Dyd(i + 1,j) (12) 

Now 

Similarly, 

e(i + 1,j) = Yd(i + 1,j)- y(i + 1,j) 

e(i + 1,j) = Yd(i + 1,j)- Cx(i +' 1,j) 

e(i + 1,j) = Yd(i + 1,j)- C{f[x(i,j)] + Bu(i,j)} (13) 

e(i + 1,j + 1) = Yd(i + 1,j + 1)- Cf{x(i,j + 1)}- CBu(i,j)- CBDe(i + 1,j) (14) 

Subtracting (13) from (14) 

e(i + 1,j + 1) = [Ir- CBD]e(i + 1,j)- C{f[x(i,j + 1])- f[x(i,j)]} (15) 

Equation (15) describes the two-dimensional dynamic characteristic of the error func
tion. 

Now we state one of the main result of the paper, which is used to show that the 
error e(ij) reduces to zero with the progression of the learning algorithm. The proof 
of the theorem is not included herein: 
Theorem: For the system described by equations 12 and 15, if 

1. II lr- CBD II< 1 

2. The initial errors in each learning process are zero. 
e(Oj)=O for j = 1, 2, ... , N. 

3. The vector valued function f(.) satisfies the condition 
II f[xi ( i, j)] - J[x2(.i, j)] II< a II Xt ( i, j) - x2( i, j) II 
where a is a positive definite constant. 

then the error e(i,j) will approach zero as the number of learning iterations j ~ oo 

Jim e(i,j) = 0 
J-HX> 

for i = 1, 2, 3, ... , N. 

Having proved the convergence for a n-degree of freedom robot using a general form 
of the matrix D, in this paper, we also prove convergence for a 2-link robot. As we 
have mentioned before the proper choice of the matrix D is very important for the 
convergence of the scheme. The weighting matrix should be chosen subject to the 
restrictions imposed by the condition II[Ir- CBD]II 2 < 1. We are going to consider 
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three different choices of D for a 2-link robot manipulator and prove convergence for 
each of them. 
Case 1 

Theorem: If the weighting matrix D is selected as D = R(q), then the convergence 
of the control algorithm is always gauranteed. 
Case 2 

Theorem: If the weighting matrix D is chosen as D = R( q) + ~q, then the region of 
convergence of the scheme is 

R(q) ~ ~q < o. 
Case 3 

[ 
R1

0
(q) o ] Theorem: If the weighting matrix D is selected as D = R

2
(q) , then the 

convergence of the control algorithm is gauranteed if 

III. Conclusions 
We proposed a 2-D model for a betterment process for nonlinear robot dynamics, 

that improves the performance of the next trail by using updated data from the previous 
operations. Simulation results for a two-link robot using the 2-D learning scheme are 
shown in figure 2. and figure 3. These results demonstrate the effectiveness of the 
proposed technique for robot manipulators. control scheme is convergent for a two-link 
robot. 
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Application of Neighboring Near Minimum-Time Control 
to the Control of a Robotic Manipulator. 

Fumio Hamano and Hanqui Zhuang 
Dept. of Electrical and Computer Engineering 

Florida Atlantic University 
Boca Raton, FL 33431 

Extended Summary 

This paper presents a method of designing a neighboring near 
minimum-time control for a nonlinear control system, i. e., a method of 
adjusting the switching times of the time optimal control of a nonlinear 
system when the state is detected to be deviating from the the state given 
by the (off-line) optimal control (called nominal control) calculation. It is 
assumed that the regular optimal solution exists for the nominal problem 
and therefore the solution is bang-bang. The resulting control is closed 
loop in that the state measurements are taken at the initial and the control 
switching times and are used to calculate the ~ubsequent switching times. 
The method is applied to control a two degree of freedom cylindrical robot 
and a simulation result is given. _ 

Industrial robots are now widely used in various manufacturing 
environments for their reliability and flexibility. However, in order to 
increase productivity, it is desired that the speed of robots is increased as 
high as possible while maintaining accuracy, and the natural choice of 
control is a minimum-time control, which may be solved by applying 
Pontryagin's maximum principle ([1] and [2]). However, due to nonlinear 
dynamics and torque/force constraints of the robot manipulator, finding a 
minimum-time solution is difficult and time consuming, therefore not -.. 
suitable for on-line computation; see [3], [4] and [5]. Furthermore·, these 
solutions are often in open loop solution and as such the deviation of the 
state from the one given by the solution may result in a large error at the 
final position. In addition the algorithms involve solving two point 
boundary value problems for which a typical tool is a shooting algorithm. 

To solve these problems, a neighboring control algorithm is developed 
in this paper. The idea of neighboring control was introduced in the 1960's. 
The motivation was to solve the problem of launching rockets. Dyer et al. 
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[6] and Jacobsen et al. [7] suggested several methods to find the 
neighboring control laws for systems with discontinuous inputs. One of 
these methods is based on the concept of dynamic differential 
programming [8], and another was to use the Hamiltonian theory. The 
algorithm presented here is based on the Hamiltonian theory and strong 
variation introduced in [6]. 

The algorithm given in this paper has the following notable features. 
The only on-line calculations involved are simple algebraic calculations 
and solving linear differential equations of the form: 

(d/dt)6x(t) = fx6x(t) 

where 6x{~_1 )=6xK-1 , 6xk_1 is the deviation of the state from the nominal 

one at the (k-1 )-th switching time and fx is a time varying matrix 

computed off-line. The differential equations are solved in the positive 
time direction using the measurement at time tk_1 and the result of the 

calculation is used to adjust the k-th switching time. Though the 
algorithm requires solving the optimal control problems n+ 1 times where 
n is the state dimension, this part of calculation is done off-line once. 

A simulation has been performed for the two degree of freedom 
cylindrical robot given in [1 0] which has revolute and prismatic joints, and 
performance comparison has been made between our control and the 
nominal control (the control computed based on the initial condition x(t0 ) 

=X0 ). It has been observed that the final state error has been reduced to 

1/1 00 while the total time is changed by a factor of 1/500. 
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PARALLELISM FOR ROBOTIC CONTROL . 
APPLICATIONS HARDWARE 

Ruiguang Zhang and Eduardo B. Fernandez 
Department of Computer Engineering 

Florida Atlantic University 
Boca Raton, Florida 33431 

With the development of robot control theory, there has been an increasing demand for 
fast and efficient robot control schemes [Gupt82], and parallel implementations on 
multiprocessor systems seem to be a suitable tool for implementing these applications. 

Generally the following steps are applied to parallel implementations of robot control 
systems: 

(1) choice of control scheme and of the control algorithms and interconnection 
processors. 

(2) finding the maximum potential parallel implementation [Jami87] without 
considering processor constraints. · 

(3) mapping the algorithm of (2) into multiprocessor networks by grouping granules in 
(2) and assigning these resulting granules to each processor. 

(4) validation of the constraints through simulations on response time and on recovery 
time (if fault-tolerance methods are used.). If the validation is passed, then stop; 
otherwise go to step (3) and choose a different mapping. 

We are now considering steps- (2) and (3), i.e., the maximum potential parallel 
implementation and its mapping. A special computation graph [Koka86] is used to model this 
kind of implementation. The computation graph consists of a set of data nodes (represented 
by rectangles containing data variables, and a set of computational nodes (represented by a 
circle). A computation C can be modeled as shown in Figure 1. 

10 I 001 

, • 
• .. 

• 

JOn ODm 

Figure 1. A computation graph. 

In this graph, IDi, ODj (1 ~i~n, 1 ~j~m) are input and output data for computation C 
respec:tlvely. IOi c:an also be an output data, and ODj an input data from some other 
computattons. Both data nodes and computation nodes can be replaced by a 
subcomputation graph. · 
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The task of the robot controller is to maintain a prescribed motion for the hand along a 
desired traj~ctory by applyi_ng the necessary torques an~ forc~s to the joint motors. In order 
to realize thts control, four tmportant parts must be constder (Ftgure 2). 

• Inverse kinematics 
• Trajectory planning 
• Dynamics 
• Robot arm control 

r--- .... -------- -- .... ~ ......... 
I 
I 
I 

----------· 
I 

I 
I 
; . f..r fj MA t,r 

t 
I 
I 
I 
I 

- I 

I I 

L---- ---.J 
L------ ---------

Figure 2. A robot arm controller. 
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To achieve a fast and efficient controller, the possible parallelism for all these four parts 
is considered . We use the computation graph to explore maximum potential parallelism. For 
example, the dynamics of the algorithm in [Geff87] is expressed in the computation graph of 
Figure 3 (the first four data parts are shown in Figure 3). 
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Figure 3. A computation graph for control dynamics. 

Sometimes it is hard (and not necessary) to apply multiprocessing control to all the four 
parts. (Geffin et al., [Geff87] apply multiprocessor control only to the dynamic part by 
assuming that the desired trajectory is given and the desired force and torque for each link 
are achieved by PID control. On the other hand Miller [Mill88] considers multiprocessing for 
the control part by assuming that the desired force and torque are given. Selection depends 
on cost and effectiveness. In industrial control, one processor is used to control each joint by 
assuming each joint is independent [Gupt82]. 

Control equations are usually sets of recurrence equations. From this point of view, 
pipelining is a natural way to apply multiprocessing. On the highest level of pipelining, robot 
con~rol can be achieved using pipelining techniques for the four parts discussed above (Figure 
4); 1.e., the computation graph is defined for the whole system instead of for only one part. 
Each data node and computation node can consist of some subcomputation graphs. The 
pipelining method is used to connect these four parts, and parallel tasks are employed in each 
part [Zhan88). 
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Figure 4. Parts of a robot controller. 

Once the maximum potential parallelism has been achieved, the next step is the 
mapping to the multiprocessor. The multiprocessor network we consider here is a mesh 
structure. Two stages of mapping are used. First, the computations of each part are mapped 
to a subset of processors (Figure 5). The nearest-neighbor assignment is used, i.e., two 
communicating tasks are either assigned to some processor, or to two neighboring 
processors. The boundary for each subset of processors is decided by the amount of 
computation inside each part, the amount and the locations of computations [Bokh88]. 
Second, the computations within a part are assigned to processors within a subnet. We 
consider here the assignment for the dynamics part using an algorithm proposed in [Geff87]. 
The granules of the computations in the computation graph are grouped to make equal the 
number of granules to the number of processors, then these resulting granules are assigned 
to each processor. 

I ,..,.t .z : 

Figure 5. An example of sub nets for each part of a computation. 
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Abstra~t 

This paper deals with the design and computer modeling of the micron accurate Cartesian 
robot arm. The design criteria for the robot will be low cost, light weight, high accuracy, and 
flexibility. The robot's end effector can be positioned a distance of 12 inches along three linear 
axes (along the x-, y-, and z-axes) with an accuracy along each axis of one micron. Its position 
will be driven by three D.C. motors each of which is attached to one ~f the linear axes of motion. 

Robot modeling was done using computer software called DADS (Dynamic Analysis and 
Design System). By knowing the essential physical components of the robot, DADS was used to 
create the mathematical model of the robot. Once the model had been accurately built, analyses 
such as kinematics and inverse dynamics of the robot were performed. From kinematic analysis, 
the end effector's position, velocity, and acceleration can be obtained for different configurations 
of the robot and different D.C. motor sizes. From inverse dynamic analysis, the reaction forces 
and torques can be obtained for each component of the robot and also, the torque necessary to 
drive the Cartesian robot can be obtained. This information can be useful in the design process 
of the robot components and also in sizing the D.C. motors. Using computer modeling, the cost 
and time needed to evaluate different designs can greatly be reduced. 

In the future, the computer model will be expanded to include the control system for the 
Cartesian robot. Also, more research will be done on a laser vision system for the robot and a 
program which will couple the vision system, the robot and the control system. 

Introduction 

Typically, Cartesian robots existing in the market today are expensive, bulky, and some
times inconvenient in certain high accuracy applications such as that needed in the semiconductor 
industry. To remedy this shortcoming, a Cartesian robot which will be low cost, lightweight and 
flexible enough for easy installation by the user will be designed, built and tested.' 

This robot, Fig. 1, will be able to move a distance of approximately 12 inches in three 
linear directions (along the x-, y-, and z-axes ). 

Also when positioning the robot's end effector, it will have one micron accuracy along each 
axis. The high accuracy characteristic of the robot positioner would be essential in performing 
complicated, precision tasks. The robot design will be small and flexible enough to install almost 
anywhere. Also, because the robot is less expensive, a manufacturer can increase production by 
utilizing more robots in a variety of applications. 

The research work performed on the Cartesian robot centers on the following areas: basic 
robot design, kinematic/inverse dynamic modeling of the robot, and robot control system design. 

1 
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For this paper, the main area of research will deal with modeling and simulation of the 
Cartesian robot. The kinematic and inverse dynamic analysis was done hy us1ng a c:ompnt.Pr 
software called Dynamic Analysis and Design System (DADS) from CADSI. The robot model
ing was done by specifying how the bodies, joints, and drivers were interconnected in forming 
the mathematical robot model. After entering the model information, DADS will assemble the 
mechanism. If there is no conflict in this mathematical model and there are enough constraints 
for the robot system, DADS will generate the appropriate output as the robot moves through a 
given time interval. 

Basic Robot Design 

Before the computer model can be built, the basic components of the robot must . be 
modeled. As seen in Fig. 1, the Cartesian robot design will essentially be made of three mutually 
perpendicular axes. Each of the three axes of the robot will consist of two cylinders parallel to the 
x-, y-, and z-axes. Of the two parallel cylinders, one cylinder will contain the driving components 
to translate the end effector along a given axis and the other will be a "dummy" cylinder whose 
purpose is to provide stability and rigidity for the robot. 

Each "driver" cy~inder will consist of a D.C. motor, leadscrew and precision nut, and 
an airbearing. For both the "driver" and "dummy" cylinders, the airbearing will be attached 
concentrically as seen in Fig. 1. For the "driver" cylinder, the air bearing will also be attached 
to the precision nut. When the motor turns the leadsc-rew, it will transmit the rotational motion 
to the precision nut. This motion causes the nut and air bearing to translate along a given linear 
direction. 

Finally, the robot must be constructed in a way so that the end effector can move as 
specified. This is done by connecting the cylinders at the airbearings in the appropriate way, 
Fig. 1. For example, the x- and y-axis cylinders will be attached at the x-axis airbearings. The 
y- and z-axis cylinders will be attached to the y-axis plate which is connected to the y-axis 
airbearings. Finally, the end effector can be attached to the z-axis plate which is connected to 
the z-axis bearings. In this configuration, the x-, y-, and z-axis airbearings will move parallel to 
each other along the x-, y-, and z-axes, respectively. 

Mathematical Model of Cartesian Robot 

Now that the physical model for the robot is known, the mathematical ·model can be 
constructed using the DADS program. The information to construct the mathematical model was 
entered in the formatted DADS data file called the Verbose file. The model can be constructed 
as a two or three dimensional model. For the Cartesian robot, the 3D model was the appropriate · 
choice. 

The DADS computer model for the Cartesian robot will contain only the pertinent kine
matic components. That is, only the driving components of the robot will be included in the 
DADS model. As seen in Fig. 2, each "driver" cylinder will consist of three bodies: "cylinder", 
screw, and slider. 
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For each of the bodies of the "driver" cylinder, the body "cylinder" models the encasing 
r.ylin(1Pr, the body screw models the leadscre.w, and the body slider models the prer.ision n11t and 

the airbearing. 

Each of the bodies must be connected by the appropriate joints. For the DADS model, 
revolute, screw, and translational joints were used to connect the bodies of the "driver" cylinder. 
For example, the revolute joint connected the bodies "cylinder" and screw. The screw joint 
connected the bodies screw and slider. The translational joint connected the bodies slider and 

"cylinder". 

In the physical model, the revolute joint represents the roller bearing which holds the 
leadscrew in place inside the cylinder. Although in the physical model there will be two roller 
bearings for the support, the DADS model will contain only one because an additional revolute 
joint (roller bearing) in the model will add an unnecessary constraint. This is the same reason 
for which the "dummy" cylinder is not included in the DADS model. The "dummy" cylinder 
mass and inertia can later be considered part of the body "cylinder" mass instead of as a separate 

body. 

The screw joint represents the interaction between the leadscrew and precision nut during 
motion. In the DADS model, this joint takes into account the pitch of the leads crew. The 
translational joint represents the linear motion of the air bearing (and precision nut) relative to 
the body "cylinder". 

The final component of the "driver" cylinder will be the driving element which represents 
the D.C. motor. Currently, the D.C. motor performance is being modeled by a unit step function. 
In the future, the driver element must be modified to more realistically represent the D.C. motor 
characteristics. 

To model the torsional effects of the D.C. motor on the "driver" cylinder components, an 
RSDA (Rotational Spring Damper Actuator) element must be specified in the DADS model. This 
relationship between the motor speed and torque, Fig. 3, was included in the Verbose data file. 

For each linear motion, a "driver" cylinder is needed. For the Cartesian robot, there will 
be three orthogonal linear axes. So, three "driver" cylinders will be attached together in the 
DADS model as seen in Fig. 4. 

In the DADS model, the attachmen't of this configuration will be accomplished by bracket 
joints. For example, the x-axis and y-axis "driver" cylinders will be connected by attaching a 
bracket joint between bodies SLIDERXX and CYLINDERYY, Fig. 4. Similarly, they-axis and z

a.xis "driver" cylinders will be attached by connecting a second bracket joint at bodies SLID ERYY 
and CYLINDERZZ. 

The initial configuration of the DADS robot model must be specified in the Verbose data 
file. For example, the position coordinates of the center of mass and orientation coordinates 
for each body must be specified in a global coordinate frame. For the. Cartesian robot tnodel, 
the global coordinate system was taken to be at the center of mass of the body GROUNDXX, 
Fig. 4. In the data file, the x-axis "driver" cylinder (GROUNDXX) was specified to be fixed to 
the ground. 
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On the other hand, the interconnections of the bodies were made in the local joint coordi
nrJ.t.e. syst.Pm. Tn the local coordinate system, it is much easier to specify t.he relative positions ·of 
the interconnecting bodies rather than to specify them in global coordinates. For the DAJ!S model 
data, specifying how the joints connect bodies indirectly defines the whole initial configuration of 

the robot. 

Kinematic/Inverse Dynamic Modeling 

Once the DADS model for the Cartesian robot has been established, a number of analyses 
can be performed. After specifying the initial model configuration, an analysis for any given time 

interval can be performed. 

A Kinematic analysis was performed first. This resulted in the positions, velocities, and 
accelerations for each of the bodies in the Cartesian robot model. In addition, other kinematic 
data such as the orientation, angular velocities, and angular accelerations for each of the bodies 
were reported for the specified time interval. As seen in Figs. 5, 6, and 7, the position of the 
body slider for each of the three linear axes varied linearly with time. This is what is expected 
when modeling the D.C. motor with a unit step function. The velocity was found to be constant 
and the acceleration was zero. 

The Inverse Dynamic analysis provided the reaction forces and torques at each joint that 
are necessary to transform the whole mechanism from an initial position to a final position. This 
information was given for every set of kinematic data t~at was known from the previous Kinematic 
analysis. In addition, the Inverse Kinematic analysis provided the total torque necessary for the 
drivers to operate the mechanism. From this information, the motors could be sized if the 
characteristics of the driver were accurate. 

Control System Modeling 

A closed loop control system is needed to provide feedback of the robot's actual position. 
Currently, a nonlinear controller is being developed for a single axis of the robot. This controller 
is currently a FORTRAN program that uses the position feedback from the robot end effector. 
Future research on this area will concentrate on using laser and vision systems for more accurate 
measurement of the end effector position. Also, a more complex controller program will be written 
to take into account factors such as damping and flexibility in the robot system. ·· 

Future Research 

In the future, DADS will be used to simulate the control system and the Cartesian robot. 
Once this is achieved, it will be helpful in studying the performance of the robot by viewing 
different dimensions and configurations of the robot model. Also, DADS can -be a great asset in 
designing alternative control systems for the robot. The advantage of DADS would be to reduce 
the time and cost in research without having to build the actual mechanism. 



A 
L 
0 
N 
G 

T 
H 
E 

X 

A 

X 
I 
s 

M 

X E -4 

3.60 

3. 15 

2.70 

2.25 

1. 80 

1. 35 

0.90 

0.45 

0.00 

. . . . .................................................. . . 

. . . . ............................... _. .............................. . . . . . 

. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . ......................... . . . " . . 

.,.. . . . . ..... ' ............. · ....... · . . . . · ............. · ..... · ....... · .... . . . . . . 

. . . . ............. · ............ : ............ · ................ · .......... . 

. . . . ................................................ . . . . 

. . . . ................... : ..... , ..... · ............... · .......... . 

0.00 0.23 0.45 0.68 0.90 1.13 1.35 1.58 1.80 2.03 2.25 
X E 1 

TIME (SEC.) 

Figure 5. Position of SLIDERXX. 

N 
........ 



A 
L 
0 
N 
G 

T 
H 
E 

y 

A 
X 
I 
s 

M 

X E -4 

2054.50 

2054.00 

2053.50 

2053.00 

2052.50 

2052.00 

2051.50 

2051.00 

2050.50 

. . . . .· ........... · .. · ............. · .................... , ..... : .... . . . . . . . . 

. . . 
• • • • • • • • • • • • • • • • • •• • • • • • • • • • • • • 4 • • • • • • • • ...................... . . . . 

. . . . . 
• • • • • • • • • • • • • • • • • • • • • 0 • • • • • • • • • • . . ................... ' ..... : ..... 

. . . 
• • • • ' I • • • • • •, • • • • • ,• • • • • • • • • • • • • • •, • • • • • I • • • • • ,• • • • • • '• • • • • • • • • • • • • . . . . . 

. . . . . .. . . . . . : ............ · ............... · .......... . 

. . . . ... - ................................................. . . . . . 

. . . . ............. · ..... ' ..... : ..... , ..... · ............... · .......... . . . . . 

0.00 0.23 0.45 0.68 0.90 1.13 1.35 1.58 1.80 2.03 2.25 
X E 1 

TIME (SEC.) 

Figure 6. Position of SLIDERYY. 

--

N 
CX> -



A 
L 
0 
N 
G 

T 
H 
E 

z 

A 
X 
I 
s 

M 

X E -4 
3554.60 

3554. 15 

3553.70 

3553.25 

3552.80 

3552.35 

3551.90 

3551.45 

3551.00 

. . . . . . . . . . . . . . . ... . . . . . . . . . . . '........... ... . . . . . . . . . . . . ......... . . . . . . 

. . . . ... · ............................. - .............................. . . . . . 

. . . . . 
• ' • • • ' • ' ' ' • '• • • • • • • ' • • ' • I • • • • • • • ' • • •' • • ' ' • • • • • • • • ' • • • • • • • • • ' • . . . . .. 

. . . . . . . . . . . . . . . ·. . . . . . . . . . . . . . .. . . . . .. . . . . . . . . . . . .· . . . . . ·. . . . . . . . . . . . . . . . . . 

. . . . ............. · ............ : ............ · ............. · .. · .......... . 

. . . . ................................................ . . . . 

. . . . ...... · ..... ' ..... : ..... , ..... · ............... · .... . ..... . 

0.00 0.23 0.45 0.68 . 0.90 1.13 1.35 1.58 1.80 2.03 2.25 
X E 1 

TIME (SEC.) 

Figure 7. Position of SLIDERZZ. 

N 
1...0 



30 

Design Optimization of Remote Center Compliance Device 
for Robotic Assembly 

by 

Hsing-Hsin Huang, Graduate Student 

Armand L. Dilpare, Professor 

Department of Hechanical & Aerospace Engineering 
Florida Institute of Technology 

Melbourne, FL 32901 

(Based on the M.S. Thesis of the first author) 

Abstract 

Automated component assembly is one of the most important 
application of robots in manufacturing. Both active and passive 
compliance devices are used to improve performance, and reduce the 
robot's accuracy requirements. 

The ubiquitous remote center compliance (RCC) device first 
proposed by Whitney and Nevins has been analyzed by computer 
simulation methods, and design optimization relationships have 
been obtained. 

The classic peg-in-bore insertion assembly procedure is 
modelled in its entirety from initial contact, chamfer crossing, 
snap point, one-point and two-point contact, to final position. 
The equations of -quasi-static equilibrium follow Whitney and 
Nevins but are solved in real time with simultaneous computer 
animation graphics display of instantaneous geometry, with 
superimposed graphical plots of insertion forces and moment. 
Occurence of jamming or wedging are directly observable. Next
phase tactics of abort, retry, abandon, reorient, etc. can be 
programmed. 

The input parameters of remote center location, and 
lateral/rotational compliance values can be varied, and parametric 
graphs obtained. · 

It was found that the location of the remote center has a 
significant effect on the quality and smoothness of operation in 
obtaining low values of insertion forces and moment, free of high 
peaks or jamming/wedging conditions. The optimum location is 
usually well forward of the workpeice tip over·a range of 
compliance ratios; design equations are given. 

Of course, compliances in the robot itself will impact these 
results, and may be evaluated by rerunning the simulation with new 
values. This might require alteration of RCC parameter values, or 
workpiece clearance or chamfer allowances to achieve an overall 
assembly operation optimum. 
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NOMENCLATURE 

c = 
c = 
Fx = 
Fz = 
Id = 
Kx = 
Ke = 
L = 
L' = 
L" = 
L1 = 
L£ = 
Lg = 
Li = 
LL = 
Ls = 
M = 
M* = 
Od = 
u = 
Uo = 
w = 
X* = 
Z* = 
z = 
a = 
E = 
eo = 
e = 
eo = 
ez = 
81 = 
8max = 
es = 
~ = 

clearance between the radius of hole and peg, (mm) 
dimensionless diametric clearance, c = (D - d)/d 
x axis force in the peg's tip, (N) 
z axis force in the peg's tip, (N) 
diameter of peg, (mm) 
lateral stiffness, N/m 
rotational stiffness, N-m/rad. 
insertion depth, (mm) 
dimensionless insertion depth 
dimensionless insertion depth 
position for the first one-point contact, (mm) 
end position of two-point contact, (mm) 
distance from compliance center to peg's tip, (mm) 
beginning position of two-point contact, (mm) 
beginning position of two-point contact calculated from large 
error theory, (mm) 
beginning position of two-point contact calculated from small 
error assumption, (mm) 
y axis moment in the peg's tip, (N-m/rad.) 
dimensionless moment 
diameter of hole, (mm) 
distance from compliance center to hole's axis, (mm) 
initial distance from compliance center to hole axis, (mm) 
chamfer width, (mm) 
dimensionless x-axis force 
dimensionless z-axis force 
insertion depth duririg chamfer crossing stage, (mm) 
chamfer angle, (45°) 
distance between peg's tip and hole's axis, (mm) 
initial distance between peg tip and hole axis, (mm) 
angular error between hole and peg axes 
initial distance between hole and peg axes; 
angle at the beginning of two-point contact, (rad.) 
angle calculated from large error theory, (rad.) 
maximum angle for peg to enter the hole, (rad.) 
angle calculated from small error assumption, (rad.) 
friction coefficient 
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1. Introduction 

An RCC device, initially developed by the Charles Draper 
Laboratory [ref. 1,2], is usually incorporated into an assembly 
robot's end effecter (ie, gripper), and functions to facilitate parts 
assembly. Its operational principle [fig. 1] is to maintain a center 
of elastic compliance in space, where a lateral force causes only the 
lateral deflection, and a torque causes only rotation about this 
point. Hence, when a robot grips a workpiece, the relationship between 
the workpiece tip and the RCC device determines the ease with which 
the workpiece self-aligns and/or accommodates linear and angular 
errors of the robot. 

In this paper, the assembly phenomena using RCC devices is 
investigated. The effect of different distances from the compliance 
center to the part's tip is studied. A Pascal computer program is 
written to simulate this assembly, showing the theo-retical movement 
of the parts on the screen. Moreover, the reaction forces (and moment) 
vs. the insertion depth are diagramed. 

In the second chapter, the operational principles of the RCC 
device are reviewed. Geometrical phenomena and formulas are described 
in Chapter 3. Theoretical results are discussed in Chapter 4. Finally, 
some conclusions are made in Chapter 5. 

2. A basic design of the RCC device 

An RCC device [ref. 3] often comprises 3 rotational rods, 3 
translational rods, a top pl~te and a bottom plate. The trans lational 
rods link the top plate with the robot's wrist. The rotational rods 
link the top plate with the bottom plate, and the bottom plate 
connects with the robot's gripper [fig. 2]. 

Because of the elastic hinges, the translational rods can provide 
lateral motion and reaction force to the system when a lateral force 
is applied at the remote center. This is the lateral compliance of 
this device. In the same manner, the rotational rods can provide 
angular motion and restoring moment to the device when a moment is 
applied; this is the rotational compliance of this device. 

Since the remote center is away from the tips of the tilted rods, 
the resulting angular motion of the workpiece is always opposite to 
that of the tilted rods. In addition, the lateral compliance allows 
the workpiece (ie, a peg) to align with the hole axis. In this manner, 
the lateral and angular errors between the mating parts can be 
accommodated. 

3. Geometry Analysis 

The assembly procedures are discussed here, and the different 
stages for typical part mating and some special phenomena are 
described. A mathematical model with several assumptions is used to 
derive the force, moment and displacement equations. 
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3.1 Definitions and assumptions 

1. Define the hole axis as the z axis, and the horizontal axis 
as the x axis. X values at the left hand side of z axis, and 
z values below the x axis are positive. 

2. Consider a cylindrical peg and cylindrical chamfered hole so 
that the plane model is appropriate. 

3. Neglect the weight anq inertia of both parts; use static 
analysis. 

4. Assume the parts are rigid enough so that deformation occurs 
only in the RCC device. 

5. Assume the friction coefficient between parts is constant. 

6. Assume the stiffness of the RCC device and the compliance 
center's position to the peg's tip are constant throughout 
any single assembly procedure. 

3.2 Mathematical model 

The plane model described by Whitney [ref. 4] is used here. The 
effective torsional spring with stiffness Ka and the effective linear 
spring with stiffness Kx connect the compliance (on peg's axis) with 
the robot's wrist. The stiffness along the z-axis is assumed to be 
infinity. The distance from the tip of the peg to the compliance 
center is Lg [ fig . 3 ] . 

3.3 Assembly phenomena description 

There are four different stages during part assembly: 

Initial approach 
Chamfer crossing 
One-point contact 
Two-point contact 

The assembly procedure is affected by the diameters of· the parts, 
the position of compliance center, the stiffness of RCC device, the 
friction coefficient, and the initial errors; thus, a particular 
assembly procedure might not have all four stages. 

3.3.1 Initial approach 

The most important factors at this stage are the initial errors 
between the mating parts. Let us define the initial errors as eo, Eo 
and Uo [fig. 4], where; 

eo is the angular error between hole and peg axes, 
Eo is the lateral error between the peg's tip and the hole axis, 
Uo is the lateral error from the compliance center to the hole 
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Figure 4 [ref. 4] 
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axis; hence: 
Uo = eo + L~ *sineo 

The initial errors can be partttioned into two groups, each group 
has 9 cases [fig. 4]. These cases include the lateral error inside or 
outside the chamfered area, and the angular error larger or smaller 
than zero. 

Because of the similarity of their geometries, the situation 
caused by these two groups is the same, but in the opposite direction. 
Hence, only the first 9 cases are discussed in this section. There are 
three regions for distinguishing these cases 

( 1 ) eo > W+C 
( 2 ) W+C ~ eo > c 
( 3 ) c ~ eo ~ 0 

w is the chamfer width, and c = R-r is the radial clearance, 

( 1 ) eo > W+C (cases 1,2,3) 

When the peg falls into this region, the direction of the 
reaction force is always opposite to the direction for inserting the 
peg into the hole. The only one case for the peg to slide into the 
hole is when So is larger than zero. In this case, the angular error 
is increased severely before peg slides. to the edge of the chamfer, 
which always causes failure of this assembly case. 

( 2) W+C ~ eo > c 

In this region, the peg should experience the chamfer crossing 
stage. Detailed behavior of this procedure is discussed in the 
following section. 

(3) C ~eo ~ 0 

In this case, the peg should experience one-point contact 
directly. The major factor is the direction of the initial angular 
error. Let us use the following equation to r~present this behavior: 

eo - R + r*coseo 
= ~ DH [ 3 . 3 . 1 ] 

sin eo 

L1 is the depth the peg is inserted before any contact occurs. DH is 
the assembly depth; thus, when eo is small, 11 becomes larger than DH, 
resulting in a perfect insertion. 

A special case happens when eo = r*cos8o - R, the equation can be 
rewritten as 



8=8MAX 

Figure 7 
Chamfer crossing 

[ref. 4] 
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Figure 6 
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= Kx*[Ls*(sineo-sine)+Z/tana]*Ls*cose 
+ Ka * (eo-e) [ 3 . 3 . 9 ] 

A = cosa + p*sina B = sina - p*cosa ; a is the chamfer 
angle, p is the friction coefficient, and z is the inserting depth. 

For small lateral and angular errors, ie, both eo and eo ~ 0, let 
sineo ~ eo' case ~ 1, sine ~ e, coseo ~ 1; thus, 

eo ~ R - r = c*R 

The equations are reduiced to 

Kx*Z/tana*(Ls*B-A*r) 
e = eo + 

Kx*Lg*(Ls*B-A*r) + Ka*B 

Ka*Z/tana*B 
u = Uo -

Kx*Ls*(Ls*B-A*r) + Ka *B 

Ka*B*Z/tana 
Fx = -Kx * 

Kx*Ls*(Ls*B-A*r) + Ka ~B 

Fz = -Fx*A/B 

M = Kx * ( U o - U ) * Ls + Ka * (eo e ) 

[ 3 • 3 • 1 0 ] 

[ 3 . 3 • 1 1 ] 

[ 3 • 3 . 1 2 ] 

[ 3 . 3 . 1 3 ] 

[3.3.14] 

these formulas are the same as those derived by Whitney. 

3.3.3 One-point contact 

The beginning of one-point contact is decided by the initial 
errors and the Lg distance. It can be distinguished to be three cases: 

( 1 ) 81 
( 2 ) e 1 

( 3) c 

where 

> 0 , eo 
s 0 , eo 
~ eo ~ 0 

C = R - r 

~ c 
~ c 

Case (1): e1 > 0, eo~ C (fig. 8] 

The displacement formula is 

Uo-U = Lg*(sin8o-sine)+(eo-R+r*cos8)+L*sin8 [3.3.15] 

The forces and moment formulas are 
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Fx = -Kx * ( Uo - U) 

[ sine + ll*cose 

J Fz = -Fx 
case - ll*sine 

M = Kx * ( Uo - U)*Le*cose - Ka * ( e - eo ) 

The angular equation in this stage can be expressed as 

where 

a + b*sine + c*cose + d*e*cose + e*e*sine + f*cos 2 e + 
g*sine*cos 2 e + h*sin2 e*cose + i*sinZe + j*cos3 e = 0 

[ 3 . 3 . 1 6 ] 

a =-Kx*(eo-R)*(L+~*r) - Kx*Le*sin8o*{L+ll*r) 
b = Kx*(L+ll*r)*Le - Kx*L*(L+ll*r) - ll*Ka*eo 
c = Ka*eo - Kx*(L+ll*r)*r 
d =-Ka 
e = ~*Ka 
f = Kx*Lg 2 *sineo + Kx*(Eo-R)*Lg 
g = Kx*Le*(L - Lg - ll*r) 
h = ~*Kx*Ls*(Ls - L) 
i =-p*Kx *Lg * (eo R + Lg *sin8o ) /2 
j = Kx *r*Lg 

Again, the angle can be solved by numerical methods. 

For small lateral and angular errors, ie, eo, eo ~ 0; thus, 
sineo ~eo, case ~ 1, sine ~ e, coseo ~ 1, and eo ~ R-r = c*R. 

Let e'o = eo-R+r , above formulas can be reduced to be 

C*{L8 *8o + e'o) + Ka*eo 
e = 

C * ( Lg - L ) + Ka 

Ke * ( L*eo + e 'o ) 

[ 3 . 3 . 1 7 ] 

[3.3.18] ., 

[ 3 • 3 • 1 9 ] 

[ 3. 3. 20] 

[3.3.21] 

which yield the same formulas as those derived by Whitney. 



Figure 8 (ref. 4] 
e > o 
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Figure 10 [ref. 4] 
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One-point contact 

Two-point contact 

Kz{Uo - Uc)-- ~) Ke(9o- 6o) 

Figure 9 (ref. 4] 
e < o 

lt~tTo - Oo)- ~) Ke(9o- 9o) 

Figure 11 [ref. 4] 
e < o 
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Case ( 2 ) : ~ 0 ' eo [fig. 9] 

This case is similar to previous one; but, the displacement 
formala is changed to 

Uo-U = Lg*(sin8o-sin8) + eo - R + r*cos8 [ 3 0 3 0 22] 

It means that the equation of 8 is no longer related to the insertion 
depth, L. Thus·, the peg keeps descending with the same incline angle 
until two-point contact occurs. The forces and moment formulas are 

F x = - Kx * ( U 0 - U ) 

F z = ll * Kx * ( U o - U } 

M = Kx * ( U o - U ) * Lg *cos 8 - Ke * ( 8 - 8 o ) 

The angular equation are 

a + b*8 + c*sin8 + d*cos8 + e*sin2 8 + f*cos 2 e 
+ g*sin8*cos8 = 0 (3.3.23] 

where 

a = Ko *8o 
b =-Ke 
c =-Kx*Lg*r*sin8o - Kx*(Eo-R)*r 
d = Kx*{Lg*sin8o*(Lg r) + (Eo-R)*[Lg - r*p]} 
e = Kx *Lg *r 
f = Kx*r*(Lg - p*r) 
g =-Kx*(Lg 2 -Lg*ll*r + r 2 

For small lateral and angular errors, ie, eo and 8o ~ 0; let 
sin8o ~ 8o, cos8 ~ 1, sin8 ~ 8, cos8o ~ 1, and Eo ~ R-r = c*R, 
this angular formula is reduced to 

e = + eo [ 3. 3. 24] 
Kx*Lg*(Lg-p*r) + Ke 

Case ( 3): R- r > eo ~ 0 

The beginning of this case is discussed in the section of initial 
approach. Recall equation [3.3.1] 

eo - R + r*coseo 
Lt = [ 3 . 3 . 1 J 

sin eo 

when e is very small: 
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Eo - R + r 
Lt = [3 •. 3.25] 

eo 

the displacement, force, and moment formulas are the same as those in 
the previous section. 

3.3.4 Two-point contact 

Two-point contact stage occurs when the peg touches both sides of 
the hole. It can be distinguished by two different cases: 82 > 0 or 
82 !S 0. 

If 82 > 0 [fig. lOj, then the position of the peg is restricted 
by the hole's diameter. The relation between the angle and the 
insertion depth is: 

L*sin8 = D - d*cose [3.3.261 

Thus, for a known insertion depth (L), the angle should be found by 
numerical method. The displacement formula is 

Uo-U = L~*(sin8o-sin8)+Eo-R+r*cos8+L*sin8 [3.3.27] 

The forces and moment formulas are 

Ft F2 
M = [3.3.28] 

p 2 *sin8 - 2p*cose - sine 

M + F1 
Fz = (3.3.29] 

{L+p*r)-r*(cos8-p*sin8)*(sin8+p*cos8) 

Fx = Kx*(Lg*(sin8o-sin8) 
+ Eo-R+r*cos8+L*sin8) [3.3.30] 

where 

F2 = Fz*[(L+p*rl-r*(cos8-p*sin8)*(sin8+~*cos8)] 

M = M*(2~*cos8+sin8-ll2 *sin8] 

If 82 < 0 [fig. 11 J, then when 82 is smaller than zero, the peg 
is in the opposite direction from the previous one. The an~ular 
equation is changed, 

L*tane = D- d/cose [3.3.31] 

The displacement formula is also changed 
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Vo-U = Lg*(sin8o-sin8) +eo - R + r*cos8 [3.3.32] 

which is no longer a function of the insertion depth. Since the force 
svstem is not changed, the forces and moment formulas of previous case 
c~n be used in this case. For small lateral and angular errors, let 

sin8o = 8o, sinS = 8, and cos8 = cos8o = 1. 

The geometric restriction for both cases (8 > 0 and 9 < 0) is reduced 
to the same equation: 

L*6 = D - d = c*D [ 3. 3. 33 l 

where c is the dimensionless diametrical clearance; 

For 8 > 0, rewrite 

8 = c*D/L 

and 

l' o - U = L~ * ( 8 o - c * D I L l + eo - c * R + L * 8 [3.3.34.a] 

Fx = -Kx*[L~*(8o-c*D/L) + eo-c*R + L*8) [3.3.3-!.b] 

= Kx*[Lq*(8o-c*D/L)+Eo-c*R+L~8]*L~ 
- Ko * ( c*D/L-8o ) [ 3 . 3 . 3 5 J 

For 9 ~ 0, rewrite 

9 = -c*D/L 

and 

Co-U = L~*(8o-c*D/L)+eo-c*R [3.3.36.a] 

Fx = -K~*[Lq*(8o-c*D/L)+Eo-c*R] [3.3.36.b) 

= Kx*[Lq*(8o-c*D/L)~Eo-c*R]*Lq 
- Ke * ( c*D/L-8o ) [3.3.3,.i] 

~e~lectin~ the second and higher order of 8 terms to get 

Fz = 2*~[M+Fx*(~*r+L/2)]/L [3.3.38] 

which also verifies the formulas derived by Whitney. 

3.3.5 Special phenomena 

·rhere are several important phenomena existing in part assembly, 
as introduced in this section. 

A. Snap point 
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It is noted that the formulas for the end of chamfer crossing, 
and the beginning of one-point contact are different, althou~h these 
cases happen at the same point {ie, are contiguous). This is because 
the chamfer angle is 45 ' . but the hole wall is vertical. Hence, when 
the p eg reaches this point, it will snap from the chamf~r crossing to 
the one-point contact. The reaction forces and moment are reduced 
immediatel y , and a smoother sliding process begins. The authors define 
this point as the snap point. 

B. ~aximum angular error for peg to slide into the hole 

.-\s discussed in initial A-pproach section, the maximum angle error 
for the pe~ to enter the hole is 

8m ax = ± sin- 1 
[ 

D..! - d" ] i 
---------------- ~ 

d:l 
± 2*c [ 3 . 3 . 3 9 l 

In fact, this case may not exist in the initial stage. Since the 
angular error increases by chamfer crossing and one-point contact, it 
is possible to be increased to more than the maximum angle while 
initially having been less than maximum. This phenomenon is discussed 
in t .wo sta~es. 

( 1) Chamfer crossin::; 

By the definition of section two, the resulting angular error in 
thi s c a se should be negati\·e for peg to touch both sides of the hole, 
1e, 

D" - d~ l 

r l2 -------
8m c = - sin- 1 l - - i i 2*c .... 

d" J 

This situation occurs when eo 
ne~ative, Eo is large, and eo 

is lar~e and ne~ative; or, ~hen Lq is 
is ver:v small. 

{ 2 ) One-point contact 

' B y the d efinition of section two, the resulting angular error in 
t h i s case s hould be positive, ie, 

= sin- 1 

n~ - d~ 1 

[--d-"-r ~ 8m 1 2*c [3.3.41] 

I h i s s i t u at i on o c c u r s \"'hen L g i s po s i t i v e , w i t h eo i s p o s i t i v e o r 
slightly smaller than zero. The maximum insertion depth Lmi can be 
expressed as 

--- ---· 
Lm 1 = ~· D" - d ~ 
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= ! ( D-d) ( D+d) 

~ [2*D~*(D-d)/D] = D*8m 1 [3.3.421 

C. Jamming and Wedging 

When contact occurs, the equilibrium of this system is influenced 
bv several factors. If this equilibrium is in a wrong proportion, the 
p~g will stick in the hole. These factors are the stiffness and 
location of compliance center of the RCC device, magnitude of the 
initial errors, and clearance and friction coefficient between the 
parts. Two phenomena defined by Simunovic, called Jamming and Wedging, 
ca.n be seen in Simunovic's paper [ref. 5,6]. 

t. Cases discussion 

The procedure and several phenomena in part mating were 
introduced in Chapter 3. The equations were written into a computer 
program to perform a graphical simulation of this assembly. Since 
robots are suitable for very accurate tasks, the errors between parts 
could be very small. Hence, the formulas used in this program are 
based on the small error assumption. In order to verify the accuracy 
of this simulation, an error analysis of the formulas between the 
large error theory and small error assumption, for some specified 
cases, is discussed in Chapter 5. 

There are four cases discussed in this chapter 

( 1 ) Eo = 1 . -! mm, eo = 0.00519 rad. 
( 2) Eo = 0.7 mrn, eo = 0.0 rad. 
( 3) Eo = 0.0 mm, eo = 0.017-15 rad. 
( ~) Eo = 0.0 mm, eo = 0.00519 rad. 

Each case has been simulated by the computer program. The 
dimensions of the mating parts, and the parameters of the RCC device 
are as folloHs: 

Hole diameter, D 
Pe~ diameter, d 
clearance, D-d 
clearance ratio, c 
Chamfer width. w 
Chamfer angle, a 

Select a Draper Lab Model 
Lateral stiffness, 
Rotational stiffness, 

= 12.705 mm 
= 12.6?2 mm 
= 0.033 mm 
= 0.0026 
= 2.0 mm 
= 45" 

4B RCC f ref. 1, 4 I 
Kx = 7 N/mm 
Ke = 53000 N-mm/rad 

The relation between the forces, moment and the insertion depth were 
graphed. The influences of the compliance center position, friction 
coefficient, and the initial errors on the assembly were also shown 
in the diagrams [fi~. 12-151. 
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It is shown in case 1 of figure 12 that when the insertion depth 
reaches 7.11 mm, the procedure is changed from one-point contact to 
two-point contact. Howevef, when the insertion depth reaches 24.8 mm, 
the procedure is again changed from two-point contact to one-point 
contact. The reason can be explained by the formulas derived in 
Chapter 3. When the errors are small, use 

Kx * ( L ~ - ll * r- L ) * ( L ~ * 0 o + E ' o ) + Ke * 0 o 

Rewrite it to be 

81 = L-:-il I L:l +D1 *L+Dz l 4 . 1 ] 

~· here N1, D1 and Dz are constants. 

The theta formula in the two-point contact is 

82 = c*D I L [ 4 . 2 ] 

Graph both equations in figure 16, it is found that there are two 
intersection points for these two equations. Now, if the parameters 
are changed, the 81 curve at the one-point contact should be c hane;ed. 
The s e parameters include the initial errors, the RCC properties, and 
the fri c tion coefficient. The Az curve .keeps the same, because it is 
decided by the diameter of the mating parts and the insertion depth 
only. Thus, when the 81 curve is changed, it may not have intersection 
points with the 82 curve, or ·may have only one intersection point. 
This means the assembly does not have two-point contact, or there is 
no return from two-point contact to one-point contact. 

Consider the formula for one-point contact with 8 ~ 0: 

e = + eo 13.3.24] 
Kx*L~*(L~-ll*r) + Ke 

This formula represents a constant an~le for the one point cont.:.lct 
s t age; whene ver the peg begins the two point contact stage, it should 
not return to one-point contact. 

A research report of Whitney [ref. 41 had also described this 
phenomenon. The method he used let 81 = 82, and got a quadratic 
equation of L: 

where 

a*L~ - ~*L + T = 0 

a = Kx*(Lq*8o+Eo+R-r) 
~ = a*(Lq-ll*r} + Kx*Lg*c*D + Ke*0o 
T = c*D*(Kx*L~ 4 +Ke-Kx*L~*ll*r) 

[4-.3] 
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Solving these equations, he got 

Li = ( f3 - l {3~ -4*a*-r] /2*a [-±.4J 

Lf = [fJ + i f3~-4*a*-c]/2*a [ 4 • 5 1 

Li and Lf form the boundaries of two-point contact region. 

This is a very convenient method for predicting the beginnin~ and 
ending points for the two-point contact stage. Note that if (B 2 -4*a*T) 
is less than zero, the solutions of the quadratic equation are complex 
numbers, which means the two-point contact cannot occur. 

The disadvantage of this method is that it considers the cases of 
8 1 ~ 0 only. Because the angular error changes during chamfer 
crossing, if Lg is less than zero, the angle may change to negative 
before one-point contact occurs. As described in section 3.3.3, when 
the be~inning angular error at one point contact is negative, the 
an~ular error at this stage is not a function of the insertion depth; 
thus, the quadratic equation of L is reduced to a linear equation. 
When two-point contact occurs, it will not return to one-poin t 
c ontact. Thus, this method is not suitable for this condition. 

5. Conclusion 

5.1 Relation between each stage 

In Chapter 3, all the phenomena of rigid part mating were 
studied; however, an assembly does not necessarily experience all of 
them. For example, the third case used in Chapter 4 has only one-point 
contact and two-point contact stages only. When L~ distance is small 
enough in the first and second cases, they should have chamfer 
crossing and one-point contact stages only. The relation between each 
st.age can be summarized by Figure 17. 

~ ? ..., ,_ The b0.st L ~ distance 

In Chapter ~~ the effect of L~ distance to the efficiency of part 
mating has been demonstrated . ,Generally speaking, the best region of 
L~ distance is Located around the tip of the pe~. But, this region is 
influenced by the initial errors, the insertion depth, the diameters 
of each part, and stiffness of the RCC device. Using the fo~ces and 
moment formulas in the two-point contact stage, (3.3.34] through 
I3.3 . . J8l, c onsider 8 > 0, and rewrite these equations to simpler forms 

Fx = :'u *L~ +Bt [6.3.1] 

~1 = .-\ 2. * L ~ ~ + 8 2 * L g + C 2 [6 .. 3.2] 

Fz = .-\3 *LIS~ +B3 *L~ +C3 [6.3.3] 

v..·here 
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:-\ 1 = - Kx * ( 8 o - c * D I L ) 

Bt = - Kx * ( Eo + c * R) 

A2 = Kx*(8o-c*D/L) = -AI 

82 = Kx * ( Eo + c * R ) = -B1 

C2 = -Ke * ( c*D/L-8o 

A3 = -2*p*At/L 

B3 = 2*~/L*[B2+At*(~*r+L/2)] 

C.3 = 2*p/L*[Cz+Bt*(p*r+LI2)] 

As s h o lv n i n e qua t i o n [ 6 . 3 . 1 ] , ( 6 . 3 . 2 ] , and [ 6 . 3 . 3 J , F x i s a l i n e a r 
equation of Lq, and Fz and M are the quadratic equations. Plotting 
these equations with L~ represented in the horizontal axis, it is 
found that these parameters determine the shape of the line and the 
curves. The designer can control them to get the optimal design of a 
RCC device. Influence of some parameters on the forces and moment are 
s h o \.Y n in f i g u r e 1 8 , 1 9 , 2 0 and 2 1 . 

Let the beginning depth of two-point contact be L2, then, 
introduce a dimensionless term L'', where 

L'' = L/L2 

and L is the insertion depth. 

Similarly, the 82 for 12 can be expressed as 02 = c*DIL2, 
and 8o - c*D/L = 8o - 82 /L" 

~\hen the an~ular error is very small so that 82 ~ 8o, then 

8n- 82/L" ~ 8o/2 

-\ c cor·ding to whitney's report, the maximum contact and insertion 
f o rces happen at an insertion depth approximately equal to 2*L2; thus, 
the auth o r has used L" = 2 for the follov...·ing discussion. 

It is convenient to consider these equations by introduce some 
dimensi o nless parameters. Let 

Eo = Eo + c*R 

<l = Eo I { 8o -ez IL'' )*D = ( 2 *Eo )l(8o*D) 

f3 = Ke I ( Kx D2 

f:. = L~ /D 
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Substituting into [6.3.1], [6.3.2] and [6.3.3] to yield 

Fx = -Kx*D*So*(b+a)/2 

eo~~ ~( 1-c) c ~(1-c) c 
Fz = -Kx*D----{b~ + [a------- ]*b +~-a*[ +---)} 

2c 2 eo 

and the dimensionless equations 

.x =~ = 

Z* = 

= 

Fx 

Kx *D*eo /2 

M 

Kx 0 2 *8o /2 

Fz 

Kx D*8o /2 

ll80 
--{b~+[a 

c 

= -(b + a) 

= b~ + a*b + ~ 

ll(l-c) c ~(1-cl c 
-]·£:.+13-a[ +-]} 

2 eo 2 eo 

2 eo 

[ 6 . 3 . -t ] 

[ 6 . 3 . 5 ] 

[ 6. 3. 6 J 

Thus, the designer can control the parameters a, !3, c and ll to get the 
optimum region of the Lq distance. Influence of some parameters on the 
for c es and moment are shown in figure 23, 24, 25 and 26. 

According to equations [6.3.-:I-j, [6.3.5] and [6.3.6], several 
conclusions may be made: 

( 1 } I f ~ i s l a r ~ e r t han 1 0 , the f o r c e s and ,moment w i ll no t be \- e r :v 
s e nsitive to different Lg distances. Thus, the ratio of the torsional 
stiffness to the lateral stiffness, ie, Ke/Kx should be larger than 
10 * 0 2 

• 

( 2) To fi.nd the minimum !1"' and Fz, check if 

-l r[~r Ke l '2. - -~ * {3 < 0 a = - --
D2 eo Kx 

L 

then, let 

d~1'~ I db = 2*b + a = 0 

to get 
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I: = -a/2 = -Eo /D*eo [ 6 . 3 . 7 ] 

at which the moment is minimum 

eo D2 Ke *eo Eo 2 *Kx 
Mm in. = H'k *Kx = [6.3.8] 

2 2 2*eo 

In the same manner, let 

dZ/db = 2*b +a-~( 1-c)/2 -cleo = 0 

to yield the b value for the minimum z axis force 

b = -a/ 2 + ~~ [6.3.9] 

~'ihe re 

Q = ~( 1-c)/4 + c/2eo 

Substituting into equation [6.3.6] to get 

Zm in . = _~eo [ 
2 

(a-~QJ2] 
13 - 2aQ - -t [ 6 . 3 . 1 0 J 

Since ~' c are very small; i~ 13 >> a , the minimum z axis force can 
be expressed as 

Zm in. = lleo*l3/c 

then 

p8o 2 Ke ~eo 2 

Fz = I\.x (3D = ( 6 . 3 . 1 1 ] 
2c 2cD 

Comparin~ h•ith equations [6.3.7] and [6.3.9], it is found that if tl 
and c are small enough, the best value of the I: distance is close to 
a/2. Thus, the optimum Lg value for the RCC device is 

Eo 
Lg = [ 6 . 3 . 1 2 ] 

eo 

S.3 Discussion and Critique 

A limitation inherent in this simulation is that the system and 
the parts are assumed . to be rigid bodies so that the compliance center 
is dependent on the RCC device only. The real assembly systems are not 
ri~id, and compliance exists in the robot hand, part fixtures, and 
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parts themselves. These may influence the predicted position of the 
compliance center, and result in inaccuracy of the theoretical 
simulation. 

There are two methods to correct this problem. The first method 
is to decrease the stiffness (ie, increase the compliance) of the RCC 
device. The second method is to increase the rigidity of the assembly 
system. In fact, the first method is cheaper, but is not suitable for 
heavy bulk assembly. The problem of the second method is that to 
desi~n a completely rigid system is very difficult; besides, it might 
need a lot of maintenance. However, because of the fast development of 
the industry, the second method may be a better solution for the 
future r-obotic assembly procedure. 
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The autonomous robots of the future will require the development of 
control computers with both very high reliability and high throughput. The 
throughput may be achieved through parallel processing and the reliability 
through fault tolerance. We consider here only fault tolerance aspects. 
Currently there are fault tolerant versions of uniprocessor control computers 
but fault tolerant parallel processors will be necessary. This paper outlines a 
system architecture for such a fault tolerant parallel computer for real-time 
control of robots. The design method uses hierarchical layers of abstraction 
to build virtual machines, with each virtual machine built from the services of 
the layer below it and providing services to the layer above it. In addition to 
the layers of abstraction normally used in computer design, three additional 
layers have been inserted to provide fault tolerance to physical switch faults, 
physical processor faults, and design faults in the application software, 
respectively . These layers handle the detection isolation, and reconfiguration 
from the three types of faults independently of each other. This will allow 
the dependable control of robots with complicated software. 

1. INTRODUCTION 

The development of autonomous robots will make high demands on 
control computers, requiring servo loop control, inverse kinematics 
calculation, pattern recognition, and intelligent prediction and planning. As 
conventional single instruction stream single data stream (SISD) computers 
are approaching the theoretical limits to their performance, multiprocessing 
will be required. Of the three classes of multiprocessor (MISD, SIMD, and 
MIMD), the MIMD class has the greatest flexibility, hence an MIMD machine 
suitable for real-time applications is an attractive solution to the problems of 
robotic control. 

An autonomous robot will have to be very reliable to ensure that it is 
able to complete its mission. Mechanical failures will be handled with 
redundant degrees of freedom. The control computer itself will have to be 
highly reliable, requiring tolerance to physical faults in the hardware of the 
computer. In addition, the software will be complex enough that it will be 
impossible to certify its reliability to the level required for many missions, so 
there must be a means to tolerate design errors in the software. 

This paper describes the architecture of an Ultra-Reliable Parallel 
Processor (URPP) to meet the throughput and reliability requirements for 
autonomous robots, Section 2 summarizes current experience with such 
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computers, Section 3 describes the URPP, and Section 4 presents conclusions 
and suggests further work. 

2. CURRENT ARCHITECTURES 

Relatively little work has been performed on computer control of 
autonomous robots compared to that done on aircraft flight control. The 
challenges for the latter type of systems are similar to those to be met in 
developing autonomous robots, so architectures developed for flight control 
were examined as guidelines and points of departure. 

The Fault-Tolerant Multiprocessor Computer (FIMP) and Software 
Implemented Fault-Tolerant Computer (SIFT) [Smit86] were multiprocessors 
designed for fault tolerance to physical hardware faults, but did not provide 
tolerance to software faults. 

A flight control architecture which has tolerance to both hardware and 
software faults has been designed at Sperry Flight Systems Division [Youn84], 
and another, the Fault-Tolerant Processor (FTP), has been designed at Charles 
Stark Draper Laboratories [Lala88]. Both are redundant SISD machines with 
no multiprocessing capability. 

The Multicomputer Architecture for Fault Tolerance (MAFT) is a system 
developed by Bendix Corporation which has multiprocessing capability along 
with hardware and software fault tolerance [Giuc86[, [Kiec88]. 

A MAFT system has several nodes which are connected with a broad case 
communications network. Each node is partitioned into two processors, the 
operations controller {OC) and the application processor {AP). The OC 
handles internode communication and synchronization, data voting, error 
detection, task scheduling, and system reconfiguration. The AP is application 
specific. The MAFT allows the system designer to determine what types and 
degrees of fault tolerance are necessary, and where to schedule the tasks in 
the system. No distinction is made in the handling of hardware and software 
faults except those made by the application designer. Also, the nodes of 
MAFT are completely connected, which limits the total number of nodes to 
eight. Reproducing each task four times to guarantee Byzantine agreement 
[Lamp82] reduces performance to that of two processors. Adding software 
fault tolerance reduces the throughput still further. In the application of 
MAFT described in [Giuc86], six processors had to be used to implement a 
system with only one thread of control. Multiple threads of control 
combined with hardware and software fault tolerance requires more 
processors. 

3 DESCRIPTION OF URPP ARCHITECTURE 

3.1. Virtual Machine Hierarchy 

Design of computers is performed through layers of abstraction, 
designing a hierarchy of virtual machines to reduce the psychological 
complexity of the design. Figure 1 shows a typical virtual machine hierarchy 
for the design of a SISD computer. 
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Figure 2. Levels of Abstraction in SISD Computer. 

A similar type of hierarchy is used for the design of communication networks, 
such as the International Standard Organization's Open Systems Interconnect 
model shown in Figure 2. 
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Figure 2. The 051 Reference Model. 
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Even a non-fault tolerant multicomputer design will require a combination of 
layers from both the SISD computer and the communications network. 

In [KimK84] it was suggested that fault tolerance be provided at each of 
the layers of abstraction, which complicates the design of the virtual 
machines. To avoid this for the software layer, [Fern89] suggests inserting an 
additional layer in the hierarchy, the recovery layer, to provide tolerance to 
software faults through the execution of a recovery metaprogram. The 
application software layer can then be simpler, developed for the application 
without concern for fault tolerance mechanisms. In this paper, the idea is 
extended to insert three layers: one for communications network physical 
fault tolerance, one for node physical fault tolerance, and one for software 
design fault tolerance. This simplifies the design of the layers of the virtual 
machine by removing the need to place fault tolerance in each. Each of the 
three fault tolerating layers will have to tolerate only one type of fault, and 
can neglect others (see Figure 3). 

Application 

• 

• 

Virtual Network 

Several 
SI'N Layers 

Several 
HI'N Layers 

OSI-Iike 
layers 

Figure 3. URPP Virtual Machines. 

3.2. Software Fault Tolerance 

The highest layer consists of application software which is tolerant to 
faults in its implementation. The fault-tolerant application is constructed by 
assumbling several components from the recovery layer, which will consist of 
n dissimilar non-fault-tolerant application software versions and reusable 
constructs for detecting, isolating, and recovering from software faults. 
Constructs for fault tolerance in single thread programs are the recovery 
block, n self-checking programming, and n-version programming [Lapr87]. 
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For fault tolerance in concurrent programs there are the conversation, 
programmer transparent coordination [KimK84], and the resilient procedure 
[LinK86]. Of these constructs, the one predominatly used in aircraft flight 
control is n-version programming, due to the lack of a need to write an 
acceptance test, the greater speed of running all software versions 
simultaneously, and the ability to maintain uninterrupted service during fault 
detection, isolation, and reconfiguration [Lapr87]. 

If the software is diverse, then the underlying hardware of the software 
versions will be in different states, and a hardware design error is not likely to 
cause failure in more than one software version's hardware at a time 
[Aviz86]. These faults can then be detected, isolated, and recovered from in 
the same way as software faults . 

Current work is to extend n-version programming to concurrent 
software by finding n versions of m results, with one voter for each result. 
A fault recovery technique for single thread n-version programming is 
described in [TsoK86], and the ongoing work will extend this to concurrent n
version programming. 

3.3. Hardware Fault-Tolerance 

In order to better isolate faults, a message-passing MIMD computer, or 
multicomputer, is recommended with nodes constructed similarly to those in 
MAFT. 

The software tasks must be mapped. to the nodes of the fault-tolerant 
hardware layer. To allow hardware faults to be detected, each software task 
should be mapped to n different hardware nodes. Since the systems are 
MIMD, there will be many tasks in a network. 

Several algorithms have been developed for detection and isolation of 
faulty nodes in a network. That found in [Hoss84] has been chosen for 
further investigation due to its ability to tolerate several faults and to allow 
repaired nodes to be returned to operation. Since most faults are transient, 
this is a valuable feature. This algorithm requires that nodes have the ability 
to test other nodes. It is proposed to implement this through voting. The n 
redundant processors executing a software task will arrive at a result which is 
sent to n processors executing a successor task. The results are voted and the 
results used as a test of the health of the antecedent processors. Once the 
fault is isolated to a particular node, [Yann86] presents a reconfiguration 
method for distributed systems with no central supervisor. These methods, 
may be combined in the hardware fault tolerance layer to provide fault 
masking, detection, isolation, and recovery. 

3.4 NETWORK FAULT TOLERANCE 

To increase the dissimilarity of the parallel algorithms, different virtual 
hardware architectures are assumed which are then mapped to the physical 
hardware architecture. It is easiest to map the architectures to a completely 
connected machine. As it is impractical to provide a completely-connected 
multicomputer with more than a few processors, a communication scheme 
wi_ll be designed which provides a virtual completely-connected machine 
us1ng the services of a partially connected physical network. 
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Several architectures for providing pseudo-complete connect1v1ty are 
available. A common bus is useful, but performance suffers due to 
contention for the bus. This organization is usually appropriate for smaller 
systems only [Hwan84]. Another approach is the crossbar switch which allows 
as many as all of the sources to connect to a destination simultaneously, but 
its complexity grows as O(N2). A compromise between the common bus and 
the crossbar switches is to use multiple buses. This can support more 
processors than a_ si~gl~ bus and is cheaper than a crossbar switch. However, 
it has the same l1m1tat1ons to growth as the common bus and the crossbar 
switch. Several Multistage Interconnection Networks (MIN) have been 
proposed for larger systems. Their size grows as O(N log2 N), which is better 
than the crossbar, so an MIN is used in URPP. 

Message packets can be routed through a network with wormhole, 
store-and-forward, or virtual cut-through routing [Dall87]. In wormhole 
routing, nodes forward message packets as they arrive. This reduces the end
to-end transmission time of a packet, but a blocked packet occupies several 
nodes increasing the chances of blocking other packets. In store-and-forward 
routing the packets are stored at each node prior to being forwarded. A 
blocked packet only occupies one node but the delay between a node's 
receiving and sending data increases transmission time significantly. The 
URPP network uses a compromise method, virtual cut-through routing. If a 
message packet is not blocked, it is passed on by a node as fast as it arrives, 
but if blocked, it is stored in a queue in the node. 

One desirable property of a network is for a failure in a link to only 
interfere with the communication path between a single pair of processors. 
In a MIN, a single switch or link failure can interrupt communication between 
several pairs. To prevent thrs for occurring, a requirement is placed on the 
MIN to be fault-tolerant for any link fault which would break a path from 
more than one processor and to more than one processor. A fault in the first 
or last stage which isolates one processor from the rest of the network can be 
detected and isolated as a processor fault, so fault tolerance is necessary only 
for internal links. 

The fault-tolerant MINs in [Adam87] achieve fault tolerance with 
multiple node disjoint routes from each input to each output. This could be 
used in the fault-free case to increase the bandwidth between processors, but 
then the routing algorithm must select one of the possible paths and keep 
track of those which are no longer available due to failures. A multicasting 
method is proposed for URPP in which a message packet is sent 
simultaneously over all redundant paths between a source and destination 
pair. 

Several fault-tolerant multistage networks are surveyed in [Adam87]. 
Based upon the above criteria, four networks were chosen from those 
surveyed in the article, then narrowed to the extra-stage delta network 
(ESDN) for cost and flexibility reasons. The extra-stage Delta Network is 
derived from a Delta network by adding an extra stage of switches. 
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4. CONCLUSIONS 

The architecture of an Ultra-Reliable Parallel Processor (URPP) suitable 
for critical control applications is outlined. This architecture uses a fault
tolerant MIN and the layers of abstraction of the OSI model to provide a 
virtual completely-connected network. Nodes of this network are developed 
as standard SISD processors, then a fault-tolerant layer is added to detect, 
isolate and reconfigure from faults in the nodes. A recovery lpyer runs on this 
hardware to provide fault tolerance to software design errors. 

At each fault tolerant layer there are issues requiring more 
investigation: 

(1) Several issues must be addressed to extend n-version programming 
from a single thread of control to multiple threads of control 
including organization of voters and recovery from faults. 

(2) The testing of nodes through voting must be combined with the 
fault detection and isolation algorithm of [Hoss84] and the fault 
recovery algorithm of [Yann86]. 

(3) Goals for performance and fault tolerance are assumed to be the 
same for autonomous robots as for aircraft flight control. Current 
work is investigating if the extra-stage delta network can provide 
the bandwidth and fault tolerance necessary. 
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Abstract 

This paper describes the development of a lightweight inexpensive micron precision robot 
arm called MARA. MARA is a cartesian coordinate robot arm with a workspace of 12" x 12" x 12". 

Current high precision robot arms achieve their precision through large rigid structures with 
simple control systems. MARA will be a lightweight structure which it will achieve its precision 
through a sophisticated controller strategy, using a laser technique as a position feedback device. 

MARA will be an important breakthrough in that it will be a low cost, high precision arm 

capable of performing a wide variety of tasks. This robot arm will also be more feasible for space 

manufacturing where it would be much more difficult to transport a large heavy robot arm into 

space to fulfill the same goals as MARA 

Introduction 

The structure of MARA has to be both lightweight and rigid with few undesirable vibration 

characteristics. The driving m~chanism has to be a precision drive system capable of steps of a 
fraction of a micron with no backlash. To obtain micron precision the controller is to be a 
nonlinear digital controller with a high precision feedback device which monitors the position of 
each axis. 

Mechanical System 

The requirements of simplicity, rigidity, low weight and low cost must be met in the design 

of a micron accurate robot arm (MARA). The accuracy of MARA partially depends on the design 

of the travelling mechanism and the, damping of the vibrations of the system. Since the structure 
of MARA is lightweight, vibrations will affect its accuracy much more than in the massive robot 
arms currently available in the market. To achieve the intended micron accuracy the travelling 
mechanism must have zero backlash and the driving unit of the travelling mechanism must have 
a high degree of precision. Keeping each of these requirements in mind, the mechanical system is 
designed. 

MARA is a car.tesian coordinate arm, which means it has linear motion in the x- and 

y-axes in the horizontal plane and linear motion in the z-axis in the vertical plane. The travelling 
mechanism selected for each axis of MARA is a precision lead screw capable of steps of a fraction 
of ?- micron. The lead screw also includes a self-aligning thrust bushing which covers a preloaded 
nut, this nut ensures zero backlash. The thread to thread error is recorded as being as low as 
0.00001 inches. An aluminum housing is added to protect and help support the load of the lead 
screw, Fig. 1. 



68 

COUPLING 

THRUST BEARING 

ALUMINUM HOUSING 

LEAD SCREW ------------___/ 

RADIAL BEARING 

G) PRELOAD AND SELF-ALIGNING THRUST BUSHING 

(3) WIRES FOR POWER SUPPLY AND ENCODER 

Figure 1. Single Tubular Fra1ne 

The housing will also support an air bearing which is a part of the travelling mechanism. 
The air bearing will provide a smooth linear motion and help damp the vibrations of the system. 

An electric DC motor is to be used as the driving mechanism of MARA because it is easier 
to use in a closed loop control system, and because it has better linear characteristics than an 

equivalent stepper motor. It is equipped with a gear reduction of 1/100 and an optical encoder. 
The motor is rigidly coupled to the lead screw. 

The x- and y-axes consist of a set of aluminum tubular frames. One of these . tubular 
frames, the main frame, houses the lead screw, Fig. 1. Its outer diameter is 1.66 in, its length is 
24 in for the x-axis and 20 in for the y-axis. The second tubular frame has the same dimensions 
as the first. This frame is only a dummy frame. It is used to add rigidity to the system and it 
will share the load of the system. The y-axis is coupled to the top of the x-axis air bearing and 
it is rotated 90 degrees. In order for MARA to reach a target in three dimensional space, it must 
have vertical motion. The z-axis will provide this vertical linear motion. This axis is identical in 
configuration to the main x- or y-axes. Its length is 15 inches and its air bearing is mounted to 

the y-axis flat plate. The linear vertical motion of the z-axis is due to the rotation of the lead 

screw. When the lead screw turns, the entire frame will travel up and down. Its range of travel 
Is 12 inches. The complete system is shown in Fig. 2. 

Control System 

The controller for MARA is a digital nonlinear controller. The robot arm takes its com
mands from the host computer which generates the position trajectory based on the velocity 
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LEAD SCREW HOUSING 
OF THE X AXIS 

DUMMY Y AXIS 
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LEAD SCREW HOUSING OF THE Z AXIS 

Figure 2. Cartesian Coordinate Robot Arm MARA 

profil~ so that each axis will be at its exact position at th(3 same time. The controller will monit.or 

the position of each axis. A simple way of monitoring the position is by using the optical encoders 
of the x, y and z motors, each of which generates 1000 pulses per revolution. Each encoder also 
generates 2 pulses 90 degrees apart (quadrature). These signals define the direction of rotation 
(and motion). By counting the number of pulses and using the relationship between the number 
of pulses, the number of revolutions of the motor and the pitch of the lead screw, the eli stance 
that the travelling mechanism has moved can be found. One shortcoming of this method for 
precision positioning is that outside disturbances can change the position of the arm without a 
corresponding change in motor position. In this case, the changes in the position of the arm 
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cannot be corrected. Therefore, a closed loop control system with feedback of the actual arm 
posit.ion would be a more desirable system. In order to obtain a more accurate controller , a morP 

precise position feedback element is needed. The sensors need to be able to accurately determine 
the position of each axis and feed this information back to the controller. A typical closed loop 

system is shown in Fig. 3. 

..... Motor and lead _ ... 
~ 

screw of x axis ~ output of x axis 

I " Position 
Feedback 

- ~r 
nput + ~ Motor and lead ..... 

-K 
Controller· ....... ..... 

~ ~ screw of y axis ~ -
I I'\ Position 

output of y axis 

Feedback 

..... Motor and lead ..... 
Jill"""' screw of z axis Jill"""' output of z axis 

Position 
Feedback 

Figure 3. Three axis closed loop control. 

The controller will determine the accelerations of each motor and try to get all three motors 
to their maximum speeds at the same time, ' then at the end of the motion, it will try to decelerate 
and stop all three motors simultaneously. The corresponding velocity profiles are shown below in 
Fig . 4. 

This sequence of events will help eliminate unwanted vibrations. 

A closed-loop systern relies on =1ccurate feedback devices for its high precision. The type 

of feedback device which is used on MARA is a Helium-Neon laser system [1]. This system has 

a linear position measurement with an accuracy of 0.08 micron over a range of 40 meters. The 

sy~tem is capable of measuring position at speeds of up to 30 meters per minute and is unaffected 

by backlash. The hardware required for the laser system is a laser, ·interferometer, reflector, 
detector, counter, and a host computer, Fig. 5. The laser system measures the displacement in 
terms of wavelengths of light. The light source of the system is a stabilized Helium-Neon laser. 
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Figure 4. Velocity profile during motion. 
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Figure 5. Simple displacement setup. 

The method used when measuring the displacement of a single axis is illustrated in Fig. 6. 
The laser beam is split by a 45 degree bearn-split ter into two beams with 90 degrees between 
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BEAM SPLITTER 
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Figure 6. Single axis laser system. 

them. These beams are reflected by flat mirrors and recombined at the beam-splitter. If the 
waves travel distances which differ by an integer number of wavelengths, they will combine at 
the same phase at the beam-splitter. If one of the waves travels 1/2 wavelength further, they 

will recombine in antiphase. If the moving mirror continues traveling in the same direction, the 

phase at which the wave will recombine will continue to change from phase to antiphase, or from 
light to dark. These changes are called fringes. The fri_nges are sent by the interferometer to the 
detector, where they are changed to pulses and then counted by the counter. The number is then 
sent from the counter to the computer where the distance, within one wavelength of accuracy, is 
measured. If the laser interferometer produces 8 pulses per wavelength the wavelength will be: 

A = Speed of Light in Vacuum x ]_ 
Laser Frequency N 

where N is the refractive index of air. The distance moved is given by 

Distance( mm) = Pulse Count x A x ~ 
8 

The laser system is capable of detecting bi-directional motion by using polarizers and retardation 
plates to create beams in quadrature. 

The single axis method of measuring displacement is used on a single axis of MARA. One 

difficulty inherent to a laser technique is trying to align the laser with the mirror, and the mirror 

with the interferometer. This could prove to be especially challenging when used on the three 
axes of MARA because the system will have some deflection due to the transverse vibrations of its 
members, (2], (3]. To over come this problem, the flat mirror will be replaced by retro-reflectors. 
Refro-reflectors are insensitive to deflection and are simpler to align, Fig. 7. 

It was discussed how to measure the distance for a single axis. However, three cartesian 
coordinate axes can be measured by using a single laser beam. When using a single laser beam, 
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Figure 7. Retro-reflector. 

it must be able to measure the displacement of each axis independently of the others, Fig. 8, (4). 
This is done by projecting a single laser beam through a 33/67 beam-splitter, 33 percent of the 
beam will be sent to the x-axis to measure its displacement by the same process as the single axis 

measurement. 

L--------1 

33/67 BEAM SPLITTER 
MIRROR 

~------~~----------~~ 

50/50 BEAM 
SPLITTER 

MIRROR \11------+..,r 

TO X AXIS 

TO Z AXIS TOY AXIS 

Figure 8. Division of single laser beam along three axes. 

The remaining 67 percent of the beam is projected through a 50/50 beam-splitter where 
the beam is divided into two beams of equal intensity. One beam will be projected to the y-axis, 
and the other to the z-axis. Each beam will measure the displacement of its respective a.xis by 
using the single axis method, Fig. 9. 

Conclusion 

A simple cartesian robot has been designed to achieve micron precision through sophisti
cated control strategies rather than through massive rigid mechanical components. Advantages 

of ~he lightweight design include lower cost and greater versatility. Problems which have to be 
addressed by the controller include vibration of the members and backlash in all moving parts. 

The robot developed consists of precision lead screws driven by simple DC motors. These 
motors are controlled by a computer which receives feedback from the optical encoders of the 
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Figure 9. Configuration of the laser system on all three axes. 

motors, as well as from laser interferometers which provide information on the motions actually 

occurnng. The interferometer system is capable of measuring both position and direction of 

motion. 

Future developments of the robot will include the addition of sophisticated adaptive con
trollers which will detect greater changes in system parameters and vision systems which will 
provide more accurate determination of the end effector position relative to the target point. 
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Dri 11 i ng and riveting of three dimension a 1 pane 1 s are comnon operations 
in assembly of airframe structures. In manual operation, the labor required for 
assembly procedures can account for as much as 50% of the tota 1 cost of the 
assembly, and the drilling/riveting accounts for a large fraction of that cost 
(1). The operator uses powered hand tools to drill the holes in premarked posi
tions and assemble the frame by riveting. The quality of these operations, 
positioning and orienting the drill in particular, depends on the operator's 
skill. These tedious and repetitious operations require highly skilled 
operators. 

The use of industrial robots for these operations seems to be a suitable 
solution because: 1) With the typical, relatively small batch size, flexible 
automation is preferred, and 2) With the geometric complexity of some parts, six 
degrees of freedom machines are needed to position and orient the tools. 

In this case, the part being drilled is clamped to a fixture that includes 
a template indicating the required hole positions and orientation. The robot is 
p rag ramned by the "teach by show 11 method, which consists of a human operator 
leading the robot through the required positions. The robot axes con
figurations, that correspond to these positions are recorded and stored in the 
robot's controller and recalled later during execution of the task. This 
programning technique is quite successful, but even for simple tasks involving 
structural elements with limited number of holes, it requires time, a skilled 
operator, and production must be stopped while a robot on the . line is being 
taught a new task. Such systems are currently in operation [1-2]. 

In an effort to eliminate the problems associated with the above 
·programning method, attempts were made to off-line program the robot [2-3]. 
With this technique, the robot's task is described by a high level language, 
which includes: motion, sensory interface and control statements [4-6]. Some 
advanced systems use a CAD system to simulate the robot and its workspace on a 
digital computer and display them graphically on a termina·l, taking advantage of 
the fact that most of the necessary geometrical data, describing the parts to be 
assembled, are usually available in a data base built by a CAD system during the 
design state. The programner can interact with the simulation using a high 
level language or even teach· positions on the display in much the same way as he 
might program a real robot. Once the task is programned, the program can be 
down loaded into the robot controller and executed with almost no downtime. 
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Unfortunately, off line programming of robots has not yet proved feasible 
due to positioning accuracy limitations of most industrial manipulators, a 
prob 1 em resu 1 t i ng from differences between the phys i ca 1 robot and the "perfect" 
robot model the controller assumes when driving the robot to a certain position. 

In [7], an experimental system for automatic fixturing and drilling of 
sheet metal parts is described. The required hole positions are off-line 
programmed, and to achieve the required accuracy, the robot is calibrated with 
respect to the fixture. In [8] a robotic system for removal of the rivet to be 
removed, and correction to the position and orientation made by vision and a 
special tactile sensor. In [9] a system that uses a vision system to locate the 
pas it ion of the · required ho 1 es (marked on the pane 1) and a touch sensor to 
detennine the orientation of the surface is described. 

II. PROJECT DESCRIPTION 

The approach taken in this project is to modify the geometric information 
that describe the required holes' locations (generated by a CAD system and 
stored in a database) using a sensing device, held by the robot, that detects the 
deviation between the actual hole location (given by a template) and the one 
given in the data base. Once these deviations have been detected and recorded, 
the robot will perfonm the drilling operation at the modified locations. 

In order to demonstrate this concept a system, as shown in figure 1, 
consists of the following components was constructed: 

1) IBM/PC that is used as a host which interfaces to the data base, and 
as a controller which interfaces with the sensor and the PUMA 
controller. 

2 ) A PUMA rna n i p u 1 at or wh 1 c h 1 s used to rna n 1 p u 1 ate the sen so r and the 
drilling tool according to motion commands generated by the 
controller and communicated through a standard serial link. 

3) Position/Orientation sensor that is used to detect the deviations 
between the preprogrammed holes' locations and the actual ones. The 
description of the sensor is given in the Appendix. 

4) A fixture that holds the panel and a drilling template. 

Using this system, experiments in which the above concept was tested were 
performed. This experiment followed these steps: 

1) The locations of the required holes were generated by a CAD system 
and stored in a database. 

2) The panel was installed on a fixture and a drilling template was 
mounted on top of it. 

3) The robot was taught three positions on the fixture in order to 
establish a coordinate system and to transfonn the geometry given in 
the database to this coordinate system. This was perfonned by rede
fine the "base" coordinate system of the PUMA using VAL. 
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4) The sensor was installed on the robot wrist and a VAL 11 tool 11 corTITland 
was issued to trans 1 ate to too 1 frame from the mounting flange to 
the center of the sensor's ball joint. 

5) 

6) 

7) 

The controller, using the information in the database, issued motion 
command to the robot so that the sensors's stem was inserted into a 
hole in the template. 

Upon camp 1 et ion of the insertion, the sensor was samp 1 ed and the 
robot position/orientation was corrected accordingly (driven the 
deviations detected by the sensor to zero). The new robot posture 
was locally recorded in the controller. This procedure was repeated 
for all holes. 

The robot, using a drilling tool, is fed by the modified locations 
performs the drilling task. In our experiments the drilling opera
tion was simulated by removing any compliance at the wrist and 
installing a glass stem as an end effector to emitate a drill bit. 
The recorded posture were recalled and the robot perfromed the 
drilling by inserting the peg into the templates' holes. 

During the measurement process two limiters, which operate on the sensor's 
output, are used (figure 2). The soft limiter indicated that the deviations 
exceed a certain level and therefore the preprogrammed path has to be modified. 
The hard limiter indicates that the deviations exceed the measuring range of the 
sensor and therefore the operator has to interfere. In this case, the robot is 
automatically stopped in order to avoid damage to the sensor. This approach 
fits with the Least-Effort-First concept [10], which increases the 1 evel of 
involvement (or the level of control) as uncertainty increases, which in this 
case is related to larger deviations from the preprogrammed locations. Figure 3 
illustrates the structure of the program that carried out the above procedure. 

III. RESULTS 

The following are the major results and conclusions of this project: 

1) The 11 teaching 11 time for each hole was about 2 seconds, which is an 
improvement of one order compared with the system described in [9], 
and even more compared with manual teaching. 

2) The positioning accuracy of the tool after the modification proce
dure was very high, and in none of the experiments the fragile glass 
stem broke during the 11 drilling 11

, although the clearance between 
the stem and the hole in the template was 0.001 inch. 

3) The sensor can be used to accurately align the fixture coordinate 
system to the robot coordinate system, so the third step in the pro
cess can be performed automatically. 

4) Since in most cases the holes on the panel are arranged in rows 
there is no need to modify the location of each hole. It will be 
sufficient to test only several holes along a row, and the locations 
of the other holes can be modified by interpolation. 
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5) The sensor developed for this project is extremely accurate and has 
a rotational and translational resulution of 0.01 degree and 0.0001 
inch respectively. These figures exceed the positioning repeatabi
lity of the PUMA by at least one order. 

IV. APPENDIX: SENSOR DESCRIPTION 

The sensor, shown in figure 4, was designed to measure the displacement 
(in X-Y plane) and rotation (pitch and yaw) of its tip. The sensor consists of 
two disks and a floating cross that are connected by four perpendicular this 
leaf springs. Two springs connect the top disk to the bottom disk and the other 
two springs are attached between the top disk and the floating cross in a per
pendicular direction to the other two springs. Thus one set of springs is sen
sitive to forces/displacments in the X direction and the other set to 
forces/displacements in the Y direction. 

A ball joint, mounted on the floating cross, is used as a center of rota
tion for the pitch and yaw axes. A cube mounted on the other end of the ba 11 
joint, supported by four flat springs that are fixed to the floating cross, is 
the base for a stem that is subjected to lateral and rotational displacements. 
Under load, the cube rotates about the ball joint. Without load, the cube is 
kept in the center pas it ion by the pressure exerted by the springs. A g 1 ass 
peg, which will break away in case of overload, is mounted on the stem (this peg 
is not shown in the figure). The rotation is uncoupled from displacement since 
the stem is rotated only about the ball joint, due to the sensor's lower tor
sional stiffness around the ball joint compared to the rest of the structure. 

Each spring was instrumented with a strain gage that indicates its deflec
tion, that is directly proportional to the displacement of the stem. To take a 
measurement, the robot inserts the stem into the hole in the templete. Then, 
the strain gages readings are sampled by digital to analog converters and fed to 
a ca 1 i brat ion precedure that compensated for non 1 i neari ties, noise, offsets 
etc. 
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The manner in which parts are presented to robots depends on the type of 
product which is being assembled and the material handling systems used as a 
whole. The state of the art in the 1 ogi sti cs of part storage and retri eva 1, 
part sorting, and part presentation is a data-based system where the major 
subgroups are tied together. The issues for part storage, feeding and presen
tation relate to the application of the principles of group technology. Group 
technology applied to assembly classified the design features of the assembly 
tasks. The resulting classification or coding system allow any part to be given 
a code based upon its geometry and several additional properties which affect 
its handling and assembly. Those parts that have this type of classification, 
practical data are collected and grouped by part code and then reduced to the 
form of designer's handbook and software. For this flexible presentation based 
on axis oriented operations, a coding system is developed to satisfy the flexi
bility of the assembly process. 

Once the assembly sequence and planning -strategies have been determined, a 
material handling planning module is generated. From the material handling 
planning module the bill of lading is created to enable part sorting at the 
storage level, to load the parts on the conveyor or on another feeding system, 
then to orient the parts. Allowing the robot to orient itself to the component 
rather than the other way around. 

When the parts are in a pa 11 et i zed state, a bar-code 1 abe 1 is app 1 i ed to 
the pallet listing number, lot and quantity of parts. This information is read 
into the factory inventory data-base on the pallets as a way to being stored in 
the automated storage and retrieval system (AS/RS). When a particular produc
tion run is made at the workcell, the AS/RS delivers the part to a loading 
system. There are several ways to feed parts to an assembly robot that are of 
little flexibility than magazine elements but appropriate when feeding large 
numbers of identical parts to a robot. The most widespread device of this sort 
is the vibratory bowl feeder which is used to both orient and to feed parts. 

Presently feeding systems use a brute force flexibility rather than a true 
flexibility. What is meant by brute force flexibility is that something has to 
be changed manually in order to allow for flexibility. For example, inserts in 
pallets or totes have to be replaced, or a different vibratory feed bowl has to 
b7 connected. The closest technology to true flexibility is the use of linear 
Vlbratory feed plates with the vision systems. But his area is not truly flexi
~ility because the component type (which is to be sorted) has to be manually 
e~tered and the feed plate system is manually adjusted. For true flexibility 
~1th ~ vision system, what is required is that the component is shown with an 
ldentlfication once to the vision system and then it would remember this com
ponent until the computer is directed not to remember. Then the feeding systems 
could present parts randomly and the robot would be able to pick the parts right 
out of a bin, a conveyor, or a bowl feeder with the use of a vision processor. 
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The material handling for the flexible assembly system uses two feedings 
systems at the same time on the same workcell to allow flexibility and increase 
the handling time. A typical scenario for parts sorting, part feeding, and part 
presentation will be done as follows: A three inlet conveyor system and a bowl 
feeder are necessary to feed the workcell. The parts fed by the three conveyors 
are different from the parts fed by the bowl feeder. There are one of a kind 
for the product to be assembled and are much bigger in size. The bowl feeder is 
used to feed, orient, and present parts that are smaller and similar in size and 
shape such as nuts and bolts. Above the conveyance system a vision processor 
recognizes the ·part and. infonms the host computer. The host computer then sends 
the infonmation to the feeding robot on how to pick the part and then how to 
orient it in the desired position and to put it on a magazine buffer handling 
system. From there the assembly robot wi 11 pick the part in a well oriented 
manner either from the magazine buffer or from the bowl feeder whatever the 
assembly sequence dictates to finally proceed on the assembly process. 
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ABSTRACT 

Over two decades ago, some research was being conducted in the use of 

mechanical arms. The success of this has led to research in other areas of 

robotics. Television advertisements from the automotive industry bombard our 

living rooms during the week showing robots welding and spray painting. The 

implied message is that there is no diminishing marginal productivity when 

using robots. There is, however, when labor is used. 

In addition to the increase in productivity, another compelling reason for 

robot usage is financial. But, their employment can cause an increase in 

technological unemployment, a change in the workplace and perhaps a change in 

the standard of living for some. Nevertheless, the robot may be employed 

because, apart from financial considerations, the plant manager knows of its 

repeatability, under regular or adverse conditions, and its inexorability, 

that is, the fact that it keeps on doing the same thing through coffee breaks 

and vacations. Also, it doesn't threaten to strike or require restroom 

visits. But, it doesn't consume. 
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Some Reasons For Robot Employment And Some Side Effects 

Introduction 

The increase in technology can certainly upgrade the standard of living of 

some while decreasing it for others. "Others" are defined as workers that are 

displaced by technology and receive no retraining. Some of the arguments 

advanced for implementing new technology are a) increased production, b) 

favorable payback period, c) good return on investment, and d) improved 

product quality. 

Some of the arguments for exercising caution in implementation are: 

a) workers in their forties may simply refuse to be retrained; i.e., 

retraining may require certain requisites that an older worker does not 

possess, and hence, he cannot be, say, techn.ically retrained, b) with no 

retraining, there is an addition to technological unemployment, c) societal 
I 

cost is increased when welfare payments are increased, and d) displacement can 

lead to a decrease in the quality of life--education, perhaps nutrition and 

health, environment, welfare and social security and loss of dignity. 

A particular type of technology is chosen for exposition: the robot. 

Robots used particularly, but not exclusively, in automotive manufacturing. 

The first generation of robots were employed in certain jobs, · thus eliminating 

the hazardous employment of humans. This was certainly true in forging and 

die casting. The first job entrusted to a robot was in die casting. As a 
\ 

matter of observation, substitution here seemed to be more palatable to labor. 

The success of robots in this type of employment has stimulated demand to the 

point where robots are now used throughout the industry to extract hot metal 
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casings. It was concluded that it was too demanding for humans in that work 

environment. But, management realized a side effect from robot usage, an 

estimated 200 to 300% increase in production capabilities of die casting 

machines (Weisel 1981). 

Many of these early jobs in manufacturing were considered to be subhuman 

and were characterized by noise, vibration, high temperatures and risk of fire 

or explosion. These early robots were limited in capabilities, and although 

there were certainly humanitarian concerns, employers became increasingly 

aware of the cost effectiveness of these applications. With the improvements 

in vision and tactile senses, robots are used in some of the most desirable 

jobs today: light assembly, machine loading, and inspection. 

Of particular importance is some of the reasons robots are employed and 

the possible ramifications of that employment. However, there are other forms 

of technology that affect the workplace and 1abor employment such as word 

processors, scanners in supermarkets, automated warehouses, computer aided 

design and others, but robots have been chosen as the subject. 

Before proceeding any further, it can be assumed, quite correctly, that 

economics is the propelling preponderate of robot investment. In many cases, 

the substitution of robots for labor has led to a decided increase in 

productivity. Whether or not the sacrifice to gain the increases in 

productivity is worth it remains an important social issue. 

Return on Investment 

As with any firm, return on investment is considered to be a major 
\ 

investment decision. There are rather sophisticated approaches available for 

capital budgeting. The one chosen is used by many engineers in their 

calculations not only for rate of return on investment, but for the payback 



88 

period as well (Tanner et al. 1981). In our example in Table 1, the following 

assumptions are made: 1) robot investment = $72,000; 2) life span = 8 years 

(straightline depreciation); 3) labor cost= $20.00 per hour; and 4) robot 

upkeep = $6.00 per hour. 

According to Table 1, if the robot is used for a single shift, its annual 

upkeep is $12,000. Depreciation for a year is $9,000, and the annual expense 

of labor is $40,000. From this example, there is an annual savings of 

$19,000. Working the robot for one shift results in a return on investment of 

26.3%. This would be a much sought-after return, but utilizing the robot for 

a double shift yields a staggering 65.3%! 

Managerial decision making, for the most part, concerns itself with making 

money. Indeed, if it does, this example lends credence to the economic 

justification of robot employment. But lurking in the shadows from this 

analysis is the displacement of direct labor~ i.e., nearly all robot 

installations mean the alteration of direct labor employment. 

Cost Decreases 

One area that lends itself particularly well to a demonstration of cost 

decreases is the spray painting of automobiles. This type of job is unique in 

that the worker's health is directly affected. Before the introduction of 

robots in automobile paint spraying, workers performed in a hostile 

environment. OSHA required a doing away of this hostile environment 

characteristic of spray painting by changing the workplace. This was 

accomplished by requiring the industry to change its ventilation system to 
\ 

provide clean fresh air to the spraymen. 

The automotive industry conformed and found that this meant a substantial 

increase in expenses. Their engineers were given the challenge of changing 
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TABLE 1 

RETURN ON INVESTMENT EXAMPLE 

Return on investment (ROI) = S X 100 
I 

Annual depreciation, 
Eight year, Straight line= $9,000 

Annual savings 
Resulting from Robot = $ S 

I = Total investment of robot and accessories 
L = Total annual labor savings 
E = Anrual expense of robot upkeep 

Robot costs 
Annual depreciation 
Annual upkeep 
Total annual robot costs 

Corresponding labor costs 
Wages, including fringes, 
@ $20 per hour 

Annual cost savings and ROI 
@ $20.00 per hour 

8 hours per day 
operation 

$ 
9,000 

12,000 
21,000 

40,000 

19,000 
ROI = 26.3% 

\ 

16 hours per 
operation 

$ 
9,000 

24,000 
33,000 

80,000 

47,000 
ROI = 65.3% 

day 
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the spray booths in a way that would reduce costs. Their recommendation: a 

change in the configuration of spray booths and the substitution of robots for 

labor. The implementation of these ideas produced a further decrease in cost 

by eliminating _the high labor turnover rate associated with this type of 

employment. For good or bad, the costly machinery to provide fresh air was 

done away with. Further cost reductions were realized through decreases in 

absenteeism and the elimination of possible wage increases by substitution. 

Another example for cost reductions is spot welding in the automotive 

industry. This is particularly true because of the extensive applications of 

robots. For example, the average robot in a General Motors plant displaced 

1.7 workers in the early 1980s. Chrysler Motors reported that the robot 

displaced 2.7 workers on a triple-shift (Shaiken 1986). Again, Table 1 gives 

an indication of savings through substitution. The Table could be understated 

if labor works overtime and receives time and a half pay. 

Payback Period 

An inviting numeric is a relatively short payback period. Given the same 

assumptions in the return on investment example, Table 2 shows that if the 

robot is used for a single shift, the payback period is 2.6 years. This 

leaves 5.4 years for the robot to contribute to profits, minus any additional 

maintenance and repair bills that the robot may incur during this period. 

However, if the robot is used for a double shift, the payback period is 1.3 

years. So, with the same stipulations, 6.7 years are left for the robot to 

contribute to profits. 

Robotics and Labor 

Whether you like robots or not probably depends upon which side of the 

fence life has placed you. If we view them through the eyes of a plant 



TYPICAL INPUTS: 

I = $72,000 
L = $20.00 per hour 
E = $ 6.00 per hour 

91 

TABLE 2 
PAYBACK EXAMPLE 

(assume 250 working days a year, robot replaces one human operator) 

TYPICAL EXAMPLES OF PAYBACK PERIOD OF ROBOT INSTALLATION 

FORMULA: P = I I (L - E) 

EXAMPLE 1: One Shift 72,000 = 2.6 
20(250 X 8) - 6(250 X 8) 

EXAMPLE 2: Two Shifts 72,000 = 1.3 
20(250 X 16) - 6(250 X 16) 

\ 
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manager, the robot is inexorable; that is, it doesn't require restroom visits 

and vacations and doesn•t threaten to strike. Indeed, it has become a 

general-purpose machine. For these reasons and others, large expenditures are 

being made to debug them and improve their basic design. In reality, plants 

occasionally experience a breakdown on production lines. This includes 

production processes with robots as well Regardless, though, technical 

difficulties that robots present in various employments will be overcome 

sooner or later. This form of technology is a necessity, in many cases, to 

respond to changing market conditions. Indeed, this type of automation is a 

must for lowering the cost of production, improving product quality while at 

the same time satisfying the demands of the market. 

An uncomfortable reality to labor is that in many cases the basic robot is 

available as a building block for a more advanced system. This could result 

in an even greater increase in the unemployment rolls. Contrary to popular 

belief, the robot is not faster than a human, but it keeps on doing the same 

thing over and over again with precision. For example, in automotive 

manufacturing, the position of the weld spot varies greater with a human than 

with a robot. This is due in part to the weight of the welding gun. The 

robot can apply 3,100 spot welds with unflagging accuracy (Mullins 1981). In 

most cases, also, the robot is more powerful; e.g., it can lift a 500 lb. auto 

shell and position it for welding and painting. 

While the UAW has adopted a position fairly conducive to the introduction 

of new technologies, they expect certain wording in the collective bargaining 
\ 

agreement: sufficient notice of implementing new technologies, minimum 

displacement of workers because of this and an adequate retraining program 

(Groover et al. 1986). It is no secret, however, that unions generally adopt 
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a defensive attitude at the mention of robotics. And well they should because 

a General Motors study concluded that in the early 1980's, the average robot 

in a GM assembly plant displaced 1.7 workers on a double shift, and for a 

triple shift, it displaced 2.7 workers (Shaiken 1986). Other disturbing 

statistics for labor that were released by GM show that in the ten-year period 

of 1970 to 1980, wages in their plants rose by 240% while the cost of 

purchasing robots increased by only 40% (Shaiken 1986). A side effect is the 

substitution of robots for labor and the subsequent smaller population of the 

organized workforce and its contribution to dues. 

Unions are aware of this fact. Smart labor leaders have anticipated this, 

and their unions have bargained for advance notice of the implementation of 

robots and for the retraining of union members so that they can develop the 

new skills required for long term employment. Perhaps one of the most 

significant changes in union attitude involves the short run. For example, 

some unions are showing a willingness to modify existing work rules, which has 

decreased worker productivity in the past. With this attitude, unions and 

management may conquer many of the problems predicted for the future. 

To combat falling dues, unions are trying to recruit indirect and 

semiprofessional workers to swell their membership rolls. Unions know that 

some worker displacement is inevitable, but to minimize this is their concern. 

Currently, over 50 percent of all robots worldwide are employed in the 

auto industry. Obviously, the impact on unemployment is greater in those 

states which have this industry. The continuous upward pressure on wages is 
\ 

one of the major reasons robots have been substituted for labor. 

Perhaps history is repeating itself. In the early 1900's, John L. Lewis, 

President of the United Mine Workers, was successful in his attempts at 
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raising miners' wages, thus endearing himself to the miners. But, in the end, 

mine owners substituted cheaper machinery for labor. Right or wrong, the push 

for higher wages has led to substitution. Producers have realized in many 

instances that robot employment leads not only to cost savings, but to 

increased production and improved product quality as well. 

To assess the overall impact on employment from robot substitution should 

include other variables and would be difficult to research at this point in 

time. Nevertheless, retraining of workers displaced is a step in the right 

direction. However, programs for retraining in this country has not had 

sterling results. As robots become economically feasible, other industries 

are going to substitute. This is a major contention of management; doing away 

with unskilled work performed by labor. But the elimination of unskilled jobs 

should be approached with caution lest it strengthen the possibility of a 

social upheaval. 

Some Employment Changes 

The effect on labor unemployment figures from robot usage currently is 

nebulous at best, but this will not remain true for long. As more and more 

robots are substituted for labor in various employments, unemployment 

statistics will emerge. However, given this relatively new type of technology 

in the production process, prognostications on worker displacement do not hold 

much comfort for some workers employed and some unemployed. 

In the early 1980's, the United Auto Workers reported that when General 

Motors employed 85 robots in paint spraying stations in 18 of their plants, an 
\ 

estimated 211 jobs disappeared (Scott 1984). At the GM Technical Center in 

Warren, Michigan, a robot laboratory is used to demonstrate a variety of new 

technologies. Engineers and executives from the U.S. and around the world 
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spend time viewing different robot performances and consulting with the 

corporation's experts. These demonstrations and consultations are being used 

by other firms as well, e.g., General Electric. 

A study of State unemployment by Michigan University·, a state deeply 

affected by the general public's decrease in demand for American made 

automobiles during the early 1980's, reports some bleak figures for the 

future. To counteract these estimates, it recommends that much effort be 

devoted to turning Michigan into the number one producer of robots in the 

United States. However, a state survey estimates that there will still be a 

net loss of jobs. 

A further study conducted by the Industrial division of the same 

university estimates that approximately 88% of labor displaced by robots by 

1990 will be reemployed within their present company. And of this figure, 63% 

are estimated to be working with robots. Also, researchers estimate that by 

1990, the substitution of robots for labor will cause between 100,000 to 

200,000 reduction in manufacturing jobs. This decrease is principally in 

automobile manufacturing. Of this number they estimate that around 40% of 

painting jobs and 15% to 20% of welding jobs in car manufacture will be 

extinct (Scott 1984). 

The examples taken from the automotive industry represent a partial 

picture because robots are employed in other manufacturing pursuits. It seems 

inevitable that the robotics industry is poised for explosive growth. 

Estimates of robot demand for the very near future are staggering (Ayers et 
\ 

al. 1983). Some robots are in the experimental stage, but it's only a matter 

of time before they will be used for nuclear maintenance, firefighting, 

walking the blind, neurosurgery and household duties, to mention a few. 
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Possibilities 

If the robot is employed and substituted for labor, then the possibjlities 

that may arise as a result of that substitution can certainly be explored. 

The following are some of those possibilities: 

(1) When there is no retraining, then technological unemployment figures 

increase. If this happens, societal cost increases as welfare payments are 

expanded. 

(2) Some automobile manufacturing plants do indeed pay to have some of 

their displaced workers retrained, but they are retrained as hair stylists. 

In this instance, a transfer takes place; i.e., from producing a product to 

producing a service. This may be construed by some as underemployment. 

(3) As mentioned earlier, older workers may refuse to be retrained. 

These workers don•t possess the requisite skills and don•t want to be 

retrained for qualification. They could end -up by accepting low paying jobs, 

or collect unemployment benefits and eventually, welfare. 

(4) If workers agree to retraining and are kept within the organization, 

then a burden to society in the form of welfare payments is eliminated. 

(5) When labor is displaced, wages become zero.· The results are a tax 

decrease accruing to various levels of government. It can also be argued that 

if the company makes a greater profit by using robots, government taxes on 

those profits are increased. 

A strong subjective argument advanced is that the substitution of robots 

for labor will inevitably lead to a decrease in the quality of life which 
\ 

ultimately results in a loss of dignity. 

Economic isolationism may have been somewhat valid in the past, but today, 

economists speak of a global economy. To remain or become competitive in this 
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global economy, manufacturing must employ the latest advancements in 

technology. But this will invariably displace labor. Unfortunately, the 

researcher will have to wander in the realm of conjecture to a degree since 

there is no history of unemployment because of the substitution of robots for 

labor. 

On a more positive note, however, the building of a newly sold robot 

brings with it increased business for those companies that make the piece 

parts used in the construction of robots and so on ad infinitum. Therefore, 

the total number of people displaced by robots can be relatively small. 

The declining birth rate a number of years ago should decrease the amount 

of entrants into the work force. Indeed, if this be true, the implementation 

of robots will have little or no effect on labor employment for this time 

period. 

Conclusions 

Firms are in business to make money. If robots can be used in the 

production process while generating a saving, investment in them will be made. 

Any firm, whether it uses robots or not, can expect a certain amount of 

downtime in production. If robots are used and the technical difficulties are 

overcome, then the firm is better prepared to meet the fast changing market 

conditions. 

Robot effect on unemployment is still in the partly conjecture stage. 

But, the building of robots and their parts and the service of them will 

eradicate some of the aggregate unemployment because of their substitution for 
\ 

labor. We should also keep in mind that the declining birth rate, a decade or 

so ago, will mean fewer entrants into the work force. Thus, robots in the 

early 199Q•s may not pose the threat to labor that some economists have 

feared. 
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The importance of teleoperated manipulator technology as a 
substitute to human exposure in hazardous environment or difficult 
tasks has received much attention recently [Vertut et al, 1984]. 
For instance, teleoperated manipulators are extensively being used 
in the usually treacherous and unpredictable subsea environment for 
mineral and biological sampling (Clark et al, 1987]. For such 
operations, the operator is either protected by some means or 
completely removed from the location. If removed from the 
location, the operator typically views the worksite through a video 
monitor (see figure 1). 

Most teleoperated manipulators are "rate controlled". This 
means that each joint of the manipulator is activated or 
deactivated in turn by the operator via separate switches. In 
operation, such a manipulator appears more like a crane and, since 
each move must be planned in advance, it cannot offer spontaneous 
coordinated operation. As a result of the non-spatially 

Figure 1. A master consolette for teleoperation 
(Schilling Dev.] 
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correspondent nature of this type of operation, simple tasks such 
as tool exchange becomes rather difficult and cumbersome 
[Tietze et al, 1986] (Schilling]. It is therefore necessary to 
upgrade the performance of the manipulator arm by first converting 
the rate controlled arm to ~ spatially corr8spondent teleoperated 
system. This will eventually lead to the development of a fully 
teleoparated system, possessing sufficient onboard intelligence to 
perform rote tasks on command. 

An indispensable step towards the aforementioned development 
is to create a teleoperated simulator. This paper presents the 
development of such a simulator for a robot manipulator to be used 
in undersea environment. The simulator was developed on a Hewlett 
Packard 350RX high speed graphics workstation. With the simulator 
a design engineer or an operator can test and control a robot 
manipulator in real-time by operating the actual joystick or a 
master controller. Since the simulator is implemented with a 
trajectory planner which solves the inverse kinematics in closed 
form, the operator can further operate the manipulator in a DATA 
DRIVEN mode in addition to RATE CONTROLLED teleoperated mode. 

THE SIMULATOR · 

The simulator contains a 3-D geometric model of a robot 
manipulator having 6 degrees of freedom developed on the HP-UX 
graphics workstation. The manipulator joints are each linked to a 
46085A Control Dial Box (known as "Knob Box") (HP-UX Graphics 
Manual] for teleoperations. In this mode, the joints (and hence 
the end-effector) can be moved to any desired position within the 
workspace of the manipulator by turning the relevant knobs. 

In the data driven mode of operation, the simulator solves the 
inverse kinematic based on the specified position and orientation 
of the end-effector in world coordinates, which are independent of 
the robot design. The resulting joint rotations are used to plan 
the trajectory of motion, with additional information such as time 
duration of motion, velocity or acceleration. The simulator is 
capable of planning the trajectory using either the cubic 
polynomials formulation or linear function with parabolic blend in 
the joint space scheme (Craig, 1988]. It is possible to move the 
robot arm around obstacles in order to get to the desired point by 
specifying via points. 

The simulator consists of a main program with two major 
subroutines, DRAW ROBOFRAME and GET PATH POINTS (see figure 2). 
Prior to calling any of these subroutines, the main program calls 
for the selection of the desired type of operation. If · 
teleoperation is selected, the Knob Box is immediately initialized 
and the simulator tracks the movement of the knobs, converts it to 
degrees of rotation and sends the information to the related 
manipulator joint. 

For the data driven type of operation, the main program calls 
the subroutine GET PATH POINTS which calculates the path points for 
all the joints. This is done with the help of three other 
subroutines GET Q MATRIX, SOLVE INVKIN and PLAN TRAJECTORY. The 
input to this subroutine are the position and orientation of the 
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S~t up graphics facilities: 
l~ght, colors, shading, etc. 

teleoperation Data driven 
Operation 

Figure 2. Flowchart for the main program of the simulator. 

end-effector. The position is specified in X, Y, Z coordinates of 
the desired points whereas the orientation is specified with the 
roll, pitch and yaw about the X, Y and Z axes of a convenient fixed 
reference frame. The subroutine GET Q MATRIX develops the 
orientation matrix from the roll, pitch and yaw values. After 
this, the corresponding joint positions are obtained by calling the 
subroutine SOLVE INVKIN which solves the inverse kinematic of the 
manipulator in closed form. A message is displayed if the 
specified point is not within the workspace of the manipulator. 

When all the joint angles are obtained for all the via points 
and the destination point, the subroutine PLAN_TRAJECTORY is 
called. This subroutine calculates the path points required to 
move the end-effector to the desired point. The resulting path 
data are simultaneously returned to the main program. 

The main program calls the subroutine DRAW_ROBOFRAME to 
display the graphic robot manipulator and its varied motions in 
either of the two modes of operation. 
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RESULTS AND DISCUSSIONS 

A simulator using the geometry of a commercial telerobot, the 
Titan arm by schilling Development Inc, has been developed. The 
simulator has been tested for various end-effector configur~tions 
and it has performed satisfactory in each case. It is possible to 
smoothly switch from teleoperation to data driven operation (or 
vice versa) as many times as possible. The manipulator retains its 
position before the switch. This becomes its initial position for 
the next mode of operation. 

This simulator has many advantages and future applications. 
Its use will facilitate the kinematic study of a manipulator on a 
computer without the hardware being physically available. It will 
also allow the evaluation of the effects of any hardware change on 
the kinematic characteristics of a manipulator before making any 
physical modification. It can also be effectively used for the 
training of robot operators. 

The simulator can be used to simulate complex robotic 
operations such as the tasks of tool exchange - reaching a tool 
holder, releasing the current tool and engaging a new tool. This 
type of operation is very beneficial in underwater work tasks such 
as construction, maintenance, cleaning and repair, sampling, 
salvage and rescue operations. 

Another important feature of the simulator is that it can be 
used for off-line programming of robots. This is obviously 
essential for economic reasons. A robot manipulator can be 
conveniently programmed and its performance tested by using the 
simulator while the robot is still deep inside the sea performing 
its duties. 
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The clean room plays an important role in controlling airborne 
contamination in micro-electronics manufacturing. In a clean room, air 
is drawn from outside and directed by a centrifugal blower through a 
high efficiency particulate air filter; the wall or floor opposite is 
perforated to allow the air to escape undisturbed. The resulting 
straight line (laminar) air flow through the room could virtually purge 
the space of all airborne contamination. To achieve cleanliness, a 
known and controlled flow pattern must exist in the room outside the 
confines of product operation, to overcome thermally-induced convection, 
minimize turbulence, flush out particles, and ensure that particulate 
trajectories are kept away from the product. Yet, real laminar flow 
cannot be maintained near the work station due to complicated separated 
flows which entrain the particles generated from process tools, robots, 
operators and equipment. As a result, the typical concentration of 
airborne particles near the working place is 100 times higher than the 
inlet air. Through expensive trial and error, several design guidelines 
have been recognized by industrial leaders. Highly idealized theory has 
been developed. Computational techniques and laboratory flow 
measurement and visualization have been applied to the clean room 
environment. Previous studies, however, have failed to address the 
three-dimensional and unsteady nature of flow in the robotic clean room. 
Addressing such issues requires basic research of fundamental character, 
using careful scientific reasoning and properly chosen technique. This 
paper reports the research which focuses on the understanding of 
essential features of fluid dynamics in the robotic clean room. It is 
hoped that with this knowledge, robot motion can be better planned, 
clean rooms, work stations and robots can be suitably designed, and the 
process can be intelligently manipulated to minimize contamination of 
the product. 
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1. HOW THE DISTURBANCE ACCUMULATED IN THE ZONE OF FLOW STAGNATION 

obstruction in the clean room produces zone of flow stagnation. 
For example, the vertical flow impinged on a work station will produce a 
large zone of flow stagnation on the surface of work station. This 
stagnation flow is rather unstable. Tests were carried out to 
investigate the amplification and the accumulation of upstream 
disturbance in the zone of flow stagnation. It is found that the flow 
in the stagnation zone changed cyclically. The cyclical change can be 
divided into 3 stages: 

(1) Growing stage. 
(2) The equilibrium stage. 
(3) The breaking stage. 

The most notable phenomenon perhaps is the equilibrium stage. The 
main features of this stage are: There is a large vortex in front of 
the plate, their sizes are comparable of the model itself. There is a 
large reversed flow region. This stage has a longest life time, all the 
other stages are short transient stage, only this one is in a relatively 
stable state. The large reverse flow, which produces back stream, can 
cause significant amount of product contamination. There exists other 
patterns of disturbance accumulation in stagnation flow, their behavior 
and criterion of their occurance is being established. 

2. EFFECT OF PERFORATING SURFACE 

Design guideline indicates that "perforated work surfaces or other 
non-solid tooling supports are preferred to solid tooling plates or 
table tops. Product areas should be designed with as much area open as 
is practical, as these open areas enhance the air flow around the 
product location minimizing the accumulation of particle contamination." 
It is found that, while perforating surface of porosity of 30% reduces 
the zone of flow stagnation, the influence of a small disturbing wire to 
the flow in front of the perforating plate remains quite drastic. The 
fl~w reverse occurs more steadily, yet weaker, as the disturbing wire 
moves closerto the plate. When the disturbing wire is far away, the 
flow reverse was less frequent, but stronger. 

Tests also concluded that reverse flow induced by a standing 
disturbance is not strong enough to bring the fluid beneath the table to 
the table top through perforation. This is also true for the case when 
the disturbing wire is moving in the direction which is perpendicular to 
the table top. However, when the disturbing wire cylinder is moving in 
the direction which is parallel to the table top, the fluid beneath the 
table can easily move up to the table top through perforation. 
Therefore, perforating the work surface is not a cure-all. It can cause 
a serious contamination problem under certain operating circumstances. 

3. EFFECT OF ARM MOVEMENT 

The study demonstrated a slight motion (8°) of a robot arm could 
produce a significant effect in the nearby flow field. After repeated 
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arm movement, interesting flow. features were ~bserved: After the arm 
pitched several times consecut1vely, two oppos1te streams were set up; 
one stream flowing from the arm root along the arm toward its tip and, 
at the same time, a stream flowing from the opposite direction. The 
left and right moving streams met near the tip of the arm, and then 
spread upward, downward and laterally. It appears as if the tip 
"attracts" the fluid from left and right, causing left and right 
streams. The impact of these two streams near the tip should produce 
intense spread flow. If the stream from the arm root carries particles, 
the spread downstream may produce considerable contamination on the work 
table. As the occurance of this undesirable back-stream depending on 
the ratio of the characteristic speed of room air flow to the speed of 
arm movement, a suitable amount of filtered air should be applied in 
accordance with the activity in the clean room to avoid the back-stream. 
The current design guildline is totally misleading in this aspect. 

4 . VECTOR FLOW CLEAN ROOMS 

Another flow feature of interest is the occurrence of a bubble
shaped flow structure surrounding the work station in a vector flow 
clean room. This bubble-shaped flow structure is essentially a three
dimensional flow feature, is quite stable and can be utilized to provide 
a local insulation for the work surface from the once-through clean room 
air flow which carries the contaminants. 

Vertical flow clean rooms are now being widely used. The vertical 
flow impinged on a horizontal work station will produce a large zone of 
flow stagnation on the surface of the work station. Due to the 
amplification and accumulation of upstream disturbance in the stagnation 
zone and the instability of stagnation flow for the flow normal to the 
table, the stagnation region cannot be stable. The present study 
clearly shows that the vortices are rolled up over the table. Since 
vertical flow and turbulence increase the possibility of contamination, 
the vertical flow type clean room which may have a large stagnation zone 
with amplified disturbances just over the work table, while widely used, 
may not be an ideal arrangement after all. To avoid stagnation over the 
table, it is perhaps better to create a "bubble" flow over the table by 
a "vector" type clean room arrangement. 

5. FLUID DYNAMICS OF SMIF SYSTEM 

The difficulty of achieving a reliable dust-free environment as 
required by today' s IC manufacturing, based on current knowledge of 
clean room design, has fostered two alternate but relevant approaches. 
I~ t~e micro clean room approach, a localized source of high speed clean 
a1r 1s supplied directly to the critical area. In the SMIF (Standard 
Mechanical Interface) systems, three components are integrated. The 
SMIF-Pod is a storing container for transport between systems. The 
SMIF-Arm is a robotic loading and unloading device and the SMIF
E~closure is the processing chamber. The good performance of either the 
m1cro clean room or the SMIF system depends on the suitable air flow 
pattern. 
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In both cases, since the length scale is reduced, the Reynolds 
number of air flow based on the room scale is reduced, while the 
Reynolds number o~ robot-generate~ fl~w remains the same, thus making it 
even more imperat1ve to study mot1on-1nduced local flow. 

visualizations of the flow disturbance produced during load/unload 
cycle of a SMIF-Pod were made. Test shows the beginning of the unload 
process, vortex roll up, with fluid exchange taking place between the 
wafer cassette and the surrounding. It is noted that surrounding fluid 
can easily intrude into the center of the wafer during the unload 
process. The study further demonstrates the existence of a second stage 
flow between wafers. As yet, we have not found a satisfactory 
explanation as to the mechanism of its occurance. 

CONCLUSIONS 

This paper reports an exploratory study which was carried out to 
simulate air flow in robotic clean rooms. Water was used as the working 
fluid, robot and table geometry was simplified and essential dynamic 
similarity was maintained. Through visualization, the role of flow 
processes in product contamination in the robotic clean room was 
demonstrated. Several interesting flow phenomena were discovered, which 
appear to be significant to the issue of clean room particulate 
contamination. The complex flow in the robotic clean room is 
essentially unsteady, three-dimensional, separated and with the 
simultaneous occurrence of laminar, transition and turbulence. Little 
is known and more awaiting discovery. Further study is likely to reveal 
many fundamental fluid dynamics phenomena. 
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Abstract 

For robot grippers to lift and manipulate objects of unspecified fragility 
(frangibility) without dropping them or causing unacceptable surface damage, 
high speed active feedback must be obtained from tactile and tribological 
sensor suites. Sensor supplied static grip force information alone is only useful 
if the required grip force is known a priori. For true active robot gripping 
applications where no such knowledge is available, the static grip force data 
must be complemented with additional feedback relating to interfacial shear 
force and/ or slip. The present paper discusses the role played by tribological 
sensors (shear force and slip) in active gripping applications, and describes 
how such sensors might be fabricated. Also described is the design and 
construction of a new tribological sensor evaluation apparatus. This apparatus 
allows controlled conditions of slip onset to be simulated and monitored. 

Introduction 

Most tasks currently performed by industrial 
robots fall into one of three basic operational 
categories, these being: Inspection (vision, laser 
etc.), Tool Operation (drilling, grinding, welding 
etc.), and Materials Handling (assembly, loading, 
packing etc.). Of these three, materials handling 
constitutes the largest robot usage at the present 
time. 

Currently most materials handling operations are 
performed with the necessary grip force required to 
lift and manipulate a component specified a priori. 
Tactile sensors essentially monitoring direct static 
grip force are then used to inform the gripper 
actuator controller when the required grip force has 
been achieved. This type of materials handling 
?peration might be referred to as 'Passive Gripping' 
m the same way that a passive car suspension 
system is tuned to one optimized setting and is 
un~ble to automatically adjust to varying conditions. 
This method is acceptable under the conditions 
found on industrial production lines, since the same 
known objects are handled repeatedly. 

There are, however, circumstances when a robot 
might be required to manipulate a large variety of 

different objects ranging from heavy structural 
components to delicate/intricate parts. Such 
circumstances might arise during nuclear reactor 
maintenance operations, space station assembly or 
satellite repair, for example. It would be extremely 
difficult to provide a priori grip force data pertaining 
to every component that a robot might encounter, 
and even if such a data base was available 
substantial vision and AI systems would be needed 
for accurate object recognition. 

To make it possible for robot grippers to 
successfully handle components of various and 
unspecified frangibility without dropping them or 
causing surface damage, an 'Active Gripping' 
scheme must be adopted. Such schemes depend 
heavily on active feedback from sensing elements 
other than those supplying simple direct static force 
information. A clue to the nature of these sensors is 
provided by reference to human ability [1]. 

Humans are capable of successfully handling 
objects of various frailty even in complete darkness 
and without any prior knowledge of object form or 
function. This ability is to some extent related to the 
memory of previous haptic experience, but is 
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none-the-less vitally dependent on the cutaneous 
and kinesthetic responses supplied by nerve based 
sensor suites. To duplicate in its entirety the haptic 
capability of the human hand is certainly beyond 
the current state-of-the-art, but upon close 
examination it would appear that tribological 
(frictional) sensing plays a pivotal role. 

Active Gripping Schemes & 
Sensors 

The fundamental assumption upon which most 
active gripping schemes are based is that optimal 
gripping is achieved when the grip force applied is 
just sufficient (least necessary) to prevent relative 
motion between object and gripping surfaces. If 
maintained at these optimal gripping conditions an 
object can be lifted and manipulated safely without 
being dropped, while the potential for surface or 
structural damage to the object is minimized. 

Just as with human grasping, the key to successful 
active gripping is the incorporation of sensors that 
are capable of providing fast response feedback 
pertaining to object/gripping surface relative motion 
(from now on referred to as 'slip'). Such sensors can 
be described as tribological sensors since they are 
responsive to interfacial frictional phenomena. 

Interfacial Shear Force Sensing 

Two approaches are possible when it comes to 
providing feedback for active gripping schemes. One 
method is to directly measure slip, while the other 
is to monitor some physical quantity from which the 
occurrence or absence of slip can be inferred. One 
example of the latter approach uses interfacial shear 
force sensing. 

Mg 

Slip J"-wl~ Stable 
Region \,-JI~ Region 

I 

: \__ Optimal 
1 Gripping 

I 
I 
I 
I 
I 

Direct Grip Force 

Figure 1. Idealized Force Characteristic when 
Vertically Lifting an Object of Weight Mg 

The method is based on the assumption that 
interfacial shear force will rise with increasing direct 
grip force during attempted lifting up until the point 
when all slipping ceases i.e. optimal gripping occurs 
when the slope of the shear force/direct grip force 
curve becomes zero, Fig. 1. 

This approach is attractive since to implement 
such an active gripping scheme demands only 
relatively simple and available force sensing 
hardware. Consider then the simplest case where 
a dual-fmgered parallel gripper fitted with both 
shear and direct grip force sensing hardware is 
required to vertically lift a parallel sided object 
initially at rest against a flat surface, and acted upon 
by gravity only. The flow chart in Fig. 2. shows how 
an active gripping scheme might be implemented 
for this case. 

Close 

Start 
Lift 

Figure 2. Active Gripping Scheme using Interfacial 
Shear Force Data 

Despite the apparent simplicity of this method, 
active gripping schemes using inferred slip 
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information of this type are not without 
considerable risk. If for example, the apparent 
weight of the object should increase aft~r initial 
successful lifting, due perhaps to dynamtc forces 
generated by manipulator accelerati~ns, then the 
object is likely to be. dropped. It . 1s clear that 
additional active holding loop routmes must be 
added to the flow chart (between points A & B) 
even after successful lifting has been achieved. An 
example of one such routine is given in Fig. 3. 

Decrease 
Grip 

Force 

Figure 3. Simple Active Holding Loop Routine 

In practice robot manipulations are rarely 
confmed to simply lifting an object vertically. In fact 
once lifted it is possible for the object to undergo 
any complex combination of motions with 6 
degrees-of-freedom anywhere within the robot's 
work envelope. Since during these manipulations 
the gripper remains essentially ftxed relative to the 
object, then it is possible for the interfacial shear 
forces to .act in any in-plane direction relative to a 
sensor installed in the gripping surfaces. In reality 
then, the sensor design adopted must have an 
isotropic response to shear force. In addition the 
sensor must also be sensitive to shear forces (local 
torques) generated by rotational movements of the 
object relative to the gripping surfaces, since 
unrestrained and undefmed motions of this type are 
~ot conducive to accurate assembly and can result 
m scruffed surfaces, even if the object is not actually 
dropped. 

The detailed design of interfacial shear force 
sensors will depend on the speciftc size, sensitivity 
and cost constraints imposed by a given application, 
and to a large extent on the individual skill and 
ingenuity of the design engineer. As can be readily 
seen from a study of current tactile sensing systems 
[2][3][4], t~ere is no shortage of options available as 
regards duect force transduction and it is certain 

. that many of these methods codld be utilized for 
response to shear force. Successful force tranduction 
sys~ems h~ve been demonstrated using ftber optics, 
mo?"e frmges, electromagnetism, capacitance, 
resistance strain gages, piezoresistance, 

piezoelectricity and silicon semiconductor 
micro-structural techniques. 

As a starting point for development a rugged 
isotropic interfacial shear force sensor with 
rotational sensitivity and response to direct grip 
force, is proposed in Fig. 4. The sensor design draws 
on established wind tunnel balance technology which 
has long addressed the problem of force/torque 
measurement in multi degree-of-freedom systems. 

- Gripping Surface Material 

E:2LJ Non-Metallic Structural Material 

h:~:tiitt\'t~td Elastomer Flexible Coupling Material 

- Metallic Capacitive Plate Elements 

Cg Cs 

Figure 4. Combined Interfacial Force Sensor 

The proposed design has been optimized in two 
fundamental respects: Firstly, the same sensing 
technology, in this case a capacitance based method, 
has been used throughout. This greatly' simplilles 
the interfacing circuits required, as compared to 
systems that incorporate different technologies for 
response to each of the various force/torque 
components. Secondly, the three required 
force/torque components are independently 
detected by dedicated sensing elements with no 
cross-coupling effects. This is obviously crucial for 
a sensor ultimately destined for use in a fast 
feedback control scheme, since no time consuming 
simultaneous equation solving is required to extract 
the individual component data. 

The capacitance Cg between two annular flat 
plates is used to respond to grip force, while the 
capacitance Cs between two circular cylinders is 
used for isotropic shear force (in-plane direction 
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independent) detection. Rotational sh~ar force 
(local torque) is detected by the capacitance Ct 
between asymmetric disc plates, in the same manner 
as used in radio-type tuning capacitors. 

Interfacial Slip Sensing 

The only way to avoid the inevitable uncertainties 
associated with systems dependent on inferred slip 
feedback is to directly detect slip at the 
gripper/ object interface. If such sensing could be 
reliably achieved the associated active control 
scheme would be greatly simplified, as shown by the 
flow chart of Fig. 5. 

Start 
Lift 

Figure 5. Active Gripping Scheme using Interfacial 
Slip Detection 

Unlike interfacial shear force systems, the flow 
chart requires no further additions of holding 
routines since the basic scheme is valid during all 
phases of manipulation from initial lift, through 
subsequent path motions and orientation changes 
.(with associated accelerations), to fmal assembly or 
placement. 

The scheme would automatically demand grip 
force increases during path motions to cope with 
any high dynamic forces generated, but no provision 

has been made for reducing grip forces back down 
to optimal conditions once these dynamic forces 
have subsided. There would appear to be very little 
incentive for refming (and further complicating) the 
scheme with this feature, since any object would 
have already survived or been irrevocably damaged 
by the highest grip force applied. 

With such a simple control scheme involved, there 
is considerable benefit to be gained through the use 
of direct slip sensing. The problem, however, is how 
to physically construct such a slip sensing device. 
Mechanical solutions involving intricate moving 
parts such as rotating balls etc. [ 5] have been 
demonstrated, but these tend to be large, unreliable, 
and difficult to fabricate. Modern materials 
technology may now offer more acceptable solutions 
in the form of piezo/pyroelectric polymers 
(Polyvinylidene Fluoride, PVDF) and/or fiber 
optics. Patterson et. a/. [6] and Dario et. a/. (7] have 
each demonstrated tactile sensors based on PVD F 
that possessed texture discrimination capabilities. 
This was achieved through Fourier analysis of the 
electrical signals generated by PVD F films when 
subjected to the micro-vibrations induced when 
surfaces slide over one another. 

Slip detection can be achieved in a similar way, 
except that it is the transition between static and 
sliding signals that is of interest (slip onset), rather 
tha.J?. the frequency content of the sliding signal. Slip 
sensor designs must therefore be optimized to 
maximize the change in signal between static 
conditions with inevitable background noise, and 
sliding. The sensor must be sensitive enough to 
respond to very small object/ gripper relative 
motions ( < 10 microns) and have a very fast 
response speed. Both of the latter requirements are 
necessary if the gripper is to have time to respond 
to slip by incrementing grip force before the object 
is dropped. Other desirable properties should not be 
overlooked, such as: small size, longevity, low cost 
etc. 

Multi-Functional Tactile 
Sensors 

Ideally, tactile sensors should be capable of 
providing static grip force and slip information all 
from the same device. Since space is generally 
limited on the gripping surfaces, the use of separate 
sensors to perform these two functions is 
undesirable. PVDF cannot readily be used for static 
grip force detection without the use of charge 
amplifiers, and so additional technologies need to be 
combined and integrated within a single device if all 
of the desired sensing capabilities are to be realized. 
Fig. 6. shows one possible hybrid system that 
combines a slip sensing element developed by Dario 



op. cit. and a static force array due to Hillis [8]. This 
hybrid sensor provides multi-point static force 
measurement over its surface, together with the 
capability of responding to slip, texture, object 
conductivity, object temperature, and hardness. 

0 Elastomer Protective Layer 

0 Epidermal Polyvinylidene Fluoride 

0 Resistive Paint Coating 

0 Rubber Thermal Damper 

0 Flexible Metal Foil 

0 Dermal Polyvinylidene Fluoride 

0 Anisotropically Conductive Silicon Rubber 

0 Nylon Mesh 

0 GRP Printed Circuit Board 

Figure 6. Multi-Function Tactile Sensor 

Work is currently underway at the U Diversity of 
South Florida into multi-functional tactile sensors 
employing fiber optics. Such an approach offers the 
promise of static force and slip detection from the 
same basic technology, with the additional benefits 
of good noise immunity. 

Proto~e Sensor 
Evaluation 

To aid in the development of new shear force and 
slip sensor designs, an evaluation apparatus has 
been built at the University of South Florida. Fig. 7. 
~hows the basic functional description of the 
apparatus, while the precise design details can be 
found by reference to Stipe [9]. 

The apparatus allows controlled conditions of slip 
onset to be simulated and monitored. Real-time 
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Figure 7. Prototype Sensor Evaluation Apparatus 

output in the form of static grip force and object 
surface position relative to the prototype sensor are 
provided by the apparatus for direct comparison to 
the ~ensor output. 
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EXTENDED SUMMARY 

In a multisensor enviornment, the amount of data that has to be processed from 
the different sensors to identify an object requires heavy computational capability in a 
specific given time period. One approach to solving this problem is to use sensor gating 
[1,2,9]. Figure 1 illustrates how this process of sensor gating is carried out. The sensors 
are integrated together so that data from these sensors are combined in stages (low
level correlation, high-level correlation, data classification), and compared with world 
model to identify an object from the model. The main focus here is to discuss how 
the principles of Dempster-Shafer theory of evidence [3] and fuzzy logic [4,10] can be 
combined and applied to low-level correlation, high-correlation, and data classification. 

OUTLINE OF APPROACH 
The sensor data usually exists on different levels of abstraction such as class, shape, 

etc. These features characterize the object in the world model. The world model 
consists of a set of objects and their features describing their characteristics . In the 
Demspter-Shafer theory[3], a set of the objects· is represented by a frame of discern
ment denoted by 8. Each piece of evidence on the subsets of 8 is represented by a 
function called basic probablity assignment (bpa) and the hypotheses in e are assumed 
to be mutually exclusive and exhaustive. A bpa denoted m assigns a number in the 
range [0,1] to every subset of 8. The following steps briefly describe a procedure for 
identification of an object from the world model using the Dempster-Shafer theory and 
incorporating fuzzy logic with it for determining the m values. 

1. In the low-level correlation, the feature measurements that are obtained after 
preprocessing for particular sensor reading are compared with the worl~ model. 
Because the data is fuzzy in nature, it leads into using fuzzy set theory. In 
fuzzy set theory [10,11], if X denotes a universe of discourse and xis an element, 
then a fuzzy subset A in X is characterised by a membership function denoted 
as f..LA which associates with each point in X a real number in the interval [0,1]. 
Therefore, in the world model along with the features for each object there are 
membership curves for each of these features. From this curve, each feature that 
confirms an object (positive feature) is assigned a value in the range [0,1] which 
is considered to be the bpa value. It is also possible that some features can 
disconfirm an object (negative feature), i.e., the absence of object confirmed from 
the world model and this also is assigned a bpa value. There are different ways 
in which membership curve can be derived [8]. 

2. In the high-level correlation, the m values obtained for all the positive and nega
tive features are combined to form the evidences for each of the objects. 
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3. Still in the high-level correlation, the evidences are then combined to form a belief 
function (Bel) for each of the objects. These belief functions will be in the form 
of an interval as follows: 

[Bel(01) 1-Bel(01c)] 

01 is an object which is confirmed, while 01 c describes the same object being 
disconfirmed. The first element is the support while the second element is the 
plausibility of object 01. 

4. Finally, in data classification the support for all the objects is checked if it is 
above a certain threshold. If one object satisfies the condition, then the object 
has been identified. If there are more than one objects satisfying the condition, 
then another sensor is gated and the procedure is continued until an object has 
been identified. 
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Laser Alignment Sensor for Automated Disk Drive Assembly 

ABSTRACT 

Thomas J. Pack 
Manufacturing Technology Center 

IBM Corporation 
PO Box 1328-2105 

Boca Raton, FL 33431 

A laser based alignment sensor for detecting the center of rotation of a shaft and the 
shaft tilt with respect to a given orientation is described. The concept involves 
tracking two laser beam images with a CCD camera. The laser beams are reflected by a 
custom retroreflector attached to the rotating shaft. The images are analyzed with an 
image processing system and the center of rotation and tilt of the shaft are determined. 
The targeted application is magnetic disk drive assembly. 

INTRODUCTION 

Magnetic disk storage devices consist of multiple disks which are stacked concentrically 
on a hub shaft. Robots are used to handle the disks and perform the placement (Figure 
1). To improve placement accuracy, the end of arm tooling (EOAT) includes a precision 
translation stage guided by a vision system which locates the center of the hub shaft 
at the top of the shaft. However, if the hub shaft is tilted with respect to the EOAT 
axis, placement error will occur (Figure 2). 

The paper describes a laser based sensor which locates the center of shaft rotation and 
the tilt of the hub shaft for accurate disk placement by the robot EOAT. The collimated 
nature of laser light and the use of a custom retroreflector eliminate the need to move 
optical components to maintain any depth of field specification. Image analysis is 
performed with a commercial CCD camera and image processing system. 

TECHNICAL DESCRIPTION 

Problem Statement 

The automated disk assembly operation utilizes a robot sensing system to directly align 
the disks with the drive hub shaft. A vision system senses the center of the hub shaft 
by finding the center of the circular path scribed by an offset fiducial as the shaft 
rotates. A precision translation stage positions the disk and the robot lowers the disk 
over the hub shaft. Note that the position of the disk relative to the translation stage 
is fixed and must be calibrated. 

The main problem facing this operation is the stacking operation. Since the hub shaft
to-gripper distance increases as the disks are stacked, the sensing system must compen
sate to remain in range. The range of motion is approximately lOOmm. Optical systems 
have to either be refocused or moved during the stacking operation, thus introducing 
error from lateral shifting of lenses. The image shift error along w~th error in the 
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placement mechanism would exceed the allowable placement error for the disks. This error 
would be minimized if the shaft center is located for each disk placement by rotating 
the shaft, however this process is time prohibitive. 

In addition, the sensing system must be packaged into the existing gripper assembly with 
minimum modifications. The gripper has a small aperture and little free space inside. 

Description 

The laser alignment sensor concept is comprised of two sensing systems packaged into one 
assembly. The laser sensor measures both the center of rotation of the hub shaft in a 
plane at the top of the shaft and the tilt of the shaft with respect to the laser beam 
axis. Each of these sensors will be described in this section. For clarity, the center 
of rotation sensor will first be described, and then the additions necessary to measure 
the shaft tilt. 

The basic laser sensor in illustrated in Figure 3. The majority of the components are 
packaged into the robot end of arm tooling (EOAT) and a single corner cube retroreflector 
is placed on the shaft. The components consist of a laser, beam attenuator, beam 
expander, beamsplitter, a CCD camera, and the optical corner cube. 

For center of rotation measurements, the robot is positioned over the shaft and the ex
panded laser beam is directed onto the shaft. The corner cube retroreflector is mounted 
on the shaft and its aperture is completely filled by the laser beam. The laser beam 
is returned from the retroreflector parallel to itself with a diameter equal to the 
retroreflector aperture. The return beam is _directed into the CCD camera with the 
beamsplitter. To find the center of rotation, the hub shaft is rotated through one 
revolution. The return laser beam revolves about the shaft center and the image on the 
CCD traverses a circle (or slight ellipse if the shaft is tilted). The center of the 
path of the return beam locates the center of rotation of the shaft (Figure 4). The 
sensor would require calibration in order to find the relationship between the measured 
shaft position and the center of the disk to be placed. 

The tilt sensor utilizes the same hardware (Figure 5) as described above, except that 
the retroreflector face has a special coating applied. The coating is an interference 
bandpass filter which selectively allows only one wavelength of light to pass through 
and all others to be reflected. The laser would be used would be operated at two dif
ferent wavelengths, one of which could pass through the filter into the retroreflector, 
the other reflected off of the top surface. The result is two beams returning to the 
CCD; one parallel to the input beam, the other reflected at an angle. 

For tilt measurement, the beam reflected off of the surface o! the retroreflector is 
directed into the CCD camera. The angle of incidence of the beam with respect to the 
retroreflector surface is a combination of both the shaft tilt and tilt of the 
retroreflector on the shaft. However, as the shaft rotates, the reflected beam traverses 
a near circular pattern on the CCD array offset from the center of rotation position found 
previously (Figure 6). The distance on the CCD array between the center of the reflected 
beam path and the center of rotation position is proportional to the shaft angle tilt. 

The measurement of the center of rotation and the shaft tilt could be preformed simul
taneously. This requires that the two wavelengths be emitted together from a laser or 
modulated from two lasers. The return beams on the CCD are either separated by a color 
CCD camera (RGB), two cameras with filters, or a single camera synchronized to the laser 
modulation. 
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Measurement Sequence 

The operational sequence of the sensor in the disk assembly application is as follows. 

1. The robot positions a disk/spacer over the empty, rotating hub shaft at a predeter
mined height. 

2. A laser shutter is opened allowing the beam to fill the retroreflector aperture. 
3. The return retro and reflected beams trace out patterns on the CCD(s) as the shaft 

is rotated 360 degrees. 
4. The distance on the CCD between the two pattern centroids is determined. The shaft 

center is located and the shaft tilt calculated. The XY stage offsets are calcu-
lated. 

s. The hub shaft is stopped and the gripper XY stage is moved to align the disk/spacer. 
6. The disk is placed. 
7. A single snapshot of the return retro beam in the place position is recorded and the 

beam centroid is found. This becomes the reference for successive disk placements, 
thus no further hubshaft rotations are needed. 

8. The robot proceeds to get the next disk. 
9. Upon return to the hub shaft with the next disk, the sensor system locates the 

centroid of the retroreflected laser beam. The placement offsets are then calcu
lated. No shaft rotation is need for this and subsequent placements. 

10. When all the disk are placed, the next disk drive is loaded into the station and this 
sequence starts over. 

SIMULATION/TECHNICAL ASPECTS 

Simulation 

The laser alignment sensor geometry was simulated with a computer program utilizing ho
mogeneous transformations. The program calculates the angle of incidence of the laser 
beam with respect to the coated retroreflector surface and determines the point of 
intersection of the reflected beam with a plane representing the CCD sensor. For a given 
shaft tilt and retroreflector tilt, the program constructs the path of the beam as the 
shaft is rotated one revolution. The centroid of the resulting pattern is then calcu
lated. Data is then imported into Lotus 123 for graphing and statistical manipulation. 

Various test cases were performed for different shaft and retroreflector · tilt angles. 
Plots of centroid versus shaft tilt for a number of retroreflector tilts were made. The 
basic relations~ip for a tilted shaft and no retroreflector tilt is: 

Centroid Displacement = TANGENT( 2*Shaft Angle ) 

As the retroreflector i~ tilted with respect to the shaft, data strays from this re
lationship nonlinearly. This was not studied in great depth, but the nonlinear re
lationship did involve the diameter of the reflected beam pattern and the retroreflector 
tilt angle. For the small angles expected in this application, lt was assumed that the 
tangent relationship held for all retroreflector angles. The resulting error in the 
calculated sha~t angle tilt was determined and plotted versus shaft angle. 

The calculated shaft angle is used to determine the X and Y offsets for each disk to 
compensate for the positioning error due to the shaft tilt (Figure 2). The resulting 
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placement errors utilizing the calculated shaft angle with the tangent relationship for 
compensation were also plotted. 

The plots are shown in Figures 7-11. 

• Figure 7 (Placement Error vs Shaft Tilt): This plot shows the resulting error in 
placement between the top and bottom disks if the shaft tilt is not compensated for. 
The disk stack size is assumed to be 125mm. 

• Figure 8 (Reflected Laser Beam Image): This coordinate plot shows the path of the 
laser beam reflected off of the t op surface of the retroreflector and impinging on 
the CCD camera. The shaft angle is 0.1 degrees and the retroreflector angle is 2.0 
degrees. The distances are normalized with respect to the shaft-CCD distance. 

• Figure 9 (Centroid Displacement vs Shaft Tilt): This plot shows the predicted sep
aration of the retro and reflected pattern centroids with both shaft tilt and 
retroreflector (mirror) tilt as independent variables. The displacement is normal
ized with respect to the shaft to CCD distance. Multiplying the normalized dis
placement by the actual shaft/CCD distance will yield the actual displacement. This 
graph shows the basic tangent relationship discussed above. 

• Figure 10 (Calculated Angle Error vs Shaft Tilt): This plot shows the error in the 
measured angle if the tangent relationship is assumed for all retroreflector (mirror) 
angles. 

• Figure 11 (Corrected Placement Error vs Shaft Tilt): This plot shows the placement 
error between the top and bottom disks if the tangent relationship is used to cal
culate the angle of shaft tilt. It is a function of both shaft tilt and 
retroreflector (mirror) tilt. 

The data shows that for shaft angles less than 0.-1 degrees and retroreflector angles less 
than 2.0 degrees, the error in placement between the top and bottom disks is less than 
1.0 urn. This assumes that the shaft length is 125 mm. The error is proportional to this 
distance. The data shows that the simple tangent relationship can be used to approximate 
the sensor performance for the given angle conditions. 

Beam Separation 

The need to separate the retro and reflected beam paths on the CCD array is key to the 
operation of the laser alignment sensor. Four methods of beam separation were inves
tigated: polarization, color, modulation, and physical separation. 

The use of right and left hand circular polarization to separate the beams was investi
gated. A partial reflective coating would be applied to the retroreflector surface. 
The basic idea is to force the retro and reflected beams to be of different polarization 
states which could then be separated with quarter wave plates and/or filters. The theory 
behind this was investigated and some simple lab experiments were performed. It was 
found that the two polarization states could not be separated using a coated corner cuhe. 

The use of two different wavelength lasers beams with a dielectric bandpass filter on 
the retroreflector would enable the beam to be separated with an RGB color camera or 
dichroic beamsplitters and two monochrome cameras. The wavelength bandwidths would need 
to be sufficiently spaced such that they do not -overlap and can be easily distinguished. 
The use of red and green IleNe lasers facilitate the use of an RGB camera for electronic 
separation. If red and infrared diode lasers are used, filters and two cameras would 
be necessary. A lab setup was made with red and green HeNe lasers directed into a color 
CCD camera. Selective thresholding of the red and green frame buffers resulted in suf
ficient beam separation. 
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Modulating the two wavelengths in an alternating sequence would enable one monochrome 
camera to be used. The image processing card would maintain two frame buffers, one for 
each wavelength. The beams will alternate operation at the frame rate and the card will 
acquire images and store them in the frame buffers. This requires synchronization be
tween the camera and the beam modulators. The result is a separation of the two wave
lengths into two separate frame buffers. This method is well suited for the use of laser 
diodes. 

Physically const~aining the beams such that they do not overlap on the CCD would require 
a partial reflective coating on the retroreflector face and a single wavelength laser. 
However, the tilt of the retroreflector would need to be constrained to about 2 degrees 
and the position held to the shaft center to within 1 mm. This is based on a 50mm working 
distance and a CCD sensor size of 8.8mm x 11.4mm . The . resulting image would ideally 
be a central spot formed by the rotating retro beam and an outer annulus formed by the 
reflected beam. This method is sound in principle, but it would require verification 
with a prototype system. 

Image Processing 

The image processing algorithm used would be based on the method of beam separation se
lected. 

For separation by color with an RGB camera, each wavelength image would be directed into 
a separate frame buffer. TI1e images would be ramp thresholded such that components of 
the opposite color and background noise are filtered out. Since diffraction/interference 
effects will be present, frame averaging might . be used as the shaft is rotated, thus 
averaging out the dominant diffraction and interference noise in the image. The resulting 
image will represent the intensity averaged image of one shaft revolution, the centroid 
of which will give the center of rotation of the beam. For successive placements, in 
which a shaft rotation is time prohibitive, a single image frame would have to be used 
to find the beam centroid. Selective thresholding would be used to minimize the effects 
of diffraction and interference. 

For the laser diode modulation method, the camera would acquire images in synchronization 
with the modulation of the lasers. The lasers would alternate operation, turning on 
prior to a camera acquisition. Every other acquired frame would be of the same wavelength 
beam and added to a separate frame buffer. At the end of the rotation, the average image 
in both frame buffers would be calculated. 

For the situation where the beams are physically separated on the CCD by restricting the 
position and orientation of the retroreflector, a similar algorithm can be used. Frame 
averaging over one revolution of the shaft will result in a complex intensity distrib
ution which would have a central peak at the retro beam image centroid and an annulus 
around the peak representing the reflected heam path. Features from this distribution 
would have to be segmented to find the centers of the retro and reflected beam paths. 
Note that the distribution may not be clean and some overlap might occurs. 

Centroid Accuracy 

Th~ accuracy of finding the center of rotation of the laser beam also affects the final 
placement accuracy. A variety of centroid location methods are compared in [ 1]. Lab 
w~rk was performed utilizing a simple X and Y projection algorithm. This worked well 
Slnce the laser intensity profile was symmetric. It is estimated that the center on a 
near Gaussian intensity distribution could be accurately found to within 5 microns 
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Physical Constraints 

The following constraints and limitations are also evident. 

• 

• 

• 

• 

Retroreflector Tilt Angle: The maximum allowable retroreflector tilt angle is ap
proximately 2 degrees. This is based on the use of a 8.8mm x 11.4mm CCD sensor at 
a distance of 50mm. Larger angle will allow the beam to wander off of the CCD. 

Retroreflector Size: The smaller the better, however a 2mm clear aperture is as small 
enough to fit on the CCD sensor and still be easily manufactured. 

Diffraction and Interference: These effects are a result of the coherent nature of 
laser light. Unwanted patterns become superimposed on the CCD image and can distort 
the centroid and angle calculations. By utilizing full aperture imaging of the 
retroreflector, a diffraction pattern formed by the facets will be present, however 
it will be consistent and repeatable. The frame averaging helps minimize these ef
fects as well as beam modulation and other preprocessing techniques. 

Stray Reflections: Unwanted reflections might be present in the CCD image. These 
will tend to distort centroid and angle calculations if they can not eliminated. 
By using broadband antireflection coatings on all optical elements, the reflection 
can be reduced to << 1% . 

SUMMARY 

A method of accurately locating the center and tilt of a disk drive hub shaft with one 
sensor system has been presented. It consists of a laser/camera system mounted in the 
end of arm tooling of the robot performing the placement. A laser beam is directed at 
the hub shaft to which is mounted a custom retroreflector which returns two beams to the 
camera. As the shaft rotates 360 degrees, the beams scribe separate patterns on the CCD 
sensor. The centroid of the retroreflected beam pattern determines the shaft center and 
the distance between the centroids of the two patterns is proportional to the shaft tilt. 

Simulation programs were written and the measurement principle was determined to be 
feasible. The beam separation is most easily accomplished by utilizing two different 
wavelengths of light separated by a dielectric coating on the retroreflector. The image 
processing algorithm could implement any of a number of centroid location methods oper
ating on two separate frame buffers. 

The sensor is unique in that there are no moving components to introduce error and the 
retrorflector placement on the shaft d~es not have to meet critical tolerances. In ad
dition, the components are small and light-weight,thus simplifying EOAT packaging. 
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Centroid Displacement vs Shaft Tilt 
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APPLICATIONS OF NEURAL NETWORKS IN ROBOTICS 

A. S. Pandya 

Introduction 

Center for Complex Systems 
Boca Raton, Florida 33431 

The effectiveness of biological computers -the nervous system and the brain- has inspired 
researchers to investigate the computational capabilities of artificial devices based on the 
design principles of the neural systems. In these models neurons are the processing elements 
which receive inputs that represent data or signals from other neurons. Computation 
is achieved by a massively parallel interconnection of these relatively simple processing 
elements. 

Neural networks have been applied to a fairly wide variety of information processing 
problems, but application to pattern classification/recognition has perhaps the best po
tential for practical systems. Recent advances in analog VLSI chips have made it possible 
to implement these algorithms in realtime hardware. Their ability to adapt, learn and in
tegrate information from several input sources, could result in many practical applications 
in the field of robotics. In particular problems like trajectory control, robot navigation 
and visual/tactile fusion for object recognition are being attacked by several researchers 
using the neural network approach. Models of hand-eye coordination based on neural nets 
could provide insight into the problem of arm-camera coordination. 

Neural Network Approaches 

Traditional approaches use task descriptions in the form of state variables, production 
rules and conditional branching, which place an overwhelming burden on the programmer. 
Even for moderately complex task, the programmer must account for every possible inter
action between a large number of possible events. Neural net models provide a radically 
different approach since their computational behavior depends on a collective property 
resulting from many simple processing elements interacting with one another in a richly 
interconnected system. Two distinct features of this approach are, 1) complex nonlinear 
transformations like coordinate transforms, trajectory control, inverse kinematics and in
verse dynamics can be performed implicitly, since the neural nets transform the inputs into 
desired outputs non-algorithmically, using the stored pattern of weights; 2) neural nets can 
learn complex nonlinear control functions without explicit programming by updating the 
weights in response to an internal or external teacher. This offers an intriguing possibility 
of training a neural net for task-level control by observing a human expert perform the 
task. 

Hopfield net is a fully-connected iterative network which can be used as a content
addressible memory or to solve combinatorial optimization problems. Jogensen (1987) 
used this network for navigating robots in a laboratory setting. A map of the positions of 
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objects in the room was encoded in the weights resulting in a potential energy surface with 
peaks at the object locations and valleys in between leading to the goal. Then the network 
was used to plan a path between the objects to the goal. Multi-layer perceptron~ are 
the simplest types of feedforward neural network models, which can form any decision re
gion and can approximate any ~esired nonlinear input/output mapping. Backpropagation 
learning algorithm can be used for training this architecture to model inverse kinematics 
of the robot. Sideris et al. (1987) have used this approach to train the network to perform 
nonlinear coordinate transformations required for controlling robot arms. 

Movement Planning for Multi-joint Systems 

One of the problems in robotic assembly in a fixed environment is to design a control 
system to generate the desired trajectories of a robotic arm. Models of cerebellum (Marr 
1969; Albus, 1981 ), is essential in bological systems for learning, adaptation and execution 
of voluntary and reflexive motor commands. Cerebeller Model Articulation Controller 
( CMAC) developed by Albus (1981) is a trainable function generator which can oper
ate over a muti-dimensional, discrete input spaces. It uses a look-up table to represent 
nonlinear complex functions and a supervised training algorithm that adjusts the content 
(weight) of each address in the look-up table. Hash coding is used to provide a many-to-few 
mapping which reduces the size of the look-up table. 

Miller (1987) has used CMAC to perform the inverse kinematics of the robot. The 
CMAC provides all of the drive signals of the robotic actuators by computing the correct 
torques for the next control cycle given the desired robot coordinates computed by a 
standard trajectory planner. A fixed gain linear error feedback controller was implemented 
in parallel to the CMAC in order to provide initial movements upon which the CMAC 
controller could learn and improve. 

Bullock and Grossberg (1988) have been examining the dynamics of planned armed 
movements using nonlinear neural nets. Their model, called the Vector Integration to End
point (VITE), represents a simple but robust solution to the problem of generating flexible 
and synchronus goal-oriented movement commands capable of compensating for variations 
in kinematic properties, initial position and desired target position. Computation occurs 
using a Present Position Command (PPC) and a Target Position Command (TPC). A 
Difference Vector (DV), the difference between the TPC and the PPC at any time, is inte
grated through time to gradually update the PPC. An independently controlled GO signal, 
which specifies the movement's overall speed, multiplies the DV before it is integrated to 
generate a movement command. 

Arm-Camera Coordination 

The human brain has the capability to develop accurate hand-eye coordination in a 
changing environment, where various obstacles may leave or enter the surrounding space. 
Neural architectures developed for such adaptive visual-motor coordination can be used 
to design robots that maintain consistency when the environment changes in an unforseen 
way or if partial damage occurs in the mechanical system. 
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Kuperstein (1988) has developed a new neural net model called Interactive Networks 
Functioning on Adaptive Neural Topographies (INFANT), which uses an unsupervised 
learning algorithm based on the self-consistensy between sensory and motor signals. It 
learns to position an arm so that it reaches an object arbitrarily positioned in space. The 
model relies on topographic representations solely based on the set of sensory transducers 
and motor effectors. Topography is an ordered contiguous representation of inputs/outputs 
across a surface. 

During the training phase the system explores a large number of arm postures, with 
the object in hand, by generating self-produced (actual) motor signals. Computed motor 
responses are generated during each posture by projecting the topographic sensory infor
mation to a target map through weights. Then the weights are updated such that the 
differences between the computed motor signals and the actual motor signals are min
imized. After training with a set of all possible motor postures the system develops a 
weight map which constitutes the sensorimotor correlation. This self-consistency is used 
by the system to perform the task of grasping objects found free in space. 

Conclusions 

Neural nets of modest size and speed are required in the form of computational maps 
for trajectory control of robotic manipulators. Although they have been successfully im
plemented as computer simulations, neural net hardware is also feasible. Robots with 
neural net controllers have the ability to learn complex control functions and to gener
alize in unexpacted situations. which could provide tremendous benifits over traditional 
approaches. 

References 

Albus, J. (1981) Brain, Behavior, and Robotica. BYTE Books. 
Bullock, D. & Grossberg, S. (1988). The VITE model: A neural command circuit for 

generating arm and articulator trajectories. In J .A.S. Kelso, A.J. Mandell, & M.F. 
Shlesinger (Eds. ), Dynamic patterna in complex ayatema. Singapore: World Scientific. 

Jogensen, C. C. (1987). Neural network representation of sensor graphs for autonomous 
robot navigation. Proc. of IEEE Internat. conf. on Neural Networka. 

Kuperstein, M. {1988). Neural model of adaptive hand-eye coordination for single postures. 
Science, 239, 1308-1311. 

Marr, D. {1969). A theory of cerebellar cortex. J. Phyaiology, London, 202, 437-470. 
Miller, W. T. {1987). Sensor based control of robotic manipulators using a general learning 

algorithm. IEEE J. of Robotica and Automation, RA-3, 157-165. 
Sideris, A., Yamamura, A. & Psaltis, D. (1987). Dynamical neural networks and their 

application to robot control. Proc. of IEEE conf. on Neural Information Proceaaing 
Syatema. . 



135 

3D VISION IN CLOSED LOOPS 
D. Rav!v and Z. Gersh goren 

The Robotics Center 
Florida Atlantic University 

Extended Summary 

We describe a real-time closed-loop visually-guided robotic system that 
performs a tracking task. 

1. System Description (See Figure 1) 

In this project two six-degree-of-freedom robots are involved: An II IBM 
Clean Room" and a IlPuma 562". A video ceo camera is mounted on the end 
effector of the gantry IBM robot and the other robot holds a light source 
("object") in its gripper. An IBM personal computer (PC) serves as the real 
time (!) image processor and the closed-loop controllers. The outputs of the 
PC are the error signals to the robot motor preamplifiers. 

PUMAR 

ffiM 

CCDCAMERA 

PUMA PENDANT 

Figure 1. Overview of the System. 

2. Task 

The task is to keep the same relative position between the end effectors using 
only one camera as a feedback sensor. In other words, change in the object's 
position along the x,y and z axes should cause the same change in the camera 
location. 
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3. Operation 

The system operates as follows: (see Figure 2) 

First, the object appears on the screen. The cursor is manually moved to 
lock on the object. In order to save computation time, a 16x 16 window in 
which the search takes place is formed around the image of the object. The 
object that is mounted on the Puma Robot is moved using the Puma pendant. 
The camera on the IBM robot captures images that are processed in /the 
image processor. Three features are extracted from the images: the change 
in the object's area, which is a measure for the realtive distance in z, and the 
distances in x and y from the window to the center of the image. Using the 
appropriate controller, three signals are produced to directly control the 
independent x,y and z axes of the 113M robot to keep the desired relative 
position of the two robots. 

IMAGE PRJCESSOR CCHTROU.ER 0/A's ROBOT 

CAMERA 

------------__ ~--------------~ 
IMAGE SAMPLING TIME T 

Figure 2. Block Diagram of the System. 

4. Algorithms 

The following control algorithms are used: 

fx=Kx~x 
fy= Ky~y 
fz= Kz(0.6 ~Ao + 0.3 ~A-1 + 0.1 ~A-2) 

where: 

fm is the error signal to the motor preamplifier in axis m 
Km is the controller gain in axis m 
~x, uy are measured distances from the 16x16 window to the center of 
the image, and 
6.At is the difference between the measured area at frame time t and 
the initial area. 
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5. Discussion 

The system is a closed loop system and, in fact, we deal with many 
classical control problems. The stability of the system is very sensitive to the 
delay that is caused mainly by the image grabber, the image processing time, 
the digital controllers processing time, and the D/A's. In this project the 
sampling time is about 200 msec. In order to minimize the computation time 
small object and window, and very simple control algorithms are being used. 
However, by using a small object, the discretization in the image domain 
caused the z axis loop to be very "jumpy" due to abrupt changes in the 
object area. We partially solved this problem by using a low pass controller in 
z. Coupling between the loops is avo1ded by carefully calibrating the camera 
on the robot such that the x,y, and z axe of the camera align with the x, y 
and z axes of the IBM gantry robot. Using an IBM Robot is an advantage in 
this project because there is no need to compute the inverse Jacobian matrix. 
A six minute video tape demonstrates the results of this project. 
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DEFINING "INTEGRATED" IN COMPUTER INTEGRATED MANUFACTURING (C~M) 

John Suarez 
Technovate Inc. 

Pompano Beach, Florida 33060 

INTRODUCTION 

Before discussing 
integration we should first 
define CIM. A recognized 
definition of CIM is the 
complete integration of all 
departments of a manufacturing 
company using computers. These 
departments include marketing, 
purchasing, manufacturing, 
engineering, and management all 
integrated together using 
computers. 

When talking about 
i n t eg r at ion I am r e fer r in g to 
the process of making 
different types of equipment 
communicate with each other as 
if they where one cohesive 
system. 

This paper will touch upon 
the components that make up a 
CIM environment. With much of 
the emphasis on the integration 
that has to take place between 
and among systems. Integration 
will be discussed from low
level I/O interfacing to high
level network communications. 

WHY DO YOU NEED INTEGRATION ? 

In a factory, equipment is 
usually supplied by multiple 
vendors. With each machine 
having different interfacing 
requirements. This often leads 
to costly custom hardware and 
software that has to be 
developed, . in order for a 
system to work. The task of 
integrating a system often 
requires a team of hardware and 

software engineers experienced 
in systems integration. 
Typical installations require 
between six months and two 
years time to fully implement. 

Integration is not limited to 
automation systems (Robots, 
CNCs, PLCs, ect.), but requires 
that diverse information 
systems (MRP ' II, CAD/CAM, SPC, 
ect.) also communicate with 
the shop floor. The task of 
integrating all these distinct 
types of systems, often creates 
much confusion, and causes many 
CIM projects to fail. This 
dilemma exposed the need for 
so-called 'systems integrators' 
to take the responsibility of 
integrating the various 
components of a CIM environment 
together. 

INTEGRATION OF AUTOMATION 
SYSTEMS 

Integrating various automated 
devices at the hardware level 
can be accomplished in several 
ways. 

The most often used and least 
functional approach, is with 
the use of input/output 
connections (figure 1). This 
involves assigning one of the 
devices a supervisory role. 
The supervisory device could 
then notify each subordinate 
device to start or stop a 
specific operation. 

Communications take place using 
simple on/off messages. This 
approach however . has several 
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major limitations shown below: 

1. Setting up the cell involves 
(time consuming) manual loading 
of programs. 

2. Adding functionality to the 
cell involves expensive wiring 
costs. 

3. Communications with office 
information systems is next to 
impossible • . 

4. Communicating with other 
devices a·nd cells in a system 
is limited to on/off messages. 

The more flexible approach 
is to control and monitor 
devices in a cell using a 
multitasking computer (figure 
2). The flexibility offered by 
this approach is unlimited. 
The cell controller has the 
capability of higher level 
communications, as apposed to 
just on/off messages. The 
controller could not only 
download\upload programs to 
each device, but start and stop 
devices and read/write 
variables. System connectivity 
is facilitated with the ability 
of attaching the cell 
controller to a variety of 
communications networks. 

The software needed to 
control automation systems can 
be broken into sever'al 
categories shown below: 

1. Cell control 
2. Area control 
3. Shop floor control 

Each category has a specific 
purpose, depending on the level 
of integration. 

Cell control software has the 
responsibility of controlling 
all devices in a cell. The 

software will monitor device 
status, production rates and 
production quality. The' cell 
control software will also 
download and upload new 
programs to devices as they are 
needed on a production run. 

Area control will handle the 
management of cell controllers 
in designated areas. 

The Shop floor control (SFC) 
software will interface with 
the manufactur ·ing planning 
software. Work orders released 
by MRP will be updated by the 
SFC software. The software 
will also interface with · an 
assortment of databases such as 
the process plan, BOM, 
inventory and machine files 
databases. 

INTEGRATING INFORMATION SYSTEMS 

Various information systems 
will normally be installed in a 
company. The engineering 
department wi 11 have CAD\ CAM, 
CAE, process planning, Bill of 
Material software running on 
system (A). Management, 
manufacturing and purchasing 
will run some type ,of MRP II 
based software running on 
system (B) • The factory floor 
will use system (C) to monitor 
and control automation. The 
only problem is none of these 
systems wi 11 communicate with 
each other. 

For example, most of the 
manufacturing software in 
existence was designed to work 
in a non-automated environment. 
Trying to integrate this 
software with automation 
devices can · often be an 
expensive and time consuming 
process. 

The integration path followed, 



will depend on the type of 
equipment already installed in 
a company. Normally achieving 
connectivity with each system 
is first priority. This can be 
achieved with direct network 
attachment or through a 
gateway product. The systems 
software can then be developed 
to allow for systems 
interoperability. 

ARCHITECTURE FOR SUCCESS 

A well thought out 
integration plan will often 
lead to a successful CIM 
installation. The key to 
success is a stable software 
and hardware architecture from 
which to build from. A 
realistic system will always 
have various sub-networks 
attached to a company wide 
backbone network (figure 3). 
The reason for this is cost and 
performance. It is often much 
cheaper to have smaller 
departmental networks attached 
to a rna in network. Trying to 
attach every device and 
computer to a main network can 
often cost two to three times 
that of smaller departmental 
networks. Network performance 
is also improved, since network 
traffic is reduced. 

CONCLUSION 

The task of integrating a 
system can often beleaguer even 
the largest of companies. The 
words 'Computer Integrated 
Manufacturing' are probably 
enough to describe the vast 
quantity of technologies and 
human resources which must come 
together, to form a CIM 
environment. Integration is 
the process that is followed, 
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to make all these diverse 
technologies and resources work 
as one. As has been discussed, · 
there is no one solution to 
every companies automation 
problems. Each project has to 
be studied and planned with 
great detail. Most CIM 
integration projects will 
succeed, with a phased 
implementation plan; stable 
software and hardware 
architectures, and the human 
resources needed to use these 
technologies. 
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BANDIT UNIVERSITY AND THE PBCC-MOTOROLA CENTER FOR 
INNOVATION AND TECHNOLOGY TRANSFER: MOTOROLA"S 

INNOVATIVE APPROACH TO ROBOTICS TRAINING 

ABSTRACT 

Tom lond, Ed.D. 
Monoger of Engineering Troi n1 ng 

Motoro1o, Inc. 
Boynton Beach, Florida 33426 

t'lotoro 1 a's Tearn Bendi t tre~~an a ne\~t era in radio pBgi ng Bnd 
e 1 ec:troni cs rnenuf act uri n~l The "Bravo" redi o pager \Nf:Js the fi r:::t pager to be 
produced by the "Bandit .. f ac:tory incorporBt i ng u-,e 1 at est in techno 1 ogi CB 1 
product design end e totBlly different vie\·vpoint et rnenufacturing processes 
and factory redesign. 

27 one-an·ned rotrots take 130 part::: end a:::serntrle thern into e 
nurneri c di sp 1 BY pBger. r--1echi ne vision ~:ysterns check the robot's \'\'ark at 
se· ... •erf:J 1 stages and key cornponents Bre 1 00% pretested a 1 ong the \Nay. 
Contra 11 i ng the entire operatl on are 42 computers frorn I Bt1} 
Hevtlitt-Packard} and Stratus~ 

T hi s v·t ave of n e v·t techno 1 o g y and i n tense corn pet i t i on i n the \"lor l d 
n·, ark e t c rea t e d ~: i g n i f i c f:J n t t rei n i n g tech n ol o g i e s to t f:J ~< e e ~·~ i s t i n g ern p 1 o y e e s 
end pro vi de robotics troi ni ng to i nsta 11 ~ operate) and rnoi ntai n the hi gl y 
soprli st i ceted cornputer i ntegreted rnanuf act uri ng systerns in the Eiandi t 
asserntrl y 1 i ne. 

Motoro1 f:J's response \Na::; t \~tof o 1 d. First) "Sandi t Uni '·lersi ty") e 
t·Ji gh 1 y successful business/ educetl on partnership funded through grants fron·1 
the Flori dEJ Sunstii ne Ski 11 s program .. was f orrned. Second .. in Septerntrer 1988 
through a $300 )000 donet ion of robotics end cornputer equi prnent frorn 
t1otoro 1 e, the Pa 1 rn Beach Cornrnuni ty Coll ege-t1otoro 1 a Center for I nnovBt ion 
and Techno1 ogy Trenf er (PBCC-t1C ITT) \~tBs created. The Center is B 

sho\N-case 1 BtrorBtory for high techno 1 og~d training in robotics Bnd fle~·~i td e 
ButornBt ion. 

This paper describes the robotics trei ni ng provided Bt Eiendi t 
University end hovt PBCC -t"lC ITT is meeting the needs for cu:::torni zed training 
in Cornputer J ntegrated t1anuf Bet uri ng} Autornated Office Systern::: 
Techno 1 09!d .. and Persona 1 Cornputer App 1 i cat 1 on:::. 
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INTRODUCTION 

t1enagi ng ~;ucces~;ful chenge through technology cen tte 1 i kened to 
the prob 1 ern of he vi ng a monkey \•Vi th e 1 oeded gun. The prob 1 ern is you don't 
kno¥t \"'thether tt1e rnonkey 'Ni 11 shoot you, hi rnse 1 f, or somebody v·lho just 
heppens to tte passing tty. In this peper, v·te focus on the peop 1 e support issues 
of robotic techno 1 ogy, speci fi ce 11 y the training che 11 enge to tal<e e~d sting 
ernp 1 oyees e.nd pro vi de tt1ern \·vi th the ski 11 s to i nste 11) operate) and rnai ntt~i n 
e t1igt11y sophisticaterj cornputer integre.ted n-u:1nufe.cturing systern in the 
Bondi t asserntd y 1 i ne i.e. the "F Be tory of tt"te Future". 

The contents inc 1 ude trackqrour11j i nf orrnati on on Bendi t and t··totoro 1 e ·-
trBi ni ng. \~olhet ttusi ness pro ttl erns \lot ere driving the use of eutornati on end the 
training irnplicotions of these protderns. \~olhet vtere the Bandit training 
needs v·tho 'Nere tre.i ned, and \~.lt·,et ski 11 s did thew need? t·'lotorol a's trei ni nq J ._ ._ 

and Educt~tion solutions to the protderns: Bandit University and the Pe1rn 
Bet~ch Cornrnuni ty Coll ege-t--1otorol e Center for I nnovet ion end Technology 
Tr-ansfer (PBCC-t'lC ITT) are pre::;ented. V·/het 'Nere the trenefi ts and pewoff s of ._ 

u-,e prograrn end l es~;ons 1 eernert Vle cone 1 ude \~./i th 'Nhere do \"'.'8 go frorn 
here? 

BACKGROUND INFORMATION 

Mot oro 1 a's Teorn Bt~ndi t, 1 ocoted et the Bo~dnton Beach Paging Di vision's 
facility, refer~; to e tote 11 y eutorneted redi o rnenuf act uri ng process, 
consisting of 27 one-arrned rotrots taking 130 parts, controlled by a 
cornputer integrated net 'Nork fron1 I Bt-1 .. He\~..'1 itt -PackBrd .. end Stratus .. and 
assernbling thern into a nurneric display pager. Machine vision systerns check 
the robot's \'\'ork at seVE!re 1 steges and key cotnponents ere 1 00% pretested 
along the 'Ney. 

~;cot t S h a rn 1i n.. the c he ri s rna t i c c ti a rn pi on of Tea tn Band i t .. s e 1 e c: ted the 
natne Bendi t to discourage the "NIH" (not invented here) syndrorne end 
directed his tearn to source out end app 1 y the best autorne.ted technology in 
the \lotorl d to the project. Visitors to tr1e Bondi t oree w·ere instructed not to 
depart \·\'i thout 1 eo vi ng an i nnovut i ve ide a. 

Bondi t is e stark contrast to Motorol e~'s tre~di t i onal factory 'Nhi ch tenrjs 
to heve 'Norkers \¥i th single ski 11 s .. tte heavily menegernent oriented, end have 
rr1e~ny l eyers of rne.negement. Bandit t1as rnul t i -~;ki 11 ed 'Norker::;, is he a vi 1 y 
teurn\'\'ork oriented, and hes f evv 1 ewers of rnenBqernent. Bondi t'~; rneneqernent ._ ~ ~ 

style set out end has achieved hi gt·1er leve 1 s of e~<pectat ion::;_, trust .. 
commi ttnent, and teetrn'Nork previous 1 y seen. 

t1otoro 1 a is rnaki ng e si gni fi cant cornrni trnent to training its kno\"'tledge 
\lotorkers. It spends an t~verage of $42 tYii 11 ion dollars e~nnuall y on trt~i ni ng 
( 1.5% of direct pe~yro 11 ). 1 t t"1t1S en Ei6 person corporet e instruct i one l de~:i gn 
staff and over 800 ernp 1 oyees v·lorl d\"'ti de de 1 J\.•eri ng training. 
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r--lotorola uses the Job curriculurn roedrnep epproect"l to training in 
Engineering, ~·lenegernent} r·1enuf ecturi ng} and ~-lerketi ng end is guided t1y 
senior t--lanegerr1ent Advisory pene 1 s. Thi ~; i nvestrnent seerns to be peyi ng off 
as reflected by ~·lotorola's '."/inning the 1988 f'·lalcolrn Baldridge Netionel 

Quolity EJ\"'terd. 

BUSINESS PROBLEMS 

V·lhet drove tt"le increase in AutornetE~d t-"1enuf act uri ng Ter:hno 1 ogy at 
Motoro 1 a ? Like rnost t1usi ne~;ses Y./e \'\'ere rnoti veted by foreign competi ton 
ar11j bot torn 1 i ne econorni c consi dereti ons. t1otoro 1 a's cornrni trnent to Total 
Customer Sati sf ecti on dernended 1 00%-500% i rnprovernent in product i • ... •i ty, 
quality) and c~dcle tirne reduction. 

TRAINING IMPLICATIONS OF PROBLEMS 

The successful rnane~~ernent ·of t ect"lno 1 ogy requires not on 1 y to reco~]ni ze 
an d rn eke B corn rrli t rri £~ n t t o tr e ::; t i n c 1 a s ::; t e c t"l no 1 o g y.. t' u t el ::; o t o f o c u s on the 
equall ~d cri t ice 1 cornrni trnent to essure the \"lorkers kno\'\' tiO'N to rneke the 
rnost effective use of the technology. Sharnlin trelieves: "to cornpete in the 
¥lorl d morket} 'Norl d c 1 ess education is needed". Chert 1: Successful CJ1ange 
Through Techno 1 ogy i l1 ustrates four strategies to strategic rnonegernent of 
techno 1 ogy. Any strategy hBvi ng cornponent s of '."teak peop 1 e support (e.g. 
training) or \"leak technologicBl integrity (e.g. lovt tech) 'Nill result in 
i rnrni nent f ei 1 ure J fire fi gtit i ng protr 1 ern so 1 vi ng rnenegernent .. or endangered 
advantBge. There are nun·1erous e~<arnp 1 es of cornpeni es 'Nhi ch heve f ei 1 ed 
¥lith these opproaches. The opt i rriurn approach requires not on 1 y strong 
technol ogi ca 1 integrity} but a 1 ::;o the strong peop 1 e support to go vti th it. 

The overBll goo 1 of Bondi t University '."tf:Js to deve 1 op a training 
prograrn to provide t·~lotoroltt tect1nicians \"lith skills to '.·vork in e highly 
f1 e~<i b 1 e outorneted rnenuf ecturi ng 8nvi ronrnent. 

Sorne of the key training constraints faced 'Nere: 
• Expert i s e: f 8 '."l e ~<pert s ave i1 a td e i n e u to rr·r at i on tech n ol o g y 
• Time: training hed to be designed end Bccornp 1 i st·1ed qui ck1 !d 
• Mode 1 s: no rnode 1 s 'ttere evail etll 8 to refer to es guide 1 i nes 
• Equipment: difficult to free up equi prrrent for rnechi ne specific 

training 
• Compensot 1 on: Per::;onne 1 CornpensBt ion neede,j to redo position 

description::; end tie in re'Nard of educ:Btion end 
increased ski 11 s through prornot ion end cornpensat ion. 

• Scorci ty of cutting edge ski 11 s: i nternell y end e>~ternall y 
• Worker issues: '•,"'/ill . I like robotics? Feer of losing jot'~ returning to 

sct·r oo 1 J resisting chenge. 
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BANDIT TRAINING NEEDS: WHO IS TO BE TRAINED AND WHAT 
SKILLS DO THEY NEED ? 

BBndi t Uni '·lersi ty \"las speci fi ce 11 y designed to addre~:s the trei ni ng 
needs of AutornBted t1enuf act uri ng Techni ci Bns to give thern the ski 11 s 
required to instEJllJ n-1aintain) ser··.··ice) repEJir) operEJteJ and troubleshoot a 
con-1p 1 ex tr1anuf ect uri ng systern. t1o~:t of t r1e t echni ci ens e 1 reEJdy hod a 2 yeer 
essocietes degree in Electronic~: Technology) t1ut 'Nith the EJddition of 9 cor-e 
courses they could recei • ... •e en EJddi t i onEJ 1 degree in AutotrJEJted_l"1anuf EJcturi ng 
Technology. Ho\·ve·..,·er) effective peop 1 e support requires EJutorneted 
menuf act uri ng training across the entire organi zEJt ion. Addi t i one 1 Bandit 
trEJi ni ng needs \".'hi ch v·/111 not be e 1 et1oreted on in this paper include: 

• Robotic Engineers: Trei ni ng to ,jesi gn) produce Bnd epp l y rot1ots end 
aut ornet ion in industry) to i rnp 1 en1ent robot 
applications) and design autometed \".'ork ce 11 s. 

• Design Engineers: Trei ni ng in Design for ~1Bnuf acturetd 1 i ty} De~:i gn 
for Asserntd y) and De~:i gn for Quo 1 i ty. 

• Supp 1 i ers: Training in Design fen- l"lenuf Bcturebll i t~L f''lEJnuf Bcturi ng 
[!-JCle t·1Bnaqernent} and lmplernentetion of ~;tatistical .... .... 

Process Contro 1. 

Other trBi ni ng outside of Sandi t v·las required for: 
• Monogers: Training in v·.'orl d -c less tnenuf ecturi ng tools 
• Monuf oct uri ng Supervisors: Training in Surf ece t···lount Tect1nol ogy .. 

AutornBted Test) Bnd Robotic 
Technology. 

• Monuo 1 Assemb 1 ers: TrB1 ni ng to f o 11 ov•/ d1 rec:t ions of rna chines) 
rnBi ntei n robot~=~ do si rnp 1 e prograrnrni ng} 
preventive rnaintenonce} and interpret 
inforrnation on terrninals. 

TRAINING AND EDUCATION SOlUTIONS 

Whot is Bondi t University ? Bondi t U. is o joint effort speBrheaded 
by Jan Busse 11) Direct or of Pal tn Beech Cornrnuni ty Co 11 ege's Vocational 
EducEJtion and Scott Shernlin) f'·1otorohfs Director of t·1anEJfBcturing) t1egun in 
~January 1987 to develop and deliver an Autometed Menufocturing curriculutrL 

The c u rri c u 1 urn 'NBs t e ugh t by B B n d i t person n e 1 at the Band i t f e c tory 
after v·tork tiours) and supervised or co-instructed by PBCC f ecul ty. Costs 
\'\ .. ere shared by t--·1otoro 1 o and t 'NO Flori de ~;unst"li ne Ski 11 s gronts for e tote 1 of 
$20 /)00 for 2 courses. 
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Whot is the content of the A.S. Degree Program in Automated 
M 0 n u f oct uri n g Techno 1 o g y ? As i 11 us t rated in C t·1 e rt 2 Auto rn e ted 
Menuf act uri ng Techno 1 ogy .. this progrern prepares students for ernp l oyrnent in 
industry using cornputers to control processes ond equi prnent. ~;tu,jents \·vork 
\"lith robots, cornputer contro 11 ers I CNC n1echi nery ond rnateri a 1 s handling 
systerns to gain proficiency in understanding end troub 1 e shooting~ -cornputer 
i ntegreted manuf ecturi ng S!dSterns. 

The progratn has three key techno 1 ogy erees: 
• Robotics Technology: Cour~;es in Introduction to Robotics end 

Autornet i or1 .. App 1 i ed Electric: t'lotors and Mecheni cs .. '·.'·lork Ce 11 Ca 1 i tn-at ion 
end Contro 1} Hydraulics end Pneurnat i cs} \"lork Ce 11 Protrl ern Solving and 
Traub 1 e Shooting~ r·1anuf ecturi ng Processe~:~ end Co-op in Autorneted 
Manf Bet uri ng. 

•Computer Techno1 ogy: ~·li croprocessors} Techni col Besi c:. end 
t1i croprocessor App 1 i cations 

• Electronic Technology: Circuit Analysis~ Logic Circuits) Basic 
Electronics and Electronics 1. 

Whot is the Polm Beoch Community College-Motorola Center 
for I nnovot ion and Techno 1 ogy Transfer ? Again chapi oned by ~;cot t 
Sharnlin Bnd '-len Bussell} the CE!nter \"lfJS dedicated on ~;epternber 27) 19CiEi 
and is designed to trensf er tect"lnol ogy frorn industry to Pa 1 rn Beech 
Cornrnuni ty College (PBCC) student~;. Loct~ted at PBCC) it is B sho\"l case 
1 ubort~tory for high techno 1 ogy trBi ni ni g in robotics end Butomuti on. t1otorol a 
donated over $300 /)00 of equi prnent inc 1 udi nq t v·to \"lOrk ce 11 s \"lith I Eif·'l 7535 

'-

robots and conveyor systetns) one ~;ei ko ~: -'Y 2000 robot~ one Sei ko RT 2000 
robot) and hydraulics .. pneurnut i cs .. and prograrr1rneb 1 e contro 11 ers. Tt"le Center 
ernphesi zes three rna j or urees of instruction: Computer Integrated 
Manuf Bet uri ng} Autornated Office ~;ysterns Technology) Bnd Personu1 
Corr1puter App 1 i cations. 

BENEFITS/PAYOFFS 

Whot were the poyoffs from this type of program ? T~1e benefits 
are presented in four rna J or result Brees: 

• Product Poyoff: For the Custorner} the Bendi t 1 i ne produCE!S pagers 
\·vi thin 2 r1ours of custorner order .. cut the ne'N product/process de· ... •e 1 oprnent 
tirne to 18 rnonths) Bnd resulte,j in 5 plus sigrne levels of quulity.( t1otoro1a's 
qua 1 it y goa 1 by 1990 is 6 si gmB qua 1 i ty. Vou succes~:full y erri vi ng to your 
destinetion t1y airplane is equi··.··alent to 6 sigrna quality (3.4 arts per rnillion 
defects). Vour baggage succes~;ful1 ~d arriving to your de~;t_ i nation i ::: equi '·lfll ent 
to 4 Si gtYifl QUB 1 i ty. ) 



150 

• Hum on Resource Ski 11 s Pnyoff s: Mot oro 1 e recognizes the key 
interface bet vveen Industry and Ace11jerni c I nst i tuti ons rnust be a part.nerst·Ji p 
Brranqernent for educat i onB l i nst i tut ions ere the pipeline thBt feeds hurnen 

·-
ta 1 ent to industry. Our econorni c cornpet it i veness is di rect1 y related to the 
qua 1 i ty of the educat i on/tred ni ng our ernp l.oyees recei ve/t1ave received. Tt·,ese 
types of prograrns he 1 p pro vi de quB 1 i ty state of the art techni ce 1 training in a 
key techno 1 ogy ere B. In Bddi t ion .. i ndustry·s etd l i ty to i n1pt1ct on PBCC's 
Autornated t'"lenuf act uri ng Techno 1 ogy program insures qualified n1Bnpo\·ver 
for the future. \"'/hen que l i ty is high .. dernBnd is high. V·li thin 4 rni nutes of 
opening registration of the first class in Bendi t U. the c 1 ass V'lf:JS fi 11 e'j· 
Further .. about 10 technicians ere continuing to cornp1ete the entire 
Autornated Mt~nuf act uri ng Technology progern. From e trei ni ng standpoint .. 
this progrBrn hes been e>~tretr1el y co::;t effective v·li u-, the Stete of Flori de's 
Sunshine Ski 11 s Prograrn support and t·,as directly re,juced the atrJount of 
in-house trei ni ng to tre developed. 

• Associ ate Poyoff s: As i 11 ustrated in Chart 3 t'lotoro 1 e Err1p l oyee 
Me~trb~ Profile .. associ e~tes 'Nho have cornp leted the training heve no\"'l creeted 
opportunities for thernse 1 ves in high gro\·vth in high ski 11 ere a j otrs. Si nee 
successful cornp 1 et ion of the pro~rarn \".'Bs factored into the Cornpenset ion ... 
Systen1 .. the upgrading of ski 11 s heve resu1 te,j in prornot ions to Autornate,j 
MBnuf oct uri ng Techno 1 O!~i st position. (see Chert 4) 

• Co 11 ege Poyoff s: PBCC trenefi t ted in B fully de'·le 1 oped Autornated 
Monuf act uri n!l Curri cu1 un1 .. f ecul t!--1 e~<posure to vtorl d c 1 ess end stBte of tt1e 

~ ~ 

art robotic and C I t1 techno 1 ogi es) Bnd pro vi ding a progrern 'Nhere student~; CfH1 
Be hi eve their educat i one 1 ot' j ect i ves for the Factory of the Future. 

WHAT WERE THE LESSONS LEARNED ? 

These ere sorr1e of the 1 essons 1 eerned. fron1 this pertnershi p in 
transferring technology: 

• It is critical to tie in training to Con·,pensation systern in order to 
pro vi de odequate mot i vot ion end re\".~ard to the emp 1 oyee to get the tre~i ni ng. 

• Give e 11 emp 1 oyees equol f:Jccess to the trei ni ng. Do not cherry pick or 
e~·~c 1 ude as this 'Ni 11 result in resentrnent to u·,e new· techno 1 ogy. 

• In portnershi p progrf:Jtns} there rnust be f:J Senior rneneger to chernpi on 
the project both in industry ond in act~derni e in order to rnershe 11 
instructional resources need to achieve the progratr1s goals .. 

• It is important for rnenegrnent to con1rnuni cate the need for the 
'-

emp 1 oyees to be trained in the ne\"'t techno 1 ogy in order to pro'·/i de e sense of 
urgency and rnot i vat ion to the ernp 1 oyee to be trained. 
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• The State of Flori de's Sunshine Ski 11 s progrern v·les Bn effective 
vehi c 1 e for 1 ndustry and Act~derni a to f orrn e _i oint venture in education and 
troi ni ng in a key high tech Brett 

• Business should have stt~te grant funds funne 11 ed direct 1 y through 
educet i onel i nst i tut ions not directly to the compBny. This set··ies on -non-vel ue 
Bdded adrni ni stret i ve, bureacret i c, end pBper\·vork dernot i VB tors \".'hi ch serve 
as di si ncent i ves for industry to becorne involved in pertnershi ps. 

• r ndustry should ut i1 i ze ecedemi c i nst i tut i one 1 facilities} \flhere 
possi b 1 e, as ide a 1 trt~i ni ng p 1 EJt f orrn~:. 

• 1 ndustry should he 1 p equip 1 abs for ecaderni c i nst i tut ions si nee 
students ere ossured of ho·.,.·i ng rna chine specific ski 11 s needed by industry. 

• Industry shou1 d continue to i rnpact on 1 eadi ng edge techno1 ogy tronsf er 
academic progrotns 

• AcEJderni c i nsti tut ions should have a reach out attitude in getting 
involved in state of art ernerging technology tredning areas. Failure to be 
eggressi ve in these areas risks trecorni ng i rrel event to tt1e trei ni ng needs of 
industry. 

WHERE DO WE GO FROM HERE ? 

• Educot i ono1 Issues: Need for a BS 1 eve 1 -Auton1ated t1anuf act uri ng 
Techno 1 ogy prograrn in south Florida 

• Troining Issues: Internally industry needs to define its auton1ated 
manuf act uri ng/ robotics job rnodel ~: better using the DACLlt'l process to 
identify training needs and deve 1 op curri cu1 a for the f oll O\"'ll ng jobs: 

• t1anuo 1 Asserntrl er 
• \

11/ork Ce 11 Operator 
• AutotnBted t1anuf Bet uri ng Technologist 
• Robotics Engineer 
• Conversion EE's/~1E's to Robotics Engineer 

• Instruction a 1 Issues: Because of the prob 1 etYt of 1 i rni ted access to 
equi prnent, trut st i 11 the cri t i ca 1 need for hends-on 1 earning, need to rnove out 
of c 1 o s s roo rn i n to e ~<peri en t i a 1 based 1 e ern i n g \"li t h ski 11 p ra c t i c e and 
feedback using interactive video, Cornputer Based Trei ni ng .. si rnu1 at ion 
technology, ond other self paced 1 earning 

• Supp 1 i er I ssues:Need to continue partnership and training of 
suppliers 

• Manpower Issues: Need for rrtanagrnent to focus on ernployee's 
knO\"'ll edge as key cornpet it i ve edge, on ret en~ ion end deve 1 oprnent of these 
ernp 1 oyees, eJnd not as e~<pendatrl e assets 

• Bi-Modal lmpoct of Automotion: Need to understand and rnanage 
better the Bi-n·IOda1 irnpect of Butornation creating ernp1oyees ¥tith high 
skill~; and low· skills end elitninating the rnoderetely skilled employee. 
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• Industry/ Acodemic/Legis1otive Partnerships: Need to continue 
these type of prograrns at a 11 1 eve 1 s including Florida's Industry Services 
progran1} Sunshine Ski 11 s} and High Tech Counci 1 progrotn. Nee,j to 1 obby for 
F edera 1 port i ci potion in funding industry training ( \"'thi ch they current 1 y are 
not doing) part i cu1 ar1 y in reducing the eye 1 e time of techno 1 ogy transfer 
bet ¥teen these systems. 

• Technology Literacy: Need to train all levels of orgenizBtion in 
Techno 1 ogy ond Autornet ion L i terBcy Bs is being done in r·-lotoro ltfs PAL LabsB 
in ScheJumburg} Illinois. 

• Equipment: Need to continue to e~·~pand and build the PBCC-r···lotorol o 
Center for Innovation end Technology Transfer for stBte of the art training in 
South Florida. · 

CONCLUSION 

This paper hos described t v·lo pertnershi p progrBrns bet v·leen Mot oro 1 a 
end Petl m Beach Cornrnuni ty Co 11 ege supported t1y u-,e Florida Sunshine Ski 11 s 
prograrn in the area of Auton1ated t·1anufecturing Technology. The key to the 
chell enges of foreign cornpeti ti on} qutJnturn 1 eops in product i '..'i ty usi n!~ high 
tech tools} and consequent econornic vitality '."lill not 1ike1~d cotY1e frorn 
industry doing it alone. Technology Tronsf er Teerns 1 ed by chon·, pions frorn 
Senior MBnagers of I ndustryl ActJderni c} end Legis 1 ati ve sectors addressing 
both Advenced Technology Deve 1 oprnBnt and Peop 1 e Support issues seerns to 
hold great protnise in harnessing sustained success in t1eneging Technologies. 

Dr. Tom lond is Engineering Treining Menager et t'lotoro1a. He has treen 
Y.ti th t'lotoro 1 a for 7 yeBrs. He has B doctorate in Counse 1 i ngJ hBs instructed 
for the past 5 years for NovB University in · t'1BnagementJ ReseEJrch t1ethods} 
end Organi zot i onBl Behavior. He has vtri t ten on t'lentori ng and is doing 
research in the Brea of High Touch-High Tech peop 1 e support systerns designs 
in high technology industry. Dr. Land rnoy be contacted et t'lotorola} lnc.1 

Pogi ng Products Di vi si onJ 1500 NV-/ 22nd Avenue} Boynton Beech} F1 ori ,ja 
33426. Telephone (407) 738-2493 or (407)- 488-2071 
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. 
AUTOMATED MANUFACTURING TECHNOLOGY (A.S. 08-190) 

This program prepares students for employment in any business or industry using 
computers to control processes and equipment. Students work with robots, 
computer controllers, CNC machinery and materials handling systems to gain 
proficiency in understanding and trouble-shooting, computer-integrated 
manufacturing systems. 

FRESHMAN YEAR 

COURSE TITLE 
EET 1033 ...... Circuit Analysis ........................ . 
EET 1033L ..... Circuit Analysis Laboratory ............. . 
CET 2112C ..... Logic Circuits .......................... . 
ENC 1101 ...... Freshman Communications! ............... . 
ETI 1481 ...... Introduction to Robotics and Automation .. 
MTB 1321 ...... Technical Mathematics ! ................. . 

CET 1123C ..... Microprocessors ......................... . 
COP 1170 ...... Technical Basic ......................... . 
EET 1104 ...... Basic Electronits ....................... . 
ENC 1210 ...... Technical Writing ....................... . 
MTB 1322 ...... Technical Mathematics II ................ . 
POS 1001~ ..... Introduction to Political Science ....... . 

Physical Education ...................... . 

SOPHOMORE YEAR 

C ET 114 3 C . . . . . M i crop roc e s s or A p p 1 i cat i on s . . . . . . . . . . . . .. 
EET 2121C ..... Electronics ! ........................... . 
EET ........... Applied Electric Motors and Mechanics ... . 
ETI ........... Work Cell Calibration and Control~······· 
ETM 2312C ..... Hydraulics and Pneumatics ............... . 

COE 2949 ...... CO-OP: Successful Employability Tech ... . 
ETI 1411C ..... Manufacturing Processes ................. . 
ETI ........... Work Cell Problem Solving and Trouble 

Shooting .............................. . 
HSC 2200 ...... Life Science and Health .................• 
PSC 134.1 ...... Introduction to Physics and Cbemistry ... . 

H urn an i t i e s . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 

SEMESTER 
HOURS CREDIT 

Fall Winter Summer 
3 
1 
4 
3 
3 
3 

---r7 

3 
4 
4 
3 
3 

4 
3 
3 
3 
3 

1 
---r7 

1 
3 

3 
3 
3 
3 

3 
1 

-4-

---r7 16 
*POS 2041, AMH 2010, SYG 1440, SYG 2000 

may be substituted. 
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MOTOROLA SOUTH FLORIDA 
NON-EXEMPT JOB DESCRIPTION - SUMMARY DATA 

JOB CODE: 47921 

JOB TITLE: TECHNOLOGIST, AUTOMATION, 
AND SUPERVISOR 

GRADE: 

EEO CODE: 

020 

OB 

JOB FAMILY: OFFICE TECHNICAL JOB ANALYST: MARB/WALD 

DATE OF LAST UPDATE: 09/08/86 

DESCRIPTION: 

The purpose of this job is to provide the most complex 
technical analysis and support on state-of-the-art 
robotics and computer-based production and test systems 
in order to maintain optimal production operation. The 
major tasks include: assisting engineering in the 
creation of operating environments, robotic ceils and 
prototypes of automated assembly lines; develop, · 
modify, test and debug computer programs for 
new;·revised applications; establish preventative 
maintenance programs; set-up, correlate, test and debug 
new or modified systems, rapidly diagnose and correct 
the widest variety of electrical, mechanical and 
software malfunctions on robotic equipment, often 
requiring improvisation, in order to avoid disruption 
of production schedules and provide training and 
direction to production personnel on proper usage of 
robots. May determine the need for and design of basic 
robotic tools, fixtures andjor parts. May also perform 
robotic certification. 

REQUIREMENTS : . 

The skills and abilities required include extensive 
knowledge of and ability to set-up and operate highly 
technical robotics equipment; ability to use complex 
instrumentation; knowledge of electrical and mechanical 
principles to include circuit logic, design and 
construction, hydraulics, pneumatics, vacuum systems 
and drive mechanisms; demonstrated ability to program 
in a variety ·of program languages and an understanding 
of equipment software capabilities; skill in the set-up 
and operation of a wide variety of mechanical and 
electrical test equipment; the ability to interpret 
complex blueprints and electrical schematics; effective 
oral and written communication skills when interfacing 
with all levels of management; the ability to exercise 
independent judgment and work with minimal supervision. 
Must also follow safe work procedures and perform other 
related duties as assigned. 
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ROBCYI'ICS TRAINING AND INSTRUcriON 

AT FAU 

By Roy Srrollett 

This paper provides a description of the RoOOtics Lab 

classes at FAU. It lists the major equiprent used. 

Student robot application projects are an inportant part 

of the student training. A video tape shc:Ming sane of these 

student projects is presented. 
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The Robotics Laborato:ry at FAIJ is used to support engineering 

courses in the follaving manner: 

a. Graduate students may elect to conduct research 

and thesis exper.inents centered on the Robotics 

Laboratory. 

b. Undergraduate students may select a Robotics related 

topic for their senior project. · 

c. Students may enroll in two different courses which use 

the Laborato:ry. The first is a 3 credit canbination 

lecture/Lab class stressing application of robots to 

manufacturing. The other is a 3 credit Lab class with 

erphasis on robot control methods and sensors. 

My paper is concerned-mainly with this third area of activity. 
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Lab Equiprent: 

We have six industrial robots in the Lab. These are: 

IBM Model 7565 

IBM Model 7540 

IBM Prototype clean roan robot similar to Model 7565 

IBM Prototype electric drive robot with Stanford Ann 

PUMA Model 562 

INrELLEDEX Moael· 40s 

We also have seven educational robots which are: 

RHINO 

HERO (two) 

RB5X (two) 

ARDROID 

ARMDRAULIC 

All of these robots have been used in the Lab classes, student 

projects, and research projects. 

The Laboratory classes are conducted in an infonnal, tmStructured 

manner where the students are expected to accanplish the objectives 

listed on the following sheet. 
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EEL 5934L 

COURSE OBJECriVFS 
For Each Robot Lean1 the Follc:Ming 

A. Description of Robot 

1. Coordinate System 

2. Number and type joints or axis, motors, functions, or 
operations that can be controlled. 

3. What sensors/transducers are provided 

4. Type of drive notors and drive power 

5. Type of control closed loop or open loop 

6. Initialization process 

7. Supervisory/safety features 

8. Programning language 

B. Startup/tum on process 

C. Operation of teach pendant 

1. Storing/editing/executing "taught" pro:Jram 

D. Generating/editing/executing a canputer control program 

E. Pr~ramrning a::mnands for using the robot's special sensors 

F. Write and execute a program which derronstrates the robot 
features and your ability to control the robot. 
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The students are required to perfonn a project of their CMn 

invention which daronstrates their ability to control the robot for a 

specific purpose. In these projects, they are expected to use the 

robot sensors as a part of their project. These projects are the basis 

for 40% of their grade and they becc:me quite interested in their projects. 

I have a video tape whi.ch · illustrates scree of these projects. 

We stress safety considerations in all Lab projects. Fortunately, 

we have had no injuries, nor have there been any instances of major 

equipnent damage. 

'IWo of our robots have safety winc:lcMs and we plan to add a safety 

wind& to another robot. The robots will not operate unless the wind& 

is closed. We have a safety floor mat around the Puma robot. If a 

student steps on the mat, the Puma becares inoperable. 

When these devices were first installed, there was considerable 

objection to them. NCM they are accepted as part of the robot. 

Lab course materials consist of hardware descriptions and user 

prcgramning manuals provided by the robot manufacturer. These tend to 

have too many pages for convenient use and we never seem to have enough 

copies. The alternative would be to provide a detailed experiirent 

instruction sheet for each robot. We have elected not to do this because 

we believe the Unstructured student projects are a valuaole part of 

their training. 

The video tape shCMS student projects listed bel&: 

a. Bolt sorter 

b. Chess playing robot 

c. Stanford Ann frequency response 

d. IC packaging 

e. Puma pick and place 

f. 'IWo robot hand-off operation 
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STEREO VISION FOR ROBOT CAliBRATION 

Shoupu Chen, Zvi S. Roth, Zeev Gershgoren and Shu-Yang Shao 
Department of Electrical Engineering 

Florida Atlantic University 
Boca Raton, Florida 33431 

EXTENDED SUMMARY 

Abstract 

The exact kinematic model of a robot may be constructed from the line 
equations of identified robot joint axes. Such lines are identified through 
tracing a moving target point attached to the robot end effector. In an all
revolute robot, when moving one joi_nt at a time, the target point portrays 
circular paths in space. This paper discusses robot calibration using multiple 
camera system to trace the motion of a LED target. The paper presents 
experimental and simulation data related to the calibration accuracy analysis. 
The following topics are discussed in particular: (1) Camera calibration, (2) 
The accuracy in measuring the coordinates-of a single target point taking into 
account quantization effects, (3) The accuracy in extracting the kinematic 
parameters from the identified joint axes taking into account the finite 
accuracy in observing a single data point. 

Summary 

The field of Robotics can have substantial impact on manufacturing 
productivity, but industrial robots have not yet reached their full potential. 
One of their key limitations is their accuracy when being programmed off
line or when sharing programs with other robots. A robot program is created 
by a skilled operator manually leading the robot through a task and 
recording each critical point in the task in the robot controller. The robot can 
then repeat the task by moving to each of the stored points and performing 
the desired operation. Manually locating each task point is time consuming 
and must be accomplished in the work environment of the robot. A halt in 
manufacturing while the robot is being programmed is costly. 

In industry, the more frequently a robot must be reprogrammed, the 
higher the cost and the more severe the problem . Tasks must be 
reprogrammed after replacement of a robot or after major maintenance. 
Also, robots performing the same task must be programmed individually. 
Evidence of the magnitude of the problem was reported by a major U. S. 
manufacturer who uses a large number of robots in the assembly of 
automobile frames. Each time a robot malfunctions and cannot be repaired 
quickly, it is replaced and an operator must redefine the task points. This 
process can take as long as 20 to 30 minutes even for simple tasks, while the 
manufacturing line is halted at an estimated cost of $10,000 per minute. 
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An obvious solution to this problem would be to construct robots that 
could share a given program so that a broken robot could be replaced with 
minimum effect on the manufacturing flow. New tasks could be 
programmed in a laboratory on a similar robot or with a computer simulation 
and implemented quickly, greatly enhancing the flexibility of the 
manufacturing environment. 

Robots cannot share programs because of their poor accuracy. Accuracy 
is the ability of a robot to move to a position specified in a workspace 
coordinate system. Most robots can precisely regain a position that has been 
taught because the data that describes the point is the set of joint 
displacements for the robot when it is at the point. Most robot controllers 
can ensure a given set of joint displacements to a high level of accuracy and 
thus ensure a high level of repeatability, the ability of a robot to return to a 
taught point. If the desired position of the robot end effector is defined in 
some workspace coordinate system, however, the robot controller must 
compute the necessary joint displacements with a mathematical model of the 
robot arm. This mathematical model typically describes an ideal robot that 
has absolutely no deviation from the design specifications. Since all real 
machines are built with some degree of error or variance from the ideal 
design, the joint displacements determined for a perfect robot cannot drive 
the actual machine to the desired position. Furthermore, since every robot 
varies differently from the ideal, no two machines will move to the same 
location. Thus, variations between the robot model used by the controller 
and the actual robot lead to a degradation in accuracy that precludes off-line 
programming and program sharing. Slight variations in robot geometry can 
lead to a significant reduction in accuracy [1 ]. 

There are two ways to improve the accuracy of a robot. The first is to 
construct every robot to match perfectly the ideal design, an expensive 
approach since manufacturing tolerances must be exceedingly tight. The 
alternative approach is to modify the mathematical model in each robot 
controller to match the attached robot. This process, termed Robot 
Calibration, is the subject of this paper. 

Given the robot nominal kinematic model and a programmed task, i.e., 
a set of nominal joint commands, Robot Calibration consists of two steps: 

(1) Identification of the robot actual kinematic parameters. 
(2) Updating of the robot joint commands according to the 

implemented identified model. 

The model identification phase requires bringing the robot end-effector 
to locations whose room coordinates are either known or measurable using 
end-point sensing ("output data") while reading the robot joint positions at 
such configurations ("input data"). Measurement techniques to support 
robot calibration have been the subject of intense study in recent years [2-4]. 
Some of the methods that have been successfully demonstrated in research 
laboratories may not be easily adopted by robot users on the manufacturing 
floor. These include measurement schemes based on Theodolite Systems, 
Laser Tracking Systems, Coordinate Measuring Machines and special 
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instrumented fixtures mounted within the robot work space. From a robot 
user's point of view a robot calibration system must be accurate, low-cost, 
non-invasive and desirably automatic and sufficiently fast. This paper focuses 
on measurements and identification aspects of a vision-based robot 
calibration method . As computer vision systems increasingly become integral 
parts of robotic cells with applications ranging from product inspection to 
robot guidance, adding cameras and special calibration tools and software to 
an existing robot vision system is relatively a low cost solution. 

This paper describes the calibration of an IBM 7565 robot wrist using 
three CCD cameras interfaced to a VI COM VDP 850 vision system (Figure 1 ). 
The camera system traces a light emitting diode target attached to a tool held 
by the robot. The spatial position of the LED in the room coordinate frame, 
defined by the camera calibration device, is computed from the image 
coordinates of the brightest point in each image. As the joints of the robot 
are moved one at a time many such points are measured. Using regression 
analysis to fit circles through each group of data points the method results in 
identifying the actual robot joint axes. These line equations are obtained 
from the identified centers of rotation and normals to the planes of rotation 
of each revolute joint. This measurement method was originally proposed in 
[5] with regard to a different sensory system. It offers significant advantages 
over direct identification of the robot parameters based on linearized error 
models [6-8]. Such advantages include : 

(1) Independence of any particular kinematic modeling convention, as 
from the identified robot axes of motion any convenient robot 
kinematic model may be constructed. 

(2) The ease in using a calibration tool, as imperfect repeatability in 
grasping the tool does not have a significant impact on identifying 
the joint axis. 

(3) Good accuracy in estimating the axes of motion even though the 
accuracy of measuring a single data point may be highly degraded. 

A summary of the paper sections is as follows: 

Section 2 includes a detailed description of the stereo-vision system 
and measurement principles. Two topics are discussed in particular: 

(2.1) Camera Calibration along the lines originally proposed in [9]. A 
camera calibration frame is placed at a known previously established 
location on the robot work table. The frame contains a large number 
of LEDs placed at known locations and controlled through the VICOM 
interface such that only one LED at a time is ON. The twelve unknown 
coefficients of each camera's perspective transformation matrix can be 
found using least squares if the data points are not all coplanar. This 
paper examines the camera calibration accuracy as a function of the 
number of points on the frame that are taken and their geometry. 

The camera calibration experiments consisted of a small coordinate
measuring-machine (CMM) and three cameras. The experiment 
geometry is shown in Figure 2. 
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Figure 1. The configuration of hardware components. 
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Figure 2. Camera Setup for CMM ,Experiment. 

The first experiment involved moving a target LED mounted on the 
CMM to 40 random locations. The three cameras were calibrated using 
some or all of the collected 40 points. Ten more points were collected as 
test points to test the camera calibration accuracy. The average mean 
square error in attaining the test points decreases monotonically as the 
number of calibration points increases (Figure 3). With 6 calibration 
points the average positioning error is around 0.1", while with 40 
calibration points it is around 0.036". The nominal accuracy of the CMM 
is about 0.005". 

The second experiment involved 40 camera calibration points spread 
over a few planes roughly perpendicular to each camera optical axis. 
Two, three and four planes, equally spaced from each other, were 
taken. The average positioning mean-square error ranged from 0.023" 
to 0.027" regardless of the number of planes. Since practical camera 
calibration frames involve a small number of planes on which the LED's 
are mounted, the above empirical result seems to be encouraging. 

The third experiment involved 40 calibration points spread this time 
over 2, 3 or 4 equally spaced planes that go parallel to the cameras 
optical axes. The obtained positioning accuracy ranged from 0.055" for 
4 planes to 0.072" for 2 planes, and is as expected far inferior compared 
to the previous experiment. 
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The last experiment involved a fixed metal calibration frame consisting 
of two perpendicular planes full of small circular holes open in front of 
the camera system. Camera calibration and testing was done using the 
holes rather than the LED targets. With 15-30 calibration holes the 
average positioning error was around 0.05"-0.055". With 40 holes the 
error reduced to 0.047", and strangely enough with 50 holes the error 
increased to about 0.065" which may be attributed to human errors in 
collecting the data. 

{2.2) Error analysis in measuring the coordinates of one target point in space 
using multiple calibrated cameras. This paper compares the error in two 
cases--Stereo-Vision using two cameras vs Stereo-Vision using three 
cameras. 

The experiments were carried using two cameras mounted on the 
ceiling above the IBM 7565 robot and a third camera having a side view 
of the calibration tool (Figure 4). The first experiment involved only the 
top two cameras put about 40" apart with optical axes almost parallel 
to one another. An average error of 0.06" in measuring the Z
coordinates of the target was obtained. The error reduced to about 
0.025" when the two top ca·meras were put 75" apart. With the third 
side camera the average error reduced to about 0.02", a very slight 
improvement, which suggests that a two-camera system may be 
sufficient for all practical purposes. 
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Figure 3. Camera Calibration Error vs Number of Random Calibration Points. 
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Figure 4. Three Camera System with Respect to the IBM 7565 Robot. 

Section 3 describes the robot calibration data collection procedures 
including the step-by-step robot motion planning during calibration, 
considerations in choosing the initial arm signature, the least-squares 
routines used for identifying the robot axes of motion and discussion of the 
identification of the robot joint offsets. The robot joint offsets are the only 
kinematic errors that cannot be estimated from the identified equations of 
the robot axes lines, thus requiring the reading of the joint position sensors 
and the use of standard linear identification methods. 

Section 4 describes a method for extracting the kinematic parameters 
from the identified joint axes. Similarly to [10] this paper shows a direct 
identification of the Denavit-Hartenberg link parameters from the data 
points. It is shown that the common normal lengths and the offset distances 
of consecutive common normals may be computed solving sets of linear 
algebraic equations. Standard solid geometry relationships are used in the 
computation of the sign and magnitude of the twist angle and rotation angle 
link parameters. 

The concluding Section 5 presents simulation results to illustrate the 
accuracy of the kinematic parameters extraction. 

The simulation program generated points that lie along three circles in 
space, thus defining three lines in space (Figure 5). The program then 
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allowed for contaminating the data points with noise. Software routines 
that evaluate the D-H link parameters directly from the simulated data points 
with and without the noise were then activated. As an example, with radius 
of uncertainty of 0.05" in each data point, average errors in estimating the 
common normal offset and twist angles are as shown in Tables 1 and 2. The 

. ~~accuracy-amplification" effect of the circle-point method was vividly 
evident. 

• I 

i 
I 
l 

t 
I 
I 

T '11 J.-.c. 

I -1 

I 

Figure 5. Simulation Example. 
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Table 1. Simulation Results (Axis (1-2) rotating about Y axis) . 

Rotating 
Angle 

0 

30 

60 

89 

91 

120 

150 

180 

210 

240 

300 

330 

Common Normal Error Twist Angle Error 

Offset Error 

l~ai I I ~ai-11 I !ldi I l.:lai I 

0.00795 0.00782 0.00013 0.0446 

0.00795 0.00783 0.00125 0.0446 

0.00795 0.00784 0.00503 0.0446 

0.00795 0.00784 0.11282 0.0446 

0.00795 0.00783 0.34476 0.0446 

0.00795 0.00783 0.00994 0.0446 

0.00795 0.00784 0.00602 0.0446 

0.00795 0.00782 0.00464 0.0446 

0.00795 0.00784 0.00406 0.0446 

0.00795 0.00785 0.00440 0.0446 

0.00795 0.00785 0.00131 0.0446 

0.00795 0.00785 0.00079 0.0446 

ai -Common normal between axes 1-1 and I 
di- Offset distance between ai-1 and ai 

ai- Twist angle between 1-1 and I 
\ 

Distance error in inches 
Angle error in degrees 

I ~ai-11 

0.0446 

0.0555 

0.0443 

0.0461 

0.0445 

0.0509 

0.0440 

0.0446 

0.0456 

0.0437 

0.0455 

0.0437 
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Table 2. Simulation Results (Axis (1-2) rotating about X axis). 

Rotating 
Angle 

0 

30 

60 

120 

150 

180 

210 

240 

270 

300 

330 

Common Normal Error Twist Angle Error 

Offset Error 

I Llai I I Llai-1 I I ~di I I uai I 

0.00795 0.00782 0.00013 0.0446 

0.00795 0.00819 0.00087 0.0446 

0.00795 0.00753 0.00104 0.0446 

0.00795 0.00405 0.00033 0.0446 

0.00795 0.00217 0.00009 0.0446 

0.00795 . 0.00083 0.00012 0.0446 

0.00795 0.00039 0.00017 0.0446 

0.00795 0.00100 0.00017 0.0446 

0.00795 0.00255 0.00063 0.0446 

0.00795 0.00455 0.00086 0.0446 

0.00795 0.00642 0.00066 0.0446 

ai -Common normal between axes 1-1 and I 
di- Offset distance between ai-1 and ai 

Oi- Twist angle between 1-1 and I 

Distance error in inches 
Angle error in degrees 

I UOj_ll 

0.0446 

0.0400 

0.0301 

0.0056 

0.0023 

0.0043 

0.0000 

0.0100 

0.0226 

0.0342 

0.0424 
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This paper presents an algorithm for compensation of geometric errors in a robot 
manipulator after kinematic calibration. The compensation algorithm, which is based on a revised 
Newton-Raphson approach, computes the necessary corrections of joint commands to offset the 
robot positioning errors due to deviations of the kinematic parameters from their nominal 
dimensions. By assumptions of the positioning errors being small and of first order, the 
computations of the correct joint commands can be made based on the robot nominal model instead 
of the calibrated one. Therefore the advantages of closed-form analytic inverse kinematics solutions 
can be fully exploited, especially for robots with simple geometries (e.g. most industrial robots are 
of this type). The algorithm presented here is computationally efficient and suited for advanced 
data-driven applications which require real time on-line error compensation. As an example, a 
numerical simulation of the compensation algorithm applied to a PUMA 560 robot and the 
simulation results are also included. 

Introduction 

Robot calibration has been deemed by many researchers to be a practical solution to the 
problem of reducing the robot positioning errors. It is a process by which the robot accuracy is 
improved by modifying the robot positioning software rather than altering the hardware design of 
the robot or its controller. The level of complexity in such a process varies, however, depending 
on the sources of error considered. For example, based on such a consideration, Roth et al [l] 
classify the robot calibration into three levels; they are, in progressing level of complexity: the joint 
level, the kinematic level, and the non-kinematic level. Among them the kinematic level has 
perhaps received the most attention (see also [1] for a good review). In the kinematic level only the 
geometric errors associated with the kinematic parameters of the robot are considered. In this paper 
the considerations, too, is confined to the same level. We will refer to the term kinematic 
calibration as the process of calibration which involves only the estimation of the actual kinematic 
parameters. 

The processes of robot calibration can be further divided into four steps in general [1]. The 
first step is the modeling step, in which a suitable form of functional relationship is chosen to 
ch.a:acterize the input and the output relationship. The second step is called the measurement step 
wh1ch involves the collection of data from the actual robot that relates the input of the model to the 
output. The third step is the mathematical process of utilizing the data to identify the coefficients of 
the model. This is referred to as the identification step. The final step, called the correction step, is 
concerned with the implementation of the new model in the position control software of the robot. 
Specifically, the correction step involves the design of an error compensator to computes the 
nec~~sary corrections of joint commands corresponding to both the robot parameter and 
positioning errors. While the first three steps involve essentially off-line operations, it should be 
note~ that, however, in advanced data-driven applications the execution of the correction step often 
requues to be performed on-line. Thus efficiency in execution becomes an important issue in 
addition to that of accuracy. 
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The design of an error compensator forms an important part in the solution of the robot 
accuracy problem. In the literature of robot calibration, however, most of the works have been on 
modeling and identification aspects; only a relatively few compensation schemes have appeared 
recently [2-6]. In this paper, we present an efficient scheme for robot error compensation based on 
a revised Newton-Raphson iterative algorithm. It has been shown that, by assumptions of .the 
positioning errors being small and of first order, the computations can be made based on the robot 
nominal mcxlels instead of the calibrated ones. This renders the use of closed-form analytic inverse 
kinematics solutions for robots with simple geometries possible. We exploit this result in the 
algorithm to be presented. The resulting algorithm, which takes full advantage of the closed form 
kinematics solutions, is computationally efficient and thus suited for real time on-line applications. 
As an example, numerical experiments of the compensation algorithm applied to a PUMA 560 
robot is demonstrated together with the results of simulation. 

The Error Compensation Problem 

It is assumed that the kinematic calibration has been performed on the robot of interest. 
That is, the errors in the robot kinematic parameters or, equivalently, the actual (estimated) values 
of kinematic parameters are available. Then, the problem of error compensation can be stated as: 

Given (1) robot nominal model: F n( *), (2) robot calibrated model: F c( *), and (3) robot 
desired configuration (position and orientation): X d, and if gn is the joint positions 
corresponding to the robot desired configuration if there was no kinematic error present, 

namely, .Qn = F~ 1 
(X J , what is the necessary change of the joint positions, dg, such that 

Fc(gn+ dg.) = Xd 

.Qn + dg is to be used in place of gn as the new joint commands once dg determined, which 
"should" then drive the robot to the desired configuration. As mentioned above, the issues which 
are of main concern here are the accuracy achievable and the efficiency of solution algorithm. 

The Compensation Aleorithm 

To obtain the correct joint commands for error compensation, an iterative algorithm based 
on Newton-Raphson method is adopted. The algorithm, similar to that in [3], works as follows. 
Since the positioning error is assumed to be small, it can be regarded as a vector equivalent to the 
differential change of the end effector. The Jacobian of the robot can then be used to decompose 
the positioning error into corresponding changes in the joints coordinates. In this way, the method 
estimates the necessary corrections of the joint positions and updates the joint commands iteratively 
until a satisfactory accuracy criterion is met. The outline of the algorithm is given below. 

Step 1: Determine nominal joint positions based on robot nominal kinematic model. That is, 
-1 

solve g n = F n (X J . 
Step 2: Based on the calibrated model <Fe), compute the robot position, X c, corresponding to 

the calculated joint angles, gn. That is, compute X c = F c(.Qn) . 

Step 3: Calculate the error matrix between the desired position, X d, and the estimated actual 

position, X c; t.hat is, ilX = X c - X d • Then form the differential error vector: 

dx = [!] 
Step 4: Compute changes in joint positions using dg = J-1 d~, where J is the robot Jacobian 

formulated using the nominal model. 
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Step 5: Update joint commands by setting g, = g n + dg 
Step 6: Repeat this procedure iteratively from step 2 until all the elements of dg become smaller 

than the resolution of the robot joint encoders. 

Clearly, the efficiency of this algorithm depends critically on Step 1 and Step 4. In fact, for robots 
with general geometries, finding the compensated joint commands with the foregoing algorithm 
may not be any more effective than directly solving the inverse kinematics of the calibrated robot 
using some numerical method. However, for robot with relatively simple geometries, such as the 
case with most industrial robots, much simplification on computation can usually be obtained. In 
Step 1, for example, closed-form solutions have been shown always available for robots 
containing a wrist structure (e.g.[9]), which is almost invariably the case with industrial robots. 
Moreover, as has been demonstrated [8], with proper formulation, inversion of the Jacobian for 
similar geometrically simple types of robots can be obtained also analytically in closed form. Note 
that in Step 4 of this approach the Jacobian is formulated based on the nominal model (as opposed 
to the calibrated one used in [3]). This allows for the algorithm to exploit the full advantage of 
closed-form solutions which are typically available among most industrial robots. The result is, of 
course, a significant reduction of the computations involved hence a highly efficient algorithm. 

Analytic Inversion of Jacobian 

The computation of the inverse of Jacobian is a critical part in the error compensation 
algorithm presented here. A similar situation arises in the so-called Resolved Motion Rate Control 
(RMRC) approach to the problem of achieving a coordinated motion relative to a fixed reference 
frame in robot control [7]. A general and systematic method of developing the Jacobian inverse 
analytically has been proposed by Waldron et al [8]. This method is adopted here in our approach 
for its efficiency. The main idea of method is to formulate the Jacobian by selecting appropriate 
reference frame in which the Jacobian is expressed and the point of reference to which the end 
effector velocity is referred. It suggests that if the robot geometry contains concurrent joint axes, 
using a reference frame with origin at the point of concurrency will greatly simplify the Jacobian. If 
the geometry includes parallel joint axes, the Jacobian can likewise be simplified by transforming 
to a reference frame parallel with those axes. 

For example, for robots with axes 4, 5, 6 intersecting, such as a PUMA 560, an effective 
choice of the reference frame is to place on link 3 with its origin at the point of concurrency ('the 
wrist center'), with the reference point of end effector velocity located at the point, perhaps 
imaginary, which is instantaneously coincident with origin of the fixed reference frame. The 
Jacobian which results will, in general, be of the following form: 

J = [J 11 J 12] 
J 21 0 

Note that all the elements in the lower right-hand quadrant are zeros. This is a direct consequence 
of the axes 4, 5, 6 of the robot being concurrent. It can be seen that analytic inversion of the 
Jacobian becomes feasible, since, in terms of our application here, the lower three components of 
dg are now functions of the lower three translational errors components of d& which are directly 

solvable. The remaining rotational error (upper three) components of dg can be obtained 
subsequently by treating the already found components as knowns. Of course, the differential error 
vector, elK, must be transformed into the same reference frame, frame 3 in this example, in which 
the Jacobian is expressed. The reader is referred to [8] for details of this technique. It should be 
noted that the above simplified form of Jacobian has also been arrived at in [6]. However, instead 
of directly solving the Jacobian inverse, a unnecessarily cumbersome process based on the notion 
of "orthogonal screw" was adopted to derive the inverse of the Jacobian, though explicit analytic 
expressions were obtained as well. 
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Simulation Results and Discyssion 

The proposed compensation algorithm was applied to the PUMA 560 robot using various 
calibrated models through numerical simulations. Given a desired robot configuration, the 
necessary joint commands (compensated) are computed in this algorithm by making use of botq the 
closed-form solutions of the joint positions and of the Jacobian inverse. The rate of convergence 
for finding the solutions, using the joint resolution criterion, was found to vary from 4 to 6 
iterations in all cases tested. Some typical simulation results for the PUMA 560 robot are presented 
in Table 1. It can be seen that the accuracy is improved by approximately a factor of 40 to 1 after 
compensation. Note that in the simulation the errors introduced to the robot model are much worse 
than what can be seen in real robots- the error for a PUMA is typically less than 5 mm in practice, 
thus it is reasonable to expect a even better rate of convergence can be obtained. 

The number of operations required to calculate the d~ vector are: 3 multiplications, 9 
additions and no transc~ndental function calls (3M+9A+OF). The transformation of~ into frame 3 
requires 24 multiplications, 27 additions and no function calls (24M+27 A +OF). The calculation of 
dg using the analytic solution of Jacobian inverse requires 24 multiplications, 16 additions and 8 
function calls (24M+ 16A+8F). The total number of operations required for each iteration of the 
compensation scheme are 51 multiplications, 52 additions and 8 function calls (51M+52A+8F). 
While the number of iterations is more than that claimed in [3], it should be noted that the 
computational effort required in each iteration here is much smaller as the result of the use of 
analytic closed-form kinematic solutions. An extension of this work to accommodate the case of 
redundant robots using the method of [ 1 0] is presently underway. 

Table 1: Typical Simulation Results for PUMA 560 Robot 

No. X axis error Y axis error Z axis error Total RMS error 
initial comp. initial comp. initial comp. initial compensated 

1. 5.59 0.04 2.97 0.17 2.55 0.07 6.82 0.19 
2. 2.64 0.00 3:08 0.13 4.25 0.10 5.88 0.16 
3. 2.67 0.08 4.31 0.09 2.18 0.04 5.52 0.13 
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Abstract 

A large majority of current industrial manipulators cannot be positioned accurately in an absolute sense. Deviations 
or errors between the achieved and commanded poses are due to a number of error sources. This severely limits the 
ability to perform precision applications when robot arms must be prograrmned in an autonomous fashion using offline 
progranuning systems and CAD model data. In most applications, significant errors are due to deviations in the 
geometric constants of the arm. Presented here is a novel calibration technique to accurately determine the unique 
geometric constants of individual arms and thus provide the potential of improved accuracy. 

This technique, based on the principles of line geometry, consists of isolating each axis of the system starting with 
the base axis. The direction and location of each axis is determined from the motion of single target point fixed to the 
arm at a point after the joint axis in question. During actuation of an individual revolute axis the target point forms a 
circle of points. Thus the name ''Circle Point Analysis." The target points are then fit to a circle. The resulting plane 
defines the axis direction and the center represents a point along the line. Once all of the axes are located as lines in 
space for a single configuration, geometric analysis is used to determine the geometric constants for the arm. The key 
advantage is that physical errors are determined as opposed to numerically fit or distributed errors. Thus, this method 
is useful as an in-house technique to aid in correcting manufacturing and assembly errors. The analysis presented here 
allows for both standard 4 parameter (Denavit-Hartenberg) and the modified 5 parameter link models. The 5 parameter 
model is used to handle the case of nominally parallel axes which has caused numerical difficulties in most calibration 
algorithmc3. This technique is easily extended to handle systems with prismatic actuators. Experimental data for the 
calibration of a Cincinnati Milacron T3-776 robot using a high precision twin-theodolite measurement system is also 
presented. The resulting calibrated kinematic model provides significantly improved positioning accuracy. 

INTRODUCI'ION 

The lack of precise positioning accuracy evident in most current industrial manipulators severely limits their capabilities, 
and expected cost savings and enhanced flexibility. Calibration techniques such as the one presented here are required to 
enhance robot accuracy and other performance measures. However, a clear notion of what "accuracy" means is essential 
before discussing enhanced accuracy or calibration. Basically, pose accuracy error represents the deviation between the 
actually achieved and controller commanded position and orientation (pose) of the system end-effector . Small errors 
represent a high degree of accuracy. Note that accuracy represents a completely different concept than the commonly 
quoted repeatability. Repeatability simply represents the deviation between poses when the system is successively moved 
to an identical pose. Thus repeatability is solely an indication of the mechanical integrity of the system since it is 
dependent on actuator and joint sensor resolution and mechanical construction. 

Accuracy errors typically are far greater than repeatability errors. Ratia; of accuracy to repeatability can range 
from 10:1 to 100:1. Both of these errors are pose dependent and can vary greatly throughout the workspace of the 
system. The primary problem accuracy errors cause is the inability to program the end-effector motion or poses within 
a completely automated system. If an application requires precision within the range of the system's repeatability then 
manual pendant teaching and expensive jigs and fixtures are used to program the system. This adds significant labor 
and equipment costs to the system. Flexibility and efficiency is reduced because manual intervention is required for any 
modifications to the process. Human intervention and fixtures, in this common industrial scenario, in essence limits the 
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flow of information in the potentially totally automated process. Thus, the promised or expected benefits of physical 

automation are negated. 
Accuracy levels must be enhanced to relieve the information bottleneck and provide completely automated, beneficial 

systems. Accuracy errors are .all. dt!e .to dev~~tion~ b;tween th~ nominal and actual .controlling parameters of the syst.em. 
The error sources include deviatiOns 1~ the as bmlt geometric parameters, errors m feedback sensor data, deformatiOns 
due to applied loads and deformations due to intertial loads. A new discipline now emerging to determine and improve 
these errors is robot metrology. Robot metrology involves the aevelopment of techniques for determining system perfor
mance and calibration of system control parameters. Calibration techniques can be classified into one of the following 
three general areas. Geometric calibration is the identification of the "as built" fixed geometric parameters and the 
correction constants required to improve actuator sensor errors. Flexibility modeling or calibration is the identification 
of fixed, system spring constants which accurately predict deformation at arbitrary poses under known loads. Dynamic 
modeling and mass parameter calibration is the identification of all fixed constants which accurately predict manipulator 
dynamics and resulting inertial loading, also at arbitrary poses. 

Research and applications in robot metrology currently consists almost entirely of geometric calibration. This is due 
to the fact that it is perhaps the least challenging area. Also geometric parameter errors contribute to a large proportion 
of the overall accuracy error, and virtually all precision applications are affected by this error source. In a lengthy review 
of robot metrology research in (1] over 30 references pertaining to geometric calibration are cited. Much less effort has 
been expended in the areas of flexibility and mass parameter calibration. One reason for this may be that accuracy 
errors due to these sources are only significant in applications where high loads and velocities are present. The reader is 
referred to a number of comprehensive overview papers covering the areas of metrology and, more specifically geometric 
calibration, which document this disproportion and provide a more in-depth view of the field (1,2,3,4,5]. 

Presented here is the development and experimental application of a single geometric calibration technique. This 
work is derived from the comprehensive treatment of metrology techniques presented in (1]. The Circle Point Analysis 
technique presented here is a novel calibration technique in which each independent joint axis in the system is located 
in space for a given pose. A formalized geometric analysis is then developed to determine specifically the geometric 
parameters pertaining to each pair of adjacent axes. Actuator displacements are also determined and can be used to 
roughly predict transducer errors. In addition to this analytic development, the notion of performance enhancement 
factors is also introduced. These factors represent metrics which can be used to numerically quantify the resulting 
accuracy improvements gained through calibration. Metrics of this type have not been previously introduced to the best 
of the author's knowledge. They are essential if calibration techniques are going to be compared and implemented in 
industrial applications. Brief experimental results for a Cincinnati Milacron T3-776 (150 lb. capacity) robot obtained 
with the use of a twin-theodolite 3D measuring system are also presented. 

RELATED WORK 

As mentioned above there has been an abundance of geometric calibration articles published in the literature. However, 
they do not represent a broad array of unique approaches. The large majority of efforts are based on an identical analytic 
formulation [6,7,8,9,10,11,12,13,14] [15,16,17 ,18,19,20,21,22,23] [24,25,26,27]. These techniques, referred to as differential 
pose error techniques, are all based on deriving the linear equation which relates small errors or differential motion of each 
geometric parameter to differential errors or displacements between the nominal and actual end-effector poses achieved. 
Thus, knowledge of the manufacturer's nominal parameters is required. The resulting linear relationship is simply an 
extension of the well known Jacobian matrix. 

One significant variation in these developments is the type of kinematic model used. The basic niodel used is th~ well 
known Denavit-Hartenberg scheme which consists of four parameters per link. More advanced models which include an 
additional kinematic parameter (representing rotation about an axis perpendicular to both the common perpendicular 
and joint axes of a given link pair) are used to handle systems which contain nominally parallel adjacent axes. This 
condition, common to alm03t all industrial manipulators, causes the error equation to become nearly singular due to the 
fact that certain parameters are no longer independent. For instance errors in the offset parameters of adjacent, parallel 
axes each provide an identical pose error and cannot be distinguished. This effect is documented in detail by Mooring et 
al. [10,11,12,13,14] and other researchers. 

Additional variations in this class of techniques are the methods used to achieve the error equation, and the numerous 
algebraic techniques used to solve the typically over constrained error equation. A unique, highly simplified derivation 
of the standard err~r equation is presented in the pose error technique described in [1]. This is obtained through the use 

. ---
) 
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of error influence coefficients as opposed to the more commonly used differential calculus methods. 
A second, more novel class of techniques are the independent axis analysis techniques. These methods are based on 

locating the precise direction and location of each actuator axis for a single configuration. Once this is accomplished 
each pair of adjacent axes are analyzed and the link parameters for the pair are determined. The primary contributors in 
this area are the author of this paper [1] and Stone [28,29,30]. The Circle Point technique presented here is a technique 
of this class. The S-model identification technique developed in the comprehensive treatment by Stone also includes the 
novel use of a 6 parameter kinematic model. This allows for an exact physical representation of all link dimensions and 
avoids any singularity problems. The S-model and Circle Point techniques are extremely similar. It should be noted that 
the Circle Point analysis technique, although not formally published until 1988 was originally conceived in 1984. This 
is documented in a National Science Foundation Grant (No. DMC-8506310) proposal written in late 1984. Additional 
independent axis methods are derived in (31,32]. 

The last general class of geometric calibration techniques are referred to as numerical fitting techniques. This is 
actually a widely varying set of methods which primarily attempt to determine error equations which predict pose 
accuracy errors throughout the workspace. Thus, kinematic parameter corrections or errors are not determined. Both 
mathematical functions and lookup schemes are used. The author has actually used this class of techniques to represent 
a number of miscellaneous techniques [33,34,35,36]. 

KINEMATIC NOTATION 

Before beginning the development of any calibration algorithm, a formalized, unambiguous definition of the necessary 
kinematic parameters is required. These parameters which include fixed and actuator dependent terms must uniquely 
specify the position and orientation of each link or body in the system. The notation and precise kinematic parameter 
definitions stated here are based on the work by Duffy and Lipkin (37 ,38]. Although the notation is slightly different, and 
the mathematical definitions are more rigorous, this is in essence follows the well known Denavit-Hartenberg convention . 
Figure p041 illustrates all kinematic parameters for a completely arbitrary N-Degree of Freedom (DOF) manipulator 
arm. 

Each pair of adjacent joint axes is connected by a common, mutually perpendicular line forming a fixed link. Each 
of the joint or motion axes are denoted by the vector Si for each axis i. The common perpendiculars or link vectors are 
denoted by the vector aij for each pair of axes i and j. These directional vectors, attached to each link, are rigorously 
defined below: 

Si - direction vector of joint axis always in the direction from ahi to aij· Where the subscripts hijk etc. represent the 
sequential ordering of axes. 

aij - direction vector of the mutual perpendicular line joining the axes defined by Si and Sj and always in the direction 
from axis i to axis j. 

It is important to note this is not necessarily a physical representation of the actual link. The common perpendicular 
line may not coincide with the actual structural member of the link. Thus, with this geometric definition, the calibrated 
parameters or their corrections may not relate to any'design dimensions. Therefore the calibration process cannot be used 
as a manufacturing control and process feedback tool. Modified kinematic models which rely on more than 4 parameters 
(the minimum number required to relate lines in space) have thus been introduced to accommodate for this and other 
problems. 

The four parameters used to completely specify a single link are- -link length (a), twist angle (a), link offset dimension 
(d), and joint angle (B). Each of these model parameters are defined below: 

Link Length aij 

The perpendicular distance between adjacent axes i and j. This is the magnitude of the mutually perpendicular link 
vector. 

Twist Angle aij 

The a~gle between adjacent axes ij as measured by a right-handed rotation from Si to Sj about the vector aij· The 
followmg definition guarantees this directional constraint: 

(1) 
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Figure 1: Kinematic Description of a General N-DOF Manipulator 
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sin Oij = Sij = (Si X Sj)•&.ij (2) 

Offset Dimension dj · · 
The offset distance between two links given as the distance between aij and 8jk along axis Sj 

Joint Angle Bj . . . . . . . 
This is the kinematic parameter which defines the relatiOnship between adJacent hnks. It IS the angle between adJacent 
links ij and jk as measured by a right-handed rotation from &.ij to 8jk about the vector Sj. The following definition 
guarantees this directional constraint: 

(3) 

(4) 

In this paper manipulators containing only single-DOF revolute or prismatic actuators are considered. Therefore, for 
any given link in the system only 3 of the 4 modeling parameters are fixed constants. Either the offset dimension, in 
the case of prismatic joints, or the joint angle in the case of revolute joints is variable. That is this variable dimension 
constitutes the actuated variable. All of these parameters must be accurately known to predict the end-effector pose and 
control the manipulator with precision. Calibration procedures must identify the fixed parameters and predict or model 
errors in the feedback transducers which determine the actuated variables. 

In addition to the parameters for each link, parameters which identify a global or world coordinate system, and 
the end- effector tool location or frame within the last link must also be identified. As shown in Figure 1, the base or 
grounded link is the Ollink. The parameters which locate the reference coordinate system are aot and aot· The first joint 
angle is the angle between the first link direction a12 , and the global X axis. An end-effector tool or frame represented 
by the orthogonal vectors Sn and an,n+l is located in the last link by the parameters dn,an,n+l and an,n+l · Note, the 
orthogonal vectors form the local or tool x and z axes. Thus, considering all of the required fixed geometric parameters, 
a total of 3N + 2 constants must be calibrated. If a single constant error term is used to model transducer errors than a 
total of 4N + 2 parameters must be identified. 

It has been shown by a number of researchers that the above 4- parameter Denavit-Hartenberg model is inadequate for 
systems with nominally parallel adjacent axes. This condition will be further illustrated in the analysis section below. In 
order to deal with this rather common case (occurs in virtually all industrial robots used today) the use of an additional 
parameter for each link is required. The Circle Point Analysis technique is capable of determining these additional 
parameters. Typically the fifth parameter constitutes an additional rotational term between adjacent frames. If a local 
frame or coordinate system is attached to each link which contains an x and z axis formed by the a and S vectors, then 
the additional parameter (3 represents a rotational displacement or error about the local y axis. The physical nature of 
this parameter, and the reason is solves the nominally parallel axis problem is illustrated in the next session. With this 
5-parameter model the total transformation or displacement between adjacent links ij and jk is given by the following, 
compound transformation 

(5) 

' where trans(v,d) represents linear translation along axis v , and rot(v,fJ) represents rotation about the axis by an amount 
fJ. 

Note some researchers have taken this one step further by considering 6 parameter models. Examples include the 
S-models by Stone (28,29,30) and the Shape model by Uicker (39). These models do not enhance the calibration results 
in the author's opinion and are therefore not used here. They do however allow for a complete physical mapping of 
kinematic parameters to mechanical design dimensions. 

CIRCLE POINT ANALYSIS CALffiRATION TECHNIQUE 

The primary objective of the Circle Point calibration technique is the precise determination of all geometric parameters 
required to accurately position the end-effector. These parameters are identified by determining the location of each 
independent axis for a given configuration of the system. Obviously, the system axes must be located before any analysis 
can take place. Thus, the Circle Point method also includes the experimental procedure required to determine the axis 
locations. 



Figure 2: Circle Point Motion for Individual Axes 

The Circle Point analysis procedure is straightforward. A global, 3D measurement system, capable of locating a single 
point target, in any convenient reference frame is required. Typically, this is a fairly demanding measurement problem. 
In general the accuracy of the measurement must be equal to or better than the system repeatability. Thus, for a system 
with a 2 ft 3 work volume and a repeatability of .002 in., a minimum accuracy of 1 part in 12,000 is required. The 
advantage of this technique is that only a single target must be monitored at any time (orientation measurements are 
not required) and any coordinate system may be used. 

The experimental process begins by locating the first axis of the system. This is the axis closest to the base. A 
single target point p is rigidly attached to the first link at an approximate perpendicular distance Rt from the axis. This 
process is illustrated in Figure 2. 

The first joint is then actuated and the location of the target is measured at a number of distinct positions. The point 
P traces out a circle of points, thus the name Circle Point Calibration. Note, the actuator transducer value should be 
recorded at each position. Although, this information is not used in the analysis presented here, reference (1] discusses 
how this can be used to model transducer errors. 

Once the final p_osition for axis 1 is reached, that actuator must remain in its current location throughout the remainder 
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of the process. The target is then moved to a point beyond the first axis and placed at an approximate perpendicular 
distance R

2 
from axis 2. Joint 2 is then actuated through a set of discrete positions and the target location is· again 

measured at each position. This process is then continued for each of the N axes of the system. Extreme care must be 
taken to assure that once an axis has been located (circle points measured) all prior actuators remain fixed. 

Each set of circle points is then analyzed to determine the axis locations. This is accomplished by first numerically 
fitting the points to the equation of a plane. The plane normal represents the axis orientation. The points are then 
projected onto this plane and numerically fit to the equation of a circle. The center of this circle represents an arbitrary 
point along the joint axis. Each axis in the system lies along a line in space. The plane normal Si and the circle center 
point given by ri for each axis i completely determines the line. The exact numerical fitting technique does not appear to 
be a major issue. Typically a standard, iterative regression analysis method is used. In fact a number of 3D measurement 
systems provide this capability within the system software. Thus, the measurement system may actually provide the 
plane normals and circle centers directly. The numerical process is inv.estigated in detail by Stone in references [28,29,30]. 

As mentioned earlier this paper focuses primarily on manipulators containing only revolute joints. However, this 
technique is valid for systems containing prismatic joints. In this case the attached target point traces out a line of points 
which are numerically fit directly to the equation of a line. Thus, although the name implies revolute systems, the Circle 
Point technique is valid for any serial manipulator. 

The required analysis basically reduces to the analysis of a single pair of adjacent axes. The analysis presented here 
is based on the manipulation of vector equations defining lines and planes. The principles of line geometry, primarily the 
mutual moment relationship, are used extensively. These principles are explicitly described by Brand in [31~ A plane is 
completely represented by the following two quantities: 

Si(L, M, N) -Direction vector normal to the plane 

ri(Xi,Yi,Zi) -Given point lying anywhere in the plane 

These quantities are illustrated in the general plane shown in Figure 3. 

X 

Figure 3: A General Plane in Space 
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Given any arbitrary point r(x, y, z) which lies on the plane, the following vector dot or inner product is ob~iously 

valid 

(r- ri)•Si = 0 

Rewriting this equation provides the following explicit equation of a plane 

(6) 

(7) 

where Soi is a scalar quantity. Thus a plane is completely described by the parameters (Si; SOi), where Si is always 
written as a unit vector. 

A line in space, as shown in Figure 4 is also completely specified by a vector direction and a point. The free vector 
which denotes the direction of the line is given by Si, and an arbitrary point somewhere along the line is given by ri. 
Given a general point r which lies on the line , the following vector cross product equation may be written 

(r- ri) X Si = 0 (8) 

This equation is rewritten in the following form which provides the explicit equation of a line in space 

(9) 

where Soi is a vector quantity which represents the total moment about each of the coordinate axes due to the vector 
components of the line's free vector. This moment vector Soi(P, Q, R) is given explicitly by expanding the cross product 
in equation 9 as follows 

P= YiN- ZiM 

Q = ZiL-xiN 

R= XiM -yiL 

(10) 

(11) 

(12) 

Thus a line is completely specified by the six coordinates contained in (Si; Soi) = (L, M, N; P, Q, R) which are classically 
referred to as Plucker coordinates. The line direction vector Si must always be a unit vector. 
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Figure 4: A General Line in Space 
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Figure 5: General Cases of Adjacent Lines 
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The key to this analysis is the precise analysis of adjacent lines for all possible cases. The Plucker line coor~inates 
(Si; SOi) for each axis a~e c?mp~ted from th~ experimentally. obtained line data (ri, Si) using equation 9. T?e ana~ysis of 
each pair of adjacent axiS lmesJ and .k provi~es t.he geometric pa~ameters. (ajk,ajk,dj,dk,(}j,(}k) for each lmk. Fig

0
ure 5 

illustrates the general case of two adJacent lmes m space. The primary difference between the two cases, a < 180 and 
a> 180o, is the direction of the link direction vector ajk .. It is either opposite or in the direction of the vector Sj X Sk. 
All of the required geometric constants can be obtained from the line coordinates Lj(Sj; Soj) and Lk(Sk; Sok) and 
the intersection points Pj and Pk. The intersection points are the intersection of the axes and their common mutual 
perpendicular line. The intersection points provide the link length ajk and the direction vector ajk directly. Note that 
each axis in the system (except the first and last) has two unique intersection points denoted by Pfev and Pjext for any 
axis j. These refer to the intersection of the common, mutually perpendicular line which connects the previous and next 
axes respectively. Thus, for the axis j these points provide the offset dimension dj. 

Thus, the analysis of each pair of adjacent lines is in essence complete once a and the intersection points have been 
determined. Before proceeding further, two well-known vector identities, used extensively here to manipulate vector 
equations are stated. Given the three general vectors a, hand c, the Triple Scalar Product identity is given as 

a.(h x c)= (ax b).c = (c x a).b (13) 

and the Triple Vector Product is given as 

a X (b x c)= (a.c)b- (a.b)c (14) 

The basic equation used to indicate if a pair of lines are skew, parallel, or intersecting is referred to as the mutual 
moment (MM) equation. This is derived by first writing an expression which represents the moment of each line about 
the other. The expression for each line is 

((Pk- Pi) x Sk)•Si (moment of Sk on Sj) 

((Pj- Pk) X Sj)•Sk (moment of Sj on Sk) 

Expanding the first expression and substituting the equation of line j yields 

((Pk- Pj) x sk)•Si = Pk x sk.si- Pix sk.si 

MM = Sok•Si + Sk x Pi.Si 

(15) 

(16) 

Substituting the equation of line k and using the Triple Scalar Product identity with the second term on the right hand 
side yields 

MM = Sok•Sj + Sk.Pj x Sj 

MM = Sj.Sok + Sk.Soj 

(17) 

(18) 

The above equation expresses the mutual moment explicitly in terms of the line coordinates. Note, the expansion of 
the second moment expression above would yield an identical result. Thus the moment of each line about the other is 
identical. The vector formed by the intersection points is the link direction vector 

Pk- Pi= aikaik = iljk 

Substituting this expression into the first moment expression yields the following 

- (19) 

(20) 

Substituting equation 2 for the twist angle and equating with the explicit moment equation 18 yields the desired mutual 
moment equation 

(21) 

This equation provides a great deal of information about the condition of the pair of lines. First the sign of the mutual 
moment indicates the following 

u 
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When MM > 0 then CXjk > 180° 

When MM < 0 then CXjk < 180° 

Also, when MM :/ 0 then ajk and CXjk are both non-zero and the lines r1.ust be skew. When M M = 0 the lines are 
intersecting if ajk = 0 and parallel if CXjk = 0. Note, the link direction vector ajk can be determined almost immediately 
without explicitly deriving the intersection points. This vector is always either parallel or opposite to the vector given 
by the cross product Sj X Sk. The exact sign or direction is immediately evident , considering the expressions derived 
from the mutual moment equation 21 just stated. Thus the direction vector is given as 

six sk 
ajk = -sgn(Sj.SOk + sk.Soj) ISj X Ski ·(22) 

where the sgn function represents algebraic sign. Excluding the case' of intersecting axes, (MM = 0) , ajk is computed 
directly once the line coordinates are known. Thus, the intersection points can be derived in terms of this vector. Al
though this may not be the most efficient result it is easily derived. Expressions for the intersection points for each of 
the three adjacent line pair conditions are now derived below. 

Skew Lines (MM :f 0) 
The intersection points Pj and Pk for this case are easily determined from a simple geometric observation. The inter
section point occurs at the intersection of the axis in question and a plane formed by the common perpendicular and the 
other axis. Thus Pj is the intersection of line j and the plane containing the vectors ajk and Sk. The normal to this 
plane is 

(23) 

and the equation of the plane is given by 

(24) 

where rk is an arbitrary point on line k and therefore on the plane. Substituting 23 into 24 and expanding yields the 
following 

- rk•(Sk X ajk) = nk 

Substituting the Scalar Product identity and the equation of line k yields 

- Sok•aik = nk 

In general , the intersection point P of a plane (nk; nk) and a line (Sj; Soj) is given as 

(25) 

(26) 

p = nk x Soj + nkSj (27) 
nk.sj 

Substituting the expressions for llk and nk given in 23 ,26 into 27 yields the explicit equation for the first intersection 
point in terms of the line coordinates and ajk 

p . _ (ajk x Sk) X Soj- (Sok•ajk)Sj (28) 
1 

- (ajk X Sk)•Sj 

The intersection point for the second axis Pk is derived in an analogous manner. It is the intersection line k and the 
plane formed by ajk and Sj. The resulting equation is 

Intersecting Lines (MM = O,ajk = 0) 
The intersection points for this case are derived simply by manipulating the link direction equation which is given as 

(30) 
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This equation is rewritten as 
Pk=iljk+Pi 

Taking the cross-product of each side with the vector Sk yields 

and substituting the equation of line k gives 

(31) 

(32) 

(33) 

The point Pj is made explicit by taking the cross- product of this equation with a vector which is perpendicular to Pj 
which is Soj. This leads to the following equation 

Soj x Sok- Soj x (iljk x Sk) = Soj x (Pj x Sk) (34) 

Using the Triple Product identity the right-hand side of this equation is rewritten as follows 

(35) 

And since Soj•Pj = 0, considering the definition of a line, the term becomes 

(36) 

Substituting this term into 34 and solving for Pj yields the following desired result 

(37) 

For this condition ajk = 0 and the expression can be simplified. A similar derivation exists for the intersection point Pk. 
The simplified expressions are 

(38) 

The denominators in each term are equal and opposite since M M = 0 and therefore the expressions are equivalent as 
expected for this case. · 

Note, there is no way of determining the correct direction (opposite or parallel to Sj X Sk) for ajk in this case. 
Therefore the standard convention stating that a< 180° and ajk is in the direction of Sj X sk for this case is introduced 
here. 

Parallel Lines (MM = O, sin a= 0) 
A unique mutual perpendicular connecting line between the adjacent axis lines does not exist in this case. Observe that 
there are an infinite number of lines which meet this condition. Thus, specific intersection points cannot be determined . 
However , ajk and the link length ajk can be deter~ined. The two axis directions are parallel but may be in opposite 
directions as seen by the following relationship 

Si =cos aikSk 

The only vector equation available is again the link direction equation 

Taking the cross-product with the vector Sj yields 

Pj X Sj + iljk X Sj = Pk X Sj 

Substituting the equations of each line and 39 yields the following 

(39) 

( 40) 

( 41) 

( 42) 
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The non-unique intersection point~~ have thus been eliminated. The vector a]k is determined explicitly by taki~g the 
cross-product of the above equatio~ with Sj which is perpendicular to ajk· This leads to 

~ Sj x Soj +Six (iljk x Si) = Sj x cos aikSok 

Using the Triple Vector product ide-ntity the second term on the left-hand side is expanded as follows 

Six (iljk x Sj) = (Sj.Sj)iljk- (Sj.iljk)Sj 

Sj X (iljk X Sj) = iljk 

Substituting this expansion into equation 43 yields the explicit result for a}k 

(43) 

(44) 

(45) 

(46) 

The link length ajk is simply the magnitude of this vector. 
Because unique intersection points do not exist in this case the offsets dj and dk cannot be directly computed. Instead 

the sum dj + dk is computed from the intersection points on axes j and k which do exist. Thus the summed offset is the 
distance, as measured along the Si or Sk direction, between P}rev and p~ext. 

The above derivations provide the necessary geometric constants for manipulators containing adjacent axes which 
exhibit any of the three conditions. Unfortunately, this is a purely theoretical derivation. When implementing this 
technique, one quickly learns that manipulator axes are not perfectly parallel or intersecting. The major problem, which 
has been well documented in the literature, is severe numerical sensitivity problems exist when determining parameters 
for nominally parallel adjacent axes. The sensitivity problem is not unique to the Circle Point technique. Unfortunately, 
almost all current industrial manipulators contain at least one pair of nominally parallel axes. Thus, useful calibration 
techniques must be able to handle this case. 

The problem of parallel axes is clearly illustrated in Figure 6. The vector S~om represents the expected or exactly 
parallel case. The axis direction skct represents the actual location of the axis with respect to Sj when an error occurs. 
As shown in the ideal case the error consists simply of a twisting about the nominal, link direction vector ajk· This 
causes no difficulty in any calibration technique. The nominal link length ajk and intersection points remain unchanged. 
The twist angle Ojk simply has a small error dOt which is easily modeled. Unfortunately there on guarantee or likelihood 
that the error will occur in this fashion. It is possible that the error in the actual axis direction occurs due to a twisting 
of the axis entirely in the original plane containing Sj and S~om. This rotation is about the direction ajkt which is 
perpendicular to the nominal or original link direction ajkm. Thus, the two joint axes now intersect in the actual case. 
This intersection occurs at infinite distances for small errors. In the limiting case ajk becomes 0, the intersection points 
Pk and Pj and the corresponding offsets dk and dj approach infinite dimensions. The smaller the error the more difficult 
it is to determine. In actual systems a combination of this ideal and worst case error occurs. That is the actual axis 
error is achieved by rotation about bGth ajkm and ajkt. 

Three basic extensions to the Circle Point technique have been developed to handle these problems. These techniques 
which include exact analysis, an ideal error approximation method, and the use of a 5 parameter kinematic model can 
be illustrated in rather lengthy derivations. For the sake of brevity these methods are only outlined here. A complete 
discussion can be found in [1]. Using the Exact Analysis method the basic equations for the skew lines case are used to 
compute the geometric constants. Although these parameters represent errors on the order of hundreds or thousands of 
inches, in the worst case for offsets for example, they still accurately predict end- effector position. Unfortunately, using 
this exact model, as shown in Figure 6, the link direction vector is displaced from the original or nominal vector -by a 
l·arge amount. However, the joint transducer measures joint displacement with respect to the nominal vector. Thus, all 
that is necessary to use this exact model is a constant correction of the transducer values. -

The transducer correction constant is easily computed. For axes j and k the transducer computes Bj and Bk with 
respect to ajkom. Thus the correction constant is simply the angle between aj~m and ajkt which is given by the following 
definitions 

Cos A-9 - a-ry.om a~ct 
'YJ - Jk • Jk 

( 47) 

(48) 

The actual corrections as applied to transducer values for both axes j and k are illustrated in Figure 7. Note the angles 
with a superscript F represent fixed offset values for the transducers. The corrected joint angles are given as follows 
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Figure 6: Errors with Nominally Parallel Axes 
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Figure 7: Exact Model Transducer Angle Corrections for Axes j and k 
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Bjct = eyom + <t>f 
nact - enom ,~.,.c 
flk - k - o/j 

(49) 

(50) 

The second method developed for handling nominally parallel axes is the Approximate Analysis technique. With this 
technique the twist angle is modeled to be exactly 0 or 180°. This is accomplished by averaging the actual adjacent axis 
vectors. Because the modeled lines are parallel offsets cannot be computed. Thus the only parameter computed in this 
approximate model is an actual link length aik· This model is illustrated in Figure 8. 

The axis directions are modeled by averaging their directions and rotating them about the nominal intersection points. 
The averaged vector direction, gave is simply the bisector for the two vectors in the plane they form which is given by 

gave_ (Sj + Sk) . 
- ISj+Skl 

(51) 

The actual link direction vector ajf/ also changes and is determined by first computing the nominal intersection points 
Pj and Pk. The P<?int Pj is computed from the calibrated offset for axis j as follows 

p . _ pprev + d .g . 
J- j J J (52) 

The nominal intersection point Pk is the intersection of axis k and a plane which is perpendicular to axis j. The resulting 
point is given by 

(53) 

These points and the averaged direction vector can be used to determine the modeled lines used for each axis as follows 

(gave. p . X gave)_ (S'·· S' ·) 
' J - ]' 0] 

(Save; pk X gave) = (S/c; Sok) 

Using the parallel axes condition a new link direction vector can be determined as follows 

(54) 

(55) 

(56) 

Note the angle 1 in Figure 8 again represents an error in transducer measurement and a correction constant must be 
determined. This method is particularly useful for small twist angle errors which oc-cur for the case of nearly intersecting 
actual joint axes. 

The final method developed is the 5-parameter Kinematic Model technique. A number of researchers have proposed 
this concept as an ideal solution to the problem of parallel axes. However, this additional parameter may be difficult to 
implement in existing systems. This model which contains an extra rotational fixed constant was described in the previous 
section. The additional parameter /3jk, used only for link pairs which are nominally parallel, represents a local y-axis 
rotation. Its affect is to place the axes in parallel planes and thus represent the easily modeled "ideal case". Figure 9 
represe~ts this technique. For this case the parameters ajk, ajk,/3ik and the intersection points Pj and Pk must be 
determmed. The intersection points are computed just as they were for the Approximate technique just described. The 
modeled link length can be determined from these points. Th~ remaining angles are determined by first computing the 
projection of the actual k-axis onto a plane which is perpendicular to the nominal link direction vector. This projection 
is given as follows . 

(57) 

Once this vector is computed the angles ajk and /3ik are easily computed. No corrections for transducer angles are 
required with this technique. 
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Figure 8: Approximate Analysis Using Averaged Vector 
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PERFORMANCE ENHANCEMENT FACTORS AND EXPERIMENTAL RESULTS 

Standard testing procedures and precise metrics must be used to compare the relative improvements gained by any 
attempts to calibrate a manipulator system. Accepted standards must become available in order for the field of calibration 
to become accepted. Standards now exist for determining the relative static and dynamic performance capabilities 
(repeatability, accuracy, overshoot etc.) of industrial manipulators . The definitions provided here are based on the 
Robotic Industries Association R15.05 Manipulator Performance Standard. The local static position accuracy for a 
single point p at a single pose i is given as 

(58) 

where the absolute value signs represent the norm or distance of a vector quantity. The overall accuracy is simply the 
mean for M poses and is given as follows 

M 

SPA= ~LiLSPA 
i=l 

(59) 

A similar orientation accuracy can be defined individually for each of the components dBx, dBy, dOz. These components 
represent rotational errors about each of 3 local coordinate axes between the actual and nominal achieved poses. Standards 
or metrics for comparing accuracy improvements due to calibration efforts do not currently exist. Thus, the concept of 
Performance Enhancement Factors are introduced here. The Position and Orientation Enhancement Factors are defined 
as 

p EF = SP Anom - SPAcal x 100% 
SPAnom 

OEF = ISPAnomi-ISPAcad X 100% 
ISPAnoml 

(60) 

(61) 

The OEF is actually a vector quantity representing each of the orientational components. The SOA term is the orienta
tiona! accuracy error for each component . The absolute value signs represent the absolute value of each component not 
a vector norm. 

These factors simply provide a percent improvement factor between nominal and calibrated system accuracy. A factor 
of 100% represents perfect calibration and zero accuracy errors . A factor of 0 represents no improvement and negative 
factors are due to calibrated accuracy actually being worse than the nominal case. 

The Circle Point technique has been implemented using a Cincinnati Milacron T3-776 industrial manipulator. This 
is a large scale system with a load capacity of 150 lbs. and a reach over 8 ft. Although the system repeatability is 
about 0.010 in . the accuracy determined by testing was over 0.150 in . The results of this calibration experiment are 
stated briefly here. Complete details and results can be found in [1]. All accuracy tests and calibration experiments were 
performed using a Wild-Heerbrug CAT-2000 Twin Theodolite 3D measurement system. 

In order to determine performance enhancement factors the nominal accuracy as well as the calibrated accuracy must 
be determined. The nominal model of the T3-776 is shown in Figure 10. The actual kinematic constants, taken primarily 
from system drawings are shown in Table 1 ~ 

Due to the nominally parallel axes 2 and 3 problems occurred with the specific robot that was used. The actual 
error between these axes was almost entirely a "worst case" type error as defined earlier. Table 2 shows the calibrated 
constants obtained using the exact model technique. Notice the huge offset values which occur. However since they are 
nearly equal and opposite they have no effect on end-effector position. Transducer corrections were required to compute 
the proper positions. Note , the transducers were actually calibrated in a separate pose data experiment. These values 
were used along with the Circle Point calibrated constants to predict improvements. This was done so this technique 
could be fairly compared with the pose data method. No improvement in position accuracy was obtained with this 
technique. However significant improvement in orientational accuracy was obtained. 

Using the same located axis data the approximate modeling technique was also implemented. The resulting parameters 
and accuracy enhancements are shown in Figure 3. A slightly greater improvement is achieved here. Although position 
accuracy is not improved to a great extent the Circle Point technique does provide significant improvement in orientation 
accuracy. At least for this particular experiment and robot system. Note, however significant insight into the physical 
source and type of kinematic errors is obtained. 
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Figure 10: T3-776 Kinematic Model in Home Position 
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ROBOT: CINCINNATI MILACRON T3-776 ROBOT 

NOTES: 

NOMINAL KINEMATIC MODEL DETERMINED FROM CMI DRAWINGS AND 
ALIGNED POSITION JOINT ANGLE DATA 
INCLUDES NOMINAL BRC TARGET FIXTURE DIMENSIONS ALSO 

UNITS: 
ANGLES - DEGREES 
LENGTHS - INCHES 

CALIBRATED DATA 
MANIPULATOR KINEMATIC MODEL 

ALL AXES CONTAIN REVOLUTE JOINTS 

LINK 12 23 34 45 

TWIST ANGLES 90.000 0.000 90.000 61.000 
LINK LENGTHS 0.000 44.000 0.000 0.000 
OFFSETS 0.000 0.000 0.000 55.000 
TRANSDUCER OFFSETS 0.000 90.000 90.000 -90.000 

56 67 

61.000 0.000 
0.000 0.000 
0.000 9.060 
0.300 -0.569 

Table 1: T3-776 Nominal Kinematic Model 
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EXPERIMENT NAME FOR CALIBRATION DATA: 
GEOMETRIC CALIBRATION BY CIRCLE POINTS TRIAL #2 1 

10/23/86 

CALIBRATION ANALYSIS USED: CIRCLE POINT 

ROBOT: CM T3-776 ROBOT BALCONES ROBOTICS LABORATORY 

NOTES: 

APPROXIMATE TECHNIQUE USED TO CREATE MODEL 
ASSUMES AXES 2 AND 3 ARE PARALLEL AND DOES NOT COMPUTE D2, D3, OR 
T\.JI ST ANGLE 23. 
AXES 2 AND 3 DIRECTIONS AVERAGED BY SPECIAL TECHNIQUE 
USES CALIBRATED DATA FROM POSE DATA EXPERIMENTS FOR JT. ANGLE 
CORRECTIONS 

UNITS: _ ANGLES - nEGREES 
LENGTHS - INCHES 

CALI BRAT ED DATA 
MANIPULATOR KINEMATIC 

ALL AXES CONTAIN REVOLUTE JOINTS 

LINK 12 23 34 

T'WIST ANGLES 90.005 0.000 89.995 
LINK LENGTHS 0.002 44.014 0.065 
OFFSETS 0.000 0.000 0.000 
TRANSDUCER OFFSETS -0.097 90.068 90.000 

AVERAGE POSE ACCURACY DATA: 

MODEL 

45 

60.069 
0.000 

55.001 
-89.213 

SPA 
SOA 

NOMINAL 
0.158 

CALIBRATED 
0.128 

0.264 0.046 0.138 0.045 0.013 0.073 

MODEL ENHANCEMENT FACTORS: 

*************************************** 
*** PEF = 
*** OEF 

0.19 
0.83 0.72 0.48 

*** 
*** 

*************************************** 

56 

60.086 
0.008 
0.004 

-0.269 

67 

0.000 
0.000 
9.060 

-0.198 

Table 2: Calibration Results Using the Exact Model 
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EXPERIMENT NAME FOR CALIBRATION DATA: 
GEOMETRIC CALIBRATION BY CIRCLE POINTS TRIAL #2 
10/23/86 

CALIBRATION ANALYSIS USED: CIRCLE POINT 

ROBOT: CM T3-776 ROBOT BALCONES ROBOTICS LABORATORY 

NOTES: 

EXACT ANALYSIS MODEL 
CALIBRATED TRANSDUCER ERRORS USED FROM POSE DATA EXPERIMENTS 
OFFSET D3 CORRECTED TO NEGATIVE VALUE 

UNITS: ANGLES - DEGREES 
LENGTHS - INCHES 

CALIBRATED DATA 
MANIPULATOR KINEMATIC MODEL 

ALL AXES CONTAIN REVOLUTE JOINTS 

LINK 12 

90.005 
0.002 

23 

0.038 
1.888 

34 45 

89.995 60.069 
0.065 

T\.JI ST ANGLES 
LINK LENGTHS 
OFFSETS 0.000 66694.439 -66694.427 

0.000 
55.001 

-89.213 TRANSDUCER OFFSETS -0.097 2.527 177.541 

AVERAGE POSE ACCURACY DATA: 

SPA 
SOA 

NOMINAL 
0.158 

0.264 0.046 0.138 

CALIBRATED 
0.159 

0.060 0.014 0.090 

MODEL ENHANCEMENT FACTORS: 

*************************************** 
*** 
*** 

PEF = 
OEF = 

-0.01 *** 
0.77 0.70 0.35 *** 

*************************************** 

56 67 

60.086 0.000 
0.008 0.000 
0.004 9.060 

-0.269 -0.198 

Table 3: Calibration Results Using the Approximate Model 
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CONCLUSIONS 

Although the Circle Point technique presented here may not provide the degree of accuracy enhancement achieved by 
other methods, this novel technique provides significant insight into the nature of accuracy error. The key advantage is 
that specific physical dimensions are established. Complete ins:ght into the unique geometry of an individual manipulator 
is provided. The results will immediately determine if numerical difficulties will exist with all of the other techniques for 
the individual system being calibrated. Thus, although it may not be an ideal tool for field calibration, this technique is 
extremely useful in the robot manufacturing and final calibration process. 

All of the required parameters can be obtained using this technique. This has been shown, though not explicitly, 
in the above analysis. This includes an ability to calibrate the joint transducer systems. The data to accomplish this 
is obtained by recording the transducer values for each individual circle point. The measured angle differences can 
be compared to the actual angles between successive circle points on the fitted circles. Also, the base frame location 
parameters (0{)1,a01) and the tool frame location parameters (dN,aN,N+t,aN,N+t) can be determined if there is some 
method of locating the frame axes in space. 

There is now a strong need to apply this technique to a number of systems and determine the statistical accuracy 
improvements possible. Only a limited two trial experiment for the T3-776 robot has been carried out to date. Even with 
this limited experimentation, significant improvements have been obtained. A 20%-30% improvement in translational or 
point accuracy was obtained, and an 80%-90% improvement occurred for orientational accuracy. In similar experiments 
using the same manipulator and measurement systems a Pose Data technique was able to improve the positional accuracy 
by a factor of 60%. Thus with this limited comparison the Circle Point technique provides results which are comparable 
with the Pose Data technique. 

The most important point or objective to be realized by this work is the increased use of enhancement techniques 
in actual applications. There are two significant events which must occur to insure this happens. First, portable 
field calibration systems must be developed. This will allow for the calibration of the many manipulators already in 
place. Secondly, standards and techniques must be developed to improve the operational accuracy of manipulators once 
calibrations have been made to improve the controlling parameters. Ideally, a standard set of geometric parameters 
should be adopted. Manufacturers should then provide the ability to update these in the field. Considerable debate and 
efforts by the standards committees and manufacturers will be required for this to occur. It will not materialize until the 
user community begins to pressure the industry to provide more accurate systems. This will then lead to robot systems 
performing more critical, higher value-added operations. 
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