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A set of programs for precise manipulation of simple planer
bounded objects, by means of visual feedback, was developed for use
In the Stanford hand-eye system, The system Includes a six leg@rees
of freecom computer controlled manipulator (arm and hand) and a fully
instrumented computer controlied television camera,

The Image of the hand and manipulated oblects Is acquired by
the computer through the oamera, The stored Image is analyzed using a
corner and |lne finding program devejoped for this purpose,The
analysis Is simplified by using all the Information available about
the obJects and the hand, and previously measured coordination
errors, Simple +tcuch and force sensing by the arm help the
cetermination of three dimansional positions from one View,

The wYtliility of the Information used to simplify the scene
anajys!s depends on the accuracy of the geometrical mode|s of the
camera and arm, A set of <callbtration updating techniques and
progra®~ was devejoped to maintain the accuracy of the camera model
relative to the apm model,

The precision obtained |s better than ,1 Inch, It Is [imlged
by the resolution of the Imaging system and of the arm position
measur lng system,
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: LIST OF NOTATIONS

In the foilowing |lst E or EI, where | is an
| Integer, stards for an algebralc expression, The following

"strange" symbols are used Instead of subscripts,
superscripts and other symbols Which tre usually not used In
| Ine,

SORT(E) = the square root of &,
E1+E2 = £1 raised to the power of E2,
ABS(E) =~ the abso,ute value of Et,
EieE2 £1 myltipiled by E2,

| EL1/E2 = E1 divided by E2,
| INVIC(R]I)= ¢the Inverse of the matrix [RJ],

The fo|lowling abbreviations are used in the report:

i 0.Cs3.~ Came,a Coordinate system
C.9¢ = CoOoOrdinate system
CeteCo~ Camé,a table coordinates
heCis:= hand coordinate system
h.tyC.= hand table coordinates
l.CeSs= Image coordinate system
t.Ci8,~ table coordinate system

uetsCc.= User table coordinates

:
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CHAPTER 1: INTROpUCTION

1.1 Background

The general fleld of research, of which this work is
a part, Is cal|ed Rebotics, It rhymes wlth Aeronautics and
Electronlos and has the same connotations |,e, a fl!ejd of
engineering oomplex enough to deserve lts own name, In my
opinion it is a natural outyrowthof the fleld of Systems
Engineering, Henoe | would Ilke to start with a discuss:nn
of systems In general and then desorlbe the distinct
features of robots,

We can informaliy define a system as follows: A
ooilection of elements whlch has a goal, The following
oomments w|ij glve more substance to the definition]

(a) Every system, b3pacial iy & complex one, Isconstruoted of sub-systems, each with Its own goa| which Is
jogs Inclugive than that of the parent system, [f we
subdivide the system Into pleces whioh are sma|!l enough we
wlll have devices, eaoh having Its own function, (The
distinction between subsystem and device or betwesn goa| and
function Is [ntultive and not formal and |s done to help us
In organizing gue thoughts,

(b) We can divide each system Into three majorsubsystems: |) A sensory subsystem which senses the rojevant
variables fn the environment In whlch the system Is
operating, and the internal state of the system itseif, 11)
A decision-making subsystem which combines the cutout of the
sensory subsystem, the Qoa| ant stored Information to declde
what to do next, lll) An effector subsystem which actually
carries. out the actions specifled by the decislon=making
subsystem, One of the main aspects that make system deslgn
and analysis oompllicated and Interesting Is the faot that
the environment presents to the system many random and time
varylng elements, On|y some of them, hopefully the most
Important, are measured direct|y by the sensory subsystem,

(c) During the deslon phase and after, the analysis
of system performance |s done by using many toois:! 1)
Mathematical analysis of the system models II) Simujation of
the mode| on a computer} III) Experiments with a bpeadtoard
mode| IV) Experiments wlth an operational system, (The
research reported here, for example, ooOnsisted mainly of
design and experiments of a breadboard mode|, the hand=oye
system at Stanford, which |s desorlibed jater),

(d) When the structure of a system does not Include
any human ejements (It Is then calied an Aes f, systen),
the goal that the system oun acoompilish Is very specific and
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+s bullt very Jeep Into the structure of the s stem, An
elrclane automatic plict, for oxample, cannot be Wid § Sidi to
pilot ships, The principle of operation, the method of
design and analysis, eto, might be very sim!lar, but the
hardware ana the software differ enough to make the switch
Impossible,

We now prooeed with a definition of a robot: A robot
is a Vversati|e automatlo system In the sense that |t oan
achieve many different (probably related) goals at the same
time or at differant times, with no ohange or wlth very
minor ohanges In Its struoture,

The following two examples will ||lustrate the
meaning of the above definition, These wers ohosen since the
development of these systems Is peing: sotlvely pursued pV
Industry,

(a) Mars Explorer! Because of the time delay
(minimum of 4 minutes round trio), direct manual control (as
on the Russian |unar explorer) Is not practical, The
explorer should carry out by Itself a varlety of tasks glven
to It by Its ocontroller, For example: navigation, rock
collection, so]! sample analysls, The tasks are different
but related In tho sense that all involve Interactionwlth
the terraint blo rooks should be avoided, Interesting rocks
ehould be calleoted, rooks should be pushed ib to dlg for
soll sampleg, distiotlve rock formations oa, help | n
navigation,

(b) Aseembly Ilne workert {n this oase manualoontrol Wil] defeat the purpose of bul|d!ng one, The tasks
Include! mating parts, Inserting and tightening screws,
rlvetting, welding, palnting, [20],

The versatility of ths robot demands vereati|lty of
the three major subsystems, Currently the most sultable
oandidate for a vepgatl|e deols)onemak|ng subeygtem |s a
general ~urbose clgltal computer, In the design of phe othersubeyetems the temptation to bulld an anthropomopph ¢c system
le Very strong, In addition to the often heard easons
oongerning the optimiZation of mother nature over ni 11lons
of years, | weuld Ilke to add two morel

(a) Ponnunioat ion he twasn robots apd. the goa]estters Would be much easier If they could share sensory
experioncs,

(b) Aocommodation! In phe assembly | Ine example theabl lity of the robots tc move |n spaces, to use teo|s, and
to handle parts, all desloned for human use, would be a
major ceset,
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The major human sensory davice Is the eye, For thls
and other reasons (avaliat ity of T.V equipment for
example) equipping the robot systems now In development with
vision sense Is universal practice, It Is coupled with an
arm and hand device (at Stanford (10), M.I!1,T7, U, of
edinburgh [3], and In Japan: E,T,L C13] and Hitachl| (61), or

p with mobliity (at Stanford [24] and S,R,I (161),

Some of {he problems encountered In <ne developmentof robots and which are dealt wlth In the rusearch reported
here wll! be described In the pontext of the robot oprolect
at Stanford,

)

1,2 The Stanford hand-eye system

The hardwar® of the system consists of a computer
controiled T,V camera and meohanical arm, Both are rigldly
connected to a table which |s the systems's work space (see

) Flgure 1), Ovar the years a set of programs have been
devejoped Which do the following! control the varlous
parameters of the camera, plan and execute trajectories of
the arm [17], analyze scenes Which consist of several simple
planar bounded objects partiajly obscuring each other
(191,07), determine colors &nd manipulate the objects to

) change thelr position and orlentatlion (Including stacking),
(Currently there is Work In progress to analyzs scenes whlch
alse Include curved objects such as tools (11).

1,3 Visual feedback problems

The varlous tasks of the hand-eye system arp carri®d
out In a "gross" sequential fashion as follows: At the
scene |s analyzed tn determine the objects It includes and
thelr position, orientation and color, Then the
ranipulations needed are planned and executed, !f some of
tise parameters changed by the manipulations have to be found

) agaln, the scene analysis |s repeated, The execution of the
ronipulation Is not monitored hy the vislon sensor (the TV
camera) In any way, This manner of operation Is in principle
relatively Imprec|se, uneconomical and sometimes
"catastrophic", Thase somewhat strong allegations will pe
explained next,

)

Precision: We wi|| explain the Issue of precision Dy
an example, The precision wlth which a stack of cubes is
bullt |s determinad by the following parameters:

(a) The precision of locating the cubes [nitially,
) This location |s computed from the location of thelr image

lm the Image plane and the methematical mode| of the camera
that we have, There are flve ‘factors whlch affects this

3
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preclsion: ) The quallgy of the Image, 11) the poreclslon
| of the scene analyzing routine whieh located ¢he [mages of

the cubes, [11 The quality of the mathematical mode! of ths
caméra, [V) Thy precision of the Invariant parameters of the
camera which are determined by a oallbrat!on program
described jatep, V) The quality of measurements of the
variable parameters of the camera such as the pan and tlt
angles,

(b) The precision of naniou tat hun, Here we have fourfactors: The flpst three are sin lap to IIl,IVv,V above
pertaining +o the apm, The fourth Is the precision of the
arm séepvpy progeam,

The resultant error may be more than we oan
tolerate,

tconomicsi When a scene |s analyzed and then changed
by manipulating some of the objects it Includes, we know
(and the program can know) falely wel| hew the new scene
looks, A general scene analyzer, when called to analyze the
NeW scene would mot make use of thls Information, A scene
analyzer that can make use of this Information and |ook only
for the remalning differences whlch are caused by the
Imprecislion dlseyssed above, would be much more economical,

Catagtrophel Compldar agalm the cube stacking
exXamp ne, I! the error | Inr@e amouvgh ac that the center of
Wravity of the top cubs Is outside the top Tece of tha
bettom ogupe, the teo cube wil| fall aff when it Is relonznd
By the hand, The cube |am rolenged so that the hang +Ef ba
moved mbey In aramr to almoiify the scans for the general
sCene analyzer, Any scheme to avold catastrophes wl|| need
the capablligy to analyze geenes whlch Include the hand,
Agaln ~~ the falrly good knowledge of the position and
orientation of the hand could help In the scene anajysis,

The natura| solution co the above deflclancles Is to
use visua| feedback, I cal! thls solution "natural" because
It Is extens|ively employed by humans, The |imiting factors
of the manipylation errors, when visua| feedback Is useg,
are the resojutlon of the Image and, the arn servo, The
accuracy In thls case is Inherently better chan for
"open=|oop" operation, The problems generated Oy
the "open<|oop" mode of oberation, and the posibi|ity of
using visual feegbaok as a solutlton have been known by
researchers In robotics, However, the Implementation of the
solution had to walt for the rccumuietion of knowledge and
technologlica) know=haw to reach the right stags, | was
fortunate to start working with the hand-eye group of the
Artificlal Intelligence Project at Stanford when this stage
Was attained,
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4 1.4 The Qoal an short dexorintion of the work.

The goal of the reasearch reported here was to glve
the hand-eye system some visual feedback capabl|ltles for
the tasks carrled out by the system at that time, i,e
achieve precise grasping, olasing and stacking of oblects

" (mainly oubeg),

The wopk was 91v}d44 Into three parts, devo|oped inapproximately chronologlcal order, although changes Wore
made as the work In |ater parts advanoed;

* (a) Devejopment of a simple scene analyzer which can
? find [lines and corners In a small part of the [mage frams

utilizing as mych Infcrmation as Is givon to Jt at al]
levels of {ts operation, This analyZar, which we wil| cal]
the oorner=-finder, Is sultable for ne visual feedback
tasks,

(b) Devejopment of ca|lbration updating programs,
* These programs are needed to malntaln the callbrated mode |

of the camera at Its best agalnst deterioration over time,
It Is a gererai principle of feedback systams that the
complexity and effort needed of the fesdback part of the
loo Is inverse|Y proportional to the prédlision that can be

. attained by the forward part of the |oop, In our case thls
ud relation is not smooth since a sma|l change of precession

(especlajly when the pregision Is on the same order of
magn| tude as the dimensions of the obJects handled) can mean
a qualitative change In the nature of the feedback part of
the loop, These bprograns make use of the corner=finder Of
part (a), The callbrated model, a|thouoh partially

J deteriorated, |s sti|l good enough so that Information
supplied by |t can be ysed by the corner~f|nder,

(c) deyejopment of visual feedback task programs
using the corner~finder of part (a) and reiying on the
precision of the forward part of the loop malntained by the

4 programs of part (bb),

As an example we wWll| give here 2a simplified
description of the stages of operation when a cube (A) ig

: grasped, with visual feedback, and thep stacked on arother ‘
cube (B) of the same size, af9aln wlth vigual feedback, (The
numbers ufter each step refar to flgure numbers):

(a) The hand Is brought over A, (32(11]11])),
(b) The fingars are closed til] one of them touches

the cube ag determined by touch sensors on the fingers,
: (32(1V),

ok (c) The hand Is |ogated In the Image us!na the
corner~finder and the error of Its position relative to the

7



cube |s computed,
(d) The fingers are opened, (32(V)), and the error

corrected by incremental movement of the arm (32(V]!)), Steps

(b) to (d) are ,epeated tll] tre errors are reduced below a
given threshold, Then the cube Is gripped, (32(VII1)).

(e) The top edges of +av bottom cube are |ocated In
the Imege,

(tf) A |s brought abeve B, (35(1V)),
(gd) A Is placed on B using force feedback, (35(V)),
(h) The hand |!s |ocasted agaln In the Image, and then

the visible edges of the bottom face of A,

(i) The position errors are cajoulated, A Is |ifted,
(35(VI)), anc the errors are corrected (35(VII!), Steps (9)
to (1) are repeated, tll! the errors are reduced below a
given threshpold, (3I5(VII1)),

sayaly the fesdback |pops are axescuted only twlaoe,

ha af the main proble=3 that wa had Lo salve wag
the analysis of the comp|ax scene, containing the mand and
Bt least twa mpre ob Jegte, to measure the small errore tO De
carractea, Ta gahleve this doa| the cormer=Y|pmd0r was

geg ll gned, yeh @ffort was put Into malmtalnlng the
gecuracy of +he zallbration of the ayatem, by daplgmnimg tha
callbration yedating programs and yalng other schemes

degcribond [@gup,

Two ox1st ing programs! the cangea coniro|ler and theautomatio focussing program were modified for use In parts
(b) and (¢c) of the work, (See Flgure 2),

1.5 Related wopk

The work described nere Is In part a dlrect
outgrowth of the work done at Stanford by 1,Sobe| and Ideas
suggested by him (26), Parts are extensions of the research
dgon@ at Stanford by J,M,Tenenbaum (287], The work Is also
closely related and makes Usd of programs developed by my
co-workers at Stanford, especially R,Paul who developed the
arm trajectory planning and control! and K,Pingle who helped
develop and maintaln the utl|!ty programs and the hand-eye
systam monitor, (See Flgure 2),

Two other efforts In visual feedback should be
mentioned here}

(a) The herolc efforts of W.Wichman who flve years
ago at Stanford trled to develop visua| feedback oanab] lity
without the support and environment that we now enjoy, In
Wichman's system a general scene analyzer was used to

dgetermine the error of stacking two cubes, after the hand
was removed from the scene, Then the hand was brought In

8
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again to corpect the errors (291),

(b) Work dons by the Artificial Inte |lgence andRobot group at E,T,L (Electrotechnloal Laboratory) 'n Japan,
The task oarried out !s the Insertion of a long sauar® block
Into 2a square hole (25), The blook Is !ong enough so that
the hand holding It |s outside the fleld of view, This
simplifies the scane ana|ysls,

1.6 Structure of the report

Chapter 2 Includes descriptions of the hardware used
and software sypport, In chapter 3 the corner=findey pragram
Is described in detall, ohapter 4 oontalns the descrintlion
of the calibration updating programs and ohapter 5 that of
the various vigyal feedback tasks, Chapter 6 summarizes
the results and suggests possible future developments, The
descriptions of the camera control and automatlc fooussing
programs are (eft to appendices, Chapter 7? desorlbes some
general problems ooncerning the design of robot systems In
particular and large scale programs In general, These
problems, or axamples of them, surfaced during the research,
Many of them remaln unsolved, In some cases, comments on
the principles uf solutions are glven with the descriotlon
of the particular Implementation of these solutions in the
current orodrams,

Gulde to the casual reader: Readers Intorested In
the corner-finder should read Sectlon 2,1,2, Chapter 3, and
Section 6,2, Readers Interested In callbration sheuld read
Section 2,1, Chapter 4 and Section 6,3, Those Interested in
visual feedback and not In the detal|s of how the scenes are
ana;yzed, should read Chapter 2, Section 4,1,2, Chanter 5S
and Sectlon 6.4,

10



CHAPTER 2: HAND-EYE SYSTEM HARDWARE AND SOFTWARE SUPPORT

2,1 Hardware and !nterface

2,1,1 Genera| notes

We have two goals [In the following hardware
» description, One Is to glve a genara| |dea of the hardware

Involved ¢o0 facilitate the understanding of ¢he WO pk
described, The other Is to describe In detal| the subsystems
and parameters which have had a marked effect on thls work,

. é.1,2 Imaging system,
- 4

The Imaging device Is a commercial vidlcon T,V
camera With stardard raster scan (525 Illness, 60 flelds/seoc,
112 Interlace), The video signal has a dynamic range of A=-1
volt (amplifier saturation and a special! limiting circuit

| keeps the signal from being higher), The p=to-p noise in the
: video slgna| Is approximately 608 mv, hence the signal to

nolse ratio (maximum 3lgna| to r,m,3 nolse) Is approximately
60:1, The video signal Is sampled at the pate of 333
samples/|ine and 256 |lnes/fle|d, Only one of the two
fields Is sampled, The number of samples/|ine was chosen so

| that the vertical and horlZontal distances betwWwean samples
, on the vidicon face Is s8qual, sometimes we call the

sampling points, "cells" since the sampled values actually
correspond %2o the average Intensity absorbed by a small cel]
on the vidicon face,

| The samples are converted to 4 blt numbers (2-15),
packed 9 In a word and shipped directly to core memory Via a
fast (24 Mbplts/sec) channel, The channel! bit rate IInlts
the number of blts/sample since no local fast buffer is
used, The sampling resolution Is approximately 6C2/1inch
or the vidicon face which corresponds to 1,5 mrads with a 1

| inch focal length |ens,
The digitizing process Is flexible In the sanse that

we can ety to the A/D converter which terval of the
full video signal dynamlo range ( 1v J) to vu as Its own
full range, The Interval] |s specified In nuitiolas of 1/g
voits, The location and Width of the Interval is speciflad
by two parameters TCLIP and BCLIP which wlll be called the

vre| lps”, (See Flgure 3), By using 8 contiguous Intervals
each 1/8 voles wilde, we can ef’ectively have 6 blts, Thig
is close to the maximum useful number of bits because of the
signal-to-noise ratio mentioned above,

We ghould note that the vidicon camera was designed
wlth tolerances sultable to an adaptable human looking at a

| ronltor connected to the camera In closed clrecult, Tne

11
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Fy tolerances that woe would |Ike |t to have as a measuring
devioe ape mych stiffer,

In cpder tO Conserve storage Space we can specify
which part of the tota| number of 256#333:=85248 samples to
store, This part |s called a "window" and is specl!fled by

| the flrst and last |Ine (FLINE and LLINE) and the first and
$ last sample on a line (LSIDE and RSIDE), The window Is

always rectangular and paral|e| to the scarnad peactangdle,
The nrumber, of |Ilnes the window Includes Is called Its
"helght" and ¢the number, of samples/iine Is calfed Its
"width", Each sample polnt can be specified by Its

y- coordirates in the "Image coordinate system" (i,c,s.). (See
ho Figure 4), The maximal slze window, |,e the one which

Includes a|l the samples, |s caljed the "frame", The 4 blt¢
rumber stored for each point Is called simply the

"Intensity" at this poling,

or From time to time we mgntion aso "actua| |ptensity"
id wrhloh Is the intensity of |ight refiected from the oblect in

the direction of the camera, The actual Intensity is

determined by the |ighting conditions and the reflective
properties of the object and, to a |esser degree, the
ref lective properties of the surrounding background and
other obJjeciy, This Intensity c¢auld be measured bY a

h [lght=-meter situated nea; the gamera,

For a glven lens and f||ter (We have & number of
each) there gre two factors which most affect the video

slgna| (evel, One [s the aperture which Is not controlled
- by the computer ano Is usually left full open to get the
- rax imum amount of I|lght, The other factor (3 the vidlcon

target voltege, When the automatic targat voltage setting
clrpcult (also called the automatic sensitivity clecuit) Is
operated It changes the target voltage spo that the video
signal corresponding to the high|llghts of the scene will be
Just below the maximum |eve| (1 volt), when more flexlbl| ity

z |s needed, the target voltage can be changed by the compute,
2g), In thls oase We have to take care not to "burn" parts
of the vidlcon face,

2,1,3 Camera oontro!

: The following ormera parameters can be changed by
the computer, They all have read-out connected to the
computer so that the change Is controlled,

(a) The |ens used can be changed by rotating ana

. turret With 4 |enses vf different focal lengths,

13
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f(b) The dligténae between thea (ana canter ant tha

2 face of the vidlgen can be changed, This la dene ay maving
tha whole vigigen., Thig dlstange determines the sgnge as
whlch the camera |3 focussed, This method of Torunging was
chosen sg that one mechanism |g needed lnatead of the four
that =puld be pesaed to contro] the focusalng ring sf eagh

: lane sepBrately., Als; the longer Toca|l lengt™ laps can be
fooupaed at ghortdr randes than la normally attained,

(gc) The gan and lit sng.as of the cameras can De
changed, Thls oroduces a translational as well as
rotational movement, (See Figure 5), For example! when
using the 1 Inch lens, when the camera !s panned so that an

; obJect which appeared at the extreme left of the frame Wil]
now appear at the extreme rlght, the lens center Is
transiated by approximataly 2.5 Inches,

The pan, tilt and focus servoes are of the samp|lng,
on/off with thpegshold (dead=Zone) type, With constant rates
(,06 rad/sec In tilt: ,13 rad/sec In pan and ,012 inch/sec
In vidlieon movement), The sampling rate [5 60
sampjes/sec, The thresholds (full) correspond to 1/5
depth=o0f=fle|d for focus and 3 meads In pan and tilt,

(d) A color fliter, which Is Inserted between the
lens and the vidicon face, can be changed by rotating a
whee| with 4 f{lters ( red, green, blue and clear),

2.1.4 Arm hasdwape and contro!

The arm has 6 degrees of freedom, which means that
within structural constraints It can position the hand at
any location in its working space and with any orlentation
(23),

The contro | of the apm |s much more sophisticatedthan that oo the camera (171,018), and wl|| be described
here very briefly,

The apm has two rotary Joints ("shoulder joints),
followed by a prismatic Joint, foilowed by three more rotary
Joints ("wrist" Jolnts), ending In a hand, All Joints are
actuated by D.C electric motors, The torque generated by
each motor is oontrolled by varying the voltage pulse width
supplied to it, On each Joint there Is an "infinite"
resojution potentiometer supplying position Information to
the computer via an A/D converter, On each Joint there Is
algo a brake to hold It In Its position after It stops,

The potentiometer readings are sampled 60 times/sec,
The position and computed vejlocl!ty are compared to the
desired vaiues for this |[nstant of time, and then the

15
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necessary t -gque Is oomputed for each Joint taking Into
’ aocount the varying weight and moment of Inertia loading

each Joint, At the end of the trajectory the remaining areoris nulied, |

Typlea| trajectory exacution takes ess than 4seconds, The accuracy of positioning over the table is ,1 to
4 v@ Inch, The repeatabl!ity of ¢he servo,(limited by the

resojution of the potentiometers and the A/D converter), is
03 to +85 Ipoh, |

The hand consists of two opposing fingers which are
opened and c|osed together So that the midpoint between them

’ remains fixed pejative to the arm, This generates a sweeping
and orlpping motion In the direotion of the fingers:
rovement,

7 addition to postion, orientation and Sangeol ofthe opening petween the f neers, the control program offers
’ other options which are very useful In the visual feedback

tasks described |n Chapter 5;

(a) Geragpingt The flngers ar® ciosed +i] the
opposing force exceeds some threshold,

(b) Placing: The arm Is moved stralght down (with or
4 without a grasped obJect) till the opposing force exceeds

some thresho|d,

The inside part of each finger |s protected by a
rubber cushion which serves also as an antl-slipping device,
Each of the cushlons contelns a touch sensor, actually a

) contact which opens when the Finger, Is pressed |ight|y
(about ,1 02, |s needed) agalnst an object, (See Figure 6),
We then say that the touch sensor Is "activated", nen the
touoh sensors are enabled, the arm and fingers motions are
stopped immediately when a finger touches samething,
Otherwise the sensors readings are Ignored, This "reflex" I's
the touched obJect. These touch Sensors were davised by
Vi. Sohelinman to help in the visual feedbaok tasks, An
ensemble of similar sensors situated on all slides of the
fingers and at selected polnts on the arm could be used as a
se |fe-protecting and exploring device [2],

A black rectangle Ig palnted on the outside face of
sach finger, We wl!il call] It the "hand-mark", It helps in
the recognition of the hand In the scene,

17
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: ~The operation of the arm Is carried cut In two
| stages! |

(8) TraJeotory generation: A sequence of needed
~ movements Ig planrad and checked for violation of [ts own

struotural oconstralnts, golng through the table, etc, tach
segment of the trajectory Is planned under the assumption
that the last segment wl|!| be successfully completed before
this segment wil| be exeouted,

One of the segments that can be planned ig a "walt"
segment In whleh the arm control program recelves ang
executes commands direotiy wlthout going through a planning
phase, The motlons that can be realized In thls segment Aare
those whioh do not slignificant|y ohage the position of the
arm, This feature Is used In the oorreotion phase of the
visual feedback tasks,

(b) Tprajeotory exegutloni The segments of the
trajectory are exeouted In turn unt!! one of the following
happens!

(1) The |ast segment Is successfully exeguted,
(2) The program reaciies a planned walt segment,
(3) The program detects an error or malfunction of

the hardware, |
(4) One of the touoh sensors Is aotlivated ( after

being enabled),

In the last two cases the control program enters a
walt state which Is equivalent to a planned walt segment,

When a "proceed" command Is glven |n the walt state,
the execution of the trajectory Is resumed In the next
segment,

2,2 Software environment and support

2,2:1 Genera| notes

in principle the software environment In which the
set of Ideas and programs evolved should be Irrelevant,
since the |deas and solutions are hopefully genera| enough
to have scientific merit of thelr own, In practice however
It Is not so and the Ideas and sojutlons are at least
Influenced by the software environment, We can look on the
scftware environment as a part of the general environment |
within whigh the hand-eye system has to operate, whlch alse
imoludes sugh factors as l1ght|ng cond! tlons,
electromagnetic Interference, mechanics vibrations of the
struotures, ete, |
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Becayse of Its relevance a short description of the
software environment and support Is glven In the following
sections,

2.2.2 The times=sharling system

The Aptifliclal Inteligence Lab computing facility
Includes the following components:

(a) Maln processor! Diglgal] Equipment Corp.'s
pOpP=-10/732. |

(b) Ayxiilary processor! DEC's pDp=6, which
hand|es the 1/0 devices, The hand and camera sOrVv
programs are executad on this processor In real time and i
parallel to the main program executed on the naln processor,
An Interrupt clock 13 connected to the auxljlary »processor
and makes it possible to exacute the programs Which are in
r6al time mode at the pate of 60 times/sec,

(c) Fast core memory of 256 Kwords (36 hit words),
The memory can be accessed directly by both nprocessnrs,
swapping c¢hanne| and varlous other channeis, The siz of
the user programs Is ourrentiy limited by the system to 0K,

(d) The system |s operated In a time-sharing node
only, All the Jobs which are active but do not have space in
the fast core are swapp®d to a special disk (at a rate of
408 word/msec), The number of Jobs sharing the system 2re
rarely less than 10 and frequent|y more than 32,

(e) The back=~up storage Is a set of dlsks wnere
flies are kept for each user, These fi|es can ba n-ogranms,
their oomplled versions, dumps (|,e core images), results
etc, Transfer between the discs and core memory is 2.5
times siower than swapping, |

(f) Hapdecopy output devices; A i(lne printer and a
cgigltal x=y plotter,

(g) The maln user 1/0 device is a keybgerd and a
display monitor, There are twc kinds of dlsplay r~onitors:
one Is a random access CRT type and the other |s a raster
scan TV monitor type, Both can display alphanumeric text
and |lne drawings, The |lne drawings are more nleasing on
the CRT type and vice-versa for text, Currently there are
six CRT type dl!splays (Information International Inc, ) and
sixty=four TY typo displays (Data Dlsc Inc,}. In addition a
number of teletypes of various kinds are connected to the
system,

2,2,3 Langyages

The high leve| language used Ir the programs
described here Is SAIL which Is a variant of ALGOL with an
associative data structure and Its manipulations added [271],
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When gpesd Is Important (although the complier is
efficient), or when writing parts of programs to be executed
on the PDP-6, assembly language |s used,

A nymbep of J variants, FORTRAN [V-and other
languages are avaliable n the system but were not used In
the current work,

2,2,4 The Hand=Eye Monitor [9)

Most of the programs needed to run hand=eye tasks,
for example the pan/tiit oajibration updating program
descplbed in Chapter 4, are too large to fit Into the fest
memory, The above mentioned program's size Is 4130 Kwords,
more complicated programs need close to 300 Kwords, In order
to be able to run,» the programs are broken Inte parts,
called "modules", that are smajl enoughto flit Into the
memory, Most of these modules are general enough to be used
in various tasks.

These modules are run &s pseudo-jobs In the timesharing system, Usually eaoh Job has Its own 1/0 device, In
order not to consume a |arge number of displays (up to 8
ourrentiy) and for the oonvenienos of the user all the
modules can communicate with the user via a single 1/0
devioe, Usually it Is a CRT type display monitor since
{ine drawings are heavily used as condensed and meaningful
outputs,

The communication between the modujes |s done in two
ways!

(a) Sending "messages" between the modules, Each
message Includes tha sender and Intended recipient namss,
the name of the procedure the sender asks the reclolent to
execute and the parameters needed by this procedurs,

(b) .Ajtering the vajues stored In memory cells in a
special aroa of the memory, cuiled the "world model", “hich
can be acoessed by all modules, The varlabjes in this part
of the memory are ocaiied "global" varlabjes,

The program that handles al| <¢he communigationsyamong user, modules, the time sharing system, 1/0 qevice and
the world moge| Is caljed the Hand=Eye Monitor. To carry oOUY
a specific task the following modules are usually used! A
wndrlver"” module which "knows" about the tasx, a number Of
ut! 11ty modules (8,3, the ocorner=-finder described in Chapter
3, oaamera controller, color-finder, hard controller) and the
hand=aye monl tor, The oonstruction of a general osurpose
deliver whigh would be abje to plan and axacute a family of
tasks Is a major oonoern and activity of A,1. research,
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CHAPTER 3: CORNER=FINDER MODULE

3.1 Introduction

3,1,1 Genepa| notes

The purpose of the corner=finder is to find |Ines
and corners (whlch are the malin features of planar bounded
objects) In a small area of the frame, utlilzing information
about the features to the extent glven to It. As 3uch. it Is
not a general scene analyzer (even |n the context of planar
bounded objects),and although |t can be used as part of one,
It wll] be wunecoromical to do so, The cornor=flindar
operates by analyzing part of the area (a window) at a time
and moving the analyzed window In a controlled search
pattern when needed,

Most of the soene analyzers used In robot projectis
operate In two steps: (a) Extract a line drawing from the
Image, (b) Analyze the |Ine drawing, The |lnes are
aotually boundarles between Image reglons of different
charaoterlstics, Two maln types of scene analyzers using
simple Intenslty Information have been developed over the
yearst

. (a) The “98d ien; ALEL Sa type looks forboundarl!es of regions by analyzing Intensity gradients at
Image points, Boundary points are points with relatively
large oradlents, Then a direction perpendicujar to the
gradient Is followed to get the next point to be analyzed,
The advantage of this scene analyzer Is that |¢ does not
have to proctecs all the points In the frame, It falls at
polnts where the gradients are weak; at very sharp corners
or when two |ines come close together [121],(1%1],

(b) The "reglon grower™ type agqregatos points based
on some similarity criterion to form reglons, Rules are then
used to merge regions Into blycer reglons, Boundary polnts
are defined gimply as points adjacant to two reglons, The
disadvantage. of thls type Is that every point ir the frame
Is processed several times (41),

The corner-finder uses Ideas from both these *ypes,
It makes rough checks on the exIstence of reglons In the
analyzed area For this purpose each point within the area
Ils processed simply to form the Intensi“y histogram of the
area, They It follows boundaries of reglons by using a
dissimilarity criterion, No gradient type processing is used
so that continulty Is not fost at points of weak gradient,
sharp corner, etc, Genera| scene analyzers do not use any
prlor Information because there is no reason for them to /
assume the ex!stence of such Information, On the other hand

23

|



the oorner=f; <r detoribed here uses prior Information down
to Ite lowesy I6ve]e, It can ued ae much Infsemation ne
glvon to It but does not reaulpe complete Information for
proper functioning, The design philosophy Is to use and
cheok against prior Information at the oear|lest possible
moment,

These {ntroductory remarke ar® followed by the
definition of ¢te;ms use¢ throughout and a more detalled
description of the underlying assumptions and reson
philosophy, Then we present the detai|s of the workings of
the analyzer (FINDIMAG) and the search controller
(SRCHIMAG), Last we deecribe the paramaters controlled by
the user, the format of the message procedure end program
output,

J,1,2, Definltlons of some terms

The term "corner" |s used to describe a number of
relaxed entities

(a) A corner of a physical planar bounded objectincluding the vertex, the edges and the faces associated
with this corner, The "location" of the corner refers to the
location of the vertex glven by Its three coordinates In a
coordinate system tied to the table, (See Figure 7(a)),

(b) The Image of the physica| oorner as encoded In
the stored Intensities, (See Figure 7(b)),

(¢) An approximate line drawing of the Image whlch
Is the output of ¢the oorner=finder program, The |Ilne
segmente emanating from the vertex and truncated by the
window perimeter are called again "edgee" of the corner,
The "location" of the corner refers to the locat|on of the
vertex of the |ine drawing glven by Its two coordinates In
the Image coordinate system, We distinguish between two
kinds of oorners § "simple" corners whloh have only two
edges, whlch wll] be called "sides", and "oomplex" corners
which have more than two edges, (See Flgure 7(c) and 7(d)),
The cornep=finder oan find only simple corners dlreotly,
Complex corners oan then be construoted from simpler
gorners, Generally, the vertloes and edges of simnle
corners found |n the Image will] not oompletely colncide even
If ¢the simple corners are parts of ‘he same complex corner,
Therefore we wl|| merge them to form a oomplex corner If
they are "close" (within some tolerinoe), and especially if
there Is some external Information which Indicates the
existenoe of a oomplex corner rather than that of several
separate simple corners, (See Flgure 7(e)),
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From here On the word corner Dy Itse|f wil] refer to
a simple corner of the line drawing,

The "Inside" of a corner Is the fasion of the Imagebounded by the two slides of a corner and noluding the angle
between the sl!des whloh subtends |ess than « rads, In an
Image of a Dlanapr bounded convex body (not obscuring or
obsoured bY other nodles) the Inside of any corner is the
Image of a part of the body and the outside Ils the Imege of
the surrounding background,

The slide which Is in a counter=clockw]se direction
from any ry Inside the corner |s ca!led the "flest" slide
and the other Is oalled the "seconu” sido, (See Floure
7¢(d)),

When the Image | 2% Judes edges only and no cornersthe Ine drawing will consist of separate |Ines only, We
call a line or oorner In the |Ine drawing a "feature",

We deflne the "form" of a feature as follows: If i’
Is a |ines, then the form Is the orientation of the (ine in
the Image, If It Is a corner, then the form Is the
orlentstion of both sides as given fop example by two pairs
of dlrectlion coslnes,

3.1,3 Baslc assumptions and design phil |oscohy

The following assumptions gulded the development of
the corner=finder, They are nct all necessary conditions
tor Its operation or sucoess,

The most Important assumption |S that some of the
properties of the oorner (e.9Q jocatlon, form and
orientation, relative Inside to outs lde Intensity) are known
at least approximately, They are known elther becaus® the
properties of the object whloh this oorner belongs to are
known (for example: the hand or a specific cube), or
becayse this oornér Was found before by the same or gimliar
programs, The reasons that these properties are known
sometimes on|y approximatejy are of the following flavours!

(a) Incomplete coordination between the hand and the
eye, as for example when looking at the hand or at an object
whloh was moved by the hand, This problem and some
solutions are disoussed In Chapters 4 and 5,

(b) The pan/tlit nead of the camera moved, and We
oannot predict accurate|y the new location of the corner in
the Image because Its range from the camera is Not known and
the camera head movement causes translation In addltlon to
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ILLUSTRATION OF THE DIFFERENT MEANINGS OF THE TERM: CORNER
(Continued on next page)
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rotation because the [ens oenter does not [le on elthr the
p&n of tilt axes,

Not aj)! the oropepties have to De Glven to the

program, The yger or a higher 10v4] program oan glve as manyof the properties as he (lt) decides to dlve, Actually the
properties are not nnily "glven® to the program, but the user
oan "demand" a ‘uatoh, Within a given te¢lerancec, of these
properties and the aotua| measvwred properties of the oorner
found,

The ourrent version of the Reogran rejects nny
corner whigh doa3s not matoh all the properties Jemanaed tobe matched, Another or future verglon might glve as an
angwer the oorner whloh matohee best, wmocording to some
given criterion, This version would take more processing
time and would become rather oomplex when the corner ls
sesrohed for by moving a window In the frame, Using the
flrst version Inetead of the second saves oprocess{ng time
(at the ooet of flexibl|lty end generality) at least In the
three folowing ways!

(a) There Is no need to compute the criterion and
make the compapleon for each corner found,

(v) Alter one or the required number of oorners
which matoh properly have Leen found, there |s no need to
look for more oopners which might have a be<ter matoh,

(c) A oopner oan ba reJjooted Immediately after the
flest misematoh. Is dlesocvered, This Is done by try.ng to
reJeot the corner after each stuge of the computation using
ali the Knowledge already avaliable at thls stage,

The prinelp!e mentioned In (0) Is also apolled in
the Initial stages of the processing Where the program is
trying to rejeot the hypothesls that there 18 any corner at
all In the gnalyZed window, For a trivial exampje, when I¢
Is found that the Intensity Is almost unlform over the
window, the hypothsis le rejected,

A second aseumption, whioh Is a necessary
oondition,is that eaoh reg lon. defined as a contigugus part
of the analyzed window bounded either by the perimeter or by
edges, W!il have almost uniform Intensity which Is distinct
from those of nelghbouring regions In the fol lowing sense
In the Intensity nistogram there |s at (east one noticeable
(see doscriotion of the block SLICE In Sectian 3,2.,2)
minimum between the Intenalty levels, (See Flgure 8), The
Intensity Is not oompletely uniform for the f{c|jowling
reasons: slight differences In the refieoting properties of
the surface and |lghting, nolse In the oamera 8nd
quantization of an Intermediate Intensity level Into two
adJaoant quantization |evelis by the A/D oonverter, This
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T assumption Influences the choloe of window size, (See
Flgurs 9), In some cases the presence of a simple corner,whioh is a part of a complex corner, can be Inferred from
other simpls oopners found In the window, See Figure 17 for
an example, Thl!s assumption ajac Influances the cholce of
window size, In most soene analyzers that look for polygons

1 In the image, stralght line segments are first fitted to the
set of boundary points, From these [Ine segments the
presence and lgoatlons of oorners (simpl|® and complex) are
computed, Because of the above assumption, the corner=findep
will tery to fit elther one |Ine segment or tWo connected
line segments (l,e, =a simple corner) directly to a set of

z cont!guous boundary points found,

A fourth assumption '3 phat the Image of the cornercocuples more than a oertalin fraction of the window area,
When a small region Is found it Is rejected because It Is
assumed that ejther It 1s a nclsy patch or that It 1s an

5 honest=to=00d oorn®r but that we do not see enough of it and
that It will be subsequently found agaln when the window is
moved around In the frame |n search of the missing corner,

We distingulsh between two kinds of scenes: One Is
relatively simple, for oxample when Jooking at the hand
alone, (see Figure 28), The other ls cluttered, for example
when looking at two stacked cubes, the top one still grasped
by the hand, (see Flgure 35(V)}, When we are looking for
rope than one featurd In the window, we impllcltly assume
that the scene Is cluttered, In thls case we do not [ike to
searoh wlth the simple minded search strategies described
later In Section 3,2,3 and leave |t to the user or higher
leve] programs to tallop thelr own search strategles to the
cluttered scenes they expect,

Some comments about window size: The window slze
which is pegular(y used nas a dimension of 18«18 raster

- units, When the 2 'nch focal length lens Is used it
corresponds to a fleid of view of approximately 1 degree
whioh Incidentally Is the fleld of view of the sensitive
part of the human eye, the fovea, The fovea however has
about 5 times more sensing elements In the same fleld of
view (5), t'e should note pnowevar the human ability to

5 resolve between palrs of Iines that are =loser than the
distance be~ween the sensing elements, carrying the atove
analogy a |ittie farther Wwe oan say that moving the window
In the frame Is similar to the movement of the eye in the
head, While moving the came,a lg slimija, to rotating the
head,

3
Thi: slze of the window was chosen In order to

fulfill the assumptlons that the window Is smallsr than the
Image of the oblesct So that each |Ine or ccrner Intersects
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the per’'meter of the window, but blg enough so that we Wli|
have enough boundary polnts to get a dood line fit, Also Wwe
want the slze of the window to he small enough s¢ that the
assumption of almost uniform Intensity inside the window is
Justified,

In oyr system, when we want to read In & w|ndow, Ke
have to walt uo to 1/30 seg, till thls window |s scanned
egaln, Hence we might save time by taking In the part of the
frame we want to search a|l at one time and then run on the
stored image, There are two disadvantages: Flrst In memory
slze and the number of memory cyoles, and second, we |ose
the flexinl|lty of ohooalng the clip levels for each window
independently,

3,2 Frogram structure

J | Genera | notes

We start wlth the description of FINDIMAG because
its detalls are needed to understand the descrintion of
SRCHIMAG whlch oalls FINDIMAG at varlous stages, However,
“INDIMAG 1s not dlrect|y callable by the + .ry (or other
modules),

3,2,2 Structure of FINDIMAG

The biock dlagram of FINDIMAG Is shown In Flgurae 11,
The names cf the blacks are by no means exact descriptions
of them, Not all the blocks, and not only blocks are
distinct procedures |i the programming language sense, The
descriptions of the blocks fol owt

OPENCLIP |
The cilp levels are set so that the maximum aynamic

range Is digltlzed,

INPUT
All the parameters (camera number, window location,

window slze and clip levels) ape checked for “heir Jegality
and then the window |s read once [nto store, 1f any oF
the perameters Is lllega| INPUT exlgs,

HISTO -
The Intensity histogram |,e for each interslty level

(@ to 15), the number of samples within the window which
have thls Intensity |s found,

SETCLIP '~ N
The ellp levels re set so that the dynamic range

brackets t* aetual range of Intens|ty levels found In
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HISTO, (See Figures 3 and 12), This insures that the full
» dynamio range of the A/D oonverter Is utilized without

losing any Information, This 13 Importent since the w.Jle
operation of the oorner=finder !s based on findirg two or
more maxima In the histogram,

The computation of the new clip Jevels |s as
J fo)lowst If MAX! and MINI] denote the maximum and minimus

Intensities In the window then

TCLIP=(15~MAX])/2 and BCLIP=(15=-MINI1)/2,

The c¢|lp levels can be closed even further byr snipping the talls off the histogram, This wi|]| MALY the
dynamic range even better without 1Josing Iinportant
Information, (See Flgure 13),

SLICE
HISTO 1s used to form the Intensity histogram (which

4 we Wil! ecajl H(1)), Then the maxima of the histogram are
found as fol |ows? There |s a maximum at Intensity I! If
H(]) Is Japrger than a glven threshold, H(lJ)2H(]=1) and
RCIIDHCI+1, (H(16) Is artiflic'ally made equa! to 3),( See
Flgure 14), The threshold |s emplricaliy fixed at 1/716 of
the total number of samples In the largest square Inscribed

¥ In the window In accordance with the assumption about the
corner image relative s|ze,

Afte, finding fro or more maxima, fe Intensitieswhich oound the Intensity soread in each region are computed
by taking the mid=points between the maxima, Intensities =i

5 and 16 are added to the |list of bounds, There |s an
option, determined by a parameter oglven to FINDIMAG, to
merge all the regions but the one with highest (or lowest)
'ntensity, Into one reglon, This option can save time when
It ly known that the Inside Intensity of the corner has the
highest (or |owest) Intensity in the W|ndow, In certeln

> oases thls serves also as an "antli=shadow" device, (See
Figure 15),

There are two axlt conditions from SLICE which wil]
cause FINDIMAG to terminate, The flrst occurs when it Is
gigscovered that SETCLIP set the clips at the same value,

% whieh means that the Intensity Is almost uniform over the
window, There }s no point computing the Hhistograr in thls
case since the noise wll] make It unreliable, The othe,
condition occurs when It Is dlscovered that the histogram
has only one maximum, Note that In this case the spread of

: intensities is larger than In the previous case which means
x that there might be actually two redlons In the window,

(See cases C & D In Figure 8), The reason for losing one of
the maxima In cases C & D Is that one or both reglons have
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(a) Histogram with open clips.

(b) Histogram with closed clips. |

(c) Histogram with snipping clips.

Fig. 13.

EXAMPLE OF THE EFFECT OF SNIPPING CLIPS
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EXAMPLE OF MAXIMA SELECTION IN SLICE



H(I)

} ~« THRESHOLD

1

0] 8 10 15

8 0 % MAXIMA .
SHADOW

a _, O40 «+ £1 ALL BOUNDSCBJECT BACKGROUND

ga 0 £3 BOUNDS SELECTED FOR DARK OBJECT

OBJECT

BACKGROUND i:

IMAGE IN WINDOW LINE DRAWING

Fig. 15.
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wider spread of Intensities than In cases A & FE, which
violate one of the basic assumptions,

1f I¢ Is decided to tey hardnp than the current
version of the corner=-finder, we car Qu In elthep or both of
tne following ways! (a) Make a more getal led anajysls of :he
histogram, (b) Try again with smajlep windows and check if
thele histograms peak at two different Intensitiss, To
compare Intensities of two cifferent windows the anzlog
video signal values have to be computed from the digitlzed
video sligna| and the clip setting In each case,

STARTCORNER

The copnar of the window where PERIMETER starts
checking for houndary points Is selected, It will be easler
to descrive thls bjook later,

PERIMETER

Using the gssumptions that the sides of the corner
Intersect the window perimeter one that the sides are
actually the boundaries between regions, the points along
the perimeter are checked In CCW order starting 2* a corner
of the window chosen In STARTCORNER, Using the bounds
computec In SLICE, the reglon which the starting point
belongs to Is astab|ished and oonsecutive points along the
pepimever are checked to see If they belong to the same
region, [ff the next point belongs to a different reglon the
block FOLLOW Is santered and the bouncary Is followed unt!|
It Intersacts the perimeter again,

Avter the Pousgery Information |[|s Dprooessed endthere Is 8 need to find another boundary, elther because
this boundary was rejected or because FINDIMAG was told to
find more than one feature Inside the window, PFRIMETER Is
entered again, The starting point now le the polnt next to
the one wherg the perimeter was |eft last to enter FOLLOW,
(See Flgure 16(a)),

In ordep not to trace each boundary twlce, once
coming from one region and then again coming from the other
region, FOLLOW |s entered only |! the next point belongs to
a reglon of higher Intensity In the case that we are looking
for & corner with [ow Inside Intensity, or by convention
when using a|l the bounds, and vVvice=versa when we are

looking for high Inside Intensity, These particular
directions are plcked because It [Is assumed that the

baokgeound |s more "nolsy" then the obJect’s actual ~~
Intensity, and hence we wWl|| get a smoother boundary by
tracing It from the Inside, When al| tounds are used, the
convention mentioned above wi[| [n some cases cause the loss
of a part of a complex oornep,(See Flgure 16(b)), This part
carn be recovered, however, by wunajyZing the game window
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again, thls time looking for a corner with high intensity.

FOLLCW

To find the bourdary points FOLLOW uses
maze=solving telckt walking witn the right hand continuously
touching the wali, Some added trlickepy is used to minimize
the number of points chooked In order to find the next poling
of the boundary as explained below, No point |s checked
twloe |f there ape no 100DS or Very sharp Corners,

After a point on the boundary Is found, {ts 8
nelghbours are ohecked (the samples are spacsd on a
reotangular grid) In CCW order, The flrst polnt whieh
befongs In the same region as the current one Is the next
soundary point, The direction of the nelghbour polnt which
will be checked flrst |s the dlagona| In CH direction from
the direction from the last boundary Dolnt to the oresent
polnt, (See Flgyres 17(a) and 17(b)),

FOLLOW wll| aytomatioaily ente, PERIMETER Agaln in
the following oases:

a) The flest polnt checked belongs to eo reg ondifferant from those of all |ts 8 neighbours, Such a point
Is called a slnoular point, (See Flgure 17(e)),

(b) The boundary loops on Itse|f and Intersects the
perimeter agaln exact |y at Its flrst point, This kind of
looping Is different from local |oops whioh are pruned In
the next block, (See Flgure 17(d)),

(¢) The nyspas of Points found on the boundary Issmaller than a threshold empirically fixed at ha|f the
smaljer dimension of the window, In accordance w/th the
assumption that the Image of the corner ocouc more than a
oertaln part of the window area, Ideally thls region
should be ruled out by the threshold In SLICE but there are
cases when we have {n one region a small patch of
Intensities In the same [Interval as another reglon, (See
Flgure 17(0)), Note that the above threshold oorresponds *o
a square reglon Whose area Is the threshold In SLICE, Any
reglon with the sama area Which "Invades" the window more
will have ga jonger boundary and thus would not be rejected
by FOLLOW,

FOLLOW uses two kinds of data structures in Its
operation, One Is a reotanguiapr array wlth the dimension: .?
the window, When & point at window coordinates I,J |s found
20 & boungary point, a 1 [|S storgq In cell los) IN the array,
so that If a point Is found agaln a geal lgep |s Indicated,
The other gtructure Is 2 |(Inear array In whleh the
ooordinates of & boundary point and the above number Is
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OPERATION OF FOLLOW

(Continued on next page)
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stored In the order In which the points were found, The USe
af we diferent date structures to stor® the same
information la of couras redundant but It saves rocessinggime, Inatepd f yslna the rpctanguinr array tw) oh can baidk wo-ds long ¥ a fullsize window Im waver used) the |Ineap
Array GAR be searched %0 tind cut If a Boundary solnt has
pean already found onod BF a hash codin@ acheme could Ds
used alncs the rectangular Brray lg sparse, THe ganers
problem of memory 812s needs va, processing time le
¢dlgeusaed In Chapter 7. Every tims that PERIMETER lasntered, the rastangulmr array s Ieppad and the | Inear
array pointer la rontt,

PRUNE
In PRUNE looal loops and branches are pruned from

the boundary points |inear array bY deletingall the points
between two ococurrences of the same point, merging thase two
cocurrences and compacting the array, (See Flgure 18),

PRUNE automaticaly enters PERIMETER again If thenumber Of boundary pO nts left after pruning !s less than
the threehold used In FOLLOW,

CORNFIT |
CORNFIT trles first to fit one straight Ilne to the

sat of boundary points, The f1t |s a feast square norma |
(1,9 operpendioular <0 the proposed |line) distance fit, If
the average (per point) distance |s more than 8 threshold,
emplrloaily set at 23 raster units, the ilne |s rejeoted
and a oorner ls tried, The set of boundary pointsIs broken
Into two sets after eaoh boundary point In order, starting
after the third point (empiricaliy ohossn) and ending before
the third from lanl poelint, A straight [Ine la fittad to sach
gubset In the gans senad as above, Some procesaing time ln
gaved by updating ths gums and UMD af sauarts Instead of
samputing tham mach time the break ig moved, wnlgh I's
getuslly moving K selnt from one subset <0 the otrar, Tne
broak whigh yields the minimal cverng® error is chosen Bnd
tha Average error |g compared $0 & threshold emp irlgnl ly Beg
at ,5 raster unite, [f the avepage error is |ar@er than Ne
thraghold, PERIMETER ls antered again, otherw|oe tha
Interssction of the Iwo |ipss ls computed, [1 the
intersection solnt {leg outalde tne window, the corner 1s
re jeoted and PERIMETER Is entered, This can happen, Tor
example, If two |linas whlch do not Intersect Inside the
window but come clos® together ar accldente|y connected by
a nolgy polng or pAgoh, or If ¢here lg & line which |g very
nolsy., (See Flguee 19),

The Information about the corner |S stored In. the |
tipst 7 of an 8 ceil |Inear array in the following ordar?
dirsCtion cosines of the first side (see Section 3,1.2 for
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definitions), dlrection cosines of the second slide, |ocation
of the vertex (In case of a [Ine it is the midpoint), al in
Image coordinate system, and whether a |ine or & corner was
found (1 opr 2 aocordingly),

A ilne Is trled before a corne: because if theboundary ls really a Ine, a corner would fl 't at Jeast as
well as a jine (i,e wigh sma|ler average ep: « The vertex
in this oase would be in &n arbltrary looavion along the
ine, Howaver the Information that the border |s [ndeed a
line is Important and shou|{d be preserved, Alternately a
corner could be fitted flerst and then a |ine should be tried
only If the inslde angle of the corner 1s oiose to » or one
of the sides is muoh shorter than the other,

We mentioned already that a patch on the perimeter
will be rejected because [ts outilne |s not long enough, If
the patoh is on the boundary It wlll elther be pruned out as
a branch or a Joop, or It Wlii silghtly perturb the | ine
fitted to the boundary points, A patch In the middle of a
reglon Would not be seen at aii, although it oould affect
the Intensity histogram,

The sityatlon that can cause fallure ajtrhough twa
peaks have tgepn found In the histogram are: (a) "Salt and
pepper” taxture, (b) A boundary oontalning more than one
oorner inside the window, Note that both these cases
ocntradlct the baslc assumptions so that fallure is not
surprising,

RELINT

If the boundary points were fitted by @& corne in
CORNFIT apd if a relative intensity matoh is demanded, | t i's
done In this bjock, To find the relative Inside intensity,

RELINT uses the following fact: [f the two highest boundsare used, and [f the first side was fitted by the boundary
points found flrst In FOLLOW, then the Inside {ntensity is
high, This situation Is oaused by the definition of corner
sides and py ths conventions estebilished In PERIMETER,
Siml|ar considerations are mace for the other combinations
of bounds used and Inside re|ative intensity, (See Flaures
16 and 17 for examples),

If the relative |ntans ty ls ohecked and a match ignot aohleved, PERIMETER |s entered agaln,

RECENTER

If the iocatlon of the corner or the midpoint of a
Ine Is not olose enough to the center of the window (the
thresheld Is empirically set at 1/8 of the dimension of the
window In each direction), and if pecentering !s nermitted
{as determined by one of the parameters), the window is
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moved so that its center wil] coincide wlth the vertex (of
4 midpoint) and the oomplete process !s started agaln, This Is

done partly because If the corner Is not centered, one of
the sides may be short and the ||ne fitted to It inaccurate,
Other reasons wl]! beoome apparent In the discussion of
SRCHIMAG,

d COLT
In this plogk the form of the fegture found is

ratohed |f a match Is demanded, The form of the feature to
match agalnst Is glven In the sqme data structure that Is
used In CORNFIT, A matoh Is achieved |f the cosine of the
angle betwesn the two slides to be matched Is closer to 1
than a thresho|d glven by a parameter, The ooslne of the
angle Is chosen as a opliterlon since lt Is easi|y computeD
from the direction cosines stoped In the data structure ang
Is Invariant to angle direction,

Three kinds of matches can be demanded, determined
by a number stored In the 8th ce|! of the glven feature data
gstruoture!

(a) Both s|des have to be matched,
(b) At least one of the found sides has to ma*ch the

flrst (second) slide of the given feature,
(c) At least one of the found slides has to match

elther of the slides of the glven feature,

If there Is no match In the |ast two cases PERIMETER
Is entered again, If there Is no match In case (a) a
oontra~match |s tried: we gheck to see If any of the sides
found has a dlrection oposite (within the above tolerance)
to elther of the glven feature sides, This information Is
needed to ald the searoh for the feature (see discussion of
SRCHIMAG), If no contra=match Is feuna, PERIMETER Is
entered agaln, |

The output of COLT Is stored in the 8th cel| of the
[Inear array mentioned already In CORNFIT as fo|lowst =1 If
no match was obtained, 2 |f a match was obtained‘In (a); op
the side that matohed (1 or 2) In (b) and (0), or the slde
that contra~matched In (a),

STARTCORNER

PERIMETER begins to oheck the points at a corner of
the window, If the form of the oornsr sought Is Known, 1,0,
stored In the data structure of the oopn@r to match agalnst,
we oan select a starting corner which will minimize the
number of points ohecked In PERIMETER before FOLLOW Is
entered, In the following way! In most situations we would
|1ke to trace the boundary from the Inside of the corner,
because Wwe egsume that the background Is more nolsy, |
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Tharefore we select the flpst corner of the window In =
clookwise direction from a'|] possibie positions of thre
flrst slide of the given oorner, as the starting polnt for
PERIMETER, (See Flgure 20),

MORE
MORE wlll exit under any of the following

conditions:

(a) The number of corners (or (lnes) that FINDIMAG
was told to find, have been fours ard properly matched,

(b) A oorner |s sought, there ls no demand to match
form, searching |s permitted and a |Iine was found,

(ct A feature |s sought while searching Is permitted
end a sorner or a |Ine was found which contra-matohsd the
glven feature form,

Otherwise PERIMETER Is entered again,

3.2,3 STRUCTURE OF SRCHIMAGE

The block diagram of SRCHIMAG is shown In Flgure 21.
The description of the bjocks follows,

SEARCH }
{tf search Is not permitted, FINDIMAG Is entered and

then SEARCH exlts, If search Is permitted, It Is done In =a
splral Scag” pattern, The first position of the gnalyzed
window Is chosen to be at the most propgble place to find
the feature as determined by Information which SEARCH has
aocess to, From thls position the searoh splrals outwards
with overlapping, (see Figure 22), At eaoh position FINDIMAG
Is called, The spiral search Is continued until one of the
following conditions Is satiafjed!

(a) The oopner or |ine searched for [Is found and
properly matched, a this case SEARCH ex!ts,

(b) A feature Is searched for with form match and a
corner or a |ine Is found whieh contra=matched the glven
feature, In thls case FOLMATCH is entered,

(c) A corner Is searched for, no form matoh Is
needed and a |ine was found, In this case FOLINE |s entered,

(d) The next wv. J position Is part)y outslde the
permitted seargh space, In thls case SEARCH exits and a
failure Is Ind]cated. The search space |s a rectangular part
of the frame, [ts oenter coincides with the flrst window
center and Its size Is determined by a parameter glven to
the module,

FOLINE
The position of the window when FOLINE Is entered isstored, Then the Window oenter ls moved slong the i oat ion
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of the line by steps of ,5#( window size ), If a |lne Is
found agaln, the window continues to move along the [Ine
t111 It preaches the searoh space border, Then the [ine is
followed In the other direction from the poelition stored
wher FOLINE was first entered t!|| the search space border
on the other aide !s reached, In thls case FOLINE exlts and
fallure Ils Indleated,

1f a corner whlioh matches properly (not a form
match) Is found, FOLINE exits successfully, [f at any
position nothing Is found In the analyzed window, or e
corner was found which does not match properly, the ssarch
Is abandoned In thls dlreotion, If It was the flrst
direction tried, the opposite direction |s eearched as
above, Otherwise FOLING exits and fallure Is Indicated,

FOLMATCH
The window center |s moved along the direction of

the slide that contra matohed, by .5%( window size ) if the
side belongs to a |Ine or by (2/3)®(window size) if It
belongs to a cornep, This difference assures that In the
next window position the cornar would not be seen at all,
otherwise the window would Be recentered on the corner 2nd
FOLMATCH would (oop miserably, If another feature with
contraematching side Is found In the new window position, It
is followed as above, Otherwise FOLMATCH exits, successfully
If a feature was found and matohed properly, with fallure
indication If not, (See Floure 23),

Flgupe 24 glves an example which shows Why
recontering P so Important for searching when form matoh is
needed, although It can cause looping If proper care Is not
taken,

3,3 User parameters and ocorner=finder module output

There are two kinds of parameters which the user has
to supply to the corner finder, global and formal, The
global parameters ar6l

(a) The number of the oamepa to be used, Currently
only one oamera Is used but shortly there Will be two,

(b) W} ndow epeolfioationst the coordinates of the
center In the l,c.8,0 width and helght,

These parameters occupy In that order the flest 5 of
an 8 cel] | Inoke array (oalled LOOK_AT), The other 3
contaln the current setting of the clips (BCLIP and TCLIP)
and the target voltage, These 8 parameters are needed ( In
orinolple) to oompute the light Intenelty distribution on
the portion of the vidicon face, corresponding to the
window, from the Intensities stored at the sampling points,
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For those who wlii sotuajly use the corner=finder
programs J] wlll use the names of the formal parameters as
they appear !n the program, The names do not necessarily
express thel, meaning, They are!

(a) BKGR (see d|sscusslon of SLICE In Section
3,2.2), BKGR can have three vajues! «1 when we want to US®
the two highest bounds, for example |n the case that we know
that the corner |s rolatively jlght; 1 when we Want to use
the two lowest bounds, for example In the case thas we know
that the corner |s rojatively dark} J when we want to Use
all the bounds, for example In the case that the rolative
Intensity |s not known opr that we are jooking for more than
one feature,

(b) INT (see discussion of RELINT In Sectlon 3.2.2),
INT can have three values! «1 when we want to match
rejative Intenglty and we are looking for [lighter inside; 1
nhen we want to match relative Intensity and we are looking
for darker insides @ when we do not demand a match of
relative Intensity, BKGR and INT do not necessarily have
the same valye although they usvally do, For example 1 ff We
want to trace a dark corner from the outside but match Its
relative Intensity, and It |s expected that we wlll have
only two reglons In the window, then we wi|l set BKGR to -1,
but INT to 1,

() SEARCH (see discussion of RECENTER apd MOREL inSection JY,2,2 and of the block 2 ARCH In Section 3,2.3), If
SEARCH>®, rocentering and searching acre permitted, Tne
cimensions of the segrch space are then glven py the value
of SEARCH+1{ times the dimensions of the window used, The
number of windows needed by the spiral scan to cover the
whole seapch space |s! (2eSEARCH+1)*2, If SEARCH=Z,
recentering 's permitted but not searohing, [f SEARCHCZ
nelther searching nor recentering Is permitted, In thls case
-SEARCH Is the number of features (corners and/cr |ines)
ranted Inthe window, Implleltly only one feature is
sought If SEARCH22, (See discussion of simple and
cluttered enviponments In Section J3,1.,3),

(d) TOLER (see discussion of COLT In section 3.2.2),
1f TOLERCS no match of form |s demanded, [f TOLER>Z, ~atch
of form |s demanded and the vajue of TOLER Is the tcjerance,
Since the toleranced |s compared with the differance between
1 and the cosine of the angle between the two slides to Oe
ratched, values of TOLER larger than 1 are equivalent t0 no
demand for mateh, The form of the feature to Match agninst
Ils given In the next and jast parameter,

(e) DJRC Is an 8 oe]l linear array, The first 4
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colls contaln the direotion cosines of the two sides of the
glven feature, The next 2 contain predioted coordinates of
the vertex of the oorner, They are not used In the matching
Drooess, The 7th call dtermines if a line (1) or a corner
(2) Is sought, The 3th ceil determines whether we demand
match of both slides .(B), fipst side oriy (1), second side
tineap aprays, one for each featured If SEARCH, described

When the cornep=finder is working under the hand-eye
ronltor It 1s aotivated by the follwing message procedure!

SRCH=TMAG{BKGR, INT, SEARCH, TOLER, 31007}'n this case the following outputs reside In global cells.

The output of the corner=finder ls a set of 8 col
|ineap arraYs, one fop eaoh feature if SEARCHCH, describeD
in CORNFIT and COLT in Section 3.2.2. IN MORE It |s declded
If a feature, which |3 stored In the last array filled,
satisfies ajl the demands, otherwise this array ls erased
from the get, {f the cornep=finder falled, the reason for
fallupe Is stoped (as a number) in a special cell (called
EYEFLG), For debugging purposes many Intermediate rosults
are displayed during program execution, (See Figure 25 for
an example),
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CHAPTER 4: CALIBRATION UPDATING

4,1 Introduction

4,1,1 Genera notes

The purpose of the calibration updating programs is
to maintaln the acouracy of the camera mode| against changes
over time,

We start the discussion by degorlbing in detai| the
general Causes of the Inacouracies of the hand-eye system,
especially those affecting the precision of manipulations,
Then we descelt® the oamera model and Its calibration
programs as devejoped by 1, Sobei (263, Anajysis of the
causes of varlations leads to the description of the
updating of the pan tilt and focus parameters,

4,1,2 Hand eye coordination

Let ys define a npomipal coordinate system (CeS,)
which we cal| the "table coordinate system" (t.,c.s,), (see
Figures 1 and 26), as an orthogonal right-handed three
dimensional system with!

(a) The plane 238 |s "close" ty the face of the
table,

(b) The orlgin is "close" to the corner of the
table near the apm,

(c) The x and y axes ape "close" to the edges of the
table, (x going upwards In Flgure 1 ard y to the jeft),

ach e can he n e def b
tripie of Bora wh ch are Its rata in HI PY We
(the users) do no% have any means of finding this trinle of
numbers since +he t,0.8: Is hypothetical, We can get
dpproXimations by the use ,f some assumptlgns (fqr exampie,the planarity of the table's face) and some measuring
‘devices I|lke rulers, a rlght angle tripod and a grid paper
glued on the table's face, We wii! oall this epnroximation
the "user=table coordinates" (u,t.c,}) of the point,

The hand=aye system has two Ways to find
approximations to the coordinates of a point in the t.c.S.:
One |s by using the camerats) and the other by using the
arm,

Flpat we wlli dlscuss the determination of 3=D
coordinates ys)ng the camera(s)! The use cf cone view: from
one camera, 1s Inherent|ly not enough to determine 3=D
coordinates, This problem |g dlscussed extensively
elsewhere [26], 1 would lke however to comment on four
possibile solutions!
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(8) Stereo= |.0, the use of two views obtained with
one or two cameras from two Doints whigh are not collinear
with the polnt to be measured, The main problems with this
sojution are acoursaoy for "narrow angle" stereo and
cc--9spandar~e for "wide angle” sterec [21],

(b) Focus Information The automatic focussing
rodule cen be used here, [ts accurgoyY oan be estimated by
the minimal depth of fleld Information given in Appendix B,
(,5 to 1 Inch) which Is not enough, See also [11],

(e) Stadliametrlo Informat|on- {,a, the use of knowndimensions of obJeots, This method Is comparable £ accuracy
to that mentioned above for the automatic fooussing program,
The accuracy here |s timlted by the accuracy of the scene
analyzer and inherently by the resolution of the sensor,

(d) Support RYDOERes) ss i 100 Susaiying externa]
information that the point Iles on a partiouiar plane orline specified In the t.C,s. This method ls the one used
extensively [n the hand-eye system In ways described In this
report, (see also (22) and (811},

A fifth, somewhat unrejated, method uses control lod
illumination of the scene, This method was Implemented Dy
Aglin at Stanford, using & planar laser beam to scan the
soenefll,

The most common application of the support
hypothesis Is when a point [les on the surface of the table
whieh we assume [s the plane 2383, The approximation computed
by the camera using the support hypothes!s we Wil| call the
neamera=~table coordinates" (c.t.c,) of a point, The
difference between the ooordinates of a point in the t,cC.s.
(whieh we can not measure) and Its o,t,c, have the following
causes

(a) the quellty of the assumption that the table
surface Is the plane 2&2,

(b) the quality of the Image,
(¢) the precision of the soene analyzing routine,
(d) the quality of the mathematical mode] of the

camera,
(e) the precision of the Invariant parameters of the

mode|, and
(f) the quality of the mesurement of the varlable

parameters of the model,

(g),(c),(d) and (@) oontribute the degerministiocomponent of the difference. (b) and (f) contr] bute the
random part of the difference, When we approximate
differences of ooordinates of two close points, using thelr
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Images In the same frame, the main contributions to the
error are (pb), (c) and parts of (d) and (e), The purpose of
the camera calloration program developed by I. Sobel is to
reduce this dlfference by improving the precision of the
invariant papameters of the mode], Some of the parameters
assumad Inveplant are varying over time, One of the purposes
of the calibration updating orogams Is to "track" these
variations, The remaining varlations add to the random
component of the difl/erenoe,

We now proceed to descelbe the determination of 3=N
coordinates using the arm, Wher the arm control progran is
glven a command to place the arm at some position, lt tries
to put the mldpoint between the tips of the touch sensors at
this position, Using the arm mode} and the reading of the
potentiometers on the arm Joints, Wwe can compute an
approximation for the coordinates in the t,c.s, of anv point
whose position relative to the rand is known, For example,
If we assume that We know the exact opening between the
fingers and the thickness of the rubber pad of the touch
sensors, among other dimensions, we can compute the location
of the hapdemark, We wlll call this approximation
"hand=table coordinates” (hoteCs).,

Note that when a cube of known dimengslons Is grasped
by the hand, we know the rejation of Its corners to the
reference point of the arm only In the direction of the
sweeping motion of the fingers (perpendicular to the finger
face) but not In the other %vwo directions, Hence the arm Can
not be used as a genera| measuring device, and we use the

| approximation given by the c,t,Cc, as our standard,

The causes of the differences between thecoordinates of a paint in the t,c.,s, In Its h,t.c, are
simljar to oauses (d) through (f) given for the camera, The
arm callbration program tries to reduce this difference by
Improving the vajues of the Invariant parameters of the arn
rode |, |

The d|fferences between the c,t.c, of a polnt and
its h,t,0, have much more Importance to us than the
differences between either of them and the coordinates of =o
point In the nominal ¢.0.8, (Or its U.t.0.)r since the
glifferenge hetween the 0O,t.C, and the h,t,c, directly
affect the preclslon of manipulation, We will call this
aglfference; "coordination error”, One of the purrosés
of the calibration updating programs ls +o reduce the
coordination errors, In the visual feedback tasks the |
residual coordination error |s measured In each situation
and then reduced (bejow a given threshold) by incrementally |
spec!fled movements of the arm,

[
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From now on, when we mentlon Goordinates in “he

teG1800 WO agtunily mean an approximation, Hopefully I¢wii| be clear from the context Which mpproximation we mean
(UstsCys Ct. Cy OF ReteColdo

4,2 Camera mode! and calibration

4,2,1 Camera mpdall Genepn| notes

The camera mode] hes two parts whieh are called The
gxtapna| and the Intepna| moae|, The external Medel dénla
with the parameters which affect the transformaticn of the
gxtornal score to an Image formed on the vigleen fage, Tha
Internal mode! describes the scanning and sampling orocessdas
ay whlegh thlyg Image ls sonvepted to readings at the sampling
palnte, The moda] Is geometric In nature and not
photomatrlea, Tha mode! allows us to compute for emch ooint
In the extarna| world, spewglfled for exampl® by I(%3 3
coordinates (mn the "table goordinate system* (%t,0,8,}s the

gamp| Ing polnt In the |,c.8, Which corresponds to sach pointand v,v, (In shilg omg lt wij] om & ry in the %,c,8, &AC
nat & peingi,

ma osometrlzs mode] and Ite emnjloration procedure
ware developed by |, Sobel [28], A ghotomegrlie mode! wap
dave lpped by J, MM, Temenbaum [281].

4,2,2 Cameras axternn| moda]

The an/t!|t head and focussing mechanism aredescribed In the mode| as follows (see Flgure 26):

(a) The pan axils Is perpendicular to the "taoie top"
(this is ths name given to the plane 2=@ In the t,c,s.)s end
plerces It at point (P1,P2,0),

(b) The t!|t axis |s perpendicular to the pan axis
and Intersects It at polin% (PL,P2,P3),

(6) The location of the lens center and the
direction of the Srircipal ray |s described as fol jows: we
define a ccordinate system whieh wil be called the "camera
coordinate system" (o,c.,s.,) so that Its origin Is at the
lens center, Its rotation relative to the t,c.,s, Is defined
by the pen and tit angles and a fixed rctation angle around
the principal ray called SWING, The Z axis ls in the
direction of the principal ray, the y axis |s in a plane
almost (because of SWING whioh Is small) perpendicular to
the tabi® top and pointing towards the table top, The x axls
completes the c¢.S, to be a r,h,s, The Intersection nf the
pan and tit axes-ls Jjocated at polnt (eDP1,~DP2,«DP3) In
the 6,¢,8, Note that focussing Is done bY moving the vidiocon
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and thus OP1,0pP2,0P3 remain fixed for a given lens,

(d) Tha wldigcon face Is perpendiculbr x theprincipal ray and Ils located at a distance, which for
goenvenience wl|| be called "fog", from tne Jenm center Ir
the 2=dlpmgt]|on of the oe, 0,9, It ls mggumeg that the ootice
gan bw desorbed By the gimple single lara @ecmegelc mode]
with the faecal length goec|fied on the (ens ass®mb ly,

(a) The pan And 11% and|es ang the glestarce foc can
nat be rend alrsotiy bY the computer, Instead, throes

- potentiometers (pots) are used, two clroular and one |inear,
They are Connected to a regulated power sSuUDD|Y, The
voltages at thelr wipers are converted to digital fopm- and
stored when neccesary, We assume that the pot readings are
| Inear wlth the pan and t!|t an@les and foo, and hence 6
parameters, scale and offset for each, are needed tn convert
the readings to pan tlit and foc, These parameters are
cal|ed PPOTO, PPOTD, TPOTO, TPOTD, FOCLENO, FOCLENG,

The camepa ox tern mode| |s thus specifled by 13capameters: Pi, P2, B3, SWING, OPi, OP2, DPS, PPCTE, PPOTD,
TPOT2, TPOTOD, rOCLENB, FONLENg,

4,2,3 Camera Internal mode|

The scanning and sampling prooesses are describedin
the model as follows (see Flgure 27)!

‘a) The x and y axes of the |,c.s, are parallel to
the x,y axes of the C,C.8.

(b) The principal ray plerces the Image plane at
point (PPL1,PP2) of the 1¢0¢8,

(¢c) The sampling resolution Is KX semples/inch In
the x dlrectfon of the l,c.sy (l,0, sampling along a scan
| Ine) and KY samples/Iineh In the y dlrectlion of the i.C.s,
(l,& the numbap of Illness per Inch scanned), Usually KX
diffe,g f,om KY by only a few pe.centg,

(d) The scanning starts at the orlgln of the i,c.,s.
The scan Ilnes are a|most paralle| to the x=ax]s of the
| ,c,8,0 8Ince each [Ine ends where the next |line starts,
Hance the [ines are at an angle of 1/333 rads, to the
x=ax|s, Subsequent lines |le In the y=dlrection of the
| Ce 8. ”

(e) The effect of |mage Irversion by the camera is
cancelled by the fact that In reality the scan starts at the
lower rlaght hand corner of the frame and not at the {,C,s,
orlglin,

The camera Interna| model |s thus specified by 4
parameters. PPL,PP2,KX,KY,
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The computation of the transformations between the
l.¢,8, and the t,c,s. from the 17 parameters, the J pot
readings and the lens focal (ength |s explained in detall In
(26) and 1s summarlzed In Appendix A,

Like ¢he camera, the arm a|s0 has a mathematical
model, This mode] has 32 parameters whioh are used, wlth the
readings of pots In the arm Jolnts, to compute the
transformations from the ¢,c,8, to the "rand coordinate
system" (h,c.s,, @ c,s, tiled to the hand) and vice-versa,

4,2,4 Camera model callbpation process

There Is no easy way to generate aoallbrated imageon he vidloon face Without using an external object (11ke a
T.V ohart) and the camera optics, Also there Is nc sasy way
to measure an Image formed by the camera optics dlrectly
without using the vidicon and the scanning clrcvits, hence
we have no practical way of callbrating the external and
Internal models separately, A separate ou|ibration can De
done by a cut-and~tpy method as follows: Guess the values
for the parameters of one mode| (say the external mocel),
using these values, calibpate the parameters of the othep
rode] (the Internal model), Then using the new values of the
carameters of the flpst mode| callbrate agaln the second
rode] and so on t!|| some convergence concdltien I's
satlefied, This method was trled by Sobel] and was found to
be time consuming and Ineffective, Althoush the time
needed for each lteration Is relatively short, (since a
smaller Number of parameters {ss handled), the number of
Iterations ngeded was large,

The calibration process developed by Sobel used the
full (external and Internal) model and Vs described below:

(a) An object (usually a black L shaped book end) of
known slZe |g put on the table at a known pesltior, A
plecture of the obJect le stored with the readings of the pan
tit and focus pots and the location of the otJect vertices
In the t,c,s, This process |s repeatad 10 to 27 times for
various locatlons of the object on the table and various
locations of Its Image In the Image plane,

(b) An edge=follower program and a |lne=fltter
program, whlch are aiso modules of the hanu-eye system, are
run on each plcture stored and the locatlon of the vertices
of the obJect In the |,c,s, |s determined,

(z) A guess of the values of all the parameters of
the full mode! 1s made, Using these vajues and the pot
readings associated wlth each oicture, the trarsformatlion
from t.c.8, to !,c.s, |8 computed, Using the trarsformation
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. and the locatlons of the vertices in the t,c.s, stored Witheach ploture, a predlotion of the vertioes' |ocatlors in the
l.c.8, |s computed, The prediction Is then compared to the
l.c.s. locations obtained In step (b) and @& rool mAan
squarp®, (RMS), distance error Is computed, averaged over all
vertices and all pictures,

(d) Step (c¢) Is repeated while the values of the
parameters ape changed so as to make the RMS error smaller
In each [teration, Two kindy of parsmeter minimlzetion
routlnes are used, Nelther needs to explilcltly compute the
values of the flpst or seoond derivatives of the RMS error
with respect ro each parameter of the model,

The cajlibration processIs done separately for each
lens, The R,M,S error that Is acrhievec when 20 plctures are
used Is 1 to 2 raster units,

The values of 30m of the parameters alffer slightlywhen callbratad for different (enses, although they are
known to be Independent of Jens type, For example}
P1,KX,PPOT3, TPOTD., This polnts to another acvantage of
calibrating the whole set of parameters togethert there I's
enough "freedom" to compensate for changes in some
parameters whlch depend on the lens type, but were not taken
into account In the model,

Since the transformation equations do not use the
lens tonuns ne equution but only the magnification, the
rode| used by Sobe| has a scaling variable "fmy" which can
be defined In the terms of our node| as: fny=foceKY and a
parameter MART deflned Dy! MART=KX/KY, Also two cther
parameters, FPQTZ and FPOTD, are used |nstead of FOCLENZ and
FOCLENG to convert the focus pot reading directly to FMy,
Hence the mode| used by Sobe| has 16 parameters! Pil, pe, PJ,
oP1, OP2, DP3, PPOTO, PPOTD, TPOTO, TPOTD, FPOTO, FPOTD,
SWING, MART, PP1, PPZ,

4,3 Calibrat!on updating, genera| Notes

After a ch} jordted mode) was obtained by Sobel, weused the corner=finder described In Chapter 3 to find the
c.t.c. of some points on the table, They differed from the
u.t.c, of the same points by about 2.2 Inch, These

L errors are 2 to 4 times f[arger ‘han that corrsponcling to an
error of 1 raster unlit on the Image plane (the
correspondence depends on the pan and tllt angles) quoted by
Sobel, This result Is resonable since the errors cemeutfd
by Sobel were for oprecisely the points Used In the
calibration process,
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It was noted that after some time (on the opder of a
wagk or twa) the performance gf thes mpdei duterlorates ang
the w®rrors grow to 8.9 to 1.@ Inch, Some of the garEmeters
ars not mode| led oorrectilyY BAY mare, One remady ls to repeat
the whole calibration process every few days, This romedy is
very time consuming (about 30 to 43 minutes of computing
time) and wopy frustrating, An alternative ia to find the
parameters that have ghanged apd updaze them only, Tha
updating of some CAramegers gould alse partially compensate
for shanges [n other parameters, Hopefully thls process
would be muah grters Algo, It poujd emsl|y be automatesginos the existing callbraglion, 4} shougn mot @oocd eRoudhanymore, Iu gufflolent to direct the po nting of the camera,
fosus !t and search for the Image of the vertices using the
oorner=f Inder described |n Chapter J all under computer
control with no manual intervention, This solution was
pursued and |s described below and In subsequent sections,

Me sar divide tha parameters inte three groups|

{ge} Parameterg whieh depend an the physlce|
diminglons af the camepn agsemb|yi Py,P2,P3,0P1,0F2,0R3,

ib} Faraneters whigh depend on the operation afgslectronle clroultut SHING,PP1,PP2,RX. RY,
fe) Pargmatery whieh dapind on volectrioal™

properties guch AB the pots and tha ASD convertar powder
supp| less the pota' linearity, #01 pPOTE, PFOTO, TFOTAE,
1POTD, FOCLEN®, FOCLENG, The parameters FPOTR and FPQTD used
by Sobwe]| depend on both the feocus pot ngloctric™
gharagterigtics and the slsctronle seanning clroults,

Tha flent A vo . of ghranstses im the |enstsusceptible to change w th tima, The other two are ROre
susceptible to change, of the segend Group DAFPAPBTErS, SWING
(whlgh |g sbgut 1 ded.)s PPL and PP Yi have on|¥ ssoongorder effect on the acguracy of peal!tion predliotiong, ®ven
with a change of 20-30% i the cape of PPL and PP2 or 100%
in the case of SWING,

K%, KY and the third Group DRr&maters nave similaref fagts on the mgsuracy. The sgouracy lg more senaltive To
the changes In the pan ANG tllt pot eenatanta than to the
fegus BDOt condtant® or XK and KY ae can De® goen Im the
following sxamgiet & change Im PPOYP of 1X ef (+s tots]
range, whiagh Vs at lemet AF de, wlll eaus® an srror In
peslilon rf 2,4 Inoh at a point on the Hp whiogh 1s 40inches fron the lens center (a typlen| d stance), A changes
gf 1% In KX “ll gayse a ponltlon wperop of B,1 In h facethe game gonglglons ap AboVYe If tha Imgge of the soln 8 Ktthe border of the Trams, This error wii) degremss |inearly
with the dlgtange of the [mage of the aoint, from the point
(PP1,PP2),
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Becayse of the above oonsiderations It was declded
to start with the development of an updating scheme for the
third group parameters, flrst the pan and tilt pot constants
and then the focus pot constants,

4,4 Pan/ti|t head calibration updating

We have two routines to update the calibration of
the pan and tl|t pots, One of them uses the corners c¢f cubes
placed on the table at known jocatlons, This routine is not
as completely automatic as we Wish |t to be since the cubes
are manually placed at those |eccatlions, It aims at reducing
the differences between the ooordinates of a point In the
t.c,8. as approximated by the user and the approx imation
glvean by the ¢,t,C.,

The other routine uses the arm |tse|f Instead of the
cubes, Since, In general, the Image of the hand at the enc
of the arm Ig still too oompllcated for the visiun programs
to analyze, a black rectangle waz painted on each of the
fingers (the hand-mark), Also, the hand |s rotated so that
one finger !s facing the camera, hiding the other finger and
parts of the hand, (see Figure 28(a) and compar® with Figure
28(b)), 1f the calibration has not changed too much,
we can ask the corner~finder of Chapter 3 to search for the
corner of the handemark without Its getting confused Dy
othep features of the arm, Demanding a match of form and
relative intensity helps the corner=finder to recognize the
hand=mark, Since there are no other objects on the tahle
when the callbpation updating programs are run, we can |et
the corner=findep search In a falrly large area and so
handle large Dparameter changes, We ap® |Imlited however in
one direction by the presence of the upper part of the hand,

By using the arm we achleve two goals: automating
the process and reducing the coordination errors, In effect,
we Assume here that the deterloration nf the pan and tilt
parameters Is the only cause of the coordination errors, (We
rake a s!mljar assumption for the focus pot In the next
sactlion), We update the parameters to minim|lze ths measured

coordination errors, actually we do not measure them butonly thelr effect on the location of the handemark corner in
the |,c.8., (s68 stop (0) 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 the next cube), Centeriny is |
performed to ascertaln that the image of the corner sought
Is In the frame and that the effect of the changes In
Intepral mode| parameters |S minim|Zaed, The precision of
the centering process does not affect the updating,
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Fig, 28, THE HAND AS SEEN BY THE CAMERA.
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) (D) The oamera transformation Is Computed for the
new (oentereg) position, The coordinates of the image vertex
and the form of the Image corner are then computed using
this transformation,

(c) The cornep=finder Is called and given the above
Information, When fo I the cubes, we chose dark colored
cubes on a [|oht background or vice-versa, When using the
hand the corner of the hande=mark |s sought, In bath
cages a ro|agive Ingcensity match |s demanded Ir addltlon to
form match as mentioned before, If the corner Is not found,
as happens occasionally when the calibration has not boen
updated for some time, the routine goes back to step (a) and
to the next cube or apm position,

After the corner Is found the error between its
actual and predicted [ooatlon In che l,c.s. Is computed,
This error Is used In two Waysi Flpest, We assume that at

| least part of the error Is systematic and ence we add the
error to the predlioted location of the next cormer before
calling the c¢copner=finder, This turned out to be a rea]
winner, Second, we compute what the pan and tlt angle
should be |n opder that the actual and predicted |ozatlons
wll colnclde, We record these angles with the actual
reading of the pan and tlit pots,

(d) After data has been collected from a|| the cubes
or arm positions (Jess the cases Where the corner has not
been found), two gt alghy |Ineg a,0 fl¢eed to two gots of
points with the pan and tlt angles as abscissas and the pan
and tilt pot readings as ordinates, The coefficients of the
two [Inés are the updated pots' parameters for pan and thie,

4,5 Focus cajlbration updating

As noted before, Sobel's model combined KX and Ky
with foc because there was no way to distingulsh Setween
them, One reason Is that when the measurements were taken
for the calibration, the camera was focussed on the
calibration obJect as a whole and not on any particular
point which could be used to oajculate separately the
coeffliclents fop the focus pot, On the other hand, we need
exactly those separated coefflclents in order to calculate
the focus pot setting needed to focus the camera at =
particular range,

In this case also, either a get of cubes plaged on
the table, op the arm Is used, The positions are chosen to |
present a vepliety of ranges, The updating is done in the |

following steps! | i
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(a) The camera I!s oentered on the next position of
the arm (or the next oubo),

(b) The oamera !e fooussed on the oorner of the
handemark on the finger (which |s made to direct|y face the
caméra), or on %he next cube, by moving ths vldlcon (lo
changing foc), In the beginning the fooussing wes done
manually, Then we added an automatlo foousslng roytlins which
wag deve (oped by J,M, Tenenbaum (28), (See Appendix B), In
the |a%ter oase the oorner~finder lc called firstto examotly
locate the oorper before the automatic fooussing routine Is
oa| led, The 4 pot reading Is then recorded,

tc) The range from the |ens center to the abovecorner Is computed, and then using the foous equation the
Sor reanbndT ha vajue of foo Is oomputed and recorded,

(d) After all dete has been ool|eoted a straloht
line Is fitted to the set of polnts with the oompyted values
of foo as abso{ssa and the Toous pot's readings as ordinate,
The ooefflolents of this |lne are ‘he updated focus pot
parameters,

It wag not?d before that when callbpating for
different lenges the parameters were not forosd to .take the
same valuasg evenIf there was no reason for them to be
different for dlfferent |enses, In the cage of the fooue pot
parameters we have to stray from this principle, The reason
I's that for the smali fooa| length lens, 1 Inoh, the depth
of fleld Ig large enough so that we can not flit ¢ iine to
the readings with enough oonfldenoe, Hence ws use ¢he fact
that the slope of the [ine has Indeed the same value for al|
lenses and only the blas changes, Thus a long focal |ength
lens (3 Inch) Is usdd to cal'brate the slope, For the
smaljor focal |ength lenses only the bias |s updated by the
above process ysing the slope already obtalned,

Since we do not yet have a Qood exiernal way to
measure the quallty of focussing , we have to rely either on
the self scoring automatic focussing module or on a human
obsepver and the monitor to Judge that the updating process
Is adequate,

4,6 More remarks about updating

When the S8g/4da¢ lon of the papameters [3 so grae,that the corner=finder cannot find the hand=mark, elithep
beoause It !s out of focus (If the degradation Is of the
foous pot parameters) or beoause It Is out of the search
space (If the degradation Is of the pan and tlit not
parameters),or both. In thls case we use the man,a| mode of
the update programs,
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The manya| mode for the focus pot updating orogram

wag described above, In the pan and tlit nots update program
we have a provision for manually positioning the windew on
the desired corner, Usually this has to be done onfy for the
first position of the apm because of the "Instant
adaptation" degorlbed In step (cc) of Saction 4,4,

1f the hand mark Is out of focus, the focus updating
routine (in manual mode) has to be called first, After that
the pan/tllit updating routine can 39 called, Then we should
call the focus updating program once again to maka the mode]
more accurate (this time It can be called in automatic
rode), The apove cycle can be papeated two or three times
unti| no more [mprovmants can be made,

There are some alternatives to the use of routines
which are axgcuted specifically for the purpose of updating:

(a) The coordination eprors (i,e differences between
the ¢.t,c, and h,t.0.) 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
subseaquent|y for this region of the table, Interpolation
between locations for which the coordination errors Were
stored should be considered, A similiar scheme is used in the
visual] feedback tasks to augment the usdating
gone With the poutines described in this chapter,

(b) The values of the errors are used to update the
rode| each time an error above some threshold is cetected,
The correction term should be we |ghed appropriately,
otherwise the mode] wi|| "thrash", |

(c) The od it. of the Sirars ape stored pegularly.{f a degradation of the mode| |s detected (based on more
than one @pror), .then al|| the stored errors are used to
Jypdate the model,

For the pans/tilt updating, the equations for (b) and
(c) are more complex than those described In Append) x A for
the method of Section 4,4, since the errors are not
necessarily observed near the plercing point of the
prinoipa| ray,

The advantage of the Blsernztive methods Is that nospeciml programs, Op the tire to run these programs is
needed, The disadvantage |s that we have to make sure that
the ocordination errors were detected andmeasured with high
rejfability, This Is not a problem with the special purpose |
programs since the environment (s very simple, but it could
cause troubie during regular operation, where the
environment Js often cluttered, |
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‘ CHAPTER 5: VISUAL FEEDBACK TASKS
5,1 Introdyction

5:1.1 Genera| notes

The purpose of the visual feedback (v.f,b.) tasks Is
r to Increase the preoision of the manipuiations done In the

hand-eye system, The feedback currently does not take into
account the dynamic aspects of the manipulation (see futher
discussion In Sectlon 5.1.2),

The asks are carried out |n the context of the
¢ general tasks that the hand-eye system can currently

perform, i..e, the recognition and manlpulatior of simple
planar bounded obJects, whose faces are uniformiy nalnted
(without texture) with various cofors, On a background also
of uniform shade (usually dark), The tlighting Is supplied
elthep by the pegular fluorescent overhead Itghting which is

’ somewhat but not completely diffused, or by thrse Quartz
lodlne lamps which can boost the usable intensity dynamlg
rande but also create harsher shadows which are harder to
cope with,

The m ations ha we ough ak more
T preclse he Jeanjgulatiens, 1 Yana) LE I 3 Le

placing on the table and stacking, From now on when we
rentlon these three operations, It wil] be meant that they
are done undar v,.f,b, control.

The precision obtalned |s better that .1 inch, This
¢ value should be judged by comparing It with the Ilmjtatlions

of the system, The resolution of the imaging system with the
> |noh jens 1s 1 mpad, which, at an operating range of 30
inch corresponds to ,83 Inch, The resolution of tne arm
posl/tion reading (lower blt of the A/D converter readin? the
first arm Joint notentiometer) Is ajso ,A3 inch, Put the

® nolse In the arm posltion reading corresponds to ,d5 ‘neh,
when we tried to achleve preoislon of ,05 inch, the feedback
loop was executed a number of times untitl the errors
randomly hgppened to be below the threshoid,

The rest of thls section [Is devoted to the
L 3 glscussion of some general Problems pertaining to al! three

tasks, The next three sections describe In detail the three
tasks as Implemented for cubes, Since the tepmination of the
research described here, the capabl! lity of the proaram has
bee extended by R, Davis to handle other objects (wedges and
slabs) and one more. task of ing8rting objects inte holes of

* che game form,

‘ {
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5.1/2 Dynamio feedback

The ayestion of whether the visyal feedback, or Ingenera| the response, |s dymamfo or not,!s sometimes more
semantic than real, What the person asking the question
means In this cage |s, does It seem to be continuous? The
question then is realjy that of cyole time or sampling
perlod, A cycle time of 20 msec wi|l suffioe to fool the
human eye so that the response wil| be called "dynamic",
Since the computations needed and the computing ‘ower that
we noW have cause the [ength of the cycle time to Se gevera]
seoonds, no attempt was made to speed It up by programming
tricks, use of machine janguage, eto, With this cycle time
the movement of the arm actually stops before we analyze the
situation agaln, so that we dn not have to take Into account
the dynaml¢c aspect of the error,

In addition to computing power, the vidlicen camera
also presents some |Imitatlons to faster response, The short
time memory of the vidlecon whieh helps us (persons) to view
the TV monitor, wlll "smear" a fast moving object, If the
scene [Is bright enough a shutter oan ba used, If the vislon
can be made sufficiently fast and acourate, the control
program (18) currently used to run the arm dynamically could
be expanded to Incorporate visual Information,

5,1,3 Hand In view

As ajrgady monvioned, one of the ohapracteristics
that dlstingu] shes our Visual feedback scheme |s that the
anajysis of the scene, to detect the errors to be corrected,
Is done with the hand (which Is stii| holding the object) In
the scene, In the grasping task the presence of the hand Is
inevitable, In other tasks, for example stacking, baling
able to analyze the scene wlth the obJect stl|! grasped
helps to correct the positional errors before they bacome
catastrophic (9,2 the stack fails down), Also some time
ls saved since there is no need to release the object, move
the arm away, bring It baok and grasp the object agaln, We
pay for this flexlbillty with Increased complexity of the
scene analysis,

The difficulty ls |essened by the fact that the
handemark (which Is used to |dentify t“e hang) "as known
form and relative Intensity whieh help. to locate It In <ne
image, In the grasping task the ab,ilty to recognize the
hand is necessary, The task |s essentially to position the
hand at fixed |ooation and orlentation relative tec the
obJjeot to be gpagped,
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Also, we have found It to our benefit to |ocate the
hand flpst In the otnep tasks also, After the hand-mapk Is
found, we use 'ts location to predict more accurately the
locations In 4he Image of the edges of the objact held Oy
the hand, We can do this since the object was gresped With
visual feedpapgk, and therefore ts position and orlentavion
in the h,c,s. are known, (We also take Into account the
remaining errors of the grasping task). We use the
coordinates in the hig.3, to fing the h.t,e, of the ecdes,From the h,t,c, we predict the Image Coordinates, We Cgrréct
the prediction by the difference between the predicted and
actual location of the hand=mark found in the Image, This is
the plight correction since the prediction of the hande=mark
locatlon In ¢he Image wag obtaineo hy exactly the same
calculations, (This Is vepy similar to the "instant
adaptation" described In Section 4.42.

Moreover, after the hand-mark has been found, itwill not be confused with other edges in the scene,

5,1,4 Inferdnce of three dimensional information

In the san and tlt cajlbpation updating programs We
assumed for convenlenoce that the coordination errors Were
caused solely by detarloratlion, over time, of the pan 1nd
tit pot constants, By executing the ca|lbration updating
prodram we removed part of the coordination #8rrors (malnly
the part that had systematic characteristics over varlous
locations In the £.Ce84 7)

In the v,f.b tasks we assume, again for convenienca,
that the remaining coordination errors (which will »e called
simply, errors) are caused by the arm.

These two assumptlons are made for covenlence out
really they are equivalent,

As explained in Section 4,1,2: the c.t.C.
approximation |s used for reference, Simce wa are using only
one camera (one view), Wwe cannot measur® directly even
differences of locations of two neighbouring points, Hence
the three-dimensional (3=D) Information has to be inferred
from the two-dimensional (2-0) Information available in the
Image and some external (nformation, ;

One assumption that cen be made ccnecerning points on
the hand or on an object held by the hand, ls that the
positional error of the arm in a particular dlraction, for
examp'!e height above the tabla, Is much smallep than the
errors in the other direotlions, This assumption can then be
used to Infer the errors In the other directions from the
2=0) Image, "If, however. such an assumption Is made
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incorrectiy, the arror In the dlrection which we assumed
errorless wil| oause errors of the same order of magnl|tude
to be inferred for the other directions, We do not have any
reasons to Justlfy thls assumption In our system and other
exte-nal Information has to he used,.

We assume, however, that the maln errors are In
position and not In orjentation, A small error in
orientation when muitiplled by the Jength of the opening

beyween ¢he fingars will genarage a posi¢lon error of ghehande=mark whlch oan be nagieoted relative to the sos! tion
errors of the arm. For similar reasons we also assume that
the error In measuring the distance between the flngers can
also be neglected,

"he external Informatlon, which Is used in the v,f.,b
tasks, lv suppjled elther by the touch sensdrs on the
finger: ar by the fact that an object Is resting or the
table~top or on another object of known dimensions (this is
the famous support hypotehsls 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 touched ob.ect,
The support hypothes!s glves us ths plane containing the
bottom edges of the top object, More Implementation detalls
are glven wlth the descriptions of the varlous v,f,b tasks,

5.,1,5 Hand=Eye coordination,

To fac!|itate the scene analysis we use here one of
the methods fcr call!bration updating mentioned already in
Section 4,6, We store the coordination errors found durlng
regular operation of the system (specifically, carrylng out
v,f.b tasks) anc use them subsecuentiy es described bslow,
we Justlfy ¢hig bY the agsumptlon that no majo, change of
the arm and camera hardware Ts cclng to occur during the
short time of operation, [f neeced we can add the time that
the errors Were store: ang find and store them agaln after
they become t0o old, We do not currentjy attempt to use the
stored ocordination errors for actual urdating of the camera
or arm models,

Actually we do not store the coordination errors
themse |ves byt two quantities cloeely reirted!

(a) After an object |s grasped and then jehes sas,the h,t.c, of the reference polnt of the hand (midpoint
between the touch sensors) |s stored w!th the oblJact so that
the next time we Want to grasp the object,(or stack on It),
we Use the h,t,c., rather than the c¢,t.c.to position the arm,
However,!f the obJect was never grasped before, the c.t.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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ls simpler It the h,t.¢c, are already known, because the
repetition grrors of the apm servo are smaller than tha
coordination eprors,

This last characteristic also explains the following
fact! The !ritlal error In stacking Is smat|lee If the
supporting object has ajready been grasped once by, the hand
and hence {ts h,t.c.- already stored, In thls case the main
part of the coordination error is already found and
corrected by the v,f,b during grasping, On the other hand,
If the <cupporting obJect was™ never grasped before, the
coordination error has to be corrected by the v,f,b control
during the stacking which |s more complex and difficult than
the contro! of orAsping, 1f really needed, the object to be
stacked upon can actually be grasped flpst, (with v,f,b), to
find its h,t,c,» and then released to continue with tne
stacking task,

(b) Before an objegt Is to be geasped or stacked
upon, the arm Is ost tl one above the object and the
hand=mark |g sought as was done [In the pan and tilt
calibration updating, The hand Is polsitioned high enough
above the opJect so that the corner=finder does not confuse
the handemark wlth the object, After the hande=mark Is
found, the difference between the oooOrdinates in the i.,¢.s,
(mega coordinate system) of the predicted location of the
hand=mark and the tocatlon where [t was aotual|ly found Is
stored, This is the same quantlty stored In the pan and tlt
calibration updating program for the "Instant adavtation”,
The same [s done for the place on tne table where an object
ls going to be placed,

The table is divided Into 4 Inch squares, (there arn
199 squares), and the corrections are stored with the souare
over which they were found, When we Subsequent!y |ook for
the hand=mark over this papt of the table, the stored
alfferencas are used to corr5ct the prediction, Since we
now have a gcorrecte: prediction, the dimension of the
window, or the search space used. can be made smaller ,

Each time that the hand=mark |s found again, the
cltfepences petween predicted (before correction) and actual
locations Ir 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
reasured above, since there Is no external Information that
can be used in thls case,

5.1.6 "State of the world" updating



The state cf our simple world (table, arm Camera
and oiuJeots) Ig Stored for use by the varlous magules, Thea
state of the apm and CAMSFrE Rre stornd automatically By tna
Brm RAD gamers  contpe| orograms every timo a shamge |gatftemptag Fedargieas of the degras al success, Thy delve.
Teaule or other modules which manipulate the oblects Raves te
gipoly ang VOJRE® the atate of the ob pots uring sma af=pn.sReh mamlpylatlen,

The components of the state of the world that haveto be updated dur lng the exgoution of the V.f.bt tosks are
described In the following table Without  detalls of
Implementation, Currently we use a simplified structure,
sulted to cupag only, but eventually the general word mode |
of the system, stored In the associative structure suppliedby SAIL, wii be used,

(WM1) A pointer to the obJect currently held by thehe.nd,

For gach 4 |nch Sauare part of the table face:

(WM2) The |,c,s, corrections, described in the |astsection, for the square,

(WM3) An Indication of Wwhéethep the leChs,
corrections were a|roady ocbtalned for this square,

For the obJect currently held by “he hang;

(WM4) [he pesition and orlentaticn of the cbject inthe hand coordinate System, (For cubes, {he remeining errors
of the Yrasplng task In the two directions parallel to theedges of the hand=mark),

For eagh object

(WM5) Desorption of tbe prototype <7 the cbject,‘For cubes, the size of the cube),
(WM6) The position and orlentation of the object In

CeteCy (For cubes, the position onjy, orientation lsInferred from WM14),
(WM7) An Indication of Whether WM6 was updated forthe ourrent jocation of the object, |
(WMB) The position and orlentatlon in hitic, of “he

obJeot [ff known, If Not, WM6 Is copled aw a flest
approximation, (For cubes, on|y the position, since we
aesumed negligible error In orientation),

(WM) Pointers to obJects directly supported by tneobject (currently we allow only one),
(WM12) Pointers to the support of the obJect which

might be other objects (agalm we cuprent|y allow only one),
the table or apn Indication that the obJedt Is not supported,
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(WM11) An Indication of whether the object |s stable
and hence can be released,

(WM12) An Indication of whether the object Is
currently hejd by the hand,

For each face of all objects! |

(WM13) An Indication of whether the face |s visible
to the camgra, (For cubes» the sing of the angle betWeen
the line of glight of +he camera when centered on the cude
and the nermal to the "most visible" vertical face,
described |n the next section, The vis|blilty of other faces
or ecges are computed from this Information),

(WM1¢) The normal (In o,t,cs) to the face, (For
cubes, the normals to the two vertical visible faces), |

Some of the components are redundant, For example,
the normals to the faces can be computed from the prototype
Information, (in WMS), and orientation (in WM6), This is an
examp|e to the genera| problem of "store vs recompute”:
when to store enough redundant Information to speed
execution, whan to store Information only after it was
needsd once: for possible subseauent use, or when to compute
|+ again each time It is needed,

We now proceed to discuss the problems of updating
the state of the world, If each operation was totally
rejlable we could update the state of the wor|d after i
planning the change, or after carrying out the operation but fbefore the Information !s needed by other modules, or at any |
t Ime In between, 1¢ all the faljures were of =a
semi-permanent nature, (something has to he externally fixed
before the madyles oould carry on), then again we could
update any time before the Information is needed and quit

altogether at the !rat faliure, |

Overal|s, the rejlebl|lty of the manipulz¢len Is very
good, However, from time +o time the arm (or hand) Will ;
fall because, for examp'e, of rare clroumstances of the
time sharing system, or transients In the hardware, Most of :

thes. fal|ures do not have catastrophic effects and the arm |simply stops moving and Indicates the source of fal|ure, In
some occaslons, blindly repeating:the operation is the wrong
thing to do, for example when executing an incrementally
specified movement of the arm, In othar cases We weuld | Ike |
to change or abort the nanlpujation after the failure,
Therefore we need to time the Jyodating carefully so that the :
updated Information would be avaliable immedlatel|y after
fallyre but not prematurely,

|
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For the same reasons we naed both WMO and WM1D, or
both WM12 and WMi, whioh are used to glve correct
Information for differant mcdes of fallures, by not belng
updated at the same time,

For Hii) We use WM1 to Indicate that the objectpolnted to may be In the hand and therefors we need to
release |t befasre moving the apm but It {3s not guaranteed

that thes obJeot Is flemly 9rasped and hence we have to grasp
It If we want to move |t wlth the apm, On the other hand
WM12 Indicates that the obJect Is flem|y grasped by the hand
and hence wl || move with |¢,

1f we grind toc Grasp Lib sb jest and falled we woulduyodate WM1 because the Grip might be Flem enough to move tha
objet a |lteim Ealeore It nllopea Tram the hand, WMLZ Would

1 updated only after the grasping Ils succeasafully
completed, Similarly: 7 we tplod to roleasge the poiect And
ful led, WM12 would bes ypdaged but not WML whigk 11] be
updated only afttar the relonpge Fas sucpoessfully comainted,

The various components of the state of the wor!d are

updated at the right times so that the following ruies can
be observed and be truly satisfled, Some of the reasons for
these rules are obvious, sthers will become clear In the
description of the various tasks,

(I) The ¢.t.C, Of an obJect have to be known In
order to grasp It or stack on It,

(11) Ap obJect Is not re eased unless it Is known to
be etable whlch means that It Is resting on the table or
supported by other obJect(si In a stable poeltion, In the
latter case |t nesessarl|y means that Its c,t,c, are known,

(111) An obJeet Is gpasped, placed on the table or

stacked on another object only If the appropriate 1{.,C.sS,
corrections are known,

(IV) Aa obJect that Is =~uouropting anothar object
cannot be grasped or stacked upon, In more compli
situations when more that ono object wli|l supoort or oe
supported by other obJeots, we wWl|] nave to check more
complex oonditionst can obJect A support In a stable

position an additlona| obJeot B? WIIl the removal of oblect
A cRfUsg any obJe,t to beyome Unstabig?

Vi The vielinlty of the {ocatlon on the table wherean obJect Is to be placed has to be empty of other ohjJects,
A v,f.,b task of abutting obJe.ts has not been Implementsd

yet, "
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Some of the rules and update timing are simple
bocause we currently have on|y one apm wlth one hand that
can hold and manipulate only one object at a time, For
oxample: When we have two arms we will] allow one of them to
hold an object to make It flemer even |f It supports another
object, but not to move lt, etc,

The appropriate rules are checked before each
operation Is attempted, If rule (111) 'a not satisfied the
praoram wili try to find the corrections as described in the
lagt section, Fallure to satisfy the rujeés causes failure of
the v,f,b tasks unjess otherwise stated in the tasks’
desoriptions,

For brevity's sake we wil! not mention these facts
agaln In the MAHER i of the tasks, We wlll indicate the
points In execution where various components of the world
rode| are belng updated,

5.1,7 Manipulations not under visual feedback contro]

The Tanioulationg described In thls section are notcarried out under direct v,f,b control, They are used by
some or all of the v,f,b tasks, end described here in order
not to repeat the description eact time they are ysed, We
wlll Indicate thelr usage by weltcing thelr names |n capltal
jetters.,

Some movement of the arm or the hand Will at leastbe attempted In each of the following tasks, Hence, one
component of the world mode] wil| be changed regardless of
the degree of success, We wil|| mention this ohange before we
reritlon tha movemeny or the sommand tO the arm controller.

UNLRASP
1f there Is a cub? polnted to by WML, it ls checked

for stablliity, If the cube ls unstabije, faljure ts Indioated
and the tas. .s terminated, otherwise we Indicate In WMiZ2 of
the oube that was grasped, If any, that 11 ie nn longer
firmiy gripped, Then we srnd the apm controller the
open=hand Command, If |t succeeds we updalc AMA for the
cube tiat was grasped (if any, and dele.o tle no. ter from
WM, The required distance .etween the touch 4ensors Is
given to the procedure as a paraneter,

LIFT
In thls manlpulatlon the cube Is |ifted adout «5

Inch above its support, First, we Indicate for the cube In
the hand that !t |s not supported any more (In WMD). that
lt !s unstable (In WMil) and that Its ¢,t.,0, ar® not updated
(In WM?7), Then we send the arm controljer the command to |
11¢¢ the aybe., If It succeeds we dojete the polnter from

{
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WM9 of the supporting cube (|f any),

PUTDOWN

This manipulation places a cube on Its support USing
force feedback of the arm to stop opushing down, Flrst, A
polnter to the cub® held In the hand Ig placed In WM9 of the
cube placed ypon (if any), Then we send the arm controller
the command to place the cube, If it sucoceeds, a polnter
to the support ls placed In WMiD of the cube In the hand,
If the cuba was placed on the table It wlll also be marked
stable (In WM11),

bir manipulation actual |y supplies theJustification for the suppport assumption when analyzing
soenes wlth an obJect still] held by the hand, Another way to
look at this manipulation Is to note that lt actually
eliminate the coordination error In the Z=-dlrectlon of the
t.Ci8,

MOVETYO

This manipulation moves the arm With the cube
grasped in the hand (If any) to a location and oplentation
glven to 1¢+ as parameters, First the cube In the hand Is
rapked unsteple, Jt Is Indicated that Its ¢,t,.c. are
unknown and the polntar to Its support ls removes, Then we
send the arm control}ir the command to move, If lt succeeds

the pointer In WM® of the cube (if any) that supported the
cube In the hand (If any) Is removed, Each trajectory
starts and ends wlth the fingers polnting down and moving In
a vertical direction,

To complete the [Ist we will describe the routine
used to find the handemapk,

FIND_HKAND
In this routine we are |ooking for both correr=. and

not for on|yY ont as In the callbration updating prc am,
since now ths scene Is gomrilcated by the presence of cther
objects,

The camera Is centered on the handemark, Uslng the
camera and arm mode |s, the locations of the Images of the
two lower corners of the hande-mark In the |,c,s, are
predicted, rhe predictions are corrected ty the stored
l.ceS8, corrections (WM2) If they have already been obtalned,
Also the form of the Imags of the corners Is computed as was
oone [n Section 4,4, The predicted wldth oY the hang-mark In
the Image Is stored,

Using the jin iarankion computed above, the plight slidecorner !3 sought flrst, using the cornar~flinder of Chapter

3 If the corner |S found, the error oetWween Its predicted
and actual Jocatlons is used to update the prediction of the
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looation of the |eft side corner which Is now sought, 1’ the
¥ right corner is not found we look for the Jeft one first

(see blook diagram In Flgure 29),

This algorithm |s an example of the use of
Information about & relation between two features to be
found In addition to Information pertaining to each feature

T alone,

We check thet we found the corners belonging to the
handemark, and not those belonging to a cube Wh ch might
have very similar form, by comparing the distance between

= the oorners In the Image with the stored predicted width,

The [2st computed Shhh adh 6rrors ore stored InWM2, with ndication In WM3 |? needed, for the appropriate
square part of the table,

In the foilowing gaa0rlos)on of the v,f,b tasks, | ¢eny of the above manipulations or other operations, [lke
centering the camera, finding a |Ine, eto,, falls, it wlll
cause fallure of the v,f,b task unless otherwise stated,

5:2 Grasping task (GRASP)

Tha tagk 1a to preciee| grap B® cuba pf Known
{e.t,0,) AA i) 8 and 44 +4 4-44 in order to move It and
place Tt somawher® aiges or atack |t on mmother cube, Tha
preclaslen Is needed In order not te drop the cube In mid-
trajectory (whlch can happen If the oube Is grasoed too
close to an edge), and In order that |te position rojntive
to the hand wi] be Known, This Information Is used In the
gther two v.f,b tagkn, We try tO grasp the pgule on tha
mld=|!ne batwesn the faces peppendicular to the fingers,
half way above the center of oravity, |

Note that In one direction (namely perpendjcular =a
the fingers) the hand does Its own error corréctingt When
the hand |s positioned over the cube With maximum opening
between the fingers (2,4 Inches between the tips of the
gouoh gseng0.q) and ¢hen clogwd, the cyb2 wlil be moved and
wiways end In the same pos tion relative (0 the hand,
independent of the Inltle! position, (See Flgure 32), This
motion Is rometimes disturb!ng (e,9 when grasping the top
cube of a stack, the movement can cause it to become
unstab|? before It Is fully gripped and It wil! fall off the
stack), and henoe no use |s made of thls feature, Insteed we
also correct eprors In this dl,.3ctlon so that when a cube Is
grasped, It Is being moved from Ite original |ocation by
less than the tolerance of the feedbaok |oo0p,

The grasping Is done |n the fol|lowlng steps (The numbers In
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each step refer to figures):

(a) The vinoeprs are fully opened (by UNGRASPing) and
and the hand Is MOVEdTO over the center 0f the cube so that
the fingers are parallel to the cube‘'s sides, The cube has
at most two vertloal feces Visinlie to the camera, One of
them is more visible to the camera In the sense that Its
normal is pointinC closer to the direction of the camera
centdr than the normal of the other one, We cal| thls face
MVVF, (most visible vertical face), the other Is oalied SVVF
(second visible vertical face), The hand Is oriented so that
the fingers are parajje] to the MVVF, This wij] help to
locate the hand=mark In the {mage more precisely, (3i(a))
and 32(111)),

(b) The touch sensors are enabled and the hand is
closed s|ow'y (at about 1/4 of the usual speed op about
Inch/sec) til] one of the fingers touches ths face of the
cube, As mentioned before, the touch Is |ight enough so
that the c¢cybe Is not moved, Ths touch ssnsors ape then
disablea, (31(b) and 32(IV)},

(cy Using the following Information (for whlch we
assume that errors can be neglected): The ?|ingars are
parallel to the cube's face; The distance between the tips
of the sensors after the closing motion of the fingers ic
stopped; The thickness of the fingers between the tlp of the
sensor and the hand~mark, the equation for the plane
containing the hande=mark facing the camera Is computed in
the t,C,8,

(d) The hand=~mark |s sought using FIND_HAND, After
the two corners of the hand=mark have been found, the camera

transformation Is used to compute the corresponding rays in
c,t:C, Thege rays ar® intersected with the piame found In
step (c) to glve the ¢c,t.c, of the corners, To verlfy that

the corners found do belong to the handemark. “wé check that
they hav proximately the sem helght, and that the
dlstance between them corresponds to the Width of the
hand=mark,

(e) Using the Information already used in step {(c¢),
the position eprors of the hand are oomputed, [f the
magnitude of the errors |n 2|| three directions are less
than a thresho|d (currently ,1 inch), the task is ¢;nisheaqa,
we Q0 to step (f) and then exit, If the errors are
lapger, tha hand is opened (32(V)) and the errors are
corrected by changing the position of tha arm appropriately,
(31(e) and 32(v!)), We then go back to Step (bk) to check
errors agaln, (32(VII)),
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(fy The pointer in WML Is made to paint tov the
cube, Tham the ABM controller Is given the slosé=h.ngd
cammand, 1f thls cperation succeads or faiin the oointér
Im #41 |g mage tp polmt to thE Cube, 11 It succeeds (3117)
apd 32(V111)3), the fact that the cube Is now flemiy orlpoE-
is Indicated in WHLZ, The components of the rma IRIng
srrors In thy alragtions saraileal ®0 ths edges of tha

5,3 Placing task

The task Is to piace the cube precisely at a 3iven
location on the table, With very minop modifications, it
could be used to place the cube on any relatively large
horizontal surface of known helght which does not have any
refapence Mmurks near the |ocation where the cube is tC oe
placed, In thls case the support hypothesis Is the oniy
externa! information used, The task 's carried out in the
following stros!

(a) The cube Is GRASPed (331117) and YOVECTO aposition above the ftabje whara the cube s to Se olaced,
(33CIV)),

(b) The cube is PUTDOWN, (33(V)),
(c) The hand mark Is located in the image Js ing

FIND _HAND,(d) The camera Is centered on the visibje bottom
edges of the c be,

(e) The jooations of mid-points and the orlentation
of the images of the two visible bottom edges of 4¢he cube
are computed using the hand trasformation, the information
in WM4 ano the size of the cube, The predicted location is
then corrected by the amounts computed In sten (c),

(f) The corner=finder is then used to locate tha two
lines In the Image, The two lines are intersected io find
the corner jocation 'n the Image, Using the sucbort
nypothesls, the c.%,0, ipcation of the corner 1s comyuted
ard compared «|th the eigulreo lgeation, [f the magnitudes
of the #rrors are (ess than a ¢gnpggnold (,1 fnemd In BOER
glpagtinng thom the tagk 19 competed, Otherw|se the ude Is
LIFTad (33(V]?) and the @rraf corrected by changing 10a
position of the mem appropriately, (33IVIEZ), Thpgm =8 §=
back to step (b) to check the errors again, (33(VIIiN),
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5.4 Staoking task

The task Is to stack one cube on top of another Oube
s0 that the edges of the bottom face of the top cupe (BFTC)
will be paraliel to the edges of the top face of the bottom
cube (TFBC), at offsets specified to the program by the user
or the ca|llrg module, the distanoes are speclfled
perpendioula, to the MVVF and SVVF,

The tagk Is carried out In the following steps:

(a) The top cube Is GRASPed, (35(111)),
(b) The camera Is oenterd on the TFEC, The

rldepoints and orientations of the Images of the two edges
of the TFBC, belonging also to the MVVF and SVVF, are
computed, The oorner=finder Is used to locate these two
|lnes in the Image, The locations and orlentailons found
are then stored, The two lines are |Intersected and using
the Known hejght of the ogube, the o.t.c, of the location of
the corner are found, Using the given ofisets, the c,t.c, of
the required positions of the corner of the BFYC and the
center of the top cube ape calculated, (34(D)).

(c) The top cube |s MOVEDTO a location just above
the bottom cybe, orlented so that the hand=mark |s parallel]
to MYVF of the bottom cube, The h,t,c. of the bottom cube

$ (WMB) are taken Into acoount |f known, (35(1V)),
(d) The top cube Is PUTDOWN on the Ddottom cube,

(34(0) to (e) and 35(V)),
(e) The handemark Is located In the image and then

the two edges of the BFTC as done In steps (o) to (f) of the
placing task, In this case, however, the edges of the TFBC

’ wll| also appear In view, A simple algorithm iS used With
the Information computed In step (b) to declde which of the
lines are the edges of the BFTC, This simple algorithm can
be deceived sometimes by the presence of shadows and
"doubling" of edges In the |[|mage, We could make the
algorithm more Immune by locating the vertical edges of
cubes also If they could be found,

(f) The two edges of the BFTC found In the Jast step
are Intersected to find the corner location In the Image,
Using tha support hypothes|s, the c,t.o, of the location of
the corner |s computed and compared wlth the required
location oomputed in step (Bb), 1° the magnitudes of the
error9 are |ess than a thresho'd (,1 Inch) in both
alrections then the task |s compoleteo, Otherwise the cube is
LIFTed (35(yl)) and the error corrected by changing the
position of the arm approoriately., (34(f) and 35(V]!)), Then
we go back ¢o step (d) to oheck the errors adal,, (34(d)
agaln and 3I5(Vv!I1)),
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Instead of & bottom cube, we san spec|(fy to tha
program a squape hols In = batter objege In whigh the tos
cube Is to be Inserted, In this case, whan the top cubs la
placed on the bottom gbJect we Mave to gheghk how myeh |t was
|owered, {1f It wan |oweped past some threshold lt mang
that It is ajrendy In the hole and can be releaseg, He NEVE
to make sure that the grip of the hand Is tloht encueh ao
that the cube grasped wlll mat rotate when placed opRrtiy
above the hole,

This mod!flcation was Implemented and successfully
tried by R, Davis of the hand-eye group for other obJecCts
(wedge and s|ab) also, (See Figure 36),
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CHAPTER 6: SUMMARY AND FUTURE WORK

6,1 Introduction

The actual results and performance evaluation of the
three major components of thls researoh, (corner-finder,
calibration updating and visue| feedback), are discussed In |
the next three ssotions, Sinoe the performance of |atter
components rejles on the performance of prior ones, these
sections should be read In order, With the performance
degsoription we dlsouss the maJor shortoomings of the inree
components and their effects, and sucgest possible future
Improvements or a'ternatives, Some of these have already
been dlsoussed In past chapters, In the Jast seption we
discuss poesible directions for further research, to extend
and generalize the results accomplished In thls work,

Much effort went Into making the programs §?destl yeand roeilable, Eaoh program can have, In general, five kinds
of results: (a) It aohjleved the goal set to lt; (b) It quit

trying for Jugsiiiabiy reasons (in a sense, It took accountof its own |imltatlions)) (cc) lt qult trying whan there Was
no reason to do so (lf |t was a person We would say that he
was |azZy or not persistent enough); (d) It achleved the
wrong doal byt reallzed It (In this case there |s some
reason not to simply try agalnd) (oe) It achieved the Wrong
goal but did not reallze It, In the last two cases we could
also have ndeslirable slde-effects |ike undoing a goal
al ready achleved, loss of Information, or even hardwere
damage,

By teffectlve" we mean that for the restpictlve
conditions under whlch wo operate, the percentage of types
(a) results w!|l be high, By "reliable" we mean that the
percentage of types (d) and (e) results wlll be very {ow
and, when ¢he side-effects Inolude hardware damage,
extremely |Oow,

Each program wae pun severa| hundred times and in
the case of the corner-finder several thousand, No forma]
statistics were gathered, for reasons that are discussed
below, but estimated numbers for the effectiveness ang
reliability wi|l| be glven,

There are two general types of causes for not
aohleving the results, after al| the programming errors,
user e@rrorS or hardware fal|upres (Sectlon 7,2.2) are elther
eliminated op discounted, One |s expesslive nnise In the
reasurements of elther the Intensities of the image or
var lous parameters of the system, The other Is tne
partioular detal!ls of a glven sltuation, such as orlentation
of the obJjeots, thelr ocolors, thelr rejative oposition,
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l1ghting conditions, etc, which make the task dlfficult,
The effects of both causes are usuelly compounded,

The complexity of the slituetion and of the system
rakes It extremely difflcult to analyze It theoretically, ar
to make statistically controlled experiments (of the
Monte Carlo type for example), Therefore the on|y kind of
numbers that we will cite are estimated from |ong experlance
with the system, Hopefully they are not biased by our
wishes, or by the effect of unconscious]y "doctoring" the
conditions yndepr which the experiments are executed, since,
by properly (really Improper|y) choosing the conditions, a
very high parcentage of success could be achleved,

6.2 Corner=-f|ndepr performance

While operating within the assumptions men+ioned in
Section J3,1,3, the effectivness of the corn@r=findor I's
estimated at more than 90%, When form and intensity matohes
are demanded the affectivness {s even higher.

The program needs less than ,5 seconds to analyze
the regular 18418 raster (lt window (without recenter ing),
Another ,5 seconds Is needed to display the Infopmation
(intensity map, boundary polnts, fitted |lnes 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 violated and the
oerformance is degraded, The first happens when *wo adjacent
faces have very similar Intensity, The other happens whan
the Images of two faces are separated by a narrow strip (2
to J raster units wide) with dlfferent but somewhat
widespread Intensities, In both situations, sometimes, the
histogram does not have the proper number of max |ma,

The flpst situation Is a tough nut for any scene
analyzer, To find the boundary In this case, fine tuning of
the sensitivity of the camera, and some kind of statlstical
analysis is needed, For axample the |lne=verifier described
by Tenenbaum [28], The solution wi|l be much simpler If the
Intensities are similiar when viewed thpough the clear filte,
but actually the faoes have different colors, If the colors
are known.to the progran It can select tha fliter that wil]
maximize contrast, [f the colors are not kmown but
glfference of colors Is suspected, the program car try tne
fliters In turn till one (If any) glves emougn contrast,

We tpled to avqld the flpst si<uatlon Dy carefully
painting the faces of the cubes In different shades of gray,
Different magnitudes and directions of errors can cause
different faces to meet, We need at least thrie glffernt
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inteneltles, Two of them (of the vertical faces) have to be
glfterent from the background Intensity also, (See Flgure
37),

Three clternativas are suggested to solve the
problem of the sesoond situation

(a) A modified verslor of the corner=finder wlth
histoQrap analysis tallored tc the presence of nlrrow
strips,

(b) An Improved version of the operator desoribed by
Huecke| [12] that can detect narrow strips also, which is
now being Integreted Into the hand-eye system,

(c) Use of a higher magnification lens which wl)
cause the Image of the strip to be wide enough for the
corner=f Inder, The disadvantage of this solution |s that
more effort wi|| be needed for oentering and for focussing
the camera, beoause now the floeld=of=view and depth=of-fleid
are smaljer,

6.3 Callbration updating programs performance,

6.3,1 Pan/¢tl|t callbration updating

When the degradation of coordination causes errors
of lees than 37 raster units of the Image, or about 1 Inch
at tyolcal operating range, the pan/tlit oallbratlion
updating from the arm will seldom fall,

The mayer reason for the effectiveness Is that we canoontroi most of the factors of the soene!

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

(b) The hand Is rotated so that the hand=mark wll]
face the camera obsouring othep features of the hand that
are more compllcated,

(c)} The finger and hand=mark were painted to glve
high resolutlon,

(d) The dimenclons of the hand-mark were chosen
(constralned by the finger‘s slze) to be compatible with the
regular 18#18 raster units wingow and the 2 inch lens. The
image of the hand mark Is blogger than the window hut the
Image of the finger beside the hand=mark Is not too narrow,

(e) The form of the hande=mark (rectangle) was chosen
so that the simple eearoh algorithm already built Into the
oorner=finder wii! lead to the rlght=hand lower corner
whanever any part of the handemark Is seen, (The reader oan
simulate thls action, similar to the manner employed in
Flgure 23), |f needed, the form of the hand=-mark could be
rade more complex to avold confusion wlth other obJeots,
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(b) Arrangement of preferred number of intensities.

Fig. 37.

PAINTING SCHEMES FOR VISUAL FEEDBACK TASKS FOR USE
WITH TUE CORNER-FINDER
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In this case also, we oan assure high effect|/vness by
employing a more complex searoh algorithm tuned te the known
form of the hand-mark,

Since the relative intensity and form are known,
@ form and Intensity matoh is obviously demanded,

The flpst arm position used |s the farthest from thecamépra So that coordination errors Oven larger than 1 inch
can ba tolerated, If 4ne program succeeds in locating the
handemark ln the first arm position, the "instant
adaptation" degcpibed In Sectlon 4,4, and the fact that
largd part of the error Is deterministic In nature, wij]
Insure the program suocess at suoseaquent poslitioms of tne
arm I)

In a time Interval of two weeks degradation of
coordination cam cause averaged credliction error In the
Image of up to 28 raster units in <t¢he x~direct|on (s3e
Figure 27), and 10# paster units in the y~dlrectlon,
Occasionally (probably because of unautnorlzed tinkering),
the errors are Jarger, One, or @t most two runs of the
callbration updating program wl || reduce the averaged error
to less than 4 raster unlts, The standard deviation of the
errors Wl|| be reduced from Joss <han 6 to less than 3
rastér units,

The CPU processing ¢ime needed for One run (13
positions of the arm) |g about 1,25 minutes, Mope than half
of this time Is used for the real time control of the
caméprg, A new Camera, now being added to the hand=8ye

) system, wi|| move 5 times faster,

The effectiveness and processing time naeded forca|lbration updating from cubes on the table co not make
much sense singe nost 2f the work Is done by the user, and
hence will not bes ¢lted,

6.3,2 Focus ca|lbratlion updating

Unilke pan and tlIt, degradation In focus [5s rarely
noticed and the program Is pun only after the camera is
taken apart for repalr op maintainance,

Using the automatic focussing routine iS very time
consuming because the foous Is servoed 20 to 40 times nea,
range polnt (we use 8 different ranges), The-efore the
manua| mode |s used most of the time, :

5.4 Visual feedback tasks performance

From long experience with the system, the
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effectiveness 5’ the grasp{ng and placing tasks is estimated
to be above B88X, while that of the stacking task is
estimated +o be about 70X, The fallures of the stackln
tasks are caysed maln|y by fallures of the Corper-finder,
Reasons and possible Improvements have alroacy been
discussed In Section 6,2,

The segond cause of fallure {in the stacking tisk |;
rovement of (he bottom cube occurring when the tor cube Is
placed on it, In simljar cases ~“e (persons) wil| _se tne
other hand to hold the bottom cube so that ft will mct =ove,
A similiar sojution should be Investigated when the hand-eye
system "grows" another apm, TII| then (some manths from
POW), we try ¢t0 Drevent movement bY Using heavy cubes,
(which are ngeged also for proper functioning of ¢me touch
sensors), and a black rubber pad to Cover the table, As an
eltérnative we can try to locate the bottom cube again each
time after <he top cube was placed ¢n ity If enough ndoeg
and/or corneps of the bottom cyoe are not obscured,

The intricacies of the world model! and Its pouting
helo to maintaln the rellabl|lty at a very hign leva,

The cosrdination errors corrected by +he visual]
feedback have magnitude uo to .,» inches, [If we taka in<n
account the maximum opening between the fingers (2,4
Inches), their width (,75 Inches) and the size of tne cubes
handled (1,25 and 1,50 inches), it can be seen tmra< +ne
ragnltude of the error corrected Is close to the magnitude
of the errors that can be tolerated before the nature of *ne
situation changes, especially In the grasping tagk,

1f «ne magnitude of the cooroiration errors 5 Var:
lar9e, ths “gn3 can press the cube frem above «Fk! |g tey ing ;
to get over jt (see Flgure 38(a)), or the tuch sensors, Or
even the whole finders can miss the cube when closing, “nrPese
situations ape not handled currently, (See Flgure 33(c) =2n-
(b)),

The first situation can be detected and ceorrecsen ny %filnalng tne ¢c,t.c, of the arm after I¢ stooced becausc of
the opposing force. The support hypothasis Is Jses3 as
avternal |~formatlaon, Unlike £lac!ng, the pressure im +~ «
c25e |s less gistrijuteg ang can cause movement cf ¢nao adr E,
Because ,f the Above reagy, we did not hapdle this cage 2,0
ceclded to wait for More sensitive foree SONS ing, ~r "crc <
touch sensor, (See Figure 38(d)),

The seconc situation car be Jetecten as Faljowzt If
the OOD Nat On errors are very large, the *inqggrs will
miss the cube completely and close ti] they tcuch each
other and then stop because a =~ouch Sensor Was ag-ivate?, ‘
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The opening between the fingers In thls case is Zero (808
Flgure 38(b)), 1f the errors apv of lesser maSnitude, the
touch sensors will miss the cube but the rubber pads ON the
fingers will gplo It (see Flgupe 38(c)), In thls case the
opening between the fingers wii] be almost the size of the
cube but no touch wlll be indlcated,

Finding the coordination error In the second
gsltuation 1s more difficult than In the f!:st booause we do
not have any extsrnal Information to use, In the flprst case
we can find the direction of the error by observing if the
cube obscures the hand or vice-versa, and correct Dy =a
cut-ard=~try method, The second cas® Is even worse because
the ¢,t.c, of the cube are jost by the sweeping motion of
the flnyers, This problem can also be sojved OY adding more
touch sensors ss? that the fingers cannot touch anything
without at least one touoh sensor being activated (see
Flgure 38(d)),

Simljarp sltuations can ocour In the stacklng task,

Currently the Incremgnta| movement of the arn is
reallzed by changing the angles of all six joints of the
arm, The accuracy of the muvement Is |Imi ted by the
precision of measuring the oosl:lon of the flerst three
joints ( the “shoulder” jolnts), A design of a new hand i's
now In progress that wil| enable us tO reallze Ingcromontal|
rotlon of the hand In two peroendloujar directions without
moving the arm at all, It wlll De accomplished by connecting
the hand to the arm with an extendible rod and by separate
contro! of each finger, The positional errors IN this case
will be much |ess than before since the same relative error
ls now multiplied by a much shorter length,

6.5 Suggestion for future research

Each of the three research components sugoests
aglrectlions for future research to extend and generalize the
results regopted hero!

(a) Corner=findert Other scene analys!s orincioles,
(gradient following, region growling} use of color and
texture, direct threo dimensional measurement, €tc,) should
be adapted for usé In visual feedbaok and similar
oop! lcations, (l,e the programs using these principles
shou|d bo gable to use alroady known information at all
levels of Its ooeratlon),

(b) Callbpation uvodating! The updating process |
should be extended to more oarameters, For example! A white
hand=merk could help to update the color calibration of the
gystem whan the lighting conditions are changing,
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Fig. 70.

EFFECTS Of 1LARCE COORDINATION ERRORS IN [NE
GRASPING AND STACKING TASKS
(Continued on next page)
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Fig. 72.

EFFECTS OF LARGE COORDINATION ERRORS IN THE GRASPING
AND STACKING TASKS

(Continued)
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Callbration updating using errors detected in regular
operation of ¢he gystem ghould be Investigated Including
probleme of utl'izing errors detected with |ow confldence,
Cajlbration yodating of the arm can also be tried,
especially after the system wij have two camepas which €AN,
In principle, define three dimensional coordinates without
using the taple, or the support hypothesis In general, THe
problem of correspondence Is relatively easy to solve when
only the hand |s In view,

(c) vigual feedbaok tasks: The capabl!ltles should
be extendyd ¢o Nhandle more types of objects and relations
between them, This means not Just writing more programs to
handle more situations, but rather genera|lzlng the
principles of operation to Incluze mcre types of objects and
rejat|ors,

We can now oddscribe what might be the next steps =f
the development of the stacking task:

(a) 4 palr of euges are specif lec on the *c, ‘ace of
the bottom onject and another palr on the oottom ‘ace of :he
top object to be mated to the first paler or to satlizfty some
glven relation, All four egqes have to be visiole,

(b) The top and bottom facos ar0 sSpecifiad wlt= tne
relation they have to satisfy, In this case the crcoran has
to choose edges and re|atlons to check,

The prograns to accomplish the generelize? task «ill
need heuristics for automatic planning of ‘he sco-e analysis
needed for varlous manipulated objects anc relations, Tne
planning wii; have ¢0 take Into account the fact tat wher
tne ooject to bd moved can be grasped Ia mere than 2n9 say
(orientation), the program can choose the way whieh Will]
rake the scene analysis easlest, Curroantly the scene
analysis and selection are written explicitiy Into <¢ne
cro9ram for cubes,

In papallel, the subject of tactile feedback snould
te developed to use In situations whepe the View of tna
cameral(s) ig blocked, and to augment the visual feecdach,

Some examples of possible augmenzatiar~ «ere 3Jivan |- <9r
jag% section,

In ¢nrg "8xt (anc last) chapter we Cissuss $5.72
careral proSlems that Ia my ecolnion are toc imporza=t =o
C10SS over Os tn pPUt in an ApnNeNnOiX,
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CHAPTER 7! "GENERAL" PROBLEMS

7.1 Introduction

The purpose of this chapter Is te bring to [lot a
number of problems rejated tc the design of robots or other
large scale systems, Most of the problems are not now, Thay
are brought yp here because exampies of them surfacod dur lng
the research, These examples ape used to explein the natyre
of the general problems, For some of them a genera |
principle of solution is suggested vith a short descriotion
of the particular ways these solutions were Implemantac, For
some of them no satisfactory solutions were found,

The problem and solution evo|vea |n the fcllowlng
fashion:

particular problem ~+ general problem == Janoral
principle of solution =« particular impleventation
of 3glution

Not a|l the problems are of the same Importance as
the reader Can easily see,

7.2 Error sources and hand] ing

7.2:,1 Genera| notes

The following characteristics of our system make the
problem of error ana faljure handling both acute an? of
general |(nte,pegt:

(a) The programs have cont:o0| of extarnal|l hardware
(camera, arm, otc.)., The rea| time nature of the control is
sometimes ceuclal (’or oxample, the arm control *akes tne
aynamics of the arm Into account), The hardware JoBs not
have enoydh safeguards of Its own because of 2eslan
oeclsions, and not because of neglect, For example, there |g
ro simple way to Install mechanical stops or microswisCes
on the arm to prevent It from striking the camera,

(b) The collection of programs Is ve:-y bi4 { saevaral
hundred thousand words) and written by different people at
aglfferent ¢imes,

(c) The maln processor and some of the othe: Jevicas
are time shared betweer a number of unrelated Jebs, This
characteristic will stlfl hold if the fg:zillties are
dedicated but the organ zation of the oro9rams coes not
Inolyde an omnisclent centra| controller,

In the following sections wo will Ist 70ssihle
error Sourceg, the affects of errors and some prenjers 8ng
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solut!ons concerning the randling of errors ana fai ures,

7.2.2 Error soyrcos

The following are some of the common errOr sources!

(a) Programmer erporsi This Is the most usual kind,
where the prog-ammer mistyped or used the wrong equation,
This kind of epror |S common during the devejoprent phase
and hopefully e|iminated from the experimental and
operational phases,

(b) Program orrorst Programs of course do not
generate errors of their own, so that this kind of error can
2s/s0 be attributed to the programmer, They are more Suotie
and less explicit than those of kind (a), They occur
when the compijexity of the profram Caures a situation which
the programmer did not think possibie or did not reali2s
oould exist at all, and sO did not make the right provisions
in the program for the situation,

(c) Hardware errors: Tris type of ereor is
inevitable, the frequency of thelr occurrence can ve
reduced by making the hapdwWare more re|jable, Fiiminatlion
(1,0 making the probablilty of occurrence extremely low)
requires a high degree of redundancy (as exists for example
in animals), Thiz Is too expensive |n most caves, Hardware

errors are cgused dither bY malfunction Or by noise {of ingeneral by some oparameter getting out of Its specified
range),

(d) User Oprrdrs! Dyriing the development phase, andafter, the programs interaot with the user, BY accldent, op
ignorance (or malice), the user Con feed the proyran
Incorrect Information,

7.2,3 Effects of errOrs

The effects of errors range from task incompletion
through the gntlesocial tying up of the proceseor, to the
rajor catasteophe Of hardware destruction or even humar
injury, We would like to avold the first two ano completely
eliminate the third If possible,

7.2,4 Error detection

The following oonsideretions affect the Jesion of
error detection:

(a) To Insure against hardware malfuncelon 0p
destruction we would [lke the routines whigh aotually
operate the hardware (suoh ae the arn and carrera 3OrvVo
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programs) to check all the parameters given to them,
(b) Leaving the error checking ¢1i] the last

possibile moment Is uneconomic In the sensa that we would
save much time wasted in calculations that become Us@|osg
when the epror Is detected, Henge we Would |ike to detect
the error as soon after ts generation as possibie, However,
the determinalon where a chaln of computation started with
@ parameter that eventually wij] Generate an error | s Very
difficult,

In the Droge Ans described here, all the routineswhich communicate with the hardware were programmed to
check the parameters 0iven to them, Detection of errors at
an earlier stage was left optional,

7.245 Errors and falluypes handling

Detected errors are handied |lke faljyres Failures
are sltuations where a routine cannot Complete Pte tagk or
function, Unjlke errors, faljures happen naturajly In any
pro@Qram that uses search op cut-and=try methods, Sometimes
the faliure of a subroutine means success of the railing
routine If I¢ wanted to refute a hypothesis chat the
subroutine was agked to check, For example: If we want to
prove that a glven space on the table top Is empty, we cal|
the corner-finder and ask it to find any feature there, [f
the subroutine SLICE (see Section 3,2,2,) reports a falluyre
(1,8 It found that the Intensity In the window ls uniform op
that the Intensity histogram has only one maximum), then we
have succeeded In proving t(itat the space was indeed empty,

Error and tli 1 ure handling poses the followinggeneral problem that | wli| try to explain with an example,
Let us say that we have a routine R1 that can terminate
elther With sucoess or with fallure, Noxt we design ,
routine R2 which calls Ry, After Ri ls called by R? ang
executed, R2 checks the term|nagtion condition of RL, If Ri
fal ad, R2 wli| then execute some action A2, Later we design
a routine RI which also calls Rl, Upon fallure of Ri, R3
executes AJ, So far so 900d, put now comes the trouple, We
ROW Want to <esign two morg rout|mae R4 ang RAS elhzh of thee
calling R2, But, Rd would I|1=g A2 tg carey gut Bcelzm A IY
RL falle:, ang 8% would |l=e BR? wo Carry Out action 4% I"
falls (dd gmg A5 wre dIffgrent from each Gather amo DOEM
rlght be aifterent "rom the orlalngl az), 1¥ the =ssteg
calilng would g%too here we might go back and change R2 so
that It would know whather |t was called by R4, or Hy RS, or
by neither, and cerry out the abpropriate action, Rut the
design process goes on, ard on, and R6, R7? are designed esch
calling R2, RI, R4, RS at varlous stages and so on,
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An alternative spgjution is to geSiIn a syus@r=7Jrar
errOr and fa |yre hand| Ing routine which wll] b8 called 24h
time an orpopr |s detected or a failure Is Iindicatea (ftro-~
row on we will refer only to failures but »e w}|| mean
both), This routine wll| have access to the nested calls
stack and (pn general to the atate of the process, [tt wouln
then flix the stat® as best It could and transfer 20ntrol
appropriately, In simple cases It would raturn control to
the Interryoced routine,

The advantage ¢f thls scheme Is that +w-ppors an-
fallures are dga|t with on the spot, AlsO no redesign of tae
routines Is needed each time a new subroutine wWhlen caJsce
them +0 be caljed Is addea, Thea dlisacvantage is canclexity
since the error handling routine has to provigae for all
contingencies, Finding ait the contingencies Is not a
telviali problem, Also, the error rancler will have ¢23 9c
changed, or at least added to, ®ach time a new poutina is
cesigned, Tne transfer of control needed, and the ani:lity to
Inteprogate the full state of the gorOoQramy c¢cannct Le
implemented in SAIL (and similiar languages) In a stralante
forward manner, 1% oould be done in the Iricroved version Of

SAJL now being designed,

In oye cas® the dlsagvantages were pcrohidletive an-"ne UB60 the first scheme (mentioned at the ena of :he above
example), without much redesign, !n ¢ne terms cf the |ust
exampie, we sould not redesign 2 after desigrinrg U4 a~~ Fs,
“hat would tngn happen Is the fcilowing: fallure of 21 ~n2-~
called by RZ which In tupn was celjed Dy 34 (or RS) «Gui

cause R22 to take action A2, Dut cince thie actiz2n is
Inappropriate it would cause faljures of R2 ajiso, “hen R4 (c-
RS) can deal differently with the failure, aloelt a litel-
late (lt covuid be worse |f there were more nested culln
levels), The information that Rl is 4he reel cause of tre
felly-0 can pe (. nd le) flitered up to R4 ano RS (za2 if

needed evan nigher in the hlerarchy), Note that leavin: =-e
error handling to higher level rcutinag has the agvarmtige

that these rcutines «||| have more general kncwleZgo, DLt Cr
the other nano this Xmpow| edge can be *toc condensec and nrCt

cetal led enough to handle the error afficlently,

There is no Simple solution to this protien, 4A very
complicated gnswer might be pi:anning, When the sysea~ ie

glven a goal it will plan a seri0s Of subguals, ¢nNeC~S,
branches and loops leading to thls goa|, This gross pl'a=ning
wlll not pe getalleq enough to Pangle al! errors cr f2iluran
and hence each gybQpal|l has to b2 analyzed apd rlénme: ‘or,
This should ps recreated for iower |eve,;s tll| ~& raayn *he

leve| where tne bulltein fallyre handlina ies reliavte
enough, This planning for errors and faljures Is analosous
to the automatic wWeiting, specl!fically for 2acn goal und
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tallored to the contingencies anticipated, of a super=-duper
error handling program, similar to the one mentioned above,

This soheme |g gomeunat wastefy; and we would | keto be able to "store" the detui{led plans, Sinoe each goal Is
at least a |Ittle different from preceding goals, a
"general lzed” but detalled (see the contradiction?) verslon
of the plans should be stored, Then we wl|| use an execution
ronltor that wlll fill In the missing detalls on the go ang
without repeating most of the effort that went Into
planning, Work In 2 similar clrection Is In progress at
S«Ry1 [15],

7.3 Empirica} parameters

Many of the programs developed through thls work,
especially those dealing wlth Image processing, have many
parameters, most|y In the form of thresholds which are
empirically fixed at a oertaln value, During the program
cevelop™mint, no clear method for the determinetion of thelr
optimal values, for various anticipated situations, was
found that could then be given to a program, Hence they were
fixed at some value thought to be optimal for most
situations, They are too numerous to be passed as forma]
parameters and, because of the reason stated above, too
confusing to be treated as suoh, On the other hand we would
like to make them visible to a future user who wlll have
situations not anticipated at design time which need elther
a change In the fixed optimal value or a variable value for
which an algorlthm oan be found, No Qood solution was found
to this problem apart from olving a Ilst of them with enough
explanations In the program documentation,

7.4 Gulido=|Iines for program writing

The slze of the prosrams developed and used in the
hgnd=eyYe project gnd the fact that tne, gre {and Were)
weltten by a number of dlffepent people over a |ong period
of time, makes a set of ogulde~-|ines (lf not enforced
conventions) for program writing a necessity,

The following Is a long |lst of parameters that
should be optimized, or at least considered, when welting a |
proQeram}

(a) Smal] size of source code,
(b) Smal| siZe of object code.

(c) Small core Image at exeoutlon time,
(d) Fast compllation,
(6) Fragt exeoutlon, /



(f) Readabl|lty of the source code especlally ov
other users, This wll| also ease modifying the code when
needed,

+8) Modularity; General utility procedures and
others should be written so that they can be cleanp|y |i1fted
out of one program and transplanted Into another, This means
that the procedure should use formal parameters and not
¢loba| variables and that |t should make explicit reference
to any subroutine It uses which was defined outside +,

(h) vepsatlllty: The procedures should be app|icable
under a broad range of conditions without faliure or
noticeable degpndation, Thay should not be too versatile if
this necessitates complex settings of flags and parameters,

(1) For debugging and experimental Purposes, tha
programs need conversational abl|lty so that parameters and
even structure can be modified by the user without
reconpliation, Mowaver, after the reliabl|Ity of the program
has been satigfactori|y proved, most of thls code should be
taken out in an orderly fashion,

Trying to optimize all the above rcarameters i:
working at cross purposes, One trivial example: The use of
a table Instead of computation to find values of functions
wll] speed up executlon but also increase needed storece, Irn
the programs deve{oped In this research, optimlzing
parameters (f) to (i) had more Importance than optimizina
paramaters (a) to (e), ! would like to have a comgiler WIth
some flex|bl|ity as to what parameters It tries to opt|rize,

7.5 Module opganizatlion

Currently we have about ten modules apart fron
delvers, The hand-eye monitor and the way messages are
handled allow complete flexibl|ity as to which module

controls what module, After one module activates a1 messega
procedure In another module It can e|ther walt ¢i1l the
other module reports termination of the calle¢ procedure, or
¢o ahead and continue Independent execution, There is no
guaranty th t the called procedure Wi|| aver return control
to the cal|lng module,

It Is up to the programmer to Dulld some JErusEyrein the ccntrol of modules using the flexipollity me tionraed
above, Some classes of structures are Gliscussed ba!sw,

(a) "Prussian army" or "Tree" structure (See Figura
I9(a)).

tach subtree can perform a specific task, The tasks
become more simple and specl|flc the |owar thay are i» tne
tree, Lach sybtree Is "pugged" in the sense that It can

perform its task Without much nalip from above, Commands 9o
down the tree and results are reported ypward., Communication
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between modules |s done only through « common ancestor (or
common commander), This structure Is rigid but simple and
sultable for a development effort Which does mot have to De
highly ooordinated, The development can start from bath

ends of the tree at the sams time, The rigidity and

simplicity make the 80 31S" of the optimization ofresources allocation very difficult, Another disadve tage ig
that many of the "soldleps" have very simliar tasks out they
cannot be used outside thelr "units", A variant of this
structure Is discussed later,

(b) oper structure (See Figure 39(b)):Cne supep=driver Is controlling aj! modules, All the
communications between modules are done through the
super=driver, The super=drivep wl|| be very complex but can
rake efficient use of the modules and other reSources, Al]
the modiles have to be designed together, otherwise changes

(sometimes extensive), will be needed every time a new
module Is added or an old module |s changed, since for
effioient planning the super=dplver needs to know the exact
characteristics of the modules,

(c) "Spoked whasy structure (See Flgure 39(c)):Again we have a supe;~driver controlling all modules, But in
addition there are channels of oommun.catlion and, what is

more Important, cnanne|s of contro] between the modules,
governad by the super=driver, With those means the driver
can glve one module the abliity to control other modules for
the purpose of achleving a certaln subgotl, In this manner
the "knowledge" needed Is diffused but not to the extent of
the tree stryctur0,

The Organization stryuoture uysed for the svstemdescribed hepe is a varlant of the tree struoture, where the
lower leve| modules are more generall2ed and thus c¢an be
used by more than one module, (See Flgure 2), Procedures
In the generalized |ower [evel modyle are aotlvated by
messages sent to It by different modules, The message
handjer outs these messages [mn a sSepArate gueus for each

module to walt for the termination of all activities
required by prior messages |n the queue, Alternative ways
would be to use ldentical| coples of the generallzed |ower
level! procedures, or to make tnem reentrant,

The main sons lusjon to 99 drawn from thls chapterand from the thesls n general Is that things are always
more complicated than they flrst look, In fact, the entire
fleld of Robotics has been concerned with solving problems
which appear at flrst to be trivial,
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[J moouLe O SUPER MODULE

—s- COMMAND (ONE WAY) AND INFORMATION

(BOTH DIRECTIONS)

(a) (b)

SUSPENDCD

TEMPORARY

/

ACTING VICE SUPER MOOULE IN CHARGE OF GOAL G

(c)

fa) "Prussian Army"

(b) "Star"

(¢) '"Spoked Wheel"
Fig. 79. i

EXAMPLES OF MODULE ORGANTIZALION STRUCTURE y, |
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Appendix A: Camepa module

A.,1 Camopa module message procedures

The camera module |s activated by the following
ressages!

CAM_INIT ]
Reads the camera model parameters from disc fille,

CAM_UPDATE

Reads the pan ti|t and foous pots, computes the
camspa transformation (see Section A,2) and stores it in
global CAMERA MODEL, Since the pot readings are nolsy
because of power supply nolse, A/D converter nolse, high
freauency meohanical vibrations of camara parts relative to
each other, etc,, the pots are read a number of times (40)
and the readings ape averaged, As an Indication of the
amount of noise jeft In the averaged readings we use the
following expression!

(MAX=MIN)/(4#SQRT(N)]

Where: MAX |s the highest reading, MIN is the |owest
reading, and N |s the number of readings, The nolse Is
ohecked to be [ess thzn that oorresponding to 1/20 of
deptheof=fle|d In focus, 10+(=4) rads, In tilt and
2,5410¢(=4) ,ads,in pan,

CHNG_LENS(N)

Rotates the turret ¢ti|l lens no, N is facing the
vidicon, It takes about i sec, to rotate the turret +o the

+ next position,

MOVE_CAM(PAN, TILT)

Moveg the pan/tli|t head so that the pan and tll¢
angles in radians equal to PAN and TILT, respectively, The

2 veloolty of the tlit movement Is ,26 rads/sec, and that of
pan ,13 rads/sec,

CHNG_FOCUS(RANG)

Moves the vidicon to focus at a range nf RANG inches
T from the lens center. The ve|ogclty of the vidicon movement

Ils 012 Inch/seo, For examp|e: to change the digtance at
whlch the camera Is focussed from 20 |nohes tO 5¢ inches
with the 2 Inch focal Iength lens takes 11,5 sec,

CAM_CENTER(N,X,Y, 2)
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Computes tne pan and tlt angles necessary far the

principal ray of the camera to nass through the point
(X,Y«2) In ¢t,c,s8, (1,0 that the Image of this point will| be
at point (Pe1,PP2) in the |.Cc,8.)» When lens no, N is usad,

(See Section A,3), It algo computes the range f,om the !ong
oenter to the point, Then the camera Is servoed to the
computed setting and the |ens Is changed accordingly,

The above four message procedures Use a Common 38rvVn
routine In the following way: using the pot constants anc
the focus equation, the pan and tilt angles and the range

are converted to pot settings, Thess s8ttindg are then
checked for legality, The leQaiity of the lens number glven
to It is a|sg checked, Each 1/762 sec the readings of the
pots are compaped to those regulred, [f the differencase
are larger than the glven thresholds, the notors 2ar-
actuated In ¢he proper direction and run at the consten-
rates mentiored above, The thresholds (full) correspond ¢-

1/5 deptn=of-fie|a for focus and 3 mrads, In pam ane tilt,
Note that these thresholds ape much higher than ¢ha roise
requirements mentioned In the discussion of CAM_UPDATE, Tne
reason Is that centering |s done to assure that tho otb.jecr+
will ope approximate|y In ¢the middle of the fielg of view,

where the performance of the camera and the modae| are DOSt,
On the other hard, to yet precise mgasurements we raed to
know where the camera 18 pointing with high precisian,
After the motion Is completed op abDorten CAM _'IPOATL is
called automatically.

CAM_PRED(N,X,Y,?)

Computes PAN» TILT and RANG ay in CAM_CENTER, and
then computes the corresponging camara rrans opmat ion anc
stor8s it in global CAMERA_PRED, No s2pvoing Is done.

The output of the camera module Is as follows (all
global vaplagb|es)! CAMFLG wlll ba nonzero 1f ar error
occurred during the execution of the procedure called, and
Its value glyes the cause of the epror, CAMPAN, CAMTIL ann
CAMRANG hold the current pan and tilt angles and ¢tme range
at which the camera Is focusseaqa, CAMLENS deslgmates the
current lens, PaNPOT, TILPOT and FOCPOT ho!d the current
averaged readings of the pots, CAMERA_MODEL «nd CAMERA=PREC
hold the transformation of the current camera DOSitiOon anc
of the position mentioned last In CAM_PRED,

A,2 Camera transformation matrix computation

Take a point B with coordinates [B)e(xt,yt,2t) in
the t,c.s, lts coordinates Ina c.s, parallel] to the t,C.S,
and translated to the point P with coardineteg
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point of Intersection of the pan and tilt axes, Its
coordinates In a C,8., rotated relative to the lagt one with
Euler angles PSI, THETA and PH! (right hand rotation In this
order) wli| pe}

CR1(PS],)THETA,PH]) Je(LBI=CLPJ).,
where RL Is an opthonorMmal rotation matrix, The three FECuleor
angles are glven In terms of our conventions for the pan and
ti|t angles PAN and TILT, and the fixed rotation angie SWING
as (see Flgupe 26)!

PSIsPAN+») THETA=TILT]) PHI aSWING}

We wlll denote the rotation matrix expressed In terms of
PAN, TILT and SWING by [R2), |,e;:

(R2(PAN,TILT,SWING)JaCRL(PS],TETA,PHI)J,

Hence the opordinates of the point B In the last coordinate
system wl|| pe; [R2JI#((RJ=CPJ), We now rotates the c,s, With
Euler ang|ads =r/2, 0, =v/2, Tha coordinates of the polnt B
In the new ¢c,s, wlll be!

[(Ri(=n/2,0,=x/2))8[R2I¢([BI=LPJ)

we define gg matrix (RJ) by: [RIs(R1(=v/2,0,~w/2)]elR2],
The coordinates of a point B In the Igst c.8, will bet
[RJ#((BJ=[P)), Lastly, we trgnsiagte the ¢.8. to 3 point C
with coord nares (OPJ=(CP1,D0P2,0P3) yn the ast c,s, to fet
che "camera coordlinage syssem" (c,c,s.), The coordinay€s of
the point B In the c¢.,¢,5, Which wlll be dengted by
[UJ=(u,viw) are!

(UJsCR)*(CBJ=CP))=LOP]

For the sake of completeness, ie elements of therateix C[R] which will be denoted by RIJ (e,9, R12) wlll be
glven here explicitly In terms of PAN, TILT and SWING, which
will be abbreviated by P,T and S respectively:

R11=-COS(S)®SIN(P)*SIN(S)SSIN(T)®»COS(P)
R12= COS(S)#COS(P)*SIN(S)eSIN(T)®SIN(P)
R1¥=aSIN(S)eCOS(T)
R212 SIN(S)®SIN(P)*COS(S)®SIN(T)*COS(P;
R22=«SIN(S)*COS(P)+COS(S)*SIN(T)*SIN(P)
R23=-C0S(S)«COS(T)

R3I1=-CO0S(T)eCOS(P)

R32==COS(T)*SIN(P)

R3I3z-SIN(T)

The pan and tllt angles are computed from ths |
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corresponding pot readings as follows:

PAN=PPQT2+PPOTDePANPOT;
TILTeTPOTD+TPOTDeTILPOT)

As mentioned In Sertion 4,2,2 SWING Is an Inver langparameter,

Define a vector [HAZ (M1, M2, 43) byt CMI=[RYefP+20P],now define a Je3 matrix (E T) as follows!

EXT.12R11) EXT12aR12) EXT13a=M1;
EXT213R21) EXT22sR?22: EXT238aM2;
EXT31=R31s EXT323R32; EXTIIzeM3;

The matrix (EXT) can be used to convert coordinatec
of points on ¢t¢abDleetop from t.c,s, to c.c,s$, Irn the
following manner: For a point B on the table with
coordinates (xt,yt,R) form a vector C(TJz(xt,yt,1), [ts
coordinates |n the c,c.s, are glven byt CUJ=CEXT]e(T],

To convert the coordinates of a point In ¢,c.s,
cenoted dy [ylelu,v,W), to Its coordinates |n 1eCeS, COMOtOG
by (xl,yl) we use the 383 matrix (INT) defined as follcowe
(see Figure 27)!

NTi1=2F0CexKX! INT12=0 INT132pPR4{Nv3iaFRsakX! +33, inY282F8ke vy, INT 285PP5 0p 333
INT31=22; INT3I2=01) [T3321

The distance between the vidicon face and the lene
center Is computed from the reading of the fccus pot as
follows:

FOC=FOCLEND+FOCLENGeFOCROT;

The matrix [INT) Is ysed In the follgwlng way:
compute a vector (JJ=(J1,J2,J3) by: C(JI=[INTIe[U], <hen,
x18J1/J3 and yi=j2/7)31

Last, wa define a 3Ie3 matplx CCOL)=CINTIeCEXT],
This matrix incorporates al! the carameters of the camera
model and tg use should be obvious from the above, but wr
will repeat |t anyway, To convert the oo0rdinates of a ~cirt
on a table glven by Its coordinates In t.Cos, [(Bl=(xt,yt,2)
to its coordinates In the lvCoSy (Xi,¥Yl), Wwe forn 2 vector
(Ti=(xt,yt,1), compute (JI=(COLJe[T]), and «xl=, 17.3;
yl=J27])3,

If we want to compute tne image polnt Correscondi ag
‘to a point not on the table-top, we Lse the |erg center
whose coordinates in the t.Cc.S. are ¢lver by
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tCJ=(PJI+INV(LR))S(DP), We compute the line through the given
point and the Jens center, then we compute the polnt of
Intersection between this Ine and the table-top and proceed
as before,

To compute the point of Intergection bation) thetable-top and a |Ine through the [eng oenter and an mage
point wlth coordinates (x,y!) In the |,c.0.,, we form the
vector (ll=(x!,yl,1), oompute CJI=sINV(CCOLI)e(]], and
xtsJ1/J31 ytej2/j3,

The matrix [COL) Is called the caméra transformation
ratrix, Jt is computed and stored eaoh time when the cemerg
rodule executes CAM_UPDATE of CAM_PRED,

A.J Derivation of camera centering saurtlions

To enter the camerg on a point deflined by Itscoordinates Tn the t.c.s, [(Bls(xt,yt,2t), we compute Its
coordinates in tne i,c.,s,!

(U)z=(u,v,w)} CUls(RIe((P)=(BJ)=CDPI}

Then we compyte thy needed pan and tlt angles so that
uzvzl) To simplify the resulting equations we assume that
SWINGsD, This assumption Is Justified since the
calibrated value ,f SWING Is legs tha, 2 deg, With this
assumption we have!

UE (Plext)aSIN(P)=(P2-yt)®COS(P)=DP1

vE=l(pl=xt)eCoS(p)e(p2=yt)oSIN(P) JOSIN(T)*(p3-2¢)eCyS(T)=0p2
((Pl=xt)®COS(P)*(P2eyt)®SIN(P)J8COS(T)+(P3=2¢)eSIN(T)=DF3

Flest we Fo1ys us@ for P (we denote the 3elution by PC),Then we substitute this value Into the equation vz, and
solve It for T (we denote the eolution by TC), These two
equations are scived Oy converting ¢hem to ouadratic
eovations [In COS(P) and COS(T) respectively, Last, we
substitute PC and TC Intc the axpression for W to get tne
distance betwaen the lens center and the point (RR), We
genote this distance by WC, Then we use the focus eguation
to compute the corresponding foo,

Av4 Derivation of pan/¢!it updating eouatlons

The goal! of the pan/tlit updating routine is to
update or recompute the pan and tilit pots parameters, It Is
done In the following way! For a point glven by Its
coordinates In the t.c,e, [B)=(xt,yt,zt) the routl!ne finds
the oorresponding Image ooordinates (xl,yl), From this
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information we would |ike to compute the pan anc tlt angles
of the camera, These angles with the correspcnaing rot
readings wil| enable us to recompute the pot caramete-s,

We define! azy/wj Bev/w, Fron the ecudtions of the
Internal mode! (gee Section A,2) we have!

S2(xi=PP1)/(foC*KX)}

H=(y|=PP2)/(focekY)*(x|=PPL),/ (333ef0ceKY)}

veiling again the assumption that SWING=0, we get from theexpressions for u,v and w given in the |ast section the
following two eauatlions which we have to solve for the pan
and tilt angjag P and T!

(Plext)oSIN(P)=(P2=yt)oCOS(P)=DP]=
Be (L(PLlxt)oCOS(PI*(P2=yt)®SIN(P)IeCOS(TI4(P3=2¢)8SIN(T)=DP3)

re lripityeSO8RIatP2oyt) eSII(P) JeSIN(T)I4(F3=2¢)9COS(T)=0P2xAe (((Plext)eCOS(P)+(P “yt)O®SIN(P)JeCOS(T)I+(P3=2¢) 8S! (T)=CFT)

i could not find an explicit ana jytic solution to
the above eguations, but the foliowirg approximate solution
proved itsel¢ to be appropriate,

We denote Dy PC and TC the nan and tllt angles which
solve the centering eguations of the iast section, We now
cefine PC an¢ 10 by: PD:=P-PC and TD0s3TeTC, Ncte that for
0c329, PC and TC are actualy the solutions of the above
equations and hence PD and TD are als0 equal to 2 in this
case, Since In the undating process we contered the cCamapa
before finding xi and yl and since we assume that the
calibration hed not been gegraded too much, We can assume
that u,v<w 2nd hence a,n¢1 and PD, TDC! or!

SIN(OD)=PD} SIN(TI)=TD; COS(PD)=COS(TD)=1

mith these assumptions we get the following equaticms for Pn
ang 10!

(G+aeDPL1eCOS(TC))JePU=(asP2]aTD=(aeDP18SIN(TC) JOP eTNza0HC
DP1e(SIN(TC)+40eCOS(TC} JoPNetWCeOP3+NADP2])e TD

*DPLe[COS(TC)=PaSIN(TC)I®PCeNEON

where GC |s definrned by! Ca(Plext)eCUsS(PC)*(P2-yt’ eS] (7C),
CP1,0P2,CPI are 2f the same order of WC amd gameamas
smaller, assuming that the camera Is not looking wverticaily
gown (which f(s gsiways true witn the camera currentiy used)
“8 CAN Say the same about G, With this assumption and the
assumptions mentloned atove we can simpiify the ecuaztlons to
read!

GePN= ae)P2eTDz0eW(
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DP1e[SIN(TC)+NeCOS(TC) )ePD=CWC+DP3)eTD=peWC

Solving the two |lnear equations and using the same
assumptions again we havel

PDsaeaWC/6
TOr-WCal(R=aaDple®SIN(TCI/CGI/(WC+DPI)

{
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Appendix B: Automatic focus module

The automatic fooussing routine was suggested ang
experimentally Implementeo ty JM Tenenbaum, and then
mrod| fled by me for use In the focus got calibration updating
program and sim||ar apoiicatlions (focussing on an object at
unknown ranQe seen es a "blob" In the Image before analyzing
the Image), 1{t ls too orude, as It Is, to find range
differences between two oolnts oloser than 1 Inoh (et 30
Inohee the depth of fleld of the 2 Inch lens Is ,6 Inoh),

The orlinolple of operation |s to search for a range
by moving the viglcon relative to the Jens, at whloh a score
function, whigh measures the the quality of focus, Is
raximized,

The medyl® uses a8 window defined externaliy InLOOK_AT, The block diagram le glven In Flgure 4C, Each of
the blocks exit ard fallure |s Indicated (In global FOCFLG)
|? elther INPUT (see Section J.2,2) or the camera mcdule
have fal led, Other oxlt oonditione are mentioned In the
blook descriptions whioh follow,

IMT

The camera Is fooussed at the ourrent estimate of
the range (the Initla| estimate |s glven as a papameter),
SETCLIP |s called to set the clips 0 bracket the Intensity
range seen In the window at that foous setting,

The next search Interval |g selected to be the
lapger of: (a) the current estimate of the range uncertainty
(the Initial egtimate Is olven as a oparameter),and (b)
JeDOFREQO whepe  DOFREQ Ils the minimimum attainable
uncertainty whloh Is defined as the depth-of-fleid, OOFREQ
's oomputed by an approximation to a more complex expression
as follow!

DOFREQu(R*2)®Ce(FH)/(Fe2),

Re|s the range (the ourrent estimate |s used) Fels the lens
focal length} F#~ls the aperture sottling, Since the
aperture setting |S not oomputer controlled It |e left at
maximum opening (1,4 for all lenses) C-Ils the dimension of
a raster co|l of the vidlcon (aporximately 1/7600 Irch), FOr
the above formula we assumed that ths "clecleo of confusion
has a diameter of Na|f a raster unis,

The number 3 In the above equation was Sng Jejanilychosen, lt was found experimentally that the criterion used

to Judge the quality of fooussing (see below) has ve|ues
above 98% of the maximum In an Interva| of 3JI<DOFREQ around
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the maximym,

The search Interval Is oentered on the ourrent range
egtimacte,

MEASURE

10 equldletant points are ploked Ian the search
intepval, At eaoh point a score function (criterion) Is
oompy4¢ed by TVSCRLEN (see below), The three highes, scores
are dynamically malntalned with thelr corro@sponding ranges,

TVSCREEN

The window Is read In ¢ times ang the time-gverageIntetelty Is computed at each samp|ling po nt, Using the
asveragec Intensities, the magnitude of the gradient at each
sand| Ing polnt (less those lying on the perimeter of the
window) Is computad using the following approximation:

COX) Y)IESSORT(LI(X=1,Y=1)e20](X=1,Y)+](X=1,Y+1)
“J(X+1,Y=1)=20](Xel,Y)=](Xe1,Y+1)]2¢
Cl(X=L,Y=21)420](X,Y=1;¢](x¢1,Y=1)
“1 (X=1,Y+1)=20](X,Y+1)=](xe1,Y+1)]?2)

where l(x,y) Is the avernged Intensity at the samp|ing point
(xe¥)y From G(x,¥) we compute a thresholded value of the
gradlent's magnitude as fo| lows!

H(X,Y)s G(X,Y) 1! G(X,Y)2CUT
gs D otherwlse

CUT Is a parameter glven to the program or coupytedIn INIT
to be a fraction of the maximum of H(X,Y) ove; the window at
the point of highest score, The score function Is the sum of
H(X,Y) over ¢he window,

ACOMT VAL

Using the 3 highest scores and the corresponding
ranges, the new range and range=unceoprtalinty ose ine con are
computed, Ther a declisicn |s made to exit or enter MEASURE
again according to the following ruless

(a) If all the scores are 0 then ACOMEVAL exlts ang
fallure Is Indicated,

(b) If the range corresponding to the highest score
point Is too close to the seargh Interval boundary points
then the range of this polnt Is the new estimate, the range
uncertainty estimate |s unchanged and MEASURE Is entered
again,

(c) If the new uncertainty estimate Is larger than
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the old one, or If It Is samajler than DOFRED, AZOMEVAL
exits,

(d) !f the new range uncertainty estimate is smaller
than the oid one, a counter Is incremented (initially set to
2), 17 the counter reads |ess than 3 then MEASURE is entered
again to try and Improve the estinate, othnerw|ses ATOMEVAL
ex|ts,

The automatic focussing modul~ Is activated by the
following megsce!

AUTOFOC(EST _RANGE,RANGINVAL,NCUT)

Where! EST_RANG=1s the Initial range estimate (in |nmches);
RANGINVAL=-13 the Initial search interval (in incres):;
NCUT~Ils the vajue for cut {If It is positive, or a flag for
automatic se¢ting of CUT If it |s negutive,

The outputs of the module are the following globals!
FOCRANG= Is the best range estimate; FOCDELF~is the best
range uncertainty estimates; FOCFLG=Indlcates success Or
fallure of the module and the snurce nf faliure,

The resolution needed of the focus servo ig
approximately the resolution of the scanning circui*s (i,=
the dimens|on of a raster ceil) and Is Independent of lens
focal length and the renge as the following analysis shawe:

Take two points av distances Xi and X2 fron the ELE
center, Denote the distancos between lens center and vidicon
needed to focus on X1 and X2, YL and Y2 respectively, Usin:
the focus ecuation we have approxinats|y:

Yi=-Y2=z(Fe2)e(X2=X1)/(R*2)
where F Is the lens focal jength and R=(X1+X2)/?, [f we
want 12 points In go search Interval of at 'east 3¢DOFREC
then the Increments of fog between two consecutive points
will be:

DY=(F*2)a3*DO0FREQ/[12%(R*2)]

but!

UOFREQ=(R*2)SFHSC/(F +2; |

where C |s the scanning reso|ut!ion, Hence!

DY=3uFpeC/10

Mudlflicatlions to |mprove the performance of the
rodule might by of two types!
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(a) Mod|flioatlon of the sccre function computed et
each range, One possiblity is to try to use the concect of
energy of high spatial freguenoles used by BR, Horm at M,!.T
for similiar applications C111.

(b) Mod!floation of the searoh algorithm, Here we
use the three highest scores out of ten computed at
squidistant points In the seargoh interval, to declde whether
to step the searoh or What Interval to search next, If the
measurements were not noisy we oould use a kind of binary

| searoh whioh Is faster, The problem of finding a maximum of
a function from nclsy mesurements of its values bejongs to
the fleld of “"stocohaetlo approximations", Most of the
theoretioa! results of this fleid are ooncerned With
convergence properties of the algorithms after a large
number of megsurements and not with thelr efficlency [141],
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