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gescribe an ,utontic inftialization scheme for finding a point of coincidence
between a robot's internal coordinate system and the coordinate system of its work
pace. Our method uses an optical transmitter-receiver pair mounted on the robot

d effector to scan & T-shaped planar target mounted on the work surface. An auto-
ated iterative method for moving a point on the end effector into precise concidenc

ith the point of intersection between a sensed plane parallel to the work surface
d a sensed ine normal to the work surface is shown to converge rapidly.
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t 1 Abstract

Weo describe an sutomatic initislization scheme for finding a point of coincidence between a robot's
inetrael coordinnte sysiem and ihe coordinme sysem of its work space. Our method uscs as optical
tranamister-roceiver pair mounted on the robot ead cffecior 1o scen 3 T-shaped planer target mounted oa
the work surface. An automatcd kerative mothod for moving 3 point on the end cffector into preciee
caincidence with the point of intorsection boswoen & senscd plane paraliel 0 the work surface and a
seasod line aormal 1o the work surface is shown 0 converge rapidly.
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2 Introduction

Even simple robow are generally sbic to excoute differential motions with reasonable accuracy, and high
quality robots come oquipped with absolute encoders that enabic them (o discern their pose. But even
high quality mobots arc gemerally oblivious 0 how their intemal coordinate system maps onto the
coordinate system of their work space. Ia short. even the best robots. which rua closed loop
kincsthetically, generslly rn opes loop with respect to the coordinate systems of their working
environments.

But provided that the distance and angic measuring systems of both the robot and the work space are
themsetves adequate, finding a singic point of coincidence between the two coordinate systems is
sufficicnt ©0 cxablish the mapping between 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 caresian grid, and the end effector is moved (using the teach pendant) into a specified pose above a
point in this space. The method is simple, but it is tedious, inaccurate, and prone to operator errors and
inconsistenciss.

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 10 any robot with similarly implemented degrees of freedom, and the principles are
easily adapeed t0 robots with other degrees of freedom and correspondingly different internal coordinate
SYRems.

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 as a
subset. Since the robot we used for the demonstration also has wrist angle, wrist rotation, and gripper
closure degrees of freedom, we have to specify how we will remove the degeneracy associated with these
degrees of frcedom. The method may be manual or sensor based and automatic. In our demonstration,
we resolve the degeneracy by a manual pre-initialization wherein we adjust the plane of the gripper
action 10 be tangent t0 2 cylinder concentric with the waist rotation axis, we close the gripper fingers to a
steaderd gep. and we use the coordinating features of the robot controlicr firmware to preserve these
conditions throughout waist, shoulder, and clbow motions.

Our system has two hardware components:
1. a planer target peinted on or attached 10 the work surface; and

2. an optical transmitser-receiver pair operated as a proximity ssasor.

Our method requires that the sensor be able to:

L. guide the end effector reproducibly v some specified height above the work surface,
irvespoctive of where on the work surfhos:

Luve refor 15 00 prusems of Anting ene such point 55 “iislistion.” Guuingiithing & s the Mve soonpies (and loss Soquaatly
quined) prosems of “aibeation. the vasifiastion and corsaviion of the adoquuany of e twe meanming Qetews.




2. guidc the end cffector reproducibly to positions directly above transitions between target and
work surface;

3. accomplish the aster robustly over at least a smail range of heights.

v In our implementation the sensor is an optical proximity scnsor, the work surface is white, and the target

is black. However there is no obstacle 1o 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
cibow joints by iteratively adjusting them while repetitively finding the tangent line B in Figure 1. It is
most convenient to perform the shoulder and elbow initislization at a fixed waist joint angular offset from
the waist joint initialization position.
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Figme 1: T-shaped targst
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3.2 Sensor

In our demonstration system the sensor is a commercial optical proximity sensor [1] consisting of an LED
integrally packaged with a photodetector, and with simple lenses whose optical axcs intersect about a
centimeter from the package. When the outgoing infra-red light beam meets a morc-or-less white
matcrial at about a centimeter, sufficient radiation from the 1.ED 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 sensitive to the target reflectivity. to obtain high reproducibility it is necessary to standardize the
background reflectivity immediately adjacent to the target. This is easily accomplished by integrating a
small patch of standard background with the target. e.g.. by painting the target on a rectangle of adhesive
paper of reproducible reflectivity.

SRR AL EEEEELLARED, 6 v
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Figure 2. Transmitter-receiver pair and detection circuit

3.3 Inktislizstion Procedure

The robot is powered up, and moved by means of the teach pendant to any position near the intersection
of lines A and B in Figure 1, ia the one work surface quadrant they define, and between one and five
centimeters above the work surface. A suitable starting point could, of course, be four.d sutomatically by
exhaustive blind search, but there would be little or no practical value in doing 0.

Automated procedures for initializing the robot walst, shoulder, and elbow joints are then called. The
scquence of cvents is outlined in the following sections.

3.3.1 Waist Joint initialization

Simple, narrow scarch algorithms effect the following motions:

L The shoulder is rotated toward the work surface umtil the proximity sensor fires, at
approximatcly one centimeter above the surface;

zmlnmmmmumcwmmnmmmmmmufom
(Figure 1 '




The waist joint is thus initialized. The waist is then offsct by a few degrecs, putting the sensor back above
the work surface in the quadrant determincd 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 altermate very small shoulder and clbow motions whilc we scarch 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 cfficienty.

| L.
0 = - X
K T-shaped target

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

The sequencs is:

L. The shoulder is rotated toward the work surface until the proximity sensor fires, as shown in
Fipm!.puhwitow_. This ’s a "pure shoulder rotation,” e, the robot is presumed to be
equipped with wefl calibrated firmware to cause efbow rotation cqual and opposite to the
shoulder rotation, thus preserving the orientation of link L., in the workspace.

2. The elbow is rotated 1o approach line B, which is detected by the proximity sensor seeing the
Mmhmnummmadmﬂnﬁmnlmw.mw'. This
is a "pure elbow rotation”, ie, the gripper (not shown in the figurc) remains in the vertical
orientation it was given in the pre-initialization procedure discussed above.
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3. Buth the shoulder and clbow are rotated back through arbitrary small angles(A_and B), as
shown in Figure, 4 path W_ to W, . While the choice of A_and B, is arbitrary, initialization
accuracy is shown in Figure 8 to depend somewhat on the value chosen for B. Furthermore,

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

4, The cycle (steps 1, 2, 3) is repeated scveral times, according to the precision required.
5. After a predetermined number of iterations, the procedure is-terminated after step 2,

Figure 4: Step 3 (shoulder and elbow back-rotation)

It is important to notice that stcp 3 must be a compound motion involving back rotation of both the
shoulder and elbow joints, Neither a pure shoulder motion nor a pure elbow motion could guarantee
convergence of the iteration. The analysis in Scction 3 derives the relationships that determine the
accuracy of the initialization procedure as a function of the number of iterations and the size of the back
rotations taken in stcp 3. The theoretical analysis, wcll confirmed by our experiments, shows that two or
three iterations arc sufficient to achicve initialization accuracy limited by the mcchanics of the robot. In
table 2-1 we illustrate the rapid convergence from an arbitrary pre-initialization position.
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TABLE 2-1
Vertical Initialization Ercor vs. Procedure Cycles

° 0
(812290 Be =5 K=140 mm D=117 mm )

cycles 0 1 2 3 4 6 6
error -3 -4 -8
(micron) | ~10138 | 178.2 1-5.636 10.1766 |5 5x10 [1.7x10 [-6.6x10

4 (nitialization Accuracy Analysis

The accuracy analysis of the waist initialization is very simple. The only source of error? is inexact
placement of the target.

Suppose that the distance between the working side of the body of the target and the axis of rotation of
the base joint is e, where nominally, e = 0 (Figure 5). The range of hand starting positions is from R1 to
R, corresponding to a waist initialization angular error range AC, where

AC = C,-C, = cos™(e/R,)- cos (e/R )
which is zero if e = 0. Fore < R, and e KR, AC is clearly small. For example, taking typical values
R, = 140 mm and R, = 180 mm and estimating € < 1 mm, it follows that AC <0.1°.

If more precise initialization of the waist joint were required, an additional procedure could be added
before starting waist joint initialization:
1. the shouldcr is rotated toward the work surface until the proximity sensor fires;

2. the elbow is rotated to approach the head of the target until any portion of the target head is
encountered;

3. both the shoulder and elbow are rotated back through any specific small angles.
This procedurc reduces the difference between R, and R,, making AC correspondingly very small.

The shoulder and elbow joint initialization accuracies are more ditﬁcixlt. They are analyzed below in
terms of the number of initialization process itcration cycles,

2R ecalf that we arc assuming the mbot is kinesthetically predise, and the work pace is preciscly moasured.
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Figure 5: Error caused by incxact placement of the target

4.1 Accuracy as a Function of Initialization Cycles

In this discussion subscript i refers to an initial position, subscript g refers to a goal position, and subscript
m refers to an intermediate position. First we suppose, with reference to Figure 3, that before
initialization the shoulder of the robot is at A,, and the elbow isat a B;. Then after the first execution of

step 1, the hand is at W, whose Y-coordinate is
Yym = Lysin(A ) + Lsin(B) + H=D ' (3-1)

from which we determine that

sin(A,) = (D-H-Lysin(B)/L, and cos(A,) = VL, {D-H-Lsn(B)y* /L,
After the first execution of step 2, the hand is at W', whose X- and Y-coordinates are:
Xyg = L1c0S(A ) + Lycos(B) =K  and 3-2)
Yy = Lysin(A ) + Lsin(B) (-3
From Equation (3-2) we get
cos(B) = (K-Lycos(A )L, and sin(B) = -VL*~K-Loos(A )y /L, 0
Yy, = O-H-Lsin(B) + VLKL O-F-LsnB)Y T +H (34)

Equation 3-4 shows that Y, depcnds only on B, not on A Steps 3 and 4 itcratively reduce the
dependence of Yw‘ on B,. This is illustrated in Figure 6.

In step 3 of the cycle, the shoulder and clbow are rotated back through fixed arbitrary angies A and B.




The new starting position of the hand, afer one cycle. is W), corresponding to shoulder and clbow
angles
- L
A=A, +A and BV =B +B,

Aficr onc additional itcration of steps 1 and 2, the new position of the hand is W'“):
m_ m MK =
Xug ) = Licos(A, M) + LcosBM) = K = X,
Yy = LysinA, M) + LsinB M) + H
and after the n™ itcration, the position of the hand is W.("’:
st(“) = Licos(A,™) + Lz"“(Bs(n)’ =K =Xy,
Y\V;(n) = Llsin( Am(n)) + Lzsin(B'(")) +H

The explicit solution quickly becomes very cumbersome, but computer simulation (Figure 6) is simple. It
is interesting to note that Yw.(")' while constant for given robot gecometry, is not equal to D.

116.0

(" (mm)

! 15.0

Yw,

114.0
3 113.0}
? 112.0
111.0

110.0

2

1 m. o e 2 0 - 'S A A nd
270 280 290 300 310 320 330 340 350 360
Bj; (degrees)

Figure 6: Y, ((B)
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4.2 Relationship Between Accuracy of initialization and Original Eibow Angle

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

8 =Yy, BXB)- Y,

T_ - N\

-0 zaozooaoostommmss:m
I

8 (microns)

-2

-4}
-84
-8}

.'uo

—

-1.24
Figure 7: ERROR(B)

4.3 Relationship Between Accuracy of the initialization and Parameters B', K,and D

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

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

angle (B), the location of the target (K), and the virtual sensor trigger height (D). Thesc parameters can

thus be determined, via numerical experiments for the gcometry of any specific robot, so as 0 minimize

the errors inherent in the method.

4.4 Considerations About Elbow Orientation

unmwm.ammmhmmmmmmmmwu.n,i
constant. But because of mechanical or calibration imperfections, this capability is flawed:
Yo" = Flsin(, + AB))

Because the value of B, is near 270° or -90° and AB, is very small, sic(B) is near sin{B, + AB ). For
example, suppose B_ = 5°, B, = -75°, AB, = 0.1° thea
Yoi2sin(B, + AB) - Yy, Psin(B) = 06 pm

Thus the error is negligibly small.

4 e e kg g .
. . A.(LL‘A 7 Y. ) -
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Figee & ERROR(B)

- 180 200
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4.5 Considerations About the Wrist Jeint

Cousider that there is a wrist on the robot, as shown in Figure 11. Vie the robot control flsmwere,
shouider or elbow rotation also causes equal and opposits wrist rottion, kesping the wrist orientation
constant. As stated above. our pre-initieliastion sess a vertical orientation. However, 25 in the case of
olbow orientation, the orientation of the wrist cannot be hapt perfactly constant. But this caly slighaly
affects the value of D, as shows in Figure 11. For cxample, if the wrist is 1° sway fom venical, densted
angle Q, we cbtaia




.‘k
#ﬁM1bﬁo

D mm)
-t

Pigase 16: ERROR(D)
AD = L fcou(Q) - conQ+4Q)) = I pm
an Y'.-L,
Yo D) - Yo AD - AD) = 4 pm
The mothod is thus inssnsitive 10 wrist pre-initialiaatien.

3 Design

We ses fram the sbove anslysis that high initislizasion repeatability is cheained afer caly a few cycies. In
fact, after two cycies the accuracy of the initislization depends primerily on the Quality of the robot
mechanics and the resshution of the rebot actustons.

Figum § shows that the best cheice for B is under 16°. Alse. making the back angle B_ small roduces the
inislalization tme (because the distances are small). Thus we chess B, = 5°.

Figure 9 shows that if the lecation of the T-shaped wrget is o clase 10 the base of the robot or wo far
from it, e initislization error will increass sericusly. Tine wechosse K = 140 mm.

From Pigure 11 we ktaow D = L, + h, where h is the working distencs between the prozimity seasor and
the wark surface. For e ic sonser we wsod in our domenstsation, h is 5 0 10 mm. Becawse the
value of L, is fined (L, = 109 in e TeachMover), the vaius of D is between 104 mm and 119 mm.
Fortunately his is 2 geod range for initislisation with high sccusecy, as shown in Figure 9. Vie these
considerations we chosse (by clectrically adjusting the wigger peint. via the varishie resister in Figure
Dh=fom 0D = 117Tem.
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Figme 11: Robot anm with wrist

Figure 7 shows that with the sst of perameters B = 5°. K = 140 mm. 2nd D = 117 mm. an initial value
of B, anywhere betwesa 200° and 360° results in nagligible erver after thres cycies.

6 Limitation

Our snalysis sugpoets that the hand of the robot can be anywhere before the initialization, but in fact
Where are soms practical limitstions. For he method 0 work, the hand must be locsied above e
T-daped target, and the clbow-wrist ik cannct be W0 far from vertical. The wolerance of the angle B,
can be obtsined from Figuse 12:

B, = cos’ (L, VL) = 1718’
This tolerance is cbviously 20 largs that even “cye-ball™ pre-initialization is adequate.

7 Conciueion

A simple and sccursts method of astemetic robot initislization has been demonsirated. The method
employs enly a prozimity ssnsor and a simple T-shaped target in the work surface.
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Figase 12 Tmou‘ol.

small after 3 fow cycies. With an appropriase choice of perameters. after oaly two cycles. the initialization
accuracy depends oaly on the quality of the robot mechanics and the resolution of its actustors.

This simple pre-initialization procedure allows for s wide rangs of operasor inconsisteacy.

Experiments. act doscribed herein but wsing the apparatus and pasamsters that we explicitly modelled,
confirm Ge logic of the algorithm and the utility of the preceduse.
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