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A sst of proograms for precise manipulation of simple planer
bounded obJects, by means of visual feedback, was developed for wusse
In the Stanford hand-eye system, The system Includes a six ‘egrees
of freegom computer contro]lied manipulator (arm and hand) and a fully
instrumented computer controijed tejevision camera,

The Image of the hand and man|pulatod oblects Is acquired by
the computer through the oamera, The stored Image is analyzed using a
corner and |ine finding program devejoped for this purpose,The
snajysls Is simplifled by using all the Information availabio about
the obJects and the hand, and previously measured coordination
errofs, Simpie tocuch and force sensing by the armn help the
determination of three dimansional positions from one view,

The uytifity of <the Information used to simp|ify the scene
anajys!s depends on the accuracy of the geometrical modefs of the
camera and arm, A sst of cal|lbtration updating technigues and
prograt~ was devefoped to malntaln the accuracy of the camera model
relative to the arm model,

The preclislon obtalned |s better than ,1 Inch, It ls |
by the resofution of the Imaging system and of the arm no

measUrlng system,
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LIST OF NQTATIONS

In the folilowing |Ist E or EI, where | is an
Integer, stards for an algebralc expression, The followling
"strange" symbols are used Instead of suhscripts,

superscripts and other symbo|s Which tre usuallyY not used In
IIne,

SQRT(E) = the square root of E,

E1tE2 = £1 raised to the power of E2,
ABS(E) = the abso,ute value of E,

EL1eE2 « E1 mylitipiled by E2,

E1/E2 - £1 dlvided by E2,

INV(CRI)= ¢he Inverse of the matrix (R3],

The fo|lowing abbreviations are used in the report:

0:Cy3.~ Came, a coordinate system
Ce8s = Coordinate system
CetiCi~ caméra table coordlinates
hscovs.= hand coopdinate system
hetyco= hand tab|e coordinates
lsCeSe= Image coordinate system
t.Ci8,~ table coordinate gsystem
U.t.C,~ User tabje coordinates



CHAPTER 1: [NTROPUCT]ON

1.1 Backgraund

The genera] fleld of research, of which this work is
a part, |s cal|ed Recbotics, It rhymes wlith Aeronautics and
Electronlos and has the same connotations |,e, a flejd of
englineer!ng oomplex enough to deserve Its own name, In my
oplnion it is a natural outyrowth of the fleld of Systems
Engineering, Henoe | wou|d Ilke to start with a dlscussian
of systems 1in general and thHen descrlbe the dlstinct
features of robots,

We can informaliy define a system asg foliows: A
ooilectlon of elements whlch has a goal, The fo!lowing
oomments wWii| glve more substance to the definitioni

(a) Every system, wespecla|ly a complex one, |s
construoted of sub-systems, each with |ts own goa| which is
iegs Inclugive than ¢hat of the papent system, If we
subdlivide the system Into pleces whioh are sma|l snough we
wlill have devices, eaoh having Its own functlion, (The
distinction between subsystem and device or between goal| and
functlion Is Intultive and not formal and |s done to help us
In organlZing sup thoughts,

(b) We can dlvide each gsystem Into three major
subsystems: |) A sensory subsystem wWhich senses the rejevant

variabl|es in the envlronment In which the system I«
operating, and the internal state of the system itseif, 1II)
A declislon=making subsystem which comblnes the output of the
sensory subsystem, the Qoa| ana stored Information to declde
what to do next, I11) An effector subsystenm which actually
carrles . out the actlions specifled by the decision-making
subsystem, One of the maln aspects that make system desl!gn
and anijysls ocompllcated and Interesting Is the faot that
the environment presents to the system many random and time
varylng efements, On|y some of them, hopefully the most
Important, are measured dlirect|y by the sensory subsystem,

(¢c) Durtng the desion phase and after, the anajysis
of system performance |s done by using many toois! |
Mathematlical analysis of the system model; [I) Simujation of
the mode| on a computer} 111) Experiments with a breadtoard
mode| IV) Experiments wlth an operational system, (The
research reported here, for example, oonsisted malniy of
design and experiments of a breadboard mode|, the hand=0ye
system at Stanford, Which |s desorlbed jater),

(d) When the structure of a system does n?t Include
any human ejements (1t Is then calied an automat)c systen),
the goal that the system oun acoompilsh Is very specific and

i



‘s bullt very Zeep |Into the structure of the system, An
elerc!ane automatic plict, for axample, cannot be swltched ta
pilot ships, The principle of operation, the method of
design and ana|ysls, eto, might be vepy simliar, but the
hardware ana the software differ enoudh to make the swltch
Impossible,

We now prooeed with a gefinition of a robott A robot
is a versati|e automatio system In the sense that |t oan
achieve many d!fferent (probably related) goals at the same
time or at different times, With no ohange or with very
minor ohanges In Its struoture, !

The following two examples wil|l |llustrate the
meaning of the above definition, These wer® ohosen since the
development of these systems Is pelng- ,otlvely bpu sued py
Industry,

(a) Mars Explorert Because of ¢the time delay
(minimum of 4 minutes round tric), dlrect manual contro| (as
on the Russian J|unar explorer) Is not practlcal, The
eXplorer should carry out by Itself a varlety of tasks ¢glven
to It by |ts ocntroller, For examplei navigation, rock
oollection, so]i sampie anaiysls, The tasks are different
but related In the sense that al| involve Interagtion wlth
the terraini blo rooks should ke avolded, Interesting rocks
should be callected, rooks should be pushed aelde to dlg for
Soll sampley, distijotlve roek formations oep help I
navigation,

(b) Aseembly Ilne workert n this oase manual
oontrol wil| defeat the purpose of bui|d!ng one, The tasks
Includel mating parts, Inserting and tlightening screws,
rivetting, welding, palnting, 20),

The versatlilty of ths robnt demands vereat!|lty of
the three major subgystems, Curgontlv the most =<cultable
oandidate for a versatile deolglonemaking subeygtem |s a
genera| ~urpose clgltal computer, In the deslgn of ?h. othep
subeyetems the temptation to bulld an anthropomopphlc system
le Very strong, In_ addition to the often hearg easonsg
ooncerning the optimiZation of mother nature over milllons

of years, | weuld Ilke to add two more}

(a) Communloatl?n ?otwoon robots and. the goa|
eotters would be much easier If they could share L LEL TR

experlencs,

(b) Aoocommodationt In th. assomb |y |ine example the
ablllty of the robots tc move [n spaces, to use teols, angd
to hand|e parts, all desloned for human use, would be a

major aesot,



The major humen sensory davice |s the wvye, For thls
and other reasons (avallabjllity of T,V eaquipment for
example) eguipping the robot systems now In development with
vision sense |s wunlivepsal practice. It Is coupled with an
arm and hand device (at Stanford (10), M.I.,7, U, of
Edinbyrgh [3], and In Japant E,T,L [13] and Hltachl (61), or
with mobliity (at Stanford [24] and S5.,R,I £161),

Some of Yho problems encountered In “ne developmentg
of robots and which are dealt with In the rusearch reported
here wll| be described In the sontext of the robot oprojsct
at Stanford,

1,2 The Stanford hand-eye system

The hardwar® of the system conslsts of a computer
controjled T,V camera and meohanical arm, Both are rigldly
connected to a table which Is the systems's work space (see
Flgure 1), Over the years a set of programs have oDeen
devejoped whlegh do the followlng: control the varlous
parameters of the camera, plan and execute tralectories of
the arm [17), analyze scenes which conslst of several simple
planar bounded obJects partliajly obscurlng each ather
{19),(7), determine colors and manipulate the objects to
changs thelr positlon and orlentatlon (Including stacking),
(Currently there is wWork In progress to analyza scenes whlch
alse Include curved obJects such as tools ([11).

1,3 Visual feedback problems

The varlous tasks of the hand-eye system aro carried
out In a "gross" seaguentla| fashlion as follows: Flrst the

scene Is anajyzed to detarmine the obJects It includes and
thelr posltlion, orlentation and color, Then the
ranlpulations needed are planned and executed, !f some of
ti'e parameters changed by the manlpulatlons have to be found
agaln, the scene analysls Is repeated, The executlon of the
r~nlpulation Is not monltored hy the vislon sensor (the TV
samera) In any way, Thls manner of operatlon Is in principle
relatlively Imprec|se, unecanomicall and sometimes
"catastrophlce", Thase somewhat strong allegations will pe
explalined next,

Preclislon: We wi|| explaln the |Issue of precision by
an example, The opreclislon wlth which a stack of cubes is
bullt |s determined by the fol|owing parameters:

(a) The precislon of logating the cubes Initially,
This locatlon |s computed from the locatlon of thelr image
In the Image plane and the mathematlical model of the camera
that we have, There are flve ‘factors wihlch affects this

3
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{a) GENERAL VIEW

Fig. 1.

HAND EYE SYSTEM HARDWARE
(Continued on next page)




o pp—

(b) ARM

Fig. 1.
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preclsion: ) The quallyy of the Image, I1) the oreclslon
of the scene analyzlng routine whigh located the Images of
the cubes, I11} The quallty of the mathemat|ca| mode! of tha
camera, [V) Thy preclslion of the Invarlant parameters of the
caméra  whlch are determined by a oallbration program
described |atepr, V) The quallty of measurements of the
varlable parameters of the camera such as the pan and t!|¢
sngles,

(b) The preclision of manipu atlon, Here we have four
factors: The tlpst three are sim lap to IIl,Iv,v above
pertalning +o the apm, The fourth I's the precislion of the
arm servo progpam,

The resultant error may be more than we oan
tolerate,

toonomlcsi When a scene |s analyzed and then changed
by manlipulating some of the objects it Includes, we know
(and the program can know) falely well hew the new scens
|lcoks, A genera| scene analyzer, when call|ed to analyze the
new scene would not make use of thls Information, A scene
analyzer that can make use of this Information and |ook only
for the remalning differences which are caused by the
Imprecision discussed above, would be much more economlical,

Catagtrophet Compldar agaln the cguoe stagking
exampie, [ the wrror lg Inrge arough sc that the ganter of
gravity of the top cube Tl outslde the GCop Teace of thas
bettom ogcupe, the teo cube wil| fa|| of ! when ¢ e released
By the hand, The cube e reloaged so that the hand zan  be
meved aWey |n arder to almpiffy the scans for the genera|
scene ana|yzer, Any schemes to avold catastrophes wlill need
the capabllicy to analyze gceneg which Inc|yde the hand,
Agaln = the falrly good knowledge of the position and
ortentation of the hand could he|p In the scene analysis,

The natura| sojutlon co the above deflglancles |s to
use Visua| feedback, ! oal! thls solution "natura|" because
It Is extensively employed by humans, The |Im!iting factors
of the manipylation errors, when visua| feedback ls used,
are the resojutlon of the Image and, the arn servo, The
accuraocy In thls case is Inherently better <then for
"open=|oop" operation, The problems generated by
the “"open<|oop"” mode of operation, and the posibi|ity of
using visual feedbaok as a solutlon have been known by
researchers In robotigs, However, the Implementaticn of the
solution had to walt for the accumuletion of knowlesdpe ang
technologlcal know=haw to reach the right stags, | was
fortunate to start working with the hand=e¥e group of the
Artificlal 1Intelllgence Project at Stanford when this stege
was attalned,
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1.4 The goal an ' short deaorintlion of the work.

The goal of the rasearch reported here was to glve
the hand-eye system some visual| feedback capab!|ltles for
the tasks carrled out by ¢the system at that ¢ime, 1i,e
achleve npyecise grasping, oplasing and stacking of obJects
(muinly aubeg),

The work was div|ded Into thpee parts, devo|oped in
approximateiy chronoioolcal order, although changes wore
made a&s the work In |ater parts advanoed;

(a) Devejopment of & simple scen® ana|yzZer which can
find J|ines and corners In a small part of the |mege frams
utilizing as mych Infcrmation as Is givon to !t at al)
levals of {ts operation, This analyZar, which we wil| call
the oorner=-finder, Is sultable for ¢ne visual feedback
tasks,

(b) Devejopment of cajllbration updating programs,
These programs are needed to malntaln the callbrated mode|
of the camera at Its best agalnst deterloration over tlime,
It |Is a gererai principle of feedback systams that the
complexity and effort needed of the fesdback part of the
loop Is inverselyY gropoptionai to the reciglon that can be
attalned by the forward part of the loop, In our case thls
rejation is not smooth slince a sma|l change of precesion
(especlally when the pregislon Is on the same order of
magnltude as the dimenslons of the otJects handled) can mean
a quallitative change in the nature of the feedback part of
the loop, These oprograins make use of the corner=finder of
part (a), The callbrated model, althouoh partlally
deteriorated, |s stii] good enough so that Information
supplied by |t can be ysed by the corner~f|nder,

(c) deyejopment of visual feedback task progrems
using the corner~finder of opart f(a) and relying on the

precislon of the forward part of the loop malntained by the
proframs ef part (b),

As an example we w|l| give here 2 simpl!fied
descriptien of the stages of operation when a gcube (A) is
grasped, with visual feedback, and thep stacked on arother
cube (B) of the same size, ad9aln with vigual feedback, (The
numbers ufter each step refar to flgure numbers):

(a) The hand Is brought over A, (32(I11)),

(b) The flingers are cloted til| one of them touches
the cube ag detsymined by touch sensors on the fingers,
(32(1v),

(c) The hand |s Jogated In the image uslinag the
corner=finder and the error of Its position relative to the

7



cube |s compyted,

(d) The fingers are ooened, (32(V)), and the error
corrected by incremental movement of the arm (32(V])), Steps
(b) to (d) are ,epeated tl!] tne errors are reduced below a
given threshglid, Then the cube Is gripped, (32(V]III1)),

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

() A |s brought abeve B, (3I5(1V)),

(g) A Is placed on B using force feedback, (35(V)),

(h) The hand |s |ocased agaln In the Image, and then
the visible edges of the bottom face of A,

(i) The poslition errors are cajoulated, A |s |ifted,
(35(V1)), an¢ the @rrors are corrected (35(V]!), Stens (9)
to (1) are prepeated, tll| the errors are reducec below a
¢iven threshgld, (3I5(VIII)),

Usyatly the fesdbaok |oops ar® axecuted only twlos,

drne af thda mein proble=s that wi had %o golve wig
the analyels of the comp|ex acene, contalning the hand and
2%t least twe mpre obJegte, to measure the ama|l eprors %O bDa
garrectea, Ta amahieve thia doa] the cormer=fipder wan
geglgned, Wych effort was put Into maintalnlng the
aecuracy of +hne zallbratlon of tha aystem, by degligmimg tna
eallbretlion ypdating porosrama and wueling other achemes
degcrlbed lagiy,

Two exlsting programs!i the camtra con\rollei and the
automatio focussing progdram were modifled for use n parts

(b) and (¢) of the work, (See Flgure 2),
1,5 Related wopk

The work descrlbed nere s In part a dlrect
outdrowth of the work done at Stanford by 1,Sobe| and Ideas
suggested by him (26), Parts are extensions of the research
don@® at Stanford by J,M,Tenenbaum (28], The work |s also
closely relatec and makes Usd of programs developed by my
co=-workers at Stanford, especlally R,Paul who devejloped the
arm trajectory planning and control|l and K,Pingle who helped
geve|op and maintaln the utl|!ty programs and the hand=eye
systam monitor, (See Figure 2),

Two othep efforts In visual feedback shouid be
rentloned here}

(a) The herolc efforts of W.,Wichman who flve years
ado at Stanford trled to develop visua| feedback oapabliity
without the support and environment that ve now enjoy, In
Wlichman's system a general| scene analyzer was used to
determine 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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agaln to corpect the errors (29],

(b) Work dons by the Artificlal 1Inte|lgence and
Robot group at E,T,L (Electroetechnioal Laboratory) !n Japan,
The task oarried out !s the Insertlion of a long squar® block
Invo a squure hole [25), The bjook ls !ong enough so thag
the hand holding It |s outside the fleld of view., This
simplifies the scane analysls,

1.6 Structure of the report

Chaptep 2 Includes descriptions of the hardyare used
and software sypport, In chapter 3 the corner=finder program
Is doscrlbed in detall, ohapter 4 oontalns the demcription
of the calibration upcating programs and ohapter 5 that of
the various vigual feedback tasks, Chapter 6 summarlzZes
the results and sugQests possible future developments, The
descriptions of the camera control and automatic {fooussing
prodrams are left to appendices, Chapter 7 desorlbes some
general problems ooncerning the deslign of robot systems In
partlecular and large scale oprograms In genera|, These
problems, or axamples of them, surfaced during the ;esearch,
Maeny of <them remaln unso|ved, In some cases, comments on
the princlplies of solutions are glven wlith the descriotlon
of the npartlicular Implementatliorn of these solutlons in the
current orodrams,

Guld to the oasual reader: Readers Interested In
the corner=-finder should read Sectlon 2,1.,2, Chapter 3, and
In cal

Sectlon 6,2, Readers Interested callbration sheuld read
Sectlon 2,1, Chapter 4 and Section 6,3, Those Interested in
visvual feedback and not In the detalls of how the scenes are
ana;yzed, shou|d read Chapter 2, Sectlon 4,1,2, Chanter S
and Sectlon 6.4,
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CHAPTER 23 HAND-EYE SYSTEM HARDWARE AND SCFTWARE SUPPORT
2,1 Hardware apnd !nterface
2,1,1 Genepa| potes

We have two goals In thke foliowlng hardware
description, One Is to glve a genara| I|dea of the hardware
involved ¢o0 facilitate ¢the wunderstanding of ¢the wWo,k
described, The other Is to describe In detal| the subsystems
and parameters which have had a marked effect on thls work,

20102 Imaqlnq gygtem,

The Imaglng device 1|s a commercial vidlcon T,V
caméra W!th stardard raster scan (525 |ines, 60 flel|ds/soc,
112 Interlace), The video signal has a dynamlc range of A=-1
volt (amp|!fler saturation and a special limitling circuit
keens the slgnal from belng higher), The p-to-p nolse in the
video slgna| Is approximately 608 mv, hence the signal to
noise ratlo (max|mum 3lgna| to r,m,s nolse) Is approximately
60:1, The video signal |Is sampl|ed at the rate of 333
samples/|ine and 256 |lnes/fleld, Only one of the two
tlelds |s sampled, The number ot samples/|ine was chosen so
that the vertlcal and horlZontal distances betWean sampies
on the vidicon face |s oqual, sometimes we call| the
samp|ing polnts, "cel|s" since %the sampled values actually
correspond %o the average Intens|ity absorbed by a small cell
on the vidicon face,

The samples are converted to 4 blt numberg (2-15),
packed 9 In a word and shipped directly to core memory via a
fagst (24 Mples/sec) channel, The channel bit rate IImits
the number of blts/sampile since no local fast buffer s
used, The sampling resojution |s approximately 6C2/1inch
or the vidicon face which corresponds to 1,5 mrads with a 1
inch focal |length |ens,

The dliglitlzlirg process |s flexible In the sense that
we can specify ¢to the A/D converter which terval of the
full video slgnal dynamlo range ( 1v ) to u as |ts own
full ranges, The Interva)] |s sneclifled In nultioias of 1/g
volts, The locatlon and wWldth of the Interval is speciflad
by two paramegters TCLIP and BCLIP which wWl|l be <called the
"c|lps”, (See Flgure 3), By using B8 contiguous Intervals
each 1/8 volg¢s wide, we can ef?ectively have 6 blts, Thig
iIs ¢clJose to the maximum useful number of blits because of the
slgnal=to=no{se ratlio mentioned above,

He 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 clrcult, Tne
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tolepances that we would |lke It to have as a measurlng
devioe ape mych stiffep,

In cedar to conserve storage Space we can specify
which part of the tota| number of 256#333=85248 samples to
store, Thls part |s called a "window" and is speclfled by
the flpst and last !Ine (FLINE and LLINE) and the first and

last sample on a |ine (LSIDE and RSIDE), The window Is
always rectanoular and paral|®| to the scarned presactangle,
The rumbep, of |Ilneg {he window Includes Is caljled Its
"helight” and ¢he number, of samples/iine Is caljed Its
"width', Each samplie polnt can be specified by Its
coordirates in the "image coordinate system" (i,c,s,), (See
Figure 4), The maximal] slze window, |,e the one which

Includes a|l the sampies, |s caljcd the "frame", The 4 blt¢
rumber stored for each polnt Is called simply the
"Intensity" at this polint,

From time to time we mgntion a|so "actua| |ntensity"
whioh Is the intensity of |ight refiected from the sblect in

the direction of the camera, The actual Intenslty s
determined by the |ighting conditions and the reflectlve
properties of the obJect and, to a |esser degree, the
reflective properties of the surrounding background and
othepr obJjeciy, This Intenslity cauld be measuped by a
{lght=mete, situated nsa; the camera,

For a glven lens and f|lter (we have @& number of
each) there are two factors which most affect the video
signa| fevel, One [s the aperture which Is not controilec
by the compute, ano |Is usually |eft full open to get the
raximum amouynt Of Ilight, The other factor IS the vidlcon
target voltege, When the automatlic targat voltage settling
clrcult (algo called the automatlic sensitivity clecuit) Is
operated It changes the target volitage so that the videe
signal corresponding to the high|lghts of the scene wil! be
Just belew the maximum leve| (1 vo|t)., When more flexlbl ity
Is needed, the target vo|tage can be changed by the computer
{2g), In thls oase We have to take care not to "burn" narte
of the vidicon face,

2,1,3 Camera oontrol

The followine ormepa parameters can be changed by
the computer, They all have read=-out connected to the
computer so that the change Is control|ed,

(a) The |ens used can be changed by rotating a
turret Wlith 4 |enses uf different foca| lengths,
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(B} The dlatiEma® Betwagn tha |[ans oénter arnd the
face of the vidlcen can b8 changed, Thie la dene oy maving
tha whols vigligen, Thig distanges datermines the range as
wfhliech the camaen |8 Tocussed, This method of Torussing was
chosen sg that ene meghanism |y needed lnatead of she faur
that «ouid be neesded to contro| the fTocusaing ring of sagh
lens sepRrately, Alne, the |onger fogal length™ leng can D
foousasd at ghorter randes than la normally attalned,

{e) The pan and tlit ane.es o the camars can Do
changed, Thlis osroduces a transiational as well as
rotatlieonal movement, (See Flgure 5), For examp|e! when
using tha 1 |nch lens, when the camera !s panned so that an
obJect which appeared at the extreme left of the frame Wll|
now appear at the extreme rlght, ¢the |ens center |Is
transjated by approximately 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 pad/sec In tilt: .13 rad/sec In pan and ,012 inch/sec
In vidleon movement), The sampling reate s 60
samp|es/sec, The threshoids (full) correspond to i/5
depth=of=fle|d for focus and 3 mrads In pan and til¢,

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

2:1.4 Aerm ha,dwepe and control

The arm has 6 degrees of freedom, which means that
within structural constralnts |t can position the hand at
any locatlon in jts working space and with any orlentation

€23),

The c?ntrol of the apm |s much more sophlsticated
than ¢that o the camera (172,018]), and wl || be descrlibegd

here very briefily,

The apm has two rotary Jolnts ("shoulder" joints),
followed by a prismat!ic Jolnt, foilowed by three more rotary
Jolnts ("wrist" Jolnts), ending In a hand., All Joints are
actuated by D,C electric motors, The torque generated by
each motor |s oontrolled by varylng the voltage pulse wldth
supplled to it, On each Jjoint there |Is an "Infinite"
resojution potentliometer sSubpiyling position Information to
the computer via an A/D converter, On each Jolnt there Is
algo a brake to hold It In Its position after It stopns,

The potentiometer readings are sampled 60 times/sec,
The posltion and computed vejoc!ty are compared to the

deslred vaiues for this |[nstant of ¢time, and then the
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necéssary t.-que Is oomputed for each Joint taking Into
aocount the varylng weight and moment of Inertia Joading
each Joint, At the end of the trajectory the remalining error
Is nulied,

Typlea| traJec}ory ,8xacutlion takes iess than 4
seconds, The accuracy of positioning over the table is ,1 to

2 Inch, The repeatabl!lity of ¢he servos(limited by the
resojution of the potentiometers and the A/D converter), is
103 to ,85 anhv '

The hand consists of two opposing fingers which are
opened and c|osed together So that the midpoint between them
remains flxed pejative to the arm, This generates a sweeplng
and grlpping motlon In the direotion of tha flngers:
rovement,

n add|{tion to poslition, orientation and controJ of
the opening between the f neers, the control program offersg

other options which are very useful In the visual feedback
tasks descelbed in Chapter 5:

(a) Gragpings The f|ngers ar® closed <+il] the
ooposing force exoceeds some thpeshold. .

(b) Placing: The arm |s movad straloht down (with of
without a grasped obJect) ti|l| the opposing forco exceeds
some thresho|d,

The Inside part of each finger is protected by a
rubber cushion which serves also as an antl-slipping dJevice,

Each of the cushlons contelns a touch sensor, actually a
contact whlch opens when the Finger Is préssed |ightl|y
(about .1 0z, |s needed) agalnst an obJect, (See Figure 6),
We then say that the touch sensor |s "actlivated", Wnen the
touoh sensors are enabled, the arm and fingers motlons are
stopped immediately when a finger touches something,
Otherwize the gsensors readings are Ignored, This "refjex" s
the touched obJect, These touch sensors were devised by
V. Soheinman to help In the visual feedbaok tasks, An
ensemblie of simllar sensors sltuated on all sldes of the
fingers and at selected polnts on the arm could be ysed as a
se|f-protecting and exploring device (2],

A Dblack rectang|e Is palnted on the outslde face of

each finge,, We wlil cal| I¢ ths “hand-mark", It helps in
the recodnition of the hand In the scene,
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The operatlon of the arm Is carrled cut In two
stages: '

{a) Traleotory ogeneration: A sequence of needed
movements |s plannad and checked for violetion of |ts own
struotural constralnts, golng through the table, etc, Each
segment of the trajectory Is planned under the assumption
that the last gsegment wl|| be successfuly completed before
this segment wii| be exeouted,

One of the segments that can be planned g a "walt"
segment In whleh the arm oontro| program recelves angd
oexecutes commands dlreotly wlthout golng through a planning
phase, The motlaons that can be reajized In thls seogment are
those whioh do not significant|y ohage the position of the
arm, Thils feature |s wused In the ocorreotion phaee of the
visual feedback tasks,

(b) Trajeotory executlont The segments of the
tralJectory are exeouted In turn untl! one of the followling

happens!

(1) The |ast segment I|s successfully executed,

(2) the program reaciies a planned walt segment,

(3) The program detects an error or ma|function of
the hardware, . '

(4) One of the touoh sensors Is aotlivated ( afte,
being enabjegd),

In the last two cases the contro] program enters 3
walt state which Is equlivalent to a planned walt segment,

When a “proceed” command Is glven in the walt state,
the execution of the tralJectory Is resumed In the nextg

segment,
2.2 Software environment and support
2,2,1 Genepa| potes

In principle the software environment In which the
set of ldeas and programs evolved should be lrrelevant,
since the Jdeas and solutlons are hopefully gemera| enough
to have scientific merit of thelr own, In practice Hhowever
It Is not so and the Ideas and solutlons are at |east
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, which alsa
Inoludes suoh factors as ITght|ng condltlons,
electromagnetlc |nterference, mechanlcs| vibratlons of the
struotures, etc,
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Becayse of Its reievance a short description of the
software environment and support Is glven In the following
sectlons,

2.2.2 The tlme-sharlng system

clal Inteligence Lab computing facility

Thas Art‘f'
lowlng components:

Inciudes the fol

(a) Maln processor! Digital Equipment Corp.'s
pOp-10/732,

(b) Ayxiilapy processor!? DEC's pDp=6, which
hand|es the 1/0 devices, The hand and camera sérv

prcgrams are executad on thls processor In real time ancd |
perallel to the malin program executed on the main processor,
An Interrupt clock |8 connected to the auxljlary »processor
and makes |t posslible to exacute the programs Which are in
real time mode at the pate of 63 times/sec,

(c) Fast- core memopy of 256 Kwords (36 hit words),
The memory can be accessed djrectly by both nprocessnrs,
swapping channe| and varlous other channeis, The sizn of
the user programs Is ourrentiy |imited by the system to 90K,

(d) The system |s operated In a time=-sharing mode
only, All the Jobs which are actlve but do not have space in
the fast cgre are swappsd to a special disk (at a rate of
400 word/msec), The number of Jobs sharing the system 2re
rarely less than 12 and frequent|y more than 30,

(e) The back=up storagde Is a set of dlsks wnere
flies are kept for each user, These fi|es ocan ba nrograms,
their complled versions, dumps (|,e core images), results
etc, Transfer between the dliscs and core memory is 2.5
times siower than swappling, :

(1) Hapdecopy output devices; A ilne printer and a
giglital x=y plotter,

(g) The malnm user 1/0 device is a Kkeybgard and a
dlsplay monitop, There are twc kinds of dlisplay r~onitors:
one |s a randem access CRT type and the other |s a raster
scen TV monltor type, Both can display alphanumeric text
and Ilne drawings, The |!ne drawings are more nleasing on
the CRT type and vice-veprsa for text, Currentiy there a2are
slx CRT type dlsplays (Information Internatlonal Inc, ) and
sixty=four TV type dlsplays (Data Dlsc Inc,). 1In addlition a
number of teletypes of varlous kinds are connected to the
system,

2,.2,3 Langyages ‘
The high leve| language wused Inr the oprogQrams

described here Is SAIL which Is a variant of ALGOL with an
assoclative data structure and Its manipulations added (271,
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When gpeed I|s Important (although the complier is
officient), or when writing parts of prodrams to be executed
on the PDP-6, assembly language |s used,

A nymbep of LJSP -variants, FORTRAN IV-and other
languages are avallable In the system but were not wused In

the ourrent wopk,
2,2,4 The HandeEye Monltor [9)

Most of the programs needed to run hand=sye tasks,
for example the pan/tiit oajlbration wupdating oprogram
descplbed in Chapter 4, are too large to fit Into the fast
memory, The above mentioned program's sl2e Is 430 Kwords,
more complicated programs need cjose to 500 Kwords, In order
to be able to run, the programs are broken Inte oparts,
called "modules", that are smajl enough to fit Into the
memopry, Most of these modules are genéral enough to be wused
In various tasks.

These modules are run &s pseudo-jobs In the time
gsharing system, Usually eaoh Job has Its own 1/0 device, In
order not to consume & jarge number of displays (up to 8
ourrentiy) and for the oonvenience of the user all the
modujes can communicate with the wuser via a single 1/0
devioe, Usually 1t Is a CRT type display moniter since
{ine drawlings are heavily used as concensed and meaningful

outputs.

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

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

(b) . Ajtering the vajues stored In memory cells in a
special area of the memory, cuiled the "world mode|"”, which
can be acoessed by all modules, The varlabjes in this part

of the memory are calied "global™ varlabjes,

The prooram that handles alj the communications
among user, mogules, the time sharing system, [/0 device and
the worid moge| Is calied the Hand=Eye Monltor, To carry oOuUt
a apeciflic task the foliowing modules are usually used: A
ndrlver” module which "knows" about the task, a numder of
ut! i1ty modules (e,8, the ocorner=finder described in Chapter
3, oamera controller, cojor-finder, hard controller) and the
hand~eye monltor, The oonstruction of a general ourpose
deiver whigh would be abje to plan and aXxacute a fenlly of
tasks |s a major oonoern and activity of A,I, research,
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CHAPTER 3t CORNER~FINDER MODULE
3,1 Introductlon
3,1,1 Genera| notes

The purpose of the corner=finder Is to find |lnes
and corners (which are the maln features of planar bounded
objects) In a small area of the frame, utlilizing Information
about the features to the extent glven to It. As auch, it Is
not a 9eneral scene ana|yzer (even |n the context of planar
bounded objects),and although |t can be used as part of one,
It wlll be unecoromical to do so, The cornor=flindar
operates by analyzing part of the area (a window) at a time
and moving the analyzed window In @& controlled search
pattern when needed,

Most of the soene analyzers used In robot projects
operate In two stepst (a) Extract a line drawling from the
Image, (b) Analyze the I|lne drawing, The |Ines are
aotually boundarles between Image reglons of different
charaoteristics, Two maln types of scene analyzers using
simple Intenslty Information have been developed over the

years!

. (a) The "gradlent foilower" type looks for
boundarles of reglons by analyZing Intensity gradients at

Image points, Boundary polnts are polnts with relatively
large gradlents, Then & dlrectlion perpencdicular to the
gradlent ls followed to get the next point to be analyzed,
The advantage of this scene analyzer |s that |t does not
have to procezs al!l the polnts In the frame, It falls at
polnts where the gradlents are weak; at very sharp corners
or when two |ines come cjose together [12],[151],

(b) Tne "reglon grower™ type aggregatos points based
on some simijarlty criteprlon to form reglons, Rules are then
used to merge regions Into blyger reglons, Boundary polnts
are deflned gimply as polnts adJacant to two reglons, The
dlsadvantage of thls type Is that every polnt in the frame
Is processed several times (4],

The corner-finder uses Ideas from both these *“ypes,
It makes rough checks on the exlstence of reglons [a the
analyzed area, For thls purpose each point within the area
Is processed s‘mply to form the Intensi*y histogram of the
area, Thery It follows boundaries of reglons by using a
dissimilarity ¢riterion, No gradient type processing is used
so that continulty Is not fost at polnts of weak gradient,
sharp cornep, etc, General scene analyzers do not use any
prlor Informatjon because there |8 no reason for them to
assume the exlstence of such Information, On the other hand
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the oorner=f; _«r devcoribed here uses prior Information down
to Ite lowest Iove|e, It can ue® ae much Infermation ns
glvon to It but does not reauire complete Information for
proper functloring, The design phllosophy Is to use and
cheok agalinst prior Information at the earilest opossible
moment,

These Introductory remarke ar® followed by the
definition of te;ms wused throughout and a more detalled
description of the wunderlylne assumpt!ons and ceslon
phllosophy, Then we preeent the detai|s of the worklngs of
the analyzer (FINDIMAG) and the search controller
(SRCHIMAG), Last we deecribe the paramsters controlled by
the user, the format of the message procedure &nd oprogram
output,

3.1,2, Defin|tlons of some terms

The term "corner" |s used to descrlbe a number of
rejaxed entiglies !

(a) A corner of a physical planar bounded obfcct.
including the vertex, the edges and the faces assoctated
with this corner, The "locatlon" of the corner refers to the
locatlon of the vertex glven by |ts three coordinates In a
coordinate system tled to the table, (See Flgure 7(a)),

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

(¢c) An approximate Ilne drawing of the Image whlch
Is the output of the oorner=finder oprogram, The |lne
segmente emangating from the vertex and truncated by the
window perimeter are called agaln "edgee" of the corner,
The "location" of the corner refses to the locatlon of the
vertex of the |ine drawing glven by Its two coordinates In
the Image coordinate system, We distingulsh between two
kinds of oorners & "simple" corners whloh have only two
edges, which will| be called "sides", and "oomplex" corneérs
which have more than two edges, (See Flgure 7(c) and 7(d)),
The corner=finder oan find only simple corners dlireotly,
Comp|ex corneps oan then be construoted from simpler
gorners, Generally, the vertloes and edges of simnle
corners found |n the Image wi|| not completely colncide even
If the simple corners are parts of ‘he same complex corner,
Therefore we wl|| merge them to form a oomplex corner |f
they are "cjlose" (within some toleriinoe), and especially if
there Is some external |Information whlch Indlcates 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 ocorner by Itse|f wil| refoer to
a simple corner of the line drawing,

The "lInside" of a corner |Is the reglon of the Image
bounded by the two slides of a corner and noluding the angle
between ¢the sldes whloh subtends |ess than » rads, In an
Image of & Dljanar bounded convex body (not obscurlng or
obsoured by other nodles) the Inslde of any corner is the
Image of a part of the body and the outside ls the Imege of
the surrounding background,

The side which Is In a countes=clockwise dlrection
from any polnt Inside the corner |s called the "flrst" slde
and the othep Is oalled the negeconu" slde, (See Flgure
7¢(d)),

When the Image ncludes edges only and no corners
the |Ine deawlng will consist of separate |ines only, We
call a line or ocorner In the |Ine drawing a "feature",

We deflne the "form” of a feature as follows: It i
Is a I!lne, then the form Is the orlentation of the (ine in
the Image, If It |s a corner, then the form |s the
orlentstion of both sides as glven for example by two pairs

of dlrectlon coslnes,

3.1,3 Baslc assumptions and design phl|oscphy

The following assumptions gulded the deve|opnment of
the corner=finder, They are nct all necessary condlitlons

for Its operation or sucoess,

The most Important assumptlon Is that some of the
praperties of the oorner (e.9 locatlon, form and
orlentation, relative inside to outs|de Intensity) are known
at least approximately, They are known elther because the
properties of the obJect Whioh thls oopner bhelongs to are
Known (fop examplet the hand or a specific cube), or
because thls oorner was found before by the sameé or gimliar
programs, The reasons that these oproperties ara known
sometimes on|y approximate]y 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, Thls probjem and some
solutions are disoussed In Chapters 4 and 5,

(b) The pan/tlit nead of the camera moved, and We
oannot predict sccurate|y the new locatlon of the corner in
the Image becayse |ts range from the camera is not known and
the camera head movement causes translatlon In addltion to
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rotation becayse the lens oenter does not |le on elthr the
pan or tll¢t axes,

Not ajl the opropseties have to bDe Glven to tne
program, The yger or a higher leve| program oan glve as many
of the properties as he (|t) deoldes to alve, Actually the
propertlies are not anly "olven® to the program, but the user
oan "demand" & uatoh, Within a glven tilerance, of these
properties and the aotua] measwred properties of the ocorner
found,

The ouyrpent version of <the perogram rejects .ny
corner whigh do3s not matoh al| the propérties demgndod to
be matched, Another or future version might glve as an
ansWer the oorner whlioh matohee best, wmocording to some
glven criterlon, This verslon would take more procegsing
time and would beoome pather oomplex when ¢the corner |s
senrohed for by moving a window In the frame, Using the
flrst version Inetead of the ssoond saves processing time
(at the cost of flexibl|lity and generdllty) at |east in the
three fojlowing wayst

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

(0) After one or the regulpred number of ocorners
whioh matoh properly have Leen found, there |s no need to
look for more gopners whioh might have a be<ter matoh,

(c) A oorner oan ba rejeoted Immediately after the
flest mis-matoh. |Is dlsocvered, This |Is done by try!ng to
reJeot the corner after each stuge of the oomputation using
ali the know|edge already avallable at thls stage,

The princip:e mentioned In (o) Is alzo apolled in
the Initlial stages of the processing where the program is

trylng to rejeot the hypothesls that there Is any corner at
all In the gnalyZed window, For a trivial exampje, when It
Is found that the Intenslity |Is almost uniform over the
window, the hypothsis |e rejJected,

A gecond aseumption, whloh Is & nacessary
oonditlion, s that eaoh roo?on. defined as a contligugus part
of the analyzed window bounded elther by the perimeter or by
edges, W!i! have almost uniform Intenslty which 1s distinct
from those of nelghbouring reclons In the followlng sense:
In the Intenslt¢y histogram there |s at jeast one notlceable
(see doscrlot?on of the block SLICE |In Section 3,2,2)
rinimum petween the Intenslty levels, (See Flgure 8), The
Intensity Is not oompletely wuniform for the {cljowing
reasonst sllight differences In the refieoting properties of
the surface and Ilghting, nolse 'n the oamera sand
guantization of an Intermediate Intenslty leve| Into twp
adJaoant quantization |Jeve|s by the A/D oonverter, This
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Cases A and B - Histograms with noticeable minima
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assumption Influences the choloe of window slze, (See
Fl?uro 9), In some cases the presence of a simple corner,
whioh is a'part of a oomplex corner, can be Inferred from
other simpls oopners found In the window, See Figure 12 for
an example, Thls assumption ajso Influsnces the cholce of
window sizs, In most soene analyzers that |ook for nolygons
In the image, straloht 1ine segnents are first fittac to the
set of boundary points, From these |lne segments the
presence and looatlons of oorners (simple and complex) are
computed, Because of the above assumption, the corner=findep
will tey to f1t elther one |ine segnent or tWo connected
Ilne segments (1,8, =& simple corner) directly to a set of
cont!guous boundary polnts found,

A fourth assumption I? that the Image of the corner
oocuples more than & oertaln fraction of the wirdow area,

when o smajl reglon is found It Is rejected because It Is
assumed that elther It Is a nclsy patch or that It s an
honest=to=00d oopn@r but that we do not sese enough of it and
that 1t wll| be subsequentiy found agaln when the window Is
moved around In the frame In search of the missing corner,

We dlftlnaulsh between two kinds of scenes: 0One Is
relatively simple, fop example when looking at the hand

alone, (see Flgure 28), The other Is cluttered, for example
when looking at two stackel cubes, the top one still grasped
by the hand, (see Flgure 35(V)}, When we are looking for
rore than one featurd In the window, we impllcltly assume
that the scene |s cluttered, [N thls case we do not |ike to
searoh wlth the simple minded search strategies descrlbed
Iater In Sectlion 3,2,3 and leave It to the wuser or hlgher
leve| programs to tallor thelr own search strategles to the
cluttered scenes they expect,

Some c¢omments about window glze: The wlndow slzZe
which s pegyular|y usSed has a dimenslion of 18«18 raster

units, When +the 2 ‘'nch focal lenath lens ls used it
corresponds to a flejd of view of approximately 1 degree
whioh fIncidentally Is the ¢leid of view of the sensitive
part of the human eye, the fovea, The fovea however has
about 5 timeg more sensing elements In the same fleld of
view (5], 'e should note Pnowevar the human ability to
resolve between palers of Iines that are ~-losér than the
dlstance be:ween the sensing elements, carrying the atove
analogy a 1ittje farther we oan say that moving the window
In the frame |s similar to the movement of the eye in the
head, while moving the came.a lg slimijap to potacing the
head,

Thiz slze of the window was chosen In order to
fulfill the agsumptlons that the window Is smaller than the
image of the oblJect So that each |Ine or c¢crner |Intersects
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Fig. 9. ,

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

Fig. 10. ,
EXAMPLE OF INFERENCE OF THE PRESENCE OF COMPLEX CORNERS
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the per'meter of the window, but bly enough so that we Wl||
have ecnough boundary polnts to get a good line fit, Also we
want the slze of the window to be small| enough s¢ that the
assumption of aimost uniform Intensity inside the window s
Justifled,

In oyr system, when we want to read |n & window, We
have to walt up to 1/3@ seg, tl1| thls window |s scanned
egdaln, Hence we might save time by takling In the part of the
frame we want to search a|l at one time and then run on the
etored Image, There are two dlsadvantages: First In memory
slze and the npumber of memory cyoles, and sscond, we |ose
the flexiolllty of ohooalng the cllp levels for each wlindow
i{ndependently,

3,2 Program structure
3,2,1 Genera| notes

Ne start wlith ¢the description of FINDIMAG because
its detalls are neeaded to undérstand the descrintlon of
SRCHIMAG whlch oalls FINDIMAG at varlous stages, However,
FINDIMAG 1s not dlrect|y callable by the 1 .ry (or other
modules),

3.,2,2 Structure of FINDIMAG

The biock dlagpram of FINDIMAG Is shown In Flgure 11,
The names cf the blacks are by no means exact descriptions
of them, Not all the blocks, and not only blocks are
distinct oprocedures |14 the programming language sense, The
descriptions of the blocks fol|owt

OPENCLIP
The cilp levels are set so that the maximum odynamic

range ls digltlzed,

INPUT

Al| the parameters (camera number, window |ocation,
window slze and ¢lip levels) ape checked for “heir |egality
and then the window |s read once Into store, 1f any of
the perameters Is ||legal INPUT exl|¢s,
HISTO

The jntensity histogram |,e for each interislty level
(@ to 15), the number of samples Within the window which
have thils Intenslty |s found,

SETCLIP |
The ¢llp levels ,re set so that the dynamic rgnde
brackets t* actual range of Intensity levels found I'n
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Fig. 11.

BLOCK-DIAGRAM OF FINDIMAG
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HISTO, (See Flgures 3 and 12), This Insures that the full
dynamio range of the A/D oonverter |s utllized without
losing any Ipformation, This I3 Importent since the 1 .3le
operation of the oorner=finder |s based on findirg two or
more maxima In the histogram,

The computation of the new <¢cilp |2vels (s as
followst 1I1f MAX! and MINI denote the maximum and minimun

Intensitlies in the window then
TCLIP=(15~MAX]1)/2 and BCLIP=(15=-MINI)/2,

The ¢|lp levels can be closed even fyrther Dy
snipping the talls off the histogram, This wil|| utYl ze the
dynamic range even better without 1iosing [npoortant
Informatlion, (See Flgure 13),

SLICE

HISTO 1s used to form the Intensity histogram (which
we Wil!l ecajl H(I)), Then the maxima of the histogram are
found as fol|ows! There |s & maximum at Intenslity I If
H(]) 1s Japger than a glven threshold, H(I)2H(]=1) and
HOIIDHCI+13, (H(16) ls artiflc'ally made equal to 2),( See
Flgure 14), The threshold |s emplrically fixed at 1/16 of
the total number of samples In the largest square |nscribed
In the window In agcordance wlth the assumptlion about the
corner image relative s|ze,

Afte, finding two or more max|ma, he Intensities
which oound the Intensity soread In each region are computed

by taking the mld=points between the maxima, Intensltlies =1

and 16 are added to the |Ist of bounds, There s an

option, determ!ned by a paremeter glven to FINDIMAG, to
merge al|l the reglons but the one wlth highest (or lowest)

intensity, Into one reglon, This optlon can save time when

It 'y known that the Inslde Intenslty of the cornsr has the

hlighest (or |Jowest) Intensity in the Window, In certain

oases thls serves also as an "anti=-shadow" device., (See

Figure 15),

There are two axlt conditlions from SLICE which wil]|
cause FINDIMAG to terminate, The flrst occurs when it is
olscovered that SETCLIP set the clips at the same value,
which means that the Intensity Is almost uniform over the
window, There |s no polnt gomputing the Hhistograr in this
case slince the nolise wll] make It unreilable, The othe,
condltlon occurs when It Is dlscovered that the histogram
has only gne maximum, Note that In this case the spread of
intensitles s larger than In the previous case which means
that there mjght be actually two reglons In the window,
(See cases C & D In Flgure 8}, The reason for losing one of
the maxima In cases C & D |s that one or both reglons have
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wider spread of Intensities than In cases A & B, which
violate one of the basic assumptions,

11 1t Is decidec to tey hardar than the cuppent
version of the corner-finder, we car 9u In elthep or both of
tne following ways! (a) Make a more getalled analysls of the
histogram, (b) Try agaln with smajlep windows and check if
thele histograns peak at two different Intensitiss, To
compare Intens!ities of ¢two dcifferent windows the anzlog
video signal values have to be computed from the digitlzed
video signa| and the clip setting In each case,

STARTCORNER
The copnoar of the window wWhere PpERIMETER starts
checkling for boundary polnts Is selected, 1t will pe easler

to descrive thls blook later,

PERIMETER
Us!ng the gassumptions thgat the sides of the corner

Intersect the window operimeter ,n¢ thyt the sides are
actually the boundaries between reglons, the polnts along
the perimeter are checked In CCW order starting 2a* a corner
of the wlindow chosen In STARTCORNER, Using the bounds
computec In SLICE, the reglon which the stepting point
bejongs to ls astablished and oonsecutive polints along the
perimecer are checked to see |[f they belong to the same
reglon, It the next point belongs to a different reglon the
block FOLLOW Is antered and the bouncary !s fol|lowed unt!|
It Intersacts the perimeter again,

After the boun?nry Information Is prooessed end
there Is a need to find another buundary, elther because
this boundary was rejected or because FINDIMAG was told to
find more than one feature Inside the window, PFRIMETER s
entered again, The starting point now Is the polnt next to
the one where the perimeter was |eft |ast to enter FOLLOW,
(See Flgure 16(a)),

In ordep not ¢to0 trace each boundary twlce, once
coming from one reglon and then agaln comning from the other
reglon, FOLLOW |3 entered only |f the next polnt beiongs to
a reglon of higher Intensity In the case that we are lookling
for & corner with |ow Inslide Intensity, or by conventlion
when wusing a|l the bounds, and vice=versa when we are
looking for hligh Inside Intensity, These oparticular
dipections are plcked because It Is assumeéd ¢that the
baokgpround |s more "nolsy"™ than 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
conventlion megntioned above wWi|| |In some cases cause the loss

of a part of a complex ocornep,.(See Flgure 16(b)), This part
can be recovered, however, by unalyZing the same wlndow
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(a) Example of the order in which cells &re checked and boundary pointsg
are found (all bounds are used).

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

Fig. 16,
OPERATION OF PERIMETER
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agaln, th's time looking fa, a corner with high intensigty.

FOLLCHW

To find the bourdary Dpolnts FOLLOW uses s
maze=solving telck: walking witn the right hand continuously
touching the wali, Some added trickepy /s uged to minimize
the number of points chooked In order to find the next polnt
of the boundary as explalnsd bejow, No polnt |s checked
twloe [f theee ape no |0npS or Very sharp corners,

After a polnt on the boundary |Is found, Its &8
nelghbours are ohecked (the samples are spaceéd on a
reotangular grld) In CCW order, The flrst polnt which
bejongs In ¢the same reglon as the current one |Is the next
boundary polnt, The direotion of the nelghbour polnt which
will be c¢necked flrst |s the diagona] In CW dlrection from
the direct|on from the last boundary pPolnt to the oresent
polnt, (See Figyres 17(a) and 17(b)),

FOLLOW wll| aytomatioally entep PERIMETER Agaln in
the followling oasess

8) The flrst ?olnt chegked belongs to & regfon
differsnt from those of all| Its 8 nelghbours, Such a polnt

Is called a slnoular polnt, (See Flgure 17(e)).

(b) Tth bOUnda{y loops on Itse|f and Intersects the
perimetar aga|n exactly at Its flrst polint, ThTs kind of

looping Is djfferent from |ooca| |oops whioh are pruned In
the next block, (See Flgure 17(d)),

(c) The numbni of o?lnts found on the boundary Is
smaljer than a threshold empirlcally fixed at ha|f the

smaljer dimenslon of the window, In accordance w/th the
assumption that the Image of the corner ocoup more than a

oertaln part of the window area, ldeally thls _reglon
shouid be rujed out by the threshold In SLICE but there are
caseg when we have In one reglon a smail| opateh of

Intensities In the same Interval as another reglon,(See
Flgure 17(e)), Note that the above threshold oorresponds *to
a square reglon Whose area Is the threshold In SLICE, Any
reglon with the same area Which "lnvades” the wlindow more
wlill have g Jonger boundary anrd thus would not be rejected
by FOLLOW,

FOLLOW wuses ¢two kin¢s of data stpuctures in Its
operation, One Is a reotanguiar array wlith the dimenslon: .7
the window, When & polnt at window oocordinates |,J Is found

ee & boungary pofnt, a 1 |8 storgq In cqll 4] IN the array,
so that If a polnt Is found aoaln a lgcal lgep !s Indicated,
The other sgtructure Is & |lnear array In whlech the

ooordinates of a boundary poalnt and the above number Is
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stored In the order In whioh the polnts were found, The uSe
of two diferent date structures %o store the same
information !a of courad radungant but |t saves rocessing
gime, Inagead $f yslng the rnctanguiane array (whigh can ba
B0k wo-ds long If & Tullel2e window |o aver used) the | Immas
Arely oAn be searched %0 find gut |f u boundary solnt has
pesn already found once, or & negh ceding ascheme could De
used aslnes the rectanguiar @Erray g sparse, The genera|
prob|em gf mamory glis noesdeg V¥8, nrﬁull:lni time s
dlgeysssd In Chapter 7. E“Ir¥ time ghat PERINETER |a
sntered, the ractangular array (8 gerped and the |inear
array pointer |a renet,

PRUNE '

In PRUNE looal foops and branohes are pruned from
the boundary points |inear array bY deleting all the points
petween two cocurrences of the same point, merging thase two
ococurrences and compaoting the array, (See Flgure 18),

PRUNE automatlca'ly enters PERIMETER agaln |f the
numper of boundary points left after pruning 1s |ess than

the threehold used In FOLLOW,

CORNFIT ,
CORNFIT trles flrst to flt one stralght IIne to the
sat of boundary polints, The {1t |s a feast square norma|
(1,9 perpendloular %o the ppoposed |lne) distance fit, 1f
the average (per polnt) distance |s more than & threshold,
empirloally set at .25 raster unlts, the line [s rejooted
and a oorner ls tried, The set of boundary points |s broken
into two Sets after each boundary point In order, starting
after the thled point (ampiriealiy ohossn) and ending before
the third from last pelnt, 4 stralght {lne 1a fittad %o eRChH
gubsst In ths gams senald as above, Some orocesalng time la
gaved by updating the sums and sums of sguarts [nntead of
gomputing them sach time the break (& movaed, wnlch Is
setually movipg & polnt from ons subset 30 the otrar, Tne
broak wWhich ylelds the minimal everag® orror ja chosen end
the average srror ls compared t0 & thrasho|d emplrligally set
at 5 raster unlta, 17 the AVEpLQE BFFOT |s |ar@epr than ANe
thraghold, FERIMETER |y antersd amgaln, otherw|aoe the

interssction of the TWE |inas |3 eomputed, [T tha
interssctisn polnt {leg outalde tne window, the gorner 1s
rejeoted and PERIMETER |s entered, This can nappen, 'Or
example, |f ¢two |lnss which do not Intersect Inslde the

window but come clos® together ar® accldente |y connected Dby
a nolgy polng or PAgoh, oOF It ghere Ig a |ine whilch |g very
nolsy, (See Flgure 19),

The Information about the corner |s stored In_ the
fiest 7 of an 8 ceil |Inear arrly in the following orders
dirsCtlion cosines of the flrst side (see Sectlon 3,1.2 for
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p (a) (b)

(c)

(a) Original line and noise.
(b) Boundary points and fitted line (rejected).

(c) Boundary points and fitted corner (alsa rejected®.

Fig. 19.
EXAMPLE OF A VERTEX OUTSIDE THE WINDOW
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definitlons), dlrection cosines of the second s!de, Jocation
of the vertex (In oase of & |Ine it is the midpoint), ajl in
Image ocoordinate system, and whether g |ine or & corner was
found (1 or 2 aocordingly).

A ilne s trled before a cOrn?r because if the
boundary Is real|y a |lne, a corner would fl¢ 't at |east as
well as & jlne (l,e Wwigh sma|ler average er: v The voertex
in this oase would be in &n arbltrary |oomucion ajong the
ilne, Howaver the Information that the border I|s |ndeed a
I!ne |s Important and should be preserved, Alternately a
corner could be fltted flest and then a |ine should be tried
only If the ins!de angle of the corner Is 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 !t wlll elther be pruned out as
a branch or a [o00p, or It W!|i silghtly perturb the |ine

fitted to the boundary points, A patch In the middle of a
reglon would not be seen at aji, although It oould affect
the Intensity histooram,

The situatlonT that ?an cayse fallure ajthough twa
n

peaks have heen found the histogram are: (a) "Salt and
pepper" taxture, (b) A boundary oontalning more than one
oorner inside the wlndow, Note that both thege cases

ocntradlict the baslc assumptlions so that fallure |s not
surprising,

RELINT
If the boundary polnts were fltted by & corne in
CORNFIT apd if a relative Intensity matoh |s d'manded.‘t is
done In this bjock, To find the relative Inside |ntenslty,
RELINT wuses fh’ following fact: If the two hlghest bounds
are used, and |f the firgt side was fltted by the boundary
points found flrst In FOLLOW, then the Inside {ntensity is
high, This sityation Is oaused by the definltlon of corner
sides and by ths conventions estebilished In PERIMETER,
Simllar consideratians are mace for the other combinations
of Dounds used and Inslde re|ative intensity, (See Figures
16 and 17 fop examples),

[t the relative Intensity Is ohecked and a match s
not aohleved, PERIMETER |s entered again,

RECENTER

[f the iocatlon of the corner or the midpoint of a
Itne |s not olose enough to the center of the window (the
thresheld Is emplrically set at 1/8 of the dimenslon of the
window In each direction), and if recentering |s permitted
{as determined by one of the parameters), ¢the wlndow s
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moved so that Its oenter wil| colncide with the vertex (of
midpolnt) and the oomplate process !s started agaln, This Is
gone partly pecause |f the corner is not centered, one of
the sides may be short and the ||ne figted to It inaccurate,

Other reasons wl!|l beoome apparent In the discussion of
SRCHIMAG,
CoLTY

In thls ploek the form of the feature found is
ratohed If a match |s demanded, The form of the feature to
match agalnst |s glven |n the sgame date structupe that Is
used In CORNFIT, A matoh |s achleved If the cosine of the
arngle betwesn the two sldes to he matched |s closer to 1
than a thresho|d olven by a parameter., The ooslipe of the
angle |Is chosen as a oplterion since |t Is easily computeD
from the directlion coslnes stored In the data structure ang
Is Invariant to angle dipection,

Throee kinds of matches can be demanded, determined
by a number stored In the 8th ¢e|! of the glven feature data

struoture!

(a) Both s|des have to be matched,

{(b) At least one of the found sides has to ma*ch the
flest (second) side of the given feature,

(c) At least one of the found sldes has to match
elther of the slides of the glven featurs,

If there Is no match In the |ast two cases PER]METER
|s entered aqain. [t there Is no match In case (a) a
oontra~match |s trledi we gheck to see It any of the sl!des
found.has a dlrectlon oposite {within the above tolerance)
to elther of the glven feature sidss, This Information |s
needed to ald the searoch for the feature (see dlscusslion of
SRCHIMAG), If no contra=match |Is founa, PERIMETER Is
entered agaln,

The output of COLT Is stored in the 8th cel| of the
iinear arpay mentioned already In CORNFIT as followst =1 |If
no match was obtalned, @ If a match was obtained In (a); op
the side that matohed (1 or 2) In (b) and (o), or the slide
that contra=matched In (a),

STARTCORNER
PERIMETER begins to oheck the polints at a cornepr of

the window, If the form of the oorner sought !s known, i,e,
stored In the data struoture of the copner to match agalnst,
we oan select a starting corner which will minimlze the
number of points ohecked In PERIMETER before FOLLOW Ig
entered, In the following way: In most sltuations we would
I1ke to trace the boundary from the Inslde of the corner,
begause we egsume that the background |s more nolsy,
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Tharefore we select the flpst .corner of the window In =2
clookwise ‘rection from a'| possibie positions of the
firat slide of the given oorner, as the starting polnt for
PERIMETER, (See Flgure 2@),

MORE
MORE wlill exit underp any of the followina

condltions:

(s) The number of corners (or ilnes) that FINDIMAG
was told to flnd, have been $ound and ppopeéerly matched,

(b) A oorner |s sought, there ‘s no demand to match
torm, searching |s permitted and a |Ine was found,

(c? A feature I3 sought while gearching |s permittad
end & sorner or a |Ine was found which contra-matohsd the
glven feature form,

Otherwlse PERIMETER I|s enteroed agalin,
3.2, STRUCTURE OF SRCHIMAGE

The block dlagram of SBCHIMAG is shown In Flgure 21,
The description of the blocks follows,

SEARCH B

It search Is not permitted, FINDIMAG Is entered and
then SEARCH exlts, If search |s permitted, It Is done In a
splral 8can pattern, The flrst position of the analyzed
window Is chosen to be gt the most propgbie plage to flind
the feature as determined by Information which SEARCH has
a0cess to, From thls position the searoh splrals outwards
with overlapping, (see Flgure 22), At eaoh posltion FINDIMAG
Is called, The splral search Is continued until one of the
tollowing conditions Is satiafied!

(a) The oorner or |ine searched for |[s found and
properly matched, Sn thlg oase SEARCH exlts,

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

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

(d) The next w%ndow position Is partly outslde the
permitted seargh space, In thls case SEARCH 2xlts and a
fallure Is lnd?eatld. The search spaoe |s a rectangular part
of the frame, [ts oenter coincldes with the flrst window
center and Its slze Is determined by a parameter glven to
the module,

FOLINE
The positlion of the window when FOLINE |s entered is
stored, Then the Window oenter |s moved along the direotion
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(a) (b)

(c) ' (d)

X - Location picked for the starting point of PERIMETER.

Fig. 20.
EXAMPLES OF THE OPERATION OF STARTCORNER
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Fig. 22
SPIRAL SEARCH IN SRCHIMAG
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of the |lne by steps of ,5#( window size ), If a |lne s
found agaln, the window gontinues to move along the |lne
t111 It presohes the searoh spmoce border, Then the |ine is
followed In the other dlrection from the npoeltlion stored
wher FOLINE was flrst enteped ti|| the search space border
on the other alde Is reached, In thls case FOLINE exlts and
tallure |Is Indleated,

If a corner whloh matches oproperly (not a form
match) Is founds FOLINE exits successfully, It at any
poslition nothing Is found In the analyzed window, or e
corner was found which does not match properiY, the ssarch
Is abandoned In this dlreotion, If [t was the first
dlrection trpled, the opposite direction Is eearched as
above, Othorwige FOLING exits and fallure |s Indicated,

FOLMATCH

The windoW center |s moved along the dlrection of
the slde ¢that contra=matohed, by ,5%( Window size ) if the
side belongs to a |Ine or by (2/3)%(window size) if It
bejongs to & corner, This difference assures that In the
next window position the cornar would not be seen at all,
otherwise the wlindow would Be recentered on the corner &nd
FOLMATCH would {oop miserably, If another feature wlith
contrasmatching side Is found In the new window posltion, It
s followed as above, Otherwise FOLMATCH exits, successfully
I a featupe was found snd matohed propeérly, With fallure
indlcatlion If not, (See Floure 23),

Flgupe 24 glves an example whlch shows Why
recentering 53 so Important fop searching when form matoh is
needod, although It can cause looolng |f proper care |ls not
taken,

3,3 User parameters and oorner=finder module output

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

global parameters aré!

(a) The numbep of the oamera to be wused, Currently
only one oamera |s used but shortly there Wil be two,

(b) Wlndow epeolflioationst ¢the coordinates of the
center In the l,ces,s width and helght,

These parameters occupy In that order the flrst 5 of
an 8 cel] Ilnear array (oalled LOQOK_AT), The other 2
contaln the current setting of the clips (BCLIP and TCLIP)
and the target voltage, These 8 parameters are needed ( In
prinolple) to oompute the llght Intenelty distelbutlon on
the portion of the vidicon face, corresponding to the
window, from the Intensities stored at the sampling points,
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(1)
()
(3)
(h)
(5)
(6)

(a)

Window size

(b)

Given corner forn

(c)

Sequence of window positions

Corner (wrong one) found.

Recentering.

Side 2 contra-matched and followed.

Line followed.
Corner found.

Recentering.

Fig. 23.

EXAMPLE OF CONTRA-MATCH FOLLOWING
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* points found.

(3) Window recentered and the corner found.

Fig. 24,
EXAMPLE OF THE NEED TO RECENTER

\n
A4

Not enough boundary




For those wno wl|i sotually use the coener=-finder
programs | w|l| wuse the names of the forma| parameters as
they appear |n the progrum, The names do not necessarlly
expross thely meaning, They are!

(a) BKGR (see d|sscussion of SLICE In Sectlon
3,2,2). BKGR can have three vajues! =i when we want to use
the two hlghest bounds, for examplie In the case that we know
that the corner Is rolatively |lght; 1 when we Want to use
the two lowess bounds, for example In the case thas we know
that the corner !s rejative|y darki 3 when we want to use
all the bounds, for eéxampje In the case that the rnlative
Intensity |s not known or that we are |ooking for more ¢tha&n
one feature,

(b) INT (see dlsgussion of RELINT |n Sectlon 3.2.2),
JNY can have thpree valuyes! -1 when we want to match
rejative Intenglty and we are |ooking for [lghter inside; 1
when we want to match relative Intensity and we are lookling
tor darker Insides @ when we do not demand a match of
rolative Intensity, BKGR and INT do not necessarily have
the same valye a|though they usual|y do, For example i we
want to trace a dark corner from the outside hut match Its
relative Intengity, and It |s expected that we wlil have
only two reglons In the window, then we wiil set SKGR to -1,
but INT to 1,

() SEARCH (see dlscusslon of RECENTER apd MOREL {n
Sectlon J,2,2 and of the block SEARCH In Sectlon 3,2.3), If
SEARCH>D@, rezenter!nd and searching are pernitted, Tne
gimensions of the segrch space are then glven py the value
of SEARCH+1 times the dimensions of the window wused, The
number of wlindows needed by the splral scan to cover the
whole seapch space |s! (2#SEARCH+1)*2, 1f SEARCH=Z,
recentering !'s opermitted but not searohing, If SEARCHCZ
nelther searching nor recentering Is permitted, In thls case
«SEARCH |s the number of features (corners and/cr lines)
wanted Inthe w|ndow, Impileltly only one feature is

sought |f SEARCH22, (Se9 dlscusslian of simple and
cluttered enviponments (n Section 3,1.3),

(d) TOLER (soee discuasion of COLT In sectlon 3.2.2),
It TOLERC® no match of form |s demanded, If TOLER>Z, ~atch
of form |s demanded and the vajue of TOLER Is the tcjerance,
Since the tolerance® |s compared with the differance between
1 and the cosine of the angle between the two sldes to De
ratched, valyes of TOLER largep than 1 are equivalent to no
demand for matech, The form of the feature to Match agninst
Is glven In the next and jast parameter,

(e) DJRC Is an 8 oel| linear array, The first 4
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colls contaln the direotion cosines of the two sides of the
glven featurs, The next 2 contain predioted coordlnates of
the vertex of the oorner, They are nat used In the matchling
prooess, The 7¢th call dtermines if a line (1) or a corner
() |s sought, The 3th ceil determines whether we demand e
rateh of both slides .(B), fipst side oniy (1), second Slde
{ineap arrays, one for each feature® If SFARGHCO, descrlibed

When the corner=finder is working under the hand=eye
ronltor It is aotlvated by the foliwlng messagpe procedure!

SRCH-IHAG(BKGR.{NT,SEARCH.TOLER,D!RD):
'n this case the following outputs reside In global cells.

The output of the gorner=finder |s a set of 8 ool
|ineap arrays, one for eaoh feature if SEARCHCH, describeD
in CORNFIT and COLT in Sectlon 3.,2,2. 1IN MORE It |s declded
If a featurs, which |3 stored |In the last array filled,
satisfles aj| the demands, otherwise thils array ls erased
from the get, 1f the cornep=finder falled, the reason for
fallupe 1|s stoped (as a number) In a special cel| (called
EYEFLG), For debugging purposes many intermediate results
are displayed during program executlon, (See Figure 25 for
an example),
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CHAPTER 4: CALIBRATION UPDATING

4,1 Introdyction
4,1,1 Generaj| notes

The purpos® of the callbration updating proarams s
to maintaln the acouracy of the camera mode| agalinst changes
over time,

We start the discussion by degcrlbing in detai| the
genera| Causes of the Inacouracies of the hand-eye system,
especiaily those affecting the preclsion of manipulations,
Then we degcrlt® the oamera model and Its callbration
programs as deyejoped by I, Sobei [263, Anajysis of the
causes of varlations J|eads to the description of the
updating of the pan tiit and focus parameters,

4,1,2 Hand sye coordination

Let ys define a nominal coordinate system (c.s,)
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" tu the face of the
table,

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

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

ach polnt In space gan be wuniguely defin.d by a
trilole of numbers which are Its coordinates in the t,c.9, We

(the users) do no% have any means of finding this trinle of
numbers since ¢he t,0.8, Is hypothetical, We can get
ipgrox‘m‘t'ohs by the use ,f syome lssumptlons (for exampie:
the planarity of ¢the tabie's face) and some measuring
‘devices Ilke rulers, a rlght angle tripod and a gric paper
glued on the table‘s face, We Wi|| oall this approximation
the "user=table coordinutes" (u,t.c,) of the polnt,

The hand=aye system has two ways to find
approximations to the ococordinates of a point in the t.c.5.1
One |s by using the camerats) and the other by wusing the

arm,

Flpst we wlli dlscuss the determination of 3-D
coordinates yslng the camera(s)! The use cf one view: from
one camera,» 1s Inherentiy not enough to determlne 3-D
coordinates, This problem |s dlscussed extensively
eisewhere [26], 1 would !|ke however to comment cn four
possibie salutlons!
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(a) Stereo= |,e, the use of two views obtalned wWith
one or two cameras from two Doints whigh are not colinear
with the polnt to be measured, The main problems wlth this
sofution are acouraoy for "narrow angle” stereo and
ce--9spandar~e fop "wlide angle" sterer [21],

(b) Focus Informatlon~ The automatlic facussing
rodule cqn be uysed here, [ts gccuraoy can be estimated oy
the minimal depth of fleld Information glven in Append!ix B,
(.5 to 1 Inch) which Is not enough, See also [11],

(¢) Stadiametelo lnfeertl?n- {,a, the uge of knouwn
dimenslons of obJeots, This method |s ocomparable fn accuracy
to that mentloned above for the automatlc fooussing orogram,
The accuracy here |s Iimlted by the accuraoy of the scene
analyzer and Inherentiy by the resolution of the sensor,

(d) Support hypothesis= i,e. supplyling externa]
information ?hnt the polnt Iles on a partiouiar olank oOr
Iitne spoeified In the t.c,s, This method !s the one used
extensively I{n the hand=eye system In ways described In this
report, (see a|so (22] and (81},

A fifth, somewhat unrejated, method uses controll2d
ftjumination of the scene, This method was implemented by
Agin at Stanford, using a planar laser beam to scan the
soenefl),

The most ocommon application of the  support
hypothesis [s when a point {1es on the surface of the table
which we assume |s the plane 2zs2, The approximation comouted
by the camera using the support hypothesls we Wll| call the
noamera-table coordinates” f(c.t.c,) of a point, The
difference petween the ooordinates of a polnt In the t.c.s.
(which we can not measure) and lts c,t.c, have the tollowlng

causes;

(a) the quellty of the assumption that the table
surface Is the plane z&80,

(b) the gquallty of the Image,

(¢) the preclislion of the soene anaiyzing routine,

(d) the quallty of the mathematical mode| of the

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

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

parameters of the model,

(8),(¢)s(d) and (@) oontrlbute the degerministio
component of the difference. (b) and (f) contrlbute the
random Dpart of the difference. When we approximate
differences of coordinates of two close points, uslng thelr
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Images In the same frame, the main contrlibutions to the
error are (b), (c) and parts of (d) and (e), The purpose of
the camera calibratlon program developed by . Sobel is to
reduce this dlfference by Improving the precision of the
irnvaplant papameters of the model, Some of the parameters
assumdd Invearlant are varying over time, One of the purposes
of the calibration updating orogams s to "track" <these
varlations, The remaining varlations add to the random
component of the dl!flerenoce,

We now proceed to descplbe the determination of 3-D
coordinates wusing the arm, Wher the arm control progran is
glven a command to place the arm at some position, ¢t tries
to put the mldpolnt between the tips of the touch sensors at
this position, Using the arm mode| and whe reading of the
potentiometers on the arm Joints, we can conpute an
approximation for the coordinates in the t.c.s, of any point
whose position relative to the hand is known, For exanmple,
|f we assumé that We know the exact opening between the
fingers and the thickness of the rubber pad of the touch
sensors, among other dimenslions, we can compute the jocatlon
of the hapdemark, We wlll call this approximation
"hande=table coordinates” (h,t.c.),

Note that when a cube of known dimenslons Is grasped
by the hand, we know the rejation of Its corners to the

reference point of the arm only In the dlirection of the
sweeping motlion of the flingers (perpendicular to the finger
face) but not |n the other %o directions, Hence ths arm can
not be used as a genera| measuring device, and we us® the
approximation glven by the c,t,c, as our standard,

The causeT of the differences batween the
coordinates of a palnt in the t,c,s, In Its h,t,c, are
simljar to ocauses (d) through (f) glven for the camera, The
arm callbratlion program tries to reduce thls difference by
Improving the vajues of the Invarlant parameters of the arnm
rode|, '

The differences between the c,t.c, of a polnt and
fts h,t.0, have much more Importance to Us than the
differences batween elther of them and the coordinates of &
point In the nominal t.c.s, (or its u,t,0.)r slince the
glfferance between the o©,%t.C, and the h,t,c, directly

affect the preclsion of manipulation, We wWill call this
aglfference; "coordination error", One of the purLoses
of the calipration updating programs 1Is <o reduce the
coordination errors, In the visual feedback tasks the

residual coordination error |s measured In each situation
and then reduced (bejow a glven threshold) by lIncrementally
spec!fled movements of the arm,
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From now on, when we mentlon coordinates in “he
ti¢y8.s We agtually mean an approximatien, Hopefully It
wiil be clear from the context which approximation we mean
(UusteCss C,t.cy OF ReteColdo

4,2 Camera mode| and callbraticon
4,2,1 Camern mpdall Qeneprnl notes

The ocamern mode| hes two parts wWhileh are oalled tha
gxtarma| amd the Intepna| mode|, The aextarnal model dénla
with the oparametars which affect the transfermaticn of the
gxternal sceps to an Image formed on the vidlgen fage, The
Intepnal model desoribes the scanning and sampling processas
py whlgh thlg Image |s converted to readings &t the same |l ing
palnte, Thg moda| |8 oQeometric In natures and not
photomatrle, The mode! a|lows us to compute for each oolint
In the extarna| world, spegifled for exampi® by (%3 3
coordinates !m the "table goordinate systam® (t,0,s,}, the
gamo | 1ng polnt In the |,5.8, whlch corresponds to each golnt
and v,v, tin thly ompe lt Wij| O® & rRy In the t,c.s8, &nd
not & pelntl,

The gpometrlz mode| and Its cajloration procecers
war® devajoped by |, Sobel (28], A photometric model wag
dave |oped by J, M, Temenbaum [281].

4,2,2 Camapn axterna| mods|

Th7 an/tllt head and focussing mechanism are
desorlbed In tﬁe mode| as fcllows (see Flgure 26):

_ (a) The pan axls Is gernondlcular to the "taple top"
(this is the name 9iven to the plane 2=0 In the t,c,s.)s end

plerces It at polint (P1,P2,8),

(b) The tilt axis |s perpendicular to the ran axis
and Intersects It at poln% (PL,P2,P3),

(¢) The |oocatlon of the I{ens center and the
direction of the principal ray Is described as fo!llows: we
define a occord|{nate system whigh wiil be calied the '"camera
coordinate system” (o,c,s.) so that Its orlgin Is at the
lens center, |ts rotatlon relative to the t,c,s, Is defined
by the pen and t|it angles and a fixed rotation angle around
the oprinclipal ray called SWING, The 2z axis Is in %the
direction of the principal ray, the y axls |s in a plane
almost (because of SWING whioh 1a small) perpendlcular to
the tabl® top and pointing towards the table top, The x axls
completes the ¢,S, ¢to be a r,h,s, The Intersection of the
pan and ti|t axes-lLs [occated at polnt (=DP1,-DP2,=DP3) In
the 6,c,3. Note that focussing Is done by moving the vidloon
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CAMERA EXTERNAL MODEL
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and thua OP1,0P2,0P3 remalin fixed for a given |[ens,

(d) The wld|gon face |s perpendiculmr ¢ the
princlion| ray and |ls locakted &t & dlstance, which for
gonvenience wl|| be cxl|ed "fog™, from ¢the |enm canter Ir

the z=clrmgt|en of the o,0,0, [t |3 msgumeg that the opotics
gan be degerlbed by the gimple sirmgle lens gecmetele mode|
with the foegl langth goec|fled on the |emns assembly,

{a] The pan and £t and|es mnd the glatanmce foo can
nat b8 raag d?rlgtir BY the complUter, Imatead, thres
potentlometers (pots) are used, two clroular and 2ne |inear,
They are Connected ¢to a cregulated power suppl|y, The
voltages at thelp wipers are converted to dlgltal form- and
stored when neccesary, We assume that the pot readings are
|Inear with the pan and t!it aneoles and foo, and hence 6
papameters, scale and offset for each, are needed tn convert
the readings to pan tlit and foc, These parameters are
ca||ed PPOTO, PPOTD, TPOTO®, TPOTD, FOCLENDA, FOCLENG,

The camera externa| mode| |s thus sgecifled bg 13
papameters: Pi1, P2, P3, SWING, OPi, DP2, DP3, PPCT@, PPOTD,
TPOT3, TPOTD, rOCLENS, FONLENgG,

4,2,3 Camera Internal mode|

The scanning and sampling prooesses are desorlbed-in
the mode! as follows (see Flgure 27)!

‘{a) The x and y axes of the I,c.s, 2r® parallel ¢to
the x,y axes of the C,C.8.

(b) The princlipal ray plerces ¢the Image plane at
point (PP1,PP2) of the 1e0e 8

(c) The sampling resolution Is KX semples/inch In
the x direction of the l,c.s, (l,0., sampling along a scan
|ine) and KY samples/Iinch In the y dlrectlon of the i.C.s,
(I, the numbap of |Iines per Inch scanned), Usually KX
dltfe,g foom KY by oniy a few pe,cent,

(d) The scanning starts at the orlgln of the i,c.s.
The scan |lnes are a|most paralle| to the x=axls of the
l,ce8ss 8Ince each |Ine ends whare <the next |Ine starts,

Hence the |[ines are at an angle of 1/333 rads, to the
x-ax|s, Subssquent Ilnes |le In the y-dlirection of the
| ¢Ce8e

(e) The effect of |mage Irnversion by the cameéra s
cance|led by the fact that In reallty the scan starts at the
owsp plght hand corner of the frame and not at the {,c.s,
orlgln,

The camera Interna| model |s thus specified by 4
parameters: PPI.PP?;KXpKYa
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The <computation of the transformations between the
l1,¢,8, and the t,c,s., from the 17 papameters, the J pot
readings and the lens foca| |(ength |s explained in detull . In
[26) and 1s summarlzed In Appendix A,

Like ¢he camera, the arm a|s0 has a mathematical
mode|, Thls mode| has 32 parameters whioh are used, with the
readings of pots In the arm Jolnts, to compute the
transformaticns from the ¢,c.8, to the "rand coordinate
gystem" (h,c.s,:, @ c.s, tled to the hand) and vice=-versa,

4,2,4 Camera model ca|lbratlion process

There |s no eusy way to generate a oallbrated jmage
on %2he vidloon face Without using an external obJect (Iike 2
T,V ohart) and the camera optlics, Also there |s nc sasy way
to measure an Image formed by the camera optics dlrectly
without using the vidicon and the scanning clrcuits, Hence
we have no opractical way of callbrating the external and
Interna| models separately, A separate om|ibration can De
done by a cut-and-try method as fol|ows: Guess the va|ues
for the parameters of one mode| (say the externa| mocel),
uslng these vajues, calibpate the parameters of the othep
rodel (the Internal mode|), Then using the new valuas of the
parameters of the flpst mode] callbrate agaln the second

rode| and so on tl|| some convergence condltien s
satlefied, Th!s method was trled by Sobel| and was found to
be time consuming and Ineffectlve, Althoush the tlime

needed for each lteration Is relatively short, (since a
smaller number of parameters s hand|ed), the numbep Of
lterations needed was large,

The callbration process develo?ed by Sobel used the
full (external and Interna|) model| and |s descrlbed below:

(a) An obJect (usually a black L shaped book end) of
known slZe |sg put on the table at a known peslition, A

plcture of the obJect |le stored with the readIngs of the pan
t1it end focus pots and the |ogation of the otjegt vertices
in the t,c.s, This process |s repeatad 10 to 27 times for
varlous locatlons of the obJect on the table and various
locatlons of lts Image In the Image plane,

(b) An edge=follower program and a |lne-fitter
program, Whlich are aiso modules of the hand-eye system, are
run on each plcture stored and the locatlon of the vertlcesg
of the obJect In the |,c,s, |8 determined,

tz) A guess of the values of all the parameters of
the full mode! |s made, Using these vajues and the pot
readlings associated wlth each oicture, the trarsformation
from t.c,s, to l,c.s, I8 compuied, Usling the trarsformation
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and the locatlons of the vertices In the t.c.s, stored with
each ploture, a predlotion of the vertioes® locatlors in the
l.c,8, |s computed, The prediction |s then compared to the
l.c.s. looatlons obtained In step (b) and @& root mean
squarp®, (RMS), distance erro0r Is computed, averaged over all
vertices and a|l plctures,

(d) Step (¢) 1Is repeated whille the values of the
parameters are changed so as to make the RMS errop scsmallier
In each Iiteration, Two kinds of parsmeter minimizetion
routines are used, Nelither needs to expilicltly compute the
vajues of ¢he flpst or seoond derivatives of the ”MS error
with respect 1o each parameter of the mode|,

or each

The cajlbration process |s done separate f
ctures are

|
jens, The R,M,S error that Is acrlievec when 20 p
used Is 1 to 2 raster un'ts,

Y
|

The values of some of the parameters alffer slightly
when callbrated for different lenses, although they ere
known to be Independent of [|ens type, For example
P1,KX,PPOT3,TPOTD, This opolnts to another acvantage of
calibrating the whole set of parameters togethert there Is
enough “freedom" to compensate for changes in some
parameters whlch depend on the lens type, but wéré not taken
into account In the modei,

Stnce the transformation equations do not yse the
lens focussing eaquatlion but oniy the magnification, the
rode| used by Sobe| has a scaling vaplable "fmy" wkich can
be deflned In the terms of our node| asi friy=foceKY and a
parameter MART de?lIned by! MART=KX/KY, Also two cther
parameters, FPoTZ and FPOTD, are used Instead of FOCLENZ and
FOCLENG to convert the focus pot reading diract|y to FMy,
Hence the mode| used by Sobe| has 16 parameters! P1, P2, P3,
OPi, OP2, DP3, PPOTO, pPPOTD, TPOTB, TPOTD, FPOTO, FPOTD,
SWING, MART, Pp1, PP2,

4,3 Calibrat}on updating, genera| notes

After a cajlbrated mode| was obtained by Sobel, we
used the corner=finder descerlited In Chapter 3 to flnd the
c.t.c. of some polnts on the table, They differed from the
U.t.c. of the same polnts by about 9.2 inch, These
errors are 2 to 4 times larger than that corrsponcing to an
error of 1 raster unlt on the Inage plane (the
correspondence depends on the pan and tllt anales) auoted by
Sobel, This result |s resonable since the errors cemcutid
by Sobel were for oprecisely the npolnts used In the
calibpation Drocess,
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It Wwas noted that after some time (on the opder of a
wagk or twg) the pepformance of the moddi deterlorates ang
the wrrors grow to 8,3 to 4.8 Inch, Some of the paremeiirs
ar® not mode|ied oorrect|y ANy RGrs, One remedy lw to reodat
the whol® cajlbration process svery fow days, Thin roamady is
very time gonsuming (wbout 30 ko 43 minutes of computing
time) and wopy Trustrating, An miternative in ta flnd the

papAmeters that have ghanged and updets them eniy, The
ypdating of some oarsmeters oould alme partinliy compensate
fer ghanges [n other paramaters, Hopefully thls process

would BE  myah |hurti‘. Aige, It pould sasl|y b automates
ainos the sx|sting onllbratlon, withough not goed enoudh
anymore, s gufflolent to dirsct the pointing of the camera,
tosus !t and search fopr the Image of the vartices using the
oorner=finder dascribed |In Chapter 3 all under computer
control wWith no manual Intervention, This sojution was
pupsued and |s described bejow and in subsequent sectlons,

Me oan dlvide the parameters Into three fgroupal

{e) Parameterg whigh depend &n the ophyslce|
dimsnglons of ths camers agsembiyi P1,P2,P3,0P1,0F2,003,

{b} Papamsters whigh @depend on the operation of
slectronle clroultur SWING,PP1,PP2,KX/RY,

{e} Parmmaters whleh  depend  on ralncgrlonl®
groperties gugh ap the pots and the A/D gonvertar povér
gupolles, tha pots' [Inearity, #To.0 pPOTE, PFOTO, TPOTH,
1POT0, FOCLEN®, FOCLENG, The parametéra FPOT@ and FPOYD umed
by Sobs| depend on both the Foocus got "electrie”
charseteristics and the alsctronie weanning elreults,

The flpst |Ezun" gf paramsters |9 the |eR3%
suscentible to change with tims, The othar tWo are FOFe
susceptible to change, Of tha ssognd Sroup oRranatérs, SHING
(whigh |y sbgut 1 de@,}s PPL and PP2 H1il have on|y second
order offagt on the acquragy of pesltlon predlotiong, W¥en
with a ohange of 20-30K Tn the omse of PPL and PP2 or 100X
In the case of SWING,

KX, KY @and the third Group DErameters have B miiar
sffagts on the mgeudracy, The Egouracy la more senaltive to
the ohanges |n the pan sng t11t pot conatants than to the
fogus DOt conetantd or KX and KY ae ¢an be gaen |m the
following axamgiet & change Im PPOTP of 31X eof [ts tota]
range, vwhigh s &t |eset 6&F deg,q wlll omuse an srror In
pogltlon pf 2,4 Inoh at & polnt en the teblé whion 1s 42
inghes fren the lens genter (a typles| d stange}, A chande
ef 1% In KX ill‘ eayse & ponltion mrror of 2,1 fn h yndep
the gsame gondiglons ap above It tha Imgge of the nn?n? " at
the border of the frams, Thls #rror wlii| degrenss |fnearly
with thes dlstanee of the [mage of the polnt, 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 tlit rot constants
and then the focus pot constants,

4,4 Pan/tl|t head callbration updating

We have two routlnes to update the calibration of
the pan and tl|t pots, One of them uses the corners cf cubes
placed on the table at known jocatlons, This routine is not
as completely automatic as we wish |t to he since the cubes
are manually placed at those |ccatlons, [t aims at reducing
the differences between the oocordinates of a point In the
t.c.s. as approximated by the user and the approxImation
glven by the ¢,t,C, :

The othepr routine uses the arm |tse|f Instead of the
cubes, Since, ‘n general, the Image of the hand at the eng
of the arm Ig stll| too oompllicated for the visiun programs
to analyze, a blaok rectangle wa3 painted on each of the
fingers (the hand-iark), Also, the hand |s rotated so that
one finger Is faclng the camera, hlding the other tinger and
parts of the hand, (see Flgure 28(a) and compar® with Flgure
28(0)), 1f the callbration has rot changed too much,
we can ask the corner=flinder of Chapter 3 to search for the
cornar of the hand-mark wlthout Its getting confused by
other features of the arm, Demanding a match of form and
relative intensity helps the corner=finder to recoanlze the
hand=mark, Slince there are no other objects on the tabhle
when the <callbration updating programs are run, we can let
the corner=finder search In a falrly Ilarge area and so
handle large oparameter changes, We ar® |Imlted however in
one direction by the presence of the upper part of the hand,

By wusing the arm we achleve two goals: automating
the process and reducling the coordination errors, [n effect,
we Assume here that the deterloration of the pan and tilt
parameters |s the only cause of the coordlination errors, (We
rak@ a simllar assumption for the focus pot |n the next
section), We update the parameters to minimize ths measured
coordination errors, (Actual|y we do not measure them but
only thelr effect on the locatlon of the hande=mark cornsr in
the l,c.,8., (s6s stép (o) below and Appendix A).

The updating Is done In the followling steos!

(a) The camera Is centerpd and focussed on the next
position of the arm (or the next cube), Centerlna s
performed to ascertaln that the image of the corner sought
Is In the frame and that the effect of the changes in
Internal mode| mparameters IS minim|zed, The precision of
the centerlng process does not affect the updating,
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(b) HAND IN GENERAL POSITION

Fig. 28, THE HAND AS SEEN BY THE CAMERA.
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(b) The oamera transformation |s computed for the
new (oentereg) position, The coordinates of the image vertex
and the form of the Image corner are then computed using
this transfoermation,

(c) The cornep=fIinder Is cellod and glven the above
Information, When wusing the cubes, we chose dark cojored
cubes on a |]loht background or vice-vepsa, When using the
hand the <cornop of the hand=mark Is sought, In bnth
cages a reoative Ingensity mateh Is demanded Ir addltlon to
form match as mentioned before, If the corner Is not found,
as happens occaslionally when the callbration has not boen
updated for some time, the routine goes back to step (a) and
to the next cube or arm poslition,

After the corner Is found the error botween its
actual and opredicted Jooatlon In :he l,c,s, Is computed,
This error |s used In tWo Wayst Flpest, We assume ¢that at
least part of the error Is systamatic and ence we add the
error to the predloted locatlon of the next corner before
calling the corner=finder, This <turned out to be a rea|
wlinner, Second, we compute what the pan and ¢t||t angle
should be |[n opder that the actual and predicted |ozatlons
wlijl colnclde, We record these andles with ¢the actual
reading of the pan and tlit pots,

(d) Aftep data has been collected from a|| the cubesg
or Aarm positions (|ess the cases wWhere the corner has not
been found), two gt,alghg |Ineg a0 flgeed to two getg of
points with the pan and tllt angles as abscissas and the pan
and tlit pot readings as ordinates, The ocoefflicients of the
two |Ines are the updated pots' parameters for pan and tilt,

4,5 Focus calbration updating

As noted before, Sobel's model| combined KX and Ky
wlith foc because there was no way to distingulsh hetween

them, One reason [S that when the measurements were taken
for the cajfbratlon, ¢the camera was focussed on the
callbration 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 neeg
exact|y those separated coefflclents in order to calculate
the focus pot setting needed to focus the camera at e
partlicular range,

In this case also, elther a gset of cubes plaged on
the table, op the arm [s used, The positlions are chosen to
present a vsesplety of ranges, The updating is donme in the

following steps!

B

71 \



(a) The camera s oentered on the next posltlion of
the arm (or the next oubo),

(b) The oamera l¢ fooussed on the oorner of the
hand=mark on the finger (which |s made to d'rtctlY face the
camera), or on %he next cube, by moving ths vidlcan (l,e
changlng fec), In the beginning the fooussing wes done
manua|ly, Then we added an automatlio fooussing routins whion
wag devejoped by J,M, Tenenbaum (28], (Soe Appondlxla). In
the |a%‘ter oase the oorner~finder lc cajfed flrst to exaot|y
locate the oorper before the autonatic fooussing routine s
oa|led, The Vooul pot readlng Is then recorded,

(c) The range from the Jens oenter to the above
corner |s computed, and then using the foous equation the
corresponding vajue of foo |s oomputed and recorded,

(d) After a|l dete has been ooll6oted & stralaht
Iine |s fitted to the set of polnts with the oomputed velues
of foo as abgsoissa and the foous pot's readings as ordinate,
The ooefflolents of this |lne are ‘he updated focus pot
parametere,

It was not?d before that when callbrating for
different Jenges the parameteps were not foroed to .take the
same valusg even |f there was no roeascn for them to be
different for dlfferent |enses, In the cage of .the fooue pot
parameters We have to stray from this prino(ple, The reason
s that for the sma|i fooal| length lens, 1 Inoh, the depth
of fleid |Isg large enough so that we can not flt g iine to
the readirgs with enough oonflidence, Hence ws use the fact
that the slope of the |ine has Indeed the same vajue for al|
lenses and only the blas changes, Thus a long focal |ength
lens (3 fnch) |s wusded to cal'brate ¢the slope, For the,
smaller focal |enath lenses oniy the blas |s updated by the
above process ysing the siope already obtalned,

Since we do not yet have a Qood external way to
measure the quallty of focussing , we have to re|y either on
the self scoring automatic focussing module or on a human
obsepver and the monlitor to Judge that the updating orocess
|s adequate, '

4,6 More remarks about updating

When the degradation of the papameters I3 so !?rqa,
that the corner=finder cannot ?1nd the hand=mark, cithep
beoause It |s out of focus ({? the degradatlion Is of the
foous pot parameters) or beoause It |s out of the search
epaoe (If the degradation |s of the pan eand tlit not
parameters), or both., In this case we use the man,al| mode of
the update programs,

72




The manyal| mode for the focus pot updating orogram
wag described above, In the pan and tlit nots update program
we have a provislion for manual|y positioning the windew on
the desired corner, Usua|ly this has to be done only for the
first position of the apm because of the "Instant
adaptation" desorlbed In step (c) 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/tllt yodating routine can t9 called, Then we should
call the focus updating program once agaln to maka the mode|
more® acturate (this time 1t can be called in automatic
rode), The apove cycle can be repeated two or three times
unti| no more Improvmants can be made,

There are some ajternatives 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
subsequent|y for this reglion of the ¢table, Interpolation
between locations for which the coordination errors were
stored should be considered, A similar scheme is used in the
visual feedback tasks to augment the ujdating
done With the poutines described in this chapter,

(b) The values of the errors are used to update the
rode| each ¢ti{me an error abovwe some threshold is cetected,
The correctjon term shou|d be we|ghed appropriately,
otherwise the model| wi|| "thrash", '

(¢c) The va;ues of the errors are stored rpegularly,.
1! a degradation of the mode| |s detected (bzsed on more
than one @epror), .then all the stored errors are used to

update the model,

For the pan/ti|t updating, the equations for (b) &and
(c) are more complex than those described In Appende A for

the method of Section 4,4, since the errors are not
necessarily observed near the plercing point of the
prinoipal pay,

The advantage of the a|ternative methods |s that no
specim| programs, or ¢the ti%e to run these programs is
needed, The d!sadvantage |s thai we have to make sure that
the oocordination errors were detected and measured with high
rejlability, This Is not a problem with the speclial purpose
programs since the environment (s very simple, bu¢t it could
cause troubije during regular operaticon, where the
environment |s often cluttered,
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CHAPTER 5: VISUAL FEEDBACK TASKS
5,1 Introduction

£.,1,1 Genera| notes

The purpose of the visual feedback (v.f.b.) taske s
to Increase the preoision of the manipujations done |In the
hand=eye system, The feedback currently does not take (nto
account the dynamic aspects of the manipulation (sse futher
discussion In Sectlon 5:1:2),

The ¢agks are carried out |n the context of the
general taskg that the hapd-eye system can currently
perform; i,.e, the recognition and manlpulatior of simple
planar bounded obJects, whose faces are uniformiy palnted
(without textupe) with various coiors, On a background also
of uniform shade (usually dark), The lighting Is supnlilied
elther by the pegular fluorescent overhead ltghting which is
somewhat but not completeily diffused, or DbV thrse Quartz
lodlne lamps which can boost the usable intenslty dynamlec
ranje but also create harsher shadows which are harder ¢to

cope with,

The manlpulations that we
preclse with the additlion of visual 3

placing on the tabje and stackin
rentlon tnese three operations, It Wi
are done under v,f.b, control,

ht tc¢ meke mgre
back ape grasping

Frpom now on when we

oug
eed
g,

I be meant that they

The precision obtalred |5 better that .1 inech, This
value should be judged by comparing |t with the Iimjtatlions

of the system., The resolution of the imaging system with the
2 |noh jems }s 1 mpad, which, at an operating range of 30
Inch corresponds to .83 Inch, The resolution of tne arm
position reading (lower bit of the A/D converter reading the
first arm Joint potentiometer) s ajso ,A3 inch, Put the
nolse In the arm posltion reading corresponds to ,25 Ineh,
when we trled to achleve preolslon of ,85 inch, the feedback
loop was executed a number of times wuntlll the errors
randomly happened te be below the threshold,

The rest of thls sectlon 1Is devoted to the
glscussion of some gereral Problems peptaining to all three
tasks, The next three sectlons descpribe in detail the three
tagks as impjemented for cubes, Since the tepmination of the
research described here, the capablllty of the proaram has
bee extended by R, Davis to hancle other obJects (wedges anc
slabg) and one more task of inserting obJects inte holes of
¢he same form,
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5.,1,2 Dynamio feedbaok

The auestion of whether the vls*al feedback, or In
genera| the regponse, |s dynamfo or not,!s sometimes more
semantic than real, What the person asking the question
reans In thls cage |s, does It seem to be ocontinuous? The
question then s real|y that of ocyole time or sampling
perlod, A cycle time of 20 msec wl|l suffice to ool the
human eye g0 that the response wil| be called "dypamic",
Since the computations needed and the computing 'ower that
we noW have cayse the jength of the cycie time to be gevera]
seoonds) no attempt Was made to speed It up by oprogramming
trlcks, wuse of machime janguage, eto. With thls cycle tlme
the movement of the arm actually stops before we analyze the
sltuation agaln, so that we dn not have to take Inmto aceount
the dynamlc aspect of the error,

In additlon ¢o eomputing power, the vidlcon camera
also presents some |Imitations to faster response. The short
time memory of the vidlecon whloh helps us (persopns) to View
the TV monitor, wil| "smear"™ a fast moving obJect, It the
scene s brlight enough a shutter oan ba used, 1f the vislon
can be made suffiolently fast and acourate, the contro|
program (18] currently used to run the arm dynamicaliy could
be expanded to !ncorporate visual informatlon,

5,1,3 Mand 'n V'QW

As ajrgady menvioned, one of the oharacterlstics
that distingu|shes our Vvisual feedback scheme |s that the
anaiysis of the scene, to detect the errors to be corrected,
Is done With the hand (wWhich |s stlj| holdlng the obJect) In
the scene, In the grasping task the presence of the hand s
inevitable, In other tasks, for exampl|e stagking, baling

able to analyze the scene wlth the obJesct st!|| grasped
helps to correct the positional errors before they bacome
catastrooh|c (9,7 the stack fajls down), Also some tlime

Is saved since there is no need to rejease the obJject, move
the arm away, brlng It baok and grasp the objact agaln, We
pay for this flexIbillty with Increased complexity of the
scene analysls,

The dlgftculty Is |egsened by the fact that the
handemark (which Is used to |dentify t"e hang) "as ka0wn
form and relative Intensity which help. to locate |t In %ne
Iimage, In the grasping task the abijlty to recogniza the
hand fs necessary, The task |s essentially to position the
hand at flixed Jlooation and orlentation relatlive tc the
ohjeot to be grasped,
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o,

Algso, we have found 1t to our pbeneflit to |ocate the
hand flpst In the otne, tasks also, After the hand-mark |s
found, We use 'ts locatlon to predict more acCurately the
locatlons In 4¢he Image of the edges of the object held by
ghe hand, We can do this since the object was grasped With
visual feedpagk, and therefore !ts posltion and orlentaxion
in the h,c,s. are known, (We also take Into account the
remalining erpors of the grasping task). We use tne
coordlnatas fn the hocoQo to ftnd the hoto o of the ecddes,
From the h,¢,c, we prédlict the Image Coord?natGSo We correct
the predlictlon by the difference between the predicted and
actual locatlon of the hand=mark found in the Image, This is
the rlght correctlon since the predlction of the hand=mark
locatlon In t¢he Image wag obtaines by exactly the same
calculatlions, (This Is vepy similar to the “instent
adaptation® desceibed In Sectlion 4.,4).

Moreover, f

a the hand-maik has been found, It
wlill not be confused

ter
with othep edges In the scene,

5,1,4 Infersance of three dimensional information

In the pan and tllt cajlbration updatind orograms we
eassumed for convenlenoe that the coordination errors wWere
caused sojely by detarloration, over time, of the pan 1ind
t11t pot constants, By executing the callbration updating
program we removed part of the coordination @arrors (malnly
the opart that had gystematic characteristics over varlous

tocations In the t.ci8.),

In the v,f.b tasks we assume, again for gconveniency,
that the remainling coordinatlion errors (which wii| 2e called

simplys, errops) are caused DY the arm.,

These two assumptlons are made for covenience but
really they are equlivalient,

As expl|alned in Sectlion 4,1,2+ the c.t.C,
approximattion |s used for refarence, Since we are using only
one camera (one view), wWe cannot measur® diractly even
differences of locatlons of two neighbouring pojnts, Hence
the three-dimensioral (3=D) Information has to be inferred
from the two-dimensional (2-D) Information available in the
image and some external {nformation,

One assumptlon that cun be made ccncerning colnts on
the hand or on an obJegct held by the hand, Is that the
positional error of the arm in a partlcular dlraction, for
examp'!e height above the tabia, Is much smaller than the
arrors in the other direotlons, This assumption can then be
used to Infer the aerrors In the other directions from the
2=0 Image, .1f, however. such an assumption |s made
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incorrectiy, the arror In the direction which we assumed
errorless wil| oause -errors of the same order of magnl|tude
to be infarred for the othor directions, We do not have any
reasons to Justlfy this assumptlion In our system and other
exte~nal Information has to be used,

We assume, however, that the maln errors are In

position and not In orjentation, A small error in
orlentation when muitl!plied by the length of the opening
beyween ¢he findars will genera¢e a positlon error of ghe

handemark whlch o0an be negieoted relatlive to the position
errors of the arm. For similar reasons we also assums that
the error In measuring the distance betwaen the flngers can
also be neglaected,

"he gxternal Informatlon, which |Is used in the v,f.,b
tasks, v suppjled elther by the touch sensdrs on the
finger:s oar by the fact that an obJect Is resting on the
table~top or on another object of known dimensions (this s
the famous support hypotehsls mentioned |n Sectfon 4,4.2),
The touch sensors help us to determine the piane contalning
the hand mark from the known position of the touched ob.ect,
The suppcrt hypothesls glves us the plane containing the
tottom adges of the top object, More Implementation detalls
are glven wlth the descriptions of the varlous v,f,b trsks,

5,1,5 Hand=Eye coordinatlion,

To fac!llitate the scene analyslis We use haere one of
the methods fcp callbration updating mentloned already in
Section 4,6, We store the coordination errors found durlng
regular operatlon of the system (speciflcally, carrylng out
v.f,b tasks) and use them subseaguentiy as described balow,
we Justlfy ¢thisg bY the agsumptlon that no majo, change of
the arm and camera hardware ?s cclng to occur during the
short time of operatlon, [f neeced we can add the time that
the errors were stored and find and store them agaln after
they beocome t0o old, We go not currentiy attempt to use the
stored ocordination errors for actua| urdating of the camera
or arm models,

Actually wWe do not store the coordinetion errors
themse |ves byt two quantities cloeel|y relnted!

(e) Aftep an obJect |s grasped and then raejeased,
the h,t.c, of the reference polnt of the hand (m gnoling
between the touch sensors) |s stored wlth the obJact 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 positlion the arm,
However, !f the obJect was never grasped before, the c.t.c,
are used, The v,f.b |s used In both cases (and not only
the second) to check and correct the grasping. The task
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ils simpler I¢t the h,t,c, are already known, because the
repetitlion errors of the apm servo are smaller than the
coordination eprors,

This last characteristic also explains the followlng
fact! The irjtlal error In stackling Is smaljee {f the
supporting object has ajready been grasped once h, the hand
and hence its h,t.c.,- already stored, In thls case the main
part of the c¢oordinatlon error is already found and
corrected by the v,f,b durlng grasping, On the other bhand,
it the =supporting oblJect was™ never grasped before, the
coordlination error has to be corrected by the v,f,b contro|
durlng the stacking which |s more compiex and difflicult than
the controt of grAsping, 1f real]y needed, the object to be
stacked upon can actually be grasped flpst, (with v,f,0), to
tind its h,t,c,», and then released to continue with tne
stackling task,

(b) Before an objegt |s to be grasped or stacked
upon, the arm |s positioned above the oblJegt and the
hand=mark I|g sought as was done |n the pan and tllt
callbratlion updating, The hand |s polsitlioned hlgh enough
above the opJject so that the corner=finder does not confuse
the hand=mark wlith the object, After the hand-mark |Is
found, the differenoe between the ooordinates in the {.C.s,
(Imege coordinate system) of the predicted location of the
hand=mark and the tocatlon where |t was aotually found Is
stored, This is the same quantlty stored In the pan and tll¢t
cal!bratlion updating nrogram for the "|nstant adaptation”,
The same |s done for the place on tne tab|e where an obhject
s goling to be placed,

The table is divided Into 4 Inch squares, (there arn
190 squares), and the correotions are stored with the souare

over which they were found, When we Subtsequent!y look for
the hand=mark over thlis papt of the table, the stored
alfferencas are used ¢to corr%ct the prediction, Slnce we
now have a gorrectec opredlctlion, the dimension of the
window, or the search space used. can be made smal|ler ,

Each time that the hand=mark s found again, the
cltfepences petween predicted (before correctlion) and actual
focatlons |r the |Image are also used to update the stored
correctlions,

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 ussd in this casge,

5,1,6 "State of the world" updating
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The state cf our simpie world (table, arm camera
and ouJeots) Ig stored for use by the varlious negdyules, Tha
state of the apm and CAMBrE Are stored automatical |y By thes
Arm RAD  gAmeps  contro| brograma  every tima a change |4
attempted reQardiess of the degres gf RUcoass, Thy drlve.
Todule or other mpdules which mAnfouinte the oblects mave te
fipply mng yogate thae atate of the ob pots ouring ang afea,

The components of the state of the world that have
to be wupdated during the exgoution of the v, f,b ¢-gks are
descplbed In the followlny tablse wlithout detal|s of
lmplomontatlon, Currentiy we wuse a simplifjeg structure,
sulted to cubss on|y, bus eventually the general wor|d mode |
of the SYstem, stored In the associatlive structure supp|ied
by SAIL, wi|| be used,

(WM1) A polinter to the obJect cdrrently heid by the
h’;nd.

For gach 4 |nch square part of ¢he taple face!

(WM2) The I,c,s, corrections, described in the Jast
sectlion, for the square,

(WM3) An Indlcation af whethep the l.Chs,
corrections were a|roady obtalned for this square,

For the obJect current |y held by %“he hand;

(WM4) Ihe pesition and orlentaticn of the object in
the hand coordinate System, (For cubes, the remaining errorsg
of the Yrasping task In the two directlions paralje| ¢to the
edges of the hand-mark),

Fopr eagh obJect!

(WM5) Desorlption of tpe Prototype <7 the obJect,
(For cubes, the size of the cube),

(WM6) The positlon and Orlentation of the object In
Citicy (For cubes, the position onjy, orientation s
Inferred from WM14),

(WM7) An Indicatlon of whether WM6 was yupdated for
the ourrent jocation of the object,

(WMB) The position and orlentation in h,t,c, of “he
objeot [f known, 1If not, WM6 Is copled aw a flest
approximation, (For cubes, on|y the position., slnce we
assumed neg|iglble error In orlentation),

(WM9) Polnters to obJects direotiy supported by tne
obJect (currentiy we aj|ow enly one),

(WM1g) Polnters to the suoport of the obJect which
mIght be other objects (agaln we currentiy allow onjy one),
the table or an |ndication that the objeot Is not supported,
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(WM11) An Indicatlon of whethepr the object !s stable
and hence can be refeased,

(WM12) An Indlcatlon of whether the obJect |Is
currantiy hejd by the hand,

For each face of aj| obJects?

(WM13) An Indicatlon of whether the face |s visible
to the camgra, (For cubess» the sing of the angle betWeen
the Ilne of gight of *he camera when centered on ¢he cude
and the nermal to the "most vis|ble" vertlcal face,
descrlbed |n the next sectlon, The visiblilty of sther faces
or edges are computed from this Informatlon),

{WM14) Tha noemal (In o0,t,cs) to the face, (For
cubes, the ngormals to the two vertlcal visible faces),

Some of the components are redundant, For example,
the normals to the faces can be computed from the oprototype

information, (}n WM3), and orlentation (in WM6), This is an
examp|e to the genera| problem of "store vs recompute”:
when to store enough redundant Information to speed
execution, when to store Information oniy aftar it was
needsd once: for possSible subseguent use, or when to compute
|+ agaln each ¢ime |t is needed,

We now proceed to discuss the problems of wupdating
the state of the world, I[f each operation was totally

rellable we could update the state of the worjd after
planining the change, or after carrylng out the operation but
pefore tnhe information !s needed by other modules, or at any
tIme In patween, If all the faljures were of a
seml-permanent nature, (something has to be externally flxed
before the madules oould oarry on), then agaln we could
update any time before the Information is needed and qulit
altogether at the f!rat fallure,

Overal|, the re|lebl]ity of the manipulz¢lan |s very
good, However, from ¢time +o time the arm (or hand) wWill
fal| becayse, for examp'!e, of rare clrcumstances of the
time sharing system, or translents In the hardware, Most of
thes. fallures do not have catastrophlc effects and the arm
simely stops moving and Indicates the source of fallure, Jn
some occaslons, blindly repeating ths operation is the wrong
thing to do, for example when executind 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 updating carefully so that the
updated Information would be avallable immedlately after

fallyre but not premagurely,
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For the same reasons we nsed both WMY and WM12, or
both WM12 and WML, wWhich are wused to glve gorrect
Information for dlifferosnt mcdes of fallures, by not belng
updated at the same time,

for Ouamo'ot We uge WMl to Indlca}p that the obJject
polnted to mgy be In the hand and therefors we need to

reloase |t before moving the apm but It |Is not guaranteed
that the obJeot |s flemly Qrasped and hence we have to graso
It 1f we wang to move |t with the aem, On ¢the other hand
WM12 Indlcates that the obJect Is flem|y grasped by the hand
and henoce wl || move wlth |¢,

If we gtrind te Grasp fbl th-nf and fulled we would
update WMl because the Qrlp might be Flem snough to move tha
cbJogt & |ltela bofore It wllppea from the hand, WML2Z would
be updated only alfear the gQraspling |ls succesafully
completed, Simiiap(y, If we tplod to release the oo ject And
fulled; MWH1Z  would bes ypdaged but not WML whigk w!l| be
updeted oniy aftar the relonpge mas sucpessfully compjeted,

The varplious components of the state of the worl!d are
updated at the rlght times so that the followlng ruies can
be observed and be truly satisfled, Some of the reasons for
these rules are obvious, schers will become clear In the
description of the varjous tasks,

(1) The ¢.t.Ccs Of an obJect bhave ¢to be known In
order to grasp [t or stack on |¢t,

(11) Ap obJeot Is not re;eased ynjess it |s known to
be stable wh]lch means that It Is resting on the tabtle or
supported by other obJect(s) In a stable poaltion, In the
latter case |t nesessarl|y means that lts ¢,t,c, are known,

(I11) An obJeot |s gpasped, placed on the table or

stacked on another obJeot only |If the appropriate 1{,C.s.
corrections are known,

(1V) An obJect that |Is -cuoropting anothar obJsect
cannot be grasped or stacked upon, In more complix

sltuations When more that ono obJject wli| surport or ove
supported by other obJects, we wl|] nave to check more
complex oonditlonst cean obJect A support In a stable
posltion an additlona] obJeot B? WlIl the pemoval of oblect

A cRUsg any obJe,t to bagome Unstebig?

(Vt The vielinlty of the jocatlon on the table where
an obJect is to pbe placed has to be empty of other ohjects,
A v,f.b task of abutting obJe.ts has not been Implementad

yet,
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Some of the rules and update timing =are simple
bacause we currently have only one arm with one hand that
can hold and manipulate on|ly one object at a time, For
example: When we have two arms we wl|l| a||ow one of them to
hold an object to make 1¢ flemer even |f [t supporis another
object, but not to move lt, etc,

The approprlate rules ar® cheoked before each
operation Is attempted, 1f rule (1I1) 1a not satisfled the
praoram wili try to find the corrections as descrlbed in the
last sectlon, Faliure to satisfy the rujes causes failure of
the v,f,b tasks unjess otherwlse stated in the tasks®
desor!ptlons,

For brevity's ?ake we will not mentlon these facts
agaln In the description of the tasks, We will indlcate the

points In executfon where varlous components of the world
rode| are be{ng updated,

5.,1,7 Manipulatlions not under visuyal feedbacsk contro]

The manipujations described In thls sectlon are not
carrled out under direct v, f,b gontrol, They are uysed Dby
some or a)l of the v,f,b tasks, end described here in order
not to repeat the descriptlion eact time they are used, We
will Indlcate thelr usage by writing thelr names In capltal

letters,

Some movement of the arm or the hand Wwill at least
be attempted Ip each of the foljowing tasks, Hence, one

component of the wor|d mode| w||| be ¢changed regardless of
the degree of success, We wll| mentlon this ohange before we
rentlon ths movement or the command to the arm controller.,

UNGRASP
1f there 1s a cub» polnted to by WM1, it ls e¢hecked

for stablliity, 1f the cube Is unstabje, faljure is Indioated
and the tas: '3 terminated, Otherwlise we Indicate In M2 of
the oube that was grasped, |f any, that It is nn longer
tfiemiy 9rlpped, Then we snnd the apm cohtroller the
open=hand Command, If |t succeeds we upda’s WMA for the
cube tiat was grasped (if any;, and dejeuo tle pc:rter from
WM1, The requlred dlstance .etween the touch sensors I's
glven %o the procedure as a paraneter,

LIFT
In thls manlpulation the cube Is | ifted adsut 5

Inch above its support, Flrst, we Indicate for the cube In

the hand that !t |s not supported any more (In WMi2), that

lt 's unstabje (In WMil) and that Its ¢,t.0, ar® not upda%ed

{In WM7), Then we send the arm controljer the command to

11€1 the nybe, If 1t succeeds we dejete the polnter from
t

82



(%]
WM9 of the supporting cube C(If any),

PUTDOWN

This manipulation places a cube on Its support uUSing
force feedback of the arm to stop oushing down, Flrst, A
polnter to the cube held In the hand Ig placed In WM9 of ¢tha
cube placed ypon (!f any), Then we send the arm controller
the command to place the cube, If it sucoceeds, a polnter
to the support |s placed In WMiD of the oube In the hand,
If the cuba was placed on the table It will also be marked
stable (In WM11),

This manipulation actual|y suppiies the
Justification for the suppport assumptlen when analyZing
sosnes wlth an obJect stll| hejd by the hand, Another way to
look at <¢his manlpulation Is to note ¢that |t actualily
ejImimate the coordinatlon error In the Zz-dlrectlion of the

t.C:i8,

MOVETO

This manlpulation moves <the arm wWith <the cube
grasped in the hand (If any) 3o a |ocatlon and oplentation
glven to It asg paramsteprs, First the cube In the hand Is
rapked unsteple, It 1Is Indlcated <that Iits c¢,t.c, are
unknown and the polnter to lts support |ls removes, Then we
send the arm controllisr the command to move, [f |t succeeds
the polinter |n WM9 of the cube (if any) that supportsd the
cube In the hand (iIf any) !s removed, Each tralectory
starts and ends wlth the fingers polnting down and movimgd In
a veptical djrection,

To complete the |Ist we wi|l describe the routlne
used to0 flind the handemapk,
FIND_HAND

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

not for on|y one as In the callbration updating prc am,
since now the scene Is comrjlcated by the presence of cther
obJects,

The camera |s centered on the hand-mark, Uslng the
camera and arm mode|s, the |ocations of the Images of the
two lower <eorners of the hand-mark In ¢the |{,c,s, are
predicted, rthe predlctlions are correected bty the stored
l.c,8, correctlons (WM2) If they have already been obtalned,
Also the form of the Imags of the corners Is computed as was
gone In Section 4,4, The predicted wldth of the hang-mark In
the Image |s stored,

Ustng the Informat on computed above, the rlight slde
oorner |3 sought flrst, using the cornar~flinder of Chapter
3, If the corner IS found, the error oetween Its predlicted

and actua| locatlons is used to update the prediction of the
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looation of the |eft side corner vhich Is now sought, I’ the
right corner is not found we look for the 1eft ome /irst
(see blook diagrem In Flgure 29),

This afgorithm |s an example of the use of
Information apout & relation between two features to be
found In addltian to Information pertaining to each faature
alone, ‘ '

We check thet we found the corners belonging to the
handemark, and not those belonging to a cub® which might
have very siml|apr form, by oomparing the distance between
the oorners In the Image with the stored predlcted width,

The 1ngr computed predjction 8prors ere stored |In
wM2, with ndication In WM3Z |f needed, for the appropriate

square papt of the table,

In the foilowing desor|ption of the v,f,b tasks, |f
eny of the above manipulations or other operations, |lke
centering the oamera, finding a |Ine, eto,, falls, it wili
cause faljure of the v,f,b task unless otherwlise steted,

5:2 Graoplne wask (GRASP)

Tha *n k Ia to preciee| grkgp B cube pf Hnown
fe.ty0,) position and orlentation In order to move It and
place 1t somewhere afgey or stack |t on Rmother cube, Tha

precislen ls needed In order not to drop the gcube In mide
trajectory twhlch can neppen If the oube s grasoed too
closs to apn edge), and In order that |ts gosition rolntive
to the hand wi|| be known., This Information Is used In the
ather ¢two v,.f,b tagks, He try to grmsp the puse om the
mla=|Inn batwosn the faoes peppendlioular to the flngers,
heif wey aboye the centep of opavity,

Note® that In one direction (namely perpendjeular =8
the fingers) the hand does Its own eppop corréctingt When
the hand |s poslitioned over the cube With maximum opening
between the fingers (2.4 Inches between ¢the tips of the
touyoh sengo0.g) and ¢hen clogwd, the cyb2 wlil be myved and
uwiways end In  the same pos7thn relatlve (o the hand,
Independent of the Inltle! positlon, (See Flgure 32), This
motlion 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 Is made of this feature, Insteed we
also correct eprors In this dl,.2ctlon so that when a cube Is
grasped, It |s being moved from Ite orlglnal |oocation by

" less than the tolerance of the feedbaok |oop,

The grasping |s done |n the followlno steps (The numbers In
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START

PREDICT LOCATINNS
FOR L,R CORNERS

LOOK FOR
R. CORNER

LOOK FOR
L. CORNER

UPDATE UPDATE
PREDICTION FOR PREDICTION FOR
L. CORNER R. CORNER

Fig. 29.
BLOCK~-DIAGRAM OF HAND-MARK LOCATION
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SWEERING MOTION OF THE FINGERS
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each step pefep to figures):

(a) The ringeps are fully opened (by UNGRASP|ng) and
and the hand |s MOVEATO over the center 0f the cube so that
the fingers gare parallel to the cube's sides, The cube has
at most two vertlcal fgces Visipie to the c¢gmera, One of
them is more visible to the camera in the sense that Its
norma| is pointing closer to the direction of the camera
centar than the norma| of the other one, We cal| thls face
MVVF, (most vislbie vertical face), the other Is oalied SVVF
(second visipie vertical face), The hand |s orlented so that
the fingers are parajje| to the MVVF, This will help te
locate the hand=mark In the image more precisejy, (31(a))
and 32(111)),

(b) The touch sensors are enabjed and the hand is
closed sjow'y (at about L/4 of the usual speed opr about 1
inch/sec) til| one of the fingers touches thes face of the
cube, As mentlioned before, the touch Is Iight enough so
that the cybe Is not moved, Ths touch ssnsors are then
disableda, (31(b) and 32(I1V)},

(e) Using the followlng Information (for which we
assums that errors can be negjepted): The finmgars arse
parajiel to the cube‘s face; The distanoce between the tips
of the sensors after the closing motlon of the flngers ic
stopped; The thickness of the fingers between the tlp of the
sensor and the hand~-mark, the equation for the oplane
contalining the handemark facing the camera |Is ocomputed 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,cC, Thegse rays are intersected with the pianme found [n
step (c) to glve the c,t.,c, of the corners, To verlfy that
the corners found do bejong to the hande=mark:. “e& check that
they hav proximuateiy the sem2 height, and that the
distance bpetween them corresponds to the Wwidth of the
hand=mark,

(e) Using the Information already used in step {¢),
the position eprors of the hand are computed, [f the
ragnitude of the erroprs In 2] three directlons are less
than a thresho|d (currently ,1 Inch), the task is ¢inisheaq,
we @0 to step (f) and then exit, I1f 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 9o back to 8tep (b) to check
errors agatn, (32¢(V1il1)),
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ify Tme peolnter in WML s made to poinmt tou the
cute, Tham ¢tha BfM™ control'er Is given the ciose=h.nd
command, 1f ¢hls operation succeads Or faiin the point&r
in #Mt |y mage to polnt te thE cubl, 1f |t succaegs (31170
and 32(¥111)), the fact that the cube 1s now flemiy 9rlpoed
is Ingicated in WM1Z, Ths c¢omponents of the pemalining
srrors  ln  thy glragtions oarailel te the endes gt tha
hand-mark are stored In HM4,

5.3 Placing task

The task |s to pimce the cube precisely at a 3iven
locatlon on the table, With very minor modifications, it
could be used ¢to " place the cube on any relatlively largde
horlzontal surface of known nejght which does not have any
refapence myrks near the |ocation where the cube is tc oe
placed, In thls case the support hypothesis Ils the oniy
external information used, Tne task is carried out in the
following strnos?

(a) The cube |s GRASPed (33(]11)) and Y0VECTO a
position above the :abje whara the cube s to be oalaced,
(3301v)),

(b) Yhe cube Is PUTDOWN, (33(V)),

(c) The hand mark s located in the Image Jsing

FIND_HAND,
(d) The camera |s centered on the visibje bottonm

edges of the c be,

(e) The jooations of mid-points and the orlentation
of the Images of the two visible bottom edges of tne cube
are computed using the hand trasformation, the information
in WM& ano the size of the cube, The preadicted locatlon s
then corrected by the amounts computed in steo (c),

(f) The corner=finder is then used to locate tha two
lines In the {Image, The two iines are Intersected %o find

the corner jocation in the Iimage, Using the sucport
nypothesls, the c.%,6, igpcation of the corner s comouted
arg compared =|th the rogulred location, It the magnitudey

of the srrors are |ess thap a ¢gneognofd (,1 fnend In  DbotR
glragtinng tham the tagk 13 comp|eted, Otherwlse the guse s
LIFTed (33(V])) and the @rror correctad Dy changing 1ha
position of the aem gopropeintely, (33(VILRY, Thes =8 @r
back to step (b) to check the errors again, (33C(VIIIN),
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Fig. 33. PLACING TASK.
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5.4 StaokIing task

The task |s to stack one cube on top of another oube
s0 that the edges of the bottom face of tha top cupe (BFTC)

will be paraliel to the edges of the top face of the bottom
cube (TFBC), at offsets specifled to the crogram by the user
or the ca|llrg module, the dlstanoes are speclfled

perpendlioula, to the MVVF and SVVF,

The task Is carrled out In the following steps:

(a) The top cube |s GRASPed, (35(111)),

(b) The camera Is oenterd on the TFEC, The
rlid=points and orlentations of the Images of the two edges
of the TFBC, belonging also to the MVVF and SVVF, are
computed, The oorner=finder |s used to locate thesa two
llnes in the Image, The Jjocations and orlentailons found
are then stored. The two Iines are Intersected and using
the known height of the gube, the o.,t.c, of the locatior oOf
the oorner are found, Using the given ofisets, the c,t.c, of
the requlred positions of the corner of the BFYC and the
center of the top Cube are calcujlated, (34(b)).

(c) The top cube |s MOVEATO a locatlion just above
the bottom cybe, orlented so that the handemark Is paralle]
to MVVF 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 DbDottom cube,
(34(0) to (e) and 3I5(V)),

(e) The handemark |s located In the image and then
the two edges of the BFTC as donre In staps (o) to (f) of the
placing task, In thls case, however, the edgyges of the TFBC
wlil| also appear In Vview, A simple algorlthm s wused With
the Informatlion computed In step (b) to declde whigh of the
[Ines are the edges of the BFTC, This simple algorithm can
be decelved sometimes by the opresence of gshadows and
"doub! Ing" of edges In the Image, We could make the
algorithm mgore Immune by locating the vertica| edges of
cubes ailso It they could be found,

(f) The two edges of the BFTC found In the |ast steo
are Intersected to find the coprner location In the I[mage,
Using tha support hypothesls, the c,t.o, of the locatlon of
the corner Is computed and compared wlth the requlired
locatlon oomputed in step (b), {* the magnltudes of the
errors are |ess than a thresho'd (,1 1Inch) in both
glrections then the task |s comoletea, Otherwise the cube is
LIFTed (35(yl)) and ¢the error corrected by changing the
position of the arm approoriately, (34(f) and 35(VI1)), Then
we Qg back ¢o step (d) to oheck the errgrs adalp, (24(09)
agaln and 35(VIIl)),
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Instead of & bottom cube, we asan goec|fy to the
program & squape hol|® In = bottem aoblege |n whigh ¢he top
cube |s to be YnsOrtlu. Imn thls cage, whan the top cube g
placed on the bottom obJect we Mave to ghagk how myeh |¢ wWas
|owered, 1f |t wam |owepad past mgms thraghold |t means
that It Is ajrendy In the hol® and can be re|sansg, He have
to make sure that the grlp of the hand ls tloht enoush ao
that the cube grasped wliil net rotate when placed partly
above the hole,

This mod!fication was Implemented and successfully
trled by R, Davis of the hand-eye 9roup for other obJects
(wedge and s|ab) also, (See Flgure 36),
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CHAPTER 6: SUMMARY AND FUTURE WORK

6.1 Introduction

The actual reauits and performance evaluatisn of the
three majJor components of thls researoh, (corner-finder,
oa|lbration updating and visue| feedback), are dlscyssed In
the next three seotions, Sinoe the Dperformance of |atter
components rejles on the performance of prior ones, these
sections shoyld be read In order, With ¢the operformaerce
desorlption we dlisouss the maJor shortoomings of the inree
components and thefr effects, and sucgest possible future
Improvements or a'‘ternatives, Some of these have a|ready
been dlsoussed In past chapters, In the |ast segtlion we
dlscuss poe®sible directlons for further research, to extend
and generajize the results accomplished in thls work,

Much effort went Into maklng the programs ?ffectlvo
and reilable, Eaoh program can have, In general, flve kinds
of results: (a) !t aoh|eved the goal set to It} (b) It aqult
trying for fuatlflable reasons (in a sense, |t took mccount
of Its own ||imljtationa)) (c) It qult trying whan there Was
no reason to do so (If |t was a person we wouid say that he
was |azy or not porsistent enough); (d) 1t achleved the
wrong 9oal byt reallzed It (In this case there |s some
reason not to simply try agalnd) (e) It achieved ¢the wrong
goal but did not reallze it, In the last two cases we could
also have yndeslrable slde-effects |lke wundolng a goal
already achleved, loss of Information, or even hardwere
damage,

By veffective"” we mean that for the pegtpictlve
condltlons under which wy operate, the percentage of type

(a) results w!ll be high, By "reliable" we mean that the
percentage of types (d) and (e) results wll| be very low
and) when ¢he side-effects Inoilude hardware damage,

extremely |ow,

Each program wae pun several hundred <+imes and in
the case of the corner-flinder several| thousand, No forma|
statlstlcs were gathered, for reasons that are discussed
below, but estimated numbers for ¢the effectiveness ang
rellabillty wi|l be glven,

There are two general types of causes for not
achleving the pesults, after al{ the programming errors,
user errorS or hardware falilupes (Sectlon 7,2.2) are elther
eliminated or discounted, One |s expesslive nnise In the
reasurements of elther the Intensitles of the {mage or
varlous oparameters of the sgsystem, The other Is tne
partioular detalls of a glven sltuation, such as orlentatlion
of the objeots, the|lr ocoiors, thelr rejative nosition,
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Ilghting conditions, etc, which make the task dlfficult,
The offects of both causes are® usu:lly compounded,

The complexity of the slituetion and of the system
makes |t extreme|y difflcult to analyze It theoretically, ar
to make statistically controlled experiments (of the
Monte Carlo type for example), Therefore the only kind of
numbers that we wil| clte are estimated from |ong experlance
with the system, Hopefu|ly they are not biased by our
wishes, or by the effect of unconsciously "gnctoring" the
condltions ynder which the experiments are evecuted, since,
by properly (reajly improper|y) choosing the condltions, a
very high parcentage of success could be achleved,

¢&.2 Corner=f|nder performance

While operating withln the assumntlons mentioned in
Sectlon 3,1,3, the effectivness of the corner-ffnder is
estimated at more than 92%, When form and intensity matohes
are demanded the effectivness [s even higher,

The bprogram needs less than ,5 seconds to analyze
the regulapr 18«18 raster L1t window (w!thout recentering),
Another ,5 seconds Is needed to display the Information
(intensity map, boundary polnts, fltted |Ines and features
data structure) for the user when reguested,

There are two sltuations which occur In the stacking
task when gsome of the assumptions are violated and the
oerformance is degraded, The first happens when iwo adjacent
faces have very similar Intensity, The other hapoens whan
the Images of two faces are separated by & narrow strip (2
to 3 raster wunits wide) with dlfferent but somewhat
widespread Intensitlies, In both sltuations, sometimes, the
histogram does not have the proper number of maxima,

The flpst sltuation |s a tough nut for any scene
analyzer, To find the boundary In thig case, fine tuning of
the sensitivity of the camera, and some kind of stat!stical
analysis is needed, For example the ||ne=ver|fier describec
by Tenenbaum (28], The solutlon will be much simpjer If the
Intensities are simliiar when viewad thprough the clear filte,
but actual|y the fapes have different colors, If the colors
are known.to the program |t can sslect tha fliter that Wil

raximize contrast, [f the <colors are not known but
difference of colors |s suspected, the program canr try the
fliterys In turn tl11 one (If any) glves enougn contrast,

We trled to avold the flest si<uatlon Dy carefully
painting the faces of the cubes |n di‘ferant shades of aray,
DIfferent magnitudes and directions of errors can cause
different faces to meet, We nsed at least thrae giffernt

1

99




Inteneltles, Two of them (of the vertical faces) have to be
dlfferent from the baokground intensity also, (See Flgure
37)

Three clternativas are supgested to soive the
problem of the seoond situationi

(a) A modifled versiorn of the corner=finder with
histo0ranm 8pat¥Ysls tallored t¢ the presence of nlrrow
strips, '

(b) An Improved verslion of the operator desorlibed by
Huscke| C12] that can detect narrow strips also, whieh s
now belng Integreted Into the hand-eye system,

(¢c) Use of a higher magnification lens which wli|
cause the Image of the strip to be wide enough for the
corner~fInder, The disadvantage of thls solution s that
more effort wl|| be needed for oentering and for focussing
the camera, beoayse now the fleld=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 ooordination causes errors
of lees than 37 raster units on the Image, or about 1 Inch
at typlcal operating range, the pan/tlit oallbratlon
updating from the arm wlii seldom fall,

The ma*or reason for the effectiveness Is that we can
oontroi most of the factors of the soene!l

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

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

(¢c) The finger and hand=mark were palnted to 9lve
high resolutlon,

(d) The dImenelons of the hand=mark were chosen
(constralned by the finger's s|ze) to bs ocompatible wlth the
reguiar 18«18 raster unlts wingow and the 2 Inch |ens, The
Image of ¢the hand mark Is blgger than the window but the
Image of the finger beslide the hand=mark 1S not too narrow,

(e) The form of the hand=mark (rectangle) was chosen
so that the simple eearoh algorithm already bullt Into the
oorner=finder will lead to the rlght=hand lower corner
whanever any part of the handemark |s seen, (The reader oan
simulate thls actlon, simljar to the manner emplovyed in
Flgure 23), [f needed, the form of the hand=mark could be
made more complex to avold confusion wlith other obJjeots,
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(b)

.‘I'-1|] F“ 1 I i

(a) Arrangement of minimum number of intensities.

(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
employlng a more compiex searoh algorithm tuned te the known
form of the hand-mark,

Singe the relative intensity and form wure known,
@ form and Intensity matoh is obviously demanded,

The flpst arm ?osltlon uUsed Is the farthest from the
caméra 8o that coordinat|on errors even larger than 1 inch
can b» tolerated, If %4ne program succeeds n locating the
hand=mark In the flrest arm posltion, the "Instang
adaptation" degcpibed |n Sectlon 4,4, and the fact that e
largd part of the error |s deterministic In nature, wij]|
Insure the program suocess at su>seauent poslitions of tne
arm,

In a time Interval of two weeks degradation of
coordination c¢an cause averaged prediction error in the
Image of up to 20 raster unlits j§n <¢he x~dlirect|lon (sae
Figure 27), and 1P paster unlts In the y»dlrectlon,
Occasionally (probably btecause of unautnorlzaed tinkering),
the errors are Jarger, One, or ot most two pruns of the
callbration uodating program wll] reduge the averaged error
to less than 4 raster units, The standard deviat|on of the
errors Wll| be peduoed from jess <han 6 to less than 3
rastépr units,

The CPU processing time needed for one pun (13
positions of the arm) |8 about 1,25 minutes, More than half
of this time Is used for the real ¢tIme contro| of the
caméra, A new camera, now belng added to the hand-eye
systom, wij| move 5 times faster,

The effecflveness and processing time naeded for
ca|lbration wupdating from cubes on the table do not make
much sense singce nost of the work |s done by the wuser, and
hence wi|l not be clted,

6.,3,2 Focus ca|lbratlion updating
Unilke pan and tlIt, degradation In focus Is rarel|y

rotliced and the program Is run only after the camera is
taken apart for repalr op malntalnance,

Using the automati¢ focussing routlne is very time
consuming because the foous Is servoed 20 to 40 ¢|mes nep
range polnt (we wuse 8 different ranges), The:-efore the
manua| mode {s used most of the time, :

5.4 Visual fegoedback tasks peprformance
From long experlence with the system, the
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effectiveness o’ the grasping and placing tasks s astimated
to be above 65X, 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 cormer-finder,
Reasons and possible Improvements have alroacdy been
dlscussed In Sectlon 6,2,

The second cause of fallure {n the stacking tisk i
rovement of he bottom cube occurring when the toc cube Is
placed on it, [n simljar cases “e (persons) wil| .se tne
othér hand to hold the bottom cube so that |t will ngct move,
A simllar sojution snould be Investigated when the hand-eye
system “grows" anothar aem, TII| then (some manths from
POW), wWe try tO0 Drevent movement bV using heavy cubes,
(which are ngeded also for pDroper functionlng of «¢re tcouch
sengors), and a black rybber pad to Cover the teble, As an
slternative we can try to locate the bottom cube agaim each
time after <he top cube was placed ¢n It, If enough nadoes
and/or corne,s of the bottom cuoe are not obscured,

The intricacies of the world model and lts ,s04tin.
helo to maintaln the relfabl|lty at a very hlan level,

The cosrdination errors corrected by the visua]
feeddack have magnltude uo to .o inches, If we taka in<s
account the maximum opening between the fingers (2,4
Inches), their wlidth (.75 Inches) and the size of the cubex
handled (1,25 and 1,50 lInches), it can be seen tnas tne
ragnlitude of the error corrected Is close to the magnltuge
of the errors that can be tolerated before the nature of +ne
situation changes, especlally In the grasplng tagk,

I1f the magnlitude of the cooroination errors s vor,
lar9e, ths "gng can press the cube frem above k! (g teying
to get over |t (see Flgure 38(a)), or the t)uch sensors, O
even the whojie finders can miss the cube when closing, "ness
situations ape not handleo currently, (Ses Flgure 33(¢c) en-
(b)),

The fiest slituation can be detected and Cerrecten Dy
finaing thne c.t.c, of the arm after |t stopced becausas of
tre opposini force, The support hypothasis |s Jsed as
avternal |~formatinn, Un|ike olacing, thm pressure HETE X
csse Is less d}s:r:buted ang c&N cause movament Cf ¢ng adpre,
Because of the above reagg, we did Lot hapdle this case a.g
ceclded to walt for More sensitive foree sensing, 2r “re
touch sensor, (See Flgure 38(d)),

The soconc situetion car be detecten as foljownz: [
the cooraination 4arrors are very large, the tinqgars will
miss the cyube completely and close tl|] they tcuch eac-

other and then stop Decause a <ouch Senuor was ageivate?,
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The opening between the fingers In thls case is zero (s0e
Flgure 38(b)), 1f the oerrors apd of lesser madnlitude, the
touch sensors wlll 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 wli|l be almost the size of the
cube but no touch wWill be Indlcated,

Flnding the coordination error In the second
sltuation |s more difficult than In the flesst beoause we do
rot have any extarnal Information to use, In the flpst case
we can find the direction of the error by observing if the
cube obscur®s the hand or vice-versa, and correct by =
cut-ard~try method, The second cas® |S even worse because
the c¢c,t.c, of the cube are jost by the sweeplng motion of
the flnyers, This problem can ajso be so|ved Oy sdding more
touch sensors s2 that the fingers cannot touch anythlino
wlthout at least one touoh sensor belng activated (see
Flgure 38(d)).,

Simljar sltuatlons can ocour In the stacklng task,

Currently the |Incremgnta| movement of the arn is
reallzed by changlng the angles of all six Joints of the
arm, The accuracy of the muvement Is IImited by the
preclslon of measuring the oosl:lon of the flrst three
Joints ( the “shoulder” Jolnts), A deslign of a new hand is

now In vrogress that will| enabje us to reallze Incromental
rotlon of the hand In two peroendloujar dlrections without
moving the arm at all, It wiil Do accompl|lshed by connecting

the hand ¢to the arm with an extendib|e rod and by separate
contro! of each finger, The positional errors IN this case
will be much |ess than before since the same re|ative orror
Ig now multlplied by a much shorter length,

6,5 Susgestion for future research

Each of the three research components sugoests
olrections for future regearch to extend and generallze the

results repopted here!

(a) Corner=findert Other scene ana|ysls princioles,
tgradlent followling, reglon growlngs wuse of c¢olor and
texture, dlrect three dimensiona| measuremént, etc,) should
be adapted for usé In visual feedbaok and gimilar
eopilcations, (l,e the programs using these princloles
shoul|d be able to use already known Information at all
levels of Its ooeratlon),

(b) Callbpation wuodatingt The updating process
ghoul|d be extended tOo mOré® oarameters., For examp|el A white
handemerk could help to update the cojor callbration of the
gsystem whan the llghtling condltlions are® changling,
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EFFECTS Of LARCE COORDINATION ERRORS IN THE
GRASPING AND STACKING TASKS
(Continued on next page)
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TOUCH SENSORS
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Fig. 3.

EFFECTS OF LARGE COORDINATION ERRORS IN THE GRASPING
AND STACK.ING TASKS
(Continued)
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Callbration updating using errors detected in regular
ooeration of ¢the gystem ghould be Investigeted Including
probleme of ytl'1zing errors detected with |ow confldence,
Cajibration yodating of the arm can also be tried,
especially after the system wlj!| have two camepas wnhich fAn,
In principle, define three dimensional coordinates without
using the taple, or the support hypothesls In general, Toe
probjem of <correspoondenoed Is relatively easy to solve when
only the hand |s In view,

(c) vigua! feedbaok tasks: The capabl!litles should
be extendad ¢o Nhandle more types of obJlects and relatlions
petween them, Thls means not Just wrliting more prcgrams to
randle more sltuations, but rathep genera|lzlng the
princliples of operation to Include mcre types of obJects and
relat|ors,

Wa can now dascribe what migh¢ be the nex¢ steps =f
the development of the stack|ng task!

(a) &4 palr of euges are specliflec on the 40 ace of
the bottom onrject and another palr on the oottom ‘ace of :he

top obJject to be mated to the fliest palr or to satliziy Some
glven relation, All four egqes have to be visiole,

(b) The top and bottom facos ar0 specifiad wlt= tne
relation they have to satisfy, [In this case the crcaran Nas
to choose edges and rejatlons to check,

The prograns to accomp|lsh the genereliZe? task Wil
need heurlstics for automatic planning of ‘he sce-e analysis
reeded for varlous manlipulated objects anc re|aticns, Tne
planning wii; have ¢0 take Into account the fact t-at wher
tne ooJect to ba moved can be Qgrasped Ia mgre tham 2n9 ~ay
(orlentation), the program can choose the way whiegh Wwil]|
rake the scene analysis easlest, CurrantlyY the scenc
analysis ancd gelectlion are wrlitten explicitiy Into <¢ne

cro9ram for cubes,

In parailel, the subject of tactlle feedrack should
te developed to use In sltuations whepre the View of ¢tna
cameral(s) g Dlocked, and to augmenrt the visual feecdach,
Some examples of possibie augmenzatiar w~ere 3Jivan (- <9r
last section,

In ¢re ~ext (and last) chapter we Jigcuss .72

tareral proslems that 12 my colnion are toc imporza=t %o
¢10SS ovVer Or t0 PUt in @8N ApnNenAiX,
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CHAPTER 7t "GENERAL'" PROBLEMS

7.1 Introductlion

The purpose of thls chapter Is t6 bring to |]g"t a
number of problems rejated tc the design of robots or othor
large scale systoms, Most of the problems are not new, Thay
are brought yp here because exampies of them surfacod durlng
the research, These exampies aje used to explein the nat,re
of the ogeneral oproblems, For some of them a genera]
principle of sglution is suggested V!th a short dascriotion
of the partliculapr ways these solutions were Implemantac, For
some of them no satisfactory solutions were found,

The problen and solution evolvea In the tollowling
fashion:

particular problem =+ general groblem == jJencral
principle of solution =+ particular implerentation

of solution

Not a|l the problems are of the same Importanze as
the reader can easiiy see,

7.2 Error soyrces and hand|ing
7:.2,1 Genepa| pnotes

The following characteristics of our system rake the
problem of error and faljure hand|ing both acute an< of

goneral Intepegt:

(a) The proQrams have cont:0| of axtarnal hardware
(camera, arm, otc.), The rea| time nature of the control s
sometimes cruclal (‘or example, the arm control takes tne
oynamics of the arm Into account)., The hardware Joes not
have enoudh safeguards of Its own because of oeslIn
oeclsions, and not because of neglect., For example, there is
ro simpie way to Instajl mechanlica| stops or microswitc'6s
on the arm to prevent It from strikling the carera,

(b) The collectlon of programs !s ve-y bi% { sevara|
hundred thousand words) and wrltten by dlffereny peocle 3t
glfferens ¢imesg,

{c) The maln processor and some of the other Jevicas
are time shared betweer a number of unrelated Jebs, This
charactarigtic will stlll hold if ¢the feazillties are
dedlcated but the organ zatlon of the oprograms coes not
Inolude an omnisclent centra| controller,

In ¢he followlng sections we will Iist nosslible
error Sourceg, the affects of errors and some prcojes ang
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solutlons concerning the randiing of eprors ana faiiures,
7:242 Error soyrcos
The followinQ are some of the common erroOr sources!

(a) Programmer epeorst This Is the most wusual kind,
where the prog9-ammer mlistyped or used the wrong equation,
This kind of epror |S common during the developrent phase
and hopefuily ejiminated from the experimental and
operational phases,

(b) Perogram orrorsi Programs of course do not
generate errors of their own, so that this kind of error can
als0o be atteibyuted to the proSrammer, They are more Suotle
and less expjlglit than those of kind (a), They occur
when the compjexity of the prodram caures a situatlon which
the programmer did not think possible or dild not realizs
oould exist at afl, 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 mak|ng the hapdware more rejjable, Fiiminatlion

(1,0 making the probablilty of occurrence exiremely Iow)
requires a high degree of redundancy (as exlsts for exampie
in animalg), Thiz Is too expepsive [n most oavres, Hardware
errors are cguged d8lther by majfunction or by nolise (o In
general by some nparameter getting out of Its 100c$fied
range),

(d) User oprrors: Durln? the cdevelopment phase, and
after, the programs Interaot with the user, By accldent, or
ignorance (or mallce), the user cen feed the oprodran

incorrect Information,

7.2,3 Effects of errors

The effscts of errors range from task incompletion
theough the antiesocia| tylno up of the proceseor, to the
rajor catasteophe Oof hardwWare desteuction or even humanr
injury, We would |ike to avoid the first two ana comoletely
eiIminate the third If possible,

7.2,4 Error dotection

The following oonsideretions affect the Jesign of
error detectliont

(a) To Insure against hardware malfunction e
destruction we would Ilke ¢he routines which aotually
operate the hardware (suoh ae the aen and camera 3O0rVon
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prodrams) to check all the parameters given to them,

(b) Leaving the error checking ¢l the last
possibie moment 1Is wuneconomic In the sensa that we would
save much time wasted in calculations ¢that becore Us@lesg
when the error Is detected, Henoe we Wwould |lke to detect
the error as soon after its generation as possibie, Howover,
the determina,lon where a chajin of computation started wlith
& parameter that eventual|ly wiil generate an error s very
difflcult,

In the progrims described hers, all the routines
which communicate with the hardware were programmed to

check the parameters 9iven to them, Detectlion of errors at
an eariler stage was left optlonal,

7.245 Errors and fallypes handjing

Detected errors are handied |lke faljyres Failures
are sltuations where a routine cannot Compjlete its tagk or
function, Unjlke errors, faljures happen naturaily In any
prodram that uUses search op cut-and=tpy methods, Sometimes
the fallure of a subroutine means success of the ralllng
routine If It wanted to refute a hypothesis (hat the
subroutine was agked to check, For exampiet I[f we want to
prove that a glven space on the table top Ils empty, we cal|
the corner-finder and ask It to find any feature there, If
the subroutine SLICE (see Sectlion 3,2.2,) reports a fallure
(1,0 It foung that the Intenslity In the window Is uniform op
that the Intensity histogram has oniy one maximum), then we
have succeeded In proving t{iat the space was indeed empty,

Error and fnllrro handiing poses the foliowing
general probjem that | wli| try to explaln with an exampla,
Let wus say ¢that we have a routine Rl that can terminate
el ther with sucoess or with fallure, Npxt we design g
routine R2 Wwh!ch calls Ry, After R1 ls callied by R?2 ang
executed, R2 checks the term|nation gondlclon of RL, If Rt
fal ad, R2 wli| then execute some actlon A2, Later we deslign
a routine RI which also calls R1, Upon fallure of R1, R3
executes A3, So far so 900d) put now comes the trouple, We
fnow wWant to «epign t¥o morg Fout|ngs H4 ang RS shah of thy=
ealllne B2, Byt, B4 would |1ke B2 tg capey gut Bctlgm A2 17
RL fullss ang A5 would [lke R2 to earry out actlon A5 ;° CE
falls (hd gmd 25 ape dIfPgrant from each ather ano Dotk
wlght be gifterent from the orlolngl a2y, 1Y the =mesteg
callilng wouid stoo here we might 9o back and change R2 so
that It would know whather |t was called by R4, or by RS, or
by neither, and cerry out the appropriate actlon, PRut the
design process goes on, and on, and R6, R7? are designec esch
calling R2, R3, R4, R5 at varlous stages and so on,
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An ajtermnative solution is to geslan a sus@r=7Jror

error and fai|yre hand|lng routine which wll| b8 called 24:h
time an erpopr |s detected or a fallure |9 Indicateag <(fro-
row on we wil| refer on|ly to failures but *e «w}|I| nean
both), 7This routine wll| have access to ¢the nested calls

stack and |n general| to the atate of ¢the process, [t wouln
then flix the stat® as best It could and transfer z20ntrol
approprlately, In simple cases |t would raturn csntrdl to
the Interryoced routline,

The advantag® ¢f thls scheme Is that «-rgrc an~
fallures are dga|t wlith on the spot, Also no redesaisn of t4-
routines Is needed each time a new subroutine whlen causce
them %o be caljed Is addea, The dlisacvantage is cannlexity
since the error handling routine has to provica for all
contingencies, Finding air the contingencles Is not a
trivial probiem, Also, the error ranclier wil| have %9 2¢
changed, or at least added to, ®ach time a new pouting s
cesligned, Tneg transfer of conterol needad, and the anility to
Inteprogate the fuiil state of the QoroQramy ¢€annct te
implemented In SAIL (and simiiar languages) In a 3tralant-
forwaro mannep, [t oOould be done In the Inpreved version Of
SAIL now beipng deslgndd.

In oyr case the dlsagvantages were pcrohibltive an-
»e uUse60 the first scheame (mentlioned at the eno o’ :he above
example), wlthout nuch redesign, [n ¢ne teerms ¢f the |ust
example, we s~0yld not redesi3n 2 aftter desigrirg W a~c¢ F3,
“hat would tnegn happen Is the fcilowing: fallure of P1 ~12-
callied by R2 whilch In tupn was celjed by ¢4 (0r RT) ssuin
cause R2 to take actlon 42, bu¢t <clince thic acticn is
Inappropriate |t would ocause faljure of R2 aiso, “han R4 (c-
R5) can deg| 4lfferentiy with <he failure, aloelg a Iitel-
late (|t coujd be worse |f there were more nested culln
levals), The information that Rl s 4he roel cause of tre
fallu-® can be (. na l9) flitered up to R4 ano RS (z42 if
needed evan nhigher in the hlerarchy), ANote that leavin: =-e
error handllng to higher level rcutinag has the zcvanrtige
that these rcutines 4l || have more general kncwlezgo, DLt Cr
the other nano thls kmow|/edge can be *oc condensec and not
cetalled enough to handle the error afficlently,

There is no simple solution to this perotien, & very
compllicated gnswer mlight be pianning, When <the sysse~ i~
glven a goal it Wl|l plan a serics of subgouals, ¢necrs,
branches and loops |eading to tnhls goa|, Thls gross pla~ninsg
wlll not pe getalleq enouagh to Pangle all errors cr failurgs
and hapce each sybdpal has tgo b2 apnalyzed apnd rlanpet ‘or,
This should be receated for jowepr leve,;s tlll ~& reagn  *he
leve| where ¢tne bulltein fallure handlina ies reliavlie
enough, This olanning for @rrors and faljures I8 analojous
to the automatic writing, spec!fically for eacn goal und
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tallored to the contingenoles antli¢lipated, of a super=duper
error hand|ing program, simljap to the one mentlioned above,

This sorheme |g somewhat wastefy; and we would Ike
to be able to "store" the detu{led plans, Sinoe each goal Is
at least a |Ittie different from preceding goals, a
"generallzed" byt detal]ed (see the contradictlon?) verslon
of the plans should be stored, Then we wl || use an execution
ronltor that wli] f11) In the missing detalls on the go ang

without repeating most of the effort ¢that went Into
planning, Work In 2 simlijar cdlrection Is In progress at
S.R,! [15],

7,3 Empirica) parameters

Many of the programs developed through thls work,
especlally ¢those deallng wlith Image processing, have many
parameters, most|y In ¢the form of thresholds which are
emplrically flxed at a oertaln value, During the program
gevelopmiant, no clear method for the determinetion of thelr
ootimal valyes, for varlous antlclpated situatlons, was
found that coul|d then be glven to a proaram, Hence they were
fixed at some value thought to be optimal for most
sltuations, They are too numerous to be passed as fcrmaj
parameters and, because of the reason stated above, *0o
confusing to be treated as suoh, On the other hand we would
tike to make them visible to a future user who wl|| have
situations not anticlipated at deslign time which need elther
a change In the flixed optima| vajue or a varlable value for
which an algorlthm oan be found, No @Good solutlon was found
to this probjem apart from glving a Ilst of them with enough
explanations in the program documentation,

7.4 Gulde=|ines for proaram wrlting

The s8lze of the prosrams developed and used in the
hand=eye project gnd the fact that tnes are (and wWere)
welitten by a number of different peop|® over a |ong period
of time, makes a set of oulde-|inas (If not enforced
conventions) for program writing a necessity.

The followlng Is a |ong I(lst of parameters that
should be ontimized, or at least consldered, when welting a
proQram}

(a) Smal| size of source code,

(b) Smal| slZe of object code,

(c) Small core Image at exeoutlion time.

(d) Fast compllation,

(e) ragt exeoutlon,
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(f) Readabl|lty of the source code especlally oy
other wuseps, This wl|| also ease modifying the code when
needed,

«8) Modularlty; General wutlllty procedures andg
others should be wrlitten so that they can be cleaply |iftad
out of one program and transplanted Into another, This means
that the procedure should wuse formal parameters and not
globa| vartables and that |t should make explicit reference
to any subroutine |t uses which was defined gutside |+,

(h) vepsatl|lty: The procedures should be app|icable
undér a broad range of condltlons without faliure or
notioeab|e degrndation, Thay should not be toe versatile if
this necessitates complex settings of flags and parameters,

(1) For debugglng and experimental Purposers, ths
programs need conversational abl|lty so that parameters and
even structure can be modified by the user without
reconpliation, However, after the reliabl|lty of the program
has been sutisfactori|y oroved, most of thls code should be
taken out in an orderiy fashion,

Trying to optimiZze al| the above rarameters i:
work|ng at cross purposes, One trivial example: The use o
a table Instead of computation to find values of functions
will speed up executlon but also increase needed storege, In
the programs devejoped In this research, optimlizing
parameters (f) to (i) had more Importance than optimizina
paramaters (a) to (e), ! would like to have a comgiler wltk
some flexibl|ity as to what parameters It trles to optirize,

» 1y

7.5 Module opganization

Currently we have about ten modules apart from
arlvers, The hand=eye monitor and the way messages are
handlea allow complete flexibl|ity as to whickh module
controls what module, After one modu|e activates 2 mess&ege
procadure |n another module It can elther walt ¢ill the
other moduile reports termination of the caliec¢ procedurs, or
§o ahead and continue Independent execution, There is no
guaranty th t the called procedure wi|| ever retur= control
to the cal|ing module,

It Is up te the programmer to oulld some structure
in the «ccntrol of modules using tha flexipllity me tlonred
above, Some classes of structures are Giscussed ba!sw,

(a) "Ppusslan army” or "Tree" gtructure (Sez Figure
3o(a)):

Each subtree can perform a spec|flic task, The tasks
become more sgimple anrd specl|flc the |owar they are i tne
tree, Each sybtree Is "rugged" in the sense that It can
perform its task wlithout much nalp from above, Commands go
down the tree and results are reported ypward., Communication
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between modujes |s done onlyY through & common ancestor (oOr
common commander), Thls structure Is rigld but slmple ang
sultable for a development effort which does not have to be
highly ooordinated, The devyejopment can stret from bath
ends of the tree at the same time, The rigldity and
simplicity make the solut{en of ¢the optimlzation of
resources allocation very difflcult, Another disadve tage is
that many of the "soldieps" have very simljar tasks ,ut they
cannot be ysed outside thelr "unlts”, A variant of this
structure Is dlscussed later,

(b) "Sfﬂr" structure (See Flgure 3%9(D)):

Cne supep=driver |Is contro|jlling ajl modules, Al! the
communications between modules are done through the
super=driver, The super=drivep wl|| be very complex but can

make efficlent use of the modules and other resources, Al]
the modules have to be designed together, otherwlse changes
(sometimes extensive), Will be needed every time a new
module® |s added or &an old module |s changed, since for
effiolient planning the super=dplver needs to know the exact
characteristics of the modules,

(c) "Spoked whae|" structure (See Flgure 39(c)):

Again we have a supe;~driver controlllino ajl modules, But in
additlon there are channels of oommuni.catlion and, what is
more ‘mportant, cnannejs of contro] between the modules,
governad by the super=-driver, Wlth those means the driver
can 9lve one module the abl!!ity to control other modules for
the purpose ¢f achleving a certaln subgoal, In this manner
the "knowledge" needed Is diffused but not to the extent of
the tree strycture,

The or?anization struoture uysed for ¢the sv¥stem
described hepe is a varlant of the tree struoture, where the

lower leve| modujes are mope generallZed and thus c¢an be
used by more than one module, (See Flgure 2), Procedures
In the generalized Ilower |eve! module are aotlvated by
ressages sent to It by different modules, The message
handler outs trhese mossages |n a sepArate queus for @ach
module to walt for the termination of all agtivitlies
required by prior messages |n the queue, Altepnative ways
would be to use ldentlcal coples of the Ggenerallzed |ower
leve| procedyures, or to make them reenteant,

The main conclusion to 99 deawn from thls chaptser
and from the thesls n general Is that things are always
rore® complicated than they flrst look, In fact, ¢the entlre
fleld of Robotlcs has been concerned with solving problems

which appear at flrst to be trivial,
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[0 woouLe O SUPER MODULE

~—s- COMMAND (ONE WAY) AND INFORMATION
(BOTH DIRECTIONS)

(a) {b)

/
ACTING VICE- SUPER MODULE IN CHARGE OF GOAL G

(c)
fa) "Prussian Army"
(b) "Star"
(c) '"Spoked Wheel"
Fig. 79.

EXAMPLLS OF MODULE ORCANIZALION STRUCTURE
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Appendix A: Camepa module

A,1 Camepa mpodule message orocodurOs

The camera module Is actlvated by ¢the following
res3nges!

CAM_INIT )
Reads the camera mode| parameters from disc file,

CAM_UPDATE

Reads the pan ti|t and foous pots, computes the
camsra transformation (see Seotlon A,2) and stores it in
global CAMERA_MODEL, Since the pot readings are nolsy
because of power suppiy nolse, A/D converter nolse, high
freauency meohanical vibrations of camara parts relative to
eacoh other, etc,, the pots are read a number of ¢imes (48)
and the readlngs are averpaged, As an Indication of the
amount of nolse jeft In the averaged readings we use the
foilowing expressiont

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

Where: MAX |s the hlighest reading, MIN is the |owest
reading, and N |s the number of readings, The nolse Is
ohecked to be Iess thun that oorresponding to 1/20 of
deptheof=fle|d In focus, 10+*(-4) rads, 'n ¢ilt and
2,5%10¢(=4) ,ads,in pan,

CHNG _LENS(N)

Rotates the turret ¢i|l 1Iens no, N is facing the
vidicon, It takes about 1 seo, to rotate the turrat <*o the
next position,

MOVE _CAM(PAN, TILT)

Moveg the pan/tl|t head so that the pan and tllit¢
angles In radians equal to PAN and TILT, respectively, The

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
from the lens center, The Ve|oglty of the vidicon movement
Is ,012 Inch/seo, For examp|e: to change the d{gtance at
whlch the camera |s focussed from 20 |nohes to 5@ inches
with the 2 Inch fooal length |ens takes 11,5 swec,

CAM_CENTER(N, X,Y,2%)
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Computes tnhe pan and tllt angles necessary far the
principal ray of the camera to nass through the polnt
(X, Y+2) In ¢t,c,s, (1,06 that the Image of this point wli| be
at polnt (PP1,PP2) |n the |.c,8.), When lens no, N s usad,
(See Section A,3), It algo computes the range from the !eng
oenter to the polnt, Then the camera Is servoed to the
computed setting and the |ens Is changed accordingly,

Thes abgve four message procedures use & COmMMmonN S8°FPVN
routine In the following way: using the pot consteznts anr-
the focus eauation, the pan and tilt angles and the range
are converted to pot settings, Thess settingds are then
checked for legallty, The legaiity of the lens numher glven
to It is also checked, Each 1762 sec the readings of the
pots are compaped ¢to those requlred, I1f the differencar
are larger tnan the glven thresholds, the nrotors 2ar-
actuated [n ¢he proper direction and run at the consten-
rates menticred above, The thraesholds (full) correspand t-
1/% deptn-gof-fie|d for focus and 3 mpads, In pam ane tilt,
Note that these thrasholds ape much higher than tha roise
requlrements mentioned In the discussion of CAM_UPDATE, Tne
reason Ils ¢trat centering |s done to assure that tho objac+
will pe approximat¢te|y In the middle of the fieig of vicw,
where the performance of the camera and the nmede| are nDpest,
On the other hand, to 4yet nreclse measurements we necd to
know where the camera s polinting with high precisizn.
After the motion |s completed op abortea CAM_'IPCATL ic
callond automaticalliy.,

CAM_PRED(N,X,Y,?)

Computes PAN, TILT and RANG as in CAM_CENTER, and
then computes the corresponging camapa trans-opmation and
stor®s it in g|oba| CAMERA_PRED, No seevolng |s done,

The output of ¢he camera module Is as fo|lows (all
global vaplagb|es)! CAMFLG wlil ba nonzeeo |f ar error
occurred during the executlion of the nrocedure called, and
Its value glves the cause of the error, CAMPAN, CAMTIL ann
CAMRANG hold the current pan and tlit anglas and tmne range
at which the camera Is focussea, CAMLENS deslgnates the
current lens, PaNPOT, TILPOT and FOCPOT ho!d ¢the curreng
averaged rpeadings of the pots, CAMERA_MODEL «nd CAMERA=PREL:
hold the transformation of the current camera DpoSition anc
of the position mentloned |ast In CAM_PRED,

A,2 Camera transformation matrix computation

Take a polnt B with coordinates ([B)s(x¢,yt,2¢t) in
the t.c.s, lts coordinates In a c.s, paralle| to trhre t,c,S,

and translated to the point P wlth coardineteg
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(P)s(PL1,P2,P3) In the ¢t,0,8,y WlIl DbetCBI=CP], P is the
point of Interseotion of ¢the pan and ¢tilt axes, Its
coordinates In a ¢,8, rotated relative to the lagt one with
Euler angles PSI, THETA and PHI (right hand rotation In this
ordep) wli| pey

CR1(PS],)THETA,PH]) Je((BI=[P]).
where R1 Is an orthonormal rotation mateix, The three FCuler
angles are gjven In terms of our conventions for the pan and
tl1t angles PAN and TILT, and the fixed rotatlon anglie SWING
as (see Flgure 26)¢

PSIsPAN+»} THETA=TILT) PRIaSWING}

We wlll denote ¢the rotation matrix expressed In terms of
PAN, TILT and SWING by (R2], |,e:

CR2(PAN, TILT,)SWING)J=CRI(PSI,TETA,PH]) ],

Hence the opordinates of the point B In the |ast coordinate
system wil|| pe; [R2)#((RI=CPJ), We now rotate the c,s, With
Euler anglag =x/2, B, =#/2, Tha goordinates of the rolnt B
In ¢the new ¢c,s, wi|l be!

(Ri(=w/2,08,=-v/2))8[R2]([(BI=CPJ)

we define g matrix [R) by: (R1a(R1(=v/2,0,=n/2)]elR2],
The coordinates of a point B In the Igst c.s, Wwill het
(R)®([BJ=CP)), LgsStly, we trgnsigte the ¢c.8. to 5 point C
w‘th coord'nlres (opJ)=(CP1,0P2,0P3) in the jast ¢,s, to fAet
he "camera coordinay® syseem" (c,c,s.), The coordlnages of
the polnt 8 In the ¢c.¢,s, Which will be denpted by
(UJ=(usVviw) are:

[UJ=CR)*([BJ=CP]}=LOP]
For the sake of completenesy, t?j (elements of the

rateix [(R] which wlii| be denoted by R e,9, R12) wll| be
glven here explicitly In terms of PAN, TILT and SWING, whlich

wi|l be abbreviated by P,T and S resgpectively:
R11=-COS(S)®SIN(P)I+SIN(S)®SIN(T)*COS(P)
R12= COS(S)*COS(P)+SIN(S)sSIN(T)®SIN(P)
R13=-SIN(S)#COS(T)
R21= 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)
R31=-C0S(T)=*COS(P)
R32==COS(T)*SIN(P)
R3I3I==SIN(T)

The pan and tllt angles are computed from the
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corresponding pot readings as fo|lows:

PANSPPQOT2+PPOTDePANPOT)
TILTesTPOTD+TPOTDSTILPOT;

As mentlioned In Sertlion 4,2,2 SWING Is an inverlang
paramete,,

Uefine a vector [M)3(M1,M2,M3) by (MJ=[RYefP2+2DP],
now define a Je3 matrix (E T) as followst

EXT/13R11) EXT123R12) EXT132eMy;
EXT212R213 EXT228R22; EXT23m=M2;
EXT31=R311 EXT323xR3I2) EXT3I3z=M3;

The mateix (EXT] can be ysed to convert coordinatec
of polnts on tadble=top fpom t.c,8, to c.C,8, Ir the
following manper: For a point B on the tabje with
coordinates (xt,yt,#) form a vector CTi=(xt,yt,1)., Its
coordinates |n the c.c.s, are glven by CUJ=CEXT]eCT],

To convert the coordinates of a point In ¢,c.s.
cenoted oy [yle(u,v,W), to Its coordinates In ieCeS5, COROtOG
by (xl,¥yl) we wuse the 383 matrix CINT) deflined as folleowe
(see@ Figure 27)

NT112FOCeKX: INT12=0 INT13apPR]
!N72%=-FOCOKX/3333 INy2§=FO oKY} rwraisppz.épixsss
INT31=2: INT32:=01 [nT3321

The distance between the vidicon face and the lenc
center Is computed from theg reading of the fccus pot as

foilows:
FOC=FOCLENB+FOCLENGeFOCPOT;
The matrix [INT) |s wysed |n E

compute a vector (JJ=(J1,J2,J3) by:
xi®J1/7J3 and yi=j27])3}

follewlng way:
INVJ

he win
Jis( *{Uly) ¢then,

Last, wa define a 3Je3 matplx CCOL)=CINTIeCEXT],
This matrix {ncorporates a|! the oarameters of the camera
rodel and jts yae should be obvious from the above, but we
will repeat |t anyway, To convert the ooordinrates of a scirt
on a table glven by Its coordinates In t,c,s, (Bl=(xt,yt,2)
to Its coordinates In the I,c,s, (xi,yl), we forn 2 vector
(Ti=(xt,yt,1). compute (JJ=(COLJe[T]), and xl=z 1/.13;
yl=J27)3,

If we want to compute tne image polnt corresconding
t0 a polnt not on the tahle-top, we use the |ers center
whose coordinates In the t.c.S, are ¢lvenr by
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¢CI=(PJ+INV([R])CDP), We compute the |Ine through the glven
point and the |ens center, then we compute the polnt of
Intersection between this |Ine and the table-top and proceed
as before,

To compute the polint of Intersection between tne
table=top and a |ine through the [ens oenter and an mage

point wlith coordinates (xlI,yl) In the lsCe00s Wo form the
vector (ll=z(x],yl,1), oompute CJIsINV(CCOLY)e( 1], and
xteJ1/J31 yt=J2/j3,

The met¢rix CCOL) Is cajled the camera transformation
ratrix, It {s computed and stiorec oaoh time when the cemers
rodule executes CAM_UPDATE op CAM_PRED,

A,3 Derivation of cemera centering saurtions

To enter the camers on &« polint def!ined by Its
coordinates in the t,c,s. (Bls(xt,yt)2¢t), we compute Its
coordinates {n tne I,c,s,!

CUdz(u,v,w)) CUJ=CRIS(LP]=C(BJ)=LDPII

Then we compyte tho needed pan and tl|¢t angles so that
uzvi@d; To simpollify the resulting equations we agsume that
SWINGsD, This assumption s Justifled since the
callbrated vajue of SWING Is legg thap, 2 deg, uWith thig
assumption we have!

UE (Plext)sSIN(P)=(P2-yt)sCOS(P)=DP]
v=-[(pi-xt>°co5(p)*(pz-yt>OSlN(P>JOS!N(T)*(ps—zt)OCOS(T)-Opz
w® ((Ploxt)eCOS(P)&(P2-yt)@SIN(P)I8COS(TI+(P3=2¢)eSIN(T)=DF3

Flest we solve uzB for P (we denote the s lutlon by PC),
Then we substitute this vajue Into the equatliont vz¢, and

solve It for T (we denote the eolution by TC), These twp
equatione are scived bty converting ¢them to ouadratlc
sovations In COS(P) and COS(T) respectively, Last, we
substitute PC and TC Intc the axpression for W to get the
distance between the lens center and the polint (R),. We
genote this distance by WS, Then we use the focus ecuation
to compute the corresponding foo,

A4 Porlvation of pan/¢lit updating eouations

The goa! of the pan/tlit updating routine is to
Update or recompute the pan and tiit pots parameters, [t Ig
done In the following way:s For a polnt g¢lven by Its
coordinates In the t,c,e, [B)=(xt,yt,2t) the routine finds
the oorresponding Image oo0ordinates (xl,yl), From this
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information we would |ike to oompute thre oan and tlit angles
of the camera, These anglies with the correspcnaing ot
readings w|i| enable us to recompute the pot caramete-s,

We deflne: aay/wj Bev/a, From the ecuations of the
Internal mode! (gee Section A,2) we have!

(xj=PP1)/(foc®KX)}
(yl-PPa)/tfoc'xv)*(xl-Ppl)/<333070c0KY)t

i3

Lsing again the assumption that SWING=0, we get feom the
expressions for u,v and w glven In the jast section the
following two eauations which we have to solve for the pan
and tilt anQgjag P and T!

(Pl=xt)®SIN(P)=(P2-yt)eCOS(P)=DP1=
a!(((Pl-xt)'COS(P)*(P?-yt)'SIN(p)JOCOS(T)*(P3-zt)¢SXN(T)-OP3)
'((Pl'xt)'COS(P)O(PZ‘gt)'SlN(P)JOSXN(T)*(F3-Zt)'COS( )=0P2=
Ae(((Plext)eCOS(P)+(P “Yt)®SIN(P)JeCOS(T)+(P3=2z¢t)eSIN(T)I=-CF3)

| could not fInd an explicit anaiytic solution <o
the above eqguations, but the foliowinrg approximate solvtion

proved itself to be approprlate,

We denote by PC and TC the nan and tlit¢ angies which
solve the centerind eguations of the |ast sectlon, We now
cefin® PO an¢ T0 by: PDzP-PC and TDs3T-TC, Ncte that for
esfB29, PC ang TC are actuajly the solutions of the above
equations and hence PD and TD are also equal to 2 in thig
case, Since In the undating process we contered the camapa
befape finding x| and y! and since we assume that the
cnlfbratIOn hed not been degraded too much, we can assume
that u,v<w 2and hence a,n<1 and PD,TDCL or!

SIN(PD)=PD; SIN(TD)=TD; COS(PD)=COS(TD)=1;

With these assumptions we get the following eguaticng for Pn
ang T0:

CG¢°'DP10COS(Tc)JOPU-IGODP2]QT0-(aoDP1.51N(75)J.pc.70=q.uc
DPI'ESIN(TC)‘GQCOS(TC)]'PO'(NC‘DPB‘”ODPZJ'TD
*DP1e(COS(TC)=RaSINITC) JepPLeTnziene

where G |s deflned by! Gl(Pi-Xt>¢CJ$(PC)*(P2-yt3'Sl\(”C).

Or1,0P2.CPr3 are of <the same order of WC and same~"ar
smaller, assuyming that the camera Is not looking verticaily
gown (which f{s ajways true witn the camera currentiy usead)
“8 Can say the same about G, WIith this assumption and the
assumptlions mentloned atove we can simpiify the scuaztlons to

read}
GeP)- ae)P2eTD=0eW(
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DP1eCSIN(TC)+neCOS(TC) )oPO=LWC+DP3I)eTD=paWC

Solving the ¢two |Inear weguations and wusing the
assumptiong agaln we havel

PDsaaWC/G
TOr-WCalP=aaDpleSIN(TC)I/GI/(WC+DP)
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Appendix B: Automatlic focus module

The automatic fooussing routine was sugQcested angd
exper |mentally Implementeo bty J¢M Tenenbaum, and then
rodifled by me for use In the focus cot callbration updesting
prooram and sim|jar applications (focussing on an obJect at
unknown ranQe seen o3 a "bjob"” In the Image before analyzling
the Image), 1t ls toc orude, as [t Isy to find range
differences between ¢two opolnts oloser than 1 Inoh (et 30
Inohee the depth of fleld of the 2 Inch lens Is ,6 Tnoh),

The oprinolple of operation |Is to search for a range
by moving the vidlcon rejative to the |ens, at whloh a score
functlion, whigh measures the the quallty eof focus, Is
raximized,

The medyle uses & window deflined externaliy In
LOOK_AT, The block dlagram le glven In Flgure 4C, Each of
the blocks ex|t ard fallure |s Indlcated (In global FOCFLG)
1 elthear [INPUT (See Sectlion 3,2,2) or the camera mcdule
have falled, Other oxlit conditione are mentioned In the
blook descriptions whioh follow,

IMIT

The camera |s fooussed at t'e ourrent estimate of
the range (the Initla| estimate |s glven as a papameter),
SETCLIP |s caljod to set the c|lips %0 braoket the Intensity
range seen In the window at that foous setting,

The next search Interva| |s selected to be the
lapger of: (a) the curront estimate of the range unoertalnty
(the Inftial egtimate I|s olven as a oparameter),and (b)
3*DOFREO  whepe  DOFREQ Is the minimimum attainable
uncertalnty whloh Is defined as the depth-of-fleld, OOFREQ
‘s oomputed by an approximation to & more comclex expression
as follow!?

DOFREQu(R*2)eCe(F#)/(Fe2),

Re=1s the range (the Oourrent estimate |s used)) Fels the lens

focal length} Fw®=ls the aperture satting, Since the
aperture setting IS not oomputer controlled It Is left at
raximum openlng (1,4 for ull lenses)} C-ls the dimenslon of

a raster co|| of the vidlcon (aporximately 1/6A€ Irch), FoOr
the above formyla we assumed that tha "clrcle of confusion®
has a diameter of ha|f a rastep unis,

The number 3 In the above equatlon was enpirically
chosen, It was found experimenta|ly that the crlterlon used
to Judge the quallty of fooussing (see below) has veluves
above 98X of the maximum In an Interva| of 3JI<DOFREQ around
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the maximym,

The search Interval Is ocentered on the ourrent range
estimate,

MEASURE

10 equldletant points are plgked In the search
Intepval, At eaoh point a ecore function (criterion) Is
compy4ed by TVSCRCEN (see below), The ,hree highes, scores
are gynamicajly malntalned with thelr corresponding ranges,

TVSCREEN

The window Is read In ¢ times apd thf time-gverage
Intetelty Is computed at egch slmolrnn po nt! Using the
averagec Intensitles, the magnitude of the gradient at each
san2|Ing polnt (less those Iylng on the perimeter of the
window) Is computad using the fo|lowing approximationt

GEXsY)ESORT(LI(X=1,Ye1)+20](X=1,Y)¢](X1,Ye1)
“J(X+Ll,Y=1)=20](Xel,Y)=](X41,Ye1))02+
Clix=l,Y=1)e201(x,Y=d;®](xe1,Y=1)
=l(X=1,Y¢1)=20] (X, Ye1)=](xe1,Y+1)]?2)

where 1(x,y) Is the aversged Intensity at the samp|ing polnt
(x4¥)s From G(x,¥) we compute & threshol|ded vejue of the
gradlent's magnitude as fo|lowss

H(X,Y)s G(X,Y) 1! G(X,Y)2CUT
e 0 otherwlse

CUT Is & parameter gliven to the program or couputed In INIT
to be a fraction of the maximum of H(X,Y) ove: the window at
the point of hiohest score, The soore function Is the sum of
H{X,Y) ovepr ¢the window,

ACOMSVAL

Using the 3 highest scores and the corcesoonding
ranges, the new range and range=uncertalnty estlimates are
computed, Ther a decisisn |s made to ex|t or enter MEASURE
again according to the following rules:

(a) If ail the scores are @ then "CUMEVAL sxlts ang
fallure Is Indicated,

(b) If the range corresponding to the highest score
polnt Is too cjose to the seargh Interval boundary opolints
then the range of this polnt Is the new estimate, the range
uncertalinty estimate Is unchanged and MEASURE s entered
agalin,

(c) If the new uncertalnty estimate Is |arger than
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the old one, or If It Is smajler than DOFRED, AZOMEVAL
exits,

(d) 1f the new range uncertalnty estimate is smaller
than the o1d one, a oounter Is incremented (initijally set to
), 17 the counter reads |ess than 3 then MEASURE s entered
agaln to try and Improve the estimate, otherw!se ATOMEVAL
ex|ts,

The aytomatic focussing modul~ Is activated by the
following megsge:

AUTOFOC(EST_RANGE,RANGJNVAL,NCUT)

Where! EST_RANG=Is the Inltlal range estimate (in imches);
RANGINVAL=-13 the Initlal search interval (in inckes);
NCUT=Is the vajue for cut If It is positive, or a flag for
automatic se¢ting of CUT If it |s negative,

The outputs of the module are the following globals:
FOCRANG- Ts the best range estimate; rOCDELF~-is the best
range uncertalnty estimates FOCFLG-Indlcates success Or
fallure of the module and tha snturce n¢ faliure,

The resolution needed of the focus s8¢ V0 is
approximately the resolution of the secanning circui*s (i,=
the dimension of a raster ceil) and Is Independent of lens

focal length and the renge as the followlng analysig shawe:

Take two polnts atv distances X1 and X2 fron the |3ns
center, Denote the distancos betwesn lens center and vidicon

needed to focus on X1 and X2, Y1 and Y2 respectively, UYsina
the focus ecuation we have approxinmate|y:

Yi=Y2z(Fe2)e(X2=X1)/(R*2)
khere F |s the lens focal jength and R=(X1+X2)/?, [t we
want 12 opoints In g search Interval of at 'east 3#DCFREC
then the Increments of foc betwWween tWo eonsecutive polnts
wi|l be:

DY=(Fe2)e3«DO0FREQ/[12%(R*2)]
but!

DOFREQs(R*2)®F#eC/(Fe2;
where C |s the scanning resojution, Hence:!

DY=3«FgeC/12

Mudifications to |mprove the performance of the
rodule might by of two typess
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(a) Modl!fioatlon of thae score functlion computed et
each range, One possibl|ity is to try to use the concect of
energy of high spatial fregquenoles used by R, Hopm at M,Il,T
for simiiar applicatione (111,

(b) Modlfloation of the searoh algorithm, Here we
use the three highest scores out of ten computed at
squidistant points In the seargh Interval, to declde whether
to stop the searoh or what Interval to search next, If the
measurements were nNot noisy we oould use a kind of binary
searoh whioh Is faster, The ppoblem of finding a maximum of
a function from nolsy mesurements of Its vajues be|ongs to
the fleld of "stcohaetlo approximaticns”, Most of the
theoretioal results of this fleid are ooncerned With
convergence properties of the algorithms after a large
number of megsurements and not with thelr efficlency [14],
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