NOTICE WARNING CONCERNING COPYRIGHT RESTRICTIONS:

The copyright law of the United States (title 17, U.S. Code) governs the making

of photocopies or other reproductions of copyrighted material. Any copying of this
document without permission of its author may be prohibited by law.



Automatic Robot Initialization
Using a Planar Target Scanned by an
Optical Reflection Sensor

R. Q. Yang* and M. w. Siegel

CMU-RI—TR-87-%"_)

The Robotics Institute
Carnegie Mellon University
Pittsburgh, Pennsylvania 15213

April 1987

Copyright© 1987 Carnegie Melton University

ePermanent address: Shenyang Institute of Automation, Chinese Academy of Sciences, Shenyang,
China

L
ey



Table of Contents

1 Abstract
2 Introduction
3 Configuration
3.1 Target
3.2 Sensor
3.3 Initialization Procedure
3.3.1 Waist Joint Initialization
3.3.2 Shoulder and Elbow Joint Initialization
4 Initialization Accuracy Analysis
4.1 Accuracy as a Function of Initialization Cycles
4.2 Relationship Between Accuracy of Initialization and Original Elbow Angle
4.3 Relationship Between Accuracy of the Initialization and Parameters B, K, and D
4.4 Considerations About Elbow Orientation
4.5 Considerations About the Wrist Joint
S Design
6 Limitation
7 Conclusion

UNIVERSITY LIBR

st Pt e
uL‘SB»-o OO AN B B DWW

ARIES

CARNEGIE-MELLON UNIVERSITY

PITTSBURGH, PENNSYLVAN!

A 15213



Figure 1:
Figure 2:
Figure 3:
Figure 4;
Figure 5:
Figure 6:
Figure 7:
Figure 8:
Figure 9:

Figure 10:
Figure 11:

List of Figures

T-shaped target
Transmitter-recciver pair and detection circuit
Steps 1 (shoulder-forward) and 2 (c]bow-forward)
Step 3 (shoulder and elbow back-rotation)
Error caused by incxact placement of the target
(@)

YWg * (Bl)
ERROR(BE)
ERROR(B{)
ERROR(K)

ERROR(D)

Robot arm with wrist

Figure 12: Tolerance on angle B,

= O\OOOO\U\-AQJ




1 Abstract

We describe an automatic initialization scheme for finding a point of coincidence between a robot's
internal coordinate sysem and the coordinate system of its work space. Our method uses an optical
transmitter-receiver pair mounted on the robot end effector to scan a T-shaped planar target mounted on
the work surface. An automated iterative method for moving a point on the end effector into precise
coincidence with the point of intersection between a sensed plane paralel to the work surface and a
sensed line normal to the work surface is shown to converge rapidly.



2 Introduction

Even simple robots are generally able to exccute differential motions with reasonable accuracy, and high
quality robots come cquipped with absolute encoders that enable them to discern their pose. But even
high quality robots are generally oblivious to how their internal coordinate system maps onto the
mmﬁmam system of their work space. In short. even the best robots, which runclosed loop |
thetically, generally run open loop with respect to the coordinate systems of their wo;{kmg

But provided that the distance and angle measuring systems of both the robot and the work space are
themselves adequate, finding a single point of coincidence between the two coordinate systems is
sufficient to cstablish the mapping betwcen them.! For example, the instruction manual for the
MICROBOT TeachMover [2] robot on which we implemented a demonstration of our procedure
suggests an operator run initialization procedure in which the robot arm is located on a one-square-per-
inch cartesian grid, and the end effector is moved (using the teach pendant) into a specified pose above a
poim m this spwc. The method is simple, but it is tedious, inaccurate, and prone to operator errors and

This paper describes a simple and precise sensor based automatic initialization method using a planar
target scanned by an optical reflection sensor. We developed a demonstration of this system specifically
for an articulated arm robot with waist, shoulder, and elbow degrees of freedom, but our method is
generally applicable to any robot with similarly implemented degrees of freedom, and the principles are
easily adapted to robots with other degrees of freedom and correspondingly different internal coordinate
systems.

Dealing automatically with degrees of freedom beyond the three consisting of waist, shoulder, and elbow
will require additional sensor capabilities, but the limited system described here can still be retained asa
subset. Since the robot we used for the demonstration mmmmﬂ&mmﬂo&mﬂm
mmwwmmMmm@mmeWememmymmmw
degrees of freedom. mmmmmﬂmmbmmdmmmm In our demonstration
we resolve the degeneracy by 2 manual pre-initialization

mmmmwammmmmmmwmmmmmw
mWnﬂmmﬁwmﬁmmwmmmwﬂaﬁmwmmWWf

Qur system has two hardware components:
1. a planar target painted on or attached to the work surface; and

Our method requires that the sensor be able to;

tmmmmwwmmﬂwmxmemwmm
irrespective of where on the work surface;

YW refer o the process of finding ane such poist 2 “initiaization.* mummmmmmmw
roguirad) peocess of “calibrasion,” ihe serification and cnrroction of the adequacy of the two measuning sysiems.
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2. guide the end cffector reproducibly to positions directly above transitions between target and
work surface;

3. accomplish the latter robustly over at least a small range of heights.

In our implementation the sensor is an optical proximity sensor, the work surface is white, and the target
is black. However there is no obstacle to implementing this system with other targets and target detection
schemes, not necessarily optical.

3 Configuration

3.1 Target

The target, affixed to the work surface, is a T-shaped pattern with a body that is part of a sector of a circle
centered on the waist rotation axis, and with a rectangular head, as shown in Figure 1. In the first part of
the initialization procedure, the sensor directs initialization of the waist joint by finding the radial line A
in Figure 1. In the second part of the procedure, the sensor directs initialization of the shoulder and
elbow joints by iteratively adjusting them while repetitively finding the tangent line B in Figure 1. Itis
most convenient to perform the shoulder and elbow initialization at a fixed waist joint angular offset from
the waist joint initialization position.

Figure 1: T-shaped target
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3.2 Sensor

In our demonstration sysem the sensor is a commercid optica proximity sensor [1] consisting of an LED
integraly packaged with a photodctector, and with simple lenses whose optica axes intersect about a
centimeter from the package. When the outgoing infrared light beam meets a morc-or-lcss white
materid at about a centimeter, aufficient radiation from the LED is reflected back to the phototransistor
to fire the schmidt trigger output circuit (see Figure 2). Since the precise triggering distance from the
target is sendtive to the target reflectivity, to obtain high reproducibility it is necessary to standardize the
background reflectivity immediatdly adjacent to the target. This is eadly accomplished by integrating a
smdl patch of standard background with the target, e.9.< by painting the target on a rectangle of adhesive
paper of reproducible reflectivity.

+5v

schmidt
trigger

Vigawe 2  Transaritter-recefver pair and devection circuit

-3, 3 Inltlallzat|0n Procedure

The robot is powered up, aid moved by means of the teach pendant to any position near the iateraedioii
of lines A and B in Figure 1, k die one wi t surface quadrant they define, and between one and five
centimeters a&>0O¥e the Work_sj_ffice. A suitable starting point could, of course, be found automatically by
exhaustive blind ssarch* but theft would be little or no practical tahiein doing so.

Automated procedures for JH&liZzng the robot wést, shoulder, and ebow Joints aré then caled. The
sequence of events » outtiacd in thefoQowiogsections.

3,3.1 Waist Joint Inftiallzattori

Simple, narrow search dgorithms effect the following motions:

|.The shoulder is rotated toward the work surface until the proximity sensor fires, at
approximately one centimeter above the surface;

Z Shoulder filiations arc stopped, and the wais joint is rotated until the radld line A is found
(Figurei).
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The waist joint is thus initialized. The waist is then offset by a few degrees, putting the sensor back above
the work surface in the quadrant determined by lines A and B.

3.3.2 Shoulder and Elbow Joint Initialization

This is the most difficult part: before initialization, it is impossible to move the end cffector without also
changing its height above the work surface. Onc approach is to oscillate about the desired height by
using scnsor feedback to control alternate very small shoulder and elbow motions while we search for line
.B. What we now show is that a sequence of much larger sequential shoulder and elbow motions will
accomplish the same end much more cfficiently.

> X

I K T-shaped target

Figure 3: Steps 1 (shoulder-forward) and 2 (elbow-forward)

I‘lﬁemlders rotated toward the work surface until the proximity sensor fires, as shown in
F‘@rm},pamw to W_. This is a "pure shoulder rotation,” ie., the robot is presumed to be
”mxhweﬂ whbraaed firmware to cause elbow rotation equal and opposztewme

er rotation, thus preserving the orientation of link L, in the workspace.

lmc%wsmmdwappmhhm&whnhlsdcwctedbymepmxxmuysensorsmngthe
dark target in contrast to the bright work surface, as shown in Figure 3, patthtoWs This
is a "pure elbow rotation”, ie., the gripper (not shown in the figure) remains in the vertical
orientation it was given in thc pre-initialization procedure discussed above.
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3. Bath the shoulder and dbow are rotated back through arbitrary smal angles(A; and B)), as

shown in Figure, 4 path Wg to W(l*. While the choice of A and By is arbitrary, initidization
accuracy is shown in Figure 8 to depend somewhat on the velue chosen for IK Furthermore,

the agorithm assumes that once the choices are made, they are kept constant throughout the
procedure.

4. The cyde (steps 1,2,3) is repeated severd times, according to the precision required.

5. After apredetermined number of iterations, the procedure i terminated after step 2.

Jlﬁ

> X

K - "Tl"q'hf;jbed pattern

Figie & Step 3 (shoulder md elbow boditaotétioa)

it is important to soifee that stop 3 must be a compound motion 1Ewlraig back rotation of both (be
shoulder aw! elbow jotois. Neither a pure shoulder motion mm a pure ebow .motkm could guarantee
con?agpiee of,.the taxation. The andys's la Section 3 derives the relationships that detennine the
accuracy of titleinitialization pw/dtire as afiiaction of the number of iterations ami the ake of the back
rotationstakea to step 3* The tfteordied andyss, wel confifmed by our experiwats, sfaws tbat two m
three iteiations arc sufficient to achieve iaitidizaiion «rnrm™r Umitcd by the mexrharitcs of the utk” la
table 2-1 weiinsttste tic itpidconvtnseiioe frcia.an arbitrary pitintfiaiixMion podtioilL
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TABLE 2-1
Vertical Initialization Error vs. Procedure Cycles

(] o
(B1=290  B.=5 K=140 mm  D=117 mm )

cycles 0 1 2 3 4 5 6
error | | -3 -4 -6|
(micron) -10138 178.2 | -5.635 |0.1766 |5 5x10 |1.7x10 |~5.6x10

4 Initialization Accuracy Analysis

lysis of the waist initialization is very simple. The only source of error® is inexact

Suppose dmtmc dzstame between the working side of the body of the target and the axis of rotation of
the b;ase jomt is e, where nominally, e = 0 (Figure 5). The range of hand starting positions is from R1 to
rresponding to a waist mmahzauon angular error range AC, where

AC = ‘Cz' C = cos™(e/R,) - cos'l(e/RI)

%MW e = 0. Fore<(R, and e <K R,, AC is clearly small. For example, taking typical values

2 ecall that we arc assuming the robot is kinesthetically precise, and the work space s precisely measured.
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Figure 5: Error caused by inexact placement of the target

4.1 Accuracy as a Function of Initialization Cycles

SH!

bscrip wreﬁersman mztmlpo&mwmgrefemmagaalposamn,andmbscnm
termediate position. First we suppose, with reference to Figure 3, that before
initialization the shouldes of the robot isat A, andmeelbow:saxa& Thenaﬁertheﬁrstexecumnof
weplﬂlehmdmatw wMeYls

s Yy = LsaA,)+ LiB) + H = D e

gt e st

s s s R e

MMMMY Wmfywﬁrmmﬂw mma
dependence of Yy, on B, This s llustraed in Figure .

In step 3 of the cycle, the shoulder and elbow are rotated back through fixed arbitrary angles A_and B,




The new darting position of the hand, after one cycle, is Wll*\ corresponding to shoulder and elbow
angles

Ai(l) - Am +\ and Bi(1> - Bg + Br
After one additional iteration of steps 1 and 2, the new position of the hand isV\é N
Xwg™ = Licos(AnM) + LjeosCBA = K = Xy
ng(b = LISiIl(Am(b) + L2$irl(Bs a>) + H
and after the n* iteration, the position of the hand is Ws N
Xwg™ = Licos(An®>) + L,cos(B"™>) = K = Xy
. . H
Yo" = Lysin(A, ") + Lysin(®, » +

The explicit solution quickly becomes very cumbersome, but computer smulation (Figure 6) issimple. It
isinteresting to note that Y., g"”), while constant for given robot geometry, is not equal to D.
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4.2 Relationship Between Accuracy of Initialization and Original Elbow Angle

Equation 3-4 shows that the accuracy of the initialization depends on the original angle ( Bi) of the elbow.
Figurc 7 illustratcs that while this dependence looks strong, the magnitude of the error is always small.
This figure is the result of numerical experiments using three cycles, ie.,

= Gyp)y - {
8 = Yy, OB - Yy,

T -7\ N

8§ (microns)
.I []
N Q

A
&

-6}
-.8}

-1.0

-1.2%

Figure 7: ERROR(B)

4.3 Relationship Between Accuracy of the Initialization and Parameters B,K,andD

Equation 3-4 also shows that the accuracy of the initialization will change with the back rotation angle

(Bl)ufmeclbw or the location (K) of the T-shaped target. Figures 8, 9, and 10 illustrate, also via
umerical experiments involving three iteration cycles, the errors as a function of the elbow back rotation

: mm}mwmmixlmmvmﬂmwmgm(m These parameters can

thus be determined, via numerical experiments for the geometry of any specific robot, so as to minimize

the errors inherent in the method.

4.4 Considerations About Elbow Orientation

Y M=F{sm{B!+&Bi))

. ‘ﬂmmﬁfﬁiwmﬂﬂ“m%”mmmwm&nwgmmmﬁ+ﬁ8} For
ample, suppose B, = 5°, B, = -75°, AB, = 0.1% then

%%m(q +AB)- yw!%nmg =06 pm

Thus the error is negligibly small.
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Figure8: ERROR(B)

st rotatjon, keepl ng the Wnst onentatloa
"’f_lqltann However, asin the. case of

al. tign set q
" ebow Orientation, the orlentatlon of d|e wrlst can t be kept perfectly eonstant But. thls onIy dightly

affécts Jhe value of D, as shown'i |n Flgure 11 For examp1e ifthe erst Is 1° aNay from vertlcal denoted

-angle Q, weobtain
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b= smmu 117 mm,
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Figure 10: ERROR(D)
AD = Ly(cos(Q) - cos(Q+AQ)) = 3 um

Yoe = Ywg Iy

Y@mm)-yﬁg%5 AD) = 4pm
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K ~_I-shaped patern

Figure 11: Robotarmwithwrist . .

ugeests iere betore the i
there are some practical limitations. For the method to work, the hand must |
shaped target, and the clbow-wrist link cannot be too far from vertical. The t

—l(‘(H'h)/LZ) = 17°15
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Figure 12: Tolerance on angle B,
Theoretical analysis and numerical experiments show that the initialization error will become negligibly
small after a few cycles. With an appropriate choice of parameters, after only two cycles, the initialization
accuracy depends only on the quality of the robot mechanics and the resolution of its actuators.
This simple pre-initialization procedure allows for a wide range of operator inconsistency.

Experiments, not described herein but using the apparatus and parameters that we explicitly modelled,
confirm the logic of the algorithm and the wtility of the procedure.
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