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ABSTRACT

The proposed research is directed toward develop-
ing methodologies for the control and coordination of mul-
tirobot batch assembly systems using distributed
computer-based control. Components of this broad-
based research include the investigation and develop-
ment of force feedback control strategies with statisti-
cal decision-making capabilities for fine motion; the
investigation of advanced control strategies using
modern control, estimation and identification concepts;
vision analysis and recognition of three dimensional
objects; and design and implementation of low-cost high
performance computation structures for robot arm con-
trol and vision analysis. Special emphases are placed on
improving the dynamic performance of the overall robotic
systems in the areas of real-time control, generalized
system architecture and the use of sensory information
for the control of senor-guided robots for manufacturing
and assembly tasks. The long term outcome of this
research will be a working experimental multirobot
work-station with vision and sensors under the supervi-
sion of a modularized software control package capable
of perfarming high-tolerant batch assembly tasks.

PROGRAM ACHIEVEMENT

The grant was received in January, 1982, A signifi-
cant portion of our past research effort has been in
studying and understanding the operation of computer-
controlled sensor-based industrial robots.*particularly in
the areas of robot arm dynamics (1,2,3,4) , gross motion
control (5,6,7,8), pattern recognition methods for force
recognition in insertion process (9), and the control
architecture for PUMA robot arms {(10,11). Our short-
term goal is to extend this research to the development
of a high performance sensor-based robot capable of
perfarming assembly tasks.

RESEARCH RESULTS SINCE JANUARY 1282

Last year, major research efforts focused on five
areas:

ADAPTIVE CONTROL FOR MECHANICAL MANIPULA-

TORS - Given the equations of motion of a manipulator,
the purpose of robot arm contral is to maintain a

»
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prescribed motion for the arm along a desired arm trajec-
tory by applying corrective compensation torques to the
actuators to adjust for any deviations of the arm from
that desired trajectory. The current approach to robot
arm control system design treats each joint of the robot
arm as a simple servomechanism. Such modeling is
Inadequate because it neglects the motion and confi-
guration of the whole arm mechanism. These changes in
the parameters of the controlled system are significant
enough to render conventional feedback control stra-
tegles ineffective. The result is reduced servo response
speed and damping, which limits the precision and speed
of the end-effector. Any significant performance gain in
this and other areas of robot control require the con-
sideration of elaborate dynamic modeis and sophisti-
cated control techniques, and the exploitation of com-
puter architecture.

An adaptive contral based on the paearturbation
equations In the vicinity of a desired trajectory has been
studied (6). The highly coupled nonlinear dynamic equa-
tions of a manipulator are expanded in the vicinity of a
preplanned joint trajectory to obtain the perturbation
equations. A linear quadratic controller is then designed
for the perturbation equations about the desired trajec-
tory. The joint torques consist of the nominal torques
computed from the Newton-Euler equations of motion and
the variational torgues computed from the perturbation
equations. The recursive least square identification
scheme is used to perform on-line parameter identifica-
tion for the unknown parameters in the perturbation
equations. The parameters of the perturbation equations
and the feedback gains of the linear quadratic controller
are updated and adjusted in each sampling pericd suc-
cessively to obtain the necessary control effort. This
adeaptive control strategy reduces the manipulator con-
trol problem fraom a nonlinear contrel to controlling a linear
control system about a desired trajectory. Furthermore,
a clear advantage of such formulation is that the nominal
and variational torques can be compuied separately and
simultaneously. A control block diagram of the adaptive
contral system is shown in Figure 1. The complexity of
computing the variational torques is tabulated in Table 1.

Computer simulation studies of a three-link PUMA
robot arm are performed on a VAX-11/780 computer to
evaluate the validity of the use of the perturbation
equations and the performance of the adaptive con-
troller. We simulated the adaptive control strategy and



compared It with the conventional position plus deriva-
tive controt (PD) method for various loading conditions
for a given trajectory. The performance of both controli-
ers are compared and tabulated in Table 2 for three dif-
ferent load conditions: (a) No-load and 10% error in iner-
tia tensor matrix, {(b) Half of maximum load and 10% error
in inertia tensor matrix and (c) Maximum lcad and 10%
arror in inertia tensor matrix. In each case 10% error in
inertia matrices means +10 % error about its measurad
inertial values. Plots of position errors for case (a) for
both controllers are shown in Figures 2 and 3. The
applied torques computed from the adaptive controlter
for case (a) is shown in Figure 4. A more detalled dis-
cussion and derivation of the adaptive control with com-
puter simulation can be found in (8).

NONLINEAR FEEDBACK CONTROL - The use of non-
linear feedback components to minimize the effects of
the nonlinear coupling terms in a nonlinear control system
is not new to control practitioners, but it is a good
approach to control multi-joint robot arms. There is a
substantial body of nonlinear control theory which may
allow one to design a near-optimal control for mechanical
manipulators. We have been looking at this problem for
the last six months and had designed a suboptimal con-
trol with nonlinear feedback. Basically the control sys-
tem consists of two servo loops. The inner loop consists
of nonlinear feedback to minimize the nonlinear effects
while the outer loop controls the quasi-linearized control
system with switching functions that stablize the control
system. In the next sections, we briefly describe the
reformulation of the robot arm dynamic model to accom-
modate the nonlinear feedback and the linear quadratic
controller.

The Lagrange-Euler equations of motion of a mani-
pulator can be written as (12):
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It should be noted that Cyp # Ciym- If we let gf be the
desired angular position, and the angular position error
as r; = q; ~ gf, by substituting r; and r; into Eq. (2), we
have
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In other words, the control system is to be driven to the
orfginr, =0 , 1<si<np,

Now consider the input torque 1; to be consisted of

a feedback o, and a control v; as shown In Figure 5.

That Is, oy +w; =7, , 1<i<n The feedback control

component g; can be chosen as:
L] g
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With this feedback control, the control u; can be found
to be:

afa .
uytor=71 ; and y; = at 2 Dy (5)
=1
If we define the generalized momenta pr as:
n Y .
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Eq. (7) can be expressed in a matrix differential equa-
tion form as:
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Using the recursive computation technique in (13), the
nonlinear feedback in Eq. {4) can be computed in O(n)



time. Hence the implementation of the nonlinear feed-
back is straight forward.

As a result of the nonlinear feedback, the control
system becomes quasi-linearized as in Eq. (7). Treating
€q. (8) as a linear system, a linear quadratic controller
with switching functions for stability can be designed. A
more detailed discussion of this controller design can be
found in (7).

PATTERN RECOGNITION METHODS FOR FORCE
RECOGNITION IN INSERTION PROCESS -~ The primary
objectives of force feedback control focus on designing
an active compliance control strategy that (i) effec-
tively utilizes the force sensory feedback information to
control the arm in fine motion, and (ii) incorporates pat-
tern recognition methods for force recognition and gui-
dance control so that the manipulator can improve its
performance in fine motion. The pattern recognition
techniques embedded in the force control strategy
require that the control space be partitioned into groups
of "control situations” in which appropriate best control
taw will be used to control the arm's end-effector. The
guidance control then improves the performance of the
arm by updating/modifying the feedback gains of the
appropriate control law in each of the control situation.
Similar approach of using a combination of pattern recog-
nition and modern control theory has been used success-
fully in other areas (14,15,16).

The foliowing sections briefly present the concept
of applying pattern recognition techniques to force
racognition in insertion process.

On observing the resolved force sensor measure-
ments, a decision rule based on minimum probability of
the error can be written as d(X) = P{awy; | X)>P(w;[X) for
all j#i and X ¢y, where X denotes the resolved
force sensor vector which is treated as a random vari-
able and oy are the control situations (or various contact

configurations) for 7 = 1,...,m. That is, if the a posteriori
o (X wpPle) .
probability #{w;| %) = ———— iz the greatest for class

i then the hand is “c!as’éﬁﬂed" as in the control situation
w;. The problem then is to find the a priori probability
P(cy) and the conditional probability density function
f(X{w) for i = 1,...,m. The a priori probability P(cw;) can

he estimated fr%m Play) = F’ where N; are the samples
from wy; and N = ) Ny,

If the fundtional form of the conditional probability
density function f(X|ewy) is known up to a set of unk-
nown parameters, then the problem is reduced to a
parameter estimation probiem. If the functional form of
(X |ty) is not known, then the problem is the estimation
of a probability density function. Usually the functional
form of f(X| ;) is not known in the insertion process, the
k-nearest neighbor approach can be used to estimate
the probability density function based on N samples from
the distribution.

Unfortunately one of the disadvantages of the k-
nearest neighbor method for estimating the density
function is that it is totally empirical (experimental) and
it does not contain any information about the geometric
structure and constraints of the problem. A statistical
pattern recognition method based on force sensor meas-
urements due to the geometric constraints and the
quasi-static equilibrium conditions of the insertion pro-
cess must be devised to estimate the probability density
function F(X| ) analytically and not experimentaily. The
contact points of a peg with a hole are random but there

are geometric relations between these contact points
which make these random contact points dependent
rather than independent.

To illustrate the method, consider the control situa-
tion in Figure 6. Let Rz and R, be the reaction forces at
contact points B and A (in coordinate frame Cg) respec~
tively, and R be the radius of the hoie. From Figure 6,
the geometric constraints of the forces are stated but
not derived here. ( A more detailed discussion of the
geometric constraints and its quasi-static equilibrium
conditions for various control situations of a peg in a
hole insertion process can be found in (9))

rg=ro+ TH Xz
ra = fo + TH(Xa — hgk)
Xg=RCosUgi+ RSNz j

Xz = R Cosds i + R Sindy j

where ¥z and 18,4 are random angles; rgq and rg are the
position of the contact points A and B with respect to
the coordinate frame Cr respectively; Tf’ is the transfor-
mation matrix between coordinate frames Cy and
Cr (Cr = THCp)

The orientation submatrix of TP is fixed, because neither
Cr nor Cy changes orientation. The only component that
changes as the insertion process proceeds is ro.

From Figure 8, Ry and Rg, the reaction forces at the
contact points are considered random and have distribu-
tion fr, and fr, independent of the contact condition,
that is fra(Raj ) = fRy(Ra|w;) for all i and j. Further-
more we can assume fp,(Rg} = fp (Rz) that is the den-
sity functions are identical ( but l{q and Rg are indepen-~
dent random vectors ). fg,(Ry) can be easily obtained
from the experimental data.

Let X; and Xy, be the force and moment components
of the resolved force measurement respectively, then
the resolved force vector X can be expressed as:

Xe 1 M
X= X0 s Xp = Ixa| 5 X = |mp
3 m3

The quasi-static equilibrium conditions for Figure 8
require that:
Xs = Rg + Ry

(9)
XM=I'3XRB+I'A}<RA

With the resolved force vector calculated from Eq.
(9), the conditional probability density function f(X]w)
can be estimated from the Synthetic Sampling (Monte
Carlo) technique:

Xr = gr(Ra,Rg) = By + Ry

XM = QM(RAlnﬁl"’.ﬂl'l’Bnro) = er RB + Fra X Ra



In summary, the pattern recognition method for
force rocognition is based on a structural approach to
estimate the probability density function F(X|]c;) to be
used for recognizing various contact configurations in
insertion process. The idea is to generate a random con-
tact configuration of the type belonging to ctass w; and
generate “"admissible" random contact reaction forces
and then calculate the resolved force sensor vectors
based on the geometric constraints and the quasi-static
equilibrium conditions and repeat this process for
N(N>10%) times and find the probability density function

7(X]ew;) from the synthetic sampling technique. The
method can be summaried in Algorithm 1:
Algorithm 1:

1. Set k=0

2. Generatery

3. Generate admissible random contact points

belonging to class

4. Generate admissible random reaction forces (i.e.
R, and Rz depending on the class w;)

6. Calculate the resolved force sensor vector
based on the geometric constraints and the
quasi-static equilibrium conditions

6. If k>N, then find the distribution from data gen-
erated, else goto step 2.

At this time, we are at the stage of performing com-
puter simulation of the insertion process on our VAX-
11/780 computer. (i.e. try to verify the validity of using
pattern recognition method for recognizing resolved
force vectors for various contact situations.) We have
completed instrumenting our PUMA robot arm with a wrist
force sensor from Robot Technology Inc. Sensor calibra-
tion and the related software are being written.

COMPUTATICON STRUCTURE FOR ROBOT ARM CON-
TROL - As stated in the adaptive control design, the
nominal torques are computed from the Newton-Euler
equations of motion. Normally such numerically intensive
computations can be performed by mainframe computers
or microprocessors. We argue that a better solution is
the use of a special purpose processor (APAC~--Attached
Processor for Arm Control) to compute the nominal joint
torques. We had designed such an APAC and performed
computer simulation on it (See Figure 7). The APAC con-
trols the robot arm as a whole system and performs the
dedicated functions of servo control. The following sec-
tions present the preliminary specification for a very
large scale integrated circuit (VLSIC) implementation of
our proposed APAC, a single chip processor for dedicated
numerically Intensive control applications. A more
detailed discussion and design of the APAC can be found
in{(10,11).

The APAC functions as an attached processor of a
general purpose minicomputer. It operates on 32 bit
floating point data. Conceptually, it lles between Float-
Ing Point Systems' AP%208, a high performance numeri-
cally oriented attached processor, and the Intel 8087, a
single chip numerically oriented attached processor in
the Intel 8086 family of components. All three work with
floating-point numbers. The APAC differs from the
AP120B by being much simpler, less flexible, slower, and
by having a smaller word size (32 bits versus 38 bits}).
It differs from the 8086 by having its own on chip pro-
gram memory, input/output buffers to facilitate real-time
epplications, and two Independent function units.
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Howevar, the 8087 has a more flexibre number format,
and can deal with severai variants of the IEEE floating
point standard up to and including the 80 bit format.
This prefiminary study assumes the APAC will be impile-
mented in nMOS. However, our eventual aim is to investi-
gate the design of the APAC in a faster technology that
stil has the density of integration associated with
nMOS. A prime candidate is the I3L (Isoplanar Integrated
Injection Logic) technology developed by Fairchild Cor-
poration. The major components are as follows:

1. A 32 bit floating peoint adder unit (AU).

2. A 32 bit floating point multiplier unit {MU).

3. A 256x32 register file (RF).

4. A 32x32 bit input buffer (IB).

8. A 32x32 bit output buffer (OB).

8. A 1Kx50 bit program memory {PM).

7. A 4x10 bit program counter stack (PCS).

8. A 1x50 bit program memory data register (PMDR).
9. A 16 bit loop counter (LC).

10. Condition code logic (CC).

To illustrate the effectiveness of the APAC a func-
tional simulation was performed using APL. The forward
and backward recursive equations for computing the
nominal actuator torques were used as a benchmark,
since they are the major computational task in the joint
torque computation. These were programmed for the
APAC. A listing of the program showing how the function
units can be efficiently scheduled can be found in (10).
The APAC is operating at its maximum rate when both
function units are in streaming mode. In this mode it is
producing the resuits of two floating-point operations
every M-cycle, i.e., it is operating at a rate of 4 MFLOPS.
Our simulation showed that about 73% of the time the
function units produced results, that is, the APAC was
operating at an average of 2.93 MFLOPS for this bench-
mark. This corresponds to a torque computation (i.e.,
actuator signals for all six joint motors) in about 250 us.
To achieve this considerable time was spent hand optim-
izing the program. Scheduling two pipelined function
units is time consuming. Support software to help with
this aspect of program preparation would be a necessity
in a production environment.

COMPUTER VISION - The objective of this research
project is to develop an algorithm using grey-scale com-
puter vision techniques to recognize two overlapping
objects in their overlapping state and determine the
position and orientation of the overlapping objects. More
specffically, the task is to detect the outside boundaries
of the objects, construct both the overlapping edges
and the hidden edges, and determine the position and
the orientation of the top object and then the bottom
object. The vision algorithm was used to recognize two
specific overlapping objects (door latches for automo-
biles, see Figure 8).

The basic system was divided into two phases. The
first phase involved training the computer to recognize
each object in its non-overlapping stable states. The
second phase involved the actual recognition and recon-
struction of the internal edges and the objects in their
overlapping state. This second phase was divided into
six stages as follows: (1) image acquisition, (2) edge
detection, (3) labeling, {4) feature selection and recog-
nition, (&) template matching, (6) objects recognition
and reconstruction.



The image acquisition stage converts the analog
image obtained from a single T.V. camera intoc a
256x256x8 bit grey-scale image of the overlapping
parts, The edge detection stage converts the grey-
scale image into a binary image while locating as many
edge pixels as possible. The labeling technique seg-
ments the binary image by labeling its various internal
and external components. The feature recognition stage
searchas the labeled image for local features such as
holes, and determines the position of their corresponding
objects. The template matching stage computes a radial
template, compares it with templates generated in the
Training phase, and determines the orientation of the
objects. And finally the objects recognition and recon-
struction stage reconstructs the objects and determines
which one is on top. The only requirements are that the
edge detection stage generate a “good” internal edge,
the objects have some clearly distinguishable features
such as holes, and that at least one of these features
be non-overlapped. For the objects used in this project,
the vision system was unable to recognize only those
objects whose internal hole was “hidden”; it could still
recognize all of the other objects. However, to accu-
rately determine which object is on top requires all of
tha holes to be completely visible. A more detailed dis-
cussion of the technique can be found in (17).

PROGRAM OBJECTIVES FOR THE NEXT YEAR
Qur major efforts will be in the following areas:

= Continue our modeling and computer simulation of the
insertion process for various contact configurations
and Implement the proposed pattern recognition
method for force recognition on our PUMA robot arms
equipped with wrist force sensors. The objective is
to verify experimentally the equations governing the
geometric force constrainis and the quasi-
equilibrium conditions of the insertion process and
the use of pattern recognition for recognizing these
configurations.

s Continue to Investigate the guidance control for
insertion process for PUMA robot arms.

» Investigate methodologies directed toward the prob-
lems of controlling and coordinating multirobots
operating in a cooperative task environment (i.e.
within a manufacturing cell). Some of the major
problems associated with multirobots in such
environment are: synchronizing the distributed
processes performed by the multirobots; communica-
tion and coordination of the sensory feedback con-
trol signals for each rabot; real-time processing of
these signals for each robot; and the development
of a user-oriented high-level concurrent programming
language for control of the systems. (see (18) for
our preliminary thinking)
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Table 1, Mathematial Operations of the Adaptive Controller
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Table 2 Comparison of PD and Adaptive Controllers

PD Controliar Adsplive Controiter
Varlous { ra)ectory Tracking Yrajectory Tracking
Loading Jolnt | Max, Error | Max, Error Final Position Max, Error | Max. Error Final Position
Conditions ( degres ) (mm 3} feror ( degree ) | ¢ degrae ) {mm) Ereor { degran )
No load and 1 0.089 1.56 0.025 0.008 0.ge (X2
10% errar 2 0008 1.71 0.0089 ©.043 G715 G014
In Inertia Lensor a3 0.328 2.88 ea1 c.o8a 0.50 om20
172 max. load 1 a1 21 0054 0103 178 0102
and 10% error 2 0.147 2.857 0.074 0.127 2.22 G2y
in Inertis tensor 3 0.480 a.1q 0.2a5 0.095 o832 0.095
Man, lond 1 0,145 253 0.082 o121 2N 0.018
and 10°% arrar 2 0.186 3.2a 0.113 0.253 4.41 0.252
in inertin 1ensor a 9.807 5.30 2.360 0288 252 0181

Pasiclon Error (degree)
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Figure 2 Position Errors of PD Controller
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Figure 3 Position Errors of Adaptive Controller
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Figure 4 Torques Computed From Adaptive Controller
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Figure 5 Nonlinear Feedback Control Block Diagram
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Figure 6 A Control Situation for Insertion Process
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Figure 7 The Proposed APAC Block Diagram
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Figure 8 Objects for Computer Vision




