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1 Abstract

We describe an automatic initialization scheme for finding a point of coincidence between a robot’s
internal coordinatce system and the coordinate system of its work space. Our mcthod uses an optical
transmitter-recciver 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 intcrsection between a sensed plane parallel 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 execute differential motions with reasonable accuracy, and high
quality robots come equipped 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
coordinate system of their work space. In short, even the best robots, which run closed loop
kinesthetically, generally run open loop with respect to the coordinate systems of their working
environments.

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 establish 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 cartesian 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
inconsistencies.

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 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 freedom. 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 to be tangent to a cylinder concentric with the waist rotation axis, we close the gripper fingers to a
standard gap, and we use the coordinating features of the robot controller firmware to preserve these
conditions throughout waist, shoulder, and elbow motions.

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

2. an optical transmitter-receiver pair operated as a proximity sensor.

Our method requires that the sensor be able to:

1. guide the end effector reproducibly to some specified height above the work surface,
irrespective of where on the work surface;

1We refer to the process of finding one such point as “initialization,” distinguishing it from the more complex (and less frequently
required) process of "calibration,” the verification and correction of the adequacy of the two measuring systems.



2. guide the end effector reproducibly to positions directly above transitions betwcen target and
work surface;

3. accomplish the latter robustly over at lcast 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. It is
most convenient to perform the shoulder and elbow initialization at a fixed waist joint angular offset from
the waist joint initialization position.

o -
- o W v e e o
- Gm s e wm e .
.« -— w— o m o =

Figure 1: T-shaped target



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 axes intersect about a
centimeter from the package. When the outgoing infra-red light beam mcets a morc-or-less white
material at about a centimeter, sufficient radiation from the LED is reflected back to the phototransistor
to fire the schmidt trigger output circuit (see Figurc 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.
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Figure 2: Transmitter-receiver pair and detection circuit

3.3 Initialization 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, in 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 found automatically by
exhaustive blind search, but there would be little or no practical value in doing so.

Automated procedures for initializing the robot waist, shoulder, and elbow joints are then called. The
sequence of events is outlined in the following sections.
3.3.1 Waist Joint Initialization

Simple, narrow search algorithms effect the following motions:

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

2. Shoulder rotations are stopped, and the waist joint is rotatcd until the radial line A is found
(Figure 1).



The waist joint is thus initialized. The waist is then offsct 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 effector 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 efficiently.
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Figure 3: Steps 1 (shoulder-forward) and 2 (elbow-forward)

The sequence is:

1. The shoulder is rotated toward the work surface until the proximity sensor fires, as shown in
Figure 3, path W, to W_. This is a "pure shoulder rotation,” ie., the robot is presumed to be

equipped with well calibrated firmware to cause elbow rotation equal and opposite to the
shoulder rotation, thus preserving the orientation of link L, in the workspace.

2. The elbow is rotated to approach line B, which is detected by the proximity sensor sceing the
dark target in contrast to the bright work surface, as shown in Figure 3, path W m 0 Wg. This
is a "pure elbow rotation", ie., the gripper (not shown in the figure) remains in the vertical
orientation it was given in the pre-initialization procedure discussed above.




3. Both the shoulder and clbow are rotated back through arbitrary small angles(A . and Br), 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 valuce chosen for B.. Furthermore,
the algorithm assumes that oncc the choices are made, they are kept constant throughout the
procedure.

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

5. After a predetermined number of iterations, the procedure is terminated after step 2.
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Figure 4: Step 3 (shoulder and elbow back-rotation)

It is important to notice that step 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 Section 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 step 3. The theoretical analysis, well confirmed by our experiments, shows that two or
three iterations are sufficient to achieve initialization accuracy limited by the mechanics of the robot. In
table 2-1 we illustrate the rapid convergence from an arbitrary pre-initialization position.



TABLE 2-1
Vertical Initialization Error vs. Procedure Cycles

(4] 0
(Bg=290 B.=5 K=140 mm D=117 mm )

cycles 0 1 2 3 4 5 6

error . -3 -4 -
(micron) -10138 178.2 |-5.635 [0.1766 |5 5x10 |1.7x10 |-5.6x10

4 Initialization 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 R,to

Rz. 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,ande K R,, AC is clearly small. For example, taking typical values
R1 = 140 mm and R, = 180 mm and estimating e <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 shoulder 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 procedure reduces the difference between R, and R,, making AC correspondingly very small.

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

2Recall that we arc assuming the robot is kinestheticatly precise, and the work space is precisely measured.
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Figure S: Error caused by inexact 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 is at a B,. Then after the first execution of

step 1, the hand isat W e Whose Y-coordinate is

YWm = Llsin(Am) + I.Qsin(Bi).+ H=D (3-1)
from which we determine that

sin(Ap) = (D-H-Lysin(B))/L, and cos(A ) = \/le-(D- H- I.,zsinZBiii2 /L,
After the first execution of step 2, the hand is at W . whose X- and Y-coordinates are:
XWg =Ljcos(A ) + chos(Bg) =K and 3-2)
ng = Lsin(A ) + Lzsin(Bs) (3-3)
From Equation (3-2) we get
cos(B) = (K-Lycos(A )L, and  sin(B) = -VL,Z-(K-Loos(A))” /L, so
ng = (D-H-Lysin(B) + \/Lzz- K- lle- D-H- Lzsin(Bi))zF’"I2 +H (3-4)

Equation 3-4 shows that Yw depends only on Bi, not on Ai. Steps 3 and 4 itcratively reduce the
dependence of ng on B,. This s illustrated in Figure 6.

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



The new starting position of the hand, after one cycle, is Wi‘l), corresponding to shoulder and elbow
angles
1 _ 1) _
AV =A_+A and B, —B8+Br

After one additional iteration of steps 1 and 2, the new position of the hand is Ws(l):
Xyg ! = Licos(A, M) + Lycos(B ™) = K = Xy,
(VI a in(B (1
ng = Llsm(Am )+ L251n(Bg )) +H
and after the n™ iteration, the position of the hand is Wg(n):
Xy = Licos(A, ™) + Lycos(B,™) = K = Xy,
Yy = Lysin(A, ™) + Lsin(8,®) + H

The explicit solution quickly becomes very cumbersome, but computer simulation (Figure 6) is simple. It
is interesting to note that ng(“), while constant for given robot geometry, is not equal to D.
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Figure 6: ng(“)(Bi)
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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 angic (Bi) of the elbow.
Figure 7 illustrates 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.,

= xRy - inf
8 = Yy B - Yy,

'2’/\ m
.0 T —

280 290 300\310 320 330 340 350 /360 {70

8 (microns)
.I L]
N

3
&

-8}

-1.0

-1.2¢

Figare 7: ERROR(B)

4.3 Relationship Between Accuracy of the Initialization and Parameters Br, K,and D

Equation 3-4 also shows that the accuracy of the initialization will change with the back rotation angle
(Br) of the elbow, 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 r), the location of the target (K), and the virtual sensor trigger height (D). 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 Eibow Orientation

As we mentioned above, as the shoulder is rotated, the elbow nominally remains unchanged, ie, Bi is
constant. But because of mechanical or calibration imperfections, this capability is flawed:

ng(“) = F(sin(B, + AB))

Because the value of Bi is near 270° or -90° and ABi is very small, sin(Bi) is near sin(Bi + AB i). For
example, suppose B = 5% B, = -715°, AB, = 0.1% then
Yy sin(B, + AB) - Yy, sin(B) = 0.6 pm

Thus the error is negligibly small.
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Figure 9: ERROR(K)

4.5 Considerations About the Wrist Joint

Consider that there is a wrist on the robot, as shown in Figure 11. Via the robot control firmware,
shoulder or elbow rotation also causes equal and opposite wrist rotation, keeping the wrist orientation
constant. As stated above, our pre-initialization sets a vertical orientation. However, as in the case of
elbow orientation, the orientation of the wrist cannot be kept perfectly constant. But this only slightly
affects the value of D, as shown in Figure 11. For example, if the wrist is 1° away from vertical, denoted
angle Q, we obtain
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Figure 10: ERROR(D)
AD = Ly(cos(Q) - cos(Q+AQ)) = 3 pm
YGgV= Wg'La
2D)-Y.. D - AD) =
Y, (D) Y, (D - AD) = 4 um

The method is thus insensitive to wrist pre-initialization.

5 Design

We see from the above analysis that high initialization repeatability is obtained after only a few cycles. In
fact, after two cycles the accuracy of the initialization depends primarily on the quality of the robot
mechanics and the resolution of the robot actuators.

Figure 8 shows that the best choice for B_ is under 10°. Also, making the back angle B , small reduces the
initialization time (because the distances are small). Thus we chose Br =5°

Figure 9 shows that if the location of the T-shaped target is too close to the base of the robot or too far
from it, the initialization error will increase seriously. Thus we choose K = 140 mm.

From Figure 11 we know D = L3 + h, where h is the working distance between the proximity sensor and
the work surface. For the specific sensor we used in our demonstration, h is 5 to 10 mm. Because the
value of L, is fixed (L; = 109 in the TeachMovecr), the value of D is between 104 mm and 119 mm.
Fortunately this is a good range for initialization with high accuracy, as shown in Figure 9. Via these
considerations we choose (by clectrically adjusting the trigger point, via the variable resistor in Figure
2-2)h =8mm,soD = 117 mm.
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Figure 11: Robot arm with wrist

Figure 7 shows that with the set of parameters B, = 5° K = 140 mm, and D = 117 mm, an initial value
of Bi anywhere between 280° and 360° results in negligible error after three cycles.

6 Limitation

Our analysis suggests that the hand of the robot can be anywhere before the initialization, but in fact
there are some practical limitations. For the method to work, the hand must be located above the
T-shaped target, and the elbow-wrist link cannot be too far from vertical. The tolerance of the angle Bi
can be obtained from Figure 12:

= roc (1 - = :
B, = cos”((L,h)/L,) = 17°15
This tolerance is obviously so large that even “"eye-ball” pre-initialization is adequate.
7 Conclusion

A simple and accurate method of automatic robot initialization has been demonstrated. The method
employs only a proximity sensor and a simple T-shaped target in the work surface.
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Figure 12: Tolerance on angle B0
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 utility of the procedure.
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/usrhO/serviou/repoits/mel Wed Mar 4 13:48:51 1987

Messages from /usrh0/serviou/mail.hg:

27 3 Mar 87 Nancy.Serviou@h.c... Yang paper (386)

---- Message 2 (386 chars) is ----

Date: Tuesday, 3 March 1987 09:59:24 EST

From: Nancy.Serviou@h.cs.cmu.edu

To: mws@sensor.ri.cmu.edu

cc: serviou@h.cs.cmu.edu

Subject: Yang paper

Message-ID: <1987.3.3.14.38.29.Nancy.Serviou@h.cs.cmu.edu>

Mel,

I read through the paper and made some additional editorial
suggestions. Will return to you for final revisions--please
return at your earliest convenience.

Thanks, :

--nancy

Page 1, Line 1



Carnegie-Mellon University
INTER-OFFICE CORRESPONDENCE

To: Nancy Servio
From: Mel Siegel M
Date: 28 February 1987

Subject:  Yang & Siegel Technical Report

As per your request, | have re-examined the Yang & Siegel technical report "Automatic Robot initialization
Using a Planar Target Scanned by an Optical Reflection Sensor," submitted last May, about which the
reviewer (Jerry Agin) expressed serious reservations.

] must say that while | have caught (and marked) a few typos that escaped me when | was intimately
immersed in the paper, my overall impression now there is some distance between me and the paper is
that | like it better than | did initially. 1 think that with minor typographical and editorial cleanup it can be
released as is.

Addressing Jerry’s comments explicitly:

(1) "lightweight": True. It was never intended to be profound; just something that might be useful to
people working with robots.

(2) "unique to Microbot": False. As we point out, the method is directly applicable to any of the many
robots with the same degrees of freedom, and can easily be modified to apply to robots of different
geometry. :

(3) "can't believe method is insensitive to errors in positioning the wrist axis”: | don't understand what
he doesn't believe, or what he means by "errors in positioning,” since the point of the method is that it
never requires precise (i.e., error free) positioning of anything.

(4) "inordinate attention to speed of convergence": an iterative procedure is useful only if it converges
rapidly.

(5) "no attention to sensitivity to errors in the sensing device": True, sort of. We implied, for the sake of
generality, idealized sensor performance. However we do point out explicitly that the method is limited by
mechanical imperfections of the robot, into which can be folded the errors in the sensor. It should be well
known that these mechanical imperfections exceed the errors inherent in a wide variety of inexpensive
commercially available sensors that could be used with the method described.

(6) "results entirely from simulation™: See paragraph 2 of the Introduction, where we clearly state "...
MICROBOT TeachMover[2] robot on which we implemented a demonstration of our procedure ...", and
paragraph 3, where we clearly state "... We developed a demonstration of this system ..."

(7) "doubts it will work": It works.



(8) "non-iterative method would be better": The method Jerry suggests requires exact knowledge of the
parameters (joint lengths) in the kinematic equations. The power of the method we describe is that it
works even if you are completely ignorant of these parameters.



This report is rather lightweight. The procedure is unique to the Microbot
configuration, as is the entire issue of determining initial position.

I cannot believe the method is insensitive to errors in positioning the
wrist axis: the height may be constant but the radial distance from the
base to the wrist intersection will not be.

An inordinate amount of attention is given to estimating the speed of
convergence of the iterative procedure. No attention is given to
sensitivity of the calibration to errors in the sensing device.

The results seem to be entirely from simulation; some experimental results,
including actual achieved accuracy, would be useful. In fact, I have some
doubts as to whether or not the procedure will even work as outlined. There
is an assumption that the single sensor will switch at will from a

vertical height-sensing mode to a horizontal edge-detecting mode when in
fact all that it is doing is detecting the total amount of light reflected
from the target. At the critical point above the target edge, only half the
area under the detector reflects light! It seems to me a non-iterative
method would be better, that separately locates the height threshold and
radius threshold then makes use of kinematic equations to solve for the
shoulder and elbow rotations.
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