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corner and line finding program developed for this puroose.The 
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errors, simple touch and force sensing by the arn halo the 
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The utility of the Information used to simplify the scene 
analysis depends on tne accuracy of the geometrical models of the 
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Orograr»- was developed to maintain the accuracy of the camera model 
relative to the arm model. 
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LIST OF NOTATIONS 

p 

In the following list E or EM» where I is an 
Intefler» stands for »n algebraic expression, The following 
"strange" symbols are used Instead of subscrlots, 
superscripts and other symbols which tre usually not used In 
I Ine, 

SQRT(E) 
EltE2 
ABS(E) 
El#E2   • El muitipt "a oy 
E1/T2  - El divided by E2, 
INV(CRJ)- t^e Inverse of th 

the sauare root of E, 
El raised to the powtr of 
the absolute value of E. 

multlpiled by E2. 
' ^Ided by E 

the matrl 

E2, 

[R3. 

T'ie following abbreviations are used In the reports 

OiCfS,- came a coordinate system 
6tti  ■ coordinate system 
9t\t9»m  eamera table coorbtnatts 
h.c.Si- hand coordinate system 
h.tfC.- hand table coordinates 
i.cs.- imag« coordinate system 
t.CiS.- table coordinate system 
u.t.c.- user table coordinates 
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CHAPTER 1« INTRODUCTION 

til BacKgrmind 

Th« genepa| field of rsaeapch, of which this work is 
t part» is called Robotics, It rhymes with Aeronautics and 
Electronics and has the same connotations i.e. a field of 
englneerlnu complex enoueh to deserve Its own name, In my 
opinion It Is a natural outgrowth of the field of System« 
Engineering, Henoe I would like to start with a discussion 
of systems In general and then describe the distinct 
features of robots. 

We can Informally define a system as follows: A 
oollectlon of elements whlcb has a goal. The foMowing 
comments wt|| give more substance to the deflnltioni 

<a) Every systami especially a comolex one, Is 
constructed of sub-systems, each with Its own goal which Is 
l«8S Inclusive than that of the parent system. If we 
subdivide the system Into pieces which are small enough we 
will have devices» each having Its own function, (The 
distinction between subsystem and device or between goal and 
function la Intuitive and not formal and Is done to helo UB 
In organizing our thoughts, 

(b) We can divide «ach systam Into three major 
subsystems! I) A sensory subsystem which senses the relevant 
variables In the environment In which the system Is 
operating, and the internal state of the system Itself. II) 
A declslcn-makjng subsystem which combines the cutout of the 
sensory subsystem, the goal ano stored Information to decide 
what to do next, III) An effector subsystem which actually 
carries out the actions specified by the decision-making 
subsystem, one of the main aspects that make system design 
and amlysls complicated and Interesting Is the fact that 
the environment presents to the system many random and tim« 
varying elements. Only some of them, hopefully the most 
Important, aPe measured directly by the sensory subsystem. 

<c) During the design phase and after, the analysis 
of system performance Is done by using many tools! I) 
Mathematical analysis of the system model) II) Simulation of 
the model on a computer) III) Experiments with a breadcoard 
model IV) Experiments with an operational syat«m, (Tne 
research reported here, for example, consisted mitnly of 
deilgn and experiments of a breadboard model, the hand-ey« 
system at Stanford, which Is described later), 

(d) when the structure of a system does npt Includt 
any human elements (It Is then called an automatic system), 
the goal that the system can accomplish Is very specific and 
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.s bullt very d§«p Into th« structure of th« system, An 
MrPfftftt autcnttje pilot, for «xampi«, cannot ba switched to 
oMot ships, T^a Prlnclpla of operation, the tnsthod of 
design and analysis, ato. wight be vary similar, but ths 
hardware «no the software differ enouoh to make the switch 
Imposstb|e, 

We now proceed wjth a definition of a robot! A robot 
Is a versatile automatic system In the sense that It can 
achieve many different (probably related) goals tt the samt 
time or at different tlmts, with no change or with very 
minor change3 in Its structure, 

The following two examples will  illustrate tha 
meaning ef the above daflnitlon, These were ohosan s'nce th« 
dev«|opm«nt of these systems is peing tetlv«iy pursued py 
Industry. 

/ i.i <il MtC8 E^lorer« Itotvi« of the time de|«y 
(minimum of 4 mlnut«s rcund trio), dir«ct m«nu«l control («s 
on th« Russisn lunar «xplerer) Is not practical, Th« 
«xpioror should carry out by itself « variety of tasks given 
to It by Its controller, For exampiei n«vigatIon, rock 
collection, soil aamole analysis. The tasks are afferent 
but related in th« sense that all Involve Interaction with 
th« t«rraini big rocks should be avoided, Interesting rock« 
should b« collected, rooks should b« pushsd ««Ida to dig for 
sell samol«,, distinctive Poek formation» o«n h«|D I- 
navigation, ••  n 

(b) Assembly ^line workarl In this case manual 
eontrol will defeat the purpose of building one. The tasks 
inciudet mating parts» Inserting and tightening screw«, 
rlvettlng, wt|dlng« painting, t20], 

Th« versatility of the robot dsmand« v«r«ttlilty of 
th« thr«« major aubayitaws. Currently tha moat ^ultabl« 
eandldata for a versatile decision-making subsystem Is « 
general ^uroosa digital eomouttr. In tha daalgn of tns other 
subsystems the temptation to build an anthrooomofph'e system 
Is v«ry strong, In addition to tha often heard »eisons 
concerning the oDtimizatlon of mother nature over minions 
of years, I would like to add two morei 

(a) Communloatlen between robots and the goal 
setters would be mueh easier if they could share sensory 
sxperlene«, 

(b) »ceommodatleni In the assembly line example the 
ability of the robots to move In spaoes, to use tools, and 
to handle parts» all designed for human uaa, would be a 
major asset. 
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The major huWftn 
«nd  othsp  reasons  (aval I 
•xanpl«) «QUiDoIng th« robot 
vision sense  Is universal 
arm and hano device  (at 
Edlnburflh [3], and In Japan« 

davlce Is the eye, For this 
Ity of T,V equlpfient fOr 

systems now In devejoorient with 
Dractice, It Is coupled with an 
Stanford C103, M.I.T, U. of 
E.T.L C133 and Hitachi [63), Or 

with mobility (at Stanford C245 and S.R.I ClöH) 

Some 
of robots 
here wiIj be 
at Stanford, 

of ho 
and which 

descr 

problems encountered In %b9     development 
are dealt with in the research  reported 

bed In the context of the  robot project 

1,2 The Stanford hand-eye system 
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1,3 Visual feedback problems 

out In a 
scene I 
their 
iranlpu la 
tha para 
again* t 
' -nlpula 
camera) 
re|atIve 
"catastr 
expla Ine 

The var 
"gross 

s  ana | 
posltto 
tions 
meters 
he seen 
tlon is 
In any 
ly   i 
ophic", 
d next, 

ious 
" sea 
yzed 
n, 
neede 
chang 
a ana 
not 

way. 
mp r ec 

Th 

tasks of the hand-eye system are carried 
uentlal fashion as follows: First the 
to determine the objects It Includes and 
orientation and color, Then the 
d are planned and executed, If seme of 
ed by the manipulations have to be found 
lysis Is repeated. The execution of the 
monitored hy the vision senior (the TV 
This manner of operation Is In ortnoiPie 
Ise, uneconomical and sometimes 
«se  somewhat strong allegations will oe 

Precision: Me will explain the Issue of precision by 
tn example. The precision with which a stac>< of cubes is 
built Is determined by the following parameters! 

(a) The precision of locating the cubes Initially. 
This location Is computed from the location of t.he'r Image 
In the Image plane and the mathematical model of the camera 
that we have, There are  five  factors  which  affects  this 
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(a)  GENERAL VIEW 

Fig.   1. 

HAND EYE SYSTEM HARDWARE 
(Continued  on next page) 



(b)  ARM 

(C) EYE 

Fig.   1.     CONTINUED. 



prec Is ion:  j) Th« 
of the scene ana|yzl 
the cubes. Ill; The 
cemer«, IV) Th« prec 
camera  which are 
described later, V) 
variable  Darameters 
•ngles, 

quality of t^e Image.   ID the or9c]slon 
Ins routine which locutad 'ehe  Images of 
quality o? the mathematical model of the 
slon of the Invariant oarameters o* the 
determined by a oallbratlon orogram 
The quality of measurements of  the 
of the camera such as the pan and tilt 

(b) The precIs Ion 
factors: The first three 
pertaining to the arm, 
arm servo program, 

of manipulation. Here we have four 
are  similar  to  III,IV|V above 

The fourth Is the precision of 

The 
to lerate, 

resultant error may be more  than 

;he 

we  can 

toonomjess when a scene hw ,«.*(«:.. ♦.CSJ wnö" a scene Is analyzed and then changed 
by manipulating some of the objects it Includes, we know 
and the Program can know) fairly well hew the new scene 

nJS ;raJft
fle|]!f?! 8C![!e t2ft'y*«f» ««"" called to analyze the 

ririJi !u W0U,d r,!t mike use of thi8 'formation, A scene 
^ y!!; th!t ?'? ***•"** of thl« Information and look only 
for the remaining differences which are caused by the 
imprecision discussed above, would be much more economical. 

9llnl    ^VJ29*'     Any s0hen'e to «void catastrophes will nee 
the capabl|.ty te anajyz« scent9 which  Include the hand 
Again  the fairly good knowledge of the position an 
orientation of the hand could help In the scene analysis. 

The natural solution 
use visual feedback,  I oa|! 

to 
th 

It  Is extensively employed by humans, The limiting 
of the manlpuiatfon errors, when visual  feedback  I« o 
are  the 
accuracy  I 
"open-loop" 
the "open-j 
using visual 
researchers 
solution had 

the above deficiencies Is to 
s so I ut I oii "natural" because 

factors 

resolution of  the  Image and. thrirhi se^vo^ThS 
•n this ease  is  Inherently better  than for 

operation.    The  problems  generated  by 
oop" mode of operation» and the ooslblilty 
feedback as a  solution have been known 
In robotics. However, the Implementation of 
to wait for the accumulation of know 

technological know-h^w to reach 
fortunate to start working with the 
Artificial mtalMgenoe Project at 
was attained. 

edge 
the right stage,  I 
hand-eye group of 

of 
by 

the 
and 
was 
the 

Stanford when this stage 

; 

    



1,4 The goal an  short dtaorlotlon of tha work. 

Tha goal of tha r»9«»rch rtoorted here was to give 
the hand-eye system some visual feedback capabilities for 
the tasks c«rrled out by the system at that time, i.e 
achieve orscls8 grasolngi oleclng and stacking of objects 
(mainly oubes), 

The 
approximate 
made as the 

work was divided Into three parts, 
y chrono I oa lea I orden although 
work In lat*r parts advanced} 

devoloced  In 
changes wore 

Development of 
and corners 
much Infcrmat 
ts operation, 
nder»  is su 

r which can 
Image frame 

a simple scene analyze 
n a small oart of the image 
or* as  Is g; v jn to  It at a i i 
This analyzsir» which we will call 
table for  tne visual  feedback 

(a) 
f tnd  I Inea 
utI Iizlng as 
levels of 
the comer-f 
tasks. 

(b) Development of calibration updating orograms. 
These programs are needed to maintain the calibrated model 
of the camera at its best against deterioration over time. 
It Is a general Principle of feedback systams that the 
complexity and effort needed of the feedback part of the 
loop is inversely DrOpOrtlona| to the Drecls'on that can be 
attained by th% forward part of the loop. In aur case this 
relation Is not smooth since a small change of orecosion 
(especially whan the pradslon Is on the same order of 
magnitude as the dimensions of the objects handled) can mean 
a qualitative change in the nature of the feedback part of 
the loop. These orogra s make use of the corner-finder of 
cart (a), The calibrated model, although cartlally 
deteriorated, Is still good enough so that Information 
supplied by It can be used by the corner-finder, 

(c) devolopment of v 
using the corner-finder of 
precision pf the forward part 
programs of part (b). 

sual  feedback  task  programs 
cart  (a)  and relying on the 

of the loop maintained by the 

As an example we will give here a simplified 
description of the stages of operation when a cube (A) is 
grasped, with visual feedback, and thep stacked on another 
cube (B) of the same size, aaain with visual feedback, (The 
numbers after each step ref«r to figure numbers): 

(a) The hand is brought over A. (32(111)), 
(b) The fingers are closed til) one of them  touches 

the  cube as det«rmlned by  touch sensors on the fingers. 
(3a(iv). 

(c) The  hand  ts  looted  in  the image using 
comar-'lnder and tht error of Its position ralativa and the error o1 

7 

to 
the 
the 



cube   is  comp'jittd, 
Cd)  The 

corrected by !ncre 
(b)  to (d) are  « 
fliven t^resholdi T 

(e) The to 
the Imege, 

(f> A Is b 
19)    A tl D 
{h) The ha 

the visible edges 
(I) T*f DO 

(35(VI)), and the 
to  (I)  ar»  repeeted, 
given threshold. (35(VII 

fInger 
dentil 
peated 
hen th 
o  edge 

rought 
laced 
nd Is 
of the 
sltlon 
errors 

s are opened» (32(V))» and the error 
novemtnt of the arm (32(VI>), Steps 
till tne errors are reduced below a 

e cub« Is gripped. (32(VIII)), 
s of td« bottom cube are located  In 

above 8, (35(lv>). 
on B using force feedback, (35(7)). 
located again In the Image, and then 
bottom face of A, 
errors are calculated, A It lifted, 
are corrected (35<VII), Steps (g) 
till the errors are reduced below a 
m. 

Two existing programs! the camara oonvrolls 
automatlo focussing program were modified for use 
(b) and (c) pf the work. (Set Figure 2). 

In and the carts 

1.5 Related work 

The wor^ described "ere Is In part a direct 
outgrowth of the work don« at Stanford by I,Sobe| and Ideas 
suggested by him C?6], Parts are extensions of the research 
done at Stanford by J.M,Tenenbaum C28D, The work Is also 
closely reiateQ and make* us« of programs developed by my 
co-workers «t Stanford, «specially «.Paul who developed the 
arm trajectory plannlns and control «nd K.Plngle who helped 
oevelop and maintain the utM'ty Programs and the hand-«y« 
syst«m monitor, (See Figur« 2). 

Two oth«r 
rr«ntloned herej 

efforts  In  visual  feedback should be 

prs (a) The heroic efforts of W.Wlchman wno five 
aflo at Stanford tried to davsloo visual f««db«ck capability 
without th» support and «nvlronment that w« now «njoy. In 
Wlchman^s system a general scene analyzer was us«d to 
d«t«rfflin« the error of stacking two cubes, aft«r the h«nd 
was  r«movBd  from th« scsna.  Than th« hand was brought In 
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• gain to coTtct the «rror« C29]. 

(b) wor^ don« by th« Artificial InteMgence and 
Robot arouo at E.T.L (E lactrettohnloaI Laboratory) in Japan. 
The task oarrlad out ti tha Insertion of a long sguar* block 
Into a square hoja C25]. Tha bjock Is long enough so that 
the hand holding It la outside the field of view. This 
slmollfles the sc«ne analysis. 

1.6 Structure of the report 

Chanter 2 Includes deeorlDtlons of the htrdwar« used 
and aoftwsr« sueport, In chapter 3 the comer-f Inder program 
Is described in detail, chapter 4 contains the description 
of the cal:brat'on updating programs and chapter 5 that of 
the various vlgual feedback tasks. Chapter 6 summarizes 
the results and suggests possible future developments! The 
descriptions of the camera control and automatic focussing 
programs are left to appendices. Chaoter 7 describes some 
general problems concerning the design of robot systems in 
particular and large scale crograng In general. These 
problems, or examples o* them» surfaced during the research. 
Many of the" remain unsolved. In some cases» comments on 
the principles of solutions are given with the description 
of the particular Imp IementatIon of these solutions in the 
current programs, 

Guide to the casual reader: Readers interested In 
the corner-finder should read Section 2,1,2» Chapter 3# and 
Section 6.2, Readers interested In calibration shruld read 
Section 2,1, Chaoter 4 and Section 6,3, Those Interested In 
visual feedback and not tn the details of how the scenes are 
analyzed, should read Chapter 2» Section 4,i,2, Chapter 5 
and Section 6,4, 
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CHAPTER 2;  HAND-EYE SYSTEM HARDWARE AND SCfTWARE SUPPORT 

2.1 Hardware and Interface 

2(ltl Cen«r«l not«» 

We have two goals In t^e following hardware 
aescrlptlcn, One Is to give a general Idea of the hardware 
Involved t0 facIMtat« the understanding of t1"1« work 
described. The other Is to describe In detail the subsystems 
and oarameters which have had a marked effect on this work. 

2.1.2 Imaging system, 
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The samples are converted to 4 bit numbers (2-15), 
paeWed 9 In a word and shipped directly to core memory via a 
fast (24 Mblts/sec) channel, The channel bit rate limit« 
the number of bits/sample since no local fast buffer is 
used! The sampling resolution Is approximately 6£Z/lnch 
or the vldlcon face which corresponds to 1.5 mrads witn a 1 
inch focal length lens. 
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we 
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video slgna 

zlrtg process Is f lex 
to the A/D converter 
dynamic range ( lv ) 

ble In the sense that 
wh ich ' iter ^a I of the 
to use as  its own 

range. The Interval 
s. The location and w 
wo parameters TCLIP and 
Ds", (See Figure 3). By 
1/8 vpits wide, we can 
lose to the max 
ai-to-nojse rat 

Is specified In multir es of I/Q 
dth of the interval Is specified 
BCLIP which will be called the 
using 6 contiguous Intervals 

effectively have 6 bits.   This 
mum useful number of bits because of the 
o mentioned above. 

We should note that the vldlcon 
with tolerances suitable to an adaptable 
monitor  connected to  the  camera  In 

camera was desisted 
human looking at a 
closed circuit, Tne 
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2.1,3 Camera oontro 

The foIlowlnp ormara 
tha computer, They all have 
computer so that the ehanga Is 

parameters can be changed cy 
rtfad-out  connected  to  the 

control led. 

(a) Tha lens used can oa changed by rotating a 
turret with 4 lenses of different focal lengths, 
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(c) Th« pan and tilt ■n0.«s o' th« ctmtr« can oe 
changed, THls Droducat • tram lat iona I at wall as 
rotational movamant. (Saa Flgura 5), For axa^olai whan 
us'ng tha l |nch lens, whan th« camara Is panned so that an 
object which apoaarod at the extrom« l«H of the frame Mill 
row aopear at tha extreme right» the lens center Is 
translated by aoprox Imati» ly 2,5   Inches, 

The can, tilt and focus ssrvoet are of the samojlng, 
on/off with threshold (dead-zons) type, with constant rates 
(.06 rad/sec In tMtr ,13 rsd/s«c In pan and .012 tnch/ssc 
In vldloon movement). The sampling rate Is 60 
samp|es/sec, The thresholds (full) eorrsspond to 1/3 
depth-of-f!•|d for foeus and 3 mrads In pan and tilt. 

(d) A color filter» which Is Inserted between 
lens and the vldlcon face, can be changed by rotat 
wheel with 4 filters ( red, grfen, blue and clear). 

the 
ng a 

2,1,4 Arm hardwfir* and control 

Ths srm has 6 degrees of freedom, which 
within structural constraints  It can position 
any location In Its wording soaco and with any 
Clili 

neans that 
the hand at 
orlentatlon 

The control 
than that of the 
her« very brlef|y. 

of tn« arm Is mjch mors sophisticated 
camera [173,C18,, and will be described 

The arm hai two rotary Joints ("shoulder" Joints), 
followed by a prlsmat'c Joint» followed by three more rotary 
.'olnts ("wrist" Joints), sndlng In a hand. All Joints are 
actuated by 0,C electric motors, 
each motor is oontrolled by vary 
supplied to It, On each Joint 
resolution potentlometar suoplyl 
the computer via an A/0 converter, 

The toraue generated by 
ng the voltage oulse width 
there Is an ••Infinite" 

ng position information to 
On each Joint  there  Is 

also a brake to hold It In Its position after It stoos. 

The potentiometer readings are sampled 60 times/sec. 
The position and computed veioc'ty are compared to the 
desired values for  this  Instant of  tlma,  and then  the 
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■ 

n«c«S8*ry  t  gu«  Is  computed 
■ocoynt th« varying wtight and 'or  iach Joint taking Into 

moment  of  inertia  loading 
?1 •J?:!*' At the 6nd 0f th*  trajectory the remaining error 
Ig " U I I " Q i 

.•r«nrt« TT£ic*1  trajectory execution  takes  iess 
seconds. The accuracy of oositlonlng over the 
.2 Inch,  rht rerjeatab I I I ty of 
rÜl!0,Ut,Sr .of th* O0t«ntlomete onverter) ,ui  to ,05 Inch, 

the  servo»(I 
ometers and the A/D 

tab le 
ml ted 

than A 
5 ,1 to 
by  the 

The  hand consists of two ooooslng finaera which am 
OD.n.d and closed toflether so that theSml§poin? bStSlin t'll 
llTllltVjii* re|:f,v* f0 th6 •^. This generates a sweeping 
and gripping motion In the direction of the fingers» 
fr o vement ( 

«h. --- {n a?c,ltIon to position» orientation and control  of 
aJj. 

D nLn? betWt:? Kthe ;frnc*r8'  the control Sro^ImMfe? 
other  options which are very useful In the visual feedback 
tasks described m Chaptar 5« Tt.BDÖ«CK 

«Ä^«-l«n
<?, Gr«8Plngj The fingers are closed till th« opposing force exceeds some threshold.      <wa «  EMI  xne 
(b) Placing: The arm Is moved straight down (with or 

without a grasped objeet) till the ooooslng force exceeds 
some threshold. 

The Inside part of each finger is orotsetad bv • 
rubber cushion which serves also as an ■fttliJlfJSflo Stvlgt! 
Each of th« cushions contains a touch sensor» actually a 
contact which opens when the Finger Is pressed lightly 
(about .1 oz. Is needed) against an object, (See figure 6). 
Ne then say that the touch sensor is "activated", 
touch sensors are enabled» the arm 
stopped Immediately when a fi 
Otherwise tht sensors readings are 

Thase touch 
n the visual 
sensors if 

the touched object. 
V, Schelnman to hejp 
ensemble of  similar 
fingers and at selected points on 
sejf-proteptIng and exploring dev 

When  the 
and fingers  notions are 
"ger  touches  something, 
Ignored, This "reflex" is 
sensors were devised by 
feedback  tasks.     An 

tuated on alI sides of the 
the arm oould be used 
ce C2], 

.._— 7 - "• --■-*•-- wwM-fco un tnm  arm couio DP used as a 
sejf-protectlng and exploring device C2], 

.„K »i t b,*ck '"•ctangie ls painted on the outside face of 
each finger, we wlil call It the "hand-mark", I? helps in 
the reoognltton of the hand In the scene. 
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Fig. 6. 

TOUCH SENSORS 
(Continued on next page) 
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stages: 
The ooentlon of  the    arm    Is    carrftc! out  In two 

■ 

<«) Trtjfotopy fltnentlonj A  sequence 
rrovements  Is p|anrid «nd cheeked for vlolttlon 
structural constraints, going through the tablet 
segment of the trajaetory Is planned undep the 
that the last segment will bs successfuly 
this segment will be executed. 

como 

of needed 
of Its own 
etc, Each 
assumot ion 

eted before 

One of the segments that can be planned is a "wait" 
segment In which the arm control program receives and 
executes commands directly without going through a olannlng 
phase, The motions that can be realized In this segment are 
those wh oh do not significantly ohage the position of the 
arm, This feature Is used In the correction phase of the 
visual feedback tasks. 

(b) Trajectory executionl The segments of the 
trajectory are executed In turn until one of the following 
happensi 

Jl) The last segment Is successfully axeoutsd, 
2) The program reaces a planned watt segment, 

(3) The program detects an error or malfunction of 
the hardware, 

(4) On« of the touch sensors Is activated ( after 
being enabled), 

Ü 

wait 
In the  last two cases the control 

state which Is equivalent to a planned 
program enters a 
wait segment. 

When a "proceed" command 
the execution of the trajectory 
segment, 

Is given In the wait state, 
Is resumed  In the next i 

2.2 Software environment and support 

2,2,1 General notes 

«* «# ei" or\nG\o\9 the software environment In which the 
set of Ideas and programs evolved should be Irrelsvant! 
since the jdaas and solutions are hopefully general enough 
to have scientific merit of their own, in practice  however 
t Is not so and the Ideas ano solutions are at least 
influenced by the software environment, We can look  on the 
8?!!,?tr\,*2v,rOnm0nt as a Dapt of tht ssnaral environment 
within which the hand-aye system has to operate, which also 
Includes   such   factors   as   lighting   conditions, 
electromagnetic Interference, mechanical vibrations öf the 
structures, etc. 

' 
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Because o^ Its relevance a short description of the 
software environment and sucpOrt Is given In the following 
sectlonsi 

2.2.2 The time-sharing system 

The Artificial Inteligence Lab computing facility 
includes the following components! 

(a) 
POP-10/32. 

(b> 
handles the 
programs ar« 
para jleI to 

Main processor»  Olgltaj  Equipment  Corpus 

Auxiliary processor«   0EC*s  pDp-6,   whic^ 
I/O  devices,     The hand and camera sery 

executed on this processor in real time and  i 
the main orogram executed on the main orocessor. 

An 
and 
rea 

nterrupt clock is connected to the auxiliary processor 
makes it possible to execute the programs which are in 
time mode at the rat« of 62 times/sec, 

core memory of 256 Kwords (36 bit words). 
accessed directly by both orocessr/';s. 
and various other channels. The slz» of 

Is currently limited by the system to WK, 
system Is operated In a time-sharing r.iode 
which are active but do not have space in 

(c) Fast 
The memory can be 
swapping channel 
the user Programs 

(d) The 
only, All the Jobs 
the fast core are swapped to a special disk (at a rate of 
600 word/msec), The number of Jobs sharing the system are 
rarely less than 10 and frequently more than 30, 

is)  The back-up storage Is a set of disks wn«r« 
are kept for each user.   These files can be o-ograms, 
compiled versionsi dumps (i.e core  images),  results 
Transfer  between  the  discs and core memory Is 2,5 

slower than swapping, 
(f) Hard-copy cutout devices: A line printer  anö a 

p letter. 
The main user WO device 1$ a keyboard and a 
tor. There are two kinds of display monltOfti 
random access CRT type and the other is a raster 
tor type. Both can display alphanumeric text 

line drawlnOs, The line drawings are more pleasing on 
CRT type and vice-versa for text,  currently  there are 

International Inc. ) and 
sc Inc,).  In add 11'on a 

of various k)nds are connected to the 

flies 
their 
etc, 
t imes 

oiglta 

o ISP 
one 
scan 
and 

ay 
is 
TV 

x-y 
(9) 
mon 
a 

mon 

tha 
six CRT tyoe displays (Information 
sixty-four Tv tyo0 displays (Data 01 

number  of  teletypes 
system, 

- 

2,2,3 Languages 

The high level language used in the programs 
described here is SAIL which is a variant of ALGOL with an 
associative data structure and its manipulations added C27], 
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Whan 9D09d Is Important (although the oomoTlAr is 
tfflel«nt), or wMn wpltlng part« of ProOrans to ba exacut.ad 
on tha PDP-6, assambly language fs used. 

A numbar of lISP variants. FORTRAN IV and othsp 
languages are available In tha system but wert not used in 
the current wofk, 

2.2,4 Tha Hand-Eye Monitor C9] 

Most of tha proflrams nftdad to run hand-aye tasks, 
for example tha pan/tljt calibration updating program 
described In Chaptar 4, art too larQt to fit Into the fast 
iptmoryi Tha above mtntlontd proflratrTs sUa Is i30 Kwords, 
MOrt complicated oroflrams need c|ost to 900 Kwords, In order 
to bt able to run. tht programs ara broktn Into parts, 
called "modults", that art small tnough to fit Into the 
wtmory, Most of thtst modules art gtntral tnough to bt used 
In various tasks. 

These modules art run as pstudo-Jobt In tht time 
sharing aystam, Usually taoh Job has Its own I/O dtvlct, In 
order not to consume a large numbtr of displays (UP to 8 
ourrtntly) and for tha oonvenltno« of tht user all the 
wodulas can communlcata with tht ustr via a slnglt I/O 
dtvlot. Usually It Is a CRT typt display monitor since 
|Ina drawings art heavily usad as condenstd and meaningful 
outputs, 

Tha communication batwttn tht modujts Is done in two 
ways! 

(a) Ssndino "massagts" bttwatn the modules, Each 
rrtssaga Includes tha sender and Inttnded rtcipitnt names, 
tha name of tht Procedure tht stndtr asks the redolent to 
txtcutt and tht paramtttrt ntadtd by this procedure, 

(b) A|ttrlng tha valuta stored In memory calls In a 
special area of the mtmorVi cailtd tht "world model", which 
can bt accessed by all modults, The variables in this part 
of tha mamory ara oallad "global" variablts. 

Tht proortm that handlts ai| the communication» 
among ustr, modults, tht tjmt sharing systtm, I/O device and 
tht world mouti Is caliad tht yand-Eya Monitor. To carry out 
a iipaetflc task the following modules art usually used: A 
"drlvtr" modult which "knows" about the task, a number of 
utility modules (t,g, tht oorntr-f Indtr dtserlbed in Chapter 
3, oamtra controlltr. co|or-f Indtr» har-i controlltr) and the 
hand-tyt monitor, Tht construction of a general ourposo 
drlvtr which would bt able to plan and execute a family of 
tasks Is a major concern and activity of A,I. research, 
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CHARTER 3J CORNER-TINDER MODULE 

3,1 Introduction 

3.1,1 General not«s 

The ouroose of the corner-M nder Is to find lines 
and corners (which »re the main features of olanar bounded 
objects) In a small »rea of th» frame, utilizing Information 
about the features to the extent given to It. As such. It Is 
not » general scene analyzer (even In the context of planar 
bounded objects),and although It can be used as part of one, 
It will be uneconomical to do so, The cornor-fIndar 
operates by analyzing part of the area (a window) at a  time 
and  moving 
pattern when 

the analyzed 
needed, 

wlndow a control led search 

Most of the scene analyzers used in robot orojects 
operate In two st^Ps« (a) Extract a line drawing from vhe 
Image, (b) Analyze the line drawing. The jtnfi are 
actually bejndarles between Image regions of different 
characteristics. Two main types of scene analyzers using 
simple Intensity Information have been developed over the 

years! 

boundar 
Image p 
large 
gradlen 
Tha ad 
have to 
points 
or when 

on some 
used t 
are def 
dlsadva 
Is proc 

(a) The "gradient follower" type looks for 
les of regions by analyzing Intensity gradients at 
olnts, Boundary points are points with relatively 
gradients, Then a direction perpendicular to the 
t Is followed to get tha next point to be analyzed, 
vantage  of  this  scene analyzer Is that It does not 
process all tha points In the frame, It falls at 
where the gradients are weak, at very share corners 
two lines come close together [123,C19], 

(b) fne "region grower'' type aggregates points based 
similarity criterion to form regions. Rules are then 

o merge regions Into bigger regions. Boundary points 
Ined slmoly as points adjacent to two regions. The 
ntage of this type Is that every point In the frame 
eased several times C4]. 

The corner-finder uses Ideas from both t^ese ♦iypes. 
It makes rouah checks on the existence of regions In the 
analyzed area. For this purpose each point within t^e area 
Is processed simply to form th» Intensify histogram of( the 
area, Thai It follows boundaries of regions by using a 
dissimilarity criterion, No gradient type processing Is used 
so that continuity Is not lost at points of weak sradlent, 
sharp corner, etc. General scene analyzers do not use any 
prior Information because ther« Is no reason for them to 
assume  the existence of such information. On the other hand 
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tht oorntr-f« r davorlbtd htrt uitt prior Information down 
to Ito lowtft tovtit. It can uto at much Information na 
Bivtn to it but doaa not raoutro eomplata information for 
prootr functtoting, Tha dopign phtieaoohy is to use and 
chaok against prior Information at tha aarlloat oosalbla 
momanti 

These introductory rtmtrka aro followpd by tha 
doflnltton of toima upad throughout and a mor« detailed 
daaerlptlon of tha underlying aaaumptlona and eslun 
phlloiophy, Than MO praaant tha details of tha workings of 
tha analyze, (FINOIHAG) and tha aoaroh control le- 
(SRCHIMAC), Last wa daaorlbf tha parair.attrs control ltd by 
tha user, tha format of tha message Procedure and program 
OUtPUti 

3.1,2. Oaflnltions of aoma terms 

Tha torm "cornar'' la ussd to dascrlba a number  of 
ra|axsd antltlsi s 

bounded object, 
faces associated 

(a) A corner of a phyalcal Planar 
including the vertex, the edges and the 
wit« this corner. The ,,locatlonM of tha corner refers to the 
location of the vertex given by Its three coordinates In a 
coordinate system tied to the table, (See Figure 7(a)). 

(D)  The  Image of the physical oorner as encoded In 
the stored Intensities. (See Figure 7(b)). 

(e)  An aporoxlmate I I 
is tha cutout of the coma 
segmante eminating from the 
window partmatar are called agp 
Tiia "location" of tha corner 
vertex of the line drawing give 
the  Image coordinate aystam, 
Kinds of corners I  ,,simDleM co 
adgesi  which will be called '* 
which have more than two edges, 
Tha cornar-fInder can find 
Complex comers can then ba 
oorners,    Generally,  the y 
corners found jn the Image will 
If the simple corners are part 
Therefore we will merge tham to 
they are "close" (within some 
thara Is some external  infer 
existence of a complex corna 
separate slmole corners, (See F 

ne drawing of the Image which 
r-fInder orogram.  The  line 
vertex and truncated by the 

In "odgea" of  the corner. 
refers to the location of the 
n by Its two coordinates  In 

We distinguish between two 
rners which have only two 
sides", and "complex" corners 

(Sea Figure 7(c) and 7(d)). 
only almpla corners directly. 

constructed  from  simpler 
ertloes and edges of simple 
not oomoletely coincide even 

a of 'ha same complex corner. 
form a complex comer If 

tolert.noe), and especially if 
mation which indicates the 
r rather than that of several 
Igure 7(e)). 
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From *irt on tht worl eorn^r 
slmol» oorn«r o^ thi lln« drawing, 

by Itself w||| reftr to 

Tht ,,|nsldiM o* • corntr I» tilt rtfll&n of the lm«ge 
bounded by th« two sldoa of a oomtr «nd Including the angle 
between the sides whloh subtends iMt than » rads, In «n 
Image of a alanar bounded convex body (not obscuring or 
obscured by other -sodles) the Insloe of any corner is th» 
Imago of a Dart of the body and the outside Is the Imege of 
the surrounding background, 

Ths a 
from any oolnt 
and the other 
7(d)), 

I de wh ch Is In a counter-clockwise  direction 
inside the corner Is caMed the -first" side 
Is called the "seeonu" side, (See Figure 

Whsn the Image no 
the line drawing will consist 
ca|I a IIne or corner In the 

udes edges only and no comers 
of separate lines only, Me 
Ine drawing a "feature", 

If 
ne 

We dsflns the "form" of a feature as follows: If j'• 
Is a linsi then the form Is the orientation of the Ine In 
the Image, If It Is a corner, than the form Is the 
orl«r,tstion of both sides as given for example by two pairs 
of direction cosines, 

3,1,3 Basic assumptions and design philosophy 

the 
for 

corn 
Its 

propertl 
orlentat 
at leas 
properti 
known ( 
because 
programs 
sometime 

The following assumptions guided the develoo^ent of 
er-fInder. They are net all necessary conditions 
operation or success. 

The most Important assumption isthat some of the 
es of the cornar (e.g location, form and 
Ion» relative inside to outside intensity) are known 
t aporoxlmately, Th^y are known either because the 
es of the object which this corner belongs to are 
for example» the hand Or a specific cube), or 
this corner was found before by the same or llr ar 

The reasons that these properties are 
s on|y apppoxlmately are of the following f 

known 
avoursi 

(a) incomplete coordination between the hand and the 
eye, as for example when locking at the hand or at an object 

problem and some whloh was moved by the hand.    This 
solutions are discussed In Chapters 4 and 5. 

(b) The pan/tilt »sad of the camera 
cannot Predict accurately the new location 
the image because its range from the camera 
the eamera head movement causes translation 
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EDGE 2 

EDGE I 

EDGE 3 

a a 
% • • a 

r a a a ■ 
a r • a a a a 

aatta7ta 
aaaatita 

»8 999S999989999999 
98883998399989 tJ99'> 
:>99»99999B9999B899 
889999899999989999 
•ttt*S0*S9999999aa 
99999a8a999a99aaaa 
g99B9?9>.' 8999996999 

(b) 

EDGE I 

EDGE 

VERTEX 

(O 

■ (a) Corner of an object 

(b) Intensity map of the image of the corner 

(c) Line drawing of the corner (complex corner) 

Fig ?■ 

ILLUSTRATION OF THE DIFFERENT MEANINGS OF THE TERM: 
(Continued on next page) 
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. 

SIDE I 

SIDE 2 

VERTEX 

OUTSIDE 

(d) 

\^ 

(«) 

(d) Simple Corner 

(e) Construction of a complex corner  from two  simple corners, 

Fig. 7- 

ILLUSTRATION OF THE DIFFERENT MEANINGS OF THE TERM:  CORNER 
(ContinueJ) 
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rotation 
oon or tl 

baetuoo tho 
It •«•s. 

Ions c«nter dots not I to on ott^r th» 

Not ojl tho orooorttos hav« to bo 9ivon to tn» 
progr«"-', Tho ui«r Or ■ Mshor lovol proflram oon gtvo «• ntny 
o' tho orooortiot oi ho (It) dootdtt to ilvo. Actually th« 
proportioo ipt not only Ng|vonN to th« Drogrom» but tho usor 
can "dimtnd" « '.mtoh* w!th|n « glvtn toortnoo» o' thtso 
prooortlot «nd tho actual noatwrod proportloo of th« oornor 
foundi 

Tho current vtrslon of tho p^ooram rojooti tny 
cornor which doot not match all tho propOrt'Ot domandod to 
bo matohod. Anothor or futuro voralon night givo as an 
•niwor tho oorn«r which matehao bast, acoordlng to somo 
gtvon erttarlon, This vortton yould taKo moro orocoiitina 
tlnto and would booomo rathor oomolax whon tho ccrnar I« 
•Ofirohod for by moving a window In tho ffamo, Using tho 
flrit vorslon Inttoad of tho sooond savog proeosilng time 
(at tho cost of fioxlbllity and gonorAllty) at ioaot )n tho 
throo foI lowing waysi 

(a) Thoro is no noog to oomputo tho crttorton and 
rnako tho eomoarlson for oach cornor 'ound. 

(u) Aftor ono or tbo roquirod number of corners 
which match oroooriy havo toon foundi thoro is no nood to 
look for moro oornori whleh might havo i bottar matoh* 

(e) A oornor can b^ rajootod immodlatoly aft»c tho 
flrot fflts-mateh. it dloocvorad, Thlt is dono by trying to 
rojaot tho oornor aftor oaoh stago of tho oomputatlon jstng 
all tho knowiaddo already available at this stags. 

Tho prlnHpl« montlonod in (o) Is also tool'od in 
tho Initial stagoi of tho orocasslng whoro tho program is 
trying to rsjoot tho hyoothoglg that thoro is any cornor at 
ail in tho snaiyzod window, For a trivial oxanpio, whan it 
is found that tho intensity is almost uniform over tho 
window, tho hypothsls ie rejected. 
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H(l) I H(l) 

H(l) H{l) 

n 1111 i n i n 111 M ' 

12) 

H(l) H(l) 

Cases A and B - Histograms with noticeable minima 

(1) Hypothetical intensity of region 1. 

(2) Hypothetical intensity histogram of region 2, 

(j) Combined intensity histogram of the window. 

Fig. 8. 

EXAMPIES OF HISTOGRAMS 
(Continued on next page) 
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H(l) 

n 1111M n M1111 r 
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(i) 

H(l) 

(I) 

H(l) 

(2) 

H(l) 

11111 n ii 111111' 

(2) 

H(l) i H(l) 1 

I I < I II I I I I I I N M I   . 
0 5 10        15     I 

(3) 

CASE  C CASE  0 

Cases C and D - Histograms with non-noticeable minima 

(1) Hypothetical intensity histogram of region 1. 

(2) Hypothetical intensity histogram of ngions 2. 

(j)    Combined intensity histogram of the window. 

Fig. 8. 

EXAMPLES OF HISTOGRAMS 
(Continued) 
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nar) dlrac 

size,      (See 
a simple corn«r» 

a Inferred from 
See F Igure 121 for 
s the choice of 
ook for Dolygons 
rst fitted to the 
I Ina segments the 
nd complex) are 
the corner-finder 
r two connected 
tly to a set  of 

A fourth assumption If that tha Image 0* tM corr-er 
oocuplaa more than a oartaln friction of tha w.ndow area. 
Whan a small rOfllon Is found It Is rejected because It Is 
assumed that ejthar It Is a ncisy patch or that It Is an 

-to-Cod cornar but that we do not sea enough of it and honegf 
that  It will be subsequently found 
moved around In tha frame In starch 

again when the 
of the missing 

window 
corner. 

We distinguish between two kinds of scenes: One Is 
relatively s'mol«» for example when looking at the hand 
alone, (see Figure 28), The other Is cluttered, for example 
whan looking at two stacked cubes, the top one ttl11 BraiBtd 
by the hand, «sea Figure 3MV)|. When we are looklns for 
more than one faatur» In tht window, wa implicitly assume 
that the scene Is cluttered, In this case we do not like to 
search with the simple minded search strategies described 
later In Section 3,2,3 and leave It to the user or higher 
level programs to tailor thalr own search strategies te the 
cluttered scenes they expect, 
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WINDOW 

CASE A CASE B 

Fig.  9- 

EXAMPLES OF SIMPLE CORNERS WITH SIDES INTERSECTING THE 
PERIMETER  (CASE A),  AND NON-INTERSECTING  (CASE B) 

KJ: 

0 

Fig.  10. 

EXAMPLE OF INFERENCE OF THE PRESENCE OF COMPLEX CORNERS 

■ 
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have 
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er !m6 
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tlon 
led. 

In 
to  w 
Henc 
we w 
I mag 

and 
extijt 
ndcnt 

ter of the window, but big trough so that we w||| 
boundary points to get a good line fit, Also we 

size of the window to be small enough so that the 
of almost uniform Intensity Inside the window  is 

our syst^mi when 
ait UP  to 1/30 
e we might save tlm« by taking In 
ant to search all at one time and 
e, There are two disadvantages: 
the number of memory eyoles, and 
Mty of choosing the cllo levels 

ly. 

we want to read In a window,  we 
see, till this window Is scanned 

the part of the 
then run on the 
First In memory 
second, we los« 

for each window 

3,2 Program structure 

3,2tl Gener«! notes 

We start with the description of FINDIMAG because 
its details are needed to understand the description of 
SRCHIMAG which calls FINOIMAC at various stages, However, 
FINDIMAG Is not directly eallable by the i .r» (or othep 
rodules)« 

3.2.2 Structure of FINDIMAG 

The block dlagrafl of FINDIMAG Is shown In Figure 11. 
The names cf the blocks are by no means exact descriptions 
of them, Not all the blocks, and not only blocks are 
distinct procedures I i the programming language sense, The 
descriptions of the blocks followt 

OPENCLIP 
The clip levels are set so that the maximum aynamic 

range Is digitized. 

INPUT 
All  the parameters (camera number» window location, 

window size and dtp levels) are checked for thtlr  legality 
and then the window Is read once Into store,   If any OF 
the parameters Is Illegal INPUT exits. 

HISTO 
The Intensity histogram l.e for each Intensity level 

(0 to 15), the number of sample» within the window which 
have this intensity Is found, 

SCTCLIP 
The CI'P  levels are set so that the dynftmtc range 

brackets t"  aetual  fahfl* of  Intensity  levels found  In 
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START 

. 

. OPEN CLIP 

:. '}[:r:;:z^:' ■        ;:/\- 

• INPUT 
:   . 

EXIT 1 
' , 

H!STO 

|     SETCLIP • 

i 

, 

■ j        INPUT 

EXIT 1 

i 
• 

SLICE - 

EXIT 1 
' ' i 

' STARTCORNER 
■ t 

! 

• 

k 

' 
• PERIMETER . 

t i ' . 

' 
FOLLOW * 

1 
> 

. 
i 

■ 
PRUNE 

' 1 
f 

, 

•-. CORNFIT 

» 
  

RELINT 

1 

[ 
i 

RECENTER   | 

, 1 

COLT 
• 

[ 

  

MORE        | 
' 

EXIT 
Fig.  11. 

BLOCK-DIAGRAM OF FINDIMAG 
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HISTO. (So« Flgupts 3 and 12). This Insures that the full 
dyntmle renge of the A/D converter Is utilized without 
losing any Ipformatlon, This Is Imoortant since the v..ale 
operation of the corner-finder Is based on finding two or 
mere maxima In the histogram, 

The computation of the new clip levels is as 
follows! If MAXI and MINI denote the maximum and minlmun 
Intensities In the window then 

TCLlP»U5-MAXn/2 and BCLIP=(15-MIN1 )/2. 

olio  levels  can be closed even  further by 
This wlII utllIze the 

The o | tp  levels can be c 
snipping the tails off the histogram, 
dynamic  range  even  better  without 
Information. (See Figur« 13). 

SLICE 

osing moortant 

we w 
found 
H(I) 

HISTO Is used to form the Intensity histogram (which 
II call H(I)). Then the maxima of the histogram are 
as follows! There Is a maximum at Intensity I If 
Is |arger than a glvsn threshold. H(I)>H(I-1) and 

H(I>>H(I+1). (H(16> Is artMlc^ally made equal to n).( See 
Figure 14), The threshold Is empirically fixed at 1/16 of 
the total number of samples In the largest square Inscribed 
In the window In accordance with the assumption about the 
corner Image relative size, 

After finding two or more maxima, the intensities 
which oound the Intensity soread In each region are computed 
by taking the mid-points betwetn the maxima. Intensities -1 
and 16 are added to the |lst of bounds. There Is an 
option» determined by a parameter given to FINDIMAC, to 
irerge all the regions but the one with highest (or lowest) 
Intensity, Into one region, This option can save time when 
It Is known that the Inside intensity of the corner has the 
highest (or lowest) Intensity in the window. In certain 
cases this serves also as an "ant 1-shadow" device. (See 
Figure 15), 

caus 
else 
whlc 
w I nd 
case 
cond 
has 
Inte 
that 
(See 
the 

Ther 
e FINDI 
overed t 
h means 
ow, Ther 

s I nee 
11 Ion oc 
0nly 0n 

nsltles 
there 

cases C 
max I ma 

e are two exit conditions from SLICE which will 
MAC  to  terminate.  The first occurs when It Is 
hat SETCLIP set the clips at  the  same  value, 

that  the Intensity Is almost uniform over the 
e Is no point computing the histogram  in this 
the  noise will  make It unrelUble, The other 

curs when It Is discovered  that the  histogram 
e maximum,  N0te that In this cas» the 3Dread 0f 
is larger than In the previous case which  means 
mjght be actually two regions in the window, 
Ä D In Figure 8). The reason for losing one  of 
In cases C « D is that one or both regions have 
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2 
3 

( t    ♦ 
H(l) 

H(l) 

(1) CLIPS  OPEN 
(2) CLIPS  CLOSED 
(3) CLIPS   SNIPPING 

THRESHOLD FOR SNIPPING 

H(l) 

11111 ii 11 M 11 iii; 
0 5 10 15        I 

(C) 

' 

(a) Histogram with open clips. 

(b) Histogram with closed clips. 

(c) Histogram with snipping clips 

Fig. 15. 

EXAMPLE OF THE EFFECT OF SNIPPING CLIPS 
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B     B MAXIMA 

Fig.  Ih. 

EXAMPLE OF MAXIMA SELECTION IN SLICE 
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BACKGROUND 
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IMAGE IN WINDOW LINE DRAWING 
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■ 

Fig.   15. 

EXAMPLE CF  BOUNDS  SELECTION IN SLICE WHICH  IGNORES THE SHADOW 
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*ld«r 8Pr«ad of Inttntltltl than  In 
violate one o' th« basic assumotIons, 

casts  Air,  which 

If It Is dacldso to try harder than t^o currant 
vtrslon of the corner-fInderi wa can So In either or both of 
tne following waysl (a) Hake a mora datalled analysis of 'ehe 
histogram, (b) Try again with smaller windows ard check if 
their hlstograna peak at two dlfftrent Intansltiss, To 
compare Intensities of two different windows the analog 
video signal vtlues have to be computed from the digitized 
video signal  and the clip setting In each case, 

STARTCORNER 
The corner of  the window where 

checking  for boundary points Is selected, 
to descrloe this block later. 

PERIMETER 
It will be 

starts 
easier 

PERIMETER 
Using the assumptions that the sidea 

intersect the window perimeter .nd thtt 
actually the boundaries between regions,  the 
the perimeter are checked In CCM order start 
of the  window  chosen  in STARTCORNER, 
computed  In SLICE»  the  region which 
belongs to is established and consecutive 
oerimex-er are  checked  to  see  If they 
region,  If the next point belongs to a di 
block FOLLOW  is entered and the boundary 
It Intersects the perimeter again. 

of  the  corner 
the  sides are 
Points  along 

ing a* a corner 
Using the bounds 
the startlnc point 
points along  the 
belong to the same 
ffsrtnt region the 
Is fo| lowed unti I 

Ai"ter the boundary information is orootssed end 
there Is a nesd to find another boundary* either because 
this boundary was rejected or because FINOIMAG was told to 
find more than one feature Inside the window, PFRIMETER is 
entered again. The starting point new is the ppint next to 
the one where the perimeter was left last to enter FOLLOW, 
(See Figure IMa)), 
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STARTING CORNER 

-*►- CELLS CHECKED IN PERIMETER 
_/^ BOUNDARY POINTS FOUND 

IN FOLLOW 

-— ENTERING PERIMETER AGAIN 

(o) 

STARTING CORNER 

1 i>V!<i!: 

n 
i 
i 
i 
r 
i 
i 

\; 
:i:::::*" A ** 

1 

UNDETECTED EDGE 

(b) 

(a) Example of the oruer in which cells kre  checked and boundary points 
are found (all bounds are used). pomes 

(b) Example of an undetected edge (all bounds are used). 

Fig. 16. 

OPERATION OF PERIMETEK 

hO 
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• fl«ln,   th't   t'me   looKlna  ffl'  •  corntr   wlt^  high   Iviltfittty. 

FOLLCW 
To  find  tht  bour.dtry  Points FOLLOW 

luzo-iolvlnc trU^« «tlNIng wlt^ tho right hand oont 
touching  th« w» i i ,  Somo «ddtd trlcMry Is usdd to 
th« number of points ohooKod In order to find th« ne 
o<  tht boundary as tKolstntd bt|owt No point Is 
twlot If th«ro «r« no   loops or very shtrp cornsrs, 

usss ■ 
Inuous ly 
minimizt 
xt point 
checked 

nslohppurs 
rsctangultr gr 

Aft«r • point on 
ar«  checked 
Id) In CCW 

tht boundary 
(tht samples 
ordtr,   Ths 

•s tht current one 

Is foundi 
trt spacf 

fIrst poln 
s 

rectangular grid) In CCW ordtr,   Tht  first  poln 
belongs  In  tht  samt region as tht current one Is 
boundary point.  Th« direction of tht ntlghbour poln 
Mill  bt  checked first Is tht diagonal In CW dlrtct 
tht dlrtctlon from tht last boundary point  to  the 
point.  (Stt r|guro9 17(a) and 17(b)), 

PQl Lnu will an^nina« I MS i I w mm*m.   ocoiuereo      t 

its  8 
d on a 
t which 
tht ntxt 
t which 
ion from 
ortstnt 

FOLLOW wt|| avtomatlot 
tht following cases! 

|y snttr PERIMETER Again 

•) Tht first 
dlfftrtnt from thost pi 
Is eal ltd a sUoultr odnt. 

point 
• f al | 

ehtpKtd belongs to a rtg 
Its 8 neighbours, Such a oo 
(Stt Flgurt 17(c)). 

on 
nt 

(b) Th* boundary loops on 
ptrlmettr  tgaln exactly at  its 
looping Is dlfftrtnt from local loops 
tht ntxt block. (Sto Flgurt 17(d)). 

(■•If 
first 

and Intersects  the 
point. This kind of 

whloh art pruntd  in 

(c) 
smalI er tha 
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cists  whs 
Intensities 
Flgurt l7(t 
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will  havt 
by FOLLOW. 
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n a threshold tmpirlcally 
monoton of tht window, I 
that tht Imagt of tbt cornt 
rt of tht window arta. 
u|td out by tht threshold I 
n Mt havt  In ont rtglo 

In tht samt Intsrval 
)).  Note that tht above th 
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tht samt arta whloh "Invad 
a longer boundary and thus 

und 
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xsd 
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t bt rt 
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f  ths 
th ths 
han a 
region 
t art 
oh of 
n,(Sts 
nds *.o 

Any 
more 

Jtottd 

FOLLOW uses two k|n0s of dnta structures in its 
optratlon. Ont Is a rectangular array with tht dimension- ;f 
tht window, Whtn a point at window ooordtnatts IiJ Is found 
ts a boundary polnti a 1 |s stort(j In c, I I |,J In th. array, 
s0 that If a Dolnt Is fpund again a l0cal i00D is Indlcattd. 
Tht othtr structurs Is <* Mnsar array In which tht 
coordinates of a boundary point and tht above numbtr Is 
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66624466 

0 I  : DIRECTION FROM LAST BOUNDARY 
POINT TO PRESENT POINT 

D 2 : DIRECTION FROM PRESENT BOUNDARY 
POINT TO NEXT POINT TO BE CHECKED 
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1 J:yi,.: 

1 • 
>'r 

SP 
^ .111   1 

.<-T W ̂ .i^.       i: 

|:::: ;| 
iMV M   ^.L:':   : 
m _ i i 1 i 1 

1 
#\ ■ VV \ t ̂  L.fv. j^^. D 

i -v 
    S^ J 

_iL>'V / 
:  ;  ;

r^r7 
i ^^>1 

M 

^ 
^   1  r' 

(b) 

 »      POINTS CHECKED (IN ORDER OF CHECKING; 

 »     BOUNDARY POINTS FOUND 

(a) Order of polnLs  checked in FOLLOVi, 

(b) Examples of  'Viaze-walking". 

Fig. 17. 

OPERATION OF FOLLOW 
(Continued on next page) 
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(c) 

STARTING- 
POINT 
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(•) 

(c) Singular point. 

(d) Loop. 

(e) Patch. 

(d) 

1 

1 
1 
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\ 
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^ r^ 

Fig. I?. 

OPERATION OF FOLLOW 
(Continued) 
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stor.d  In IN ord«r   In which  tb. oolntt wtr« J»^*« JJ«  JJJJ 
O  Ttrtnt       ''•xv.J''r._;  L.*   i*     ..WAR    n^ecaas  na 

trr«y pointer 

ooeurr«nc.. MM eono.otln« «M trr.y.   (SM FUurt 18). 

 rj.!i«Ät^w«i.^i-,.ni"..iJ ^ 
th« thr««hold ut«^  I« FOLLOW, 

COBNFIT t0 f|t on, 8trftight line to the 
tuKNFii  »r« ... ,   least souare normal 

„t of boundary point», ^^l* 1'.'ni) "stance fit. If 
(I., peroandloular to tj* "J0^ «Jhan a threshold. 

in^«.r«-^-w..    M-  —     • d Th  s  can    naooen,     TOP 
rejected and  PE^ETER   Is  JJ|JJ"j ;   ,nterSect   Inside  the 
example. If ^^ '1"?! *Ji, trJ acc|dente|y connected by 
:,nr8rPornroCr,0p;tohroM? ^ere I; a Mne which I, Very 

noisy.   «See Figur« 19)« 
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Creation of a branch by FOLLOW 
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Creation of a loop by FOLLOW 
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1 
(c) (d) 

The branch in (a) was pruned        The loop in (b) was pruned 

Fig. 18. 

OPERATION OF PRUNE 
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(a) (b) 

(c) 
, ,- 

(a) Original line and noise. 

(b) Boundary points and fitted line (rejected). 

(c) Boundary points and fitted corner (al^o rejected^ 

Fig. 19. 

EXAMPLE OF A VERTEX OUTSIDE THE WINDOW 
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1 

definitions), direction cosines of the second side« location 
of the vertex (In oase of a line \x Is the midpoint)! aj I in 
Imag* coordinate system, and whether a line or a comer was 
found (1 or 0 accordingly), 

A. Mne la tried before a corner beoause if the 
boundary Is raally a llnei a corner would fU It at least as 
wail as a Mne (!,e with smaller average •prsr,', The vertex 
in this case would be In an arbitrary loCÄjon along the 
line, Mowjver the Information that the border Is Indeed a 
Mne Is Important and should be oreserved, Alternately a 
corner oou|d be fitted first and then a line should be tried 
only If th« Inside angle of the corner Is close to * or one 
of the sides Is much shorter than the other, 

we mgntloned already that a patch on the perimeter 
will be rejected because Its outline Is not long enough, If 
the patch Is on the boundary It will either be Pruned out as 
a branch or a loop, or It will slightly perturb the line 
fitted to the boundary points. A patch In the middle of a 
region would not be seen at all, although It eould affect 
the Intensity hlstooram, 

The situations that can cause failure although two 
peaks have been found In the histogram are; (a) "Salt and 
pepper" texture, <b) A boundary containing more than one 
corner Inside the window. Note that both the^e cases 
contradict the basic assumptions so that failure is not 
surprising, 

RELINT 
If the boundary points were fitted by a corner in 

CORNFIT and If a relative Intensity match Is demanded,It Is 
don« In this block, To find the relative Inside Intensity, 
RELINT uses th« following fact« If the two highest bounds 
are used, and If the first side was fitted by the boundary 
points found first In FOLLOW, then the Inside Intensity is 
high, This situation Is caused by the definition of corner 
sides and by the conventions established In PERIMETER, 
Similar considerations are made for the other combinations 
of bounds used and Inside relative intensity. (See Figures 
16 and 17 for examples). 

If the relative Intensity Is checked and a rnatch Is 
not achieved, PERIMETER Is entered again, 

RECENTER 
If the location of the corner or the midpoint of a 

line Is not close enough to the center of the window (the 
threshold Is empirically sat at 1/8 of the dimension of the 
window In each direction), and if recenterlng Is oisfmltted 
(as determined by one of  the  parameters),  the  window  is 
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1 

movtd so that It» etnttr w||| oolncidt with the vertex (or 
rldpolnt) and tht oomolet» oroctss Is started again, This Is 
done partly because If the comer Is not eentered, one of 
the sides may be short and the line fltt«d to It inaccurate, 
Other reasons will become aoparent In the discussion of 
SRCHIMAC, 

COLT 
In this block the form of the feature found Is 

iratched If a mitch Is demanded, The form of the featur« to 
catch aflainst Is alven In the same data structure that Is 
used In CORNFTT, A match Is achieved If the ooslne of the 
angle between the two sides to be matched Is closer to i 
than a threshold given by a parameter. The cosine of the 
angle Is chosen as a or!t*rlon since It Is easily ccmouteD 
from the direction cosines stored In the data structure and 
Is Invariant to angle direction, 

Three kinds of matches can be demandedi determined 
by a number stored In the 8th cell of the given feature data 
structure« 

(a) Both sides have to be matched, 
it) At least one of the found sides has to matsh the 

first (second) side of the given feature, 
(c) At least one of the found sides has to natch 

either of ths sides of the given feature, 

If there is no match In the last two cases PERIMETER 
Is entered again. If there Is no match in case (a) a 
contra-match Is triad! we check to see If any of the sides 
found has a direction ooosite <w|thln the above tolerance) 
to either of the given feature sldos. This information Is 
needed to aid the search for the feature (see discussion of 
SRCHIMAC), Jf no contra-match Is founc» PERIMETER is 
entered again. 

The output of COLT Is stored in the 8th ceil of the 
linear array mentioned already In CORNFIT as foilowsi -i If 
no match was obtained, a If a match was obtained In (a), or 
the side that matched (1 or 2) in (b) and (c), or the side 
that contra-matched In (a), 

STARTCORNER 
PERIMETER begins to check the points at a corner of 

the window, If the form of the comer sought Is known, i.e. 
stored In the data structure of the corner to match against, 
we can select a starting corner which will minimize the 
number of points checked In PERIMETER before FOLLOW is 
entered. In the following way» In most situations we would 
like to trace the boundary from the Inside of the corner, 
because we assume that the background  Is more  noisy. 
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Thjrtfor« w« seltct tht first comer of the window  In ?. 
clocKwise direction from a1!  ooselblt cositlons of the 
flrit side of the given corner» «s the starting oolnt for 
PERIMETER. (See Figure 20), 

MORE 
MORE will  exit under  any  of  the  following 

conditions: 

(a) The number of oorntrs (or lines) tHat rlNOIMAG 
was told to find, have been feund and properly matched, 

(b) A corner Is sought» ther« is no demand to match 
form, searching Is permltttd and a line was found, 

(c; A featurs Is sought while searching Is petmltted 
and a corner or a line was found which oontra-matohsd the 
given feature form, 

Ot^erwls» PERIMETER Is entered again, 

3,2,1 STRUCTURE OF SRCHIMACE 

The block diagram of SRCHIMAG Is shown In Figure 21. 
The description of the blocks follows. 

SEARCH 
If s«arch Is not permitted, FINDIMAG Is enter«d and 

then SEARCH exits, I' search Is permitted. It Is done In a 
spiral sc»" pattern, The first position of the analysed 
window Is chosen to b« at the most proptple plaee to find 
the featur« as determined by Information which SEARCH has 
access to. From this position the search spirals outwards 
with overlapping, (see Figure 22), At each position FINDIMAG 
Is called. The spiral search Is continued Until on» o' the 
following conditions Is satisflsdi 

(a) The corner or line searched for Is found and 
properly matched. In this case SEARCH exits, 

(b) A feature Is searched for with form match and a 
corner or a line Is found which contra-matched the given 
feature, In this caee FOLMATCH is entered, 

(c) A corner In ssat'ched for» no form match Is 
needed and a line was found. In this case FOLINt. Is entered. 

td) The next window position Is partly outside the 
permitted ssaroh space, In this case SEARCH exits and a 
failure Is Indicated, The search space Is a rectangular part 
of the frame, Its center coincides with the first window 
center and Its size Is determined by a parameter given to 
the module, 

The position of the window when FOLINE Is entered Is 
stored.  Then the window oenter Is moved along the direction 
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(a) 

1 

(b) 

■ cV- 

1-^ 

(c) (d) 

X - Location picked for the starting point of PERIMETER. 

Fig. SO. 

EXAMPLES OF THE OPERATION OF STARTCORNER 
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FOLINE 

T 
EXIT 

START 

SEARCH 

EXIT 

FOLMATCH 

EXIT 

Fig. 21. 

BLOCK-DIAGRAM OF SRCHIMAG 

51 

  



I 1 m 
1st 

WINDOW 

• 

2nd 
WINDOW 

3rd 

9 th 10 th 

4 th •   1 
6 th 

— 

  

llth 

Window center  locus plot 
(Window size sane as above) 

Fig. 22 

SPIRAL SEARCH  IN IWRZHAG 
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^^™wr^~^- iipi»pmM,iiun«iMWiipp«iiii - ^^nw 

of thf lln« by 8t«D8 of ,5»( window tlz» )i If « !'"• 'a 
found tgalni tht window oontlnuts to mev« along the I In« 
till it r*aeh»i tht totroh toao« Dord«r. Thon the lint IB 
followod In tht othor dlrtotlon from tho oofltlon stored 
hhtr TOLINE was flrtt «nt«r«d till tha starch soaoe bordar 
on tha othar alda Is raachad, In this cast FOLINC axlts and 
fallurt Is Indjeattd. 

If a cornar whloh matohts Droparly (not a form 
rrateh) Is found» FOLINC axlts sueeatsful ly« If at any 
position nothlna Is found In tha tnaiyrad window, or P 
cornar was found whlcn doas not match Droparly» the search 
la abandoned In thli dlraotlon. If It was the first 
direction tr'eo, tht oDoeattt direction Is starched as 
above. Otherwtat FOLlNk' exits and fallurt In Indicated. 

FOLMA 

the 
side 
D» Ion 
next 
other 
FOLMA 
contr 
Is fo 
If a 
Indlc 

TCH 
Th« M 

side  th 
belongs 
os to 
window i 
wise  th 
TCH woul 
a-matcnj 
I lowed a 
featurt 
ation if 

ndow o 
tt cent 
to a II 
a corn 
oaltion 
a wind 
d |eoo 
ng aids 
s above 
was fou 
not. 

enter Is movad 
rt*matohadi by 
ne or  by 
•n Thla di 
the cornar 

ow would Be 
mlserably. 

along the direction of 
.£•( window size ) If tn« 

(2/3)»(wlndow size) if It 
ffaranoa assures that in the 
would not be seen at all, 
recantartd on tht corntr and 

If anothtr ftature with 
Is found I" ths naw window posltloni It 

. Otherwise FQLMATCH exits» successfully 
nd and matonad proptrly» with ftllure 
(See Figure 23), 

Figure 24 gives an example  whloh 
recenterlng la so Important for saarcning when 
needed» although It can causa looping If proper 
taken. 

Shows  why 
form match Is 
care Is "ot 

3.3 User parameters and oornar-fInder module output 

There are two Kinds of paramatari which tha.uaer nas 
to supply to tne corner finder» global and formal, The 
glob*l ptramstara •r«« 

(a) Tha number of the camera to be used, Currently 
only one oamara Is used but shortly there will be two. 

(b) window specifioationat tha coordinates of tne 
center In t^e l.ca.» width and height. 

Thess parametere occupy In that order tne first 5 of 
an e cell linear array (called LOOK.AT). Tha ot^er 3 
contain the currant setting of the oMpa (BCLIP and TCLIP) 
and the target voltage. Thaaa 8 parameters are needed ( in 
prinolpla) to compute the light intensity dlatrlbutlon on 
the portion of the vldlcon face» correapondlng to the 
window, from the Intensltlaa atored at the sampling ocints. 
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(o) 
Window  size 

I 

(b) 
Given corner  forta 

Km »i t:?! :.::.:::: :::::::• .   ; 

(c) 
Sequence of window positions 

(1) Corner   (wrong one)   found. 

(;■') Rccenterinp. 

(^) Side 2 contra-matched and   followed. 

(h) Line   followed. 

(5) Corner found. 

(6) Recentering. 

Fig. 25. 

EXAMPLE OF CONTRA-NATCH FOLLOWING 



(1) Original window and  fitted line. 

(2) Contrn-match  followed without recentering.    Not enough boundary 
points   found. ' 

(3) Window rccentered and  the corner  found. 

Fig. 2U. 

EXAMPLE OF THE  NEED TO RECENTER 
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For th09« MHO wlI I totu* 
proflrtms  I  M|i|  use thn ntmts 
t^ty tppaar In tht progrtm, T^i 
txprtst tHttr m«iinlng, Thty ar«i 

ly use th§ corner-Hndfr 
of t^e formal ptrtmottrs as 
namas  do  not nacessarlly 

(a) 
3,2.2). BKCp 
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st, boundsi for example In the ease that we know 
er Is relatively darkt Z when MO want to use 
nds, for examole In tne case that the rolativ« 
not known or that *e are looking for more  than 

NT (see dleousslon of RLLINT In Section 1.2.2). 
a three values! -1 when we want to match 
n»lty and we are looking for lighter insldet : 
to match relativ« Intensity end we are looking 
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ce a dark corner from the outside hut match Its 
nsityi end it Is expected that we win hav« 
ons In th« window, then w« will set W* to -li 

Section 
SCARCH>0 
o Imenslo 
of SEARC 
number 
whole se 
recenter 
neither 
-SEARCH 
wanted I 
sought 
cluttere 

d)  SE 
^,2.2 

• r«cen 
ns of 

H*i tlm 
of win 
arch so 
Ing la 
search! 
Is th 

nthe M| 

If SEA 
d envlr 

ARCH 
and o 
ter in 
the 

es th 
dows 
see I 

oer 
ng no 
e nu 
ndow, 
RCH20 
onmen 

(see 
f the 
g and 
seareh 
e dime 
neede 

si 
mltted 
r reee 
mb«r 

I 

ts In 

dl sou 
block 

sea 
spac 

nston 
d by 

(2» 
but 

nter. 
of ft 
mol lo 
(Se« 

Sectl 

Jon 
SEAR 

rch I n 
e tre 
s of 
the 

SEARC 
not 

ng I a 
eture 
Itly 

dls 
on 3, 

of 
CH I 
g a 
th« 

tna 
sol r 
H*l) 
see 
oer 

s (c 
onl 

cuss 
1.3) 

RECENTER 
n Sectlo 
re  per" 
n g I v«n 
window 
al scan 
♦2.   I 
rohlng, 
mltted. 
Orn«rs • 
y on« 
I on of 

am M 
n 3.2. 
Ittea, 
bV the 
used, 
to cov 
f  SEA 
If SE 

In tht 
nd/or 
featur 
si mo I 

ORE in 
3), if 

The 
v«lue 

Tha 
er the 
RCH=Z, 
ARCH<Z 
s case 
I ines) 
e is 
e  and 

(d) TOLER (see discussion of COLT In section 3.2.2), 
If T0LER<a no match of form Is demanded. If T0LE»>:, -atch 
of form Is damanded and the value of TQLER Is the tolerance. 
Since the tolerance Is compared with the difference Between 
1 and the cosine of the angle betwean the two side» to oe 
fratched, values of TOLER larger than 1 are equivalent to no 
demand for match, The form of the feature to match against 
Is given In fha next and last parameter. 

(e) OIRC  Is en 8 cell llneer array.  The first 4 
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o«llf conUlr th« dlrtotlon oestnti of tht two ■titl of  the 
given fo«tUr«. Tht noxt 2 conttln oridlottd coordinates of 
th* vortox of tho oomir, Thty trt not uttd In th« matchlnq 
■rSfStt. Tht *th c«ll dt.rmmti If a lint (1> or t corner 

Is sought. Tht 3th etM dtttrnlntt whtthtr «t demgnd c 
of both slds» Wi MMt t'dt onw (D* stcond 

ons for steh ftttur« If  SEMRCH<0, 

(0) 
irateh 
IInstr trrtya» 

side 
descrIbed 

Whtn ths corntr-fIndtr •• xorHIng undtr tht hsnd-eye 
monitor It Is tctlvtttd by tht follwlng mtssagt procedure: 

In thl 
SRCH-1MAC(BKCR,{NTISEARCH,T0LER,DIR0)I 

s Ott« the following outputs rttldt In g lobtl eel Is 

Tht  outout  of the eomtr-f Inder Is • stt of 8 MM 
Inttr trrtys? ont for eteh ftttur« if  SEARCH<0,  descr beD 
n SoRÜfi? ^d SoLT In Section 3.2.2. In MORE It Is dec dert 
f t fttture, which li stored  In tht  last array M ltd, 
..<...  .;• ***     M»mm*fi».   «tharw 5« th s array Is erssec 

I 
I 

iatTsnei"«ir t*t ds'»«nds, otherwise this array Is erasea 
f'im the set. If tht eorn.r-f Indtr f •'''J'. ^M"8?" , Lj 
failure Is stored {aeangmber) In a spec la I cell (csi ed 
EYEFLC). For debugging purposes «any Intermediate results 
are displayed during Prograr execution, «See r.gure 25 Tor 
an examole), 
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CHAPTER  4J   CALIBRATION  UPDATING 

4,1  Introduction 

4,1,1 C«n»r*l   not 

■ 

• 9 

The ourPos« of th 
to maintain tho «courtcy 
ov«f time. 

We sttrt the dls 
0«n«r»l causes of the Ina 
espoclaily tho?« affeotln 
Then we describe the 
oroflrams as developed by 
causes of variations I 
updating of the can tilt 

e calibration updating program 
of the camera model against ch 

■ 

cusslon by describing in deta! 
couraoles of the hand-eye sy 
g the precision of manlouiat 
camera model and Its calibr 
I, Sobel C263t Analysis of 

eads to the description of 
and focus parameters, 

s  i s 
anges 

I the 
stem, 
Ions, 
at ton 

the 
the 

4,1|2 Hand eye coordination 

Let us define a nominal  coordinate system (cs.) 
which we call the "table coordinate system"  (ttCsJi (see 

and 26)»  as an orthogonal right-handed three 
system with« 

Z30  Is "close" ta the face of the 

Figures 1 
dimensions 

(a) The plane 
table, 

(b) The origin 
table near the arm, 

(c) The x and y 
table, (x going upwards 

s "close" to the corner of the 

axes are "close" to the edges of the 
In Figure 1 and y to the left). 

. 
Each point In soace can be uniquely defined by a 

trlole of numbers which are Its coordinates In .;he t.c.s, We 
(the users) do not havt any means of finding this tricle of 
numbers since the t.c.s. Is hypothetical. We can get 
aoDroXlmatlens by the use «f 8ome assumptions <10: examp e, 
the planarlty of the tablets face) and some measuring 
levioes like rulers, a right angle tripod and a gnC paper 
glued on the tablets face. We will call this approximation 
the "user-table coordinates" Cuit.c.) of the point. 

The hand-eye system  has  two  ways to  find 
approximations to the coordinates of a point in tho.t.o.s.j 
One Is by using the camera(s) and the other  by using the 
arm, 

First we will discuss the determination of 3-D 
coordinates using the cameraCs)« The use of one vUw; from 
one camera» Is Inherently not enough to determine 3-D 
coordinates. This problem i? discussed extensively 
elsewhere ['63, I would IlKe however to comment on four 
possible solutlonsi 
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<•) St«r«o- !.#• tht us« of two vlowi obttlned with 
on« or two c«mor«8 from two oolnt» whlcth tr» net collnear 
with th« point to bo mtMurod. Th« mtln oroblomo with this 
solution ar« scourtoy for «narrow anol»M stereo and 
cc-^sp-indflp-e for "wM* anf««" sterer [21?, 

(b) Foeus Information» The automatic focusslno 
trodule oan be used here, Us «ccuraov can be estimated oy 
the mlnlmtl dsoth of field Information glvsn In AooendU B. 
(.5 to 1 Inch) whloh Is not enouflh, see also ill}, 

{o) Stedlametrlo Information- I.e. the use of Known 
dimensions of objects. This method Is comparable In accuracy 
to that mentioned above for the automatic fooussmg orooram. 
The accuracy here Is limited by the accuracy of the scene 
analyier and Inherently by the resolution of the sensor. 

(d) Support hypothesis- tie. supplying external 
Information that the point lies on a particular olane or 
line speotffed In the t.c.s. This method Is the one used 
«xtenslvely In the hand-eye system In ways dsscnbed In this 
report» <see also C2Z3 «nd C63I. 

A fifth» somewhat unrelated, method uses controlled 
Illumination of the scene. This method was Implemented oy 
Agin at Stanford» uslnfl a planar laser beam to scan the 
sconeClH. 

The most common application of the ^UPPO'* 
hypothesis Is when a point lies on ths surface of the table 
which we assums Is the plane ze0, The apProxIrnat on computed 
by the camera using the support hypothesis we w || call the 
"oamara-table eoordlnate«w <c,t.o,) of a point. The 
difference between the coordinates of a point in the t.c.s. 
(which we can not measure) and Its c.t.c, have the following 
oausss} 

(a) ths quality of the assumption that the table 
surfece Is the plane zs0, 

(b) the pualIty of the Image, 
(e) the precision of the scene analyzing routine, 
(d) the Quality of the mathematical  model  of  the 

C  P ' (e) the precision of the Invariant parameters of the 

<f) the Quality of the mesure'msnt of the variable 
parameters of ths model, 

U)»(c),(d) and <•) contribute the detejmlnlstlo 
component of the difference,. (b) and (f) contribute the 
random part of the difference. When we approximate 
differences of coordinates of two close points, using their 
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Images In the same frame, the main contributions to the 
error are (b)i (c) and parts of (d) and (e), The purpose of 
the camera calibration Program developed by I. Sobel is to 
reduce this difference by improving the preclRlon of the 
Invariant parameters of the model, Some of the psrameters 
assumed Invariant are varying over time. One of the ourooses 
of the calibration updating orogams Is to "track" these 
variations, The remaining variations add to the random 
component of the difference. 
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Note that when a cube of known dimensions Is grasped 
by the hand» we know the relation of Its corners to the 
reference point of the arm only In the direction of the 
sweeping motion of the fingers (perpendicular to t^e finger 
face) but not In the other t'-.o directions. Hence the arm can 
not be used as a general measuring device, and we use the 
approximation given by the c,t,c, as our standard. 

The causes of the differences between the 
coordinates of a point In th« t,c,s. In Its h.t.Oi are 
similar to causes (d) through (f) given for the camera. The 
arm calibration program tries to reduce this difference by 
Improving the values of the Invariant parameters of the arn 
rrode |, 

The 
Its h.t.o, 
differences 
point In the 

differences between the cttC of a 
have much more  Importance to us 
between either of them and 
nominal  t,CiS,  (or  its 

olfferanoe between the 0it»Ci  and 
affect the Precision of  manipulation, 
olfferenoej   "coordination error", 
of the calibration updating Programs 
coordination errors.    In the vlsua 
residual coordination error Is measured 

point and 
than  the 

the coordinates of a 
u,t,o,),  since  the 
the h.t,c, directly 
We will  otl 1  this 
One of the ourcoses 
Is to  reduce  the 

I feedback tasks the 
In each  situation 

and 
spac 

then reduced (below a 
fled movements of the 

given 
arm. 

threshold) by Incrementally 
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From now oni whtn M m«nt|on coordinates In '^e 
ti&is.» wt totu«lly nten «n •pproxlmitlen« Hootfully It 
will be clear from the context which «Doroxlmetlon we mean 
(u.t.c.j c.t.c, or h.t.c,). 

4.2 Camera modal and calibration 

Tha pan/tilt head and focussing mechanism ape 
described In the model as follows (see Figure 26)1 

(a) Tha pan axis Is perpendicular to the "table too" 
(this is the mma given to the Plane ZB0 In the t,c,s.)i end 
pierces It at point (P1»P2,0), 

(b) The tilt axis Is perpendicular to tha nan axis 
and Intersects It at poln'i (Pl»P2iP3), 

(c) The location of the lens center and the 
direction of the principal ray Is described as follows: we 
define a ooordlntte system whlo* will be called the "camera 
coordinate system1' (c.c.s.) so that Its origin Is at the 
lens center, Its rotation relative to the t.c.s, Is defined 
by the pan and tilt angles and a fixed rotation angle around 
the prlnclcal ray called SWING, The z axis Is in the 
direction of the principal rayi the y axis Is In a plane 
almost (because of SWING which Is small) perpendicular to 
the table too and pointing towards the table too. The x axis 
completes the c.a, to be a r.h.s. The Intersection of the 
pan and tHt axes'-Us located at oolnt (-0P1,-DP2,-DP3> In 
the c.c.s. Note that focussing Is done by moving the vidlcon 
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Jr 

t.c.s 

0 

Fig. 26. 

CAMERA EXTERNAL MODEL 
(Drawn for SWING = 0) 
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thus DP1,DP2,CP3 remain tlxtd for a given |eni, 

potentlomaters (pots) are ustd, two circular and one linear. 
They are connected to a regulated power suooly. The 
voltages at t^a'r wipers ar« converted to digital form- and 
stored whan neccesar/i Ms assume that the pot readings are 
linear with t^a pen and tilt angles and foo# and hence 6 
parameters» scale and offset for each» are needed to convert 
the readings to pan tilt and foe, These oarameters are 
called PPOT0, PPOTD, TPOT0| TPQTO» FOCLENPI, FOCLENC. 

The camera 
parameters: Pi» P 
TPOT0, TPOTO, rOCLEN0, FONLENQ 

era external model Is thus specified by 13 
, P2» P3, SWING, DPI, DP2, DPS, PPCT0» PPOTD» 
OCLEN0. FONLENr.. 

4.2,3 Camera Internal model 

The scanning and samollng processes are described in 
the model as follows (sea Figure 27)> 

(a) The x and y axes o^ the i.c.s. ere parallel to 
the x»y axes of the c.c.s. 

(b) The orlnclpal ray pierces the Image olane at 
point (PP1,PP2) of the l.o.s, 

(c) The sampling resolution Is KX samolss/lnch in 
the x direction of the l,e,s» (lit« sampling along a scan 
line) and KY samp las/Inch In the y direction of the i.c.s, 
(l,e the number of lines per Inch scanned). Usually KX 
ölffer8 fPom KY by only a few percent« 

(d) Tht scanning starts at the origin of the i,c,s. 
The scan lines are almost oaralle| to the x-txls of the 
l.cs,» since each line ends where the next line starts, 
Hence the lines are at an angle of 1/333 rads, to the 
x-ax|s. Subseauent lines  lie  In the y-dlrectlon of  the 
I.c.s. , 

<e) The effect of Image Inversion by the camera is 
cancelled by the fact that In reality the scan starts at the 
lower right hand corner of the frame and not at tha i.c.s, 
origin. 

The camera internal model Is thus specified by 4 
parameters: PP1»PP2»KX,KY. 
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Fig. 27, 

CAMERA  INTERNAL MODEL 
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Th« computttlon o' th« transformations batwton the 
l.o.t. «nd th« t.cs. from tho 17 p»rtmot«r8. the 3 cot 
rtadlnss and the lens fooal lanoth Is axplalntd In detail in 
[263 and Is summarized in AopendU A, 

Like the camara» the arm a|3o hat a mathamatlcal 
irodel, This model has 32 oaramaters whloh are used, with tho 
readings of oots In the arm Joints, to comoute the 
transformations from tha t.c.s, to the whsnd coordinate 
system" (h.c.s,, a c.s. tied to the hand) and vice-versa, 

4.2,4 Camera modal calibration orocess 

There Is no e^sy way to generate a oalibrated image 
on the vldloon face without uaing an external object (Mke a 
T.V ohart) and the camera optics, Also there is no easy way 
to measure an image formed by the camera optics directly 
without using the vidlcon and the scanning circuits, Wence 
we have no practical way of calibrating the external and 
internal models separately, A separate oallbratlon can be 
done by a cut-and-try method as follows; Guess the values 
for the parameters of one model (say the external model), 
using these values, calibrate the parameters of the other 
rrodei (the Internal model), Then using the new values of the 
parameters of the first model calibrate again the second 
irodel and so on till some convergence condition Is 
satlffled. This method was tried by Sobel and was found to 
be time consuming and Ineffective, Although the time 
needed for each Iteration Is relatively short, (since a 
smaller number of parameters is handled), the number of 
Iterations needed was large. 

The calibration process developed by Sobel used the 
full (external and Internal) model and Is described pelews 

(a) An object (usually a black L shaped book end) of 
known size Is out on the table at a known position, A 
picture of the object is stored with the readings of the oan 
tilt and focus oots and the location of the object vertices 
In the t.c.s. This process Is repfcated 10 to ?? times for 
various locations of the object on the table and variou? 
locations of Its Image in the Image plane, 

(b) An edge-follower program and a line-fitter 
program, which are also modules of the hana-eye system, are 
run on each picture stored and the location of the vertices 
of the object In the l,c,s. Is determined, 

ft) A guess of the values of all the parameters of 
the full model Is made. Using these values and the pot 
readings associated with each oicture, the transformation 
from t.o.s. to i.cs, Is compuved. Using the  transformation 
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and th« loottlons of tht v«rtlo«8 In th« t.c.s, stortd with 
tach olotur«, ■ or«dlotlon of t*e v§rtlo«8* locttlors I" the 
I.e.s. Is comDutid, Th» ortdletlon Is th«n con-oartd to the 
I.e.». locations obtslnad In stso <b) tnd • root mfisn 
5nuare, (RMS), djttanot »rrOr Is computed, averRgod ovor all 
vertices and all olcturss« 

(d) St«p <c> 's rspsstsd while the values of the 
oaremeters are changed so es to make tho RMS error ■«tl tr 
In »ach Iteration, Two k|ndf. of paremeter mtnlmlzetlon 
routlnss are used. Neither n»»ds to »xpildtly comoute the 
valuas of t^e first or second derivatives of tha »MS error 
wltn resoect xo each otramatar of th» model, 

Tha celtbratlon procass Is don» separately for each 
lens, Tha R.M.S error that Is achieved when 20 pictures are 
used Is 1 to 2 raster units. 

The values of some of the parameters olffer sliflhtly 
».hen calibrated for different lenses» although t^ey are 
known to b« Independent of lens type. for example; 
Pl.KX^POTa.TPOTtK This points to another advantage of 
calibrating the whole set of oar»m»t»r8 together» there Is 
enough "freodom" to comoonsate for changes in some 
parameters which depend on the lens type, but were not taken 
Into account  In the model, 

Since the transformation equations do nyt use the 
lens focussing eau&tlon but onjy the magnification, the 
irodel used by Sobej has a scaling variable "fmy" which can 
be defined In the terms of our .nodei as? fniysfoc«KY and a 
parameter MART defined by; MART^KX/KY. Also two ether 
parameters, FP0T2 and FPoTO, are used instead of roCLZ^ and 
POCLENG to convert the focus pot reading directly to FMy. 
Hence the model used by Sobe| has 16 parameters« Pi, P2i P3, 
DPI, DP2, DP3, PPOT0, PPOTO, TPOT0, TPOTD, FPOT0, FPOTD, 
SWING, MART, PPl, PP2, 

4,3 Calibration updating, general notes 

After a calibrated mod»] was obtalnad by Sobel, we 
used the oorner-fInder described In Chapter 3 tp find the 
c.t.e, of some points on the tible. They differed from the 
u.t.c of the same points by about 0.2 Inch. These 
errors are 2 to 4 times larger Jhan that corrsponalng to an 
error of 1 raster unit on th» Image plane (the 
corr»spond»nce depends on th» pan and tilt angles) auoted by 
Sobe|. This result Is resonable s'nc» the errors comtutfd 
by Sobel were for Precisely the points used In the 
calibration process^ 
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oursutd and If dosorlbtd btlo« «nd In subatauont sections. 

In th« o»tt of SWING, 

(PP1,PP2), 
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in if.» i MPI iipiiii 1.11 uii 

decause of tn« «bovt oonald«r*tlons It was deeidsc) 
to stirt '^Ith th« dtvoloemtnt of an updating scheme for the 
third grouu D»r«Bi«tera» first the pan and tilt cot constants 
and then the focus oot constants. 

4.4 Pan/tMt Head calibration uodatlng 

We have two routines to uodat« the calibration of 
the pan and tl|t pots, One of them us*s the corners of cubes 
placed on the table at Known locations, This routine Is not 
as completely automatic as we wish It to he sine* the cubes 
are manually placed at those locations. It time at rsduclng 
the differences between the coordinates of a point In the 
t.c.s. as approximated by the user and the approxtmatI on 
given by the c,t,c, 
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routine uses the arm Itself Instead of the 
generali the Image of the hand at the enc 

I too complicated for the vision programs 
lack  rectangle was painted on each of the 
Mark),  Also» the hand Is rotated so  that 
ng the camera, hiding the other finger and 
(see Figure 23(a) and compare with Figure 
the calibration has not changed too much, 

ner-flnder of Chapter 3 to search for  the 
and-mark without  Its getting confused by 
the arm. Demanding a match of  form and 
y helps the comer-finder to recognize the 
there are no other objects on  the  table 

tlon updating programs are run, we can let 
search In a  fairly  large area and  so 
ameter changes.  We are limited however in 
he presence of the upper part of the hand. 

By using the arm we achieve two goals: automating 
the process and reducing the coordination errors. In effect, 
we Assume here that the deterioration of tha pan and tilt 
parameters Is the only cause of the coordination errors. (We 
irake a similar assumption for the focus oot In the next 
section), We uodate the parameters to minimize th» measured 
coordination errors» (Actually we do not measure them but 
only their effect on the location of the hand-mark cornor in 
the i.e.s. (see step (o) below and Appendix A). 

The updating Is done In the following steps« 

(a) The camera Is centered and focussed on the next 
position of the arm (or tne next cube). Centerlna is 
performed to ascertain that the Image of the corner sought 
is In the frame and that the effect, of the changes in 
internal modej parameters Is minimized^ The precision of 
the centering crocess does not affect the updating, 
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(0) HAND FACING THE CAMERA 

(b)  HAND IN GENERAL POSITION 

Ü 

Fig. 28. THE HAND AS SEEN BY THE CAMERA. 
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(b) Th» otmtrt transformation Is comoutfd for  the 
n«w (cantertc) coaltion, Th* ooordlnatts of tht Image vertex 
and the form of  tht Image corner »r« then comouted using 
this transformation, 

<c) Th« ccmer-f Inder Is celled and given the abov« 
Information. When ust'ig the cubesi we choss dark colored 
cubes on a light background or vlct-versa. When using the 
hand the cornsr of th* hand-mark Is sought» In both 
casM a relativ« Intensity match Is demanded Ir. addition to 
form match as mtntloned befors, If the corner Is not found, 
as happens occasionally when th« calibration has not bnen 
uodatad for som« time, the routine goes pack to step <a) and 
to the next cub« or arm position, 

Aft«r the corner Is found the error between Its 
actual and Pr«dletad location In ehe l.c.s. Is computad. 
This errpr Is used In twp waysi First» we assume that at 
least part of the error Is systsmntlc and ence we add the 
error to the oredlotad location of vhe next corner pefore 
calling the corner-f Inder, This turned out to be a real 
winner, Second» we comouts what ths pan and tilt angle 
should be jn order that the actual and predicted locations 
wl|l coincide, we racord these eng|es with ths actual 
reading of the pan and tilt pots. 

(d) After data has been collected 
or  arm  positions  (|ess the cases whera 
been found), two 8tra,8ht llna8 ar8 flttad to  two  s9ts 
points with the pan and tilt angles as abscissas and the 
and tilt pot readings as ordlnates. The coefficients of 
two lines are the updated pots' parameters for pan and t 

frpm a | | the cubes 
the corner has not 

of 
pan 
the 
It. 

4,5 Focus calibration updating 

As noted before, Sobel's model combined KX and KY 
with foe because there was no way to distinguish between 
them, One reason Is that when the measurements wore taken 
for the calibration, the camera was focussed on the 
calibration object as a whole and not on any oarticular 
point which could be used to oalculate separately the 
coefficients for the focus ppt, On the other hand, we need 
exactly those separated coefficients In order to calculate 
the focus pot setting needed to facus the camera at a 
particular range. 

In this case also, either a set of cubes placed on 
the table, or the arm Is used. The Positions are chosen to 
present a veflety ef ranges. The updating is done in the 
fol lowing steps' 
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(a) Th« oamtra It otnttrad en the next position of 
the »rm (or the next cute), 

(b) Th« camera It fooussed on the corner of the 
hand-mark on the finger (which Is mad« to directly face the 
camera), or on the ntKt cube, by moving the vldlcon (l.e 
changing foe), In tK« baglnnlng th« focussing Mat don« 
manualIVI Thon wt added an automatic focussing routine which 
Mas d«v«loo«d bV JiM. T«n«nbtgM [283, (See Appendix B), In 
th« latter oast th« oornar»'Ind«r tc otltfd first to exactly 
locate th« oorn«r b«for« th« automatic focussing routine ig 
called,   Th» focus pet reading Is then recorded, 

U) Th« rang« from th« |«ns center to the above 
corner Is computed» and then using the foous equation the 
corresponding value of foe Is computed and r«Oord«d, 

(d) A't«r all data has been ooll«ot«d a straight 
I in« Is fitted to th« s«t of points with th« computed values 
of foe as abscissa and th« focus pot's readings as ordlnat«, 
The coefficients of this line sr« »ih« updated focus pot 
paramst«rs. 

It was not«d bafor« that when calibrating fof 
different l«ns«s th« parameters were not forced to take th« 
same valu«s «van If there was no reason for them to be 
different for d)ff«r«nt {«noes, In the ease of the focus pot 
parameters w« have to stray from this principle, Th« rSasOn 
Is that for the small focal length lens» 1 Inch» the depth 
of field Is larO« enough 30 that w« can not fit 9 iln« to 
the readings with enough confidence, Hence w« us« th« fact 
that th« sloo« of th« Iln« has Indeed th« same value for all 
lenses and only the bias changes, Thus a long focal length 
lens (3 inch) Is us«d to oal'brate the slope, For the. 
smaller fecaj length lenses on|y the bias Is updated by the 
above process using ths slope already obtalnad. 

Sines w« do not y«t have a good external way to 
maasur« ths quality of focussing . ws have to rely either on 
th« self scoring automatic focussing module or on a human 
observer and th« monitor to Judge that th« updating orocess 
is adequate, 

4,6 More remarks about Updating 

When th« degradation of the parameters Is so !irfl«t 
that the corn«r-fInd«r cannot find th« hand-mark, bTth«r 
because it is put Of focus <lf the degradation Is of the 
foous POt parameters) or because it Is out of the search 
space (If the degradation Is of the pan and tilt pot 
parameters)» or both. In this cas« we us« th« manual mode of 
the update programs, 
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The manual mode for the focus pot uodatirvj orogram 
was described above, In the pan and tilt nuts update program 
we have a orovtslon for manually positioning the window on 
the desired corner. Usually this has to be done only for the 
first position of the arm because of the "Instant 
adaptation" described in step (e) of Saction 4,4, 

If the hand marK is out of focus» the focus updating 
routine (in manual mode) has to be called first« After that 
the oan/tllt updating routine can bi called. Then we should 
call the focus updating orogram once again to make the model 
irore accurate (this time it can be called In automatic 
irode). The above cycle can be repeated two or three times 
until no more jmprovments can be made. 

There are some alternatives 
which are executed specifically for 

to the use  o^ 
the ouroose of 

rout i nös 
uodat Ingt 

(a) The coordination errors (i.e differences between 
the c.t.c. and h,t«c,) which are detected during regular 
operation of the hand-eye system are stored indexed by the 
place over the table where they occurred. Then they are used 
subseouently for this region of the table, Interoo lation 
between locations for which the coordination errors were 
stored should be considered, A similar scheme Is used In tne 
visual feedback tasks to augment the updating 
cone with the routines described in this chapter. 

(b) The values of the errors are used to update the 
trodel each time an error above some threshold is detected. 
The correction term should be weighed approoriate|y, 
otherwise the model wl|l "thrash". 

The value 
n of the 

(c) 
If a degradatio 
than one error)» 
update the mode I, 

s of the 
mode | 

.then alI 
nr ors aPe  stored  regularly, 

detected  (based  on nore 
the stored errors are used to 

For the pan/tllt updating» the equations for (b) and 
(o) are more complex than those described In Appendix A for 
the method of Section 4.4»  since the errors are not 
necessarily observed near the piercing point  of the 
prinetpal ray. 

The advantage of the alternative methods Is that no 
special programs» or the tMe to run these crograms Is 
needed. The disadvantage Is tha\ we have to make Supe that 
the coordination errors were detected and, measured with high 
reliability. This is not a problem with the special purpose 
programs since the environment Is very simple, but It could 
causa trouble during regular operation» where the 
environment Is often cluttered, 
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CHAPTER 5:  VISUAL FEEDBACK TASKS 

5.1 Introduction 

5,1,1 General notes 

The Purpose of the visual feedback (v.f.b.) tasKs is 
to Increase the precision of the manipulations done In the 
hand-eye systam. The feedback currently does not take Into 
account the dynamic aspects of the manipulation (see futher 
discussion in Section 5,1,2), 

The tasks are carried out In the context of the 
general tasks that the hand-eye system can currently 
perform, l..e, the recoflnltion and manipulation of 8 mole 
planar bounded objects, whose faces ar» uniformly oalnted 
(without texture) with various colors, on a background also 
of uniform shad« «usually dark), The lighting Is supplied 
either by the regular fluorescent overhead lighting wh.ch is 
somewhat but not completely diffused» or by three Quarto- 
Iodine lamos which can boost the usable intensity dynamic 
ranie but also create harsher shadows which are harder to 
cope with. 

The manloulations  that  we  sought  tc  make  more 
precise with the addition of visual feedback are grasolng 
placing on the  table and stacking, From now on wHen we 
irentlon these three operations, it will be meant that they 
are done under v.f.b, control. 

The precision obtained is öetter that .1 jhCh. This 
value should be Judged by comparing It with the limitations 
of the system. The resolution of the imaging system with the 
2 Inch leng Is 1 mrad, which, at an operating range of 3« 
inch corresponds to ,03 Inch, The resolution of tne ar* 
position reading (lower bit of the A/0 converter reading the 
first arm joint potentiometer) Is also ,03 inch. Put the 
noise in the arm position reading corresponds to ,05 inch, 
when we tried to achieve precision of ,05 inch, the feedback 
loop was executed a number of times until I the errors 
randomly happened to be below the threshold, 

The rest of this section is devoted to the 
discussion of some general Problems pertaining to all three 
tas*s. The next three sections describe In detail the three 
tasKs as implemented for cubes. Since the termination of the 
research described here, the capability of the proaram has 
bee extended by R, Davis to handle other objects (wedges and 
slabs) and one more, task of Inserting objects into holes of 
the same form. 
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5.1,2 Dynamic feedback 

Th« au«8t|pn of whotMr thi visual fe«elfeaoKi or In 
genara! the r«sDons»» Is dynsmle or not»!s sometlmas more 
ssmantlc than raal, What ths esrson asking th» gusstlon 
irsans In this eats Is» doss It sssm to bs continuous? Th« 
qusstlon thtn Is really that of cycle time or samollno 
period, A cycls tlms of 20 msec will sufflo» to fool the 
humsn eye so that the resDonse w|l| be called »dynamic", 
Since the computations nseded snd the computing ' ower that 
V9 now have cause ths length of the cycle time to be ^evaral 
seconds, no attempt was made to speed It up by programmlno 
tricks, use o^ machine language, eto. With this cycle time 
the movement of the arm actually stops before we analyze the 
situation again, so that we do not have to take Into account 
the dynamic aspect of the error« 

In addition to computing power* the vldlcon camera 
also presents some limitations to faster rsspcnss, The short 
time memory of the vldlcon which helps ua (persons) to view 
ths TV monitor, will "smsar" a fast moving object, If tha 
sosns Is bright snough a shutter can be used. If the vision 
can be made sufflolsntly fast and accurate, the control 
program U8] currently used to run the arm dynamically could 
be expanded to Incorporate visual information. 

5.1,3 Hand In view 

As already mentioned, one of the characteristics 
that distinguishes our visual feedback scheme Is that the 
analysis of the scene, to detect the errors to bo corrected, 
Is done with the hand <whlch Is stlil holding the object) In 
the scene, In the grasping task ths presence of th« hand Is 
Inevitable, jn other tasks, for example stacking, belno 
abje to analyze the scsns with the object still grasped 
helps to correct the positional errors before they become 
catastrophic («.g th« stack falls down). Also some time 
Is saved sine« there is no need to release the objsct, move 
the arm away, bring It back and grasp the object again, Me 
pay for this flexibility with Increased complexity o' the 
scene analysis, 

The difficulty Is lessened by the fact that the 
hand-mark (which  Is used to identify fie hand) has known 
form and relativ« Intensity which help' to locate it In tne 
Image,  In the grasping task the ability to recognlza the 
hand Is necessary, The task Is essentially to position the 
hand at fixed  location and orientation  relative tc the 
object tc be grasoed. 
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Also, we hav« found It to our benefit to locate the 
hand first In the otoer taaHs aläo, After the hand-mark is 
found, we use Its location to predict more accurately the 
locations In the Image of the edges of the object held by 
the hand, We can do this since the object was grtsoed w th 
visual feedback, and therefore Its position and orientation 
In the h.c.s. are Known, (We also take Into account the 
remaining errors of the grasping task). We use tne 
coordinates In the h.c.s, to find the h,t,«, cf the edges. 
From the h.t.c. we predict the Image c00rdlnates, we Correct 
the prediction by the difference between the predicted and 
actual location of the hand-marK found In the Image, This is 
the right correction since the Prediction of the hand-mark 
location In the Image was obtainea by exactly t*e same 
calculations. (This Is very similar to the "instant 
adaptation" described In Section 4.4). 

*l I I 
Moraoveri  after 

not be confused with 
the hand-ma 
other edges I n 

has been found» it 
the scene. 

5,1,4 Inference of three dimensional Information 

In the pan and tilt calibration updating programs we 
assumed for convenience that the coordination errors wsre 
caused solely by deterioration, over time, of the oan ind 
tHt pot constants, By executing the calibration updating 
program we removed part of the coordination errors (mainly 
the part that had systematic characteristics over various 
iocatlons In the t.c.s.). 

In tho v,f,b tasKs we assume, again for 
that the remaining coordination errors (which wi 
simply» errors) are caused by the arm. 

convenience, 
|| oe called 

These  two  assumptions 
really they are eaulvalent, 

are made for covenlence out 

As explained In Section 4.1,2. the ct.c. 
approximation Is used for reference. S|no« we are using only 
one camera «one view), we cannot meesur» directly even 
differences of locations of two neighbouring points. Hence 
the three-dimensional (3-D) Information has to ba inferred 
from the two-dimensional (2-D) Information available in the 
Image and some external Information. 

One assumption that can be made ccncernlng oolnts on 
the hand or on an object held by the hand, is that the 
positional error of the arm in a particular direction» for 
example height above the table» Is much  smaller  than the 

In the other directions, This assumption can then be 
infer the errors in the other  directions  from 

er rors 
used to 
2-D  image, Ify  however«  such  an  assumption is 

the 
made 
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lncorr«ctlyi th« errop In the direction which we assumed 
errorless w||( otuse errors o^ the same order of maflnltude 
to be Inferred for the other directions, we do not have any 
reasons to Justify this assuwotlon In our syste-n and other 
external Information has to be used, 

We assume» however» that the main errors are In 
Dosltlon and not In orientation, A small error In 
orientation when multlolled by the lenflth of the ooenlng 
between the flnQars will generate a ooslt'o" error of *he 
hand-mark which can be neglected relative to the oos'tlon 
errors of the arm. For similar reasons we also assume that 
the error In measuring the distance between the fingers can 
also be nag lected. 

"he external Information, which Is used In the v.f.b 
tasks, li- sUDDl'ed either by the touch sensors on the 
finger« 3r by the fact that an object Is resting on the 
table-too or on another object of known dimensions (this is 
the famous suooort hyootehsls mentioned In Section 4,1,2), 
The touch sensors help us to determine the plane containing 
the hand mark from the known position of the touoheo object. 
The suppcrt hypothesis gives us the plane containing the 
bottom edges of the too object, More Implementation details 
are given with tue descriptions of the various v.f.t trsks. 

5,1,5 Hand-Eye coordination, 

To facilitate the scene analysts we use here one of 
the methods for calibration updating mentioned already in 
Section 4,6, We store the coordination errors found during 
regular operation of the systam (specifically, carrying out 
v,f,b tasks) and use them subseauently as described below, 
we Justly th's ** the assumption that no maJor change of 
the arm and camera hardware Is oclng to occur during the 
short time of operation. If neeoed we can add tho time that 
the errors were stor«v and 'Ind and store them again after 
they become too old, We do not currently attempt to use the 
stored coordination errors for actual urdatlng of the camera 
or erm mode Is, 

Actually we do not store the coordlnetlon errorr 
themselves but two auantltjes cicely related» 

(a) Aft«r an object la grasped and then released, 
tha h,t,c, of the reference point of the hand (mlbDOlnt 
between the touch sensors) Is stored with tne object so that 
the next time we want to grasp the obJect»(or stack on It). 
we use tha h.t.c, rather than the Cit.c.to position the arm. 
However» If the object was newer grasped before» the ct.c, 
are used. The v,f,b Is used In both cases (and not only 
the second) to check and correct the grasping.    The task 
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Is simpler If the h,t,ct ape already known, because the 
repetition errors of the epm servo are smaller than the 
coordination errorSi 
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The table Is divided Into 4 Inch squares, (there are 
100 squares), and the correotlons are stored with the sauare 
over which they were found, When we Subsequently look for 
the hand-mark over this part of the table, the stored 
alfferences are used to correct the prediction, since we 
now have a correetec prediction, the dimension of th« 
window, or the search soace used, can be made smaller . 

Each time that the hand-mark is found again, the 
ciffepences between predicted (before correction) and actual 
locations If, the Image are also used to update the stored 

correctIons. 

Note that we cannot infer the three dimensional 
coordination error from the two dimensional difference, as 
ireasured above, since there Is no external information that 
can be used in this case, 

5.1.6 "State of the world" updating 
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(WMll) An Indication of whether the object Is stable 
and hence can be r*l*a9*di 

<WMi2) An Indication of whether the object is 
currently h«|d by the hand, 

For each face of ajj objects» 

(WM13) An Indication of whether the face Is visible 
to th« camerai (For cubesi the sin» of the angle between 
the line of alflht of ^he camera when centered on the cuoe 
and the ntrmal to the "most visible" vertical face, 
described In the next section, The visibility of other faces 
or edges are comcuted from this Information), 

{WM14) The normal (In ctiC.) to the face. (For 
cubes, the normals to the two vertical visible faces). 

Some of the comconents are redundant. For example, 
the normals to the faces can be comouted from the orototyoe 
Information» (In WM5), and orientation (In WM6), This is an 
example to the general problem of "store vs recompute": 
when to store enough redundant Information to soeed 
execution, when to store Information only after it was 
needed once, for possible subsequent use» or when to compute 
It again each time It is needed, 

We now proceed to discuss the problems of uoda 
the state of the world, If each operation was tot 
reliable we could update the state of the world a 
planning the change, or after carrying out the operation 
before the Information Is needed by other modules» or at 
time In between, If a|l the failures were 
semi-permanent nature, (something has to be externally 
before the modules oould carry on), then again we 
update any timr, before the Information is needed and 
altogether at t^e f!r&t ftllurl» 
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rare circumstances of the 
nts In the hardware, Most of 
astrophlc effect? and the arm 
es the source of failure, On 
ng the operation Is the wrong 
executing an incrementally 
In other oases we would MKe 

uletlon after th« failure, 
odatlng carefully so that the 
available  Immediately  after 
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For tht stme reason» wt n«8d both WM9 and WM10» or 
both WM12 and WHl» which »re U8«d to give correct 
Information for different modee of feilureai by not being 
updated at the same time, 

For examolei We us« WM1 to indicate that tHe object 
pointed to may be In the hand and therefor» we need to 
release It boHre moving the arm but it Is not guaranteed 
that the obJeot la firmly Srasped and hence we have to graso 
It if we want to move It w(th the arm. On the other hand 
WM12 Indicates that the object is firmly grasped by the hand 
and henee will move with Iti 

The various comoonenta of the state of the world are 
updated at the right times so that the following rules can 
be observed and be truly satisfied, Some of the reasons for 
these rules are obvious» cchers will become clear in the 
description of the various tasks. 

U) The c.t.c, of an object have to be known In 
order to graso it or stack on It. 

(IP An object Is not rejeased unless it !s known to 
be «table wh]ch means that it is resting on the table op 
supported by other object's) In a stable cosltlon. In the 
latter case It necessarily means that Its c,t,c, are known, 

(III)  An object Is gpasoed, placed on the table or 

stacked on another object only  |f  the appropriate  l.c.s. 
corrections are known. 

(IV> An object that is :ruyi>orting anothe'- object 
cannot be gmsped or stacked jocn. In more compl-* 
situations when mure that one object will support or äe 
supported by other objects, we wl| I have to check more 
complex conditions« can object A support In a stable 
position an additional object B? Will the removal of object 
A cau8a ftny obJect to ba0om« unstably? 

(V) The vicinity of the location on the table where 
an object Is to be pieced has to be empty of other objects. 
A v,f.b task of abutting obje .ts has not been Imolemented 
yeti 
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Som« of th» rults »nd update timing are slmole 
bacause we currently have onjy one arm with one hand that 
can hold and manipulate only ope object at a tMe. for 
example? When we have two arms we will allow one of them to 
hold an object to make It firmer even If It supoorts another 
ebjeoti but not to move It» etCi 

The appropr'at« 
operation Is attemptedi 
proflram wl|i try to find 
lest section. Fat lur« to 

rul«s ar» checked before 
If rule (III) «a not satlsf 

the corrections as described 
satisfy the rules causes fat 

thf>  v,f,b  tasks 
desorlotions, 

un ess otherwise  stated  In the 

each 
ed the 
In the 
ure of 
tasks' 

For brevity's s»ke we will not mention these facts 
again in the description of the tasks. We will Indicate the 
points In exacutton where various components of the world 
nrodel are being updated. 

5.1.7 Manipulations not under visual feedback control 

The manipulations described in this section are not 
carried out under direct v.f.b control. They are used by 
some or ail of the v.f.b tasksi «nd described here In order 
not to repeat the description ite^ time they are used, We 
will Indicate their usage by writing their names in caoltal 
letters. 

of the arm or the hand w||| at least 
owing  tasks,   Mence.  one 

Some movement 
be attempted in each of the ro 
component of the world model will be changed regardless of 
the degree of succe«s. We will mention this change before we 
trentlon the movemenx or the command to the arm controller. 

Ü if there Is a cub« pointed to by WMl, it Is checked 
for stability. If the c'Jbe Is unstable, failure is Indicated 
and the tas'- "s tarmlnated, Otherwise we Indicate in WH12 o^ 
the cube that was grasped. if any. that it is no longer 
flrmjy gripped, Then we s«jnd the arm controller the 
open-hand command, If It succeeds we uoda^ -^Mfl for the 
cube t-tat was grasped (If any/, and el«|eti the poiter from 
WMi, The r«aulr«d distance „etween the touch iensors is 
given to the procedure as a parameter. 

LIFT 
In 

Inch above its 
the hand  that 
It 's unstable ( In 
(In WM7),   Then 
I i.f t the oube.  I' 

this manipulation the  cube Is lifted about .5 
support. First» we indicate for the  cube  in 
It Is not supported any mor« (in WM10). that 

WMll) and that its ct.o. are not updated 
we send the arm controller the command to 
It succeeds we delete  the pointer  from 
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KM9 of th« suODOrtlnfl cub« (If ■ny), 

PUTDOWN 
This manipulation pilots a cube on Its suooort using 

fore« feedback of th« arm to stop pushing down, First* A 
pointer to the cubs held In th« hand Is placed In wM9 of the 
cube placed upon (If any), Then we send the arm control l«r 
the oominand to plac« t^s cub«, If it sucoceeds, a pointer 
to the support Is placed In HMIB of the cube In the hand, 
If tha cuba was Placed on t^t table It will also be marked 
stable ( In WMID , 

Th|s manipulation   actually   supplies    the 
Justification for  the supppprt assumption when analyzing 
scenes with an objsct still he|d by the hand, Another way to 
look at  this manipulation  is  to note  that It actually 
eliminate  the coordination error In the z-dlrectlon of the 
t.c.s. 

MOVETO 
This manipulation moves the arm with the cube 

grasped in the hand <lf any) to a location and orientation 
given to It as parameters. Mrst the cube In the hand Is 
marked unstable» It is Indicated that Its c,t,c. are 
unknown and the pointer to Its support is rsmovecf, Then we 
send the arm control I ir the command to move. If it succeeds 
the pointer In WM9 of the cube (if any) that supported the 
cube in the hand (If any) is removed. Each trajectory 
starts and ends with the fjngers pointing down and moving in 
a vertical d|rection, 

To complete the list ws wl|l describe the routine 
used to find the hand-mark, 

FIND,HAND 
In this routine we are looklnfl for both corner^, and 

not for only one as In the  calibration  updating  or^  am, 
since  now tha scene Is com^; I cate-i by the oressnee of .hep 
objects» 

The camera Is centered on the hand-mark, Using the 
camera and arm modelsi the locations of the Images of the 
two lower corners of the hand-mark In the (,c,s, are 
predicted, the predictions are corrected by the stored 
t,cfs. corrections (WM2) If they have already been obtained. 
Also the form of the image of the corners Is computed as was 
cone In Section 4,4, The predicted width of the hand-^ark In 
the Image Is stored, 

Us'ng the Information computed above, the right side 
comer Is sought first» using the corner-finder of Chapter 
3, If the corner Is found» the error oetween Its predicted 
and actual locations Is used to update the prediction of the 
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location of th« left sldt corner which 
right corner ts not found we look for 
(see block djegrsm In Flour« 29). 

Is now sought, 
the  left one 

M the 
first 

This  algorithm  |s  »n  example  of  the  use  of 
Information «bout a relation between two features to be 
found In addition to Information pertaining to «ach Mature 
alone. 

We check that we found the corners belonglna to the 
hand-mark, and not. those belonglna to a cube which might 
have very similar formt by oomparlno the distance between 
the comers In the Image with the stored oredlcted width, 

WM2, 
sauere 

The last computed prod 
with  Indication In WM3 
part of the table, 

Otlon «rrors  ar« 
f needed, for the 

stored  In 
aooroprlate 

In th« following.description of the v.f.b tasksi If 
any of th« above manipulations or other operations! like 
centering tha camera» finding a line, etc, falls, It will 
cause failure of the v.f,b task unless otherwls« stetod, 
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The grasping is done in the following steps (The numbers in 
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BLOCK-DIAGRAM OF HAND-MARK LOCATION 
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<a) The i ingers 
end the hind Is MOVEdTO 
the fingers «re Dtral 
at most two vertical fa 
them is more visible 
normal Is oolntlnc clos 
center than the norms 
MVVr, (most visible ver 
(second visible vertloa 
the fingers are paralle 
locate the hand-marK 
and 32(111)), 

are fully 
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e cube has 
, One of 
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he camera 
this faofl 

al led SWF 
ed so that 

help to 
.  (31(a)) 

(b) The touch sensors are enabled and the hand is 
closed slowly (at about 1/4 of the usual speed or about 1 
Inch/sec) till one of the fingers touches the face of the 
cube, As mentioned before» the touch Is light enough so 
that the Cube is not moved, Ths touch sensors are then 
disabled, (31(b) and 32(IV)), 

(c'> Using the following Information (for which we 
assume that errors can be neglected): The fingers are 
parallel to the cubess face; The distance between the tips 
of the sensors after the closing motion of the fingers is 
stooped; The thickness of the fingers between the tlo of the 
sensor and the hand-marki the equation for the olanc 
containing the hand-mark facing the camera Is computed in 
the tiC.s. 

(d) The hand-mark Is sought using FIND.HAND. After 
the two corners of the hand-mark have been found, the camera 
transformation Is used to comoute the corresponding rays ii 
c,t.c. These rays are Intersected with the plane found In 
step (c) to give the ct.Ct of the corners» To verify that 
the cornnrs found do belong to the hand-mark, ws check that 
they hav ^oorox Imute |y the serna heighti and that the 
distance between them corresponds to the width of the 
hand-mark, 

(e) Using the Information already used In step (c), 
the position errors of the hand are computed, If the 
rragnltude of the errors In all three directions are less 
than a threshold (currently ,1 Inch),i the task Is finished, 
we go to steo (f) and then exit. If the errors are 
larger, the hand is opened (32(V)) and the errors are 
corrected by changing the position of the arm aooroor late Iy. 
(31(e) and 32(VI))J We then go baok to step (b) to check 
errors again, (32(VII)). 
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nt«r  in  HM1  Is  "nade to point to th« 
control'ar  Is  given the  olott-h-nd 

hand-marl< are storad 

5.3 Placing ta8k 

■ ♦. Th^tt!!;.,%:si5ifto;uS%s?byVn;;,s5i^^tien;ivu 
Sal b. 0u,.r to D «. thi cube on any r.lttlv.iy large 

hor zontll sf.Jfaca of known height which does not have any 
rS iJSnct 'I ks near the location wher« the cube Is to oe 
[\[V*Tt i; this ca a tha suooort nyoothesisis  the only 
Siternil  Information  us-d.  The task ll carr.ed out -n the 
fo Mowing stros: 

f.^  Th«  cube  is  GRASPed  (33(111)) and MOVEdTO a 
p05ltlon

(aaäovTehethaCfab|e,Sha?.
Athe cube  Is  to  be  olaced. 

(33tIV)>(b) The cube i| PUTDOWN. t33(V)). 
Jc!  The  hand  marK  Is  located In the Image js-ni 

FIND.HAND^  The  ^^  |g  centered on thi vislb,e bottom 

edge, of thi JjiJ«; |on- of wld.Pe|nt. and the orientation 
of the lM9t| of the two visible bottom edge, of tne cuoe 
f.. eonouttS  uslna the hand trasformgtI on, the Informat.on 
^w^Tno'the slia^f th« cub«. The predicted  ocatton  1. 

<.K.n Anpp«f>fad bv the amounts comouted In steo tcj, 

,in.. In th. ?»•».. Th. to« 11"" «r. Inttrttettd to find 
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5.4 Stacking task 

The task Is to stack on« cub« on too of anothtr cube 
so that the edges of th« bottom fee« of tha too cub« (BTTC) 
wl|l b« ParBliel to th« «doss of th« tob fac« of th« bottom 
cub« (TFBC), at o^sats spsclf|«d to th« crogpam by the ustr 
or th« caillrg module. Th« dlstano«s are sD«c)flsd 
o«rp«ndloular tj th« MVVF and SWF. 

Th« task Is carried out In th« following steps: 

(a) Th« top cub« Is CRASPed. (35(111)). 
(b) Th« cam«ra Is o«nt«rd on the TFPC, The 

trld-points and orientations of the Images of the two edges 
of the TFBC» belonging also to the MVVF and SWF, are 
computed, TH« oorn«r-flnd«r Is used to locate these two 
lines in the Image, The location^ and orient«.Ions found 
ar« th«n stored. Th« two lines are Intersected and using 
th« known height of the cube, the c.t.c, of the tocetior, of 
t^e oorn«r «re found, Using th« glv«n oMssts» th« c.t.c, of 
th« r«aulr«d positions of thi corn«r of the BFTC and the 
center of the top cube «re calculated. (34(b)). 

(c) The too cub« Is MQVEdTO a location Just above 
th« bottom cub«» opl«nted so that the hand-mark Is oarallei 
to MVVF of the bottom cube, T^e h.t.c. of the bottom cube 
(WM8) are taken Into account If known. (35(IV))« 

(d) The top cub« Is PUTDOWN on th« bottom cube, 
(34(o) to (e) and 35(V)), 

(e) The h«nd-marK Is located In tn« image and then 
the two edge5 of the BFTC as done In steps (o) to (f) of the 
placing task, In this case, however, the edges of the TFflc 
will also appear In v|«w, A slmoja algorlthr» is used with 
the Information computed In step (b) to decide which o^ the 
lines are the edges of the BFTC. mis simple algorithm can 
be deceived som«tlm«s by th« presence of shadows and 
"doubling" of edges In the Image. We could make the 
algorithm "ore immun« by locating th« vertical edges of 
cube« also If they could be founr1, 

<f) Th« two «dg«s of th« BFTC found In th« last st«D 
«r« lnt«rs«ct«d to find th« cofn«r location In th« Imag«, 
Using th« suobort hypothssls, th« Cit.o, of th« location of 
th« corn«r Is computed and compared with th« reaulr«d 
location computed In 8t«p (b), i' th« magnltud«s of th« 
errors «re |ess than a tbresho'd (.1 Inch) In both 
olrections then the task Is comol«teo. Otherwise the cube is 
LlFTed (35(vl>) »nd th« «rrOr corr«ct«d by changing th« 
position of th« arm approorlat«ly. (34(f) and 35(VII)). Th«n 
M« g0 back to et«p (d) to ch«ck th« errors agaln, (34(d) 
again and 35(VIII)), 
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CHAPTER 6: SUMMARY AND FUTURE WORK 

6,1 Introduction 
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effort went Into making the programs effective 
, Each program can have. In general, five kinds 
a) It achieved th« goal set to It; (b) it quit 
ustlflable reasons (in a sense, It took account 
mltatlons)! (c) It quit trying when there was 
do so (If It was a oerson we would say that he 

ot oerslstant enough)} (d) It achieved the 
but  realized  It  (In this case there Is some 
slmoly try again)! (e> It achieved the wrong 

not realize It, In the last two cases we could 
ndeslrabie side-effects like undoing a goal 
ved, loss of  Information,  or  even hardware 

By "effective" we mean that for the restrictive 
conditions under which we operate, the percentage of type 
(a) results wMI be high, By "reliable" we mean that the 
percentage of tvpas (d) and (a) results will be very low 
and» when the side-effects Include hardware damage, 
extremely low. 

Each program was run several hundred times and in 
the case of the corner-fIndar several thousand, Mo formal 
statistics were gathered, for reasons that are discussed 
below, but estimated numbers for the effectiveness and 
re| labiI Ity wlI I be given, 

There are two general types of causes for not 
achieving the results, after all the programming errors, 
user errors or hardware failures (Section 7.2.2) are either 
eliminated or discounted. One Is excessive noise In the 
ireasuraments of either the Intensities of the Image or 
various oarameters of the system, The other Is tna 
particular details of a given situation, such as orientation 
of the objects»  their  colors»  their  relative  aosition, 
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lighting  condltionsi  etc,   wMch make the task difficult. 
Th* effects o' both causes ap» usuf.lly compounded, 

The complexity of the situation and of the system 
makes It extremely difficult to analyze It theoretically, or 
to make statistically controlled exoerlments (of the 
Monte Carlo type for example). Therefore the only kind of 
numbers that we will cite are estimated from long exoer'ance 
^ith the system, Hopefully they are not biased by our 
wishes, or by the effect o' unconsciously "doctoring" the 
conditions under which the experiments are executed, since, 
by properly (reajly Improperly) choosing the conditions, a 
very high parcentage of success could be achieved, 

6,2 Cornep-fjnder performance 

i n üh!,e  operating within the assumotlons mentioned 
Section 3,1,3, the  effectivness  of  the  cornep-ffnder  js 

estimated  at more than 90*, When form and intensity matches 
are demanded the effectivness is even hlghep. 

The opogpam needs less than ,5 seconds to analyze 
the pegulap i8»18 raster lilt window (without recenterInq), 
Another ,5 seconds Is needed to display the Information 
(intensity mao, boundary points, fitted lines and features 
data structure) for the user when requested, 

There are two situations which occur In the stacking 
tasK when some of the assumptions are violaterj and the 
oerformance Is degraded, The first happens when two adjacent 
faces have very similar Intensity, The other hapcens whan 
the Images of two faces are separated by a narrow strip (2 
to 3 raster units wide) with different but somewhat 
widespread Intensities, In both situations, sometimes, the 
histogram does not have the proper number of maxima. 

The first situation Is a tough nut for any scene 
analyzer, To fmd the boundary In this case, fine tuning of 
the sensitivity of the camera, and some kind of statistical 
analysis Is needed, For example the I I ne-vertfI er describeö 
by Tenenöaum [28], The solution w||| be much simpler If the 
Intensities are similar when viewed through the clear filter 
but actually the faces have different colors. If the colors 
are known.to the Program It can select ths filter that will 
rraxlmlze contrast, If the colors ape not known but 
difference of colors Is suspected, the ppogram can try the 
filter« In turn till one (If any) gives enougn contrast. 

We tried to avpld the first situation f'y carefully 
painting the faces of the cubes In different shades of gray. 
Different magnitudes and directions of e-rors can cause 
different  faces  to meet.  We need at least thr^e d'ffernt 
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Imtntitits« Twp of them (of t^« vertical 
different from the baoKflround Intensity 
37), 

faces) have to be 
also» (See F I guro 

Three  ülternatlvis are 
problem of the itcona situation! 

suggested  to  so va the 

ana 
modified version 

ys's tallopad to 
of the corner-finder 
the Dresence  0f  na 

(a) 
hlstodra,,! 
strip»! , .   ... 

(b) An Improved version of the operator describe 
HuecKel C123 that can detect narrow strips also, which 
now being Integrated Into the Hand-eye system, 

(c) Use of a higher magnification lens which 
cause the Image of the strip to be wide enough for 
comer-finder.   The disadvantage of this solution Is 
more effort will be needed for centering and for  focus 
the camera, because now the fIt ld-of-vlew and depth-of-f 
are smaI|er. 

with 
rrow 

d by 
« 
! S 

Will 
the 

that 
sing 
ield 

6.3 Calibration updating programs performance, 

6.3,X Pan/tilt calibration updating 

When the degradation of coordination causes errors 
of less than 30 raster units on the Image, or about 1 inch 
at typical operating rang»» the pan/tilt calibration 
updating from the arm will seldom fall, 

oo 
The major reason for the effectiveness Is that we can 

ntrol most of the factors of the scene» 

(a) The environment  Is simple and hence  we  can 
search, 
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(0) 
(b) 

(a) Arran^pnient of minimum number of intensitii 

(b) Arrangement of preferred number of intensities 

i.es , 

Fig-  57- 

PAINTING SCHEMES  FOR VISUAL FEEDBACK TASKS  FOR USE 
WITH THE CORNER-FINDER 
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In this  ca$e also»  we  can 
• mploylng a tnor« complax search 
form of t^t hand-mark, 

assure high affectlvness Dy 
algorithm tunod to the Known 

Slnoa t^e relativ» 
a form and Intensity match 

ntenslty and form ore 
3 oDvlously dsnanded. 

Known, 

The first arm oosltlon used Is ths farthest from the 
camera so that coordination errors even larger than 1 inch 
can b« tolerated, If tne orogram succeeds In locating the 
hand-mark In the first arm position, the "Instant 
aflaotatlon" described In Section 4.4, and the fact that a 
large oart of the error Is deterministic In nature, win 
Insure the Program success at suosequent oosltlons 
arm, 

of  tne 

«•A.«iN.!7 ! t,ma ,nt9pv*l of two weeKs. degradation of 
coordination can cause averageci prediction error in the 
image of up to 20 raster units In the x-dlrectlon (see 
Figure 27), and 1(9 raster L-nlts In the y-dlrectlon. 
Occasionally (probaoly because of unautnorlzed tlnKerlng), 
the errors are larger, One, or et most two runs of the 
calibration uodating program w|l| reduce the averaged error 
to les^ than 4 raster units. The standard deviation o' the 
errors w||| be reduced from less than 6 to less than 3 
raster units. 

The CPU proceasl.ig time needed for one run (13 
posit ons of the arm) |s about 1.25 minutes. More than half 
of this time ls used for the real time control of the 
camera, A new camera, now being added to the hand-eye 
system, will move 5 times fasttr, 

^-iih .♦I.8 effectiveness and processing time needed for 
calibration updating from cuDes on the table do not maKe 
iruch sense since moft of the worK Is done by the user, and 
hence wljI not be cited, 

6,3,2 Focus calibration updating 

*. M IJnl'k9 Pan ,nd tllti degradation In focus Is rarely 
noticed and the program Is run on|y »fter the camera It 
taKen apart for repair or ma IntaI nance, 

Using the automatic focussing routine is very time 
consuming because the foous Is servoed 20 to 40 times ner 
range point (we use 8 different ranges). Therefore the 
manual mode Is used most of the time, 

Ä.4 Visual feedback tasKs performance 

From   long  experience   with  the   system,  the 
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• fftctlvtntsp o ' th« ortSDlrts mo placing tas^s is ittimattd 
to be tbov« 85X#  whl|«  that  of  tHt stacKlnfl task It 
• stlmatad tJ bt about 70X. T»»f fallaras of the stacKlrv 
taski are cayeed fnaln|y by ffcllgpes of the co^p«r-f; nder. 
fteasons and oosslbla Improvfmtnts have already been 
olscuased |n Section 6,2, 

Th« 
rovtment  of 
Dlaced on ' t 
otner hand t 
A similar so 
system "gro»« 
row),  we  t 
(wnIch are n 
sensors)»  a 
eIternat I vt 
time after 
and/or corn« 

second cause of failure In the stacking tisW la 
eh« bottom cube occurring when the toe OJbe Is 

. I" similar cases -e (D»»rsons) will ^e tn« 
o hold the bottom cuoe so that It will net -ove, 
lut'on should be Invtstlgatfd when the hani-eyp 
s" another erm, Tjlj then (some months frow 
ry to orevant movement by using neavy cubes, 
eed«d also for orooer functioning of t^e tcucn 
nd a black rubber old to cover the table, 
*e cm try to locete the bottom cube again 
the top cube was placed en It, If enough 

rs of the bottom cuoe are not obscured. 

As an 
each 

edges 

Tht intricacies of the -orld npdel and Its 
he|o to maintain the reliability at a very hlgn level. 

T^e coordination errors corrected by tn« v;suai 
feedback nav« magnitude uo to .» inches, if Me i?,Hd |nto 
account the na«lmum opening between the fi^ge-s {2,A 
Inches), their wldt^ (,75 Inches) and the size of fe eubSs 
hanalad (1,25 and 1,50 inches). it can be seen that tni 
rragnjtude of the error corrected is dose to the magnl'tude 
of the errors fchit can be tolerated before the nature of tn« 
situation c^angas» esneclally In the grasolng tasw. 

If t^e magnitude of the coordination errors Is vor 
large, tn« htn^ can press the cube frrm above «h I «9 tr>in.j 
to get ever it (s«e Figure 38(a)), or the tjuoh sensors, op 
eyen the whoie fingers can miss tne cube when closing, 'hes* 
situations are not handleo currently, (Se« Figure 33(e) RH- 
(b)), 

..  .   Th9 ''ret situation can be detected and correctei ny 
Mnaing tne c.t.c, of the arm after It  stooped  oecaus»  of 
f-e eooosini  force.  The  support  ny0othesis  Is  js<*d 
external Information, Un||Ke olac'ncj, th* pressure  |n  f • 
c^se Is less dittpl^utsd and c«^ cauSB movement of the .ups 
Bscause 0f the Äb0ve reason wc did not handle th|s casa' and 
ceclded  to  wait  for norc sensitive force sensing, r.r   -1 
touch sensor.  (See  Figure 38(d)), 

? 3 

n» 
r * 

The s«9onö sltuetlon can be aetectei as '-«iicw-:: if 
tne coordination errors are very large« the finiors will 
»riss the cube conpietsly and close till they touch sac 
other and tnen stop oecause a touch  sensor  was  activated. 
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this cas« Is zero 
•sstr msgnltjdt* 
tb* rubbtr oads on 

38(o)). In this eas* 
tha flnaers NlI I bt almost tha size of 
will ba Indleatad. 

The ooenlno  bat>-aen the fingers In 
Flgura 38(b)). If the errors ar« of 
touch sansors will mlsa the cube bu-. 
f Inoars wt II gr ID U tiM f lour« 
opening between 
cube but no touch 

(see 
the 
the 
the 
tne 

Finding the ooordlnatlon error In the sacond 
situation is more difficult than In tha f' ;9t because we do 
rot have any external Information to use. In the f rst case 
we can find t^a direction of the error by obsarvlng If the 
cube obscur«$ the hand or vlco-varsa, and correct by a 
cut-ard-try method. The second cas* Is avan worsa because 
the c.t.c, of the cube are lost by the sweeping notion of 
the fingers. This problem can also be solved oy addmg more 
touch sensors so that the fingers cannot touch anything 
without at least one touch sansor being actlvoted (see 

FIgur« 38(d)). 

Similar  situations  can occur In tne stacking tasK, 

r ea I 
arm. 
preo 
Join 
now 
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«rov i 
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wl I I 
is n 

Currently  the  In 
Ized by changing the a 

The  accuracy of 
"on of faasurlng th 

( the "shoulder'' J 
progress that w|Ij 
of  the hand In tw 
the ar" at all. It 

hind  to the arm with 
rol of aach finger, Th 

be mjch |ess than be 
QW multlpi iod by a muo 

Is 
ts 
In 
on 
ng 

cramantal npvement of the am is 
ngles of alI ilx Joints of tne 
the mivamant Is limited by the 
e position of the first three 
olnts). * design of a new hand is 
enable us to realize Incremental 
o paroendioular directions without 
wl|l oe accomplished by connecting 
an axtendibla rod and by saoarate 

a positional errors in this case 
fora since the sane ralatlva error 
h shorter iangth, 

6.5 Suooost'on for future raaaarch 

Each pf the three rasaarch components suggasts 
ciractlons for future rasaarch to extand and general iza th. 

results reported hers« 

(a) corner-finder» Othgr scene analysis or In»; I o I-s, 
(gradient following, region growlngi use of color and 
teyture, direct three dimensional measurament. «tc.) should 
pa adapted for us« In visual feedback and |H"I »r 
■ ppilcatlons. (I.a the proorams using these prlnciolas 
should be »bie to usa already known information at all 

lave Is of Its ooaration)• 

(b)  Calibration  uodating:   The updating 
should be extended to mora oarametars.  For examplei 
bend-mark  could halo to update the color calibration 
system  when   the   lighting  conditions  ara   changing. 

process 
A white 
of the 
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Fig. ,53. 

EFFECTS  01   JAUE COORDINATION ERROR?   IN  HIE        " 
GRASPING AND STACKING TASKS 

(Continued on next page) 
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TOUCH SENSORS 

(d) 

1 
R 

(e) 

Fig. 33. 

KFFECTS OF LARGE COORDINATION ERRORS IN THE GRASPING 
AND STACKING TASKS 

(Continued) 
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Calibration  JodatlnO u&lng trrors 
ooarat'on of  the  systtm «hould ba 
oroblama of utt'izlng arrors dataotad 
Calibration  uodatlng  of  tha arm 
aaoaelally aftar tha systam wljl hava 
In prlnclola»  daflna thraa djmonslontl coordlnttas without 
using t^a taola« or tha suooort hypot^aala In  floneral,  Tia 
probiam of     corrasoondanoa Is ralatlvaly easy to solve 
on|y tna hmd Is In vlaw. 

datacted in ragular 
invastlgatad Indudtn: 
with low coiffdanc«. 
oan also ba triad, 
two ca^aras w^.cn ran, 

Whan 

(c) visual faadbaoK tas^si Tna eaoabl I I ttes s-oui-1 

oa axtandad to nandia mora tyoas cf obJacts and ralations 
oatwoan tham, This maans not Just writing mora oregrams to 
nandla mora situations, but rather generalizing the 
princioles of ooaration to include mrr» types of oo]ect3 and 
re latlor.s. 

We can now oescr ibe 
tne development of the stacH 

what •nlgnt be 
ng titsx: 

the ne«t steos  cf 

(a) A gatr of eoges are soeciMeO on the »op 'ace o' 
the bottom ofcject and another pair on tna oottom '»cc jf :ne 
top object to be mated to the first pair or to satisfy some 
given  relation.  All four eooes nave to oe visible, 

(b) The too and bottom facas »ro soecified wit"1 tne 
relation they have to satisfy. In this case the cro'ira"' has 
to choose edges and relations to check. 

The prograis to accomollsh tn«» generalized tasK will 
reed neuristics for automatic planning of '.ne sco-e -v^alysis 
reedeo for various manipulated objects and relations, Tnp 
olannlng wlh have to take Into account tne fact t^at ^ne»- 
t^s oojact to be moved can be grasped In more than one «ay 
(orientation), the program can choose the way whlcn wjii 
-Hk« the scene analysis easiest. Currently Oe scene 
analysis and salection a^e written exolicitiy Into the 
crogram for cubes. 

In sarallal» the subject of tactile faedhacK should 
ce developeo to use In situations where the VIQW of tn« 
camera(s)  is blocked,  and to augment the visual fe^doacK, 

Some examoies of oossible augmentation 
last section. 

«ere  ; vm tie 

In t^e  next  <ana  last)  chacter  «a discuss 
tererai  orobiems  that  In my coinlon are too Inpor^a' 
S^oss over or to put in an apoenoix, 

:r 

11-7 



CHAPTER 71 "CENfRAL" PROBLEMS 

7^ Intf oduct I on 

Th« ourDose of this chaeter Is to bring to itff'U a 
number of broblams related to the design of robots or otnor 
large scale systems, Host of the oroblems are not new, They 
ere brought uo here because examoits of them surfaced during 
the research. These examples are jsed to exolein the net 
of the general problems! For some of them 
prinoiple of so'utlon is suggested with a 
of the oartlcular ways these solutions 
some of tht-i n© satisfactory solutions were found. 

a general 
short  descr i otIon 

-re ImpIe^enteo, Eor 

fash Ion: 
The  orobien  and  solution evolvoo in the following 

oartlcular problem -« general troblem -■• jenera! 
principle of solution •-  oartlcular  Imp|»rentatI on 
of so Iut ton 

Not  a|l  t^e problems are of the same Importance a« 
tne reader can etsliy see. 

7,2 Error sources and handling 

7,2,1 General not*S 

proD I 
genera I 

The following cnaracterIstIcs of our system naks the 
em or error ana failure  handling  both  acuto  and  of 

nterflst: 

:. 

(a) The p-ograms have cont.-ol of external hardware 
(camera» arm, etc.). The real time nature of the coifol is 
sometimes Crucial C'or example, the arm control takes tne 
dynamics of the arm Into account). The hardware .io»s not 
have enough safeguards of Its own because of assign 
Decisions, and not because of neglect. For example, t^ere Is 
no simple way to Install mechanical stops or mJcroswitc es 
on the arm to prevent It from striking the camera, 

(b) The collection of programs Is ve.-y big ( several 
hundred thousand words) and written by different peocle at 
olfferen* times, 

(c) The main processor and some of the other devices 
are time shared between a number of unrtlated Jobs. This 
characteristic will still hold If the facilities are 
dedicated but the organ zatlon of the programs does not 
Include an o-mlsclent central controller. 

C 

In the  following sections 
error sources, the effects of errors 
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sc ütlons concirnlng tb» kindling o' errors »nd fal^res 

7,2.2 Erro' sources 

Tna following art son« of tht common trror sourcos« 

(•) 2roQr*mm*r •rrors» This 
wharf th« ofo^-a-n-ier mlstyotd or 
This kind o' trror Is common during 
«no hopsfully •ilmlnittd from 
opsr«tlontl ch»s«3. 

Is tn« most  usual kind, 
used the wrong «auction, 
th«  devtloorsnt  phuse 
tht  «xotrtmsnttl  «nd 

(b) 3rogr«m »rrors» Progrftms of course do not 
generate errors o' their own, so that this kind of error can 
iltO be attributed to the orogrammer, They «re more sjotle 
and less exoMclt than those of kind (a). They occur 
when the comolexlty of the program ceures a situation which 
the orogrammer rtld "Ot think oosslble or did not reelize 
could ex|«t at all» and so did not make the right orovitlons 
In the program for the situation. 

(c) Hardware errors! This typ« of error is 
Ineviteble, jha 'rtQuency of their occurrence can oe 
reduced by making the hardware more ra|labie, Elimination 
|l,• making the probability of occurrence e/*remely low) 
pequlres s hjgn degree of redundancy (as exists for examole 
In animal»), This I» too expensive in most oai'e», Hardware 
errors «re caused either by malfunction or by noise (or in 
generel by some oarameter getting out of Its «oaclfle-j 

range). 

(d) user errors' During the development ohase. and 
after, the programt Interact with the user. By accident, or 
ignorence (or malice)i the user cen feed the orogra- 
inoorract Information. 

7.2.3 Effects of arrors 

The effacti of error» range from task incomoletion 
through the anti-social tying up of the processor, to the 
irejor ceteetrophe of hardwara de»tructlon or even human 
Injury, We would Ml" to avoid the first two ana completely 
eliminate the third if ppssibla. 

7.2.4 Error datection 

The following considerations affect the design of 
error detection: 

(a) To Insure «gainst hardwere malfunction or 
destruction w» would lIKe the routine» which actually 
operate  the hardwere  (»uoh a» the arm and camera  servo 
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orograms) to check all th« oaramttart glv«n to tham, 
(b)  Leaving  t^e  error  checking  tMI 

DOselble moment  I«  uneconomic  In 
save much time wasted In oalculttions tf>it becorre 3e'e5. 
when the erfor Is detected. Henoe w« would like to detect 
tne error as soon after Its generation as oossibla. However, 
tne determlnajon where a chain of comoutatlon started with 
a parameter t^tt eventuilly will generate an error Is very 
dIffIcult. 

t^e   last 
the sense that we would 

In t^e orodr^nig described here, all t^e routine« 
wnich communicate with the hardware were iroJrtiStd t! 
cnsek the oarameters given to them. Detection of errors at 
an earlier stage was left ODtlenal. 

7,2,5 Errors and failures handling 

Detected errors are handled like failures. Failures 
are situations where a routine cannot complete Its tiekoJ 
function, unlike errorsi failures happen naturally |r. any 
program that uses search or cut-and-try methods. Sometimes 
tne failure pf a subroutine means success of the railing 
routine If It wanted to refute a hypothesis chat tne 
subroutine was asked to check. Tor example! If we want to 
prove that a given space on the table top Is empty, we call 
the corner-finder and ask It to find any feature there. If 
the subroutine SLICE (see Section 3.2.2.) repprts a failure 
M,e It found that the Intensity In the window l8 uniform or 
that the Intensity histogram has only one maximum), then we 
have succoedsd In proving that the space was Indeed e^pty. 

Error  and  failure handling ppses  the foliowina 
general Problem that I wjl I try to •NDl'tlS Slth an exa^la 
Let  us  say  that  wa  have a routine Ri that can terminate 
either with success or  with failure,  Nfcxt w« design a 

[-ut,2,.< *L  *h'ch  c•ll8 Rx*  Aft,r Rl •« ""ed by R2 and 
executed, R2 checks the termination condition of Rl.  If Ri 
fal atfi R2 w||| then exeoute some action A2, Later we design 
a routine R3 which also calls Rl,  Upon failure  of  Rl,  R3 
executes A3,  So far so good» out now comes the trouble. We 

calling wpuid stop here *• night go pack and change R2 so 
that It would knpw whether It was called by R4, or by R5, or 
by neither» and carry out the aooroorlate action, Rut the 
design process goes on, and on, and H6, R7 are deslgneo eech 
calling R2, R3, R4, R5 at various stages and so on. 

:: 
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An alternativ« solution is to oeslgn a suoar-Ur^r 
• rror and ♦a;|Ura handjlnfl routine whic^ >• I I I b« ealleo e<i:h 
tlma an error Is dat«ct»d or a 'allure is Indiotea :fro^ 
now on we M|I| rafar onjy to failures but we /«ill ied* 
bot*), Tnts routine will have access to the nested cai! 

stack anl in general to the state of the process. It «ouM 
then fix the state as ba$t It could and transfer ro^trol 
aoproor late ly, In sl^oie cases It WQUM return control to 
the Interrupted routine. 

fellure 
rout Ine 
the« to 
s i nee 
COntIng 
trivial 
changed 
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l nterro 
imp lama 
forward 
SAIL no 
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advant«g* of this  scheme  Is  that  n-rors an* 
dealt with on the soot, Ajso no relesisn of th< 
neadad each time a new subroutine ws|en c.uso« 

all*d la addao,  The dlsacvantaga is eonoltKitv 
error  handling  routine  h.is to crovic« for all 
i.  rinding all  the contingencies  is  not a 
blam.  Also«  the error fancier will have to ot 
at least added to* tach t'ne a new  routine  is 
a transfer of control needed, and t^a aoillty to 
the  fj|i  state  of  tne orogram»  cannot t.« 

in SAIL (and similar languages) In  a ,:-■.- 
ner. It oould be done In the i'nor&ved varsian of 
nfl designed. 
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There is no simple solution to this DroMfm, A very 
complicated answer might be planning, when tne s>ste~ I« 
given • goal it will pia» a series of subguaisi enacki, 
branches and looos leading to t^is goal. This gross D'a^ninq 
-Ml not 0« (jatallad enough to händig all errors rr faii^r«^ 
and h^pce «ach subgeal has to be ana|yzed and ptanne1 'or. 
This should b« reteatad for lower levcis till ««e rtia&h the 
level where •. p built«in failure handling I« rellaoie 
enough. This olanning for errors and failures is anaiosous 
to  tna  automatic  writing,  soec^ically for »acn goal and 
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ttllortl to t^i« cont I ng«no l»s tntldoatedi of a  suoer-duoep 
trror handilnfl Drogrftm, similar to the ona mentioned above, 

This soheme Is somewhat wasteful and we  would  like 
to be abla to "store" the detailed olana. Slnoe each aoal Is 

This soheme is 
to be able to "store" the 
at  least a  little  different 
"generalized" but detailed (see 

and we wouId I Ike 
oiansi Slnoe each goal Is 

fron preceding goalsi a 
the contradiction?) version 

of the clans should be etnredi Then we will 
rronltor that will fill In the missing detal 
without  repeating most of  the effort 
planning.  Work In A similar direction  Is 
S.R.I C15J. 

use an execution 
s on the go and 
that went Into 
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7,3 Empirical parameters 
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7,4 Guide-lines for proflram writing 

The size of the programs developed and used in the 
hand-eye project »nd the fftct thftt tnty are (and were) 
written by a number of different people over a long period 
of time, makes a set of guide-lines (if not enforced 
conventions) for program writing a necessity. 

The foIlowlng Is 
should be optimized, or at 
program« 

a  long  list of parameters that 
east considered, when writing  a 

(a) Sma 
(b) Snal 
(c) Small 

size of source code, 
size of object code. \0)     ima I I  SI*« or  uujogi guu«. 

(c) Small core Image at execution time. 
(d) Fast compi i at Ion. 
(e) rast execution. 
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(M Rfladablllty of th» source code especially by 
othap users. This wljl also ease modifying the code when 
neadaet, 

*fl) Modularity: Genaral utility procedurss amj 
others should be written so that they can be cleanly lifted 
out of one Drogram and transolanteo into another, This -neans 
that the orocedur» should use formal parameters and not 
global variables and that It should make explicit reference 
to any subroutine It uses which was defined outside It, 

(h) versatility? The procedures should be aoDiicabie 
undep a broad range of conditions without fallur« or 
potioeable degradation, Thay should not be too versatlle if 
this necessitates complex settings of flags and parameters, 

(I) for debugging and experimental PuroospSi the 
programs need conversational ability so that paramete-s anrt 
ev»n structur« can be modified by the user without 
recompi latlon, However, after the reliability of the prograrr, 
has been satisfactorily proved» most of this code should be 
taker out In an orderly fashion, 

Tryina to optimize all the above parameters is 
working at cross purposes. One trivial example: The use o* 
a table Instead of computation to find values of function? 
will speed up execution but also increase needed storage. In 
the programs deveioptd In this research, optimlzlnc: 
parameters (fj to (i) had more Importance than opti^izlnn 
paramaters (a) to (e), I would like to have a compiler with 
some flexibility as to what parameters It tries to ootiTize. 

7,5 Module organization 

Currently we have about ten modules apart fron 
drivers, The hand-eye monitor and the way messages are 
handleo allow complete flexibility as to which module 
controls what module, Aftep one module activates a message 
procedure In another modul» It can either wait till the 
other module reoorts tarmlnatlon of the calleci Procedure, or 
go ahead and continue Independent execution. There Is no 
guaranty th t the called procedure wl|| ever return control 
to the ca I |lng modu|e, 

It is UP to the programmer to build some structure 
in the control of modules using the flexioliity neitloned 
above. Some classes of structures are discussed below, 

(a) "Prussian army" or "Tree1' structure (Sea Figure 
39{a>); 

Each subtree can perform a specific task,  The tasks 
become  more  s'mp|e  and specific the low^r thay are i" tn* 
tree, Each subtree is "rugged" in  the  sense  that  It  can 
perform  its task without much nalo from abovo.  Command? go 
down the tree and results are reported uoward. Communication 
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between modules Is done on| 
common commander)i  This 
suitable for a development 
hlflhjy coordinated,  The 
ends of the tree at the 
simp I let ty  mt^e  the so 
resources allocation very dlfflculti Another disadv? tage is 
that many of the "soldiers" have very similar tasks uUt they 
cannot be used outside  their "unlts"i  A variant of this 
structure is discussed later, 

y through ... common ancestor (or 
structure Is rigid but simple and 
effort which does not have to  be 
development can start from both 

same time.   The rigidity and 
utjon of  the optimization of 

(b) "Star" ) "Star" structure (See Figure 39(b>): 
One super-driver is controlling ajj modules, All the 
communications between modules are done through the 
super-driver, The super-drivep will be very complex but can 
fraKe efficient use of the modujes and other resources, All 
the mod'Hes have to be designed together! otherwise changes 
(sometimes extensive)» w||| be needed every time a new 
module Is added or an old module Is changed, since for 
efficient planning th« super-driver needs to know the exact 
characteristics of the modules, 

(c> "Spoked wheel" structure (See Figure 39(c))s 
Again we have a super-driver controlling all modules. But in 
addition there are channels of oommun.cat ion and, what is 
more important» channels of control between the modules, 
governed by the super-driver, With those means the driver 
can give one module the ability to control other modules for 
the purpose of achieving a certain subgoal, In this manner 
the "knowledge" needed Is diffused but not to the extent of 
the tree structurOi 

The 
bed hepe Is a variant of the tree structure, where the 

organ 
described here 1$ 
lower level modules are 
used by more than one 
in the genera Ii zed 
messages sent to  It 
handler  outs  these 
module  to wait  for 
required  by prior 

zation structure used  for 
o 

more generali zed and 

the  system 

thus can be 
module, (See Figure 2), Procedures 
lower level module are activated by 
by different modules. The message 
messages In a separate queue for each 
the termination of all activities 

messages In the queue, Alternative ways 
would Pe to use Identical copies of  the  genera 
level procedures, or to make them reentrant, 

zed ower 

The main conclusion to be drawn from this chapter 
and from the thesis In general Is that things are always 
more complicated than they first look, in facti the entire 
field of Robotics has been concerned with solving croblems 
which appear at first to be trivial, 
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□     MODULE o SUPER MODULE 

COMMAND (ONE WAY) AND INFORMATION 
(BOTH DIRECTIONS) 

lo) (b) 

SUSPENDED 

TEMPORARY 

ACTING VICE SUPER MODULE IN CHARGE OF GOAL G 

(O 

^a)     "Prussian Army" 

(b) "Star" 

(c) "Spoked Wheel" 
Fig. ;7;9. 

EXAMPLES OF MODULF, ORGANIZATION STRUCTURE 
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AopAndix A; Camera module 

A,l CamBpa module massage opocedurea 

irtsangasi 
The earner« module  Is activated by the following 

CAM.INIT 
Reads the camera model oarameters 'rom disc file, 

CAM.UPDATE 

Reads the pan 
camera transformation 
global CAMERAlMODEl, 
because of Dower SUDD 
frequency msohanlcal 
each other« etc,» the 
and the readings are 
amount of noise left In 
fol lowing exDres8loni 

tilt 
(see 

SI 
y nol 

and 
sect 
nee 
se, A/O 

vibrations of 
pots are read 

averaged, 
the averaged 

focus ootsr  computes  the 
on k,Z)     and stores  it  In 
the cot readings are noisy 

converter  noise»  high 
canwr-a oarts relative to 
a number of  times (40) 
As an Indication of the 
readings we  use the 

(MAX-M1N)/C4»SQRT(N)3 

hheret  MAX  Is the 
reading* and N IS the 
checked to be  less 
depth-of-fleid  In 
2,5»10»{-4) rads,In pan 

CHNCVLENS(N) 

Rotates 

highest  reading,  MIN  is 
number of  readings.  The 
th n that oorresoondlng 

focusi  10»(-4)  rads.   In 

the lowest 
noise  Is 

to l/?0 of 
tilt and 

the turret till lens 
vldlcon, It takes about ? sac. to rotate 
next position. 

no. 
the 

N Is facing the 
turret  to the 

MOVE,CAM(PANlTlLT) 

Moves the pan/tMt head so that the oan and tilt 
angles In radians egual to PAN and TILT, respectively, The 
velocity of the tilt movement Is ,06 rads/sec. and that of 
pan .13 rads/sec. 

CHNC,rOCUS(RANC) 

Moves the vldlcon to focus at 
from the lens center. The velocity of 
Is  ,012  Inch/sec. For cxamp|ei  to 
wh|oh the camera Is focussed from 20 
with the 2 Inch focal length Ifns takes 11,5 sec 

a range nf RANG inches 
the vldlcon movement 
change the distance at 
Inches to 50  inches 

CAM.CENTER(NIX#Y,2) 
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ConDütes tn» ean «nd tilt angles necessary far the 
orlnclpal ray of the eanert to Pass through the ooint 
(X,Y,ü> In t.cs. <I,e that tne Hage of this oolnt will bp 
at point {PP1IPP2) jn th« l.c,s.># when lens no, N Is us«d, 
(See Section A,3), It also computes tha rin5a fron the \or\v 

oanter to the oolnti Then the camera Is servoed to the 
coinputad setting and the lens Is changed accordingly. 
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CAM.P^ED^.X.Y.Z) 

Computes PAN, TILT and RANG as 
then 
stores it in gjobal CAMERA,PRED, No sarvolng 

utes KAN, TiLi ano KANü as  in CAM CCN'EP» 
computes  the  corresponaI no cansra trans'Ornat Ion 

s done. 

and 
ann 

The output of the camera module Is as follows (Ml 
global variables)* CAMFLC w||| ba nonzero If an error 
occurred during the execution of the procedure called, and 
its value gives the cause of the error. CAMPAN, CAMTIL anrj 
CAMRANG hold the current pan and tilt angles nnd tna rangn 
at which the camera Is fecussed, CAMLCNS designates the 
currant lens, P^NPOT, TILPOT and FOCPOT hold the current 
averaged readlng8 of the pots. CAMERA.MOOEL and CA^ERA-P^E: 
hold the transformation of the current camera Position ano 
of the position mentioned last In CAM.PRED, 

A.2 Camera transformation matrix computation 

the 
translated  to  V 

11 7 

and 

Take a point B with coordinates  CBXxt,yt,2t)  In 
t.CiS. Its coordinates In a c.s, parallel to the t.cs. 
translated   to   the  ooint  P  with  coordlneteg 
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CP]»(P1.P2,P3) In th« t.c.s,, will btiCBl-CP], P is tM 
point of Inttrseotlon of th« pan and tilt ixes* Its 
eoordlnat«s In • c.s, rotattd reittlva to th« last one with 
Eular anolas PS1» THETA and PHI (right hand rotation In this 
order ) w|I| ot| 

CR1(PSI,THETA,PHI)3«(CB3-CP3). 
whara Rl Is an orthonor^al rotation matrix. The three  Culer 
angles are g|v«n In terms of our conventions for the nan and 
tilt angles PAN and TILT» and the fixed rotation angle SWING 
as < see F Igure 26) •' 

PSI«PAN*»> THETAiTILTl   PHI«SWINGJ 

»e  will  denote  the  rotation matrix «xpressed 
PAN. TILT and SWING by CR23, I,a; 

CR2(PAN.TILT,SWINC)3«CR1(PSI,TETA,PH1)3, 

n terms of 

hence the coordinates of the point B In the last coordinate 
system win bei CR2]*( CB3-CP3}, Me now rotate the c.s. wit" 
Euler angles "»/li 0. "»/Ji The coordinates of the point 6 
In the new c.s, wljl bet 

CRl(-ir/2,0,-ir/2)3»CR2 3<CB]-CP3) 

Ha define n matrix CR3 by: CR3"CRl(-T/2»«}.-ir/2) ]*rR23, 
The coordinates of a oolnt B In the last c.s. will bet 
CR3MCB3-CP3), Lastly, we trtnslate the c.s« to a ooint C 
W|th coord|nares CDP3e(CPl,DP2,0P3) |n t^e jast c.s. to net 
tha '«camera coordinate system" (c.c,s.), The coordinates of 
the oolnt B In the c.c.s, which will be denoted by 
[UjMu.v.w) are: 

CU]«CR3»(CB]-CP3)-CDP3 

for the sake of completeness, the alements cf the 
iratrlx CR3 which will be denoted by RlJ (e.g. R12) will be 
given here explicitly In terms of PAN. TILT and SWING, which 
will be abbreviated by P,T and S respectively; 

Rlls-C0S(S)»SIN(P)*S1N<S)»SIN(T)»C0S(P) 
R12s C0S(S)»COS(P)*SIN(S)«SIN(T)»SIN(P) 
R13=-SIN(S)»C0S(T) 
R2l= SIN(S)»SIN(P)*C0S(S>«SIN(T)»C0S(P; 
R22=-SIN(S>»C0S(P)*C0S(S)»SIN(T)»SIN(P) 
R23=-C0S(S)»C0S(T> 
R3l=-C0S(T)«C0S(P) 
R32=-C0S(T)»SIN(P) 
R33=-SIN(T) 

The  oan  and  tilt  angles  are  cciputed  from the 
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corr«8Dond|nfl pot rttdlngi «s follOWl) 

PAN»PP0Ta*PP0T0»PANP0T} 
TILT«TPOT0*TPOTO»TILPOT) 

tlr^ltll0."**     ,n Sertlon A'2'2    SWING  's •"  InvtPltnt 

now define a 3»3 matrix CERT] as followsJ tP-*Cö J, 

EXTJlsRll) EXT12«R12j EXT13»-M1; 
EXT2i«R2ii EXT22«R?9j EXT23--M2I 
EXT3isR3ll EXT32«R32J EXT33»-M3| 

• #  „,...1^ m*trix   C£:xT3 can M used to convart coordinate« 

follow,ng m.nner: For a oojnt B en the table with 
coord nates (>«t,ytiPi) form a vector CTJx( xt,yt,l). Its 
coordinates in the c.c.s, are o'ven byi CU3sCEXT3»CT]. 

To convert the coordinates of a oolnt  In c.c.s 
c«noted oy Cu3«(u,v,w), to Its coordinatea In i.c.s, cenotea 
by (M .yl) we use the 3«3 matrix CINT3 defined as fellOMg 
(see Figure 27)» 

jMTliaFOC*KX«        INT12S0I       INTlSiP^I« 
!NT2IS-FOC*KX/333»   ikhiUUwi   imiiiwln/ 
^T31S0» INT32 = 0I        IfJT33«l| 

.-«♦. Ih9 dlst»nce between the vidjeon face and the |«n 
center Is comouted from th« reading of the fccus oct a 
f c I I o w s J 

333 

FOC=rCCLENa*F0CLENC»F0Ca0T; 

Tha matrix CINT3 Is used 
compute a vector CJ3=(Jl,J2,j3> 
xl«Jl/J3  and  yl=j2/j3| 

In     the     foMcwIns     way; 
by:   CJ3«CINT>cu3,   th«n, 

This Last, wa define a 3*3 matrix CCül.3 = C !NT3»crxT] 
matrix incoroorates a|l the oarameters of the camera 

rrodel and its UM should be oovlous from the above, but w« 
*•I I repeat It anyway, To con^trt the coordinates of a soint 
on i table given by Its coordinates In t.c.s. tB3«(xt»yt.a) 
to Its coord.nates In the l.c.s, (xi,yl)# we form t     vector 
cy?*<«t»yt,l).      compute  [J] = CC0LD»CT3,  and  iit»Jl/J3i 
>I=J2/J3. 

to  a 
^hose 

If *• want to comoute tna image point  corrcscondinc 
point  not  on  the tah|e-tori NB use the 
coordinates   jn  the   t.c.s. 

use 
are 

lens center 
P I v e r    p y 
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iCp.CP>lNV(C(n).CDPiJ. W« comoutt th« iln. through tht glvtn 
point «nd th« («ns c«nt»r. thtn wt eomout« th» rjotnt of 
Inttrjtctlon b.twt.n thl. Mni and tht t.bl.-too .nd oroctd 
■I «•TOrii 

To comeutt 
tablt-too ano a I Ina 

th« oolnt of Intaraactton batwcan tn« 
throuflh tha lans oantar and an  Imaga 

point with coordlnatas  (xliyl) In tha I 
vector  CI3«(*l,yl»l), 
xt«Jl/J3» yt-JZ/jl, 

.c.3.1 wa form th« 
oomput«  CJ3«INV(CCOLD)»CI3.  and 

Tha matrix CCOU Is ca( lad 
("trlx, it Is computad and storac 
irodult axtcut«s CAM.UPDATE or CAM PRED, 

tho catnara transformation 
•ach tima whon tht ctmtra 

A,3 Oertvatlo" of camtra oantarlng tgur.tlons 

Jo cantor tha camara on a oolnt daflnod by Its 
coord nata, [n tha t.c.s. CI3aCKt.yt»lt). wo comouto tt 
coordlmtas In tna l.c.s.J 

CU]«(u,v,w)|     CU3«CR]»(CPJ-CBJ)-COP3; 

Than  wa  comouto  tha  naadad  oan and tilt ancias so that 
cü^JV0 9lfflD|,fy th> ^»«Itlng aguatlona wa assuna  that 
!^MS 1-     This assumotlon  Is Justlflad  since  tha 
callbratad va|üa  0f  SWING  Is la„ than 2 dag.  with thl. 

u« (Pl-xt)»SlN(P)-(P2-yt)»C0S(P)-0Pl 
v«-C(pl-xt)»CoS(p>*(p2-yt)»SI\<p)3»SlN(T)*<p3-zt)«CnS(T)-Dp2 

►-yt)«SlN(P)]»C0S(T>*{P3-2t)aSlN(T)-DP3 w« c(Pl-xt)»C0S<P)*(P2' 

First  wa  solva  u'B  «'or P (wa danota 
Than wa substitute this va|ua Into tha 
so|va It for T (wa donate tha solution 
aquations  ara  solvad oy  convartlng 
aouatlons  In COS(P)  and COS(T) 
substltute 

tha solut 
aauattoni 
by TO, 
tham to 

rssosctIva |y, 
PC and TC Intc tha ixoraaston for w 

fllstanca betwaan tha lans cantar and tha oolnt 
oanota  this distance by HC.  Than wa use tha focus 
to compute tha eorrasoondtng foo, 

A,4 Derivation of pan/tMt updating aouatlons 

on by PC), 
vsg,  and 

Those  two 
ouadrat I c 
Last,  wa 

to get tne 
CP],    Wa 

ecuat Ion 

Tha goal of 
update  or rscomputa 
dona In the  fo I low 
coordinates  In the 

tha pan/tilt updating routlno is to 
tna pan and tilt pots parameters. It Is 
ng way: For a point glvsn by Its 
t'c'>' CB3x(Xt#yt,2t) th# roUtIna finds 

tha oorrespondlng Imago coordinates  (x^yl).   Fron this 
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• nformatlon w would I lilt to oomout« the can *nc tilt •A9l«i 
Of th» c«mtri. This« angles «Ith the corrtspcna!no not 
(••■flings w||| enable us to rtcomput« th« oot btrsnstfS. 

«• dsMnsi  ««u/w» (J«v/w,  Fror» tht »cjatlons o* the 
Intemti model (see Section A.2) we hevel 

aa(«j.pp1)/{f0C#KX)| 

^s(y|-pP2)/(foc»KV)*(x|-ppi)/(333»foc«KY)i 

i3n?2.!i!!n ^^ "»"'"Otlon thtt SMIN6>I,  we  get fro« the 

following two eauattons which we have to solve for 1*9     nan 
and tilt angies P and T« 

(Pl-)<t>»SlN(P)-(P2-yt>»C0S{P)-0Pla 
«•(C(Pl-xt)*C0S(P>*{P2-yt)»Srj(P)3«COS(T)*(P3-2t)«SlN(T).nP3) 

^ir^?t,#C0SiP,*(Pi?")'t)»SlN(Pn«SlN(T> + jP3-zt)«CCS(T)-CP2 = 
0MC{Pl-Xt)«CQS(P)*(P2-yt)«SlN(P)3*C0S(T)*{P3-2t)»S:',(T)-DF3) 

4fc.    !  coü|d not  find an exollcit analytic solution * 
the  above touatlont, but the followirg ioopj» «Mt So utlo 
proved Itsel» to bt aooroorlate. 

c 
On 

we denote by PC and TC the pan »nd tilt anale« which 
so ve tne c-nterlng eauatlons of th, litt ttctlon!'«? iK 
cefln. PO anö TD by: P0=P-PC and TD-T-TC. Note that for 
•^»a, Po e^d TC are actually the solutions of the abov, 
•auatlons and hence PO and TD are also eaual to ? in thi, 
case, Since In the uodatlng orocoss we centered the camera 
before finding R| and y| and since we assu^t that the 
calibration had not been degraded too much, we can attum« 
that ü»V<W and hence «,3<l and PD,TD<1 ort 

SlN(O0)sPDj SIN(T3)«T0J C0S(PD)rC0S{Tr)=lj 

kMth these assumptions we get the following »auatlcns for P1] 
a no To s 

CG*«»OPleCOS(TC)3*PtJ-C««üP23«T0-C«»DPleSIN(TC):»P:»TDsa»wr 

♦Opl«CCOS(Tc)-0»siN(Tc)3»P:»'Dt,'i»wc 

nhfrJ! I Is d«f'n«d "y» C«(Pl->ct)«:jä(PC)*<?2-yt:»Sl\(PC). 
3P1.DP2,CP3 are of the samt order of WC and sentwh«t 
smaller, assy^lng that the camera Is not looking vertically 
aown (which |s always true w|tn the camera current.y used) 
*e can say the ■■»• about 3, With this assumption and trie 
assumptions mentioned above we can sln0||fy the ecua-lors to 
reads 

G»P3-   aO02«T0 = e»WC 

i2l 

.. 

_ — 



DPl»CSIN(TC)*fl»COS(TC)3«PO-CWC*OP3 3»TD«0«WC 

Solving    tht    t"o     Mnttr    «auttloni    and    using    th« 
■ssumottons  again  w«  havai 

9>nr)« 

POaMNC/Q 
TOr-wC«Cl>-««Opl«SlN(TC)/C3/<WC*Dp3) 
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AoD*ndlx B: Automatic focus -ofljio 

Th« tutofflKtic focussing routine was sugctstcC and 
•xparImantaI|y Imolafflantad by J|M Tananbaum, anl tnan 
rodlflad by ma for uta In t^a focus cot calibration uodatlng 
crooram and similar acollcattont (fccusalna on an objaet at 
unknoMn rmge «aan as a "olob" In t^s tmaga bafora analyzing 
tha Imaga), It Is too crudSi as It Iti to find rang« 
dlffarancas batwaan t^o ccints closer than 1 Inch (at 30 
Inches tha daoth of flsld of tha 2 Inch lans Is .6 Inch), 

Tha orlnclcla of ocaratton Is tc saarch for a ranga 
by moving th« vtdlcon rajatlva to tha lansi at whleh a score 
function, whtoh maaauras ths tha Quality of focus. Is 
iraxlml zad, 

Tha modul* usaa a window defined axtarnaliy in 
LOOK.AT, Tha block diagram la givan In figure A?. Each of 
tha blocks axit anl failure Is Indioatsd (In globsl roCFLC) 
If slthar INPUT (saa Section 3,2.2) or the eamere module 
hava felled. Other exit oendlttene era mentioned In the 
block dascrlotlons whloh follow. 

INIT 

The oemara Is fooussed at fie currant estimate of 
the renge (the Initial eetimate Is givsn as a oarameter). 
S£TCLIP is cai|ad to sst the c|ios to bracket the Intensity 
range seen In the winde» at that focus setting. 

The next eearch  Interval  la 
larger of: (a) tha currant astlnate of 
(the Initial eatimata  is  glvsn as 
3*00rR£Q  wnera  OOrRCQ   Is  the 
unoartalnt* 
If oomouted 
as foliowi 

wn|oh is dsflned as ths 
by an aooro»ImatIon to a 

aalected to be tna 
the rang«, uneartaii^ty 

a oaramater),and  (b) 
mlnlmimum attainabla 

deoth-of-f le 
more comclax 

d,  OOFREO 
exoressI on 

00rRr0e(Rt2)eC»(ri)/(r»2), 

R-ls the ranga (the current estimate la uaed)! f-'s t-e lane 
focal lengthi r»-is the aoerture setting, ^i-ce tne 
eoertura satttng Is not comoutar controlled It is left at 
maximum ooen]ng (1,4 for all lenses)! C-'s the di^ansion of 
e raster call of tne vldlcon (aoor»i^ataly 1/600 lpch). For 
the above formule "e assumsd that the "circle of confuelon** 
has a diameter of half a raster unit. 

Tne number 3 In the above aguatlon was enolrically 
chos«n, It Mas found exoerImenta|Iy that tha criterion useo 
to Judge tne Quality of focussing (sea below) has values 
above 90X of tha maximum In an Interval of  3*D0FREQ  around 
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START 

EXIT 

Flg. I»C. 

BLOCK-DIAGRAM OF THE AUTOMATIC FOCUSSING MODULE 
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th« maximum, 

Th# 8«areh Inttrval Is o»nt»r«d on tht ourrvnt rang« 
aitlmat*• 

MEASURE 

10 eauldlatant points ara ploKad In tha saarch 
intarval, At tach point a scor* 'unction (crltirlon) Is 
oomputad by TVSCRCEN (saa bo|ow), Tha thraa hlahaat scorei 
ara dynamically milntalnad with thalr oorraapondtng pangos, 

TVSCREEN 

ii,t.,.iJhV,nd0« '? i:,tdJn ^ l1**9  «P0 thf tlma-avarage Intatalty  Is oomputad at tech sampling point,  Using tha 
avaragac'  Intsnsltlas» tha maonltuds of tha gradient at aach 
■••»Itnfl point (lass thoaa lying on tha parlmatar  of  tht 
vilndo*/ Is computsd using tha following approximation! 

C{XIY)üSQRT(CI(X-1#Y-1)*2»I(X-1,Y)M<X-1,V*1) 
-I<X*1.Y-1)-2«1(X*1,V)-I(X*1,Y*1)3»2* 
Cl(X-l.Y-l)*2»I(xlY-l»*I{x*l,Y-l) 
-I(X-l»Y*l}-2«I(X|Y*l)-I(x*l.Y+l)3»2) 

whara M^.y) l, tha avaragad Intensity at tha sampling point 
(x»y). From C{x,y) we comouta a thratholdad valus of th« 
gradlant*s magnitude as followii 

H(X.Y)i CCX.Y)   |f C(XiY)JCUT 
■ 0       othsrwlst 

CUT Is a osramatsr glvan to th« program or co-.iputad In INIT 
to ba a fraction of tha maximum of H(X,Y) ova;- tha window at 
tha point of hjohast scora, Th» soora functlan Is t^e sum of 
H(X»Y) over tha window, 

ACOM^VAU 

Using  tha 3  hjghast  scores and the corrssoondIng 
ranges.  tha  new range and ranga-uncartaInty estimates «re 
oomputad,   Thgn a daeisicn Is made to exit or enter MEASURE 
again according to thi following ru!asi 

. ,. <■' If «H the scores are 0 than «COMEVAL exits ano 
fa I lure Is Indicated, 

(b) If t^e range corresponding to the highest score 
point Is too close to the search Interval boundary points 
then the range of this point Is the new estimate, the rang« 
uncertainty estimate Is unchanged anti MEASURE Is entered 
again, 

(c) If the new uncertainty estimate Is  larger  than 
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tht old on», or If It Is smaller than DOFRF.Q, A:O
M
EVAL 

exltsi 
(d) if the n«w rang« uncertainty estimate is smaller 

than the old on«» a counter Is incremented (initially set to 
0), If the counter r«ad8 lass than 3 then MEASURE is enterert 
aoaln to try and Imorove the estlnat«. otherwise A:OMEVAL 
exits. 

The automatic focussing module Is activated by the 
fa | lo*i na messgej 

AUTOrOCtEST.RANÜEiRANGI.NVAL.NCUT) 

Where? EST.RANC-ls the Initial range estimate (in |nchis)> 
RANCINVAL-ls the Initial search interval (in inches); 
MCUT-ls the value for cut If It Is positive, or a Mag for 
automatic setting of CUT if it Is negative, 

«/.D^ 
Tt?fi oytcuts of the module are the following globals: 

rOCRANc- 's the best range estimate» pOCDELr-'s the best 
range uncertainty estlmatej FOCFLG-indlcates success or 
failure of the module and the source of failure. 

The resolution needed of the focus servo is 
approximately the resolution of the scanning c|rcu!*.s (I.e 
the dimension of a fast«r cell) and is Independflnt of lem 
focal length and the rt.nge as tne following analysis shsw«;: 

Take two points at distances Xl and X2 fron the jsns 
center, Denote the dlstancös between lens center and vid'eon 
needed to focus on XI and X2, Yl and Y2 respectively, 'Jsin:j 
the focus ecuatlon we have approximately) 

Yl-Y2«(rt2)»(X2-Xl)/(R»2) 
where r Is the lens focal length and R=(X1*X2)/?, If we 
want 12 points In » search Interval of at least 3»00FREQ 
then the Increments of foe between two consecutive points 
will be: 

0Ys(r»2)»3»00FRE;3/C12«(Rt2)3 

buti 

UOFREQs(R»2)*r#*C/(F»2) 

where C Is the scanning resolution, Hencei 

OYa3»F|»»C/10 

Mc»d I f ic«t Ions to  Improve  the performance  of  the 
rrodule might bi of two types! 
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(a) Modtflontlon of th« soort function comouted et 
taeh rangt. On« possibility Is to try to us« th« concect of 
tnsrgy of high spatial fraqutncles used by P, Horn at M.I.T 
for similar applications Ctl3. 

(b) Modification of th« search algorithm, Her« we 
us« th« thr«« hloh«st scons out of ton oomouted at 
«quidlstant points In th« ssargh Intsrval» to dactd« whether 
to stop th« search or what interval to search next, If the 
m«asur«m«nts were not noisy ws oould use a Kind of binarv 
search which Is fasten The problem of finding a maximum uf 
a function from noisy m«sur«m«nts of Its values belongs to 
the field of ''stochastic approximations", Most of the 
th«or«tlo«l rosults of this fisld ar« concerned with 
convergenee Propsrtles of the algorithms after a large 
number of measurements and not with their «fficioncy C14]« 

" 
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