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COMMAND:
=GOI

---< ITERATI0N 1 )-

INPUT YCUR CONSTRAINT MEMBERSHIP VALUES ( M(FI .I,'23 ):
_0.5 0.5

KKUHN-TUCKER CONDITIONS SATISFIED

OPTIMAL SOLUTION TO THE CONSTRAINT PROiBLEM
FOR YOUR CONSTRAINT MEMBERSHIP VALUES

MEMBERSHIP I UBJECTI)

M(FI) = 0.6378110491D+00 1
M(F2) = 0.4999999997D)+00 I
M(F3) = 0.5000000013+-00 1

X( 1) = 0.
Xi 3) = 0.6853549365D+01

VE FUNCTION

F(1) = 0.295057201U7)+04
F (.2) =0. 3500000000D+04
F (3) =0. 9500000004D[+03

X ( :,= 0.6.2261i65961D+O1

M-PARETU) OPTIMALITY TEST
KUHN-TUCKER CONDITIONS SATISFIED)
EPS( 1)= O.
EPS 2'.)= 0.
EPS( 3)= 0.

TRADE-OFFS AMONG MEMBERSHIP FUNCTICONS
-DMF2)F'/DM(F) = 0.2874498133I)+0I
-DM(F3)/DM(FI) = 0.2103545568A5+OI

ARE YOU SATISFIED WITH THE CURRENT MEMBERSHIP VALUES CIF
-rHE PARETO OPTIMAL SOLUTIO)N
=NO

---------------------- < ITERATI:)N .2 )---------------------

C)NSIDER THE CURRENT MEMBERSHIP VALUES OF
THE PARETi) OPTIMAL SOLUTION TOGETHER WITH
THE TRADE-u)FFS AMCONG THE MEMBERSHIP FUNCTIONS.
THEN INPUT YOiUR CONSTRAINT MEMBERSHIP VALUES
(M(FI),I =2.3
=0.6 0.55

...... ....... X .. . ..

ARE YOU SATISFIED WITH THE CURRENT MEMBERSHIP VALUES OiF
THE PARETC COPTIMAL SOLUTION ?

=YES

THE FOLLOWING VALUES ARE YOUR SATISFICING SOLUTION

MEMBERSHIP I O)BJECTIVE FUNCTION

M(F1) = 0.5479903336D)+00 I F(l) = 0.3056111358[D+04
M(F2) = 0.6599999997D+00 I F(2') = 0.33188730761)+04
M(F3) = 0.5700000002D+00 I F(3i = 0.9710000001D)+03

XS 1) = 0.
X( 3) = 0.6209910629D+01

X . = 0. 7756B665''6S[D+0U

COMMAND:
=STOP

E**C CPU-TIME 0.259 SEC. D ***

Fig. 1. Computer output showing interactive fuzzy decisionmaking processes.

multiobjective nonlinear programming problem:

fuzzy min f(x) = X2 + (X2 + 5)2 + (X3 60)2
fuzzy min f2(x) = (xl + 20)2 + (x2 55)2 (X3 + 20)2

Fig. 1 shows the interaction processes using our computer pro-
gram with the aid of some of the computer outputs. In this
example, at the fourth iteration, the satisficing or compromise
solution of the DM is derived.

V. CONCLUSION
In this correspondence, we have proposed an interactive fuzzy

decisionmaking method using the constraint problems in order to
deal with the fuzzy goals of the DM in multiobjective nonlinear
programing problems. In our interactive scheme, after determin-
ing the membership functions, the satisficing or compromise
solution of the DM can be derived by updating his/her con-
straint membership values based on the current values of the
membership functions together with the trade-off rates between
the membership functions. Furthermore, local M-Pareto optimal-
ity of the generated solution in each iteration is guaranteed.
Based on the proposed method, the time-sharing computer pro-
gram has been written to facilitate the interaction processes.
However, applications must be carried out in cooperation with a
person actually involved in decision making. From such experi-
ences the proposed method and its computer program must be
revised.
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10) + (x3 - 30)2
subject to x EX= {(x, x2, x3)x x±2 x 100,

0 < xi < 10, i = 1,2,3).
In applying our computer program to this problem, suppose

that the interaction with the hypothetical DM establishes the
following membership functions and the corresponding assess-
ment values for the three objective functions:

f1: linear, ( fl°, f11) = (3700, 2525)
f: hyperbolic, ( f2° 25 7 f2°5) = (3800,3500)

f|left: linear, (f ,f3') = (800, 1100)
lright:exponential, (f3,fo 5 ji) = (1300,1250,1100).

Comments on "An Exact Kinematic Model of the
PUMA 600 Manipulator"

DANIEL E. WHITNEY, SENIOR MEMBER, IEEE, AND
JEFF S. SHAMMA

Abstract-Bazerghi et al. present an "exact kinematic model of the
PUMA." It appears to be a model of the PUMA's internal software model
rather than a model of the PUMA itself. Other sources of information
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LINK 5-

LINK 4-

LINK 3-

Fig. 1. Nominial PUMA 560 kinematic model.

TABLE I
COMPARISON OF DIFFERENT STATEMENTS OR ESTIMATES CONCERNING

PARAMETERS IN THE PUMA'S INTERNAL MODEL

Parameter [1] This Work [4]
Link 1 0.14910 m 0.14909 m 0.14909 m

2 0.43180 0.43182 0.43180
3 0.43180 0.43305 0.43307
4 - 0.02007 - 0.02031 -0.02032
5 0.05639 0.05624 0.05625

about nominal parameter values in the PUMA's internal software model
are compared with actual parameter values obtained from calibrations of
two PUMA 560 manipulators. It has been shown that the actual PUMA
and its internal model disagree about tool tip position, typically by several
millimeters.

There are two classes of models for robot manipulators: nomi-
nal models and actual models. Nominal robot models, such as the
one found in the PUMA's internal software, are used in modeling
the ideal manipulator. Actual robot models are used in finding
the true parameter values for any one individual manipulator. It
must be stressed that, unlike nominal robot parameter values, the
actual parameter values of any two manipulators need not be the
same although the robots may have the same configuration.
Calibration1 of a robot (improving its accuracy) may be achieved
by developing a model of the actual manipulator.

Reference [1] presents "a kinematic model of the PUMA 600
which exactly matches the actual manipulator." "The correct
values for [the link] parameters were experimentally
obtained... ." These statements give the impression that the
published model represents the arm itself. In fact, it appears that
the authors have made a mathematical model of the PUMA's
configuration and compared their model to the model contained

'It should be noted that Unimation calls calibration the act of linearizing the
position potentiometers on machines with incremental encoders. Unimation
calls the act of measuring the arm links arm signature.

TABLE II
COMPARISON OF CALIBRATION OF Two DIFFERENT PUMA's USING

THEODOLITE MEASUREMENTS OF TOOL TIP LOCATION

Parameter [21 [5]2
Link 1 0.15106 m 0.14930 m

2 0.43149 0.43186
31 0.43358 0.43354
5 0.05582 0.05589

1 SQRT (Link3** + Link4**2).
2Preliminary-Values.

in the PUMA's controller. This may be of academic interest but
it does not improve the accuracy of the robot itself.

Indeed, the authors' model can be improved by providing it
with more accurate nominal kinematic parameters. We have used
the following procedure on our own PUMA to obtain these
values: a geortletric (kinematic) model for the PUMA was for-
mulated (according to methods in Paul [3]), which takes joint
angles as inputs and produces XYZ positions of the wrist as
output (Fig. 1). 60 precision points (sets of joint angles) were
programmed into the PUMA, and the corresponding XYZ posi-
tions of the wrist, as calculated by the PUMA's internal model
and printed on the console screen, were noted. The same set of 60
joint angles was put into our geometric PUMA model, and its
unknown link lengths and axis offsets were adjusted by numerical
search techniques until all 60 XYZ points matched the PUMA
model's 60 points within 0.15 mm each. The results are compared
to [l]'s parameters in the two left columns of Table I.
When we observed that the length of link 3 was apparently not

represented in the PUMA's model as 0.4318 m (17 in), we made
two further comparisons. First, we telephoned Unimation, Inc.
[4] and were told that, indeed, PUMA 560's2 are shipped with a
mathematical model whose value of link 3 is larger than 0.4318 m
by a considerable amount. At present, Unimation does not

2Unimation changed the name of the PUMA 600 to the PUMA 560 several
years ago. This change does not seem to affect the results in this correspon-
dence or the comparison to [1].
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calibrate each PUMA, and thus each PUMA's internal model is
the same. Its link lengths, as determined by phone, are in the
right hand column of Table I.
The second comparison was to actual parameters of models we

have made for two different PUMA 560's. The first [2] found
PUMA serial # 52 to have link 2 slightly less than 0.4318 m and
link 3 somewhat more than the PUMA's model value. This
calibration also found many other discrepancies, several of which
are not contained in conventional kinematic models (gear
harmonics, joint compliance, and axis misalignments were the
main sources, totaling almost a 2-mm error at the tool plate). The
second calibration has obtained similar results- for PUMA serial
# 357 [5]. Results from these two calibrations are shown in Table
II.
The link lengths shown in Table II are not sufficient to

describe the PUMA manipulator. These lengths must be accom-
panied by (along with the other discrepancies) the relative orien-
tationis of the joint axes, which are not exact multiples of PI/2.
Although no model can be exact, a PUMA model that includes
these details will be more accurate by 0.5 to 1.5 mm. For this
reason, the entries in Table II can only approximate the parame-
ters named, but do not correspond exactly to the respective link
lengths shown in the figure. A complete discussion of these
discrepancies between nominal and actual robot models can be
found in [2]. This reference also explains the measuring instru-
ments and numerical methods used.

CONCLUSION
There are robots, models of actual individual robots, and

models of internal models of nominal robots. The goal of robot
calibration is to minimize the discrepancies between actual robots
and models of them. The harder one looks, the more discrepan-
cies one finds. It is likely that the true XYZ location of the
PUMA's tool plate will differ from the prediction on the console
screen by at least 2 to 3 mm or 20 to 30 times the resolution/re-
peatability specification of 0.1 mm. Alignment of a mathematical
model to these console values is thus of little practical value
unless such large errors are tolerable.
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