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ABSTRACT :

ACCOMMODATION IN COMPUTER VISION
BY

Jay Martin Tenenbaum

We describe an evolving computer vision system in which the
parameters of the camera are controlled by the computer.
1t is distinguished from conventional picture processing
systems by the fact that sensor accommodation is automatic
and treated as an integral part of the recognition process.

A machine, like a person, comes in contact with far more
visual informaticn than it can process. Furthermore, no
physical sensor can simultaneously provide information about
the full range of the environment. Consequently, both man
and machine must accommodate their sensors to emphasize
selected characteristics of the environment.

Accommodation improves the reliability and efficiency of
machine perception by matching the information provided by

the sensor with that required by specific perceptual functions.
The advantages of accommodation are demonstrated in the
context of five key functions in computer vision: acquisition,
contour following, verifying the presence of an expected edge,
range-finding, and color recognition.

We have modeled the interaction of camera parameters with
scene characteristics to determine the composition of an
image. Using a priori knowledge of the environment, the
camera is tuned to satisfy the information requirements of a
particular task.

Task performance depends implicitly on the appropriateness
of available information., I1f a function fails to perform as
expected, and if this failure is attributable to a specific
image deficiency, then the relevant accommodation parameters
can be refined.

This schema for automating sensor accommodating can be applied
in a variety of perceptual domains.

The research reported here was supported in part by the Advanced Research
Projects Agency of the Office of the Secretary of Defense 'SD 1ZZ).

Reproduced
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in the USA. Available from the Clearinghouse for Federal
and Technical Information. Sprinefield, Virginia Z:151.
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CHAPTER [: INTRODUCTION

This thesis considers the problam of adjusting the
characteristics of a visual sensor to obtain the most
appropriate Iimage for a specific perceptual task, The gosal
ls to Improve the refiabliity and {to a lesser extent) tha
efficiency of machine perception by matching the in?nrmatlun
provided by the Ssnsor with that reguirad by the task, A
spacific context for this work was provided by the Vvision
requlrerents of the hand-~eye project at the Stanford

Artificiat Inteiiljgence Project,
1.1 THE HAND-EYE PROBLEM

The goal of hand=sye regearch (Feldman et al [[1969])
s to wuse a computer to coordinate a visual sensor and a
mechanical manipuiator, We hops to demonStrate
Iinteresting perceptual= motor behavior in a realistically
compiex anvironmant,

Figure 1,1 shows a typical hand-eys problem domain,
An assortmsnt of pilanar~faced chiidren’s toy blocks a;
varlous shapes, S5)zes, coiors, and textures, are scatteresd
on an arblitrary tabis surfacs, The lighting and
syrroundings are typlcal of a computer rcom environment,

The system can presentiy exescule e|ementary tasks,

for example, "PICK UP THE ARCH AND PLACE IT ON TOP OF THE



Fig. 1.1 Hand-Eye Work Space




cusBe”, A short term goal is to c¢ompound thase Simple
actlons to reallizs behavior on the order of difflicylty
required to move a stack of DbDiocks: ie. observe |t,
gisasserbie [ty and, thesn, reassemble it eisewhsre on the
tablietop,

A pbasiec stacking task requires the psrceplual
ablilty to locate specifled objects (arch, cube,stc.) within
the overall envirgnment and to establish their orientation

50 that the hang can manipulate them,

1.2 THE PROBLEMS OF COMPUTER VISION

1.2.1 A BasSIC pERCEpTUAL pROBLEM

The computer views the world through an ordinary
tglevision camera. Flgure 1.2a shows the Image On the
television monitor of the table scene deplcted In Figure
1.1, Like the hyuman eys, Information Is provided to the
computer as an array of intensity sampjies, representing a
soint by point projective mapping of tne environment, Figure
1.2 shows what the compular Sees, {This figure was
obtalned by dumping the contents of the computer’s memory on
a |ine printer, using ovar-printed characters 1o simylate a
grey scale,)

A full Image contains J333x258, 4 bit intensity

samp 188, The computer’s proplem |s To reduce this mass of
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\ Information to a conclise description of the scene, Thls

\ desciption should Include the locatlon and orientation of

\

X ob jects tcube, arch, stc.,) required to accomplish a handesys

task.
The computar Interprets the sensory data by
1

%ecngnizlnq corraspondances betwaen patterns in ths data and

Lattarns characteristic of toy bloCckS. The des|red

gattnrns must either be built into the program or SOmehow
agaulred on previous runs. Unfortunateiy, the computer s

¥
seversly handlcapped as a pattern extractlor. 1t is forced

hyiits jack of parajlelism to view the worid, as through a

1

pinhole, a single intensity sampie at a time. (The reader

{
aan&gat a feellng for the problems fnvolved by viewing

\
Figute 1.2b one point at a time through a hole punched In a
'I‘

-

L]

paper Mask.)

To overcome this handicap, the computer must be very
clever In how 1t acqulires and organizes ths data it
considers, An Important simplification comes with the
reatlzution that the sensory data need Initially supply only
the coarse Information reaulred to locate interesting {(that
is, nonegmpty) regions of the tabletop, Suffliclent
acditiona! detall can then be extracted In tnis localized
area to describe what is contained,

The level of detail that must be provided by the
receptors is largely a function of now much is already

known. Whan the properties of the gifferent plocks are




we!l=known to the program, the ssnsory dats nesd Only
provide enough detail to distinguish among the possibie
alternatives, This detal)! presumadly s sybstantislly
fess than the Information that would be required <o
complestaly desecribe the object.

The plansr-faced solids used In hand-sye tasks ars
distingulshed primari|ly on the basis of shape, For such
sbjects the Intensity edges that are formed at syrface
poundar|es constituts a sultadbly complete description,
Finsr lesve(s of detail, such as texture, wi|l| contribute
f1ttle to the recognition process, uniess, of course, & task
speciflss a oparticujar object by Its texture. (Texture may
alsoc heip when the contrast |[s too low to find <clean
Intensity edges,) When the set of possible objects |s
{imited to a few simple geometric forms, a subset of <the
sdges of any member (99, the extesrior contour) wiil
strongly constraln (and often wuniquely determine) the

identity of that member (Falk [1979]).

1.2,2 A SIMPLE SOLUTION

The perceptual system shown In Figurs 1.3 I9 an
elerentary embodiment of thess Ideas. it is simitar In
concept to the inltial hand=-eye vision package assembied by
Wichran [1967], Appiyling thigs system to the image In Flgure

1,2b, the program would begin by sampiing the plicture In a
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coarse raster looking for the boundary of an object (as
Indicated oy a discontinulty In intensity), Starting at
the (ower left=hand corner of the Image, the oprogram woul|d
lock &t perhaps 20 peints on esach horlzontal {ine until 1t
encountered a dark to 1light transition, After [ogullizing
the discontinulty bDetwsen the coarse sampiing points, a
qradlent opsrator I[s used to track the ssquence of intens|ty
trensitions which deflilne the object’'s contour (ses Figure
1.4), Finaliy, strajght |ines are fit through these boundary
polrts to obtaln the exterior sdges and ,artices (see Flgure

1.5) nesded to match the machine’s iInternal mode! of a cubse,

1.2,3 LIMITATIONS OF SIMPLE SOLUTION

The apparent success of this strict hisrarchical
approach to perception required many simplifying assumptions

which often escape ths casual observer:

1. The gystem worked only with homogeneous;
nighly contrasting objects and backgrounds viewed under
strong, unlform 1jluymination,

2. The system knew only about cubes,

3. The system assumed al| objects were resting on

g norizontal tabie =syrface.,

Assurption 1 made It tri,lal to extract reliablie exterjor
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contours, Assumption 2 aliowed a unjque (sic) identification
en the obasls of Just thils contour, Assumptions 2 and J
togethe, aliowed thg Interlioy sdgey tshaxnlia;htd In Fliguse
1.6) ang, thus, orlentation to be inferred from the contour,
This 18 very helpful since the Intarlor edges ars usuvally of
jow contrast and consegquentiy mugh nNarder to see then the
extsrior boundary,

Nesdiess to Say, this combination of factors wii|

rot oftan be found im more Interesting handeeys tasSks, In

this theslis o 5 thus consider perceptual Sstrategies
appropriate In ths absence of any or all of the special

concltions noeted above.

1.2,4 PRACTICAL DIFFICULTIES

Figurs 1,7 shows the computer’s view of a more
elaborate hand-sys work Space. It contalins & reslistic
sgmpiing of the gifflculties that maks three=dimendional|
sceres anaiysls such a challenge, Consider the Information
reqgulred to place ths wedge on top of the arch, Once
agalns simpis {lne drawings of these oblects provide
sufficient detal! to determine |ocation and orientation,
Hewevers interlor egges will be nesded to interpret the
compiex outiine that results from a cluster of ob jects In
close proximity.

Unlixe the simple worild of Figure 1.2, the wesdge
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and arch ares embsdded In a compiex packground of extraneoys
egxtures and shading gradations, and, most noticeably. Other
ob jects, The overwhelming majority of the detal
contained in Figyre 1,7 Is thus slther redundant or
frrelevant In the context of this specific task,

Isclating the desirsd obJects without exhaustively
analyzling the scene [s a formidaole search oprobism  Recalt
the oinholely, To make Such & search practlical, It Is
essentlial that the machine’s psrcebtual system utilize every
avaliable clue as to where and what to look for, Color,
cexture, and depth cues, for exampie. can augment the
intensity discontinulities that suffiged in simpjer settings,
Ateributes [lke color can be particularly helpful In testing
and eliminating unwanted candjdates during the acquisition
process, thys avolding costly edge extraction,

Search cluss may be providsd expllicitly in & task
description, ("PICK UP THE RED WEOGE IN THE LOWER LEF T=HAND
CORNER"), They may alsc be found implicitiy in the machine’s
internal world modei (that Is. the attrivute red could be a
glven intrinsic groperty of wedges),

The pressnce of jrrejevent textures ang randam
nolse, within tne objects as well a&s the background, can
considerabiy compllicate the adge following process oncs a
syitable cancidate 1s found. These disturbances are
especially sucecessful at camouf laging fow contrast edges,

tsuch as the {11=gefinsd rear porder of the wedge tabeind A,

12



fron detsction by local, gradient typs operators, Larger
operators (Heuckel [1%69])) that process many intens|ty
samples sinultanecusiy can somslimes recover these weak
edges, though at a substantial overhsad in processing time,
The 1ow contrast of this edgs 18, however, symptomatic of g

maore fupdamentaf probiem,

1.2.5 SENSOR LIMITATIONS

The televislon system, {(lke any communications
channel, can transmit a finite quantity of Information about
a scene Iin the time frames represented by a singie Image.
The vidicon provides 83920 intensity samples every 1/680
second, The capaclity of our computer’s nigh speed data
charne) (also used by the swapping disk) is 24 mlijiion
plts/secong, Thus, «lthout local buffgring gach samplg can
nhe encoced as a 4 plt number, It 1s then possible to
distingulsh Just 16 tevels of Intensity between sone
absolute 1imits., In our system these (imits ars adjustable,.

1t i1s not surprising that when these |Imits are set
wide apart, therg will be intensity discontinuities whilegh
the avallable aquantization density will fall to resolve.
It Is not possibie to cover the full range of Intensities
fourd In Figure 1,7 an; to resoive edge 4 in a single Image.
[n fact, sven the widest quantization w~indow will often fal)

to span the full prightness range of a Scene,

13



The vertical Interlor sdge of the |eft hand cube (labeled B)
is absent, because ths brightness of the sntire cube was
compressed Iinto the jowest digitization level,

In any scens sncompassing a sufficientiy wide rangs
of intensitlies, It Is inevitablie that some detall will be
jost dus to clipping by the auantiler, 11 the
digitigation range had been concentratsd at a lowsr absoiute
tevel of [ntens|ty, Edge B8 woyld then Ilkeiy bes In
svigencs, Howsver, other fTeatures, Buch a® edgs A, would be
jcst becauss of c|ipping at the high end. Ths |imitations
of the sensory channe| negessitate a compromise aljocati|on
of the avaljabie Intensity resoiution.

This trade=off 19 typical of confilicts that exist In
sach dimgnsion of the camera’s responss, There is Aiways
more visual information aveiiable than can be handied, For
instance, consider the contradictory requirements of spatia|
resciution and flelg of view., The Image magnificiation,
istabil;had by the focal lsngth of the lens and the object
distancs, determineg whether the 83,2428 intensity sampjes
wlil] provicde coarse coverage of a wide fisid of view of high
resolution In a Smaji ares. The combination of spatial
resolution and flgid of view available in any image |s
striectly constrained by the number of avallable raster

sampies,
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1.3 NEED FOR ACCOMMODATION

The important conclusion to be drawn from thsss
exarples Is that ng s}nqtt image wlil contaln adequats
information for severy perceptual goal, Taking a clue from
nature, the most appropriate way to resSoive theSe trade=offs
s to tuns the perceptual system, concentrating the

avallabjie resolution on that portion of the sensory data

that is currentiy of most Intarsst. The
effects of this process, which we shall call
"ACCOMMODATION", can be (liustrated by comparing the
Iinformation emphasized In Figures 1.7 and 1.8, In Flgure

1.8 the intanstty quantization range |3 Intentionajiy
compressed to enhancs the contrast across ths boundary
hetwaen the wedge and the backaround. Notice the
striklng Improvement In the quality of edge A, produced by
the combination of focal contrast enhancement and
suppression of irrs|svant textures, This edge can now be
extracted by a simple gradlent operator with more
reljabliity tham could be expected from more costiy
processing appiled to the Inferlor raw information in Figure
1.7,

Figuyesg 1,7 and 1,8 gpaphically demongt.st® that
what w!il be seen depends strongly on the parameters of the
visua! channel, that s, how one looks, This result has

obvious Implications for the design of a context-sensitive
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parceptual system whose objective s to seek speciflc
Information, needsd to accompiish a task, Thls thesls
stucles some of the ways In which sensor accommodation can
contribute to the computer’s efficiency and Success In

ssaing what 1t is iooking for.

1.3.1 PURPOSE OF ACCOMMODATION

fhe purpose of accommodation Is to obtain from the
sensors the most appropriate image for the current
perceptual goal, Wwhat |s meant by-an appropriate image
depends, of courss, on the specific goaj. In generail, the
image should provide the required information in the
simpiest opossible form 10 minimize the required Scene
analysls, This rsqulrement usuaily means that the desired
features are present with nigh contrast and, squajly
important, that ai| wunnecessary detail Is suppressed,
Floure 1.7 was Inferfor to Figurs 1.8 as a source of
Iinformation about the extarior boundary of the wedye beCause
af the combination of low contrast and irrslevant textuyral
noise along edge A. Presumably, the 1oss of detail in other
parts of Flgure 1,8, such as the disappearance of sdges at
points C anmd O, s of no conssguance when interest is

feeused on the wedge.
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1.3.2 RATIONALE FOR ACCOMMODATION

The low contrast of edge A In Flgure 1.7 is a
conssguence of the fact that intensity resojution has beean
sacrifliced to obilajn dynamic Trange. One could thus
question the motivation of using accommodation to overcoms
what might be conslidered as a [limitatjon of our present
harowirs, Why mnot devote the affort to the deveiopment of
an irproved camera (and data channei) with petter resolution
over & wWids dynamic range? To anSwer this guestion, we
must clarify the dual role® of accommodation,

ons use of accommodation |s to extend and improve
the capabilitiss of the sensor. For sxampie, an adjustable
irls heips the human aye to make fins intensity
discriminaticns over an axtraordinary range of brightness
(spanning ten orders of magn|tudey. An agcommodating lens
alliogws the eye to ob3erve & wids tleid of view or %o
concentrate on fine textural getal |,

Cisariy, a more deve|oped Sensor wit!l depsnd 1833 on
accormodation to obtaln this kind of flexibliiity, (A
sansor with more Indspendent [ntensity samples over 8 given
size rastear wiil provide more spatiaj detail over a glven
fileld of view. Thers |8 thus [ess rocessity to uss a
{ongsr isns to observe texture:)

However, the human eye (8 unigque among visual

sensors In 1ts capabliities for maintaining high levels of

18



performance ovor an axceedingly tlarge range of scene
characteristics, Man has yet to create & visual sensor
which can duplicate the filexitility and performance
standarcs estabiished by naturs, Thus, ths nesd to
accormodate artificlal sensors i3 correspondingly more
acute.

S¢tijt, the dynamic range required to observe the
constrainsd hand=-eye environment I|s not so great that s
suitably broad sensor could not be designed, A more basic
problem s the Inabitlty of the computer to process the
voiure of data sirsady avaljable, The solution to this
precicarent |Is not to seek more data but rather to be mora
seisctive.

The second refe of accommodation Is then to
concentrats the {imjted sensor capacity on Information that
emphasizes seslescted visual characteristics, Since the
sensors must presumably exciude Some detali, it Is
preferable that the lost detail be Irrejevant In the current
task context, Accommodation thus capitalizes on the
"{iritations” of the Sensors In order to obtain more
appropriate images,

Some evidence of peripherai masking is also found In
numans (Munn [196131), The most significant of these receptor
adjustments are readlly observable, The diresction of the
neag and syes |s the principal ‘determiner of what will be

seen, The position of the fovea selects a portion of the
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visyal fieid for consideration at nigh resciution, The
accommodation of the lens affects the detal! with which the
contents of this flgld are sesn, as ¢ function of depth,
These Sensor ad justmenty aceount for much of the rolative
clarlty with which you psrcelve this text compared with the
detalls of other chjects in the room, Behavioral acts such
as pringing the paper |09 to your syes (80 tnat It fliils
the fleld of view), or putting It under a strong 1ight (to
snhance the contrast} are aiso helpful,

The |Information theoretic capacity of the human
optlic array far excoeds the observed capabljity gf ths human
mrain to process it In resl time (Triesman [1964)). At some
point prlior to the {imited capac!ty decision channel, man
must thus select the most significant informatlon about the
snvironrent from that prov]ded by his Sen3ors, iraldbtai
[1958] devised a gQeneral winformatien flow® modei of thls
process (Fjgure £:9%,

1t is cleariy advantageous to defer ssisgtion to the
nighest level ef processing for which adeauate channe i
espacity exists, In mans, 8 supbstantial number of nerve
fipers can be traced ali the way from the optic nerve to the
cerebrai cortex, the role of Treceptor set” Iin human
sglective attention Is thus fikgly to be fimited,

The processging capacity of the central nervous
system In [ower animals |9 more modest than In humans, 1 £ 4

is comrpon for such animals to avold iInformation overioad by
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INPUT CHANNELS | SELECTIVE

FILTER

=B

LIMITED CAPACITY .
DECISION CHANNEL | RESPONSES
LONG-TERM
MEMORY STORE

Fig. 1.9 "Filter" and "Information Flow" Model for Selective Attention
{Broadbent, [1958] ).
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relylng on specliailzed sensors, permansntiy adapted ¢o
respond to those anvironmental!l characteristics most crucial
to Its welli=belng,

Lettvin [1959] In his work on the perceptual system
of a frog, succesded In isoiating several neurons capable of
eomplex;, though highly speciallized visyal disecrimination
within the animai’s retina, Hs found cei|s dedicated o
sius~green disgrimingtion xS well as cells that fired oniy
in the pressnce of small, rapidiy moeving, convex objects,
How convenisnt, considering the Importance of grass and
water and Insects tg a frog:'s survival!l An  important
advantage of utilizing speclalilizsd sensors | that the
selecti~n of relevant data Is accomplished at the sariiest
stage of processing whers becauss of shesr volume, the
potential for data reduction is greatest.

Information ssiection at the sensor level |8 perhaps
most essential for machine perception, The limited
bannaiﬁfh of the data channsi provides an |Immediate
constralnt which |s- surmounteble, but at excessive cost,

A mors baslec factor |s that current digltai
compUters lack the garailel stpucture nesded tc eXtract
visusi gestalts dlirectiy, All featurss must be iaboriousiy
asserblied out of Individual Iintensity sampies. i1t an
undesired obJlect [s Included In the Imags, the computer w|||
be foresd to exert considerabie affort to discriminate [t

fror the deslired object,
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The efficlencies that are gained by using the
sensors to fiiter out irreisvancs at the [owest level {data
entry) ars cruclal to the successful implementation of
seiective aRttentlign In machines, It isy, therefore,
surprising that up unt!i! now, no one but nature herse!f has
sxpiiclitly Inciuded provision for goaledirscted Sensor
control in the design phllosaphy of a functlioning vislen

system,

1.3.3 SOME OTHER EXAMPLES OF ACCOMMODATION

Let us examine two additlional instances In whieh
accormogation can be uSed to facl|itate basic perceptual
functlions, These sxamples are intended to be (ntroductory In
natur® and Wiil be reconsidered in greater detali In iater

chapters.,

1.3.3,1 ACCOMMODATION FOR SELECTIVE ATTENTION

We have mentioned the wuse of accommodation for
sgjesctive attention, Most hand-eye tasks designate
expilclit visual fepatures (for exampje, "PICK UP ALL RED
CUBES,"), In the context of this task, oniy bright red,
hexagona! shaped reglons of the sScens are of interest,
In a corpiex snvironment |t wouid prove excessively costiy

te Iidentify the coior or shape of svery cohesrent region,
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The protblem is thus to Isciate the reguired set of objects
Yror the bagkground environment witheut anaiyzing sverything
In the scens,

We have Shown that in any snvironment what |8 seen
depsnds on how the camera parameters are tuned. 1t 1s
thus eppropriste toO adjust these sarameters so that the
characteristics of the desirsd ocbjects ars snhanced at the
expenses of Ilrrejevant fesatures. Consider the task of
jocating the red cub® in the soescifle gnvironment 9Shown In
Figure 1.10a. Here, the desjired cbject appears against a
plack background, in close proximity with two non-red cubes,
(Ths weak Interior edges in this plcture are again due %o a
wide quantization window,)

These Known characteristics can b8 used to set the
iimlted range of tha camera to emphaslize the red oblset,
Figurs 1.18b shows how the scenes In Flgure 1,18a wouid
appear to the computer 1 the Image ware obtained through «
rad color tiiter with the digitization rangs set to clip out
below BYSTrRQE intensities, The sffect of this accommodation
ts first to snhance the contrast of the red cblect with the
packground reiative to the other coliors. The carker
intensities are® then compressed by the quantizer, forcing
thoss portions of the image containing the undesirsed objects
into the same eguivalence ciass as ths packground,

In Figure 1,100 ths probism of jocating & red ob ject

nas bosn reduced tg that of a simple 9earch for the largest
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black to white Intensity transition, The ¢olor and shape
of the assoclated reglion can then bs tested to confirm that
they fulfilled the search objectives, Aithough It cannot
be guarantesd that this region will correspond to the
desired object, the red fliter has considerably Increassd
tha a priorl iikellhood that this will bs so. Thls
accormogation resduces the esxpected cost of locating the read
cube., [t siiminates tests that wouid otherwise bs neesded to
reject faise prospects had they been acquired first.

Figures 1.10¢ and 1.108d obtalned through green and
nlus cojor fiiters are respectively the most appropriate
images in whiech to ssek green and bjue objects, In gensral,
the choice of mccommodation for ssjective attention depends
on the acquisition requirements and on what I3 aiready known
about the environment from which these characteristics must
be isclated, Consider, for exampier the infiluence of
the pregominant background hue (In this case blacky on the
choice of ecolor fllter, If the background had been white
Iinstead of bisck, & green fl|ter would have been noodsd to
emphasize the opresence of a red object (as a dark region),
The oglgitization range would then be sejected to clip above
average Iintensitlies, [f the shade of the packgroung had
not yet been determined, one could not specify a opreferabie
color fliter, in this case; the most appropriate image
wouild be Figurw 1,108, because It contains the widest range

of intensities,

27



40914 US3JD UJTM MOT/A 1UOTJUSIY 2AT109TaS  20T°'T ‘214

P B

EUPE-EN i .

"
-

(vg o2 (22 L1 Lae Ly PR it (o7 il tel
SRURRRABURNBUNBIRINARNEREPEBNOE SRAGLLEAESLNGORRRANRARNRRARRNNADEEBRuERnEnENERNBER /CGT
a-.::.x:-xltﬂni.n.no'.:nb-mm.-r.maau\ma.“-a. SO ARNDNNNAERRRNBEIINLSNERNERERARRBRA
SRARAPANARRRS AR IR dasT ivnn ;i il ntglRoRuRRRBARARRARAERABIRSNAGDNANANARA
SERNARRERORRNARIEZZ 7 70nnnnuanuw ) bi bl i il i i7ARRRRRUARNBANRANHARERAUERBHRNBARNARARN
HADNRRUAGEAEs 2o ssuvannnansvunbiidadbiasliiog QONHERARNNBARRHNRIRHEEDARUARRNRURANER
SRNERNEEIAN AR e Resouesu st ansR R it i s/ (HANARRANRBNRENEANAREERERAEHNANDRNARARN
BUOERRENP RS aRu i iiiiiinvananadni bbbl EENODARRARNANRRNANEHEBEARANRARNARARN
NARRORABERNS R b b dibiibdaradas i o b iribisd bl LOFZ000000RR000NNERRBREEERENRRANARAENEN
BRORRRRAGORRnR i i bbb idb i bisdai s et bl ieas?RQROONRRANNRNRREEHEERERNBNRRRRNARR /PGT
(111111 ) ..nsvaaca.,_w,»-_ﬁm..‘.*$‘+;,m,.nm"“..-;.aa-:us::suaauusunuansmnntznsza-:

BYBARQLSE7eveavemnidiivibabadbibdaiiiil assi G PANNAREPRARRRBUERARERNBARRRANDNR

APADRRDRR LS 7o veanntaueuuvabpu o b par il sennZaEunRRRNRARNsNRlERRBRURRRARANRANERR

PRORNRRIRESE I nesunnn i bhidsdisadiisdboi il il inuna? VANBUNRRRAHNNORERARBUNUANEARERAR

1110 gREEsmvnanarnenisiivisbd b hsd i3 0 ianea? QONANNRARRHREIRARERHRNRYANHARARN

SOUBRERBRNEHRERe b iadasid ittt Trive et aoneonNadota PR RALL PR RBARAANA

T4 EE L RN ER AR N SRR AR gW-s- <5 frtiter g eunnsanpndnnnnnnniytubylatadurnnninn

T R R R R RN TR RN A R R T 1 14 1Y LY ISR IR A T T LT R L RS A
T SR EELAE RPN EL RN SR R A T 117 1A TAAA S A A AA S A T T DL E LY L)

CTTITS IETT ] LEYRRER it %q (e Cwa T RLELRELENUASLTLUAl DN s PHRKARANR

EIT T LT ] RS I (NERY & Wi (R RN e annREnLRLLLALELL LI ERARNRRNAR

: Cigititadetqernie
{
t
{

-

{

R Y TAN AT A At T DL L L

(TTITTITITITII]T] L] (s b aEENGEORNERGARAIdRIRLATE I Rt AAA T L E ] B0
SANGREADSRORAREP SRSl i P LARRONRRANBRLARARAeRRRe0t R Rt bad ininauiNoNNNARR
EEEEZONRAOREUONQET R 247 i n e v 0 RRRNRRRRNDLAGdanIdRtRRRddRRRINL AL ELLLBUREORRANER
ao.n-tnmmoao~u.mmut.umwnv«.ooon.m.&!n’n:l..”u..n.ﬂzamamnﬂaeﬂznvﬂrﬂp?:ﬂ&».02.3'!:3!
REZZ2027 7223238000 0d ) nts s i s i oOONRRRPNANSE S ENIBOENENRERNNLELILLLELLLAMANPRRARAR
sRFRIeue s i b il d i i i b v i ioniQRBRBRNRNND LESRLESELPLanEnE RN LLuRuRENaNpREn
weted bbb bdididbbibibbiiiia e ESORBRUNENRRRERELLAENERERRnLLL L UinSseGnanRNNAR /72
wambiais bbb ibibjunnanewisr i i FUQNARANENRBEA S AGSLERRaRRa Lt buLGRLUREnRoNNEN
R R T RN R R T T v e T 41 1.1 L LL LT L T T A A A TR AR AR A AR B ) LLEL]
Wb badbdabddaadiai ity aera? NHARANRBANRNEGSERLELRRGL R s L NaRA R BURRNLORRAN
T T I I T T I I G LT L AR T A T P IR AR SAN S ELAG AT 4 1L |
IS0 asuRsasayenRenstennnssatoana bud SHARANNNRNBRL AP RPN Nl Pa o BaBubadnddinnnian
LT anunautssnanantsetunasuugrarun DQNBNARAKEREPIFUONNIORARENRNBPUHBAEANARARANARAN
-.-mu-ag*cgtna-uesr-tr-s-...caaammo-rxzxu::aws:um:ns::;s::sznsawm:uzuxszasmzunuas
a'nnua‘osa¢-nosass-.s-;-mm-.om»acu:wszxmzm!mixamamixxz:szz:mwan:smmxmx:x:ux::xxts £271
en..ﬂo;aaos.wattm»mmwwa..-...n..ansxusnasnmas!mataallszanazswxxszucuum:x:uisu:u-u:
PORPaer s FEATURRANANKAANEREBRNHNARAERNARHRHRANRAPAHNANANANARRRRBREEERENRHNARERGARN
c:.-a..szi':tm:xrau:xuazuzauxaus:xs:acmsssz:quawmmausnasstm:n:u:wxwxmz:nuaaursma:

aa-h!ma'amwau!lximﬂmr’dxﬁnuwnstumltza::a’m:wtxﬂutlxixwaws:ﬁxa3uxm3mzﬂxmszxaleazr
ir? ife t22 {7 L7 it ey LT P R el

tis

vty i

fatdidiind (it
HRONARRNARORREEe L (L LTt paetieLtud (L GieabnReRBnLELELuSu 4 SHABARANAR
AUODROIBRORIRBLS (L (T (i eq i etetnirind (erdr(inginbnpanagulntulnisenRanananan
BARORORBEERRERRRE Y (il (L Ll Uttt nnanaanasstabnintununsonnuias
T T T T R R N R R CR TR RN FERTY 2 ¥ 11V DL AR A i L L L LR LD 28
(TTTITTTT 1T 0L I F R RN R iiiidzitinaesatsansnnntanunntetiiulzinNat ot annnan

HE ¥

28



J99TTd 9NTY UITA MSTA  fUOTIUSYQY dATRDITAS  PCT'T *81d

EHAP SRt an |
.TJ‘ﬁHEs-.. 4%
Jougsluwar
38 ibubus
Fiub @p2aw
FS-TA-T4 T S

e .

4 4 ige L2z (1? (22 IR st (el aw il el
-'----tuuu-au-.-:--»;:.auo'-n..-u--ouasnun#uawqa:-:uzauwuaaauzanawsxaaauwaz
--uaﬁi-n-no'-.-.t-a-'t--.-.-'-n.-.---um-smsussa:u:s::::-muzumusams-uamanz
-.n.::a----u.au-.n--..u-...-..--..-....nu-c-s:ausuaaz:n-amauxmsun’u:uuaana
-.-..-a..-a-.-...--.a..'.;a...-..-..-.-a.-..1=.~aasassz::ugua-wumusu;..aa:s.xa
-'-um'c-c.nw.-.--u-.t-'.o.--..-'.-n- ARRURUREARNARUEURHERERBAERNANNRHRANAN
s:.tun'-n-sw-.-'.a.-'--n-no-'.:ot.p-'..-a.'.-‘:au:nasntﬁmssnunusmunamu-uu:suaua
-u‘-u-u-.n-o-...c.-'a-qt-nac.nu-.u-.-.tu.-.--maauw-w-uum:aaws:uans:amag;u;nx:
---ua--an»-u..t-...t.u'.u.--n-.-=-a AERUPHRNERARPARNB B pEUNN AN NP ERAR
ARRRARNESRABANRARN0NRRENRREARIRRORR RN AORRARBANNRERANRERREREEAREHRARRARARRAN
-I:n---a-.'natn-.n».-.n...r.n.-u..o-cu.a-o...--as:us:sx:nsm:umuaaxazsasw:nu:n
HERRSARNORUNSS0RS0R0 RIS 0RAR000000RI LY SORNRARRRNERAP RO BREUPAANNRRRARBYR
ANpERRERRuRREAR2RRARR RN N TTLIA RIS SIRSLN ] | .s:aaussan.---.wiqaaasxxm&aw
SRSURRARERNBERISRORLY ORARPABRDEDIRIREI PRI PRARSIFPIPRAIP PR R R AR RPN RNNANREN

sanfusaddendip ....-...y-wyau.-u-.m.-nm.‘»na-wuyutft’umu...._“m‘.nawzss.

---u...nu--‘.--m.u-.-u.q.-..-u..-.'-ﬁmzauamurwm.;.-.u*.‘.w-xausass

. --nvoyucnnr-n~.-‘-.u.-u-um-una.m-'w-.u'.wmu.ﬁraa-a-‘crrur.q.‘. nUGANBHRARAR

CYTLTTIL] '.oa-.--*uunct.-.t.vu-cugicnunoﬁu.-"um.:wzmw-cuamua..v.rradcsuaaaauam

" -..-.-u-a.-..-..-..n..~.-¢..-.‘.-.-wnua-‘.umw.'..u-twavtm*‘wu.nnaezﬁysnaza-

shaiand _-.n-'_un_-...-..‘.-.f.ﬁamttwu...........u.-..-.ﬁ‘,‘¢-.-*“".pn._ LU ETE)

AROTLANRRFRRQOORRRIRRVRREI IR RRAERED PR} SABIRRRYROPFPARR PSR RRRR AR TN ANANARN

SRRRRNIPRRRDRR NP REDURD I TSP RDIRRINRDY T T LTI A S PEAN EA L P LA AN R R L L L)

AEedoisiae -‘mu.‘u-mma-u-..-.a-ms.n-am.-t-.-u-aaaapaannﬁz'nuvaﬁuunuwem.x-numsu

SEEDSBROADROP DA ORI RRER LR R ERRDIY -n--'m-nnnwsmanmnwamnmﬁ?pﬂu*wnma*ma-nmnrw'au

seEBxERIRE m.ﬂuunaa‘anuun.-u-nnnu.-.u-ls-onspammaaanu-umamwarurnm-u-a*n‘uaaummsu

.-.'...-uamauaeaaaauaauaa.m.-.m-m-u-.mssnw:-aquawnzamacm:mpmanrnpnr.n-n-an-.ass-:
.m.mummmmmacu.-.m_mwmﬂ.-m-,..,N-.m-nusuuzouanu,qcasawammawapu"a‘ua-;-‘t..u:a-ua
snala?etendaitionsn?ionnn i P opbONBNARENE LA 1A AL A IR AL Bt A e DL BT DL L
nuumuumounao-._-hﬁmu"ﬁﬁﬁaF.*_Lhu-uzmsuxaaiumnuawarmm-mu‘iwuac‘uwwx-¢wcaaamqu‘=su:
iZomgwid sl ittt ged ity s deBRRARRBARALLL T Cn ER R pA bR e Ra R RN RLLRENRAN

A CresrargrItuag JZEMRABNBNRR LGSR P R Ra R p e ko Ra A LD RARNAR

2] ] =-nsasuvmvmwaw-a.m-nmvnu.w.nuﬁux¢.acc‘ttuax-s

T T T I e L L T R sy P A L L L L
coRRNESRARRAD SRR PP aRadeRanplintobaPndarpiananan

CIGORRRERRARIREIRA RS RRertitloRaRe B it aRatanan
LISAORRENEROARBIRARARR N a4 Rl ot aRa 0ol annRAR

h“m~.0-a-rmam.'-‘nta.c.-.a::uas-uuaumuauuasusansus

et YT Ll L LRV ELELE LR EELEL L ELLLLLL

(1L] RN : n.h...,mm_.;;uu...-u-u:auassnnsssua-wsa.:ua:susmumsnwmzsmsasasnc::

(111 TR m....h....nm-a-...p.-'a::-uauas;:xzaussuaus:s.zuw:mssu:uumuuuuana:saa-aa

HUROSToi ¢ R aliGonRRaRRRENERRR NEBRNRPANARARSARARARARNARAANRRARBLESEARRANARREARRRN

-:.na-t-n-a-:aua's-ua;u-a:uw-nsu--sazu-maa:sasxauam::::;u:a:uxmz:::auusuasxs:a:

sn-nas-nu-aa-aas.suaa-un::u-auausum:sx.ns:a::a::snuzza:s;n:uqmmm:m:sga:gsssxza

h..w e:mm L2 (e ("2 el ¢ s PR 4 eE g fic X

e N T

.
.
'
P
"
.
"

-
v
.

s an s me

/et

el

et

23

Rl

29



The seisction of |Information by an appropriate
accormodation can provids the principal means of information
reductlion In a context- sensitive scens anaiysis, T™his
powst Can bDe atiribyted to two factors!

1. AccommOdat on orov;des seject vty at the |evej
of raw Image data, Here the need Is most critical because
of the volume of potential Information In a scene,
Furtherrore, the most signi|ficant efficienciss can be gaineg
by fiitering out Irrelevant detalis before any processing is
actusily expended,

This selectivity should not be confused with Simple
threshoiding, as might be applisd with software ¢o
intensities obtained with & wide range sensor, Thers |8 no
pasis by which to distinguish intensities corresponding %o
the three colors In the unseiective Image (Figyre 1,10a),
Cqmery focus I8 gnother useful gocommodgtion for ssiective
attengion, Wigth & gyultably narrow depth of fleld, the
contrast of obJects outside of a sejected range can be made
3o jow that they are effactively out of the I[mags, This
typs of discrimination cannet be simply simulmted In
softuare,

2. Accommodation fliters [n parsailsl over the
sntire Imags, Al fsatures sharing some common
charactsristic simultansousiy vanish from view, This
feature Is cruclal since the computer |s fundamentaliy a

aarisl processor,
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1.3,3,2 ACCOMMODATION FOR SELECTING AN APPROPRIATE LEVEL OF
DETAIL

In the Introductory sexamplie on the enhancement of
edges contrast, we a|luded to the [mportance of eliminating
unneacassary textural detall. In the contaxt of adgs
foliowing, texture can be defined as all detall of
sigrniflicantiy smallier spatial dimensions than the structure
whose boundary we wish to extract. Such texturs |s
especially prominent In the slituation sketched (n Figure
1.11b, Here, a cuybs Is sitting on a table covered by a
coorainate grid, (The grid provides a common raference frame
with which to catibrate the coordinate systems of the camera
and the arm,y Figure 1.11a shows the data avaliable t0 the
computer In a ful| range Image of the area In the vicinity
of the top rear corner of the cube, The grid |ines are
an attractive distractlion to a mysple edge fo|lower trying
to trace the boundary of the cube on the basls of focal
nraclents.

Thers |S no clear ssparation between the cube and
the grid 1Iines on the bdasis of Intensity, Thus, the
unwanteg detall cannot be removed merely by clipping it Into
the background with an appropriate quantiziation window,
The only basis for enhancing ths contrast betwesn the object

and background, relative to that for the grig iines: Is %o
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expialt differences Iin spatial freguency content, [t follows
from the definition of texture that the energy corresponding
to the grid lines will|l be eoncentrated In a higher frequency
raﬁgn than that corresponding to the cube.

It Is wal|=-known (sees CThapter 6} that simple
defocusing s weguivalent to opassing an Image through a
spatial low-pass fiiter, This effect Is Ilitustrated In
Figure 1.11¢c. As a result of siight defocusing, the ensrgy
that had besn concentrated in the well= defined grid 1linss
has been diffused evaniy over the Dbackground, These
sreacominentiy low=frequency energy concentrated In the cube
nas not besen noticeably affected, This operation has
destroyed the distinct structure of the grid Iines without
significantly affecting the structurs of the deslired
poundary. Furthermore, the demise of tne grid f{ines has (eft
a clear Intensity ssparation between the cube and the
diffyused background. This contrast can now be
enhanced by concentrating the quantization [evels oOn the
range of Intensities found between the cube and the
packground, The c¢omhined effect of focus and intensity

accormogdation IS strikimgly shown In Figure 1.114d,
1.4 ACCOMMODATION IN & PERCEPTUAL SYSTeM

We have Shown sSevera| exampies of how accommodation

can Overcoms somg practical problems frequentiy sncountared
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In rachine parception, To fully wutilize thess effects,
they must bes Integrated Into a comprehensive strategy for

visual perception,
[.4,1 AN ACCOMMODATIVE VISION SYSTEM
I.4,1.1 GOALg OF 5YgTEM

The ulitimateg goai of <the hand-sys system Is +to
complete a task with the minimum effort consistent with high
reltlaplitty, Te achlsve this goal tne vision system must
atterd only to thgse parts of a scens that are relevant to
the current task, It must extract tne minimum |eve{ opf
detall that oprovides a sufficient description to compigte
the task objectivas,

A more mogest initia] goal Is to obtaln & System
that wiil perform simpie tasks, rellably. In a varlety of
environrents, The current vision system adapts its leve|
of effort to the gifficuity of the environment In order to

insure reliable operation.
1.4,1.2 DESIGN PHILOSOPHY

The vision system |s compoSed of 5 flexible and
overlaoping wvariety of oprocessing options that opermit

cost-effactive sgiytions to many perceptual probisms. The
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general strategy |s to appiy cheap operators over the entjre
gscane In order to firat axtract the retiabie, sasy-to-sse
features, If the scens |s simples, |lke Figure 1.2b,» this
coarse structure wil]l generajly suggest probabls matches
linking the obJects In the Image with corresponding
prototype models known to the machine. These guesses can
ther be verifled by using the suspected modsis to
mypothesize additional features, whose g@presencs can be
specifically sought in the sensory data. {This mode of
Information acquisition IS reminiscent of the parior gams,
twanty questions,) I!f, however, the scense contains a cluster
of objects or thg Image IS troubied by low contrast and
nolse; the simpie routines wlll not provids snough
information to obtain definitive matches. In these cases,
the strategy |8 to return to the world for another and
harger |ook,

Fortunately, It wiil not often be necessary to
reprocess the entire Image, Typlcaiiy, thers will be a small
region of uncertainty where more detai! would be helpful.
Furtrerrore, the recognition program witl often be abie %o
make use of Its a prlori knowledge and of what has 30 far
heen found, to suggest a spec!flec feature whoSe presance
woulc respive & particular recognition ambigﬁizy. The
entire perceptual systsem can then ba accommodated to

maxirize the {ikel|lihood af detecting tnat feature,

37



1.3.1,3 ROLE OF ACCCMMODATION [N SYSTEM

the role of sensor waccommodation is most eas|iy
dlscussed In the context of a specific system., Figure 1.12,
a sieplified version of an smerging design, |s provided for
this purpose,

As in the Initial hand-sys system, recognition is
pased on the rapresentation of obJjects In a scene by line
drawings, To acqulire an 2dgse, the Image !sS agaln Sscanned for
an Intgnsitly discontinulity, The approoriste accommodation
during this acqulsition phaSs, depends on the task
requirerents and on what I3 alresady known aboutl the
environrent, [n the absence of a speciflc search goal (le. a
task ha® not yet been posedl, of of detalled knowiedge, one
cannot dgo better than an exhaustive search for all edges,
The best Image for this purpose 1s one covering the widest
fletig of view and the widest range of Intensities, First,
the chances of missing a promingnt feature because of an
arpltrarily limited source of |nformation are minimized,
tecondiy, strong edges wili bpe emphasized by the |[ow
intensity and spatial resolution in 8 broad image. Fine
detall {(Inciuding weaker ®dges), whoss presence only adds to
the problems of acgulisition, wiil not be Seen,

suypposs, oOn the othsr nand, tnat a specific item Is
sought and soeme knoCwledge of the wenvironment s ailready

avaliable., Ths machins may then be able to 1imit the Search
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by tuning 1ts sensors (as in Figures 1,10a=-d )} to snhance a
prorinent visueil characteristic of that [tem, The
charactsristics that Influence accommodation define the
system’s "ATTENTION STATE™,

wnen an Intensity discontinuity is detecteds the
associmteg reglon 1s first subjected to & series of
valldating tests (described in Chapter 5, These tests
qaterming Whathgr the rgalon fulfrii|s gnough of thy eritgria
giver In the attention state to Justify the expenss of wedge
extractlion, Currentiy, color and minimum size can be
checked, Size s a defaulit requirement used to
digeriminate against dlesecontinuities produced by an isoiated
molss phenomenon,

1f the valldation state rejects too many reglons for
the samg reason, the accommodation can be tightened %o
discriminate against that crnaracteristic, On the other
nana, |f no discontinulties are detected, the accommodation
myst bs made la8ssS dlacriminating and more sgnsitive to |ow
eontrast.

Lfter the acaulsition Is vaildated: the
accormegative edge follower (Chapter 5) tracks the sdge
atterpting to complete a ciosed contour, If the edgse Is
jost In a reglon of weak contrast (sg, shadowl), the Canmera
ean b8 re-accomodated 1o enhance the contrast In areas
directly adsjacent to where the edge was last seen,

Considerably more effort can bes applled 10 racovering the
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iines that show evidence of giobal structure and throws away
those whose sxlstance cannct be so Jjustified, This progranm
can aisc cal| on the VERIFIER to see whether additiona! data
can be found in the Image to support these inferences, The
complieted 1ine drawing |Is processed by the COMPLEX BODY
RECOGNIZER (Falk (197833 This program attempts to segment
the |ines Into ispcigted bodies., Depth Information obtained
fror camera focyg (Chapger &) can bes heipfyl in thig
cperation, Ths separate hodles are then |dentifled wusing

the hypothesize and verify techniques of SIMPLE,

1.4,1,4 ORGANIZATION OF CONTROL

1.4,1,4,1 CONYROL PHILOSOPHY

The principal control patprs of this system can be
isoiated and modeled as In Figure 1,13, The baslic contrel
philjiosophy can be described as HItRARCHICAL EVALUATION,
Brilefiy, It holds that:

The performance of lower Jevel programs starting
with those that handls the raw Image data should be
svaluited In two ways:

1. by the rgasonableness of tne immediate results,
as getsrmined by the system’'s |[ow Jesvel! expectations, and

2. by the rsasonableness of the resuits of ail

nighet level oprograms whoss performance depends On the
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edye at thess specific points than would be practical or
desirable to arply to the bulk of the scene,

when the contour has boen clossd, 1ines are flt to
the #d9s polints, The vertices, defined by the Intesrsection
of thess iines, are then examinsd by the SIMPLE BODY
RECOGNIZER (Falk [197231), 1t determines whether they could
correspond to an [Solated, recognizeable body. If so0, the
appropriate object model Is put forth as a tentative
recognition hypothesls, This hypothesis can he verlfied
py fooking for the predictad Interior edgss, The EDGE
VERIFIER {Chapter 4y is able to overcome the
charactsristically jow contrast of these fsatures by
concentrating sensor resolution on the oprecise path over
whicgh they are eaxpected and then accumulating dlobal
statistical evidencas,

{¢ recognition Is not possible on the basis of this
srelimirary description, a more complex branch cf the sSystem
(not shown) Iis activated. The camera Is first accommodated
for the gensral conditions in the reglon enclosed by the
initlal contour., A5 sensitive focal operator (Heucksl
[1969]) 1s then appiled over this region to detect all
intarior edge polnts. This opsarator is |ikely to plieck yp
oleces of weak edges, as well as fsolatsd patches of
texture. Pre=-processing wwiil wusually ope neaded Lo masSsage
this data Into smooth 1ine drawings. The LINE ORAWING

COMPLETER (Grape [1969]) pieces togeiher segmants of sketchy
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i1nes that show evidence of global structure and throws away
thgse whose sxlistance cannot be 30 Justified. This progranm
can 8180 call on the VERIFIER to ses whather addltional data
can be found In the Image to Support these inferences, The
compieted [Ins drawing Is processed by the COMPLEX BODY
RECOGNIZER (Falk (19781 This program attempts to segment
the 1lngs Into Isolated bodies., Depth [nformation obtained
from camera focyg (Chapger 8y can be heipfyl in th|3
operation, The separate hodles are then ldentiflied using

the hypothesl|zs and verify techniques of SIMPLE,

{.4,1.,4 ORGANIZATION OF CONTROL

1.4,1,4,1 CONTROL PHILOSOPHY

The nrincipal control patns of tp|s System can be
isolated and modeled ay In figure 1.13, The oDasic control
philosophy can be described as HILtRARCHICAL EVALUATION,
Briefiy, It holds that!

The performance of lowsr level programs starting
with thoss that handle the raw (mage data should be
svaluatsd In Twdo wayS:

1. by the reascnabieness of tre Immediate results,
as getarmined by ths systam’'s |ow |evel sxpectations, and

2. by thg rsasonableness of tne resuits of all

nighst leve! programs whose performances gependgs on the
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sarller resultse,

If the results at any levei are found untenable, the
system resturns to a previous jevef of processing, modifles
parareters and/or oprocessing sophistication, and again
atterpts to constryuct a Viiblix?tbfti!ntltiﬁn ef the visya|
worid, The cause Of faljure wiil often suggest specific
ways In which thg lower level routines can improve thelr
performances,

Hisrarchical svajuation |Is no ionger a novei Ides,
Filschisr (1968] appiied simpis shaps and continuity tests to
the output of a curve=fitting operation, Anoma|lies detected
at this {evel prompted modifications In oparametsrs (eg,
sampiing intervai, intensity threshold, stec,) of the contour
foilewer which provided the Initial sdge points,

This contrgl was on the jeve| of Loop C in Flgure
1.13. In our system, 1t represents fesdback from the |ine
compiater to the sdge fo|lower., Our present work extends
this idea to Locps A and B, The visual sensor s, for the
first time, controljied directiy by tne rsquirements of the
system functions that must usse the gata., (Loop A corresSponds
tc accomodation rgguests by the edge folliowsr and by the
{ine corpioter when it needs more detall. Loop B Is used to
tune the Image for seiective acquisition and {ater to heip
the feature verifier vaiidate & recognition decislion,?

These opathg allow accommodation to be an Integral

sart of the overal! perceptual sStrategy, eiiminating the
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need to manually tune the camers,
{,4,1,4,2 ACCOMMODATION PH|ILOSOPHY

hAccommodation is a spacific appilication of
niarapchlical evaluation, The |mmediate gomi Is the
success of a particufar perceptual functlion (Flgure 1,14},
Accormogation |s derlived from modeis of the Interaction of
camera psrameters w[th Scens characteristics. These models
in eonjunction with the computer.s a priori and acqulred
knowisdge of ths gnvironment predict the composition of an
irage, Accommodation is inltiaily set so that the predicted
irage satisfies the known information raquirements of the
function, The appropriateness of the Injtial Iimage will
dgepend on ths accuracy and detail of the computer's
information,

The performance of tha function with this
accormodation Is evaluated. - accommodation problems are
suspectead when the resuiltls do not confirm oprior
expectations, L diagnosis s nperformed to determine
whether re-accommgdation is iixely to regoncilie the
gitference, If so, Information galned from ¢the (Initial
faliure is used ¢to refine specific accommodgtions, This
cycie 18 repeated, fteratively improvirg t#t accommodation,
untl!l elther the function succeeds of thes diagnosis routine

is satisfied that accommodation Is not at fault, {In the
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BETIALIZE ACCOMMODATION
FROM A PRIORI INFORMATION

PERTFORM
PERCEPTUAL
FUNCTION

FUNCTION
SATISFACTORY

EVALUATE
PERFORMANCE

1 NOT
|, SATISFACTORY

AC FUNCTION
DIAGNOSIS . FAILS
PROBLEM

FOUND

ACCOMMODATE

Fig. 1.14 Performance Feedback Paradigm for Iteratively Optimizing
Accommodation
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latter event, the original expsctations must be guestioned,)
The process of optimizing accommodation by Iiteratively
improving & performance function will be called PERFORMANCE
FEEDBACK,

Performangce Tfaedback In the context of the sdge
verifler impiles that the camera parameters shouid be tuned
toc enhance local contrast at ths point where thes edge Is
expected, (Contrast Is the ({mage characteristic most
directly reilated to the success of the verifier.) I? the
edge Is than detectad, the cholge of accommodation |s
confirmed, Otherwlise, accommodation Is refined,

In the context of a specific perceptual function,
the most appropriate criteria by which to evajuyate
accormogation Is the overall performance of that function,
To smphasize this phlliosophy of accommodation the
performance |oop c&n be viewed from ancther psrspective. In
Figure 1,15 ths optimlzation of accommodation is shown to be
the prircipal gomj, The var|fler can be viewed In the above
exarpi®@ as an slaborate criterion by which accommodation Is
eptirized.

In this capacity, the verifler defines a compliex set
of gecision cr{tarlg to which a sultable accommodation must
conform, It s ysuyally nossible to Isolats Individual
components of this declsion, such as the daslirapility of
high ¢contrast, However, It Is not feasible to base a flnal

gecision on a singie aspsct because of the simultansous and
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ACCOMMODATE
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FUNCTION FAILS
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Fig. 1. 15 Inverted Performance Feedback Loop
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often confllcting demands of other factors, such as the need
to minirize nolse,

Performance feedback Is, of course, oniy the most
irmeciate lsve! of hlerarchical evaluation. Continued
success at each subssquent level of processing reinforces
conf idence In orevious resuits {(and In the accommodations
useg to obtalin those results). For example, successful line
fitting conflrms the goodness of the iocal contrast
accormodations used by the edge follower, {(If there are
gaps In the edge, extraction can be repsated at those polints
with focally optimlzed accommodation,) We have al30 seen how
the results of the valldation tast (Flgure 1.12y can be ysed
to reflipe the accommodation used for acquisition,

The evaluation hlerarchy extends, as far as the
parceptual process |s concerned, to ths lsvel of a
recognition decision, {The recognition wlii,» of course.,
ftsel!f be Judged by the success of subSequent behavior
sredicated on that declislion.y 1f the final sdge description
falls to correspond with any known object modei, the
verifisr can Investigate aquestionable edges with more
sensitive accommodations, 1f, on the other hand, the
edges correspond to an object other than the one bsing
sought for a task, then the accommodation used for initiai

acquisition could beg reflned,
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1,4,2 ADVANTAGES OF &N ACCOMMODATIVE VISION SYSTEM

An effective way to demonstrate the advantages of a
naw system Is te contrast (t wWith known jimitations of
previous approaches, The strict, hlerarchical structure
of the Initlal hand-eyes vision system (Figure 1.3)s |ike
most sariy attempts at pattern recognition, folliowad the
gensral paradligm outlined in Flguyre 1.16. Most of the
gemphasis in this early work was placed on the problem: given
a sultable representation of an object,; Identify that object

in terms of a set of prototype mode|s.

1.4,2,1 OPERATIONAL LIMITATIONS

The process of obtaining that sultablie
rapreseniation from the raw digitized image data wWas
considersd to bs a tedious preliminary to the "interesting”
recognition aspects, Accordinglys, the environment was
gufgasa!uiiy constrained to minimiZe any difficulty. {The
cubes used In hand=eye wWork, for exampie, wers uniformiy
white and opresented to the camera against a sharply
eontrasting bliack background.)

Lacking accommodations, the exper imenter would
manusilly tuns the system. Ha would adjust the lighting and
camera sensitivity to obtain an Image on the television

monitor that, to him, best emphas{zed the opject ne wanted
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RECOGNITION

DECISION

Fig. 1.16 Hierarchical Pattern Recognition Paradigm
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the rachine to recognlze,

Recognition Is also the uitimate criterion used to
evaluate the effectivensss of automatic accommodation, One
Is tempted to draw the supsrficlial anaiogy that HIERARCHICAL
EVALUATION Is, In a sense, a hootstrapped simulation of
manus | sccommodation, In fact; thers are essentiai
diffsrences, and thess gifferences account for the
syperiority of ths automatic method,

A man consciousiy perceives a scene In {ts totallty,
Hig actess to scene characteristics at Isciated local points
Is unavoldably blased by his total Impression, Machline
perception, howaver, dapends en the locai intensity
distributions at specific raster points, The
exper Imanter adjusts the camers to achieve a single Image
that optimizes his gilopal Impression, Howsver, this
3lobel optimefity Is necessarily a compromise that
guarantess a non-gptimsl Image In particular locallzed
areas,

1t was socon reanlized tnat tho imags that gave the
pest visua| Impression on a tejevision monitor was not
nscessarlly the best source of visual information for a
recognition program. “Many frustrated workers found that,
desplite thelr best gfforts, there wssS Oniy one effective way
tg turna the camera:’ run their programs and play with the
various ssnsor parameters until an Image was obtained on

«hich the algoritnms would function sroperiy. A siight
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improverent was the wuse of graphics to display the
computer’s numeric Impression of tne intensities In a
particuiar region of interest. This eniarged the Scopes of
practiecat manua i ad justments to Include setting ths
gquantizZation window to smphasize a sesiected edge,

The oasic probjem remained that the comput®r was
1imitec to the uss of a singles image, Conssquentiy, ths
effectivensss of theg refined manua!l technigue was fimited to
reiatively simple scenss (such as a white cube on a black

cloth) wharet

1. the Impo.tant esdges we,e all in the same cont,agt
range,

2 the total level of detall contalined in an Iimage
sharp erough to ses tns desired features, would not

overwhelm the progessing capacity of the computer.

(M, Keily [1978] ¢ried go yse thls gechnigue ¢o arrive &¢ an
appropriate Image In whichn to recognizs faclai features of
peoplise, His congcluslion! "too time-consuming and SO error
nrone as to be Impractlical™,)

Automatic accommodation, Dby contrast, makes |t
practical to obtain many images of a single scene. Each
images can be optimized for locai data in a particular part
of the scens, according to criteria that sult a oparticular

perceptuat fynction,
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With hingsight, the wearly oreoccupation on the
rsgognition aspects of computer vision vrefliected a
«idespread avolidance of many of the more difficult prodblems
in wmaking a maching see, in particujar, starting with an
Imags which smphas!zes what |3 beling Sought, siiminates a
substantial amount of irrsievant information., This aspect of
seisctive attention must bde automated. Dbefore machine
perception can be opractical In & resl worid environment,
Gne of the princlpa| goals of this thesis Is to enable a
machine to obtain such images by itseif,

The trial and error technliques of manual tuning were
cruge forms of accommodation, However. thes critaria that
were used to manualiy svajuate [mages and the performance of
afgorithms were 0o |1|=-definsd to be formatlized for use by

a machine,

1.4.2,2 FUNCTIONAL LIMITATIONS OF A NON~ACCOMMODATING SYSTEM

1, No concept of Attentiont

The high level declision process has no control over
ths sersors, Thuss the mgehine cannot exercise any
discrimination over what objects wi{l appear in an image and
uitirately be presented to the recognizer. Seilsctive
attertion can be resalliZed on such & system only by closing
the accommodation (oop manualiy. Tne ailternative 1[5 a

constrained environment that contains oniy the objects one
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wants the machins to recogniie, Accommodation removes the
neea for many of the snvironmental constraints {eg, high
contrast blocks, uniform backgrounds, Strong lighting, etc,?

required by sariler systems,

2. [napproprists feyel of image detali:

The amount of detall required In a plicture depends
an the current nerceptual function {edge following, texturae
analysis, cojor atc,}, on the (dynamic) state of knowledge,
and on the contents of a particular region of the scene, No
singlie Image will Sylt every app!lication, it wifl aiways
contaln 7100 HUﬁH or T00 LITTLE detali for any particujar
function,

The gocal of accommodation |8 tg obtaln the simplest
picture with sufficient detail. Peopie, oOn the other hand,
are Ingcliined to manually adjust the camera to ocbtaln the
sharpest possibie Image. A Sharp plcture wilt, of courses,
ennance edge boundaries: ﬁakinq it esasier to trace cubes
against homogeneous backagrounds, Hut, In a |ess gcontriveg
situation, the asxtra textural detalii contalined In a sharp
picture may do mors to obScure the deslired features than any
nelp the enhancement may provide. Too much detali is aiso
very unsconomicatl In terms of core storage and Sensgry

channe! utlifizatlion,

3. Imappropriate level of effort!
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A hilerarchical vislion system (3 characterized by a

fixees set of routinss, These are appiied in a fixed
nierarchical order to transform a raw image Into a set of
recognized obJjects, There Is no capability to adapt
the teve! of processing to the difficuity of the scene.
Conssquentiy, it 1s often necessary to sxtract superfiyous
detal! over most of the Image In order to obtain sufficlant
detell in the weaker areas, Very sophisticated processing
Is, however, to0 expsnsive to apply over the whoils Scene,
Furtherrore, the system would bDes unabis to cope with the
yoturs of Information that ‘wuuid be obtained by this
indiscleinats acquisition of fine detait. Thus, there wili
aiways be occaslona| reglons whnrf the data extracted by
some stangard fevel of processing |ls insufficient.

By contrast, the fesdback organlzation of our
current systsm ancourages the use of cheap cperators cver
those parts of o scens that conthkin adequate contrast,
Recauss of accommodation, these reglons usﬁaify gomprise (na
majority of the scene, Moras sophlisticated processing is then
appiied only In the extramely troubliesSome areéas that resist
tns effects of accommodation, Usualiy, thesse wi|i be reglons
wherse a featurs, expscted on the basis of a mode! s5uggestad
by other visibie getalls, has not yet Deen seen, In these
clreumstancss, gxpensive procassing, such as contour
averagirg, can De t#liarid to emphasize ‘what Is specificaiiy

pelng sought, This 1s far more a#flciant then bulk; hilgh
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power progessing, FurtﬁirM?fi; the context, established by
a specific wexpesctation, provides an effective way to
discount the irreisvant detalis and random noise that wlii
Inevitably oe picked up by a sensitive operator,

A rejated advantage Is the abijity to efficlentiy
utitize special purpose functions, Properties,
such as color and depth, can be cbtained at ssiscted points
whaere the usefuiness of such knowiedge justifies the cost of
obtalning It,

In Summary; the figxioliity afforded by
accommogation allows sconomical strategies to be formulated,
These strategies ytilize the information on hand In the
context of the current task to sSelect what additiona|
information teo ook for., Accommodation hesips the computer
to ses that Information, Thess advantages ars Incompatidle
with the oider hisparchical system organization shown |n

Figure 1,186,

1.5 ORGANIZATION OF THESIS

The remaincder of this thesis is organized into ssven
chapters?

Chapter 2: Ws outiine the current accommodative
capablititiss avaliapble to ocur system, Analytic expressions
are osvaioped that formallze how thess parameters influence

the image characteristics,
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Chapter 3@ we utiiize the models developed In
Chapter 2 to Investigats how the accommodations Intesract
with the scene characteristics to determine wnat wiil appear
in the Imags, We Introduce heurlistic and analytie criteris
of wnhat constitutes an appropriate [mage for a task. The
use of sccommodation to reconciis the charscteristics of the
ssnsorS and the requirements of a task |3 demonstrated Dby
axarple,

Chapters 4-7: We discuss © In dotall how
accormocation Improves the performance of the perceptual|
functions that compriss the system shown in Flgure 1,12, In
each cnapter we describe the Intended operation of a

particuiar function and devise a heuristic criterion feor

svajyuating It performance., As next develoed the
thecretical and practical jimitations that affect
performgncs and reifabiiity. The characteristicses of the

most appropriate Image are defined for each function In
terns of these |(Imitations and any relevant a orieri
information about the scenes that may be avaliable, Finally,
diagnrnostic routings are developed that can recognizs
departures from the deslred Imags characteristics and
Initiate the appropriate remediai accommodations. The
gsiagnostics are applied In a sequence |[lkely to cause
accormogations to be triled in a cost-effective order.

Theses compoOnents are Intsgrated according to the
psrformance feecdback paradigm (Figure 1334?. The resuiting
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systems demonstrate the ablilty of accommodation to improve
the rellabitity and performance [|n a varlety of practical
perceptuat functions.,

The unifyling context of a complists vision system dlg
not exist at the tims this work was compisted,
Consmsquently, the advantages of and the reaulrements for
Integraging thege fyncelong Ingo an overall gygtem wWere not
considered beyond the conceptual jevel !n this introduction,

Chapter 8: We summarize our resuits and review the
orincipal advantages of accommodation, The generalization
of tnese advantagss to other perceptual systems is
discussed. We close with suggestions for sxtending the
current work in the unifying context of a sophisticated

vigion systam,
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CHAPTER I1: ANALYTIC MODELS OFf ACCOMMODATION

jn this thesis we jf! goncerned with developing
perceptual strateglies which effectively utiilze our system's
accormodative capabliltiey, Te approach this oproblem
fornalily reguires f=

1. = precise definition of the characteristics that
maks an Image appropriate for a spegific task and

2., anajytle models that opredict how the various
accommodative parameters infiyence these imags
characteristics,

In this chapter we wl|| mode| the (nfluence of
focus: jens=]ength, lens-aperture, aquantizer digitizatjen
window, vidlicon targst voltage, and cojor fiiters on the
composition of an image, Sobel [1978) studied the effescts of
camera orlentation (pan, tiit) and (ens magnification. His
models are necsssary to shift from coarse cova%lgi of a wide

fijsid to high resolytion In a fjoca| arsa, depanding ypon

task requirements,
11,1 NEED FOR PREDICTIVE MODELS

‘The mceommOdative parameters determine which asSpacts
of the scene ths camers wiil smphas|2e, Mode!s are nesded

¢ts gulde the search through the Space defined by these
]
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parareters, Without modeis accommodation ecan bes sesveiuated
oniy In terms of the performance of a task, The cost of
this criteria and the compiexity of tne space make Biind
optirization unfeasibis, Modeis indicsts the most sftfective
accommogations for acquiring specific Information, They
alsc establlsh the optimajity of @&n accommodation for a
particular task,

A second Justitigcatien for mccommodative modeis ls
the occcasiona| need for absolute comparisons of photometric
guantitiss obtalned with different accommodations, In
this situatien, 1t |s necessary to parametize the relation
pestweOn an observed quantity and the value of the
eorresponding gproperty In the scgens, sxpDresssd on an
absolute scaie, Sobel [19783, for instance, used hls
orlentation mode! to goordinate views of the worid, obtalned
at various camera positions with respect to an abegiute

refearsnce framse,

j1,2 DESCRIPTION OF CAMERA (HARDWARE) CAPABILITIES

Our visumi sensor (shown In Fligure 2.ls) is =
standard vidicon television camera (Cohy (19641), The
video ocutput |s sampled 333 times/horizontal scan itne and
auant!zed Into 16 dlscrete (evels. The camsra ha® besen
modifieg (Figure 2.,1b} to provide computer control of the

functions enumerated In Chart 2,1, Tre pan=ti|t head, lens
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Accommodations

Accommodation Capabilities

Orientation:
Pan=-Tilt head

0% < pan < 360°, -45° < Tilt < o°

Optical:
Lens turret

Lens selection: 1", 2", 3", L"

Iris

1" -3" lens 1.b < f# < 22
4" leng 2.8 < £# < 22

Color filter

located between lens and wvidicon

wheel choice of 4 filters: red, green, blue, clear
(see spectral response curves, Figure 2.17)

Focus vidicon moved in and out from lens
Electrical:

Sensitivicy :
(vidicon target TEEyS 40 wolte

voltage)

Quantizer signal range Bvolt < v < Tvolt i

digitized into 1€ levels:
1t =0.% 2 y
anlt-O’gyggl'rgs

12 8
Tvolt = grgrerer g

Chart 2.1

Accommodation Capabilities
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turret, and focus moter drive are standard manufactyrer
options that were aygmentsd with fsedback pots and control
loglec to :1103 sutomatic servoing. The color whee| aligws
rancgem access selection of any of four tiiters In 1/7% of »
sgeond, Thyg flityrs nrg physicaily placgd bgtwgen the Igns
tyrret and the vidligon,

The camsra's auto=-target clircult was modifled to
aliow computer ssfection of 64 discrete target volitages
pstwesn 7 anc 62 vo|ts, This gleouit’'s origlinail functien
was to raintaln a uniform signaj level, It dig ¢thls by
adjusting the target voltage according to ths average isvel
of Illurination; reaching the vidicon, This voitage ievsl 1w
now used as an ypper |Imit to protect the vidicon in the
svent of program fajiyres., |t m=iso ssrves as a referencs by
whichk to 58t sensitivity In the absence of any knowl|sdge
about & scens, From /4 to 1/2 second (mbout 12 television
frares) arte reqguired before an Imags stapi{izes after a
change of target voitage,

The guantlzer provides a 16 ievel window , from 1/8
to £ v, wide, over ths 1 v, working range of the vidso
amplifler, The bottom of this window can be positioned oniy
at Integrae! muftiples of 1/8 v, from € to 7/8 v, The window
can b® changed In one mijli=second,

Many of these accesscries have besen available ever
g|nce the camara w&S |nterfaced with ‘tht computer,

Howsver, 1lttle emphasls was piaced on ytiiizing them ynder
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srogram control orlor to the present work,
11,3 ELEMENTARY THEQRY OF CAMERA ERAT]ON

Over the yaears, photo iraphers and tefevision
snglnesrs have deveioped & pody of theory that bears, at
ieast periphersily, on this current work, This theory has
sejdem been reiated to the srob|ems of computer vislon,
the purposs of this section I8 to provide an Iintegrated
jnterpretation of those results, used in the

appllications=oriented chaptersy that foliow,
11,3.1 ELECTRICAL CHARACTERISTIC
11,3.1.,1 vIDICON

The heart of the teisvislon system 9 the vidigon
tube. It uses photooonductivity to convert an opticul
image Into an electron {iow, The basi¢c theory of
vidicons 1s wetll=known (Fink {19573}, Tnis tube s
infarous, howsver, for Its none inearlties and other aqulirks
which are oonstantiy uncovered In practice. ?hsl tube
sppears to exhipit unpredictable nysteresis eoffacts
depsending, for Instance, On sueh obscurs factors as the
spectrai compositien of recentiy observed Iimages,

The vidican |s very sensitive for differentinl tyoe
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Intensity comparisons (as used In edge foliowing) byt
gifficuit to wuss for obtalning reiiable photometric
measurerents of absoiute |light Intensity (as requlred for
coior perception, fgor example)l. We are present |y
considering rsquirements for & new camera In jight of thls

sxperisnce,

11.3,1,1.1 PRINCIPLES OF CPERATION

In this section we will briliefiy derive a photomateric
transfer fuyunction that summarizes the vidicon’s [deal mods
of operation, With refersnoce to Fligure 2,2a, |ight |s
focused through the transparent conducting signal plats at
the front of the tube and IS absorbed Dy the target. The
target Is a thin f{ayer of photoconductive material, Ths
joce! resistivity of sach elemental| area decremses inversely
with the amount of llght fiux falling wupon It, An
elsctpon beam, magnetically defjected and focused, is swept
periodicaliy over the bagk face of the target, At sagh
soint, charge |8 deposited untii the iocal surface has besen
reduced to cathods potential, Thils charge |s heid bstween
scans by the capacitive sffect of the signaji zlate, A small|
amourt will f(eak off, due to the photoconductivity of the
target, On the next scan, the electron beam wij]
deposit sufficient gharge to drive the surface back %o

cathods potential, T™his sequencs Ccayuses a displacement
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current to flow through the loat resistor R, Ths
resultant volitags Is capacitively couplied to a tinsar video
amplification chaln,

Figure 2,20 Is an aquivalent clircuit model of the
vidicon (Eppler [19643}, Consider the esjemertal! area L THI
represented by R+1, Csi, The sjectron baam charges
Cs1 through the paraliel compingtion of Ril gnd Rei. Singe
ReL<<R41, the capacitor wil)| charge tgo
e ) = Ep 1 - & V/R2C) (2,1
(E4T Is a constant, nominaliy In the range from 5 to 47y,
If the scanning beam moves siowly enough, Csi w {1 be fully
charjed, If 3t Is the time the slectron beam is positioned

on ¢A1l, this condition requires that

At zsﬂLxc {2,2)

when the beam pasgses on to the next area (eg, the rotary

switeh advances), Csl wili begin to discharge through Rai

-t/R1C

elﬁ} = E_.e (2.3

T

Rél ig cetermined by Lél, the {lght Inclident upor dAs+%,

S 1 vy
RI Kl(LiJ (2.4,
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SIGNAL-PLATE

PHOTOCONDUCTIVE MATERIAL CATHODE OF
ELECTRON QUN

Il

mm:.m MAGNETIC FIELD POCUS
SONAL  AND DEFLECTION

Fig. 2.2a Diagram of Vidicon Camera Tube

BIMULATED
SBCAN

CIRCUIT CLOSED BY SCANNING ELECTRON BEAM
Fig. 2.2b Operation of the Vidicon Camera Tube
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Gamra Is a falpeiy constant characteristic sof <¢the tube
nominaliy about 8,65, (It Is always [ess than 1, 9lince
photocenrductivity ls a primary carrler generation process;,
The effective rosistance of R«l depends on the mean
tight flux during the time, Tss, Detween scans, Thus,
the respense of the vidicen represents an [ntegration over
Tes, Under the assumption that Teés << RaslsC, the charge 9041
which Is 1oet from 3A:L Destwesen Bsucscesdive scans, Is given

by

E.xT
. - Tg/RiC T 8
aQ, = Cle;(0) - e (Tl = CE{1 - ¢ %) = 55— (2.5

This charge must be replaced on the next scan, resulting In

s signai current throygh RasZ of

E T
. -5 _ T8 (2,8
L At Rl At

For iatesr vreference, ws define EsT/Raq to be the
photocurrent leép, excited by the Inclident light fiux, From
Equations 2,6 and 2,6, the yideo output current Is thys
proportiona| teo

i ~K2x:z:,rx1? (2,7

L i

#
This squation |Is an siementary pnhotometric model, 1t

raiates a iight isvei Lei to a slgnal current (4L, A |inemr
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galn fuynction can be applled to this current to obtalin the
voltags that 1s digitized for entry Into the computer. Thls
simpis mode! uynfortunately GBreaks down  Decause of
pecul laritiss In the photosonductive effect (RCA REVIEW
C19511),

The Cohu camera uses an RCA=85074 vidjcon, The
light transfer ‘characteristics of this tube are shown In
Flgure 2,3: (adapted from the manufacgturer's applicatian
shestl, The siope of |inss on this i0g=iog piot Is what we
have called gamma, [t cioseiy approximates .65 over the 4}1
rangs In  target voltages and 18,002:1 range of Incident
|1ght; covered In the flgure, (Flgure 2.3 was® originaitly
pararstized only |(n terms of dark current, The targest
voltages that are shown were obtained from Flgure 2.4, They
ropresent average vaiyes at the Indicated dark surrent,)

-Sanai out ve, target voltags at a constant
fiturination leve| aisc piots on log=i0Q Daper as a stralight
{ins, This |8 eharacteristic of a powsr function, rather
than the |lnsar rejatlion expected from Equation 2.7, Thus,
gror smpirioal evidence Equation 2,7 s supsrceded by

0.65§ o

i, = K, xL ET . x3 = z.vsaxw"" (2.8

L 3

& can be callbrated from the siope of the best isas?
square fit of log li¢s vs, |09 £+7, o way calibrated wlth

a fiat=white specimgn of prightness L=28ft=c. o=l 4
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2870*K TUNGSTEN ILLUMINATION ON
TUBE FACE ~ FOOTCANDLES
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Fig. 2.3 Light Transfer Characteristics
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Fig. 2.4 Range of Dark Current

72



provided =& consistentiy goocd giedal fit over the range
10<E+7<35, Locomiiy, sliope varled unrepesatabiy from 1.2 to
S A varlation of this magnitude wis 8190 gncountgred as
the brightness 0f the specimen was varied bDetweesn 3525
ft,c. The mean valye of @ tends to Increase toward 1.6 when
L drops below 187%.¢c, The Iingremental vajus of w gat g
particulgr 1ight jeve| gnd tarost voitage ogn pe estgbiished

experimgntally, using Equation 2.9,

A constant e i3 not sufficlent for photometelie
accyracy, Howsver, the value e=],4 {(ysed with Equatien
2.8) doss provide g saptisfgetory, relgtive ordering of
fntensities agcumyiated over a wide range of targst
voitages,

e {8 even worse dehaved for cojored specimens, The
spectrai sensitivity of the camera (s & complex function of
target voltage {ses Chapter 73, As a resuit, the sffect|ve
vajue of a varies from {1 to 5, depending on obJeet color,
This varlation g4ef!es concisy aAnalytic statgmgnts,

In this thesls, we wiil assume the uss of white
objects and thus s nominal vaive of ﬂa;:t, unisss statasd
otherwise, N

The instantanecus video signal repressnis the

ditfesrence of the |ight level at & raster opoint from a
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refersnce dark Jeyel, {(The dark (eve| Is generated within
the vidiecon, when It i3 bianked during retrace,) This signal
s @a,c,=coupied to a jimear ampiifier chain., The overal|
transfer function, refsating the voltage at the Input of the
digitizer to the |ight flux denslty, Iinclident on the vidiecon

faceplats, can be sxpressed In the form

Vout = K(L)’”zg , K = 0,0095 (2,15
K and & have been callbrated fgr a Scens (ijuminance of
287t.c,, T# 1,4, and a .5 (neutral) density fliters K=,0095,
w=1,429, (To reitergte, L in Equgtion 2,13 is the 1ight
fiux density that actually reaches the vidieon surface,
after ail optical attenuation.)

The ampl|fisr has a 1.5 v, dynamic output rangs,
this range I8 clipped by the digitizer %o a maximum absolute
window of @ to 1 v, Equation Z.12 determines the range of
{{iurination that wii| produce signals lying in this window

11,3,1,1.2 INFLUENCE OF TARGET VOLTAGE ON IMAGE

The camerg sensitivity affects the gomposition of an
image In two ways!l
. N 1t estabi|snes the range of scene brightnessses

that wiil be {lneariy encoded by the aguantizer,
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2. It affects the signal gain snd, thue,
datermines the minimum contrast thst can be resoived, Thess
offects nre not Independent; the minimum rescjvabie contrast
is constralined by the dynamic range, I# EoT7 |s turned up
too high, the galn [n contrast wil] be nuliifled by ollpoing
in the quantizer,

In opractice, E47 {9 aiso constrained by the maximym
voltage the vidicon can tolerats at prevaliing 1ight levels
without blooming, This condition destroys the detal! near
the stens highilights, The camera can aise sustaln
perranent physica| damage when opesrated in this state,

This {imitation iy most significant In a Scens,
sncorpassing & wlde range of brightnesses, The brightanst
object sstabiishes the highest allowable target volitage,
This Iimits DbBoth dymamic rancs (8§, the dimmest objegt
that car be percelived) and minimum reso|vabie contrast,

Im our system, the auto=target cirgult physically
constrains EaT, [t is adjustsd to overrldes the

computer=seiscted target voltage when 1t wsxcesds a sale

favel, The aytoetarget was designed to maintain a
constant average signa! [eve| over the entire scense. The
effective maximum target volitags will thus Yary  § ]
Le{e~gamra/9) (sees Eguation 2.18), (The maximym voitage

leye!s are aboyt 35y, at 28 ft,c, (a PTlat-white object In
srdimary floyrescent room ||jum|nations) and about 20v, at

168 fL,c {1{jymination, suppiled by & 1220 watt, diffysed
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xenon arc source,) Unfortunately, this scheme doess neot
orovide adecuate protection from smali. glossy highliights,
Sueh highilights can concentrate a econsidersbile amount of
snergy onto & smajl ares of the target without signiflicantily

affacting the global avsrags,
11,3,1,1,3 NOISE SOURCES

To utliilize the camera sffectively, one must be aware
of 1ts i1imitations, There are four principal nolae

sources (Schrelber [1964])1

1, Signal Shot Noisse

The mesasurement of 1{ight 1levels s basicalliy s
srocess of counting photons or, in practice, of _counting
slactrons dislodged by nhaton:; Statistical filuctuations
fimit the accuraey wlth which the agtuai light jevel can be
measured, ThIs inhersnt source error |3 known as shot nolse,

Ths Polsson oprocess |8 ths standard mode | of
particie arrivai assumed In the anaiys|s of signalling
srocesses. Wleh stsady Iliumination the number of
photons (Njy that arrive In a time period (T) determine a
ratio, N/Ty thtt? will fluctuats about the mean photon

L]
arrival rate, o, In a manner predictabile from Equatien 2,11,

N -af
Prob (N arrivals in tme T) = {2 — (2.11)
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For lergs counts (se?>>1), the number of particies arriving
in time T Is closely approximated by a Gavessian distributien
sf mean (sTj and standard deviation (wTy+1/2,

The basle noles characteristics are set DYy the
number of discrete particles contained In sach sampie. The
vidleon target converts photons Iinto electrons with =
sonstant aquantum efficiency, We will oursus our anajydis In
terms of the number of carriers, comprising ths resultant
phetocurrent, Rewriting Egquation 2,6 %o sxpress signal
current 13 In terms of ths photocurrent, lip, aives
Equation 2,12

i = 3%%3! (2.42)
The tota! chargs storage required to maintain this current
ls (lespeTin), Using o the standard coulomblie charge; the
number of discrets charge carriers I8 thus

o _’ﬂ_’_;_z:g (2,19
Fronm the approximations admitted by large Foigssen

distributions

i x
gzﬂ' = .2—a-—-§ {213."‘}
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but

i o= (ﬁ)w (2,148)
Thus
IRl KR

Typleai vaiues for a weak signaj are!
L=t *¢t, &,
fsnedl micro=amp s (nominal vajue from Figure 2,3 at
E+Teggv,)
841,785 (18ve7)s
(S7 mlero=sec./333 samp (68 per horiz, (Iine)
(e21,6%10+=1% coulomb/electron)
Using these values, Equation 2.15 yieids a noise gurrent ofi
I 19 1/2 .
g = [(—1—-'-5—“’—_,;) m"’] « 3.06x10 % amps (2,18
L\1.705 x 10
This signal Is wespecialiy vuinerable <to the effects of
additive nolse pricr to any amp|ification, becauss the tota|
particie count 18 then lowest, Let us consider the

ather demingnt jow=ieve| noise components,

21- D.rk {:Uf_f'ﬂt

The vidicon target, In the absence of 11ght, behaves
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like a |[eaky resistor, This dark resistance Induces a: '
so=calied dark current, which acts Ilke a constant bias |n
tneg presence of a E;ght-!nuucaa signal, Fluctuyations In
this dark currsnt Jimit the smaliest signrnal variation that
can b8 getscted,

Let [+d be the average levei of da*k current which
is atgdlitively combined with signal gurrent l+s, Let lag’
b8 the ieakage current In each elemental area of the targst,
led’ 18 anajogous tg the role of i4p in Equation 2.12 (but
results from therma| rather than Iignt generated carrisrs j,

Thus:

d__'S (2.17)

f+4g’ tords to be yniform over the targst and to I(ncresase
directiy with temperaturs,

There are two principal causes of Tiuyctustions |n
FY-E

%o Scan non=iinearities account for varlations In
3t, This varfablijity |s usually not a significant factor,
Magnetlic deflection systems are typicalfy better than 95%
jjnesr over an #nt;re frams.

2. Snot nolse . is also inherent in the dark
current, Because ths mechanism of dark current gensration s
compietely analogous to the effegcts of a jow level ilght

source, aoplied uniformiy over the target, we can adapt
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Equation 2,15 to write

e x i _
'id At

In Figure 2.4 we note that the [eve| of dark currant
[s strongly effected py thes target voltags, At a target
potential of 20 v, (as used In the caiculation of signal
shot nolise), ths worst jeve] of dark current Is adboyt
2e(ic*~8)amps, Sybst|tuting in 2.18 and taking a sgusrs

root yields the nolse csurrent.

1/2

6 x 10-19 i -1
ffi - (1.63':}.0 -7)!,(;08 - 1. 36 10 0 t21=9}
4 Ni.706 % 1077

The dependence of {sg on target voitage I8 an
important facter to be considered, whnen deciding optimal
sensitivity ssttings for the camera, An anaiytle
sxpression of the reiationship was derived from an empirical
fit toc the data In Figure 2.4, The values of dark current
(above the |eve] of Z28{1D0*=8) amps,} are sssentialiy {inear
on this logeiog plot with & slepe of 3,97, The approbriate

functjonal form |3 thus

= Bzcﬂﬁ

i T (2,22

d

The caiculated best f[t for the worst case of dark currant




is

_ 13 _ _3.97 |
jd = 1,37 x 10 KET ‘ ET>2OV (2.21)

In the range of E«T from 10v, to 28v,, & passabls
approxiration to a |lnear f1t can be made with a |ins of
siope Ne2.0,

Dark current acts as a pedestal wunder <the signmai,
This limites  the rangs of Dbrightnesses that can be
simuitanecusly Iineliuded In the 1v, window of the guantizer,
The problem is compoynded, becayse jow |liuminations require
a high target volitage to increase gain, This Introduces
nigh derk current, Galin and dark gurrent both tend to bias

the brighter parts of a scens oyt of the usabls 1v, ywindoy,,

3. Theera!l noige
The output slignal voitage |s produced by a current
flow through the target resistor RilL, This flow Induces
tharral nolse glven by Eguation 2.22
2xKxT

ir Rsﬁ<ﬁt

Kzgoltzman’'s gonstant, 1,380(40+=-23)
Joujes/deg ke ivin
Ts0e300 degrees Kel. (nominai)

Regs{4p*6) ohms
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Frorm 2,22 the therma| nolse current fevel Is found to bel

-23 1/2
o, = (_g i "“‘329) = 2.16 x 10710 (2,25
r 107 x 1,705 x 10

This vaiue |3 Independent of target voitage bDut, Ilike dark

gurrent,; Is temperature sensitive,

4, Prearpiif?ler nolse

The oprinclpaj nociseg sourpe In normal operation
appears to be fliyctustions |[n the bilaw current of ¢the
prearplifiesr, The FET |nput stage in our camera’s amplifier
chalin contributes an rms noise current on the order of
2,40107(=9) amps, (The mean i9 taken over read ocut t|me
8t,) This nolse Is a combination of normal shot nolse (Savin
[19653) and Induced stray currents, plicked up in the nelsy
slectrical environment of a computer room, It 1s
Indepengent of target voltage and [ight feval, But It does
depend on such nonsoptical aspescts of the environment a3
temperature and sisctromagnetic activity,

The four nolse sources are uncorreiated) the overail

noise power is consgpauentiy givern by

tzrz --of +a? +ai2 -b-af zu’?
] d T a a

(2.24)

The signifiecance of this nolise s eatabi|shed by

comparing It with the maximum signal level (1lv,) at the
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taput to thes quantizer, The transfer Impedance of ths

amp!1fler chain can be Inferred from Eguations 2.8 and 2,19,

Geg = 0.34 x 10° (2,2%)
3
On the assumption that amplifier noise I» dominant, the
nolse level at the [nput teo the auantizer I8 then {roughiy)
Beir(=31v, the strongest signal is 1v, {iimited by

saturation}, Conseguentiy, the signal/nolse is about 125,
11,3.,1,2 QUANT]IZER
11;3&1%2:1: ﬁiﬁﬁaiﬂi th?ults

The guant|zZer sketched In Flgure 2.5 was designed by
wichran (19671, 1t gonyerts & sejected aart}aa af the 1y,
dynaric signal range of the video-ampllifier into a 4 bl
digital numbsr In real time, (The paralie| ecomparatar
string mas bullt with Falrchlid mioro=iogle and offers
ovarall conversion ¢times of under 5P nancesgconds/sampie,)
The outputs of <the 13 comparators are subssquentiy
gray=coded to avoid race conditions, The compyter
transiates thie encoding Into a 16 jeve| Intensity Iin the
rangg from @ to 15.

The sonversion window |8 seiected under computer

control, 1¢ is definsd by two 3 BbIt numbers
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SBIGNAL

BOTTOM VOLT o
1 T
©.5- 5

TO GRAY CODER

LEGEND D/A - 3-BIT DIGITAL TO ANALOG CONVERTER
A - OPERATIONAL AMPLIFIER, FAIRCHILD uL709
C - INTEGRATED DUAL COMPARATOR, FAIRCHILD uL711

CIRCUIT DETAILS CAN BE FOUND IN WICHMAN [1967]

Fig. 2.5 Simplified Schematic of Fast TV Digitizer With Adjustable
Quantization Window
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{(TeciipsBeliip}, Thess numbers are transjsted by D/A
sonverters (nto the voitage (sveis at the top and bottom of
the reference ladder,

(Eguations 2,26a,b rejats thess top and bottem

fadder voltages to Tellp and Belip,

Top-Volt = [§+ (7- Telip)/a] (2.260)
Bottom-Volt = (% - %B) (2.260)

Tciips Bellp are poth Integers, satisfying the constralint

0 = Tclip = Belip < 7 (2,26e)

From these eauations It Is seen that the top of the iadder
can b9 set to any intepral muyitipie of 1/8v, Iin the range
1/78v.<top volt<ly, Ths bDottom vocitage can be set from 9 ¢to
7/8v, In simllar Increments,)

With the window wide open (Tellp = @, Beilp 3 7) the
16 Intensity leveis avallabie In the computer correspond *%o
coarse 1/16v, ateps over the full Liv, video range. For the
narrcwest window sach isve| represents 1/16 of a swselected
i/8v, total range. Equation 2,264 rejates the 16 relative
jeyels, B<I<is15, to corresponding yolitages in terms of <the

absoiutes range ssjected by Teclip, Bellp,
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V@) = & (Top Volt ~ Bottom Volt) + Bottom Volt  (2,26¢)

The gbliity to accommodates the quantization window

greatly snhances the effsctivensss of the four avaiiadlse

bits. The auantizer can resgive Intensities in selected

178v, ranges to the squlivailent of 112 f(eveis (abuut & 1/2

Bites) over the tota] iv, range., This figure |s based on the

fact that out of the 16 possibie ievels In any windew, <the
fowsst and highest values Indicate onl|y that the samplis I»
out of range (low and high respectiveiy). The 14 middis
values are valld voitsge representstions in the sense of
Equation 2,260, There are 8 possibls 1/8v, ranges, sagh
eontribyting i4 definitive levein, a total of 112,
{Aiternatively, [t could be sald that the specifioation of
the window contribytes three additional bits of information
te the 14 ||near lsve|s Inside the window,)

1t is possipie to simulate the action of a 6 172 blt
dligitizer over the ful]| dynamlie rangs, A sgens |s observad
through eagh of the sight narrowest window positions, The
w|ndow number and value are rescorded, when the intensity s
in the range 8Ligis, As stated, this procedurs I8 very
inefflolent, It should seldom be necessary, however, %o
sample ali sight windows: there 15 rarejy important
Information {n ai] range®, Furthermore, fine detalli IS not

necossary oxoept to resoive specific ambigulties, in syeh
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casey,; the soecific marrow window that brackets the Inltial
data t(cbtalimed with coarse quantization) can be ssiegted

girectiy.
11,%,4,2,2 INFLUENCE OF QUANTIZATION ON IMAGE

The Infiuence of gquantizatien depends on how the
intensity informgtion In an Image Iis tc be used., There arse

two basic typss of i(ntensity measursments!

1. Ditferentiail In appiications, such as sdge foliowing
and scaulsition, 1t is important to know that two
intensitiss differ, How mugh they differ s lens
significant, The 16 intensity ievels In any window can bs
used dlrectly without calibrating them to any absolute scaje
{as wlth Equation 2,26d;, Differential data is gonsequentiy
iess costiy to obtalm, Prlor te the present work, the cnmn?a
was only used in this way,

The prineloal inflyence of the ausntization wingow
width on differentiai intensity measurements is to offact a
trade-off betwesn dynamlc rangs, on ths ons hand, and
intensity galn and resolution, on the other, A wide
window ppovides col,ge pegoiution over a bpoad ange of
intensity. A narrow window provides fine discrimination
In a seiscted rangs, The detalls of this trade-of? are

symmarized by four consideratione:
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i. Oynamic Range, A narrow window wi|| not detect
any edge, both sides of which |l above (or beiow) the
window boundary, Reca{! tha |oss of edge B |n Flgure 1.7,

2, Guln, When two [ntensities are contalned
within a quantization window, narrawing <that window wiil
snhance the diffgrential contrast betwesen them, The AL T2
Is sauivaient to pure gain, slnce any noiss 2that may Bhe
present on sither sigral will also bs amplified leaving the
ratlo of contrast/nolge deviations unchanged.

3 Neles |imiting, If the window width Ig narrower
than the contrast between two Intensities, such that one
registers as out of range Iow and the other Is out of range
nigh, then the sdge transition will be effectively sharpensd
by Intensity thresholiding, This hard limiting eliminates
nolse on each 13s|ds, These effects ares shown for an
intensity profije of an sdge In Fligure 2.6,

4, Contrast Resojution. Two Intensities may be
jumped inte the same guantization levei and 8o be
indistingulshable when viewsd through the coarse resolution
of & wide quantization window, Narrowing the window may

improve resoiution snough to detesct an esdge,

2 Absoluts! For tasks such as color analysis gar
odgs Jdetectlion, using statistica| meathods, diffsrentiaj
measurersents are not sufflciont, It |9 Important in these

cases to obtalm the actual juminosity of the specimen
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expressad on an absofute brightness scale, (Absciute
measurersnts are nesded, for exampls,; toc compare intensities
obtaineg with different color fliters, The brightness of
colored objects Is stronsly affected by the color of the
fiiter, A single window that |s wide enough to contain the
range of intansit|es from al| fliters may provide Inadeguats
rescjution, | The aijternative Is to use a window
optirized for each fijter, This would preclude a
direct comparisen of the observed values.,

Abspiute measurements, by definition, require that
ajl intensities be In the |Inear digitization range (1.,..14)
of the aguantizatlon w|ndow, Narrowing the window reduyces
the nurber of ([ntensity samples In an Iimage that can be
valldly encoded, There I8 no concept of contrast sahancement
associated with a reduction in window width., The additional
riiaiutibn simply reduses ths uyncertalnty intrﬁﬂucad into

the measursment by guantizatijon,
11,3.1.2,3 QUANT]ZATION UNCERTAINTY

An Individual intensity sampie (S an estimate of the
mean brlghtness of an ob ject, in the absence ot
ayantization a Gayssian distpibuted varlacie wiii differ
frorm i1ts true mean, U by an amount less than 8u with

econfidence glven by
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(2,
C = 6(—-“) . 8. = standard deviation of u 2.27)
zl_d d
Pni(y) Is the well=known normal srror Integrai, its vajue

fs the proportion of total arsa under a normailzed-Gaussian

curye contained yithin /= y units of the mean,

*

o0 = 797 | X2 gy (2.28)

(3
=Y

Qur opresant probjem |s to determine how the Introduction of
auantization will atfect the accuracy and confidence with
which the trus mean can bes estimated,

Intuitively, with very flns gquantization., the
Jyncertainty of the aquantized signal must approach the
inherent uncertainty of the orlglinal source, glven by
Equation 2,27, On the other hand, with very COarss
quant!zation, the uncertalnty Introduced by the gquantization
jnterva| must dominate. In the jatter case the quantlizer
can be thought of as gontributing additional noiss to that
already present In the original signai,

These !deas Pave been formajlzed by Ross (Susskind
(195713, He determined the sa&ccuracy with which <the
statistics {mean, mean squars stc,) of a signal could be
recovered fTrom a guantized repressntation, Specifically,
Ross corplied a probablifty density function from quantized

intensity samples, Yo evalunrte the accuracy of thils
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reconstruction he calcuinted 1ts moments and compared them
with the corresponding ones obtained from the dens|ty
tunctlon of the original time series,

The probabliiity density of the amplitude of a time
function relates the percentage of time over some
measurerant interval that the function spent at eagh
amplitude fleve|l In (ts domaln (ses Figurs 2,7). AL
statistical parameters of the original time function (eg,
the average or mean, ths mean sguare stc.) ¢&n be found from
its density function,

OQuantization can be modeisd as & samp|ing operation,
appiled to the Intensity range of a signaj, Ross based his
analyslis on clever analogliss drawn between this model and
the weli=understood process of time sampling. He reasonsd
that probabli|ity density Is a function of amplitude in the
same Sense that the orliginal funation is relatesd to time,
Sampiing rate, 1/7, for a time gignat |s determined by the
frequsncy content of that signal, The proper auantizing
{ineness, 1/a, shouid thus be determined by the analogous
fregusncy content of the ampiltude oprobabijlty dens|ty
function,

The following Is a sketeh of Ross’ results. It 1Is
my fesilng that the general sesnginesring community 83 not
aufficlentiy awars of ths fundamental nature of this work,

Guantizing Thecrenl Let w¢x) bs the probabiiity

density of time funetion x{t}, W(a} denotes its Fouriar
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transform, Let g be the width of a gquantization interval,

1t
W(a) = 0 for |Ja| = % (2,29}

then wix) may be completely recoversd from quantized sampies
of x{t),

Proof of Quantizing Theorem,

Figure 2,8a compares ths contlinuous probabliijty
density funection wixj) that was obtained from x{(t; with the
discrets densty function w’'{(x) developed from digitized
sampies of x(%), A guantizer converts afil vajues of x{t)
within a cgontinuyoys oquantization rangs Inte a singls
discrete valus xipg{t) corresponding to the midpoint of the
sagmsnt, Thersfore the distribution function w'(x) of the
auartized signal willi be zZerc at ajl vatues of x except
integra]| mujtiples of g, The vajus of w (x) at ng represents
the fraction of the values of x{t) contained In the Intervaj
ng={a/2)<xsSna*{a/2), (A quantizer effectively |umps iil the
denslty under wix) from (ng={g/72) to nqge{g/2)) Intoc a singie
Impyulise at ng,)

To compieste the anajogy of quantization as a
sampiing process It [s necessary o devise a function whose
valus at the sample points ng |3 the area under w(x) In the
surrounding interve| of width g, Figure 2,8b suggests

that this function can be obtalined by convoiving wix) with a
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Fig. 2.7 Probability Density of a Random Signal

w(x}

w'{x)

AREA OF IMPULSE =
AREA UNDER CURVE

299 0 q 29 3g
Fig. 2.8a Sampling the Probabllity Density Functien

| 1
Ix) = 3° -3ex <3 qf (2q-9

1 | sl

0 OTHERWISE ":'

w(x)

*fl{x)

w'(x) = q Jwiyy-x)dx
w'(x)

0 19 29 3q
Fig. 2.8b W'(x) From w{x) by "Fuzz and Sampie"
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rectanguiar pulse, qfi{x), Then the resuiting “fuzrzedn
funetion, w"(x), can be samplied at integral intervals ng, n
» 9,1,2,,., to obtain the quantized distribution ¥ (x),

Aith this mode|, on® can determine the maximum
guantization Intarval which will allow adesguats recovery of
the desired signa| statistics, Sampliing a functlon In the
time dorain with a pesriodie Impuise traln Is known to
qsnerats a operlodically repeated spectrum of ths sampf{ed
function In the frequency domain, [f the sampiing rate |Is
at iesst twice thes highest freauency found in the
(band=iimited) signal, then the perlodic spesctra wlli| not
overiap, The exact spsctrum of the original signal can then
be Isoiated by [ow pass fi[tering. 11 the signal
Is rot pand=fimited, or the sampllng rate not frequent
snoyghs then allasing of the spsctrum wii| comprom|se
recovery of the original signal,

In quantlization, the amplitude axis (gf the dens |ty
fynctiorn) rather ¢nan the time exls Is sampied, Ao are

thus concerned with isclating the spesctrum of:

w (x) = wx)® fix) . & = convolution (2,323

From the periodicaliy repeated spectral xsrnal

W'”£Q) - W‘ﬂ’} 3 F(a} {2« 31}
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{Note that the factor of g, Introduced in Filgure 2,8b, s
canceiisd by the spectrum of the cerlodic sampliing pulses
with whieh 2,31 Is convoived,)

The ansiysis Is completely analogous to that
deveioped for time sampliing. Samples, spaced by q In the
amplltude domain, wli! have separaticns of 2=2/q in the

freaquency domain, Ff{a) is not bandejimited,

stn o x3
) e 2 :
F{ﬂ” - i {2,32}

2

Thus, W’‘’{a) can be sxactiy recovered providing conditjon
2.2% applien,

W(u) |s obtalned from W/’{«) by dividing it by Fle),
(tThe division can be performed since [F{a)|>8 for |®iSe/q,}
Finaitly, wix) s retrisved from W{w; by Inverse

transformation,

Applicatign of Quantizing Thegrem t, Gaussian Sliﬂlis

In th's thasls we are gconcerned a|most sxciusively
with digitizing Gaussian distributed signais. The spectrum
of a Gavatln% waveferm s aiso Gaussitan and 2thus not
strictiy bands|imited as reguired by tnes gquantizer thecrem,
1t Is well=known, howaver, that, for practical purposss, the
dynarlc range of such signajis s seffectivejy 3 standard
deviations on sach side of the mean, We would expect to do

reasonably well at rezovering the first few moments, ¥ an
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adeqyite nymber of aguangization Ingervals are spaced oyer
this dynamiec range, Ross caiculated ths theoretical
sffeocts of fojdaver Trom finlte quantization of a normaliy
gistributed signal., He reached the Intuitively satisfyling
conciusion that with, a gquantization I[nterval one standard
deviation In width, the flrst four moments of the quantlized
distribution differed by Iless than J«(10*-5)X from the
corresponging moments of wix), This ressiutieon oproviges
gniy 8ix guantization leveis over the dynamic range of the
distrlbution, Yot, finer quantization wiil not
cignificantly Improve the statistical characterization of
this signatl, .

The resuits of Ross’ work can be summarized By
noting that the effects of quantization contribute twe
distinct modes of nolset

1, aliaslng causesd by undsrsampiing and

2., ths fuzzing effeet cof a finite gquantization
Interval,

The flrst rasult s rejevant to iho seiection of an
sppropriate guantization window, The theorem states that
the width of a guantization Interval (1/16 the width of the
entire windew) should bs on the order of 1 standard
deviation to avolid ailasing effects. With thlse
guantization finensss Ross showed that the sexagct density,
win), of thae sriginal ¢time signal, x(t), could be

thesreticalily recovered, However, an sxpensive deconvoiution
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is requirsd to remove the effscts of nolse source 2, the
fuyzzing fungtion, tn practice:; quantized signais are not
subjected to this processing., Therefore, what !s observed

is the density function

wtn:w =I ww){u - }’)d" {zqss}

rather thanm wix}, w’’'{x) |s ths same density
function that would be obtalned If an Independent source of
random nolss with distribution function f(x) were added to
the process, describesd by wix), In other words a ?inite
auantization interval, 4, has. the same effect on the
recovered moments &s would a source of yniformiy distributed
nclse of mean 2 and mean sguare {power) of 8q*2/12, summed
inte x(t) befores the moments were calculated, {This mean

square value (s based on

v 3
szfu)dx = -1- ] Xz.dx = 9}-2 ‘2‘3‘}}
q
"sz

(This result |s weljeknown to statisticians as Shepargd’'s
gorrection to the 2nd moment caleuiated from grouped data,
1t is the error that will pe Opserved py calguiating the 2ng
moments from W’’‘({o)sW(a)sfF(e) rather than first dividing to

remove tha effects of ths fuzzing function,)
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Imollcations for Noiss Reduction by Averaging,

The model of a quantizer as a source of uni{form
randem noise |8 only valld, when <the obasig quantization
Intervaj is smaji enough to eiiminate allasing. ™is
constraint has [mportant Imp|igations for accommodative
stratesgles, Tempooral averagding of the quantized signai
will reduce the comblination of quantization and sourcs nelse
(described by w''‘(x}) by 1/sart(N), If the guantizatien
intsrva| does not satisfy the silasing constraint, however,
the effectiveness of this averaglng must deteriorats, In
the 1imit when the Interval width becomes greater than the
maximum signal deviation, no improvement by averaging [s
possibie, Since ai! samplies wil| be quantized ¢o the sams
vajus, {The theoretical reiation betwesn averaging
sffactiveness and quantizatlion width warrants furtner
investigation, Ross’ mode!l seems (lke a promising
approach to use,)

Averaging cannot porrect ths loss of detal!, caysed
by undes,=~samp|ing, Allasing unceptainties can be removed
only by using finer auantizer resciytions, Narrowing the
wingow beyond the rsaulrements of the quantization theorenm
wili reduce the fuzzing wuncertainty (Equation 2,34),
Howsver, un|ike sveraging, It wiil not refing ¢the baslec

uyncertainty Iin the soyurce,
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11,3.2 OPTICAL CHARACTERISTICS

In this section we briefly derive Some wsll=known
resuilts from ophotographic optics tmrat are necessar, to
understand the optical accommedations of our camera,
Readers wishing more detall are directed to any standard
photographic text (o9, Larmore £1965), the primary
reference for the discussions that foliow),

We wil| describe ¢the I[maging properties of an
slerentary camera, consisting of a simpis convex lens. iIn
actunility, our camera’s jens contains two siements, but the
results of our analysis depsnd on|y on parameters that can
be modeied by an sdulvaiesnt fens,

Flgure 2,9 |ltustrates & singie lens camera, The
region from objesct to l(ens will be known as object space and
x, the obJject distanes, Correspondingiy, y |8 the Image
distance In |mage Spags, x and y are reiated by the focai

length, according to the weil~-known Gaussisn (ens sguation

(2,3%)

o [
-
b [
]

v | s

{This esaquation can be derived directiy from the geometrie
optics of & simple [fen%; rays through ths |ens center are
not bent, whije rays pars{js| to the principa| axis ars Hent
to pass through the focal point, A derivation in whieh

the lens |s modesied by introducing phass delay intc ths wave
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front Is given In Goodman [1968],)
The |ight gathering power of a lens Is characterized

by Ites focal ratio or #, defined as

The Jatera]l magn!fication, M, is gliven by

m = > (2,30

From simliiar triangies CAB and CA'8B’ In Figure 2,9, M can be

axpressad as

. o Y (2,38)
m 4 x

11.3.2,1 EFFECT OF OPTICS ON IMAGE BRIGHTNESS

I1n a 9trict sense brightness (% a supbjective term,
applled to an obJect’s appearance, as seen by the eye, For
auantitative measyrements we deflne

1., {umlinous |ntensity as the tota! light em|tted by
a source,

2, {uminance as the I|ight emitted or refjected per
ynit area, and

3. Jiliuminance a3 the |ight/unit area inclident on a
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surface, To [llustrate the use of these terms and introduce
more Standard definitions Imagine a opoint source at the
center of a 1 fgot sphere. Tha [uminous intensity of the
source i3 S candie power, It emits jight flux that
propagates through space. The unit of flux Is the lumen,
4 lumens=1 gandie power, The [i1luminance (light/uynlt
area); falling on the Inside surface of the sphere, Is
12S/742(R*2), This eguation is the faml|far inverse 9®quars
taw, 1f Ssy candie powar, then 1=y foot candie, Expressed
in termg of the luminous flux density,; this iijuminance Is

squivaisnt to { lumen/square foot.
11,.3.2,1.1 PHOTOMETRY OF A BROAD SOURCE

It |Is ssidgom necessary to [ook at a point source,
The i1ght fluy (In [umens), reflascted from a surface S per
unit area, Is known as the luminance E¢s of that surface, In
order to estadiish Image Drightness in tuims of the
brightness of an object, we ‘temporarily make three
simpl|fying assumptions (Figure 2.1%a)!

The object Is distant and wijll be imuytd In
the focal plans of the tans,

2. The object |s perpendicuiar to the axls.

3. The surface s a diffyse refjlector.

First, the lifuminance at the lens wi|| be found, 1¢

Ais |8 the ares of S, Esisesdis wi|l be the total emitted f|ux
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in lumans, If am Imaginary hemisphers wers constructad
about this source (Figure 2.19b): then ajl of the fiux
emitted by S must be Intercepted by ths hsmisphers. Let
the Intensity {(le, flux density; at the center of <the
hemisphere (the poSition of the [ens) be [+1.

A dlffuse reflector appenrs squally bright from ai|
glirectlions, Lambert’s Law states that since the projected
area of the source decreases a3 ths cosinse of the angle
petween the viewlng dlirection and the perpendicular, the
flux deansity must ajso decresas® (&S cos (theta)) to maintaln
the appearance of constant I|juminance. Thus at any off
axis position on the hemisphere [=[41 <cos theta, Is1 1Is
defined by the regulrement that the total surface integral
of | sauals Eis9®Ais, Theg integral is sStraightforward under

the assumption that the linear dimensions of the sourcs are

L%,
EgAg = 2¢1, [™2x%sin 6 conodo = 1, x° (2,39)
o
Therefore, the [l|luminance at the |ens Is
E r
H xxz
1¢ the cdlamater of the jons D Is also <<x, the {|yx
through the [(enS wl;; Simp,¥ be
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Fig. 2.9 Single Lens Camera

AREA As

AREA A,

— x———f—

OBJECT LENS IMAGE

Fig. 2.10a Image Brightness of an Extended Source

Fig. 2.10b Light Collected by Lens
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1 (2,41

«her ali of this fiyx Is focused onto the Image of S, the

ftiyrinance of the [mage |8

2 g
I.*D EAD
1’ = i - i' - SAS ‘2:42)
- Ai 4Ai “ixz

where A4] (8 the area of the Image, A+l |8 reiated to Ass
by the sguare of the |inear magnification ratlo,
Al =mPx A, = f—-a (2,43)

8 x2 S

where T |s the foca| |ength of the [ens, Substituting Into

2.42 yleids the desired Image (i1luminance

g0

[ ] (2,44)

a H-:Fr

Recal!l that the focal ratio (f#) was defined as f/d. Thus,

I - EB_ t2|45}

The most sigriflcant results of the sbova
rglationships for oyr work are!
o The image brightness dsperds on the Sourge

vrightneass and the (ens 4, but not on the object distange
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X,

2. Brightness at constant f# [s Independent of
magnificatlion,

In concluding this sectien, It Iz appropriate %o
relay two of the constraints Invoived In this derivation so
that the resuits wiil be more appilicable In practice!

i, Off axls sources: S couid be piaced off axls
(We wii| do the ana|ysis for one dimension.) at an arbltrary
angie to the |ens (see Figure 2,11), Assuming [+1 |3 the
fiux density at distance P, perpendiguiar to S, then by
Lambert’s Law the fiux, approaching the {ens at angle phi

fror this perpandicylar, Is simpily

Eghs
1. = I Co8 9 = - 08 o {2.48)
2 i #pz

The projected area of the jens ajong this ray Is

2
At = .@- ; ¥2.473
‘AL 3 cos 8
Hence the total flux, absorbed %o form the image is (from

Equations 2,456 and 2.47)

F = LA cos ¢ cos § (2,48)

_ 10? Ees
2L 4 x_z

P

Agalm all of this fiux |8 focused ontc the Iimage of the

srojesctsd ares of the wsource, Aés cos (phily, The
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magniflcation of thg [ens in terms of & wili De

i i
m =% " pcosd (2.49)
thsrafore
2
< f ~
Ai = (pcos g) Ascon¢ (2.50)
2 -
I}Esﬁsc0l¢<m'9
. 4
3 Ag cos ¢
p cos ¢
2
E,D
I = cosgo (2.51p)

Nots that 141 |8 Independent of phl, Thus, In the case of gn
edge o0f & cube (see Figure 2,12) the differences In
brightness of the two adjacent faces wi|l oniy be a funetion
of thelr reflegtances and the Inclident [{iumination, In
the comren CasS® whepe the cube I8 a homogenesous body, ths
adge wili be man|fast entirely by differsnces in ¢he

girscticonal natures of the [ljumination Tielid.

2., Extended sources, Equation 2,40 which defined la1
depended on the fact that the object’'s dimensions wers <<x,

Optical systems, nowsver, are |lnear. Conssnuent|y,
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Fig. 2.11 Brightness of an Off-Axis Source

Fig. 2.12 Contrast of Interior Edge of a Cube
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extended I[mages can be analyzed, at sach point, using the

orincioie of superposition and the results derived above,

11,3.,2,2 EFFECTS OF OPTICS ON [MAGE SHARPNESS

Limiting Spatiatl Resoifution

In optical (Instruments, ¢the maln {|mitations on
spatial resociution result from dgiffraction and lens
aberrations, Howaver, the respiution in a diglitizad

tejeviolon image I3 [imited primarljy by the raster sampiing
rate and the bgndwidth of <the video ampilfier, In gyr
system; each horlizon¥al scan I|ine I3 sampled 333 times,
(This rate s consistent with the 12 mc. bandwidth of the
video ampiifier,) The horizontal Scanned area s 1/2",
Thus, the size of the basic resoiution cei! on the face of
the vidicon |s ,5/333=1,64108*(-33", Becauss diffraction
effects ars Insignificant on this scale, ail subsequent
analysis wil! be basad on the simplified modeis of geometric

ap'tiCS.

11.3.2.2.1 FOCUS

Depth of flield
The depe¢h of fleld 15 the digtance begween ¢he
nearest and farthest points on the optic axis for which al|

objects are In "satisfactory" focus. A workable
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definition of rsatisfactory” focu® can DbDes based on the
geometric model I[{lystrated In Figure 2,13. A point Source
af {ight, out of fecus., |3 Imaged as a circular disk, (known
in gphotography as & clrcie of confusion)., The diameter of
this disk | a measurs of unfocus, In particular, the
image of a point can be taken to De In focus, when the
dlarster of Its clrcis of confusion falls within a Single
resciution cell on the Image piane,

in Figure 2,13, a polnt source on the axis between
xei and x+2 wil| be [maged betwsen yi¢l and y:2, in ¢tnls
range, the slizs of the disk, defined by the rays In ths
image planse, wiil be |ess than the diameter ¢, Let c be the
dianrester of a resgiution cell, le, the maximum ailowad|e
clrele of confusion, Then xél and x42 defins the near and
tar flold (Imits of 7ocus for Image distance vy,

x4+l and xs+2 can be expressed as functions of x (the
nominal depth we are fogused for), f(the focal jength of the
{ens}, dithe dlameter of the lens), and c. The derivation
Is bases on simpls geometric arguments, From the similarity
of triangies In the image space

Y=y, Y-V

L. = {2.52)
d ¥y Y,

de use the jens formula to transform each of the y's Into a
sorresponding x In object space, Substituting In Equation

2,52 and simpiifying ylelds
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x{-xf xf - xf

%*;-11:-11{ 'I'l"!Lzl {2153}

Thess scuatiens can then be soived for x:1 and x#2!

{(2.54q)
x, % o = (2,540
The desired resuits foliow diregtiy
] = . - M ] |
Far Depth D, =x;, -x = dl-c&-0 (2,%5a)

Near Depth = D

c =~ ;
p = x- % = e (2,95b)

Depth of Field = D, + D, = - (2.858)

rf - -1y

The significance of these squations for our purposes
are!

i1, the depth o! field decreases as d increases, The
offect of a bigger fens aperture is to widen angles a=0il’ep
and a=0sz2’ed In Flgure 2,13, Conseaquently, the slze of the

clecle of confusion, corresponding to a polnt source a Siven
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distance from the focused range, wiil be Increassd,
2. The depth of fisid will alsc descrease a8 thy
foea!l length of ths jens Is Ingreased. This faet is most

sasiiy seen by rewrliting the lens squation |In ths form
x-Ny -9 =* {2,58)

Thls equation has been plotted In Figure 32.1¢4 In &
normgllzed form gy [gpeiing poth gaxes [n ynits of ¢,
Conslder the Image distances yi+l and yé2 corresponding o an
arbitrary Interve| of depth in obJject spacs, for sexampie,
2w to 27 -, Hith a i» jens {@g. ¥z1) these depths |ie on
the horizontal asymptote of the flgure, Thus, only
an Insignificant differeance exists between the yecoordinates
of thelr regpective best Image planes,
This situation typifiss a bBroad depth of flsid, Now
gconsider the effact of a 4" |ens focused at these 1two
ranges, Utitizing the normmjized axes, 123" and 20", now
plet at 2,5 and S respectively,. This oproduces a much
grater disparity In thg two focal distancegs (rgmembgr that
the y axls is aiso scalad by f), As a resuit, It Is mueh
marder for both points to be In focus at the same time,

3, Depth ot filsid varies |nverssly with rangs,
This fact can aisoc be demonstrated wusing Figure 2,14,
Decreasing the Image distance moves the operating points on

the horizontai axis towards thes sharpiy stoped region of the
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curve,

Depth of Focus

Despth of focus refers to the ajlowab|e tojerance In
image distance ovar whilch the Image of an object remains In
acceptabie focus, In Flgure 2,15, distance D reprosents
the depth of fecus for an allowable circle of confusion
dlamreter ¢, From the flgure, we ses that this interval |s
symrmetrically placed about the point of Dbest focus, By

simjlar triangles

< _4d
2
for x>>f, y~f, tharafore

We wsee from Equation 2,570 that depth of focus Is directiy
proportional to f# (eg, f/d defines the shape of the focys
trigngie in Flogure 2,153,

Depth of fosus measures how sharply the best Iimage
sjane 13 defined In Image space and |s thus a usefy|
criteria for bounding the precision of automatic focus
ajgorithms, In & reinted avplication the chosen point af
pest focus can be used wlth the iens eauatieon to provide a

crude estimate of depth, In this sontext It is Important %o
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Fig. 2.13 Diagram Illustrating the Depth of Field
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Fig. 2.14 Lens Equation: (X-f) (Y-f)= 12
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Fig. 2.15 Diagram Tlustrating Depth of Focus
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relate the uncertainty that D represents in the Image plane
to an eguivaient uncertainty In ocbject space, The jens
equation can be used to transform the and points of Interval
D Into object space, For d>>s, there Is an aigebralc
identity betwesn this reflected interval and ths depth of
flelo predicted by Equation 2,55¢c for the same f# and image

plane {y},

Fleid of View

The fleid of view of a televislion camera Is the
volure of sSpace encjosesd by the rectanguiar cone showrs In
Figure 3.2, truncated to the selected depth of fle{d, The
cons 1S deflned by projecting the image plane through ths
lens, At each object distance the inverss magnification

function of the lans |s

x 3

This factor, appliied to the dimensions of the Image pians,
wiil determine the width and helght of the scens that wi||
bs In view (The half angjes, & and P, subtended by the
projectsd Iimage plane, ars somestimes known &S the horizontal
and vertica] viewing angles,}, Fleld of view Is a function
of x (the range at uhich focysed), f{(focal Ilength), and

glirls),
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11,3.2,3 COLOR

A taievision camera rasponds ofly to the total iight
energy that |s absorbed by its Imags tube, Two surfaces,
easiiy distingulshed by the ty® on the basis of a cojor
diffsrence, may abpear with the Same tonal value when
reproduced In bilack and white, This situation was
I1iustrated In Figure 1,182 for the cass of three colored
blocks, The brightness, I, at yhich colored objects will be
rencersed depends [ntrinsically on three factorsy

1, the Spectraj compos{tion of the Sgurcse
liturlination St(Xx},

2. the spectral rsflectance of the obJject’'s surface,
O0{x), gnd

2, the spectral sensitivity of ths vidicon W({\)
(ses Flgure 2,16y,

These factors are rejated by Equation 2,59,
1= [ spomwe ax (2,59
A

A In practice I8 |Imited to the range 3580A*o<AC700BA%0 by
the sensitivity of the pamera,

Color fliters modify ths sSpectrai composition of the
|ight passing through them, Lat F{\) describs the spectral
trarsmission of a fiiter, The sffect of putting this fiiter

In the optical path (s given by
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Fig. 2.16 Typical Spectral Sensitivity Characteristic of Vidicon
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1 = [ spyoFMWE) ar (2.60)
A

Color fliters can be used, for exampie, to emphas|ze
seiezted colors (as In Flgure 1,18bed) or to restore ths
contrast betyeen two colors siiminated by strict bDiack/whits
tonal rendering, Im Chapter 7, ths reiative brfghtnass-s
obtained through the various fi|ters are used o recognize
color,

As a general rule, a oscolored Specimen can e
iightened, relative to ths average briahtnn;s level of a
scene, by using a f|)ter of aimiiar cojor Kie; a matched
fliter), Converse|y, an object can D8 darkensd by usinmg a
fliger of a differeny color or blackened by uging a fiieer
of the compiimentary cojor {see Chart 3,3).

The eolor whes! of oyur camera hojds thres color
seisctive fliters (In addition to & neutral patn), These
fiiters partition the gomplete epegtrum intoc thres Bbroad
band® gentered In the red, gresn, anrd blue regions, The
transmission characteristics are 9shown In Ffigure 2,17,
Further detajls can be found (n tne Kodak Filter Manuai

{1963;,
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TRANSMITTANCE TRANSMITTANCE

TRANSMITTANCE

A%
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10% [— |

100% ' I 4 :
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0E—

100% I ] ’
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15—

10%—
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Fig. 2.17 Color Filter Characteristics
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CHAPTER [1Il: [INTERPRETATIUN ANU USE OF MODELS

The oplcture taking process can be parametized as In
Chart 3,1, The appearance of a scens is characterized by
two=gimensional patterns of propsrties, |ike those in column
a. The camera transforms this scens into an image descripad
by the characteristics in column ¢, Becauses of the physical
fimitations of the came,a, oniy thoge characte,ligticg of the
scene, In the range seiscted by the accommodation parameters
of the camera, wiil appear In the Image. The camera, In
effact, Is an adjustable muitiedimensional window on the
world,

In this sectlion we wiii mode] the Intersction of the
camera accommodations (Chapter 2) with the scene
characteristics to determine the composition of an image, In
the following section we wilii use these resuilts to correlats
accormodations with the Information requiresments of specific

tasks,

[11,1 SUMMARY OF SCENE CHARACTERISTICS

In this study a sScene Iis I1imitsd teo table=tep
environpents simiiar to that plectured in Figure 1.1, The
simensions of the usabls hand=-eys woTk sSpoace are drawn in
Figure 3.1, Typlical objects have |ateral dimensions In the

rangs from 374" to 6", Detajl, whose sxtent is {ess than
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Scene Chltxczaristicq

Camera

Brightness (absolute
dynamic
range)

Color

Depth

Spatial Extents

Texture Detail

Spatial Noise
(e.g. dust,
chipped paint)

Sensitivity

Clips (quantizer) |

Color Filter

Iris

Focus

Lens

Pan-Tilt

Temporal Noise
1. shot

2. dark current

3. thermal
L, amplifier

| Image Characteristics

Intensity Window

Contrast

Color Tonal
Rendering

Spatial Window
field of view
depth of field

Level of Textural
Detail
1. Magnification
2. Spatial
regsolution

Spatial Noise
(combined
results of
scene and
camera noise)

Chart 3.1

Descriptive Parametization of Imaging Process
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TABLE AREA
N FIELD OF VIEW

19.

= 30*

ARC EXCLUDED
FROM FIELD OF VIEW

(R = 18" FOR 1" LENS)

Fig. 3.1 Dimensions of Table Work Space

! i :
_____ - A i ¢ 1
T o el pews : i
e 10 70 30 10 50
LENS| wx H W x K WxH |WxH | wxH
1 |sx37s 10 % 7.6 15 » 11.25] 20 x 15 |25 x 18.75

2 2.5 x1.87 | 6 x3.75 7.6 x 5.62| 10 % 7.5/12.5 % 9.37
1.7 x 1.251 3.33 x 2.5 | 5 x 3.75 6.67 x 5i8.33 » .25

ES: _ : LENS TO SUBJECT DISTANCE (D) | -
NOTES: WIDTH OF FIELD (W) = 3 - irc v OCAL LENGTH ANCHES; ALL UNITS ININC

HEIGHT OF FIELD () = 0.75 » W

Fig. 3.2 Field of View
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2/12", Is classsd ag texturse,

The luminance of obJjects in these scenss cCcovers a
16g:1 dynamic range (from 1 ft.c, for a biack object in
fiourescent room |lghting to 168ft,c. for a white objesct,
directly [liuminateg by the 1340 watt quartz-iodine source),
The rangs of obJect refiectance (lightest to darkest) Is
aboyg 25:1, Hence ¢hs range of effecgive [liyminagion
ensrgy Is leass than 811, (1f itjumination possibiiities
Included sunlight, the overall dynamic rangs would be
considerably extendsd, Furthermore, If a single fl1iumination
source were used, an additional 2%:1 variation could be

axpscteg due to diregctionaiity.)

[11,2 SUMMARY OF [MAGE CHARACTERISTICS

Image characteristics are summarized Dy tha concept
of a window, This concept defines the range of
intensities, or depth, or coior tones, atc.,» distinguishablse
in the pleture, Tne resoiution of tne detail contained In
each window |s inversely reisted 10 the width of that
~lngow, We have already seen Seversi exampies of this basic¢
traas~=off, Chart 3.2 summariZes the two principal
gets of Interdependencles among Image characterigtics and
{nciudss the relevant accommodations which Iinfiluence how

sach trade-off Is rescived,



Intensity Dynamic Range
3

Sensitivity

Quantizer
Clipping
Levels

Color Filter
Iris

Intensity Resolution (contrast, black-white tonal rendering
of ceolors)

INTENSITY WINDOW

Field of View

A
Lens

Pan-Tilt
(constrained by image geometry)
¢
iris # Depth of Field ?::Znification)
Leng,
Focus

v
Level of Detail
(texture, size of object)

SPATIAL WINDOW

Chart 3.2

Window Characterization of Accommodation

124




I11,3 SUMMARY OF ACCOMMODATIONS

I11,3,1 INTENGITY WINDOW
The rangs of scens brightnessss at whigh gontrast

will be svident |s se|ected by four adjustments:

1s ssnsitivity: controls the gain of the
vidicon, [t sets thes range of absocliute illuminance (on the
vidicon facepiats) which wlil produce signals In the dynamlc

rangs of the video ampiiflar;

2. Irilsi controis the amount of |ight from sach
point In the scens that wil! reach the vidicon;

3., color fliter: blases the spectral composision of
fight reaching <the vidicon. This oplasing affects tona|
rengsring and contrast in the Image,

4, clips: selects a |iImited portion of the

ampilflar range,

The comblinped effect of the first three parameters [s

éexpresssc analyticajiy by Equation 3.1,

2
5 = x(i’-f T a;.)?" £ (3.1)
(VYo

d - iris diameter
f - focal length
F@} - filter characteristic
W{A) - camiera spectiral response
y = vidicon gain, v = 0.65
a ~1.4
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Thils savation constitutes a comprehgnsive photometric mode|
of ths camera, It expresses the overall transfer function
between the spectrai 1l juminance, L{x), of a scene elemeant
and the voltage at thes output of the video ampiifier,

Only Illuminances that producs volitages Iin the range
frorm .,228 to +992v. can be ilinsar|y quantized, This
fimitation sets an outer window, The quantizer can, of

course, seiect a much narrower window within this rangs,

111.3,2 SPATIAL WINDOW

The dominant accommodation that infjusnces the
spatial window Is the focal length of the lens, In brieft,
the larger the Igns is, the higher the magnification wij|
be, Higher magnification Impliles a smalior fleid of
view with more viglpie fine detall, The fileld, seen by the
camera from Its orligntation In Figure 3.1, Is bounded by the
Iintersection of the rectangular viewing cone (Figure 3,2,
and the table surfacs. The geometry of this
intersection Is @& function of camera tiit, The anajfysis
Is compiicated by the fact that the tilt axis does not |(ie
on the principal ray of the iens,

Sobel [1972] has derived a parametized coliinseation
transformation that maps any point |n the Iimage plane into a
corresponding polint on tha table surface, Thils

transformation, applled to the four corners of the Image
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nlare, rafings ing trangrolgal area of the table=too
(F feure 2,.1) that wiit ne In wviaw fopr 5 given {18ns ang
ramera anglsa,

Thne geomgtry of tne transformatlon with respect to
t11t angle is lltussrated in Figure 3.3, Thig figure Is a
tan=nimagngignal, vaertical, cross-sectlonal cut through the
ceirripal rav, 1%t Snows tne near andg far tadle limits tThat
wili be In view for any tilt angie, #ith simple ygeometry It
aan re shown thal

X
n

T -
x| = +d cos ) - d, sin ) tan (7 - A% 6) + (d, sin X + d, cos )

t3.2)

Tre narlvation of <“nesae ajuatinns Is swketched In Flgure I,4,

The area encloseac by tng trianguliar rezion
consisting of Xan,¥sf ang the |ens centar, defines a
sotentlal figld gof wvlew in the sSame Sense thatl the
orientation of a muman heard and neck does, What Is actually
seen dapends 0On q«ngre within this conical snveiopDg one
looxs, The human can roncentrate on a particular point in
spzece oy nanninoe nis eyspalil 1o line up the appropriate ray
witn nis tovea, He tnen accconmgdates nlg lens to focus on
the ceslrac depin,

The computere has sSimliar gapabilities, Tre
tefgvision Interface nrovides the cotlon of inputting an

arnitrary rectancular portion of the antlire fielid onf view,
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HORIZONTAL CONSTRUCTION LINE
fe _/
i
~ A
X, ¥, VIEWING CONE
PROJECTION OF
IMAGE PLANE
X (TABLE TOP)
Y-0 i
F
X = Y = O = BASE OF CAMERA SUPPORT
X,. ¥, = TILT AXIS = 0, 19.5 IN.
dl = RIGID DISPLACEMENT FROM PRINCIPAL RAY (~6IN.} ] INTERNAL
dz = RIGID DISPLACEMENT TO PRINCIPAL POINT (~7 IN.) et R
X,. ¥, = LENS CENTER (OF PROJECTION)

= PROJECTED HEIGHT OF IMAGE PLAN (HEIGHT H)
= TILT ANGLE

NEAR TABLE INTERSECTION

= FAR TABLE INTERSECTION

‘fowﬁ:
u

Fig. 3.3 Determining Area of Table~Top in Field of View
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This situation, as Sobel! points out, can be viewsd &3 an
analogy of sye rotation, The vidicon [s then focused on a
spescific depth, The foca| {ength and iris together
detarmine a depth window, 3z, about the point of best focus,
according to Equation 2.55¢.

The Intgrsgction of this gepth wingow with th,
viewing cons determined by the I(sns gecmetry forms a
composite spatial window |ltusteates In Figure 3,5, {Range
s customariiy measured along the principal ray. The
viewing angle, 2P, |s small snough so that the entire area
of thne piane it subtends at each depth can be lssum;d to be
in focus when thsa center polint I3 In focus, This
assurption is known In optics as the paraxisa)

approxiration.)
111.3,3 LEVEL OF DETAIL

Accommodation, as we have sSsen, provides the option
of obtalning coarse detali over a wide window or fine detail
over & narrow window, The finest detail that can be ssen |[n
a digitized image depends on four factors:

1, spatial sampiing density,

2. iens magnification,

3. sharpness of focus, and

4, detall contrast,

High magnification, sharp focus, and high contrast
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PRINCIPAL
POINT —~ DEPTH PLANES SELECTED BY FOCUS

Py y PLANE
((// /S /7 //X—pmcxmb RAY

DARK PLANES ARE /
IN FOCUS

XN )0 S 7/ Xp  TABLE TOP
s 7 y . / /; / /
Fig. 3.5 Depth Dimension of Spatial Window
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ajl lower thes minimum detail size necessary for thresho|d
visibliity at a given sampiing density, Quantitative
reiationships are developed In Chapter 6, In terms of the
limiging amp|itude and gpatial regoiution of the camera,

The reiation of focus and contrast to detal] size
was {ilustrated in Chapter 1, By excliuding the tablie-top
from the despth window, the contrast between the unwantsd

grig {ines and the tabie-top was reduced,

111,4 APPLICATION OF MODELS TO PERCEPTUAL TASKS

We now have @ quantitative and a descriptive
understanding of how each accommocdation Inf|usnces ths
appearance of an i{mage,

The extent to which the ana|ytic results can be8 ysed
depends on how precissiy one can define thes concept of an
appropriate Image. This ablilty wil] vary with ths task,
In tne following two ssctions examples of qualitative
{heuristic) and quantitative use of the accommodation modei|s

will be considersd,

111,4,1 HEURISTIC APPLICATION OF ACCOMMODATION MODELS

In Chapter 1, we discussed a genera| pserceptual
strategy for utilizing this basic capanility. Gross features

are Inftlaliy sought over a wide fileld of view, If more
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detall |s nesded to Interpret this coarse sStructure, [t can
ns obtained by focusing attention on tne specific part of
the Scens where the additionail Information was needed, I[n
sffacts tha more a vislion strategy knows about & Scenssy the
hettar it can anticipate what eise wii| bs found,
Furtherrore, these expectations can be utijized to NEFrow
the accommodatlion window (n order to maximize the |[ike|lihood
of finding a specific Item of Intsrest,

For many tasks we may heuristically "know" how to
tune the camera to obtaln an sppropriate image. Yet wa may
be unable ta. axpress these criterla analytlesitly., 1t Is
clsat, for example, that an appropriate Image for initia)
reconnalssancs sShould provide coverage of a large area of
the tabile and coverage of =& wide range of Drightnesses,
These critesria seem appropriate., because they facilltate a
thorough search, Furthsermore, the Jlow resolytion wnich
accorparies wids windows tends to minimize the chance of
sealng small, unimportant disruptions of the backgrounc (sg,
aust sSpecks), I1f these were found, they would requirs some
effort to relect, The desired Image characteristics
correspond to wide spatial and Intensity windows, obtainsd
with the fojiowing accommodations:

i. guantization Interval set as wide as necessary
to sancompgss the scene’s dynamic rengs,

z. sensitivity sst according to avsrage scene

prightness to minimizs the numper of clipped intensity
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samples,

J. short lens to maximize fileid of view,

4. ris sst small enough So that depth of fle|d
encomrpasssy work space (but no smajler to avoid joss of
signai/nolise), and

o 58 clear color ?llter to eliminats spectral bilas,

The accommodations |isted above are based on a
qualitative [nterpretation of the analytic results deveioped
in Chapter 2, When the criteria of a desirabls image are
expréssesd in an Imprecise manner, a qualitative
interpretation Is the best use that can bs made of thuss
rasuits,

Hauristic criteria ajso implied the use of ssisctive
Wwingows, when a specific [tem was sougnt. The sffasctivensss
of an appropriate coior fifiter was demonstrated in Figures
1.12a~d, In this exampie, the choice of fiiter and clipping
javel w33 based on a aquslltative understanding of tre
infiuysnce of thesg accommodations.

This undsrstanding was built Iintc the ssiective
attention program, Given two sets of coiors to be
discriminated, the program simpiy consuited Chart 3.3 to see
1 any of 1Its cojor filters provided an appropriate
segrentation, 1t so0, the clips ware set to exclude
intensitiss above or below the scene average, depending on
whether the desired color was dim or bright through the

sejecteg fliter,
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Filter Bright Colors Dim Colors
red green
Red yellow blue
white black
yellow red
Green green blue
white black
red
blue
green
Blue
black
white
yellow
Chart 3.3

Color Segmentation
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This program s heuristic In ths sense that, while
It generally Incresses the [ike|lhood of finding a red cube,
the incremss cannot be Quaranteed, Thsre exists no analytle
criterion for measuring the optimaiity of ths resuiting
image, If a red cube were In shadow, for exampie, it wouldg
probably get clipped Into the black background.
Furthsrrore, we do not yat know what Image characterist|cs
minirize search timg or maximize declslion reilabliity,

At the presant time our knowiedge of ths
accormodation requlrements of many perceptual functlions Is
Fimited to quailltative criteria, [iks thoss used for initia]
acqulisition, (In a|most every task, thne roje of at lenst
one accommodation |Is oniy understood at this level,) For
these cases; thes quantitative resuits of Chapter 2 have been
Iinterpreted for specific tasks and built rigidly Into the
programs, Given a task, these programs then compare It to
a pre-specifisd |i1st of prototypes, The best match Is used
to sslect the appropriate accommodation from a« table, ||[ke
Chart 3.3.

As In alil artificlal Inteliigence tagkg, one hopsg
to eventually have the program Jlearn better and more
complets tabies, One step In this direction Is to maintain
statistics of the refative effectivensss of alternative
strategies In varlous situations, For exampile, two
filters can sometimes accomp|ish the same color

dichotomization, (Red and gresen can be sSegmented using
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elther & red or gresn fliter.) Ons of thess options may
prove more effective, depending upon the task and the
attendant clrecumstances, For acquisition, the color of the
background was an Important consideration, Chart 3.3 could

be rafined by experience to Include this dimengion,
I11,4,2 ANALYTIC USE OF ACCOMMODATION MODELS

We now conSider sxamplies of perceptual functions for
which some of the measures of what constitutes an
appropriate Image can be formalized In terms of our anaiytlc
accomrmodation mode|s, In these cases, |t is possibjs to
obtain the optimaliy appropriate Image, It s expected
that, In time, most perceptuatl functions will be understood

well snough to apply this type of analysis,

De¢eaction Crigeria

A fundamenta) performance measure of a v|/sua] System
Is thes combination ¢f contrast and siz2es, nessded to detect
the pressnce of a nomogensous pattern, superimpoded uUpom a
uniformiy {lijuminated background, Light measurement s a
statistical oprocess, Analytic techniques, bGorrowsd from
statistical detection thecry, can be used to examine how
pararsters of the vision system Influence the thresshold of
visidlllty,

We wiill first formulats the ansiytic approsach in
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terrs of an |dea] statistical visua| detsctor, The anaiysls
wlll then be app!isd to study the effects of accommodation

on the performance of a real camera,

111,4,2,1 ANALYSIS OF AN IDEAL DETECTOR

Consider an Ideal statistical detector that counts
all 1lght quanta ¢o|jected by a simpile optical system (g3,
Flgurs 249, and oproduces a current oproportional to
brightnass, Assyme that the pagckground light ?lux
collected from a uniformiy Ilfuminated area s
Polsson-distributed with mean N{quanta/exposurs period) and
standard deviation sart N, Thess fluctuations 1imit the
minirael Incremental Increase aN, that can be detected In a
glven time with a pree-detarmined statistical confidence,

Filgure 3,62 helps visualize the detection probjem,
It Is obvious from this figure that the primary Iimitation
on vislbliity Is the size of 3N {the signaly rejative to the

nolise deviation N+1/2., &N must be larger than sqrt (N) for

rellable deteaction,. The thresshold contrast Is given by
c =AN_ g y1/2 (3.3
N 1 *

Kesy Is a confligence factor that compares ths minimum
required signal to the size of *he normal deviation rangs,

I[f the cojlected |ight 1Is |Imaged onto a square
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LIGHT N1/2
EMITTED -
BY BACKGROUND I |

LIGHT
EMITTED
BY PATTERN

.
PHOTONS /BAMPLE

Fig. 3.6a Statistical Detection Model

J‘[Rl/z

| |

PHOTONS IN DIFFERENCE

Fig. 3.6b T-Distribution of Difference of Photons in 2 Samples
Drawn From Same Gaussian Distribution
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sumration area, heh, the N quanta constitutes an image

f{iuyrinance of

B, =-‘§-a (3,4)

h
whichs In turn, Is proportional to the scens ||iuminance 8,
Rewriting Equation 3.3 In terms of DbDrightness yieids a
condition which must be satisflied to rsiiably discriminats

the presencs® of & pattern,
pcih? » K, (3.5)

The statistical mode! of visua| detasction on which thls
equation rests was originaliy formuiated by Ross [1948] |n,

what IS now, o ciassic papsr In the area.
111,4,2,3.1 DETERMINANTS OF |DEAL PERFORMANCE

The left side of Equation 3.5 describes the
information ayaliabie from the scens,. Brightness B and
sumration area he2 determine the s|ze of the particle count
and thus the size of the sampie on which a decislion will bs
based, Contrast C compares the differential particies count,
3N, with the total count, These terms establish the
signiflcance of a given change In brightness In terms of the

statistically expscted varlations for the total sample size,
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The product 1Is an expression of the familiiar statistica|
concept that a rejlable declesion can be based on either g
fow samples of a strong signal or many samples of & weak
signai,

The right side of Equation 3.5 expresses the
performance [imitations of the getector, [t sccounts for ths
fact that only a fractlion of the Information pressnt In a
scens siement wi|| be picked up by thes detector and made
avaliable to & decision proctess, This fraction depsnds on
now many of the avaiisdies aquanta wiil Bbs occijected Dy the
optical system, I a real photo=detsctor were then used to
convert the coliected light Into conduction eisctrons, the
quantum yie|d of thg gonverslion process would be Included |n

Ke2, This constant giso inciudes the confidenge ratic , Kay,

111,4,2,1 ACCOMMODATION FOR AN IDEAL DETECTOR

Roses concsived of Eaquation 3.5 as a universa|
performancs scails, The performance potential of verlioys
imaging devices, Iimited by thesir primary quantum and
optical sfficlencies, ocowid be compared with ths 3standard
sstablished by an |dea| devige (whose guantum sfficlency s
assured to be unity;. “e will use this squation to compare
the oerformance of a 4gliven sensor in varioys detection
tasks, using ajternative accommodations,

In the deal detector, the oniy sdjustabls
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paravetsrs are the focal laength and diameter of the lens,
and the sexposure time, To make the influence of these
pararaters on K42 explliclit, consider tne relations for Iimage
prightness desrived from Flgure 2,1da. Lat the Scene
radiat® No quanta/Scuare foot/second, Assuming a Lambert

gistribution, the number of guanta captured by the |ens and

imaged into h+2 will, by tquation 2.44 be
nwe2aNo#(D*2)/4(¥+2) per second. In an exposure time, ¢,
trhe total number of guanta absorbed and counted will be
Noxt3<82WP3
N = {3,6)

af?

To rejate the physical model, expressed by Equation
1.6, to the terms used In Equation 3.5, we make the

foliowlrg sybst¢litytlions In Egquaglon 3.6:

1 turen of white flignht = 1.3 +#18+16 quanta/sec. (3.7a)
1 ft.¢c, = 1 jumen/square foot (3.7b0)

5 (brightness In fogt candies) = No/1.3»1@*16
= Ki43sNg lumens/sa, ft. (3:7¢)

N = Ksi'?/CfE {frgﬁ Etﬁlation 3631 {3s?d]

The resulting eguatjon contains an expljcit expansion Of K42

in terms of the camera parameters.

BcZh? = (433)(‘2 )-, K>

(3.8
t D '
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The camerag paramsters provide flexibility In
satisfying the baslc requirements for detection, Suppose [t
is necessary to detect =& smali fsaturs, Thes most
stralghtforward way Is simply to have the decision procsss
conslder Information from a oSmajiisr area of the detector
(reguce h), h, however, Is constralined by Equation 3.8, 1If
the contrast |s weak, the reductlion In sample size,
resuiting from an yncompensated reduction In h, may be
Intoisradbis, By increasing exposure time., howsver., h can
bes decreased with no ghange In the overal!l number of samples
ceoliescted, Alternativaly, the irls can be opensad to admlt
more light and the focal length Incraassd 3¢ that he2

corresponds to a smaiier area of the scene.

111,4,2,1.3 SELECTION OF ACCOMMODATION ALTERNATIVES

A criterion (ike 3,8 only Indicates ths nesed ¢o
accormocats, It sSyuggssts no preference among the possipls
adjustments, This freedom a&liows us to choose® the
xcecormodation that ls most favorabie in ths overail content
of the task, He [ljustrate this Idea by considering two
speciflc contexts In wnicn the detection of smei| detsl|
might be necessary.

Tne flirst case sntaiis & searcn for a amai| object
that may {le anywheérse on the entirs tabjie-top, W saw

sariisr that an gapproprists Image for an unsonstralned
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search [s one encompassing a broad spatial window. In this
context Increasing the foca! length |s undesirable, because
It decreases the flgid of view, Similariy a natrow Irls Is
preferred to maintain good depth of field,

-« Temporal averaging entajis an overhead In processing
time, but this fact Is not significant in acquisition, Since
& coarse sampiing pattern IS empioyed. Consequentiy, for
our g¥gtem, averaging lg the preferred method of Increasging
signal to nolse duyring a search,

If, on the other hand, the task was to detect a |ow
contrast edge in a specific focation, the fens
accormocations would be brefafabie. For othar
applications some mixture of these accommodations m&y be
appropriate, In the worst case, both may be needed to
malntalrn adeguate signal/nolise.

In practice, the optimum mix of accommodations rests
on reflability and efflciancy considerations. Thase depend
on the task and on the characteristics of the camera
haroware, There has not been sufficlent experlence with the
working system to establish formal criteria for trading-off
speed and reliabiflty, Conseaquent|y, the most appropriate
carawmeter (o &accommodate Iin a gpecific appllication g
currentiy chosen on a heurlistic basis, Howsver, once thig
cholce has been made, equatlions analogous to 3.8 dictate
what adjustments areg needed to attain the gesired decision

conflidencs,

144



111,4,2,4,1 STATISTICAL DETECTION ANALYSIS FOR A VIDICON
CAMERA

In this secgtion we extend the statistical anaiysis,
deve ioped for the Ideal detector, to the more remlistic and
useful case of & vidicon camera, This departure from
Ideal ity has severa| conssquencss.

The performance of the [dea| device was |Iimited only
by the fundamental and unavoldable fluctuations In the
arrival of 1ight guanta. Physica| devices can only detract
from this performance, The vidicon In particular suffsrs
from two bDaslic faults!

1. A significant amount of additional noise Is
introduced in the conversion process by ths ophysical
mechanisms (dark current, ampilfier nolise, etc.) discusssd
in Chapter 2,

2. The ylidicon hag a fraétionai quantum yieild,
Its sffect Is to further reduce the avalliable Imags
signai/noiss for & glven scene gquaiity.,

As a partia| compensation, our camera chain has many
additional accommodgation optlons which aliow greatsp
flexiblilty In adapting the avaiiable signal/noise to sult
the task requirements, Bescauss of ths computesr’'s I1imitsd
processing capacity, a selectively accommodated vidicon wi|}
ofter be & mote appropriate source of data for perception

than an unselsctive idsal detector, (Signal/nolse Is, after
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afl, not the onjly criterion of an appropriate Image.)

111,4,2.4,1 VIDICON PERFORMANCE IN EDGE DETECTION

We wiil study the effects of camsra accommodation In
the specific context of an (intensity) edge detesction task,
This particujar task was chosen for ssveral resascns:

1. Edges are the primary means of information
representation In our system, The results derived in thls
sectlion wiii be dlirectiy uti{ized in two Important
applications, the edoe wverifler (Cnapter 4) and the sdgs
fotiower {(Chapter 5),

2. Edge detection provides an opportunity to
exercise all of the camera accommodations in an effective
WAY .

3 Several practical ‘!imttattons In a
vidlcon typs camera wil!l be highiightad, We wiit’
demonstrate the ways In which accommodation can heip to
overcomeg these diffjcuities,

4, The second most common use of video data is to
determins the brightness of a surface, This Information, In
turn, Is usually used to compare the brightnesses of several
surfaces sxposed to a common Sgurce of ijlumination (For
calor vislon, the relative intensities of a single surfacse
observed through different color fliters are Important,j.

The factors that Influence the abliity to distinguish two
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intensities separated In Sspace or time are identical ¢to
those that cetesrmine whethsr an edge of squlvaient contrast

can be getected,
111,6,2,4,2 & T«TEST FORMULATION OF STATISTICAL DETECTION

A more convenient statistical criterion tharm 3.5 Is
deslrable. We note that the detection grobiem Is esguivalen=
to the standard statistical question of whether or not two
groups of sSampies (e0, one drawn from the background, the
other from the presyumed |[ocation of a pattern) were sctusiiy
drawr from the same dlistribution,

The differgnce of the means of N samplies drawn fron
two norral distripbutions Is T-distributed with 2N=2 degress
of freedom, For 2N>38 this distripution Is virtyali|.

identical with a rormal distribution of standard deviation

Jgi*'sg (3,¢

(where S5,1,5:2 are unbliased estimators of the stander
dsviatlions of the original cistributions -~ Fligure J.6b),

1f no pattern wers present, the difference In mesans
would have an expectation of 2zero, The T~score |Is a
comparison of the actual observed diffsrence in the means

with the sxpected deviation, S¢d,

147



- M, (3,12
T & it
84

This ratio s yused to test the (nuil|) hypothesis that mo
pattern wgs present, The prodbabliity that there 1S no sdge

is given by

Confid adl > 1 -¥{T) (3.11)

(Phnl Is defined by Egquation 2,28) If the differsnce
(Mai1-Ms2) |Is significantly greatsr than S+¢d, a pattern s

assured present with conflidence Phi(T),

The T-tegt Appliieg to E£dge Detection

The T-test can discriminate between an ldeal stsp
discontinuity separating two uniform intensity surfaces: andg
a completely wuniform surface, in the presence of GCaussian
detector nolse, Intensities are SsSampied from smal|l
reglons on each side of a suspected edge and tested to
determine the |ikel|hood that they were drawn from the same
distribution, In the following sectlions the rules of
good accommodation for edge detection wiil be formatized |In
terrs of this test, In Chapter 4, the T-test wilj be
éudifiaa to reject gently sioping surfaces, often found |n

the rea|l worid.
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111,4,2.4,3 SIGNAL/NOISE RATIO

The slignificance of a given apscliute differsnce In
sampie means, as reflected by the [TI=score, 19 directly
depsndent on the signai/ncise of the original distributions,
Wwe will develop expressions for the basic signal/nolise
figure of the camera sSystem a3 a function of thes various
camera paramsters, The goal of accommodation for wedge
detsction Is to maximlize the signai/noise figure for

intensities In the jocal reglon where an edge I8 sosught,

111,4,2,2,4 & SIGNAL/NOISE MODEL OF THE VIDICON

statistic fluctuations In the tlas current of the
prearpliifier Is the oprimary nolse source In a vidicen
camera. Secondary Sources are shot noise in the signal, In
ths vidicon dark current, and In the thermal current of the
target resistor, Using resuits deveioped eariier in thils
thesls, we write the signal/nolse of a brightness

measurersnt as?

Z w el % R (3.12)

The amofi!it§ mean square nolse power (i*2:an) was found to

pe 5,66 #18+(~18) (Chapter 2). Signal current (i+3) |s
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def ined by Equation 2.8, slignal shot nofse (it2ésn} by
Equatlor 2,15, dark current shot noise (it2+dn) by Equations
2.18 and 2,28, and resistor nolse (|*24¢érn) by Equation 2,22,

Z s a fynction of the target volitage E+7, the
expesure or sStorage time, Te¢s, tne read-out time per
resolution cell, Tau, and the brightness level, L. Incident
on the vidicon, Tes and Tau are both fixsd by the vidlicon
scanning mechanism, Tau, however, can be effectively
increassd by averading the results obtalined for several
resolution cells, or alternatively, by temporally averaging
the results of one cell over several| frames. {Although
epatlial and temporal! averaging have similar effascts on Z,
they are not always interchangeable in a task context.)

The influsnce of the readoutl interval (i1/tau) can de

&
factoreg from each of the noise terms In the denominator of

£, tguatlon 3.12 can then be written in the form:
V7 K,y L F‘.I‘i |
Z = — (3,13)
¥ 7 .‘8 1{’2
(A{% ﬂfé-BI~r+:C)
whaere we have substituted
i =K, L EY (from 2.8)
s 3% T (3.14)
(K, = 2.798 1079
vy = 0.65
a = 1.429)
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ALYEZ
2 = —2T  (from2.8 2.15)

amn nr {3015}

28

A =eK, = 4.476 x 10~

n = number of samples
T = read out time = {1.7 x 1‘9-7 sec)

o
;3 = —=%  (from2.18, 2.20)

(3.18)
(B = 2.19 x 10732

g = 3.97)

1
iﬁn = -’% {{from 2.22})
(3,17
C = 8x10"27

2 _ "

!an nr (3.18)
(C'= 9.84 x w'zs)

C=C +C =9.72x10 2 (3,19)
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Lsv s thg |lght actuaily Iinclident ypon the
facepiate of the vidicon. Using Equation 2,45, we can
relate Lisv to the [{iuminance, (L), Incident from the scenes

upon the isns:

L

L, = : (3

L'l 4& -2ﬂi
Signai/noise Increases with Ilight [evel. The numerical

results genergted Iin the following discussion wili thus pe
based on scene ljluminance, oObssrved with the widest
apsrture (f#s1,4), We reformuinte 3,13 In terms of scene

iftturinance, (L}, using 3.28 with f# 1.4:

_ Y @
” - JE?}ELL Ep
(o, LY EQ + BEE + )12 ¢3-20)
e b Eq T
where
K, = K. /L (1.4)°
, = K/L(1.4) (3.220)
A, = A/L(1.4)°
1 ' (3,22b)

111,4,2,4.5 OPTIMIZATION OF SIGNAL/NOISE VS, EaT

As target voitage Is increased, the signal wiil
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increass relative to both signa| Shot noiss and constant
(thermal and ampli{fler noise), Howaver. becauss B>2%; dark
current wi|l increase faster than the signal, Thus,
signal/nolise Is Iimited at any I(ight |eve| by the dark
current nolss,

At low target volitages, dark noise |s muygh {85s than
amplifie, nolse, Thus, 2 will Initiaily increase with EaT,
The ootimal target voltage (Es¢opt) Is that jeve| at which
the dark component dominates the tota! noiss to the extant
that a further Increase In E«T wil] reduce 2.

Since the signal, but not the dark noise, depends on
light, Esopt will be |[owest for [ow Iignt [evels, At
ft.c. the thesoretica|ly optimae| targst yoltage was foynd
(nurerically) to be 115y,

The targst voltage Is |imited In practice by two
considerations which do not enter Equation 3,21. There |s
first the posslibl|ity of damaging the vidicon by applying
excessive target voitags, The maximum safe ttégtt voltage
(Eegam; Is an [nverse function of |Ight level. The =absolute
maxirum target voltage allfowsd by the auto-target circult Is
45v, Tnils {Imit minimizes ths chance of accidental damsge
fror local highlights that do not affect the averags
Intensity upon which the auto-target refiss,

The finlte dynamic range of the quantizer imposes
the sscond [imitation, The target voltage cannot be ralsed

s high that the amp{iflied signal wii! axcesd the maximym
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iv, range of the gquantization window, We rewrite
Equation 2,12 in terms of scens {iljuminance (using 3,20} and
soive It to obtaln the EsT that yleids » Lv, output at a

light levei, L,

-l/a
E . = (FLY
oat = (FL) | (3,23
F = |—0.0000 =5 = 0.0025
(¢ (1.92)™

Eisat is Inversely reiategg to 1ight |evel:, as sShown
graphicaily In Flgure 3,7,

Eisat ang Esdam are both Jess than Eiopt at 1ft, e,
ffturination, Furthermore, both decrease with {lluminatien
while Esopt rises, Since 2 Is a unimodal function of Eu7,
an srplrical rule for setting the target voitage to maximlze

Z Is glven by

E = minimum (Egat Eqgam) t3.24)

In nomogenesus scenes, Eisat «wii|i aiways be [ass
thar Esdam, However, In non-homogeneocus scenes, Esdam,
impossd by a scene highilight, may be lower than the Essat
for a lowifight In which we are Interested, (The rates of

decrepase of Eidam with Increasing L Is a consideration that

154



“1115:;1¢i111111111i112i

1 e 15 20
LIGHT (FT-C)
Fig. 3.7 ESAT Versus L

28




must be taken Into account when seiecting the optimal |ight
fevel for scenes with a wide dynamic rangse, Cleariy, too
much |ight could detract from the abliity to ses lowiights,)

The optimai signal/nolise, with E*T |imited by
saturation, can be found by substituting Equation 3,23 Into

3,21

v K, LY F L) ki

z,, - (a.! 2 [(FL"’I-IMP o [{FU,- 1!«]3 + crﬁ

(3,25)

By grouping congtants Equation 3,25 can be expressed morse

simply as
VA L g
sat 172
--ﬁ-? t3l26)
HL % 43
where
-1
G = VET K, F (3.27
-1



tquation 3.26 SHhOowS that under saturation Jimiteg
conaltlions, as the 1lght (evel |s ralsed, the signal/nolss

retioc wili climb towards a finlte asymptots

lim -1/2

}_,-m-z-'.t = GJ = 119 (3,32
This iimit |s l1justrated In Figure 3.8, At very low valuyes
of Es7 (approathing 1 vidicon performance will

deteriorlate, Excess|vely bright jighting shouid thus not

be ysed,

111.4,2,2.6 APPLICATION OF SIGNAL/NOJSE MODEL 7O EDGE
DETECTION

The preceding discyssion was taliored tp ths probem
cf getecting a weak signa! agalinst & background of vidlcan
nolse, The basic signaj/noliss mode| of & vidieon will now
e used to deve|op accommodation criteria for the getsction
of soge contrast, An sdge s asssumed for opresent
purposes to be & simple step of Intensity, Let the step
helght ose expressed ss & fraction, rho, of the signal,
l+s¢ls representing the mesan brightnsss of the brighter
boundary of the edge., The signa| from the dimmsr side |s
then

o - i ' 3<p<1
's, T U Py (3.31)
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The T=score, (3,10), which represents the significance of &n
edgs |3 sxpressed In terms of thess signals ss
L -G-8 " sl

8
5 3. 5 L z, {3,.32)
d d

{where S¢d Is the expescted standard deviatisn &f an
Iintensity difference with no sdge), Eaguatien JI,32 deflines
what we shall ca|!l "econtrast” signali/nolse, Zic, (For
clarity, we shail refer to our previous model g8 "detestion"
signal/ nolse, Z2+d), For weak sdges, Si¢d Is proportiona! to
the nolse on sither side of the edge, In this case, 2é¢c s
{by 3,32) directiy proportional to 24d,

We willl now establish a forma! raiationship betwgen
contrast snd detection signai/noise, The slignalf, 1:843, can
be expressed, according to J.21 as

m | 7“
"% Er (3,33,

The signal from the dark side of the edge |s then {(by 3,31}

i = i - - % ] Y X
s, @ p“x} (1 p’KIL E'1:' (3,34)

Using the dernominator of Equation 3,21 as & model, we can
sxpress the respective nolise in these mean brighiness

msasyremrents as
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I Y gl . o \1/2
’11 ??'("‘xl' Er*“r”’) (3,35

and

172
%l ‘J*?!‘t @ -p)L"Ey + BEL + C] (3,36)

n (the number of samplss or the 8128 of the operator) [s
assured to be esgual! on both gldes of ¢the sdge., Using
Equation 3,9 we can combine Equstions 3,31-3.36 to obtaln an

analytic expression of the contrast signai/noise,

ynrp K, LY Y
7 & p!_l

e 7z -
o _ Y @ B
hz o)A, LYEZ + 2BEE 4 zc]

- (3,37)

N

Signai/ncise Is an |mportant consideration oniy In the
detection of very weak sdges.  Sincs limiting detectlion |s
our primary concern, we maks the assumption that rho<<2, Zi¢
is then directiy proportional to the detection signai/nolse,

calcuiated for the pright side of the adge,

Z

= d (3,38,
by mOPE '

(Since rho is smaji, Zic 1Is considerably |ess than thg

corresponding vaiue of zid,)
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As & resylt of 3,38, the optimum signal/nolse #g-
sdge detection s agaln obtalnsd using conditien 3,24,
Under normal saturmtion=|imited congltions the target shoyig
bs adjusted g0 2that ths bright side of the sdge Eimgst
saturates the ampi!ifier, A lowsr voltage wij| readuce Zic

whiis a nigher voltage wlll compress contrast dus to

clipping, More 1lght I8 aisc gffsctive in increasing
signai/noises up to the asymptotic iimit shown |n Figure
3 o8,

Zic expresses he Tescors (35,12) of the ingens)
difference observed across an sdge, Phi(Zec) (see 3.11) thys
defines the conflidence that & given Z4c represents an adge,
(For Instance, & T~score of 3 means that with 95X conflidence
an actval wedge s present,) Equaticns 3.11 and 3,3
determine the weakest sgge (le, sma|iest rho) that camn be
detectlec at g required confligencs level, glven an sgttalngpie

2ig, For example, requlring $5% detection confldence,

e ]
Prnin ™ zd . for 95% confidence ¢3,.3%)
Ths sreiiness of rshosmin Is an important measur: ot

ac srmogetion effectiveness for adge “etection,

Ef ect of Color Fliters
A Dbilsck/whits telsvision system maps & complex

liturination spectrum Intec = one=cimensional grey Bce e,
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This mapping often obscures colored edges which were obvious
In the original scene, In thess cases. color fiiters can be
used Yo augment the contrast signal/nolse,

Flgure 3.9 clarifies the effects of color filters on
contrast, Severmn| simpi|fTjcatjons have been ntroduced 2o
isolate the effects of object color,

1. 143,142 represent the total iuminous enerdy of
proad sources of spectrally fiat "white™ light, They
provide uniform ljiumination over the surfaces wupon which
thesy are inclident,

2. The camera |!s aflgned so that the oprincipal ray
of the jens Intsrsects the edge perpendicuiariy at a polnt
midway along It, Thls assumption avolds superfiuouys
directional reflectance factors,

3. The camera has a uniform normajized spesctral
sensitivity Si{ky = § = 1,

The 1ight leve!l, Lé+l, refiscted by the right face of

the cubs, I8 proportional by Eacuations 2.45 and 2.5%9 to

Ly~ J"ﬁ**d" = LR, (3.42)
A

Simiiarly, the laft face refiects
L, ~ IR (3,41

If the cube were homogeneous, R+l would be identical
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Fig. 3.9 Formation of an Intensity Edge
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to Ry2, The edoe would then be visibie oniy bescaude of
differsnges In the dlirectional naturs of the Iliumination
fleld (which, In general, could Inciude color differesnces),

Color fliters can affect the contrast signal!/noisse
of the Image of this sdge In two ways:

1. The simliarity betwesan the spectral
transmigsion of the ?|iter and the spectral reflectances on
each slde of the sdge can aiter the relative amount of iight
recelved from sach side,

2. The combination of filiter rejection ang
absorption will attenuate the total Ilight snergy rsachinm,
the vidicon from both sides of the edgse,

The reduction In light jevet wlil (by Equation J3,26)
reduce or at best mgintalin the saturation (imited Z:0 on the
prighter slde {(as Seen through the fliter), Ths spectral
blas of the filjter must compensate for this reduction by
increasing the effectivse disparity in the surface
refisctances, {ie, fngcrensing the relative step helight,
rhol. By Equation 3,39 we sss that for i color fljtoer to
snhance the detectlion of an edge; ths relatiye increass In
rhe dus to spectral effects must UDe grsater than the

reiative decrease in Z+d dus to attsnuation,

An Analytic Discussion of Fliter Effacts
With fliter function F(h; the |[light intens(ty

corresponding to the bright (eg, right) side of the edge
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wiil be proportional to

f

Ly~ ilipmrlzméx - izﬁx (3.42)

Similariy, for the dim side

Ly ~ LR, (3.43)

Let us first examine the expiicit effsect of this
fliter on rno, In the absence of a fijter, Eguations
3,33, 3,42, and 3,44 can be used to excress the differsnge

signal corrgsponging to the ggue
™ - ; o Y _ gy T
I iti isz ~ K, Ep k’*;’ a‘g"j (3,443

By analogy with Egquation 3,34

i e . Yy _ R 57-
= K Er LD - 0 - oy | (3,458,
=k r®hY _ L 1A, b
g = K By ”‘z ki - 0l L-,M (3.45p)
Dgfire Gamma,
r=q-pg/ (3,46)
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A relstive edge signal, rhe, thus corresponds to a |lght

ratio of GCamma,

"2 = Tll (3,47)

Gamra can Do resdoived into two componsnts corresponding to

the refjiectance and ||lumination factors of the L's.
LR, = TLR, = (TN Ry) (3,48)
whaere
Fenly. I) =LA . T, = Ry/R, (3,49)

Gammaél |8 independent of the fliter color, because white
tight |Is gssumed, 17 the coiored sdge were pyinted on ,
piane surface, Gammas+l wouid simply be 1. For the gube
0dge, Gammasq wiif be a constant representing the
directional intensity difference betwesn [:1 and 142,

A color fiiter will aiter the raxio of Ri2/Rsl as
per Equations 3,42 ard T43,  Ysing Equati~” J.46, the
change In refjectance ratioc can be described in terms of

reiative signal contrast, The sejectivity of the cojor

fliter has changed rho from

o, = 1 - T mmy| (3,50)

166



o
e bt - 1Y e A Y
Py ii r; Ry/RY) } €3,5¢)

The effective attentustion introduced by the coior
fliter Is found by comparing ths intansity (L) of the
orighter side, &S observed with ang wlithout a fliter,
Assuring the right side |Is brighter 1In poth cases, the
effsct of attenuation on detsction signal/nolise, Zid, I's
obtalined by soiving Equation 3,26 with Leg,(given by
Eguation 3,40) and L1’ (given by fquation 3,423, (Equatjon
3,26 Implies that E47 is optimlized at both |ight leveis, )

Let 240 be the highest detectlion signal/nclse that
cen be attalned on the brighter side of the edge viaswed
through a color fijter and 240 the corresponding figure
without the fliter, Equation 3.39 dsfinss the minmimum Signa|

contirast requirsd In each cass for 95% raligble detections

- N2
P min E;‘ (3.52a)
pr . oa 3V2 (3,520)
min !
d
Since £2+40°% 240, rhno’emin 2 s¢hosmin, The edgs  wil| be

visidis with the | |ter |¥
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Pa = Pritn : (3,53,

and without the fliter IFf

”y % "min (3.543

Tne color fllter wii| provide anr overal! improvement In the

achlity to detegt an edge w~hen

Py nZ, (3,55

In oureral, this condition will depend sn the Iintensity and
speztral composition gf the source, as well as the spectra
~ature of the cbject refiectance and fiiter transmission
crharacteristics, The relative spectral sensitivity of
tre vigleon tube (Figure 2.163 must aiso be taken Intp
Account In comparing relative contrast with and without

fliters,

--agraticsg of (olgr “ilte, Ugaae

The meaning of the analytic results can be clarified
oy & concrete example of fliter vusage, Consider the
noundary tetween reg and blue regions painted on a plane
syrface, The ca~era is roughly equally sensitive to thece

two hues (Figure 2.16), With wuniform white fliumination,
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the difference 1In grey |[ave!s across the edge Is iikely to
be srall, 1f Z4c at Essat Is Insufficient, contrast can be
Improvecg using a red or biue fi|ter,

Idealiy, the transmission characteristic of ¢tmeg
fliter should match cne of the surface nuss. Let us assume
a reg fliter s ysed, The camera sensitivity I|s then
acjusteg so that ths signal corresponding ta.tha red {eg,
oright) side I8 Just peiow saturation, tnus optimizing 2’40,
Since she specera of c¢yplcal red and biye syurfaces
aaﬁraximatp ths transmission characteristics of the
corresponrdgling flitars (shown In Figure 2,17), these
accormodations oproduce an Impressive gain |n contrast
signai/noise,

Cotor ftijters can aliso ©ts heipful when target
vo|tage is timiteg by Esdam, Howsver, the |imiting
nighilight feature must not be one of the edge oboundarlgs,
Suppose the brighter side of the sdge !s colored different|y
tran the hignilignt feature, & coior filter can then be used
to reduce the highilght prightness relative to tnat of the
edge surface, E4gam wii|l bs Increased, perhaps above
Eesat, for the edgs, Hence, E+T can be ralsed witn a
corresponding increass In Zéc for the desired opoundary,
In tnls appilcation the color of the other edge boundary ls
Jnimportant, 4 significant advantage can be realized sven
if It were the same color &3 the bright slde (eg, for anmy

romogQenscus object), Furthermore, the nighilgnt feature
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nesd not be cojored, Even [f it were white, the dynamlc
range of the scens would 9tiii be selectively compressed
rejative to the contrast across tha edge, It Is aiways
most desiradie that the feature we wish to percelive bs the
srightest sisment In the scene, A matched color fi|ter can

help achlieve this,

Peagratics of Leng Accommodation fe, Edgs Detection
in this ssction, various leny accommodations,

analyzec sariier, wil] be app!led to esdge detectlon.

1, Irile

We have ajiready establlshed the desirabl|ity of more
Ilght to enhance signal/nolse (first In Equation 3.8 with
the ideal| detector and again In Equation 3,21 for the
vidieon}, Eaquation 2,44 formaliizes the obvious: to get
mera {ight, open the lens irls, A wider Irls &wm|s0¢
decreases the denth of fleid, This side sffect makes |t
easisr to siiminate unwanted (textural!) detall by
intentional defocusing (as {ljustrated In Figures 1,11,

a:d).

2, Foce| langth
The foca] length of a jens affects both depth of
fisid (Equation 2,5%c}) and the Image magniflcation (Equat|sn

2,38, Consider first the problem of detecting an idea! sdgse

i’g



In the presence of detsctor nolss, The highar the
magnification, the More resolution colis wi)| be spaced siong
the length of an edgs, Thus, magnitication provides thy
opportunity to  incrsase detection confidence by ftakimg
farger samples {(iarger n |[n Equation 3,37, from a given arga
aiong the sdge, Ajtarnatively, more Independent sampias of 5
glven size can be fit over ths fengtn of anm edgs, Thisg g
advantageous when sgeking global evidencs to confirm the
presance of an sxpescted edge,

For non=-|dga| sdgss, magnification Is Important for
acdditioral rsasons, Flgure 3.10a Is a ohotograpn of the
telsvision monlitor, showing the edgs of a wedge observed at
nigh magnifigation, Nots that cracks ang Paint anoma|ss
tend to concentrate along the |ength of the edge, Thesse
"eage effacts” distinguish ths actual discontinulity with far
more clarity than the gontrast 8C7033 the eadge,

Edoge effacts are often found at surface boundariss
of rea| objects In the phys|ca| world, In many cases, thgse
anoralles provids the primary evidences whigh pscpis use tg
confirm the presence of |ow contrast sdges,

“ long lens a|lows the machins to capituiize on the
presence of these sdgs artifacts, Magnification
troacens the actual discontinuity into a smal] surface, as
styilzeo In Figure 3.1, Tests gesigned for conventiona|
surface boundaries can than detect edge effects that woulg

B8Dp82T &S ons~dimensional |ines (If xt all) through shorter,
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Fig. 3.11 An Imperfect Edge Under High Magnification
(Stylized Presentation)
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wider anglie jensss (Figure 3,10b).

As ysual;, the cholce of lens depsnds uitimately on
which magnification glves the best performancs. For strong
edges that are marred by occcasional, very smal| anomaiies, a
short lens may be effective. Low magnification maps a
larger area of the surface Into sach rescivabis cel| of the
Image, This Is a form of spatial averaging that can Smgoth
the unwanted visual nolse on the edge.

In addition to anomaiiss, there are several other
WayS In which edges, apprcariattiy magnified, can glive
therselves away, Specular refiectlions, for Instance, are
often concentrated at sharp edge discontinuitiss, Rounded
sdges under magnification can, on the other hand, provids
snouph surface arsa to plck up dirsctional discontinuities
that may be present In ths ([ignting fleld, Li2 (Filgure
3.11) could be more different from Lég and Ls3 than the
fatter two are from each other, Thase éonsidarations are
of great practical utility in finding edges,

The higher the magnification is, the more I[imitesd
the fleid of view will be,. Limiting the fleid of view to
the immediate vicinity of the sdge heips Insure that <t¢he
edge itse|f, and not some Irrslevant highlight, wil]i}
determine how hlgh ths targst voltage can be set. This
use of magnification Is analogous to a person using his hand
ty shieid his syes from the sun to gst a better vfeu ef

dgetalis In a shadowed reglion. It (s an important rsason for
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changling ienses In pgractics,

A fine|l wuse of optical magnification Is to redyucs
the Infiuence of surface gradients relative to <he sharper
transition of the sdge (le. betwesn Surfaces), With sharp
focus the width of a good, abrupt edge Is iimited by
ejectronic bandw{dth and not by optical resoiution. This
transition wifl remaln about thres raster wunits wide
regardiess of which lens [s used, Typlica! surface gradisnts
fall wei| wilithin the ampiifier bandwlidtn. Thelr siope (In
volts/raster unit) wi|! decrease Inverse!y with |[ncresses In

spatial magnification,

3, Focusing

we have mentioneg the wuss of gefocusing ¢to
Intentionaliy blur ynwanted fine getali when tracing
Intensity wedges, For edge effects, on the other hand, flre
detall |s the primary characteristic that distingulshes thre
edge, I[In thils case, sharp focus on thas actual plans of the
discontinuity Is cruclal, Whan texture operators

are avalilable, they wiill also reqguire good focus to see fipre

detall,

The c¢cholce of sharp or dul!l focus thus depends on
the type of edge, The decisfon should optimelly be based
en performance fsedhackt 8.+ the focus Is adjusted to

maximrlize the confldence of ths mctual! edos getection test gt

a polnt thought to (les on ths edge, If performance falls off
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when the edge Is tracked inte unknown areas, the focus can
bs re=optimjzed, These techniques wil{ be deve|oped in

Chapter 4,

Clip=setting for Edge Following

In practice, edges must be found in quantized dats,
It Is necessary to consider the additional noise contributed
by the quantization process when assessing the practicat
limits of our system, In this section we appiy the
quantization <theory deveioped in Chapter 2 to the speciftle

task of edze detection,

1, Clip=setting f4p Differential Measurements

We again distinguish the cases of differential and
absciuts measurements, Differsantial measurements gare
useful for rapid extraction of high econtrast edges, ;4
simple threshold criterion Is applled to the differsnce of
the Intensities observed on both sides of a presumed edge
boundary, If the difference is |arge enough., the edge s
assured to be present,

U, -1 )>T—~ Edge (3,586)
5,

1

The principal effect of guantization noise on this test is
to 1Imit the minimym edge height that can be rescived,

The wost effective guantization window s thus the natrowest
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ons, 1t should be centeresd on the average intensily BCross
the edge, as I[lystratead In Flgure $.12, it the
giffsrence of Intsnsity across ths edge exceeds 1/8v,
(after sensitivity, lsns and cojor fliters have been tyned
to optimized contrast) tnen ths clips wiil D8 positionsd as
in Flgure 2,6, In this case, the difference signal will be
clippsd at 15, Independent of nolse that may be riding on
the sdge, Even If the signals can not be hard cllipped,
the narrowest aqusntization window wili always maximize
differential| separation,

The standard deviation of tne camera noise s, on
the average, &sbout one quantization [evel &t the narrowest
window width (slgma = 1/7112v.). A minimum threshold of at
leagt T=3 quantization wunits {lessi-1es+2237142v,) should

thus be used to avoid faliss detection with 95% confidance,

2. Clip=-gatting for Abgolute (Statlgtical) Meagyrements

For weak edges, a simpiles intensity ciffarenba is not
a sufficlently rellables test, The statistical T-test In
«high signails are explicitly normalized by the observed
nolse, 1Is a more sultablse Indicatlon of edge significance.
The auantizer theofsm Suggests that tg avold arrors the
quantization levels should ©be no larger than the stendard
deviation of the signal wé are trying to measurs, In view
of the observed nolse [evel, the heuristic accommodation

cnossn for differential msasyrements (s also besst according
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EDGE i S 18 QUANTIZATION
PROFILE —» 1} LEVELS
AVERAGE
INTENSITY
LEVEL —» Ly. mARROWEST

! BOTTOM CLIP LEVEL

Fig.3.12 Quantization Window for Edge Detection
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to the formal requirements of the gquantization theorem, {(For
nigh contrast sdges, a narrow window will clip Intensities,
as In Figures 2,6, Introdusing quantizer nolss,. Howaver,
statistical detection IS not necessary wWhen adeguate
contrast (s avajlabje.)

After satlisfying this sampiing = condition the
remaining aquantization uncertalnty s treated as ordinary
Indepengent additive nolse {see tquation 2.34%,
The overall centrast signai/noise that wouid be measured at
the output of the quantizer c¢an be found by modifyinmg
Equation 3,37 to Include the transfer I[mpedance of the vides
ampliflsgr and the residual quantizaticn noise, The transfer
gain of the vidso ampiifier is G33,4+108*(5)v./a, (Equation
2.25), The contrast signal/noise after ampiification and
guantization can than bs sxpressed by

ynrpGK LY e®

- S {3,597
ch 7z 3.57)

2 YO 2 ef 2 29 |
{(2-93(} A‘L E,{.+SG BET+2G C+ 12

where a 18 the width of a guantization level in vol|ts., Zieq
can be increased at a glven target voltage and 1ight levey

by using & smalier guantization window,
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I111.4,2,2.7 A SUMMARY EXAMPLE: ACCOMMODATION FOR EDGE
DETECTION

The accommodations studisd [(n this chapter Hhave
enabied a simple T-test to detect many difficult sdges that
previously couid ogniy bs saen Dy usina sophisticated
detection ajgorithms (1¥ at ali{;, Chart 3,4 presents a
compiiation of the most common problems, sncountered In edge
detection, with <the corresponding accommodations that have
proved successful [n combatting them,

The comblined effectivensss of these remedies wi||
now be demonstrated Im an actua| case study, The specitlc
probiem Is to detect the interior edges of a homogensnus,
dark cube posed agalinst a [ight tabie-top, The tabies s
situated In an ordinary room @nvironment characterized by
diffuse, overhsad flourescent l|lumination sources and [ight
belge matte=finished walls,

Thess conditions produce a modermte directiocnal
disparity between ths Illumination lavels incident on ths
top and side of the cybe, but & much smajier varlation
between the two visible vertigal side surfaces, Since the
cube |s itse|f homogenmsous, it gcontributes no variations In
reflection from facs to face., Floure 3.13 shows how thls
cube appears through the coarss accommodations used for
Initial aequisition, These |nglude the use of a short

jeans (i"), wide open c¢lips, and an average 9sensitivity
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Problem Solution

1. Temporal noise 1. Temporal average
1 quantization unit

2. Quantizer noise: aliasing 2. Narrow quantization window
{no temporal noise
observed)

3. No contrast 3+ Raise sensitivity, narrow
clips, change lens (to
seck edge effects)

L Unsharp edge L. Focus

5. Saturation limited 5. Color filters

f. Highlight limited €. Change lens (to narrow field
of view), ceolor filter

7. Inconclusive decision | 7. Change lens (to get more
samples)

“. Spatial noise (dirt, 2. Change lens, spatial average,

surface gradients, defocus
texture)
Chart 5.4

Overcoming Problems in Edge Detection

with Accommodation
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sgtting==-all Intended %to maximize the chance of finding
objects In an unknown environment, decause of the wide
dynamlc range In thls scens and the (ow dynamic rangs of the
cube {(all darky, the entire body was digitized intoc the
jowest guantizatlion interval,

The most striking problem In Flgure 3,13 Is the lack
of contrast In the |nterlior of the cubs., With refersnce to
Chart 3.4, this defect shouid be attacked by raising
sansitivity and resducing ¢the width of the gquantizatjion
window,

Becauss of ths direct overngad (ilumination, one
expects that the horizontal top of ths cube wiil be the
orightest surface, On the basis of this imbafance In top and
side lighting, the dlagona) boundary ssparating the top and

slde faces should be sasiasr to find than the vertical edge

petwesn the two sides, Proceeding on this assumptlion, the
sensitivity |Is raised until the signal from the top face
almost saturates, The gquantization window i then

optimized about the average intens|ty jevel betwsen ths top
and side faces,

Figure 3,14 shows how the cube appears after these
accommodations have been mads, Both diagonatl Interior
edges are now {n plain view (Note that the background has
pear driven completely Into saturation,) The contrast across
the vertical Interior wedge, however, remains inadstGuate,

Since the vertlical surfaces are cdarker and the contrast
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betwsan them |jower, an even higher sensitivity |s needesc to
detect this edge,

Unfortunately, the reiatively high Intensity of the
background poses theg threat of damage to the vidicon If twg
sensitivity is raised. This situation corresponds tg
proclism &6, "highilight (imited”, |in Chart 3.4. The
dynaric rangs must pbe sSomehow compressed in order to extract
more detail In the darker part of tne scene. The chart
suggests that a larger Isns bs used to narrow the fieid of
view to the Immediate vicinlity of the edge,

Thne camera |Is first centered on the vertical edge.
Then the turret Is switched to the 3" lens (reducing the
original fleld of view by 1/3), With the threat of damage
removed, the accommpgdations procedures that were successfuyl
for the diagenal| gdges can be repeated,

Figure 3,15 was ootalned using a J3" |ens, target
vojtage set to almost saturate the right side of the cube,
and a quantization window <centersd on tﬁa range of
intensities found |Im the Immediate neighborhoocg of the
vertical edge, hNote that the entire Image Is now filied by
the Interlior reglon of the cube, {The preciss area can be
focated with respegct to tne eariler pictures by using the
numberegd referance axes which are callbrated in
raster=sampiing units.)

Although this sntire region was black in thes initlal

image (Figure 3.13), thes sanslitivity has since been ralissd
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sg high that tne reiatively brighter top face Is complietely
saturated In the filnal Image. Iin fact, the top face now

actually I!mits fyurther increase in target voltage.

A nNyrerlc AggBggMmeng

The improvewent In the detectapility of the vertical
edge betwean [mages 3.13 and 3.15 Is documented In Fligures
3.16a:b, These plots show the temporal distribution cf
intensities observed at 1 raster point on each gige of the
vertical edge over several successive television frames,
The absiclssae arg callibrated in terms of the 16 quantiztion
tevels within the selected window. These are spaced over a
iv, interval In Flgure 3.16a and a 1/8v, range in Fligure
5,16b, {(d,e to the redyctlion in guantiZation window widthy,
The target voltages are 19.94v. and 30.85v respectively,
The effectiveness of these accommodations is manifested by
the sevenfolg increase in the Teg5cors: the
corresponding edges confldence has risen from "questionabie™
te "certain", Thls score is calculated from the glven
gistrioutions wusing Equations 3,9 and 3.18. It
expresses the auant]zed contrast signal/noise given
rheoretically by Eauation 3.57.

In Figure 3,16a, a complication is introduced Dy the
fact that tnhe aliasing requirement 15 not satisfied. Thus,
Equatiorn 3.57 does not strictiy appiy, A reasonabls way to

account for the effects of aliasing nolse when calculating a
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CUM COUNT

b= MEAN = §.187 V¥
— STD. DEV = 0.031 V
5
C I O O O O O A ey
0 : e = CLIP LEVEL
- MEAN = 0,125V
— STD, DEV = 0,031V
o [ 11 | 1 | ouiw ceves
5 10 15
TCLIP = 0, BCLIP = 7, TARGET = 19.94 V, T-SCORE = 1.414
Fig. 3.16a Contrast Signal/Noise Before Accommodation
. —
MEAN = 0.601 V
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T-score |s to bound the maximum uncertainty, The mean of
a signal contalned antirsly within a singis interval can be
anywhere within that interval. When sampies across an edge
fait Into adjecent (evels (as In .Ficura 3,163, they may
actuaily bs arbltrarlly close to each other, Iying Just
across the guantization threshold, or as far away as two
quantization Intervais. There |[s no w~ay to tell. In suech
cases, we wlll assume the signal mesans to be at ths
migepoint of ths|r respective [ntervals with an uncertleinty
of haif the width of the Interval. The T-s¢ore;
calculated for the distributions in Flgure 3,16a. was based
on this assumption, (This pound Is Iinvoked whenever ths
observeg distribution of a signal indicates that the

ajlasing reguliremsnt has not besn met.)
111,5 CONCLUSION T0 CHAPTER 3

In this chapter we have examined some ways in whigh
the primary accommodations affect the performance of our
vision system, Chart 3.5 Is a summary of the principal roles
of sach accommodation In the context of three representative
perceptual regquirements. The appropriate combination of
accormogations for any specific application depends, of
course. on the particular set of probiems that happen to be
present, To maxe effective use of tne resultls summar|zed

in Chart 3.5 the fotlowing pre~requisites are also nesded:
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a |ilst of probiems which represent departures

desirsd conditions (as In tne i8ft hai{f of Chart

A corresponding st of accommodations ¢to

problems (the right half of Chart 3.4},
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The last two polints have been completeily giossad

have onily besn applied to overcome

In the remainder of

thesls we shail concentrate on automatic diagnosis and

in the context of speciflic applications,
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CHAPTER Ivi EDGE VERIFICATION
Iv,1 THE VERIFICATION CONCEpTY

The edge verifler i9 a program designed to find weak
edges that & faster, but [ess sensitive, edge foiiowsr has
missed, To avold gross inefficliency, the verifier Is usesd
only to confirm the sxistance of iﬂnts whoSe presence can be
reasonatbly inferred from information already extracted from
ths Scene, for exampie, when & recognition decision Is
basesd on the sxternal contours of an object, the Interior
sdges of that object, as predicted by the machine’s Interna|
model, might then bg sought to confirm the decislion.

Edges may bg diffjcuit to see because of

i, low contrast, the result of uniform I|ighting
and homogensous Surface characteristics. An esdge follower
which tracks |[oca] data myst discriminate against |jow
contrast edge points to avold hanging up on noise and minor
variatlons |n surfeace conditions,

2. spotty evidencs. An  intensity edge may be
obscured in places (eg: by dlrt)y, On the other hand, |f
contrast Is iow, the most striking evidence of :5 edge may
e the surface defects <(eg., opaint chips) that tend <o
coliect along the sdges of real, planar-faced objJects, An
sdge followepr raquires continuity of local data and wiil|

fall In both cases,
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Thess probiems are compounded by the nolise inhersnt
in the detsction process and by the resciution lost to
digitization, spatial sampiing, and non=optimai

accommogdation (eg, unsharp tocus;.
Iv,2 WHAT PEOPLE DO

It Ja diffigujt for the  computer to datect the
presence of thes diagonal Interior edge in Flgure 4.1. Yst
at arm’s leangth,; the same Information wususlly conveys a
clearly dlstinqulsh;bla adge to a human observer., Peopie,
of course, are quite familiar wWwith objects, Ilike <that
depicteg In the plcture, and, thus, are conditioned %o
expect this edge, [t appears 1(lkely that people util|zs
this expsctation |[n at (sast thres ways!

p 57 On & jocal |evei, noise [|s combatted by
acqulring Information from slongated areas, allignhed on both
sides of the suspscted edge. The size of thess arsas and
the Integration tims vary with the light level and contrast
of the edge, affecting a form of accommodstion (Buerlse
(19691,

2. This local evidence |s tpen accumujated over tpe
length of the contour to bulld up 2 globa) expression of
confidence (Hochberg [19641];.

3. The final decislon Is then biased by the

strength of the original expectation (Swets et a]. (19611,
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If +tne expectation 1Is high, the edge may be "seen" sven

though |[ts presence was only detactable at a few Isclated

points,

Figure 4,2 provides a convingcing demonstration »of
the Importance of gilopal information, The struectyre of the
plock has been masked out, isaving only thres

cross=sectional siiceS across the Interior edge, In nons of
thegse slices Is there sufficlient evidence to suggest that an
edge culs horlzontajly through them, (Tnis demonstration may
be reocilicated by theg reader, using a cardboard mask at most

any point along the sdge In Figure 4,1,
Iv.3 VERIFIER TECHN]QUES

The edge verifler succeeds where the edge follower
fails by adapting these technigues humans use to caplitallze
on tnelr global expectations, Specificallys

1, Large operators sStrategically orlented with
respect to the egdge Improve sensitivity by averaging to
extract the underiying nolise-fres diatflcﬁtions.

2. Accommodation Is optimized at each point where
these operators are applled to Insure tne Dbest chance of
coserving whatever evidence may be present. The camera |3
tunec to enhance the gcontrast across tne specific boundary
whare the |ocal edge Segmant Is expected to lie, Thls

procedure 1jlustrates a speclific example of how the computsr
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can use expectation to ses what |t {s looking for,

3, The colincidence of high confidences at varlous
points aiong an edge I3 used to augment the statistical
signiflicance of |ocail decisions, Global consistency (s a
powstfuil fl|ter which allows weak edges to bs dstocted, even
when [nterrupted [n places by noise, Strong bdbut Isciated
surface defects, corresponding to no sdge, are rpjacttd as
nolsse, This discrimination IS oparticulariy Important,
since accommodation {technique 2) tends to injesct a
statistical blas (nto the l(ocal declsion of whethar an edge
is pressnt, {(Marginal defects that! coincide with the
expected edge wlj| ysualiy be detected bdecause of <¢the
spescificity of the accommodation, spplied over that locys,)
1t Is; thus, essentiai that these biased locai decisions be
evaluated In the global context of whather they correspond
to the feature for which the computer |s losking,

The wuse of |arge or sophisticated operators and of
optimlzed accommodation |s sconomically practical In
verification tasks for three reasons:

1. Only & refatively few points ars actually
observed,

2. There |s a high a priorl expectation of success,

3. Al affort chh be focused on detscting
discontinuities In a singie expected girection, This
approach maximizes the signal/noise that can be reallzed

with a glven amount of processing. The sdge foilower, on
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the other hand,; must divide its attention among edges at a)|
possibis orisntations at each place it applies Iits sSimpls

operator,

lv,4 STATISTICAL EDGE DETECTION

vi,4,1 OESCRIPTION OF AN EDGE S]GNAL

We are Intsrestad In detecting Intsrna! and external
surface boundarles ¢of the type normally associatad wlth
planar=faced obJects, The most common edgas type IS the
simple intensity step treatsd In Chapter J. A noiseiess
proflie of this pasic function |s shown in Flgure 4,3, In
practice, this ldea| signal |s commoniy corrupted in thrae
ways, Refsrring to Flgure 4.4,:

A The edge transition is not abrupt, A fTinite
sjope I|Is pressnt dus to bandwidth (imitations In the
television system, the discrete nature of spatial sampling,
and to the fact that physica! edges are nsver perfect, With
a 1" lens, the tota]| transition width for the reasonably
sharp edges of plastic blocks at a typlical working range of
38" covers about two raster unlits.

2. surfaces suffer from Ijlumination gradients dus
to the dlrectiona) nature of 1lghting sources angd to
variations In reflectivity as the angie of Incidence changes

along the surface, (An analytic treatment of thls effect |Is
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Fig. 4.3 Ideal Intensity Step

FINITE

SURFACE
ILLUMINATION
GRADIENTS

NOISE

Fig. 4.4 Actual Intensity Edge

(| --r|w+3 _:.l-- |

Fig. 4.5 One-Dimensional T-Test Cperator
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glven In Herskowltz [1978]),) In most cases, thess gradients
are & resiatively minor probjem, Tne wuniform lighting
conditions which make the edge difficult to Ses i{n the fipst
place aiso tend to minimize variations in surface tghting,
A typlcal varlation Is [ess than ,@ilv. (on a 1v. signai
range} In ten raster wunits, a Slops of <(ip+*=3)v,/raster
unit, (Shadows ang reflegtions wil| occasionally Produce
variations up to three times as great.)

3. Random Gausslian detsctor noise, (ses Equation
4.4) Is superimposed on these other signal componsnts, For
nurnbaas of comparison, the t.m.S, valug of this nolsg |s

on the order of ,Blv,

IvV,4.,2 DETECTION CRITERIA

The stat|stical T-test discussed at lengtih In
Chapter 3, can be gensrallzed to nprovide a sultabie

detection cpite,lon fo, non=-ideal edges,

Justification for the Use of T-test
Wnlle not the most sophisticated cperator that could
be appllied, the T-test doss offer ons opractical advantage;

the effacts of the various accommodations on [(ts performance

are alresady understood, its |imitations are known gnd
wii{]l] be discussed jater, with suggestions for more powsrfyl
statistical technlgues. The emphasis of our present work,
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however, s not statistical detection theory But rather to
show that, with apprepriats accommodation, the simpiest
statistical test can detect edges that previousiy had e|uded
far more slaborate operators.

The T-test ssrves two specific functions:

1. to discriminate against noisy gradients that do
not pass the test of statistical significance and

2. to provide noise reduction Dy spatiai averading,
The primary purpose of these functlons Is to guard against
errors of commission, Errors of ommission wiill &g
attacked by using acommodation to boost the bdasic signal
rather than relying on a more sensitive signai extraction
ajgorithm, Of course, trade-offs between the effort spent
on accommodation and on statistical processing must be
considered, These trade-offs are largely ynanswered
questions concerning relative efficlency and reliabllity,
We feel our present emphas|s Is Justiflied on thres countsy

i. The tims spent In tuning the camera so that an
Image Is good enough to use with simpie operators s apt to
bse {e8s than the time that would otherwise be required to
process a marginal Image with more sophisticated algorithms,

2. The googness of the basic Image (as refiescted In
Its signal/noise) inhersntly d!torminas the reiflabijity of
subsequent processing, regardiess of sophistication.

3, A considerable body of HKnowisdge |3 already

avallabie concerning the relsvant aspescts of detection
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theory.

IV,4,3 GENERALIZATION OF T=TEST FOR NON=IUEAL EDGES

We flrst consider the sultabliity of the specific
operator sketched In Flgure 4.5, for detecting sdage profi|ss
of the type shown In Figure 4,4, This operator |s designed
to test for the presence of an edge boundary colnclident with
fts three-cel| gap, Sample means are calculated from the W
intensities observed on each Side of the gap. The
difference of theSe averages must bDe comparsd with an
expecteg deviation, Sid; to determine the |Ike|lhood of an
ecgs.,

T = M_Ig-“_M'z‘ (4,1)
d
{S¢d |Is agajin the standard deviation of the difference gliven
oy Equation 3,9 with N=W,}

Cur original use of the T-test to distinguish Ides]
edges from uniform surfaces was based on the hypothesis that
the differsnces bestween the two samplies, drawn from the same
distribution (le, corresponding to no edgel, would be
T-distributed with mean Zero, Sioping surfaces
Introduce a Systematic error into this assumptioni: the
intensity distributions, sampled at ssparated polints on such

a surface, wili diftfar [n mean. The appropriate nul|
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hypothesis "for yuse with a surfate of Slops M [s! 4thg
difference of two Sampies drawn from points (W+3) mpar?t will
be T=distributed with mean Me(Wal3},

A significant T=sgcore s a necesSsary but not
syfficlient sondition for the exiastence of a non=ideal edgs,
The Te=score of sven the smaifest surface sSiops can be made
arbitrarlly iarge by reducing Sid (eg. through temporal
averaging), I[n the jast analysis, ali that the T=score
estab|ishes Is the fact that an observed intensity
difference |Is unilikely to have evoived from chance, No
Judgement is rendgred on the signiflcance of ths abso|ute
magnituge of thes |ntensity diffsrence,

To distingulish actua| edges from sioping surfactes It
Is thus rsasonablie to requlire a minimum absclute contrast,
This condition can be Iimposed on top of the T-test to insurs
that =lgniflicant T-scores do, In fact, correspond to
significant edges, A convenient threshold for this purposs
is twice the helght achlevabie by the maximum a|iowable
surface siope over the sffective sampiing width, W+3, The

complete edge detectlion critsria can tnen bs expresssd as
(T >2.8) A (M, - M;) >2x107 x (W + 3)] ~ Edge (4.2)

The auxiijary condition does not radicaliy ajiter the
accommodation rujies devaioped in Chapter 3. It was noted

that the Te=score could be Increased by either enhancing
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contrast or reducing nolse, Condition 4.2 merely impiles
that contrast should be the primary concern, i
accormogation cannot achleve adequate gontrast, there I8 no
nsed %o opursus further nolse reduction, I this contrast
threshold |s reallzed, then additional sffort I3 warranted

to prove that |t was not nolses=induced,

Iy.4.3,1 COMPUTING THE EXPECTED DEVIATION FOR A NON-IDEAL
£DGE

Ssd, the standard deviation of the dgifference Iin the
gample means, |s rejated by Equation 3,9 (with N=zW) to 1the
standard devistion of the W {ntensity samples observed In
sach hal|f of the operator. For & non-ldeal @edge, S:1 and
542 wlll each reflsct random detector nolse and spatial
nolsa, Induced py the uniform siope aiijocwed On sach side of
the maln transition,

The tempora| and spatimi{ componenis are ingependent
and can be considered separatsiy, To define thne spatial
component, consider a nolse=free intensity surface of slope
M y,/raster unlt, The distribution of intensities {labout
the mean) found in an oparator of widin y. appiiead to thils
surface, 18 equivajent o tnat gensrated by the uniform
gistribution shown In Figure 4,6, The spatiai component of
the varlance can, thus, be approximated (in ciosed form) by

the varlance of a eontinyous uniform distribution, as
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expressed by fauation 4.3,

2, WM (4,3)

The tempora| noiss of <the distribution with the

gradients removed is

v 8 ) (4,4)
N f‘?’ AL ETQ-G BEL + G c+-9~

{which |is & combination of Equations 2,25, 2.34, and 3,21},
The sxpacied variance of the sample mean of

intensitiss, obtained from an operator of width W, is then

5,2
w

= "’é"(’g W

- o

It comparabie nolss |s assumed on both sides of the sdgs,

Equation 3,9 Impiles that Si¢d wl|! be:

w: )1/2 (4.6)
N, WM '
8 = "!(w" 12 /
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[V.4,3,2 OPTIMIZING THE T=OPERATOR IN THEORY AND IN PRACTICE

The detectlion sensitivity of Equation 4,2 is 1imited
by 1ts response to a surface of uniform linsar gradlent, ™,
In the absence of a real wedge, The nature of this
limitation Is l1liustrated In Figurs 4,7,

The edge signal, R, must be significantiy larger
than S¢d and the systematic blas that would be present In
ths absence of any discontinuity, A larger opsrator
orovides more averaging. Conssquently, the random nolise will
be lower, A large operator, howsver, impliieg a wide goacing
petween operator centers, This spacing resuits In a large
systematic offset from surface siopes which can mask a
constant edge signai. For an operator of width, W, the

piased T=score from a uniform surface of siope M is

M {W + 3}

T =
V2 C&i,.ﬁ!ﬁf?
w 12

IV,4.3.3 OPTIMIZING W

Since W affects both the operator size and effective
spacing In 4,6, a practical compromise s needed., The
optimum cholce of W Is squivalent to speclfying the best

bang pass fiiter for separating the medium fresguency edgs
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Fig. 4.6 Uniform Distribution Whose Variance is Equivalent to That
Induced by a Constant Slope (m} Over an Operator of Width (W)
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Fig. 4.7 Edge Signal Masked by Surface Gradients
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component from ths high frequency detector nolse and the |ow
frequency spatls| nolse (gradlients), The width of the
sampled area determines a nigh frequency cut=cff; a large
opsrator 18 desired to sSmooth out tempora; nolse. The
spacing bestween the operators determines a Jow fresquency
cut-off; a smail spacing |s desired to discriminate against
gracual spatisl graglents,

Whils a larger opsrator wii| reduce random nolse, [t
will not necessari|y "~ [ower Sid. This depends on the
refative Importance of the spatia| and temporal compOnenis
of the noiss, In Figure 4,8 Eguation 4.6 (s piotted as a
function of W, For small W the temporal nolise |s dominant,
but, as W Increases, this componsnt I|s smoothed so that the
spatlal component grows In [mportance, The overal| nolse 1s
minirlzed at W329,9 when the two componsnts are equal.

Minimizing nolse does not, however, maximize
sensitivity, An egge dlscontinuity would need an amplltude
of at least 2a33a{1Q+¢=3)v, 1In order to fulifij] the contrast
requirsg by Equation 4,2, An operator width of 30 wouild ajlso

pe lrpractically wide for al| byt the Imrgest objects.

1V,4.3.4 DETERMINING A PRACTICAL OPERATOR SIZE

Figure 4,7 |1justrates the desirabliity of confining
the operator to the Immediate  lcinity of the edge

transition, I#f W Is kept smaill, tne offset from sioping
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surfaces will be |ess significant relative to a constant
sdge Signai,

For WES5, the maximum spatial nolse component |s
Iinsignificant re|ative to the typical temporal noise lave]
of ,C1lv, For W5, the expscted standard deviation of <the

T-scors is thus

84

=%§‘—°—1 = 0.00632 | (4,8)
If we requirs that the probabiiity of mistakeniy calling a
leve | surface an edge be jess than 1%, the wminimuym
detectable edge wli| have ampiltude

ES = 2.6 Xsd = (.0169 volts (4,9)

This sensitivity 1s adeguate for practica| purposes, It
corresponds to a contrast that bare|y exceeds the minimum
which our aguant|zer is capabis of resolving. By
comparison, the expected signal from the worst case ramp for
a center-center opsrator spacing of 8 ullf be Ba(ifre]3)
(which Is 1,4 standard deviations below the minimum
acceptedble signaj), This represents & roughly 8X chanceg of
mistaking a gradual siops for an sdge on a single
measurerent,

If this test |s appiled ten times over the dloba]

extant and a colnecidence of sight successfu] detections s
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required to confirm an edge, the possibiiity that a trend
will be caliied an sdge |9 negligibie,

It should be noted that a satisfactory T-score,
based on Si¢d glven by 4.8, Impiiss that the contrast
constrant {(Equatjon 4.2) (9 aise satisfjed. An esxpiic|t
check of contrast |3 necessary oniy when additional

averaging is employed to ralse the Tescore by reducing Sad,

Iv,4,3,5 TWO=DIMENSIONAL OPERATORS

Afthough the width of the T-operator has besan
constralned, nothing has yst been sald sbout adding a second
dimenslion, paraliel to the edge, to <create a rectangular
operator (Flgure 4,9), It |s theoretically possibis to
reduce noise and Improve sensitivity by Increasing the
sample size [n this way.

If the surface gradient Is resc|vad intoe Independent
horizontai and vertlcal components, Equation 4.6 can be

generallzed to two dimensions,

_ (ﬂ WM:, 2) 4,10)

wH' 12

W,H are the horizontal and vertica| operator dimensions, and
Msh, Mév are the coOrresponding dlirectionai surface siopes,

The partia|s of Eaquation 4,1p with respect to W and
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H can be set saual to zero and solved to yisld the optimym
shape and 3ize of the opesrator that minimizes noise for any
a prilorl surface characteristics, The best shape I3
determined by ¢ths combination of horizomtal and vertical
axtent that simuitanesusiy maximizes the number of Intens|ty
points (for <temporal nolse reduction) and minimizes the

spatial nolsse, e find that

H = fgé (4,11
opt )
and
2 1/2
933 -220N_ ‘
Wopt = W T uuf{ (4,12)
Substituting W from 4,12 into 4,11 yilelds
(4,13)

The horlzonta! and vertical dimenslions of the optimaily

shaped operator are Inverssly reiatsd to the relative
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magnitudes of the horlzontal and vertical sur’ace slopss,
Once again, neise minim|zation cannot be econsldered
out of context, The oprincioal goal Is to maximize the
{imiting sens|tivity of the operator to edges, In thils
respect, a vertical operator has a fundamenta| advantage;
increasing the dimens|/on of the operator, parajie! to the
adge, does not amp|ify the signal corresponding to &
uniform|y sioping surface. By this criterion, the operatsr

should extend excjuglvely In the ve,tical direction,
Iv,4,2,5,1 PRACTICAL DISADVANTAGES

Four practical considerations cictate the
desirabiiity of a Small yertical extent (H<3):

1., Common mode gradients, Flgure 4.19 depicts an
edge at the boundary o0f two suyrfaces with horizontal
Intensity qrtdlsnts; The reiative significance of a .5 v,
discontinuity In a 4 v, signal and a .95 v. step In a ,1 v,
signal are, of course, identical. This fact would be ipst
if atl of the Intensities on sach side of the wsdge were
first grouped and averaged before comparison., The in=group
variance, contributed by the horizonta! gradients, reduces
the significance of the Tescores, calculated with the grouped
data, ft s thus preferable to compute an average
significance from many T=scores, calculated with individua]

palrs of Intensities along the edge,
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Fig. 4.9 Rectangular Sampling Operator
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Fig. 4.10 Exaggerated Example of a Common Mode Gradient
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¢. STEP AND GRADIENT
Fig. 4.11 Other Types of Edges
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2, Efflcient decision strategy, It Is possibie to
save considerabls Drocessing by formyisting edges detection
as & sesquentia| decislion problem. Briefly, the idea is to
first iook at a smal| subset of the Intensity pailrs siong an
sdge, If thess palrs indlcate an exceptionaiiy strong or
non-sxistent edge, a reasonably confident decision can be
made without 1{iooking further, Onfy In marginal cases wil|
more Information be needed, Large groupings of data defeat
the intent of a ssquential strategy,

3. Smai{ anomailes, As Herskovitz [1978] opoints
out, anomalles In otherwise uniform surfaces tend toc producs
jarge daviations in [ntensity over & small area, Sueh
defects can bias the decision of a largs |inear operator out
of all proportion to thelr sizs, A preferable approach |s
toc make local sdge decisions based on paired intensities at
varlous polnts along the edge. The global declision i3 then
pased on the percentage of [ocal| tests that were favorabis,
the sffect of an anomaiy on the overal{ decislon |Is then
determined by Its extent mors than Its amp|itude, This
non=]lnsar technique has demonstratad I[ts superiority In
diseriminating between occaslonal syrface defects and ecgss,

A small operator IS aiso at an advantage in
detecting valld edoes that happen to be characterizesd by
small anomalles, clustered along the discontinuity. These
defacts tend to be both small and of {ow intensity, They

are conssquentiy Jost |[n iarge operators DbDut readlly
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detected In jocallzed palrings, Unjlke ths isojated surface
dafect, thess "edge effsctits™ are |Ikeiy to bes detected gt
snough individual points that a globally significant
decision can be reached,

4, Optimal local propertiss, The use of paired data
allows Individual! decislions to be based on the |ocally
strongest property (eg., color, Intensity, texture;, An
egge may be detected most sasliy by relying on different
properties &t dlfferent points gjong Its exteant, The
non=1inear global svajuation i3 Indlfferent to the fact that
the local yes=no declisions weres based on different features,
The significance of a Jocal decision aisoc serves as an
Iimmediate criterfa by which to achleve |ocally optimized

agccormogdations,

IV,4,3,5,2 PAIRING VERSUS GROUFPING

Statisticlans have glven much thought to ths general
guestion of whsther to palir or group data for significance
testing (ses; for example, J,E.P, Box [1954]), The baslic
issye |s whathep statistically significant differsnces are
pest detected with fewer, but more rellable, tests (e,
grouping date with jarger opsrators) or by performing more,
indlvidugiily less rgliable tests, The consensus is that,
when thers are va!ld reasons for pairing, such as those

outiinesd above, 1t s the preferred altarnative,
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[v,4.8 ALTERNATIVE OPERATORS

The use of a T-test, applled to Intensity averages,
has recognized |imitatlions, An average approximates the
actua!l Intensity oprofile (or surface) on each side of a
suspected discontinulity, with the best fitting horizontal
iine f{or plane}, This approximation ciear|y breaks down,
whan the slopes of the actuasl surface becomes appreciable,
In these cases, an operator |s neesded which will normalize
out the effacts of a uniform gradient,

A second conslideration Is the existence of other
types of edgss than those characterlized as steps. The
proflles of two other common forms are idealized in Figure
4-11a,b, A conventiona| T-test, appiled across sither of
thess discontinulities, would register nothing. Agtua |
edges will often consist of a combination of these basic
forms, as, for instance, In Figure 4.1lc. In the foliiowling
seclion, we discuss ssvera| iitnrnat!vt tocal tests of asdge
signiflicance which can Dbe used In cases where the simple

T=tgst |is not sultapie.

Iv,4,4,1 REGRESSION

The most direct way to smooth nolse on a surface
with constant siope Is to approximate that surface with the

nast=fitting plane ¢(in a |(east sauars Senssj). tnls
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approach, known as |lnear regression, Is iljustrated for a
one-cimensional edge protile in Figure 4.12,

In applying reqgression analysis, it is assumed that
the mean Intensity z:m at sach point on a line (surface; Is
lineariy relatec to thns independent position varfable x
{x,y» for a plane}. The Individual sampies of 2, obServes
at e#ach %, will be normally distriputed about the
corresponding vajug of zZé¢m with constant variance given by
Equation 4,4, The regression line iIs then ths best-fitting
stralght Iline that connects the estimated means of thsse
individual distriputions (Figure 4,13), Let this [ine be

characterized by
z = a+bx (4,14)
{z-hat |8 the best )inear approximation to z¢m at each x,) a

and © are glven by the familiar equatlions of a linsar lsast

squares fit (Bennett and Franklin [[954],

'Zi:xi ;% (4.152)

xizi - N
5 =
E:xf-(i:géz-

N = number of abscissa
points used in fit

All sums taken over
i=% sl
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LINEAR FIT

ACTUAL EDGE

Fig. 4.12 Linear Regression in One Dimension {(Applied to the

Surfaces on Each Side of an Edge)

REGRESSION

LINE

OBSERVED AT Xz

o
o
o

Fig. 4.13 Principle of Regression
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< (4,158

a,b are, of course, statistirai estimates of the
parareters that characterize the actual best-fitting |ine,
In e0ge detection the ¥lt wlil wusually be based on one

sgmple at each x, In which casse

2
o
oa = N 16a)
2
2 N
% N 9 (4,160
Z{xi = i)
i=1

{x=bar is the cogrdinate at the mid-point of the fitted
region,} Since z-hat I1s a |inear function of a and b, Its
pown ®Bxpected variangce at each x can b8 expressed from

fguatiors 4,14 ang 4,16 as

(4.17)

2 _ 2 2 - TCa
o‘z{x; .9, + % {(x - X)
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Iv,4,4,1,1 EDGE TESTYS USING REGRESSION

Suppose an edge s suspected at coordinate xin In
Filgure 4,12, To test this hypothesis, a regression |ins (s
flt to the surfaces on both sides of the expected boundary,
A puffer reglon of 2 or 3 points can b8 18f% on either slde
of x¢0 to absord any uncertainty in the expectation. ?h§
resultinrg regression coefficlents can be interpreted In
several ways to establish the significance of an edgs, A
reasonable test is to extrapoiate the Iins ?it on each side
to determine the value of z-hat that sach predicts st xio,
The signiflicance of any discrepancy can be established In
terrs of the expected deviations using Equations 4.17 and

3.9

(4,18

The advantage of 4,18 over 4.7, for exampie, Is that, when
applied to a uniform sioping surface, the expected valus of
T Ir 4,18 is zero, “any more points can thus be Included |n
the Trfegressjon thah woulid DbDe tolsrablie with & Simple
average, A3 a result, the potential |imiting sensitivity

obtalnable with 4,18 |s substantially greater than that
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possible with 4,7,

Another test |Is to directiy compare the regression
coefficiants obtalned on each 9side of a presumed edge,
The respective vajues of a,b can be interpreted as the
coordinates of twg points In a two~dimensiona| phase Spacse,
The distancs betwean these points, normaliZed by Equations
4,16, |s an snoompassing measure of the dissimi|ityde of the
sorresponding surfaces, This approach can bs used to detsct
gradient type edges (Flgure 4.11a) [n terms of a significant
difference In the b parameter,

Regression 2analysls can be oOsnerajized to two
dimenslons: ths entirs syrface on sach side of the sdge can
se fit with & plans, On the other hand, this extension Is
norrally not desirable, for the same reasons the original

T=tgst was kept ons=dimegnsionai,

Iv,4,4,2 SECOND DIFFERENCE

The Infjusnce of a constant siocpe may aiso be
rsmoved by using a one-dimensiona! discrete approximation %o
a Lapiscian operator (A, Herskowitz (19781, Figure 4,14
has been sdaptesc from the glven reference to [jlustrate ths
method, Let L{(x) be an intensity profije, D{(x) represents
the value of & discrete Laplacian taken over a differencing

interval 2,
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D{(x) = - 2L{x) + L{x + 3) + L{x - 3) t4,19)

D I|s averaged over 3 points on sach side of the suspescted
edge. The differance of these averages wl|l peak on the

boundsry of an edge,

Fix) = 3 (4,20

In random nolse, 0 has mean zZearo and standsard deviation of

c

1/2
i

n = i(zaN;‘? + a; + 02

- t"
N -JBxaH 21)

Thus

i _m'ma f N (4,22)

The signiflcance of an sdge of height n from Figure 4.14 and

Equation 4,22 158

- 20" a.23)

Since the expectation of F I|s zero on a surface of uniform,

constant sjope, Eguation 4.23 suggests that ths operator
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Fig. 4 14 Laplacian Edge Operator
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Fig. 4.15 Edge Approximation With Idealized Functions
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size, 8, should be made as large as poSsible to reduce nolse
and Increase |imiting sensitivity, A comparison of
Equations 4,22 and 4,17 shows that, for moderate=sl|zed
operators, F wl|| have Iower noise than a regression
estirate,

3 will be Iimited In practice by ths physical size
of an obJect and the homogsnelty of the lighting fleid, The
value of F at a point |Is determined by the Intensities
«Ithin a rangs of 23 on either side, Using the relation W =
28, one can compare the relative signal/neise of F and the
T~test fcr a step of height h. For a glven size ocperator,
the T-test has a signal/noise advantage of sqrt (3) over F.
However, the T-test Is practically [imlted to a width of 5
whereas 23 can |n practice be as large as 25, For an
ldeal step sdge, F would then enjoy an advantage of sqgrt
(573 over T, The attractiveness of F grows dirsctiy with
the rax|imum aiicuabfe surface sjope,

&
1v,4,4,% EDGE DETECTION B8Y APPROXIMATION WITH IDEAL

FUNCTJONS

A theoretically appealing approach to sdge detection
ls to approximate an emplrically given, noigy intensity
distribution with the best-fitting, noise-free intensity
step, If the amplitude of the ldealized signal Iis flarge

enough, it Is Inferred that an edge Is actually present |n
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the originat gata, Heuckel [1969] deveioped an effective

edge operator based on thils principie. A two=dimensional,
discrote Fouriep anaiyslis s first applled to the
intensities found In a smali glsk {radius ~ 5), Ths elight

low order harmonics are retained to el iminate much of the
high frequency., temporal noise (and, inevitably, also sgme
usetul !nfnrmation,. The smoothed distribution is than
approxirated with the best ideai intensity step,

An involved mathematical analysis was nescessary tg
efficlentiy fit all edges that could pass through the dlsk
(gt any location and crientationy. For wverificat|on
applications, w8 can assume that the orientation of the
suspected adge s known, The prooiem Is then saslier to
conceptualize, because fewer dagrees of freedom are
invoiveg,

In Flgure 4,15a tne best=flitting ideal step s shown
superimposed on a real, noisy sdge, The propiem is to
determire the values sf the thrae independent parameters
faceled In the figure, The best fit Is defined by that sat
of parameters minimjzing tne Hilbert norm between Ll and
Lés over tne range p<(x<3smax in Fiqure 4.15a.

%le

A
2 2 2
Ouhy) = 3 Moy - L+ > g - 1,0 ,

8ssilont2 can be minimized oy a straightforward
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one-dimensional search over 3) for each value, 1S3<amax=1,
the best horizontal |[ines are 7|t over the ranges J<x<® gnd
3<x<dmax, and epsiion Is cajculated, {The minimum is
yniroda| and can be efficlentiy found,) From Equation 4,15b
the best horlzontal Iines (bx@) wlll |ie at the average of
the intesnslity valyes on sach side of x=3,

The presence of an edge |s [ndicated by the step
nelght, (héil=hi2) at the 3 for which epsiion is smailest and
by the goodness of the fit, Theoretically, this approach
cannot provide appreciably bDetter Sensitivity than a
conventional| T=test app | led to thess same average
Intsnsitles, 1ts principal advantage Is that ¢the it
error [ a more sSelsctive nolse criteria than a dlindiy
cajculated standard deviation.

Equation 4,24 can bes genera)ized to handie other
edge phenomena bes|des pure steps, figure 4,15¢,
tiiustrates a possible functlon with flive degress of
freedom, sujtable for modeiing combinations of step and
| ine=type sdges (ag, Figure 4,11c¢c),

Practical axpsrisnce with Haucke!’'s opsrator In the
verifler has shown [t to be 1ess senstive in the detection
of weak sdges than z simple T~test appiled to a compzrably
sized reglon, 1t should be added, however, that this
opsrator virtualily never committed an error of commission,
Becayse {ocal decisions In a verify task are evaluated for

consistancy at a higher 18veli, the Heucke| opsrator I|s
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thought to be overly discriminating for use In & veri|fier,

Several additienal factors maks the Heugkel cperator
inappropriats to this appilication:

1. The operator doss not pressntly <take advantage
of the a opriorl information that an sdge Is expected gt a
particular {(ocation and orlentation, It thus wastes
processing time by considering afl possibie sdge placemeanty,
This time could otherwisse bs spent considering larger
samples or tempora|ly averaging the ex|sting intensities ¢o
Improve sensitivity for the expected orlentation.,

2. The operator arbltrar|iy throws away usefy]
Information In the pre=flitering stags is;t apove),

3. The opsrator Is currentiy sensitive only to
step=types edgas, Thls f{imitation is |[mportant, becauss
other edge affects are often cruclal In determining whether
weak edges wil| be seen, Heucke!| is pressnt|y attempting +¢o

extend his operator to handie combinations of step and |ine

typs discontinulities (see Figures 4,11¢c, 4.15¢cy,
fV,4,4,4 SOME COMPENSATING ADVANTAGES OF THE T=-TEST

We have now considered a number of operators, eagh
of which offers potential advantages over the simpis T-tgst
used In the verifiler, it Is therefore appropriate ¢o
refterate the Justification for the cholce of the T-test:

1, The T=test appears to offer a very favorable
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comprom|se between e¢ffectiveness and simplicity,

2s With small sized operators, the T-test Is
sensitive to a variety of edoe effects, sspecialiy 1ines and
anoralies clustered ajong an edge.

3, Noe ong of the othsr operators surpasses the
effectiveness of the Tetest In every respsct,

4, Large surface gragients, whigh pasn' the
orincipoatl difficulty, do not appear freguentiy Iin practics,
When they do, thelr effects can be large|y mitigated by
accormodation {(see Chapter 3).

The pringlpaj reason, however, remains that thg
emphasis of our work 1s directed towards demonstrating ths
agvantages of accommodation in a task context, The T=test
!s particular|y appropriate for this purpose because of the
results avajiifable from the extensive case ana|ysis aiready
conducted In Chapter 3, Furthermore, accommodation has been
so successfyl In enhancing the Image of a weak edgs that
more Sophisticated statistical processing was ssidom needsd,

Optimal accommodation wif], of courses, improve the
parformance of any operator, The particular adjustments
wil| necessarliy depend on the specific nature of the
current test, However, the theory for adjusting sensitivity,
clips, and eofor Tiliter, etc,, to optimize contrast
sigrnaj/nolise depsnds primarily orn the characteristics cf ths
scene and the capabilities of the hardware, Furthermore,

the actual significance returned by the current apcrntér ls
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ths major tf!%tvig used to svalyate the effectiveness gf
accommodation, This application of performance fseddack
simplifles opsrator sybstitutions,

As an example of 1this generality, the same
accormodation package, designed for the T=test, wa® used
with oniy a minor modifjcation to optimize the pesrformance
of the Heuckel opsrator when [t was Incorporated Into tne
verifler,

The basic veriflcation oparadigm was designed %o
accept any local edge sperator, The accommodation modeiwe,
developed In Chapter 2; can be used to rigorousiy analyze
the eoffects of various camers paramaters on satch
sontempiated operator In the manner done for the T-test In
Chapter 3 and In more detall In the next section, An
ultimate goal Is to establish a library of operators, sach
sylted to a particular type of expected and/or empirically
evaluated surface characteristic, Tne choice of the most
sppropriate one can then be considered as an additional
accormogation, This capablilty has already been retilized
to a lirlted extant In the current verifiary the shape of
the sarplling reglons used In the T-test |s= modi? led,

depending on the class of sdge expected,

{v,5 ROLE OF ACCOMMODATION [N VERIFICATION

-

Accommodation Is used In thg verifier to maximize
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the chance of detecting an edge, when one |s actually
present, If the significance returned by a local test
falls beiow the reauired declislion thresho|d, the cause may
be that no edge was In fact present, or that the camera was
not properly accommodated, Since the verifler was caijed
becauss an edge wals syspescted, the {atter aiternative is a
distinet possiblilty, To minimizs the risk of Syuch an errpr
of orission, the gaccommodation Should be optimized for
conditions at the spec!fic point whers the test was app!fed,

This strategy refiects an important distinction In
the termination criteria used to conciuds that an edge
segrent was &r was not present, A significant spread In
the means of the Intensities, sampled on both sides of the
suspected edge,; Is a ciear refutation of the null hypothesl|s
that no edgs was pressnt, In the absence of a significant
difference, however, one {8 not eaually Justifled In
accepting the nuil| hypothesis, because of the possibllity of
inageguate accommodatlion, The termination criterion fgr
declcing against the sxistence of an edge Is thus Inherently
rejated to a Judgement of the sfficacy of further

accormodation,

The ioop In Flgure 4,16 1jlustrates how a local
terrination declision |Is reached in practice. Tha
operator s applied ¢to the 8suspected wesdge, 1f the

significance figure It returns excesds the required

thrashold, termination witn an affirmative response foiliows
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ACCOMMODATION | APPLY OPERATOR: “YES Ippcine!
CRITERIA SIGNIFICANCE > CUT "EDGE"
ACCOMMODATE |
ACCORDING TO |
DIAGNOSIS

CONTRAST
ENHANCEMENT
POSSIBLE

SYMPTOM
ANALYSIS AND 4
DIAGNOSIS

NOISE
REDUCTION
POSSIBLE

YES DECIDE }

“NO EDGE"

Fig. 4.16 Accommodation Decision Strategy
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Immeciately, If rot, the causes for the fallure are
anajyzed to determine I! any corrective measyres are
appropriate, [f the problism appears corresctabie, the
indlcated accommodation Is performed and the (oop repeated,

Otherw!se, a negative response myst be Issued,
Iv,5.1 ROLE OF D]#GNOSIS IN ACCOMMODATION

The effectiveness of this approach to automatic
accormodaticon rests on the ablfiity of the diagnostic
procedures o pinpolnt the asource of low confidence., We
have already tabulated remedial effects that the varloys
accormodations have upon the Iimage of an asdge, In this
section we focus upon the nre-requisite problem of how a
machine can determins for Itseif why an sdge canmot be seen,
We wil| describe anm uccommodation packag® designed o
maxirize the |[oca| operformance of an experiments! esdge
verifler, (The verifler itse|f [s discussed In a subseguent
ssction,)

This package 13 an attempt to impiement the
accormodation strategy symmarized |n Chart 3.4, The
fmplementation Is not yat compisteiy automatic, Some of the
diagrnostic procsdures presums system support services that
woere not avallable at the time this work was completed, For
Instance, the ablliity to determine yhether a change of |esns

wouid exclude an uynwanted highlight from the fleid of view
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requires a metrical callbration of the camera, Sobe| s
currentiy perfecting the requisite camera model, For the
time belng, these aspec?s of the strategy must be performed
manually. However, we wlll opropose sultable ways to
aytorate these functions, based on postulated additions ¢o
the system, (Many of the reguirements uncovered In thils
manner are pressntiy belng Iincorporated Into the evoivimg

nand=eys system,}

IVv,5.1,1 CONSIDERATIONS FOR A DIAGNOSTIC STRATEGY

Diagnosls congists of appiying a fixsd ssquence of
predicages ¢o determine from ¢he sgag¢e of the sysgem and ghe
characteristics of the Image the I|ikellhood that a given
accommodation wouild Drove sffective, Whenesver the
conditions corresponding to an agcommodation are met; <¢he
ssguence I8 Interruptad, The Indicated accommodation ls
refined and control returns to the evalyation loop, If <the
cause of a oproblem cannot be attributed to a speciflc
accommogation, the altarnatives must be appiied

exhaystively,

fv.5.1,1.1 COSY EFFECTIVE ORDERJING

The dliagrostlic tests shou|d De applisd In an order

fikely to result In the most costeeffsctive accommodation,
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For exampie, camara sensitivity and the quantization window
must both be apporooriately set bafore any #dg9e can bes seen,
Thess accommodations are alse relatively chesp to Implement,
Conssquentiy, It |s reasconadbie te look first for prob|sms
asscclated w|th thess parameters, besfore more coetly and
less sssontia| possibliities, {ike a changes of 1lens, ars

contempiated,

IV,5.1,1,2 USE OF EXPECTATION

In a system context, speciflc Information wiil often
be avaliable to the verifier that may substantialiy aiter
the a oprlor! sstimates, The diagnostic procedurs can be
designec with the fiexIbliity to use a prior! and acaulired
knowledge to Infjugnge Its priorities, For Instancs, ths
verifier may be told by a higher level strategy program that
the expected edge be|ongs to a white bjock, This fact can
be recorded as a constaint on the use of coior fiiters ¢o
improve contrast, 17, on the other hand, & specific cojor
edge (8g, red-=gresn) was expected, than & oolor filter
(red} shouid be one of the first accommodations to be trled
in the svent of Insyfficlient contrast. Simljariy, the most
effective accommodations at other positions on the sdge
could affect the grder In which actlicn i{s taken If the same
probliem |s encountersd agaln,

Unfortunateiy, since no system was avaliable to
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provide oprilorities, the current accommodation package |s
forced to rely on & ?ixed, smpirically estabiished seaquencs
of tests, It would be grossiy (Inefficlient for the
dlagnostic strategy tc Ignore the expected cgolors at g
boundcary or the expected cilassiflication of an sdge, wers
such knowledge on hand. The testing ssquence, which we wi]|
describe, can be simply modifled to refleect speciflc

expect&tions, that may becoms aveijabie,

i1v,5.1,1,3 DEFINITIVE DIAGNOSTICS

We have seen that thes default tast seguence |s
ordered by the necessity and costiiness of the associated
accormodations, Th|s seguence also takes into account the
cortainty with which the need for a specific =xccommodation
can be estab|ished, Thus, another resasSon why Camsra
sensitivity and aquantization are gliven priority Is that the
tests which determine the need for these accommodations
yleid definitive results, (For example; if the I[nmtensities
on both sides of an edge are cilippsd out of range 1ow and
seansitivity cannot be ralsed, then the quantization window
myst o8 adjusted to a lower rangs.y

On the other hand, the only way to determine whether
another color flliter wiil Improve contrast Is to try |1%,
Changing a coler fliter |3 anm sxpensive operation. Besides

the time consumed In mechanicaliy moving the color wheei, |t
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is aiso nescessary to readjust the sensitivity and clipplinmg
leveis to match the Intensity seen through the new fliter,
Accordingliy, a f1iter change should not be contsmpiated

untit all cheaper attempts to improve contrast have falled,

Iv,5,2 CONTROL OF ACCOMMODATION EFFORT

The strategy ([evel of a sophisticated verifier would
assign to weath ipcal operator a Significance cut and a
budget aliotment, The first quantity represents s projection
sf how much confidence (s needed from each remalining
sperator to achieve the required global significance of an
sdge, In our prototype verifler the requlitred signiflicance
is always 2,96 (99% conflidence;, The budget reflects the
maximrum effort that should be spent In accommodating to
attaln a significance greater than the assigned cut,

The depth te which the Standard seguencs of
dlagrostic tests |s pursusd wiil be determined by four
factors!

1. the contrast of the edge (The lower the conirast
the rore accommodation wlli be needed,),

2. the significance cut (The Mnigher the cut, the
more accommodation will bs needed for a glven edge
contrast,),

3. the diagnostic decision (1 no mors

accormodations are deemed sultablse., the declision
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terrinates,), and

4. the budget allotment (When fyunds are exhausted,

the decision termingtes.),

Iv.5.,2,1 CoOSY

In an overal! system with conflicting Drlﬂfitlil; a
budget Is necessary to sffileliontiy aliocate Iimited
fescurces such a9 processing time, The Importance of the
verifler’s decision to the success of a higher etrategy
program s reflected In the budget It aseigns to the
verifler, Similariy, the verifler must ajiocate Ite
assigned funds amongst the Individual operators,

The cost constraint can have the practical effact of
rulling out expensive accommodations, Such as a fens chanrge!
the decision may simpiy not be |mportant enocugh to expend
the tire reguired te¢ turn the turret and refocus, If the
most promising accommodation <(selected by the diagnostie
orogram) is unsffordebie with the remalning capital, testimg
would continue, as if noc declision had yet been rsachec,
Elther a cheap enough accommodation wil| sventualiy be tound
or the program wiil conciyde that no appropriate optlors
remalin, In ths (atter case, the normal terminal exit |s
takesn, The cost factor could In fact be used to prune the
problems that ares considered to that set for whigh

affordabie corrections exist,
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The hand-sys system s stil| Iin {ts Infancy, The
emphasis of current work Is to (rellabiy) complete a task
rather than to compiete It within expllicit cost constraints,
In this veln, we have concentrated on deveioping the
potential of accommodation for verification when cost Is not
a conslideration (ls, every declision |s cons|dersd erucla| to
survivall) If the diagnostic program thinks an acommodat|oen
has morit, [t wil|l e tried without regard to cost,

This aporoach |Is admittedly sxhaustive. However, |t
has the merit of demonstrating the full potential of
accommodation, {This potential might be tapped, ?or
Instance, if some Strategy program required hard evidence of

a weak, but cruclai, edgs.)
[v,5,3 ACCOMMODATION [N THE EXPERIMENTAL VERIFIER

Chart 4,1 {ists the parameters that ars controif{ed
by the accommodation strategy of our oprototyps verl|fier,
The starred items are manually adjusted In FOSOORSOIQQ
comrands, Issyesd by the diagnostic grogram. Cniy the lens
iris 13 not Involved {m this strategy. It IS always asSsumed
to be as wlide as possibie In order to maximize signal/noise
and winimize depth of fleid,

Inclyded amgng the accommodations Is the choice &f
which verification operator to use,. Although this

pararster 1Is not directiy assoclated with ths sensory
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1. Sensitivity

2. Quantizer Window

3. Color Filter

L. Focal Length *

5. Focus

6. Temporal Averaging
7. Pan-Tilt Orientation
8

. Operator Type

*manually implemented

Chart 4.1

Verifier Accommodations
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channel, [t strongly Infiusnces the settings of al] of the

other parameters, as wel| as the typs of diagnostic eriterla

smployed,

The current verifier utiilzes two
ocperators {OPsi,0P¢2) Illiustrated |In Figures 4,17b,g (using
the coordinate system estabiished in Figures 4,17a), Thess

opsrators respectively gave the most consistentiy rellable
detection of edge and iine discontinuities, The shaps and
orientation of OP+1 allowsd many Independent sampies of the
surface condition on bath slides of an sdge to be accumuliated
alona a 9glven jength, OP+2 was designed to compare
anora|les ajong the actual discontinuity with surface
conclitions on sither sids, The selective use of thess two
opsrators gave vasStiy Ssuperior performance %o what was
obtainsd with sither ons exclusively or from the 5x5 Squars

operator shown In Flgure 4,174d,

1v,5,3,1 CONSTRAINT STATE

The CONSTRAINY STATE (Chart 4.2) is a set of f|ags
which outrightiy Inhibit further changs In gcorresponding
accormodation paramgters, In the absence of an expiiclt
cost factor, the constraint gset |s the scie determiner of
whether an Indicated sccommodation will actualiy be spplled,
The constraint stats insures that any accommodation that has

already been optimized for current conditions wlii{ rece|vs
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Accommodation

Constrained / Not Constrained

1. Lens change

2. Color Filters

a. Tred
b. blue
c. green
d. clear

3. Pan=Tilt

L., Focus

5. Sensitivity

6. Quantization Window

7. Operator Size

(0 ¢]

Temporal Average

G. Utility Flag

Chart L.2

Constraint State
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no further cons|deration, For sexample, 1t should not be
necessary o re-test fozus, {f ths oprogram had Just
optimized It at a nearby Image point, For that matter, it
{s necessary to avold re-fecusi~g on a gliven point, 1If ¢thls
was proeviousiy attempted but Pfalled to |[mprove edge
sharpness,

This use of the constraints aliows the sequence of
dlagnostic tests to5 bs programmed as a very simple decision
tabloe, This table |s waiways entered from <ths top and
scanned untii & sultabie symptom is found. The constraint
state Insures =& NOsMATCH condition on sach accommodation
already tried o no avall, Thus, on each entry, the
diagnosis wiil progress further through the decision
atructure, encompassing accommodations that are more costly
or of a jowsr (& priorly expected effectiveness,

The constraint fiage aiso serve Important
coordination functiony, Hithin the verifier's
aceormogation strategys, there are |Internal consistancies
the: require & common set of Interiocks, For example, ¢
the color fiiter has oprevisus|y been selected for wedge
snhancerent, It nesd not be re=considered as a way to Subdys
an irrejevant highlight, The current fliter will alresdy be
mateched to the bright side of the edos, On a broader 3caise,
an accormodation may be Inconsistent with the gosis of a
glokal strategy, For exampie, |? another program is aj|so

{ooking at something Im the current fieid of view, It may
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not e desirable for the verifier to change a [ens at that
time, For the present discussion, we wlil sSuppress the
compllcatsd bDookkesping detalis requlired to support these

coordination functions,

[V,5,3,2 ORGANIZATION OF DIAGNOSTIC LOOQPS

The dlagnostic routine (s callied to determinre
whether the Tescore of an operator, appiled at a polint on
the ®dge, can be Improved by accommodation, The
significance of an sdge can bes enhanced by elther improving
contrast op resducing noisse, The organization of <¢he
diagnostic tests, as shown in Fligure 4.16, I8 partitioned
along these |jnes, this division reflscts ¢two factors,
First, adeguate contrast IS a necessary condition (by
Eguation #4,2), Second; with the exception of aquantiZation
nolse (whigh, for c¢onvenisnce, |9 categoriZad here as a
contrast snhancemsnt), the no[se accommodations teng zo
invoive higher cost and lower probabiiity of success,

Nolse-resducing accommodations slther |Impiement or
facliitate soms form of temporaj oOr spatinl averaging,
Averaging has a more predictable, but [ess dramatic, offect
en slgnificance than Improving the actual signal strength,
Thus, aithough nolse testis are deflinitive, they are acplied
eniy after ail steps 1o optimlze contrast have besn taken,

The diagnostic process s outiined |In detal! In
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Flgure 4.18, Under eontro] of the constraint state, tgsts
ars applled to the imagse ¢to determine whether glven
sccormodations are defioient, When a test yleids a positive
eonclusion, an agsociated serie® of accommodations,
indicated with square brackets, 18 performed. The diagnost]c
routine returns "TRUE", signifying that an accommodation has
been shacted and that the tiozal operator should be
re~applled,

8 edges signficance s 9ti|! {(nadeguate after
compisting thess definitive tests, several additional
accommodations are trled exhaustive|y, With this {atter set,
it Is not poesibie to anticlipate the [ikelihood of success,
If significance Is stiil Inadeguats, when al] avenues have
besn sxhausted, the dlagnostic routine returns a "FALSE"
decislion, The verifier will then concentrate an
sgtablishing significance at anothar oposition along the

edge,

Iv,5,3,3 ROLE OF CONSTRAINT SEY IN CONTROLLING ACCOMMODATION

The constraint sgt |9 managed, In the Interests of economy,
By heuristic criteria, intendesd <to oprevent unnecessary
repetition of expsnsive accommedations, The policy |s!?

1. A{l constraints are inltiaily removed so that
all accommedations can be tried at |east once,

2, Constraints, c#5,c#8, are a|ways reset befores an
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operator is applied &t & new polnt slong the wedge,
dppropriate sensitivity and quantization range are "myst"
accormodations: {f elither i3 wronmg, edge contrast wii| be
severe|y compromised, Furthermore; these accommodations
depsnd on Intensity |evel, the characteristic most |1kefy %o
vary along an edga., Sensitivity and clilps are alse among
the ieas? costiy adjustments,

3, Constralints c#1, c#2, are never reset during a
run, Thegs regtrictions regt on the notion that & long leng
Is wuniversally beneficlal and that in the hand=gye
environrent color edges ares uniform along their extgnt,
Once & {ong lens has been fitted ang cojor contrast hay besen
optimjized, these seisctions remain |In force,

4, Constraint, c#4, |3 reset when the sScan has
progressed 75 raster units from wWwhen focus wasS jast
optirized, Wnile focus |3 a very expsnsive sccommodation,
the conditions when [t Is needed are clearly indicated
{acceptablie contrast measured at widely !ﬂpzrltld. polints
across the edge bput no distinct boundary). It Is not
necessary to re=focus, unisss an sedge s long enough ¢to
extend beyond the despth of flelid at the polnt where fogus
was jast adjusted, A practical worst casse s provided by an
edge of marginal| contrast, sioping away from the camera at a
median range of 32", viewsd with a 3" lens (blggesst imags,
shortest depth of Pleid). The 75 raster wunit reset

interva) 3 based on this case,
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S, Constralint ¢#3 (s nsver set, There |s currently
no provision for auytomatically centering the camera,
afthough the requisite theory I3 now avalifabie (Sobsl
(197213, It |9 assumed that the ecdgs Is manum|iy centered In
the flald of viaw befors the verifier Is called and after a
change of [ens, Addltiona! pan=tlit adjustments will b»e
requirsc only when an sxceptionally long sdge sxtends beyond
the original fleld of view, This condition Is destected by
the roytine that acocesyes the tslevision tuffer and wi)|
resull in & request for manual re-centering to be ocutput son
ths computer dispijay,

6. Constraint ec#B8 (3 set when the number of frames,
averagec for esach measuremsnt, reachss 32, When the
nolse level Is crucla| (bezause o0f marginal contrast), the
frare count should ordinerily be [ncremsed as long as an
ynacceptable tempora! variation In contrast persists, The
1imit of 32 framgs |3 bassd on the observed short term
stabl ity of thg camera slectronics, Avgraging mors frames
tenogs to actually Incresse the sampie varlancs,.

7. ¢#7 Is set whan the "step" edge opsrator (0P«
is repiaced by the "|ine" esdges cperator (CPs2) for lack p?
sontrast ac=0ss the s4ge. The ¢constralnt remains in forge,
focking In OP#2; untl! & point on the sdge Is rsached whars
OP4q wouidg agaln be effective, At this time c¢c#7 Is reset
and OFs1 returned to service,

8, o#9 ls ysed as & pecinm] fiag to indicates when

249



ali contrast senhancing accommodations have bsen sxhausted
for a particular point on ths sdge, It Is resst DbDefore

moving to the next scan position,
Iv,5,3,4 OETAJLED DISCUSSION OF AUTOMATIC D{AGNOSIS

The accommodation stfttt§§ detalied In Flgure 4,18
s considerably less elaborats than might bs manually
carried out wusing Chart 3,4, Some simplifications wera
introduced for practicallty,

Several of the nolses accommodations In Chart 3,4
ware incliuded mainly for conceptual generallty,
Substantial spatla| aqgradients are, for instance, so rarely
sncountered that [t was not desmed necessary to actually
Impiemsrt &« test for this contingsncy. On the other hand,
quantization nolise s 80 basic a problem that [t Is treated
as a matter of courgs, whesnever contrast Ils iow,

Other simpilfications wsrs Introduced out cf
necessity. Many of the dlagnostics, suggested by Chart 3,4,
eould not be automated wlithout system support consideradl|y
more Sophisticatsd than that currentiy avaljiable. For
sxarpie, nons of thg questions regarding the naturs of an
sxternal highilight can bs aeanswered out of context, The
machine cannot now decide for itse(f whather to remove &
itimiting nighilght with a colaor fliter or with a changs of

tensg, Senslitivity In such cases (l+HIC13.5 and Eidam<Eassgt)
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Is simply ralsed as hnigh as the autotarget circyit will
aliow,

We will 9uggest ways to ovsrcoms these !Imitations
of the present strategy by postulating appropriate Testurss
to be added to the system. Ths discussion that folliows |s

xeyed to Flgure 4,18,

IV,5.3,4,1 HIGHLIGHTED DETAILS OF EXPERIMENTAL DIAGNOSTIC
PROCEDURES

{11 The first thing that is checked when
significgnce i3 Jow I8 the WIDE-CONTRAST, Wide-contrgst
refers to the contrast measured at wideiy separated Dpoints
acroes the edge (see Filgure 4.,19).

(213 If this contrast is |arge, the step type
sperator Is reinstated, If It was not currentiy In use,

{3 High wideecontrast with low edge significance |s
often an indlication of poor focus {(see Chapter 6). If focus
has not yet been optimized near ths current opoint, 1t Is
done NOw, (Focus|ng {s a timesconsyming accommodation, It
shouid rot normally be repsated mors often than every 5275
raster points along a suspected #dge,) The observed contrast
Insyres that a we|l-defined focus peak will be found,

{41 This opportunity IS5 aiso taken to fit the 3"
jens, if this has not already been dons, Tnis action Is

takesn, DbDecauses sharp foous !s more sasiiy sttained with a
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¢. COMPRESSION OF A HIGHLIGHT ANOMALY
WHEN ACCOMMODATED FOR A STEP-EDGE

Fig. 4.19 Accommodation Criteria for Experimental Verifier
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long [ens, Furthsrmore, the magnification, as we have Seen,
nas generally desirable seffegts, Since focus |S sxpensive
and reayired for a [(sns change anyway, It ig wise to effect
ths changs at this time, (The iens changs |s acoomplished
manually, Since no camera callbration was avallanle; the
camera must &|iSo be manually re=centered., If necessary, on
the current edgs point. Morsover, tha scan. jocus must be
manually redeflined (using the cursor and pot box described
later,]}

£51 4 fogus is satisfactory, the remaining
slternative 15 an sxcassive amount of tsmporal nolisse,

A significant level of temporal nolse Is assumed
whenaver tha contrast componsnt (is, numerator) of <¢he
Tescore varles appreclably (eg. by more than 15X) over
saveral measuremsnts, Tempors| nolss (from the
detector) c¢can be reduced sither by using larger operators
(toc obtaln a learger sample) or by sveraging the Intensitles,
obssrved over tims at esch point In the operator, bsfore
calculeting the TeScore, Since a vidicon camérae records an
sntire frame at once but has a storage time overhsad of 1,30
sgcond/frame; a Spatlal average enjoys a gonsiderabie
effliclency advantage,

Cur analyslis of optimal operator siZes, however, has
shown that ths effectiveness with which spatial averaging
can be ussd %o overcoms temporal noise dspends on  the

staspness of ths Intensity surface, Whenever this siope
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exceeds the nominal rate quoted eariler (which souid happen,
for exampie, I|f other edges ars In the vicinity), then
conventiona| time averaging must be used, {The relative
importance of spatial and tempora] noise can be determinsdg
by comparing the standard deviation of intensities sampled
over time from a singjie raster point with the same
statistie, obtalned with 1 sampie taksn from iuch of several
adjacent raster polints, It the former statistic Is
significantly |ess, ths noise is primarily spatial,
Otherwlse, temporal nolise dominates,)

Ths verifler currentiy employs the foliowing nolse
reduction strategy, 11 temporal nolse is suspected, ths
number of television frames averaged for each measursment [s
inereassd by 1, If spatiatl nolse (from extraneous sdges) Is
detected, the remedy Is to switeh to the |ine-oriented
cperator,

If thess accommodations fall to improve sdgs
confldence, glven S.ltable contrast, the dliagnostic sequence
currantiy glves up, Howsver, the program. does not yet cope
with unwanted teytures and [sojated surface defects, Thess
phenomense o¢an be resoived by spatial averaging {89,
defocusing or using a8 larger operatory, Afso, |t
systematic surface gradients become (1 probism, the
varifier’s repertoire can be sxpanded to Inciuds tests {lke
regression that normajize gradients Impiicitly.

£63 1f contrast |s Insufficlent, the mores |ike|y
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case, sonsitivity myst be =adjusted, Two cases are
distingulished, [f the guantization window has not yet! baen
adjusted for this point, the ¢cilips are firast opened so that
sgnsitivity can be ralssd toc aimost saturate the bDrightsr
side of the edge (I Is set to 14 on a ©@-15 scale.), This
poifcy maxim|izgs signal/nolsg for an assumgd StgP type
discontinulity, |

Agsyming the [ntensity |Is not vet saturated, can ths
sensitivity pe physically ralsed? This question is
addressed to the vislion system’'s Internal sccommodation
state which rscords the physical status of all
agcormocgations, Sensitivity would be Innipited at this
igvel 1f, for Instance, the last time a oprogram trisd %o
raise 1t, =& hardwars override from tns automatic targst
protection clrcult was detected,

1f the systsam has no objections, sensitivity |s
ralsed unti| satuyration 18 =&chisved or the auto~-target
assures control, In the (atter case, the present program
abandons sensltivity and progeeds to optimize ths quantizer
wingow, A mors sophjsticated program might, at this point,
stop and question why the sensitivity could not Dbe raised,
Was the edge %the (imlting hnighjiignt? [f not, could the
nighilight be compresssd (relative to tne edge) with a color
fliters or shielded from view w«ltn a larger lens? Thesse
questions &re not cyrrently posed, Efficlent answers would

regquira scCcessy t0 a dcata structure, summarizing the

255



characteristics of intensity sxtremss, previous|y
sncountered whiis scanning the image, This know|edge has net
yet besen [ngorporated Into the system, Nevertheless, the
verifler does  eventually overcome gcondlitions that
artiflically depress slional/nolse, This Is now done with a
rational trini and serror seausnce that fo|lows thoss
definitive tests the system (s capable of makina,.

1f Accom had previous|y been entered at the currant
sdge position, sensit|{vity would aiready have besn maximlzed
In this way, Furthermore, ths ciips would have been set wlth
respect to the optimized Intens|ty Isyels (ses Fligure
4,1%a3, The purpose of a sensitivity adjustment in this
case |1s to center the narrow Intensity range of the edge
within the previous|y established auant{zation window. Thls
actlion Is taken to avaeid the situations deplcted In Fligurss
4,19b;c., Flogurs 4,19b shows ths contrast of an edge,
compressad by hard ciipping, bscauss the gquantization range
could only be pos|itioned at (elght) dliscrete laveis,
(Sensitivity can adjyst the signal |eve| rsistive to thls
wingow with aboyt twice the resclution of movimg the ¢lips
to an adjacent rangs.)

The other contingency (Flgure 4,19c) cccurs whsn a
nighiignt anomaly [s compressed, bescause ¢the quantizZation
rangs Was inftlaliy estab|ished for a step type
giscontinulty,

{71 Quantization is sst so that the uppsr and [owsr

256



ciip levels straddlie the average of the intsnsities, semplied
oy the wide contrast test at best resoclution. (Hard cilppling
Is undesirable for woak edges, Howsvaer, it eithesr glde
giffers from the average snough to be completsiy hardclipped
by the guantlizsr, thg contrast wiill almost a&iways bsa
suffliclent for the edge to bes Judged significant,?

(83 It the sensitivity ang guantiZation
accormecations successfully restored contrast, the
sigriflicance shou!d agaln pe tested bpefore more expensive
accormogations gre conmtempiatec,

{9 2t this opoint =2il correctable problems that
coulc be definitive|ly laoentifisc directiy from the Image
nave been resolived, The main Justification for attemptinmg
the reraining accommodations [!s that edge significance Is
low at a point wherg an edge % expecteéc. The cglagnostics,
mnowaver, are sStrlictiy ex post facto: the nesd for the
accormocation Is gstabjlished by its Success, The firat
accermogation t¢ be tried is the cofor filter, {In &2 more
sophlsticated system, specific expectations apboyt & 9cene
woulo Dbe wused with relative cost 1o determine the priority
in whlch the remaining unconstralned accommodatlions sShoulg
be trisd)y, 4 fliter chenge Is & relatively inexpens|ve
sgiutior to a number of problems (Chart 3.4, assccimted
with ecgge detectlion, A ians ghange Is also versatiie, byt
oy comparlison, |s more expensive Dvecause of the need 1to
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If a spec!fic color edoe were expected, the fliters
gould be appliled [n = preferential order based on thelr
sffectiveness for ennhancing that contrast (sees Chart 3,3},
Since there Is ng source of such Information, the varloys
fliters are simply sxamined In sequencs, Aithough the order
Is inigportant; a1 ¥fitterse should at Isast be tried, The
spe “re|l compos|tion of the room I{lumination s oftan g
fun: lon of dlirection of incidence, Thus., no matter what the
coic* of thes edge (sg, sven [f |t Is wnite on boeth sides), a
cole~ fliter may st{|| have & beneficial affect on contrast,

Sers|tivity amd clips are optimized for sacsh fliter,
It is mors aefficlant to perform relatesd sdjustmsnts
Immeilateiy than to walt for the dliagnostic progrem to
disc:ver suech an obvious need the next time through. The
fliter and associated accommodations, oproviding the best
contrast ars seiscted,

(187 Ancther check Is then made to ses If tnls
contrast |s good engugh,

{11] Constraint, c#9, Is set to Indicate that al]
contrast acommodations have now been tried without success,

[12] At thig point 1t |Is necessary to Invoks the
auxiilary oontrast constraint (Equation 4.2) to determine
whetrer further effort to Improve the operator significance
Is .ustiflsd, For thls purpose, the contrast is measyred
«1th the actual operator currentiy in use rather than the

wide~spacing yspd in earifier tests, The scceptabls
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sontrast thresho|d [s approximatsly twice the sxpected
contrast from tns jargest sxpectad surface sSliops,

{131 If this narrow contrast Is syfficient; ths
situyation Is simliijar to that faced at (3], The possiblifty
of re=focusing Is corsigered flirst, The criterlon useg 4o
svaluate the sharpness of foous I8 the magnitude of the
sradlent; intsgrated over the sntire wWidth Detwsen thes
solmts used o sample wide= anntrnst.' Thus, focus wliz be
sptirized for the strongest edge charagteristic {that
contriouting the most gradient) whatner (t be an intens)ty
gtgp or a |ins type anomaly.

[14) 1¢ foecyus |Is already sSatisfactory, temporal
~olse must again pe syspected.

(18] 4t tnis point |t |8 xnown that the pressnt
sperator is unsatisgfactory. figure 4.19c. suggests the
possitlilty that adeauate contrast couid be achleved withn
“iine" operator NPs2, evan though the contrast obtained w«Ith
OPsl was very smali, Consequentiy, if the significance has
mnot yet been svalyated witn CPL2, this [s dons, If OP.2 Is
successful, Accom will not be caiied again, Conseguentiy,
the verifier w#1it continue t0 wuSe UPe2, untli low
sigrificance Is again gncountered, {Then, oniy |¢¥
wlcge=Conrtrast has Improved snough to Indicate that the sdge
characteristic nas reverted to @ step, wliji OP+1l be
relrstated,) [f 0FP.2 was airsady in use, the glagnosis can

sniy corciude that no edge #xists at inis point,

25%



[V,5.4 DESIGN CONSIDERATIONS OF EXPERIMENTAL VERIFIER

1‘1’.5_.4“‘. GﬂiLS

The function of the verifler, conclisely stated, is
to sstabliish the |1kellhood that an sdge !iesS approximately
en the tocus def ned by two end polnts, The veriflier 1s not
intended to find the coordinates of the best edge. That job

ls gejegated to :n adges foliower (Chapter S,

Iv,5.,4,2 0eCISIO" CRITERIA

Ths cortrpl jevel of the variflier has the
responsibility of appiying [(oca| sdge opredicates over the
syspected locus to obtaln & glooal estimate of the
iikelihocod of :n edgse, The mathod of
combining the Individyal operator results In a joint measurs
of sdge confidenss depends on what assumptlions are made
regarding the natuyre and Independsngs of errors,

Compisete [ndepsndencs |s a bad assumption, because
the quality of an edge tends to vary dy nelghborhood (eg, A
smudge rlight reduce ths contrast of many adjacent samplies,y,
To rinimlize this pbiags, opsrators should be appiled at random
ovetr %the sdge, Randgmization ajlso heips to avoid errors
Iinduced by reguiar sampiing of a perlodic texturs,

Since the sxact nature of the local statistical
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dependencies ls JRknown, we are forced to consliger
heuristicaliy reasonable ways to complins the results gof
foca! tests, A simple global average of individual lpca|
statistical significances appeared attractlive, untly
experimenta) resuits disciosed an ynfortyunats tendency
towards errors of commission. The reason, as previousiy
dlscussed, was becayses the abso|ute con?idsnce, returned
when an operalor encoyntsresd an [Soisted defsct, was hign
snough to blas the sntire cummujat!ve result,

The current|y favorsd statistic, whose stfectivenaess
nas Ceen experimentaliy vallidatsd, is to computs the
percentags of local opsrators that axcesd the 2.96
significance |svel (99X ke | jhood of bejng an edge), A
confldent decislion Is Insured by reguiring a sample sizs of
at |east 5 |ocal opsrators. A minimum required success rate
of 80y wlil reducs the chance of misciassifying B

homogensous surface becauss of Gausslian nolss to
_ | 5 4 1
Prob (mis-classification) = (I) 0.01" (0.99j' + (v.01) (4,25)

The BgX% thresholid was an  experimentally determined
optirum, a compromise that combined good Sensitivity to &
varjetly of |ow Contrast edges with hign rejection of verigys
uniformiy textursd surfaces. The valus of 80% s, af
course, despsndent on two Speciflc assumptionst

: 8 the opart;cu ar operator (1 h;gh x 5 wide on
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sach slags of edge) ysed In the sxperimental study (sse naxt
section}, and

2. egua! a orilorl |ikelimood of an edge gor
syrface, This assumption was adopted for unblased testing of
thes system:s potentiaf, The verifler, in practice; wii|
return whatsver percentage was agtudily accummuiatesd over
the edge, The high Jlevel strategy onrogram can then
intarpret this percentags In the context of [ts own & prior!
expsctations to arrive at a mors iInformed likslinhooo

sastirate of in sdge.s presence.,

Iv,5,4,3 GENERALITY OF DESIGN

the verl|flgr was programmed with the abliiity %o
apply ary opesrator, ssaquentialiily, betwesn any two points on
a video Images, (Thls generallzed scanning function Is
compllcated by the dliscreteness of the sampied video raster,
whern the operator agxe$ (and SCan AxdS) ara_nct allgned with
the maln horlzontal and vertical Image &xe8,) The scan locus
can b& defined Interactively, wusing a cursor which Is
sositioned on the face of the television monitor By
adjusting two potsntiometsrs, The cursor S used to
indicats to the computer ths Image coordinates defining the
snd polnts of an edge to be veriflied, This faclliity &ijows
the veriflsr to be tested Independentiy of any other

ceomponents of a vislon system, {The end points can also be
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passed as parameters, when the veriflier Is used wlth other
vision programs,)

An operator is specified by defining statistical
function to be abpiled to Intensitiss [(H, W), expressed In
the norraiized coordinates of Figure 4,17a, OPei and OF+2
(Filgure 4,170,c) are examplies of two possible cperatory,
The program |s designed to aliow simpie sSubstitution af
alternative operators and control strategies for purpodes of

cemparison,

IVv,5,4,4 TRACKING OPERATOR

Because of soatial quantization, the actusl edge
wili @&t Dbest approximate the specified Iocus, The verif|er
will accept any edoe whose end points fall within a meximym
tolerance (OFFMAXy of the specified end polints (see Flgure
4,22},

To allow for egde uncertalnty, operators 0P+l ang
OPs2 must be faterally scanned {porbihdlcuitr to the
sxpected edge) at sach point where they are appllied, This
function Is performed by the TRACKING OPERATOR, flow chartsd
In Fligure 4,21, At the beginning of an esdge, the seiectasd
T=oparator (OPs1 or GP42) s applled in & progresSively
widening pattern (Flgure 4.,22) about the expected center
| Ine, As soon as a significance sxceeding 2.6 |s ottained,

the seguence haits and this significance Is returnsd ag tha
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Fig. 4.21 Tracking Operator
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vajue of the tracking operator, (The control Jeve! is, of
course, oblivious to the composite nature of this operator
and processes the significance, as If It were returned from
an ordinary static test |(ke OP41,)

Since an sdge Is focally continuous, the best center
ilne 1Is now assumed to bs parajie! to the inftally expectead
edge but offset to pass through the closest "obssrvad
discontinulty, The operator when next appiled, will begln
scanning out from an sxtrapolation of the new center fing
(le, the ftracking opsrator). The size of OFFMAX depends on
how cli0sely the locatlon of the desired edge Is known and on
the presence of Irrejevant features known to be In the
vielnlity, Typlcally, the and polnts of an edge are known to
«/= 4 raster units. [f no signiticant discontinulty Is found
within this symmatric 1imit, the operator wiii agaln scan
laterally out from the original center |ine the next time |t
ls applliedg,

The wexpscted deviation of tne edge casnter betwesn
successive operators |s less than the maximum deviatien
permitted for Inttial acaulsition, To satisfy the
requirerent that edges be localiy continuous, the maximym
Internai shift (SHFTMAX) allowed from a previousiy seen 2dge
point Is Iimited to 2 raster units for each opesrator length,
(The tracked center 1ins must, at all times, remain withln
+/e OFFMAX of the orliglinal centsr axls,)

(A more global solution to the probiem of latera
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scanning and focal continulity |s suggested by Herskoyitz
(19721, At sach position along the the edgs, the operator s
shifted over the entire range, defined by OFFMaAX, It the
signiflicances at any displacement sxceesds the required lpcoa|
significance, the cumyiative score |8 increased, Howsver,
the significance and relative position of ali points that
sxceedsa the thrashoid ate retalned, Indexed by positisn
along the center |ine, If the global osrcentage indigatss
an edge, all combinations consisting of one significant
point at each index ars examined to ses if any set dsfine
reasonapiy straight (ine, This test wiil |[nsurs that
situations, 1lke <that shown In Flgure 4,23a, wil| not be
passed a9 an edge, This tschniqus Is time-consuming, Byt
has the advantags ¢hat opesrators can be applled random|y
over the sdge, Somg advantages of a rfandomized wscan were

mentioned ear|ier,)

Iv,5.5 CONTROL STRATEGY OF THE EXPERIMENTAL VERIFIER

The basic flow of contro! for the experimentgi
verifier is shown In Figure 4,24,

SNOX Is the secan Index, It defines a relative
position along the dlresctions!l locus established by the
indicated end points, (Chart 4,3 Is a compiete glossary pf
the parameters ysed In Flgure 4,24,) The end peings

themssives correspong to the |imits SNUXI (initial) and
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Fig. 4. 23 Checking Local Continuity in a Randomized Scan
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CTC - CUMULATIVE THRESHOLDED
‘ CONFIDENCE
INITIALIZATIONS NO

'"NO EDGE"

.N-ﬁ-ii YES

ﬁEmE“
|SNDX = SNDX + 5

APPLY TRACKING
OP. AT SNDX

CTC - CTC

'l 1

Fig. 4.24 Experimental Verifier: Flow of Control
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FRAV . # of images (used for temporal averaging)

OFFSET Current deviation of tracking operator from
best center line

OFFMAX | Absolute maximum deviation allowed

SHFT Incremental deviation of center line operator
from previous operator

SHFTMAX Maximum incremental deviation allowed

oP Operator type; OPl -1H *5W (step edges)
OP2 - IW *SH (lines)

SNDX1 Initial scan index (along edge)

SNDXF Final scan index

SNDX Current scan index

SIG | Current significance of tracking operator
CTC | Cumulative threshold significance count

(Number of times sig. > 2.6)

N : Operator count

Chart L.5

Principal Parameters of Experimental Verifier
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SNOXF (finml}, SNDX spec!ficajly Indicates the coordinates
of tns center of the helight dimension of an operator, The

effective sampling range |9 constrained by the condition

SNDXI < SNDX < SNDXF (4,28)

Operators ars appiled esvery 5 rastsr ynits {(due %o the
nelight of the "|[ine” gperator) over ths entire length ¢f gn
edge, The number of opsrators that will bs applied mliong

an sdgs |s then givan by

n - SNDXF - SNDXI 4+ | (4,27)
max 5

where Nimax must p® rgundad down to the nsarest integer,

1vV,5.5,1 HRIGHLIGHTED DETAILS OF CONTROL LOOP [N OPERATION

L wverlflar run begina «~ith the ssquence eof
inttiatfzations summarized In Chart 4,4, The main control
logop (Flgure §.24) I|s then entered, The scan Index (SNDX)
ls checkad to sge 1f the end of the sxpected edge has been
reached, [f not: the next operator s appiied, [?f the score
of this operator 1Is significant: CTC Is inereménted,
Otherwise, accommogatlions ars attsmpted to Improve the
score, Eventually, adeauate significance wlil be achleved or

al! approprlate accommodation possipliities wil|] have besn
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Color filter

Focus

Sensitivity
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OFFMAX

o
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defined by endpoints of edge
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Chart L L

List of Initializations
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gxhausted, The 7aln [oop variables are updated) N to regord
the totai numbsr of opsrators l%niisﬁt SNOX  tc ssiesct ths
next positier ajong the ida;g The run is terminated when
SHOx hay peen |Incrementsd beyond ths end of the edge,
Indicated by SNOXF, At that time, the accumuiated count o?
significant |oca: tegsts (CTC) Is divided by the total mumber
of operatores applled (N} to determine the final percentags
of points ajong the edge that wers Judoed significant. 8gx
Is needed for a successful declision,

The reguiresment that 828y of the 'oscal tests confirm
a discontinuity Insyres <that all secticrs of the expected
edge must contribute to a successful decision. This
guarantess that an ed 2 dacislion wi|l not be reached becayss
of svidence clustersd over a Ilimited portion of the desipsd
edge, A shorter sdge coulid, for sxample: have colincided

with a portion of the expscted one,
1v,6 FUTURE DIRECTIONS FOR VERIFIER DEVELOPMENT
fv,6.1 IMpLEMENTATIONAL DETAJLS

Many of ths extensions proposed In this chapter
require elaborates giobal contro] and data structures, is
these projscted features ©become realiities, a considerabie
amount of Implemerntational detaf! wlli need to be resSolved

pefore thes veriflsr can take full advantage of them. 1t 1
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palniess to suggest, ?or examplie, that a lens change [s an
effective way to s|iminate an undesirable highlight, In
practice, an invoived serles of tests Is required Just to
determine the fact that an external hignilight Is at fayuls,
Then ranges estimates of the highlight are nesded %to desgcide
(with the caméra modsi) whether tnat highlight will be
excluded from the fileld of view of ths naw |ens. Range
estirates are alsg required for the and points of the sdge
sg that the scan |ocus can be appropriately redefined for
the ne&w lens, Range findlng Is, In itself, an intrigats
sybject, aspects of which are covered jater In thls work
{see &|so Sobei (19781 and Falk [1578]). Many simliar
system consjderations have admjtited|y been brushed over |n

this pressntation,

{v,6,2 COSTEFFECTIVE VERIFICATION

The princioal objectives of our current work Hhave
beern tc demonstrate the affectivensss of accommodation,
Some slementary hsuristic concepts of efficlency, orimarily
on a local level, have besn mentioned. For Instance, It Is
known that a lens change Involives more tims than changing a
color fliter and 15 often less effective when a well=defined
cofor egge exists, Howaver, we have notl yat ssriousiy faced
the probiem of using accommodation in a coste=affective

mannefr, (Indesd, we are probabily gulity of using
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considerably mor® accommodation tham cost-sffectiveness
woulg Justify,)

There has rnot been sufficlent sxperignce with the
verifier to rigorousiy quantify the actual
cost=sffectivensss of the various accommodations., Indesd,
we do not yet know even how to beglin this task, The
charactsrization necessariiy depends on ’mtny externa
factors (tle, SCens characteristics, state of Jiobat
knowlsdge, oparalie| tasks, etc,) whose offects ure 321}
I1i=dgefined, Since these parameters are conditionsd on the
sntire task sxperlences, it seems un{lkely that any
meaningful global optimization can be accompiishad before we
better understand the use of u verifier In the context gof a

complets visjion systsm,
Iv,6.2,1 OUTSTANDING PROBLEMS

HWe can; howsver, identi?y specific irgqa in wshlen
the Dbenafits of more work seem sspeclally promising, The
present pollcy of appiying the joca; operstor exhaustively
over the |esngth gf the edge Is very irefficient, This |g
especially so In cases when the final declision wouid Hhavs
besn obvious from <the strength or weakness of a few fpcal
operators, appiled at randomiy selscted points.

The baslc theory of sequential testing |s well=kngwn

(Wald C19471), Given a regulired confidence, this theory
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defines rligorous termination bounds that are applied after
sach local test, A decision |Is then made to accept, reject.
er continue testing ths hypothssized sdge,

An Interssting extension of this theory Is to
include the option of ree~accommodating as a fourth declsion
ajternative, Some relevant questions at this Ievel concern
how accommodation wii{!l alter the othesr declision boundarlses,
where and how often shouid It bs Invoked, and how far should
the djagnosis be pursyed sach time,

An optima) strategy must, of course, consider the
relative cost-affgctivenass of alternative accommodations In
the context of global knowledge avaliabis to thes systam,
The most promising accommodation must then be compared with
the rerits of examining anothsr point on the edgs, A
surprisingly ef{active hesuristic may be to simply (et sach
operator accommodates as much as necsssary -to destect ths
sdge.

An sxception to this lalssez falre approach might be
taken on the groynds that the Initial operators would
sgyuander the varlfler s tota| budget, Expensive
accormogations, |lke focus, color and lens change, would be
tries In &n exhaustive seffort to acnieve the resqulred
signiflicance, leaving no funds for subsequsnt opesrators,
Howsver, thils oblection Ignores the fact that most edgss
nave relatively yntform characteristics along thelr extent,

1t |s thus probabie that the color filter and focus that
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g9lve best resuits at some point on the edge wli| be
applicable at ali polints, Ffurthermore, s long f(eans s
universatily heipful, It the edge s subtie snough to
require these accommodations, It is best that they are dore
sarly In order to benefit the most operators, It is
uniikely that they wl|| nesd %o be repsated,

An  "early" termination rule <could aiso take Into
agccount the edge conf|dence, required Oy a vision strategy,
to Justify a global decision In the Bayeslian sense. {The
nigher the a priorl axpectation of an #dge, the (ess sensory
confirmation s requirsd to obtaln a given decis|aon
contflidence,)

In the immediate future, the most pressing
requirerent (s to analytically valildate the effactivensas of
the clagnostic criterla and reinted accommodatisns that havs
alreatdy besen (mpismented, This valldation can procesd
Independentiy of cost considsrations and shouild |ead to more

seisctive dlagnostic criteria.

Iv,6,3 VERIFYING GENERAL]ZED PROPERTIES

The veriflisr cgoncept can be applied In a more
general context than <the detesotion of simple intensity
sdges, An edge can be preprocesssd to convert arblitrary
surface characteristics, such as texturs. color, siope, sr

depth Into numerical vatues. These values can than by
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Interpretead by the verifisr as though they were intensities,
Edges wili often be most strongly deflined by diffarent
properties at different parts of thelr sxtent. A verifier
would do wall to adapt Its tests to the |ocally strongest
characteristics, Preprocessing could be thought of as a
generallzation of opsrator selection and thus treatsd as

another sccommodation option,

Iv,6.4 VERIFYING GENERALIZED LINEAR FEATURES

The wedge verifler can obviousiy be generalizZed to
test for features, composed of a combination of edges {such
as; corners, formed by two Or more clanar surfaces, which
meet at a vertex,, The trivisl appromch, howsver, of
applyling the verifler spquentiaily to each of <¢he
constituen® sdges Is gertaliniy not ths best method. For
axarple, the axistancs of ssveral edges Introduces
possibiiities for "fiitting™ back and forth between sdges as
the relative diffjcyities of the decislons vary. Becker
£197¢21] consl|ders a simpiifled form of this probism, In oyr
case, the cptimal strategy wilil be compilcated by
confilicting accommodation reculrements which (Introduce an
overhead cost to change =dpes,

Continulng In this velin, we can generaiize a feature
verifler into an object veri|fisr or mors appropriateiy a

model~driven w8dge followar, Suppose that the opartial
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proflle shown In Figure 4,25 had been Isclated by a cheap
sdags follower, [f the esdge fol|ower began scanning from the
bottom of the plcture, It |8 reasonabls to assume that thess
sdges |ls on the tabie=top, Using the ground plans
assurption (Roberts [1963]), the absoiute position of <the
three vertices (s then constrained [n space,

On the basis of this Information a opreliminary
recognition nypothes|s can be made, The corresponding
orototype mode! can bes used to predict tne {ocation of gij
remaining edges, The verifler can then confirm the
recognition eholce by finding the predicted edges, {(This
techniaque s probably most wuseful for rapidiy dismissing
unwanteg shapes when the machine Is looking for a speci?lc
object:) Similar|y, the verifler can confirm that a known
object s stil! whers the computer {ast saw it, Kelly £1978)]
nas suggested stj|| anotper <CasSe |n wWpich the "mode|”
function IS served by &« heavily averaged version of the
origlinai Image that contains only fuzzy remains of thg
strongest esdges, The profliiss of principal! obJescts In a
complicated snvironment can often be sasily iocated, hecayse
averaging suppresses all fine detal| and minor esdges, A
tracking verifler, guided by these suspectsd doundaries, can
then bs used to axtragt the actual contours of the deelred
sbject, The ver|fier In esach of these cazes capitalizes on
the known location of expscted edges, This (nformation |g

not utijlzed by conventiona]l edge foliowers,
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INITIAL CORNERS

Fig. 4.25 Three Angles Found by Edge Follower Establish an Initial
Context to Predict Remaining Edges
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CHAPTER v: THE EDGE FOLLOWER

V.1 THE CONCEPT OF EDGE FOLLOWING

Since the current hand.sye Systsm deails with
planar-faced objects, stralght |[ins intensity edges are the
most Irportant features used Iin scens analysis, The edge
follower performs the Initlai raduction of an image into a
crug® |ine=drawing, It first searches the image for a
strong discontinulty of intensity (see fFigure 5,1). Then it
enters a trace mode, The Intensity gradient Is
trackad around a closed contour, ~hich returns to the poeint
of acoulsition, Thls contour provides a basie context for
antlcipating finer detalls that can then bs sought, for
exarple, with the verifler,

Edoe following Is hased on saveral simple ldeas:

i, Edges are distingylshad by iocally large
Intensity gradients, Gradients are approximated on a
discrete surface by the differsnce In intensities at
nsighboring sampie points,

2, Edges are continuous, Successivs edge polints are
found by proceeding a short distance from the present point,
perpendicular to the dirsction of maximum intensity changs,

3. Edges of physlical objects form clossd contours,
An edde, once acqulred, can be tracked around a compiete

peripghery, peturning to the point of acquisition,
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In practice, the mecnanles of edge following are
sreoccuplied with thg subtie nuances of functions such as!

1. sexamining the Intensity surface to jocate the
centar of an sedge,

2. distinguishing the background from the [nterifcr
of arn obJject,

3. predlicting the locatlon of the next edge point
at a corner,;

4, malntaining data structures that associate edge
polnts with objects and recall whether a point has alrsady
ngen &ncountered, and

5, fltting lines to the Individual edge points
(etc. ),

The rather elaborats code needed to cope with these
detalls was written principaliy by Kar| Pingle, A detaljed

description of these aspects wij{l appear IIn a forthcoming

Jjolintiy authored paper (Pingie and Tenenbaum [forthcomingly,

In this chapter, we shajl discuss the sdge follower
in tnhe context of an application of accommodation, The
treatmert wlll be brlef, Understandaoly, there are many
simjiarities between the accommodation functions that are
effective for sdge following and those that were described
for the verifler, We wil} describe the diffarences In
philosophy between gdge following and verifying and Stress
the implications that these differences hold with respect to

accormocation strategy. The edge follower is a cruclal
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componert of the overall vislion system, A significant
Improverent In the performance of this program has been

real lzsg through the yuse of accommodation,
v.2 DESIGN PHILOSOPHY OF AN ACCOMMODATIVL EDGE FOLLOWER

The sdae fo|lowar 1S intended to extract the most
significant Information from an image without processing 1t
in bulk, Edges are acquired by a coarss raster Scan that
seeks gross discontinuities In intensity, After an edge |s
fourd, attention can be focused on the specific points

indlcated by the contlinultyv of tne edge.
J.2.1 ROLt OF ACCOMMODATION

A simple Intensity difference is used to acqulre
edges during the stanning phase, The accommodgation Is set
to provide low resolution over a wids dynamic range. A wide
dynaric range Insyres that most edges w!!| be contained In
the Iimage, Low resolution impliies thatl an edqe will mpost
iikely be acguired at a point of strangth. (If no edges are
founc, a more sensitive accommodation ¢an ve used. Howaver,
this |s seldom needed, Usually, at jeast one edge of an
object will show up with good contrast,)

As the edge |Is tracked. it may lose contrast,

parhaps by opassirg tnrough @ region of sShadow. The
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percaption of the edge at weakepr points is facliitated by
the fact that Its presence can be specificali{y anticiocated,
This motivates the yuses of sophisticated processing ard
accormodations to recover the edge, (f it i{s not seen where

axpected,

v,2,2 AODVANTAGES OF AN ACCOMMODAYIVE EUGE FUOLLOWER

The accommogdative wedge followar can convenlant|y
adJust its Jevel of effort to Sult the difflcuity of finding
an gage In a particylar local reglon, Hign sansitivity |s
resarveg for specific contexts where [t can be applied
economically and where the expectation of a specific sdge
orlartation can signiflcantly raduce the risk of responding
to nolse,

By contrast, a bulk processing anproach (ie. Roberts

(19631 must apply a uniform level of sffort over the entire

irage, It the effort Jeve] Is tooc low, edges wlll bs
missed, I It is too highs, the Inefficiencies of an
already axhaustive approach wifl be compounded,

turtherrore, bulk Intarpretation of the edgs polints will ba
complicatead by the presancs of many random noise points that
~oulc naver have bean ssen, |If high sensitivity hed been
conflinag to wel|=defined wadges. [n practice, any constant
level of effort wil| most (lkely be either too nigh or too

iow at any gliven Imags pgoint,
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A noneaccommodating edge follower Is cﬁnstraln&d by
the sare fundamental |Imitations that handicap a bulk Image
processcr., The sltuation I1s In & sense more seflous,
peEcause the success of an edge foilowsr depends nn
continulty: once the edge has peen 1lost, at a point of
weakness, |t canngt be convenient|y re-acquired at a later
reglon of strength, Previousliy, edge followers would faly,
becavse smal]l sectlions of a contour were siightiy nolsy or
of weak contrast, In most of thess cases, the combination of
accormogation and a more sophisticated iocal operator can
recover the weak edge element. These functions, selectively
applled, allow contours to ope efficlientiy traced under a
wige varlety of congltions, Furtharmore, aven nolsy edges
of conslistentiy (o~ contrast, such as thoss In the Intericre
of the cube In Flgure 5.,2a, are often obtained with the

accormocdative edge fojlower (see Flgure 5.2p0).
V.3 ACCCMMODATION FOR ACQUISITION

The edge acqulsition schema which we shall now
describe I5 Intended for use In the absence of a specifig
gcal ang any knowiedgge of the environment, Since the System
nas rot yet seen anything and has no expectation of what tg
toox for, It must proceed with a thorough search for a
reglion satisfyling sgme jow Jeve] critearla of Iintarest, A

simpie and sffective criteria of interest is a discontinyity
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in the Intensity surface,

As w8 have already mentioned, a thorough search is
facltiltated Dy uSing wigs accommodation windows. In
addéitior to =& full guantlzer range, & short Jens |Is
deslrable. 1t provides coarse resofution over a wide
fletc of viaw, coubDleg with a large depth of field, A clear
color fliter |8 used *o obtaln unblased tonal renderings,
(1§ some strategy Drogram wers |nterested In a specific arsa
af the tablis or & speciflc range of huss, then the wingow
coulc be narrowed to reflect these constraints, This
accormedation would be done from a higner ievel befcre tne
adge follower was called,)

Whijle scanning for a discontinuity, it s
appropriate to record c¢haracteristics of the environment
trnat car be used to reduce a future task-orlented search,
Currently, we record the highest, Jlowest, and average
intersity In reaqlons corresponding to horizonta!l Strics
across the entlre Image, This Information is assoclated with
the specliflic cojor fliter thnat was flttsd. In this way, a
seruG8 colOpF ma&p cam be accumujated cdver several complets
scans), Tnls map can dirsct attention to speciflic regions,
if a colored objsct Is later needsc for a task,

The intensity map Is also ngipful, when notning |Is
foured wlth the coarse windows, A higner level strategy can
request tnat the search be pursued In more detall. The cllips

are then narrowed $o0 reso|ve the specifle rangs of
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Intensities now known to exist on €ach scan line, The key
to Iimnrovad sensitivity 1is, as alwavs, to optimize tmg
accormodation for more i1ocallzed contexts. (The lens coulg
also be changed tc obtaln more spatial resciution,
However, dlifflicuity In finding larqe objects, le, major
dimension 21w, Is almost always the result of inadequate

contrast,)

V,3,1 OPERATION OF SCANNER

‘l

The operation of the scanner is charted in Figure
5.3, A&fter the agcommodation windows naye been Initialized,
the scar proceeds upwards from the jower tafthand corner of
the televislon frame (see Figure 5.1). Thisg direction was
chosen In order that nearer obJects, wnich ars not ilkely to
be occluded, wilil ts found first, The complete frame [g
covered by about 38 scan |lnes, OUr each line, intensity |s
samplied at approx|mately 49 ooints,

If the Intensity at adjacent points differs more
than ore quantlization level, an egdge is suspected (This
threshold was chosen to avold detecting auantization
contours that result from Slowly varying intensity
surfaces.y.,

Before the sdge fotlower [s actuaily cafled, It Is
wortnwhila to apply Inexpensive tests. They insure that the

detecteg Intensity dl!ffsrence was not the resuit of ramdom
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noise Oor an isciated anomaly in the surface, An effective
valication requlirement Is that thne oaisecontinuity have a
suyfficient spatial extant. This condition Impjiles that a
significant dlffergnce also be observed In the average of
intersitlies, obtalned from smal| areas adbout the orliglinal
detection polints, I this requliremsnt is met, the actual
edge 1S then locallzed between these two samples and the
tracing stage begun,

¥ nothing nas been found at tne end of a frame, the
scanrsr wlii exft ynjess spsciflically instructed to lock
narger, In this case, the frame is re-scannsed. The
clips:. however, are now S8t to bDbracket the range of
Intensities, observed on each Scaniine during the oprevipys

co&rse scan,

V.4 ACCOMMODATION Iy EDGE TRACING

The accommbdation raquirements of e&dge folliowing ars
theoretically Identical to those of wedge veriflication,
However, accommodation is wuSed more consarvatively In the
edge follower, Local c¢ontinulty 1Is a weaker basis for
expecting an edge than the nesd 1o 8stablish gliobal
consistency, Congegquentiy, the varifler’s motivation to
axhaust all possipie accommodations to see an edge s not
oresent In the sdge foljower, (Admittedl|y, the edge foliower

could utillze more of the globa! Information avaijable to
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it, such as the current [ength of the contour.)}

The edgs fo|lowsr also doss not have ths advantage
of a global context In which to svajuate what it finds, It
Is not eaulpped with enough selectivity to deal with the
fyull sersitivity that optimum accommodation can provide, For
exanpie, whan the sdge follower was run with the
accormogation package, designea for tne verifier, it was
equaliy ingclined to follow wrinkies in a black cloth
covering the taple as It was to trace high contrast
pouncaries of Dblocks, There was no way to discriminate
setwe@n these cases at thse myoplc jevel at which the edge
follower currently functlons,

The overal! scheme Is to use tne edge Ffollower to

extract madium angd strong edges most Iikely to define the

ma jor boundaries of objects. Wweaker features can theén bpe
anticipated In the global context, established by these
ma jor egaes and sought using the verlfler. Qur experience

nas shown that It |Is easier to predict tne existance of
migssina edges than to fiaht the cambinatorics, necessary to
geclde which edges to eliminate, when there wers tog many,
The accommodation strategy of the edge folliower
reflacts this philiosophy. Wwhen an edge Is lost, a
pre-cetermined amount of effort Is committsd to recovery, [f
thig effort jevel Is Insufficlent, the edge follower a&wails
instructions from a nigher level, [t may Indeed suit the

purposes of a strategy orogranm for the trace to proceed with

292



mo;B costiy accommodations Iin the manner of the verifler,
The more usual caSe Is for the sdge follower to glve up and
resure Its globa)l scan, I[f the gradlant being tracked was
truty part of a major contour, it wiil most Ilkely be
re-acoulred at ancther polint, In that case, ¥ the
subsequent tracte intersacts any opart of the origlinally
obsearveg esdge, the two segments will be re=unified Iin the

data structurs,
v,4,1 ACCOMMODATION wWHEN AN EDGE [S LOST

The edge fojliower accommodation strategy is outllinad
in Flgure 5,4, It Is, as wexpscted, a simpiified and
siightly re=ordered subsset of the verifier strategy shown In
flgure 4,18, The flrst accommodation that is trled, when
the edge |Is Jost, |Is to apply a more sophisticated edge

extraction tschnlgue,
v,4,1,1 EDGE OPERATORS

The edge fo|iowar makeS use of two operators. The
principsl one, designed Dy Irwin SoDel, spatialiy smooths
the Intensities over a 3Ix3 reglon of thne raster, It then
approximates the gradient with two directional derivatives
about the central point of thils squars reglion, This

opsrator s illlustrated Iin Figure 5,5, The Sobsi operator
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Is fast and reasonaply effective, even In the opresence of
modest noise,

The second gperator |Is the [arge ares test deveigpsd
by ®eucke| [1969] and discussed In Cnapter 4, It looks for
any edges, (ylng in a circular neighborhood of up to 4177
plecture polints about where the edge was originally expectad,
Hegyckel’s algorithm overcomss two ¢f the most common causes
for l0oSing an edge:

1., Weak sdges can be obscurred by local noise at
the oparticular polint choSen by the edge foliower to app|y
Sobel’s opsrator,

2. Because of nolse or an unusual corner, the edge

followe, can peedict the wprong place to looxk next.

Both of thess preblems can be combatted by Sampling a larger
area,

Heguckel’s operator is, of course, much siower than
the Y9 point operator and Is used only when the local
graclent Is Inadequate, 1f the additional processing
sycceeds In recovering the sdgs, tha.traca routine wili
eontinue using Hueckel’s operator, but only untl! the wedgse
quality improves enough to switch oack to the orlginaj ¢

noint tast,
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v,4,1,2 CAMERA ACCOMMODATIONS

If the edge cannot be detected even Dy Heuckel's
operator, thne <camera accommodations musi be checked, The
prirary requlrement s that thers o8 adequate contrast
acress the suspected boundary, The accommodatlions used to
maximrlze contrast are anajogous to those discussad In the
iast chapter, ThHe ssnsitivity |5 raised to aimost saturate
the trighter side, Then the gquantization window 5 narrowed
apout the range of Intensities, found in the immeédiate
vicinity of the probliem point, Since Heuckeli’s operator
functions pest with a faithful characterization of the
intersity surface, the narrowest window for which ajj
intensities are |lneariy encoded should be used, Because
the sensitivity can be set to a finer vresojution than the
elip levels, provigion |s made to use sensitivity to center
the intensity surface «ithin ths chosen window.

1f the contrast across the boundary |s adeguate, byt
ng alscontinulty sharp enough to gqualify as an edge has been
fourc, the problem could be ooor focus, Re=focusing will be
dones |f it nrat not opreviously been attempted In the

Irmeciate vicinity,

v.4,2 OPERATION OF ACCOMMODATIVE TRACE ALGORITHM

The Integration of accommodation Iintec the overall
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trace ajgorithm is lillustrated in Flﬂufa 5.6, The current
cperator 1Is applled at a point where a qradient Is expactad
pscause of edge continulity, [f tne operater |Is not
successful, the accommodation routine (Figure 5.43 s
ecalled,

1f the proplem Is diagnosed to lie In thne domain of
the avallable accommodation varlables, the indlcated
agdjusiment |s made and ine opgrator retriad, This ioon |s

another manifestation of what has been calied "psrformance

feecback”, the sSuccess of the operator (s the uitimate
eriterion by which accommodation 1Is evaluated, I1f the
operator falls agaln, the accommodation routins s

ra=called, This process wiit terminate when @sither the
operator I8 successful or ths accommodation routine can make
ng adjustments,

1f accommegation cannot recover the asdge, the trace
returns to the point of initial acaqulsition and attempts to
~los® the contour by procesding In tne opposite direction,
Thils strategy wli| succead, when the edge IS exceptionglly
weak Or obscurred at one particutar point, It Is aiso
meipful In completing a contour contalning a very Sharp
angle (Flgure 5,7).

1¢# the oparator |s succassful In finding an edge
polnt whers one was gxpected, the foliosing possibilities
must e considsred:

1. Doas thys bOynt complete a cl10sed cONLOUr wth
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(5)HEUCKEL OPERATOR
APPLIED AT PREDICTED
POINT BUT FAILS TO
FIND NEW EDGE

PERIPHERY OF
HEUCKEL
OPERATOR

(0 EDGE LoST AT
ACUTE ANGLE—"

CONTOUR COMPLETED

(7) TRACE AFTER
REVERSAL

DIRECTION -—-1

(1) scaN ———»=

@ACQ’UISI’I‘!OH /
POINT

 NUMBERS INDICATE SEQUENCE OF EVENTS)

(6)SCAN REVERSED

Fig. 5.7 Tracing a Contour Containing a Sharp Angle
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respect o the opolint of Initial acaquisition? f 9o,
terrinate,

2, Has this sdgs point been saen before? If 1t has
and condition 1 was not appiicabies then the edge followser
has srronsousiy looped (Figure 5,8 shows an exampie of thls
conglition, caused by shadowing,}, Racovery |93 attemptad
by scanning In the opposite direction from the acquinitien
soint, If the reverse scan was, |In fact, already In
progress, the trace terminates, The Strategy oprogram may
then decide that enough of this contour is availabie to
atterot a recoanition hypothesis and verification sequencs,
Otharwise, the global scanning mode Is resumed,

3, If nelither of the ebove conditions apply, the
edge point s accepted a9 a valld extansion (and, In fact, a
confirmationy of the emerging contour, The gradlent
direction Is then used to predict where to [ook for the next
sdgs point, Finalily, 1? the Heueke! operator had been
used, the sdges quailty (as indicated by a parameter of that
opsrator) Is checked to sse whether the Sobel sperator ¢an

pe re~instated,

V,5 FUTURE OIRECTIONS

One major shortcoming >f the current sdge folliower
is Its jack of adequate Nigh (eve!l evaluation and controj,

One can |magine simpile criteria for detecting global
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Fig 5.8 Tracing a Contour Containing a Local Ambiguity
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Indications of poor edge quality, I!f the edge follower now
locks onto a cioth wrinkle or a shadow, |t wil! waste
considerabie sffort attempting to foljow & jow cgontrast
noisy wedge, before it ultimate|y falils, Thess situations
can be |dentifled mych eariier by noting that an edge s
particularly wavy and not what woujid bes expected from a
planar=faced block. Edos qual |ty oouid aisc gserve as an
effsctive nolse T||ter, allowing the confldent use of more
powerful accommodations,

Pressnt oplans are to Impiement this intermediate
jevel! of svaluation, We then pian to consider blurring
soms of the distinctions between the edge followsr and
verifier, A ||ns predictor can attempt ¢to compiate
contours when the gsimple reversa! strategem falls at both
ands (Grape (197833,

A predictor can be based sentirely on local
heuristics, For exampls, |ings gan be hypothes|zed o
connect existing vertices, Partial [ines can be extended %o
forr new vertices, Howsver, when the system is {ooking for
a specl!flic object, the predictor could alsc make use of that
objeet’s topology, 1t the partial contour doss not
sorreiate with a portion of the desired contour, the global

scan car be Immed|atei{y resumad to find other sdges.
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CHAPTER Vv1I: FOCUS RANGING

vli,1 INTRODUCTION

Humans Infer depth In many ways, They interpret
known characteristics of an object and Its environment in
terms of a very comprehensive mode] of _tha visual worid
(Gregory (19661]), This ablfity Is characteristic of man’'s
rejlance on a vast store of experlences to overcome hls
timited ablilty to make accurate metrical measurements, a
macnine, on the other hand, must, at |east for the time
belng, empioy complex measurement afaorithms to overcome its
rather (imited store of knowledgs, Focus ranging Is an
exarpie of a techniaque that can be used to estimate the
distance to any resSclvable inhomogeneity In the scens {eg,
texture, edge, corner, etc,y. Identiflcation of the featurs
Is specifically not rgaulrad., (Animals use focus information
also but, apparentiy, In a corrcborative capacity.)

The technlaue Is based on the fact that an object,
at an  unknown range, wlll be In best focus at a partlcular
irage distance, 1f the polnt of best focus can be found,
the resulting Images distance, yi«b, can pe used in the {ens
equatior (Equatlion 2,35) to obtaln the corresponding object
distance, xib,

¥y I

X T e—

0 yb-f {6,1)
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To automate this process requires, flrst, an
anaiytic criterfon which the computer can use to svaliyats
the sharpness of focus in an Imags (spacificalily In that
part of an Image contalning the Tfsature whose rangas Is
desired), The computer can then fogcus by varying the Image
distance untii this criterion is maximizsd. In our system,
this variation Is gocompiished by physically moving the
vidieon (le, image ODlane) miong the arinc!pnf ax|is gf a
stationary lens (ssg Figure 6.1), Thas distance betwesn the
vidigon and [ens {s obtained from the voltags of g
potentiomester whose wiper |3 attached to the vidicon (The
linsar esguation between voltage and [mags distances can e
calibratag by focusing at two Known ranges.).

In this chapter, we derive a simple model of
focusing and use |t to develop 9sevesral focus criteria,
The obtalnable range uncertainty depands, of course, on the
sensitivity of the criteria. The factors that affect this
sensitivity wiil pe enumerated and shown to be stirongly
dependent on the accommodation oparsmelers, A focus
ranging system Is described., 1t attempts to minimize rangs

yneertalnty with appropriate accommodations,
vi,2 BAS]C FOCUSING MODEL

In Chapter 2 |t was shown that & point source;, out

of focus, I3 Imaged as a clrcular disk (ses Flgure 2.13),

E
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More precisely, the jens collects a portion of the Ilgnt
enerqy originally concentrated at a point andg distributes It
uniform|y (assuming negligible diffraction; over a <circular
area of dlameter 3t, This diameter IS a |lnear function of
the dlstance, 3y, between ths actual Image planeg and the
plana of best focus., This function Is rejated to depth of
focus and can be founa from Equation 2.57b by making

substitutions 6,2 and 6.3 (compare Fligures 6.2a and 2.15),

3y =§ (6,2)
at = ¢ (6,3)
Sgiving for 3t ylelds
St & 9.{9! (6,4)
In cross ssction, the one-dimensional intensity

sroflie of a polnt source and lts defocused image resemble
an slectrical Impuise and the waveform that results from
applylng it to a low=pass filter {sea Figure 6.2b). We
pursue the fliter analogy to deduce the effects of
defoeusing on an arblitrary feature, The effect of a
{Inear system on any functlion can be analyZed by convolving

that functlion with the system’'s response to an impulss,
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A simple Jens Is a |insar System, Its effect on
any olstribytion of |Jignt can be obDtained by spatially
convolving that distribution with the |[mage of a point
source, Figure 6,3 shows the effect that defocusing wil]]
nave on the profiiea of an Idea! Drightness sdge. The
transition of the edges has assumed the width, 23t, of the
puise with which it was convolved.

{The j imear transition B?oducaa by this
one=d|manmsiona! analysis s sfiightiy oversimpliified, In
two dlrensions the edge transition is formed by the
superposition of many defocused point sources, extendinrg
alorg tne edge boungary, Taking this Into account, we can
express the actua] helight of a unlt step as a function of
position (sy over a transition width 2R

1/2

Es) = —5 [s(®® - sy + R [ssin'z (3)+ %]

1. -R<s <R (6,5}
TH ;

This rejation Is a close approximation to a {insar function
except for silght rounding at the sdges of the transition,
This rounding Is not a significant effect In <Larms of the
factors that govern focus ranging. For clarity, the theory
In thils <¢hapter 1|s thus deveioped in terms of a
ong~cdimensional anelyslis,.)

The analysis wiil be deveioped In terms of wedge

profliles, Edges are the most Important singie faature for
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which range Information |9 required, 3y supsrposition, thns
enalysls can be gxtended to any feature (or texture,
represantabje as an array of Intens|ty discontinylities (eg,
a chesckerboard pattarn), We add the temporary restrictien
that edges {ls In a single plane (is, a singie pleces of
paper; half white and half black), orlented at right angles
to the jsns axls, This restriction wilil be removed later

In tha chapter,

VI,3 CRITERI& OF FOCUS

The goodnsss of focus |Is dlrectiy reiated toc the
trarsition width of an sedge, Flgure 6.4 ShOoWS the
appearencs of an edgs under varyling degrses of gefocus, The
transition wlidtn I8, [n each case, squal %o the diameter of
an squivalentiy desfocused point source, Concepluaily, ihe
simpiest way to svalyate focus |s to dlirectiy measure thls
transition, Any of the verifier operators whose valys
refiecty the quallity of an edge can serve as a mesasure of
focus ocuallty, Thus, & Tescors calculated at points S,
S« tinm Flgure 6,4) would lncregse monotonicelly from a tp ¢
with Improving focus {This resylt, colncldentatiiy,
gemonstrates why focus Is an [mportant accommodation for
veriflcation,y,

In appilcations (like verification) where an edge s

expectag, thess operators constitute the best ¢criteris of
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focus for the very same ressons that make them sensitive
sdge detsctors, They are diffiguit to anpliy, however, when
ths edoe fogation Is not well=known 8r, more generally, when
the Individual step profijes are not arranged In an order|y
ifne but rather distr|buted over & surfacs to form texturse,
We next consider exampies of analytic and hesyristicaljy

basec criteria which messurs the "edge content” af an araa,

VI.3.,1 FOURIER TEXTURE ANALYSIS

A straightforward analytic approach Is to appiy &
twoedimensional, fast Fourler transform over the reglon of
Interest and sum the powsr In the high frequency termse,
This eriterion Is suggested by the reiation between sdge
sharpness and high frequency content In the corresponding
speetrur, Horn (19681 anaiyzed this criterion and used Jt
as the basls of a focusing program at M[T, We did not
adopt this criterion, becauss the Information ontuined in g
complets Fourler snalysis Is not nscessary for focus!ing,
Ads & result, the FFY algorjthm is insfficient in thls
appiication, More Importantiy, the Infiusncs of
accemrmogations on foous sensitivity ars more naturally
describsd In the space=time domain, The hsuristie
criterion, to be discussed next, |ends Itse|f weil to thils

Burpose,
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w[,3,2 THRESHOLOED MAGNITUDE OF GRADIENTY

To assess the quality of focus In & reglon of
interest, we sesk a functlon whose value |3 proportional %o
ths focal slope of the Intensity surface (and thus to Hhigh
frequsncy spectral content), The vaiue of such a function,
summed over ths replon, would make an effective focus
criterion, A sultable funmction I3 the common gradient, &
discrets approximation to the analytically defined oradient

at position s, I3 Qlven by

Gs) - Yo *+ 1 ;l@ - 1) (6,6)

Two practica] probiems arlse when Gis) Is
accuyrulated over a globa| arsatl

1. The cymyiative gradient over & symmetric portion
of any texturs pattern (eg, over tne range Sl to S42 In
Flgure 6,5a) wil| afways sum to zsro, This problem Ig simply
ayolded by ,sing [G(s}|,

2, The cymuiative magnitude of the gradlent across
an edgs must, by definition, sum to the tota| helght of the
sdge, resgardless of the width of transtion. In Figure §,5b
the gradlent over the range Ss1 to 548 Is 7 for edges #.b,¢,
To avold thils situation, we must Introduce a non-linsarity,
iG] could, for example, bs sauared or thresholded before

compiiing the sum, A simpie threshoid s preferrsd,
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pecause® 1t |s easier to obtalin and Introduces less noise,.
The thresho|d controls the sharpness of the focys
peak and wlili be treated as an accommodation,
A sultable one=dimsnsional focus criterion

is thus glven by

Sr _
{&,7)
c - 2 Gy
8=3L

where

[G{#)| for |G(8)| = T
0 for |[G(s}|<T

Gpls) (6,8)

i

w“ith T=2, C evaluated over edges a,b,c {in Flgure 6.50) wil|
ylelg scores of 3,6,7 respectively, {(Note that the suctcess
of thresholding depends on the fact that an edge at any
degree of defocus passss through a common fulcrum at the
midpoint of sach siops, Tnis property follows from the
convolution of an [deal step with a symmetric pulise. Wers
this not the case: C would not be guarantesd to Increase
monotonjcally wlth gdge sharpness. The asymmetry of typlcal
noneldeal edges found In practice |s seidom large enough to
affect monotonicity,)

The gradient operator developed by Sobe!l (Figure

317




5,5) Is & direct twoedimensiona| extenslon of [G{(s)I, it
srovides a directionaily unbiased estimate of the magnityude
of the spatial gradgient, Sobel‘s operator s wused In
practice instead of |(G(s)|, because edge orientation is

oftsn not knoyn,

v],4 FUNDAMENTAL AND ACCOMMODATABLE VOETERMINERS OF RANGE
UNCERTAINTY

The position of best foeus for a plane surface Is
yncertaln within the Interval known as depth of focus,
In our system ths oprincipal uncertalinties result from
amplltugs and spatial guantization, We wili esxamine how
sach of these factors [Iimits the [mprovement in sdge siope
that can be detected, This a&naiysis wil] iead to

approprlate accommodations for minimizing range uncertainty,

v1,4,1 SPATIAL QUANTIZATION

Oniy the intensities In the transition region of an
sdge are affected by changes in focus, The width of this
reglon |s constantiy narrowed as focus improves, At lemst
sns sampling paint must Interssct the actual transition to
detect any changs In focus quality, Close spatial sampling
Is thus sssentis] to obtalm a sharp|y defined focus maximum,

The most |[nteresting case occurs near best fogus
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(see Flgure 6,6), kt a certain Image sharpness the
transition width, 8¢, becomes narrower than the interval,
23, between sampies, From then on., one sample at most can
colneide with the <transition reglon, Assuming that the
oeginning of the edgs transition Is randomly placed within a
stationary sampling Interval, we can sxpress the probebl ity
that the esdge transition wil] colncide with i sampie point,

Bt

Y for {8t < 3s)

Prob {detect focus improvemen.) = a (6,9

4 probablifty of .5 can bs taken &3 a reasonmabls cyutof!
below which fyurther improvement In focus should not be
sxpscted, From Eaquation 6,9 we find the transition width

corresponding to the threshold probabliity

_ as
atkpron=0.5) T2 (6.19)

vi.4.1,1 RELATION WITHW CIRCLE OF CONFUSION

In Chapter 2 we expresssg tne resciution [imit of
cur system In terms of a clircie of confusion. We can nacw
sxpress the IImitations of spatia! aquantization In an
squivalent form, A consistent definition of TMecircle of

confusion™ for this system I8t ths Image of a poin% apyrce
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nefoocuseo to the gxtant that [ts dlamster, ¢, @quals the

alntrum edaes width given oy 6,18,

VIi.4,142 ACCOMMUDATION TO MINIMIZE DEPTH OF #IELD

Depth of flelid Iis the conventlional measure of

uncertainty In object spage, From Equation 6,19 and 2,5%5q,

xba- - {5‘11}

The slieptiflcation hojds In the usual caSe when the |[ens
glareter, d, |5 much greater than the sampling interval, as,
Defoc then grows directiy with object distance and inversely
with focal lenath {(as determined in Cnapter 21}, Floure
6,6 provides an Intarestine way to visuallzZe thess resuftls
In terms of sampling timitations,

A defocused nerfect edge Will have a flinijite
transition width and a corresponding probabllity of
intarsection Wwith a sampling point, Tne widlh ruepreasents an
attenuation of the frequency content found in an ideal edge,
4 Joncer lans wii! magnify the widith of the transition
{corresponaing to a glven frequency content) ralative to tre
staionary samniinng Intarval. Tnis muitipiies the
pronabliity of Intersection for a given degres of unfocus,

A simitar magnlfleation is realized by moving the ©object
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closer to the lens,

The theorstically minimal range uncertainty at thres
typlcal object distances, Is tabulated In Chart 6.1 for the
1, 2, and 3" jensgs, {The irls I9 wide open f#si.4 in sach
case), To summarize, at any obJect distance, the smallest
rangs uncertainty is achisved by selecting the |ongsst lens,

To complete the discussion on spatial quantization,
1t I3 appropriate to discuss the possibliity of allasing
errors dus to undgersampiing. Consider an Image with
significant spectral power at spatial fregusnclies much
greater than 1/0s, The thin, high contrast: vertical |Ine
In Flgure 6,7a |{lustrates this condition, There Is
virtually no chance that a sampie will c¢oincide with tpe
finse when the Image Is highly focused, Conseguentiy, ths
focus criterion wlil bs Zero, However, as ths |[inme
broadens under progressive defocusing, there Is an
increasing |lkeiihood of detecting a gradient, The
heuristic focus criterion has cieariy falled, The problem,
Rowaver, |s dus to |nsufficient sampiing, A criterion based
on Foueler analysis wouid a|jso decreass when the Imags
frequencies exceesdesg ths bandwidth of the sampling system,
In practice, the |imited bandwidth of the video amp|ifier
insyres that no (mgge wllil gross|y excesd the sampiing

capacity of ths system,
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T

: Hangeé Lens

zll 2“ 3ii

25" {11.34"10.322 | 0.138

35" }12.67 | .647] .279

45" [14.45 |1.08 .470

Chart 6.1 Theoretically
Minimal Depth
of Field (fef; =1,4)

323



V1,4,2 AMPLITUDE QUANTIZATION

The abllity to deteet changes |[n focus quality
requires not only that a sampls point Iintersect an sdge
transition, .- Thers must aiso be sufficient amplltuds
resojution to detect the smg|l Intensity changes  that
indlcates a fturther Improvement |n adgs siope, In Flgure
6,8 adge b Is barely distinguishabje from edgs a at the
Indicated Intensity resolution, Any edgs whose upper
breakpoint feoll In the range, 3Wy, would be
Iindistinguishable from edge &, Dbecause both would pass
through quantization Interval 1 at 542, aWs1 represents the
miniral Iimprovement from the focys auality of edgs a that
tan be detected at this intensity resciution. Simijariy,
3Wiz2 establishes the wuitimate unocertainty of best focus,
The focus criterion wii| be perfectiy fiat for ai! wedge
transitions between those jabejed ¢ and d,

It Is ciear that these uncertalntiss cah be redyuced
by Increasing the amp|itude resoiuticon, We know that better
focus will not change the intensities at Sif and S43, 1t
therefore 3seems appropriata %o narrow the avantizat|gn
winoow, concentrating ail avaliable resolution at ths
intensity |evel where the transition intsrsects a sampls
point, Edges a and b (from 5.8) have been radrawn In Flgure
4,%a, Becauss of the narrowed intens|ty window, the foeys

eriterlon should now be able to distinguish ths diffe,ence
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in {rage sharpness represented by #W’ ,1<<aW,1,

The above sentence contalns an Importanmt hedge,
Khat the narrowed |[ntensity window does provide Is the
abl ity to detect a change In Intansity at S+2 between edgss
a and b’', If 1t were known that Si2 was sampling the
transition of an edge and If the actual intensities at S4if
and S&3 were previousiy recorded, then the correct valus of
the focus criterion could Indesd be calculated with great
precistion, In casss in which &n sdge cannot be assumedg |t

Is irportant that the focus critericon not be bilindly abplied

%0 the nard c|ipped intensitlies at S+l angd S&3,

Hardg clipping destroys all guarantses that the resulting

focus criteria wiil Inmcreass monotonicea|iy with fogus.
Flgure 6,90 shows why hard clipoing s bad. A

nypothetical, 5 Ileve! quantization window wad centsred to
maxim|Ze the sens{tivity to variations about Jine b at S42,
(Leveis 3 and 5 corrsspond to hard=c|lipping.) The 1imltsd
gquantizZation rangs has shifted the effegctive fyulcrumi the
centra) plvot condlitiogn, required to Insure the monmotoniclty
af critertia 6,6, IS thus viciatsd, wW€ith a threshold of two,
the vajue of the cymulative gradlent at S+1, S5:2, and 543
actusily decresses (from 8 to 7) a® sdge be |Is transformed
py bstter focus into esdge ¢,

Thess examples demonstrate the I[mportance of an
aporopriate gquantizatlion window for. sharp fogusing, The

narrowest window thazt does not hard clip any intsnsities |In
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ths raglon of interest |Is the most general|y appilcable
accormogation (see Figure 6.18), This compromise maximizes
the resoiution that can be attained withgut risking iocai
max|ra of the focus criteria,

In apoilications requiring the utmost accuracy; the
sffective resociution can be Inersasesd using the quantizer
sub~ranging scheme mentioned In Chapter 2. This megthad
attains 6.5 bIts of resclution for [ntensities over the fyi}
dynamic rangs but at a considerabje Ovarhead in process|ing
time. Flgure 6.11 Is a comparison of the reiative
sharpness of the focus eriterion attalnadile with

representative quantizer windows,
V][,5 EFFECT OF SCENE CONTENT ON SHARPNESS OF frogus

Thus far, we have Stydled thes inherent System
characteristics that (Imit attainable range accuracy and
have Propossed accommodations to optimizZe performancs sublect
to these constralnts, The characteristics of the scens
pose another constraint over which there Is no control,
However, |t I8 wuseful to know, at least In genera! terms,

how these characteristice affect performance.
v].5,1 OBJECT CONTRAST

It |s saster to focus on areas contalning migh
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Fig. 6.10 Compromise Quantization Window for General Purpose Focusing
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RELATION OF CLIPS WITH
RESPECT TO EDGE PROFILE SHAPE OF FOCUS CRITERION
E(GE>T)

BEST FOCUS

BCLIP NEAR

I. BEST FOR GENERAL
APPLICATIONS

.u (IMAGE
FAR oisTance

BCLIP = 7 4 Y

2. SUBRANGING SCHEME -~
BEST RESULTS BUT MOST
TIME CONSUMING

TC
BC

3. HAND CLIPPING PRODUCES
SHARP FALSE PEAX WIDE
GLOBAL MAXIMUM

TC

4. TOO WIDE CLIP RANGE
REDUCES RESOLUTION
AND BROADENS FOCUS
CURVE

TCLIP
BCLIP
™

o

Y

5. MISPLACED WINDOW - NO
FOCUS INFORMATION
PROVIDED

Fig. 6.11 Relative Sharpness of Focus Criteria for Various
Quantizer Accommodation
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contrast, Figure 6,12 shows two step sdges (£:1 and £42) at
the same amount of defocud, Indicated by 2at, Te Improve
focus resauires the ablility to detect changes in Intensity at
Se2;, 3t varles ||ngarly with changing Image distance, For
any dscrease |n 3t, 8|42 wil| decrease (E42/E31) times as
much a8 8141,

For g glven qugntizgtion rescliution, 8t nsed chgnge
on the average (E+41/E42) less to detect a minima|l intensity
change at S42 with the hligh contrast edge., This advantage
does not apply when using clipping window #31 <(see Fligure
6.11), since the gquantlzation finensess aliss decresases
inversely with the height of thes edge. The increased
sensitivity, howsver, wouid be realiZed by thes sub~ranging
schare,

A gradlent (s a nolise sensitive opsration, High
contrast provides desirablie signal/nolse advantages,
Consequentiy, #i] of the accommpdations ussd to enhance
contrast for veriflcation (sg, high 'sansitlvlty, color

fiiter,etc,) are also appropriats to empioy Iin focusing,

vi,5,2 0BJECT TEXTURE

A uyuniform surface provigses no Information regirding
the quailty of focys, At the other oextreme, a surface
covered with high frequency, highily contrasting texture

would yleld sharpjy peaked focus optima, {(Oistributed
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texture ingroemses the |[lkellhood that sampies of & gliven
density will Intersect transition regions.) This Influenge
of object texture can be quantified in the frequency domainm,

Defocusing is a |owepass fljter, The freaquency
response of this fi|ter can be detearmined from the Fourier
tfnn:fc?m of its [mpuise response, In one dimension, the
transform of 3 unlit amp | | tuds pulse of width 8t

{syrotrically pliaced about the origin) Is

(6,12

{Goodman [(1969] gensralizes thils anniyaisﬁku'tun dimensions,
using the Fourler transform of a disk of radius 8t,,
The effsctive opassband of this func#ian can be

approximated by tha fraguesncy range
2n '
0 = u::sgg (6,13

As focuS Improves, 2t narrows;,; widening ths passband,
Mors high fTraguency texture components will be passed by the
optical iow pass f|iter, boosting the focus criterion, It
the obJject |8 composed primariiy of {ow frequency texturss,
fike & cloud, [t |[s ciear that when the fiiter passband
(2#/8t) sxcesds the highest frequency at which significant

textural energy Is found, flner focusing wil] not improve
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the Imags,

The maximuym freguency response of the optiea! system
Is set by the diameter of the timiting clircie of confysion

I A
“max " Be  Bs (6,14)
7

We conclude that objects whosse principal spectrg|
eanergy |les balow this frequency wi|| havs broad focus pesks
(and, correspondingly, mors dspth uncertainty; than would he
sxpectesd from Eguatlien 6,11, If ai) significant obJect
frequencles Jie .1n the rangse 2<omsga<omegaimo, a more

accurate bound on focus uncertainty can be sstabi|ished,

df - 0
D = —2—>— for w W (6,1%)
foc ( ) * - ﬂ mo mAax

tricgz Jox - 0 “mo “ “max
T

vi.5,3 OBJECT DEPTH

For simplicity, we have thus far restricted

attentlion ¢o oplanar, textured surfacss iying at a
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well=de?|Ined depth, Ws next consider where the focus
eriterion wii| peak when texturss |[ie &t several depths
within the field of v]ew (le. an edge that extends avway from
the lens), Our previsus results can be generallzed to
treat this case, usimg superposition,

At every focus position the Imaged diamster of a
polnt source at sach depth (n objeact space Is wel[=-definad,
To extend the previous anaiysis, simpiy partition the fle|d
of view by planes perpendicular to the iens axlis at reguar
Intervails of depth, The focus criterion Is evaluated for
ajll Sscens components; using the pulse width sppropriate to
the nearest depth plane, After accumuiating the
threshoided magnityde of the gradlants associated wlth sach
plane; a sum of thess sums s taken over al| depths tg
define the goodness of focus at this Image distance,

This criterion will tend to maximize the overall|
detai|{ In an Image, Howsver, close detalis and high
gontrasts are waighted heaviiy, The focus peak, of courss,

will be wider than |f al] detal] were at a singls range,

v],6 FOCUS RANGING PROGRAM

In this ssetion an automatic focusing program |s
described, [t utiilzes the accommodation considerations
discusssd In the chapter to obtsin the most well=defined

focus peak, The best focus |3 used to estimate ths rangs to
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the fieid over which the focus criterion was acoumuiated,

The focus oprogram s ealjed with ths fotlowing
parameters!

1. navi ths horizontal and vertigal raster
coordinates of a feature whose rance |8 deslred, (Thase
Indices and the coordinates of the [ens center defins & ray
In space that Intersects the featurs,)

2, xCestl; estimated range (based on sSupport
hypothesis, geometric Inference, stc,),

3. dx(est]: maximum uncerta|nty of xCestl: x[est)
and dx{est] are used to bound the Initia! search for a focyus
maximum, They wll| be reflned by the oprogram as the
intervai thought to contaln the best focus IS narrowed down,

4.dxlren,)t regulirsd rangs mccuracy. This |=s
the terrination criterion that |w appiled to dx{est],

5, cost! g measures of the maximum effort that
should bs exerted |[n trying to attaln dxlreq,]. Like the
verifler, the current version of ths focus program does not
test this gondltion, 1t |s ingpiuded In anticipation of the
time when a cost effactive system strategy and accurate cost
sstirates of the varlious accommodations are avaliabie,

6, reglon description: This oparameter Is actual|y
Intsnded a3 a pointer ¢to a |I1st of attributes describing
what may be known abouyt the festure toc be fooused upon,
Thls knowledge woyuld be heipful, for sxample, In ssiscting a

focus criterion particulariy sulted to the fesature (9, An
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edge operator could be taliored to the conteur of an edgs.},
It eould alse indicate the  desirabdiliity of special
accommodations, Ilike a fl|ter chanfe; if a cojor #do® were
specifled, The focus oprogram cgurrentiy accepts only ths
norjzontal and voertical dimensions of the reglon (centered

at h,v) over which the focus criterion Is to be maximized,
Vi,6.1 NEED FOR BOOTSTRAPPING

dxlreq,] wii] usuaily be Iisss than 1/2%. At
typieal working ranges this accurapcy rsquires a longsr lens
than the 1" (wide angley unit commonly used for géneral
survelljance, Ths |[ength of the {ens neesded to attain the
speciflied rangs uncertainty can be found by soiving 6.11 at
xsx{est], Howsver, It I|s general|y not possible to switch
directiy tc a longer |ens before performing a coarse Search
for the fotus psak.

The probiem |s that, while a long lens s nesedesd to
get accurats rands, falrly accurate randgs is neesdesd to
shange |enses, More precisely, a sufficlient|y good depth
sstirate I8 needed In order to locate and perhaps re-center
the desired feature In the new flelid of view {6l
{tertheomingl), The |onger %the 1ens, the narroysr ths
field of view, the better the depth estimate that s
required, Fortunately, the attainabie range uncertainty aiso

decreases w|th jonger lenses, This situation suggestas that a
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bootstrappling approach might be ussd to establilish the focus
optimum,

Sterting with the short (#ns, a coarse search feor
the foocus maximum is conducted. This seareh Invoives
evaivating the focus criterlion at perhaps 18 Image dlistancas
covering the [nitla) range uncertalinty dx(sst], The focus
peak found on this Initial triafl Is ussd to narrow the focus
uncertainty enough for the feature tc be rescantered in the
fleld of wiew of the next jongest lens. Procesding In thls
wWaY s 1Z more samplen are takan over the ram&kinjinmg
uncertrinty Interval, The refined peak wiil then permit a
changs to an even longer lens, [f that is nseded to achleve
dx{reag,Jl, A fiow chart of this process Is glven In Figure
6.13.,

Bootstrapping enabies the comp, ter to overcome (t{s
lack of gicbal comprehension about what It is focusing on,
A& person, by comperrison, relles strongly On this asset to
manu |l ly re=gentesr the cemers after changing & lens, 1t
enabies him, In gconjunction with his human adeptness for
real tire ssrvolng, to track the outiine of a feature On the
tgievision monitor, until the fekture I|s centered, A humen
lg¢ thus able to position the camers without & precise rangs
estirate and even wnen the new |8ns !s moderatsly unfocussd,

{A computer agulpped with a continuousiy varlable
focal fength (2¢0m) lens might be abie to keep the featyre

centersd by tracking [t as foca] length was gradually
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;
I

dx'[est}]

| mrriavization

| xlest], dx{est] SET FROM
CALLING PARAMETERS
1-in. LENS SELECTED

. x{est]
;‘ dx {est} —"

FOCUS CRITERIA SAMPLED AT
10 POINTS OVER

x[est] ¢+ dx[est]/?2

'

UPDATE x[est], dx[est]
FROM RESULTING CURVE

x{est] =— x'{est]
dxjest] «— dx'[est]

LONGEST
LENS
N
USE

YES RETURN x{est],
ol dx{est]

NEXT LONGEST LENS

;

USE x{est] TO PAN. TILT
CAMERA TO RE-CENTER
ORIGINAL REGION IN FIELD
OF VIEW

ROTATE TURRET TO i

Fig. 6.13 Flow Chart of Basic Range Refinement Bootstrapping Cycle
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Increased, This use of servoing would Improve the

sfficioncy of the bootstrap i(o8p.)

VI.&,3,1 ADOVANTAGES OF BOOTSTRAPPING

Bootstrapping has many featyres that ars deslirable
in an accommodative perceptual strategy, Ths most carefy|
focusing (% only performed over the narrow intsrval to whigh
the globa] optimum has been previously locslized 1y
inexpensive, coarse ssarches, HWhen ths Initia]l uncertalinty
ls greatsr than a few inches, It |8 aiso more sfficient to
do the [nitia! focmjization using a shorter lens, Supposs a
3" jens wa9 used 0 narrow the focus ootimum from an Initin|
1 uncsrtalinty, The rejative sharpnes® of the focus opesk
spservegd with & 3" jens wouid necessitate consideraply more
than 12 sampies to Insure that the true global maximum was
found,

The focus sStrategy aliso contains a sscond examplie of
pootstrapped optimization, Recsl! that the sSharpness of the
focus peak depends strongly on the ¢clios, sensitivity, and
cperstor thrsshoid, Thess parameters must bs sel according
to the observed Intgnsitises, However, ths Intansity rangs
Is not weli=dsfined in an out of focus scens. We approach
the globaily optime| settings for these accommodations by
refining them In terms of the scene characteristics obsServed

at weach peaak, Asg focus improves, SO wlili thass
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accormodations, thus facliitating an sven sharper fogus,

v],8,2 THE [MPORTANCE OF PRECISE FEATURE SPECIFICATION

The focus oprogram 19 very gcostiy in terms of rea|
time, [t takes aimost 32 seconds to move the vidlicon over
ths 5" jength of the thresaded focus drive, Consequent|y,
focus I8 usgd main|y o rgsolvg Specitic recognitisn
ambiguitien, {In this regard, Faik [1972]) formallzed the
yseful result that the depth at a few selected points on &
planar=faced object sonstralins the depthe at all other
points,)

Both the reaquired time and attainadble depth
gncertalnty are Inversely relatsd to the precision with
whiech the caliing parameters bind the initial search rangs,
The 812e of the Inltial wuncertainty, dx(est], destermines,
for Instange, what lens to use for the flirst search. [/
dxCostlS1™, the 3" |ens can be ysed directiy, eiiminating up
to two ysles of bootstrapping for each shorter lens, In
general, the more that |Is known @ griori; the less
Bootstrapping 19 necessary,

I1n the absencs of a precise feature speeificatien
the size of the rsgion over which the focus eritarion s
accurulated has a profound atfect on tne shape of the focus
peak, Severa| factors are Iinvojved, all rejated to the fact

that the computer has no high level conception of ths
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foature within the reglon that Is actually of interest,
Signai/noine wiil be compromised if, becausse of
uncertainties In localization, the region Is speacifisd mugh
farger than the actua| featurs, For exampis, suppose a
vertical wedgs opassess somawhere through a wide rectanguisr
region, Near good focus only thoss rester samples direct|y
adjacent to the actual discontinuity wiili cﬁﬂtf%but' vsefuyl
Information, Ai|] of the other gradients, caigulated sver
the Dboundary surfaces, contribute oOniy noise, We plan to
eventusl |y use the avallabie knowisdge about a featurs to
tallor the rsglon over which the focus criterion Is applled,

In the meantime, tne focus program does achisve soma
discrimination of ths gradients that enter Into the sum by
controliing the gradient cutoff threshoid, This
accormodation Is Inciyded as part of tns bootstrap ssguence,
Far frorm foous, al! gradients w(l! pe small, Thersfore, the
cutoff is Initisily set iow, At sach focus peak, the highest
graglients wli|{ pe thoses assoclietsd with the dominant
feasture, On tne assumption that thisffaature is the deslired
one, the threshoid Is ralsed to eiiminate ajl gradlients more
than 25X Deiow the maximum vajues recorded at the psak {An

overiy large reglion sntalis the risk trat undecirsd foatyres

wiil be Included.y. As focus Improves on Successive
cyclies, the peak gradients wlil get bigger, justifyling vyat
nigher thresholds, This accommodation contributes to a

sharply defined, {ow nolse focus peak,
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[t the fteature does not [Ie sntirsiy In a single
depth silane, the focus peak wii] be unnecessariily broadensd
by & large reglon. Consider fogusing on the Interlocr vertex
of a cube {(see Flgyre §,14), This fTeatures 19 defined by <the
intersection of three pilanes, Each of these sdges 3igpes
away from the camasra, Thue, the jarger thes region; the
larger the |nhersnt depth vunecsrtainty, 0f course; too
small & reglon |s &(sg yndesirable becauss of Insufficlient
samplies for noiss=smoothing,

We have considered bDut not yet Implemented the
poesibl ity of ressiving this confiict by sdaptively
accormogating the size of ths reglon, Initially, when
focus 1|9 poor, a iarger region could be used %o bulld up a
sigrnificant sample and avoid noise, As focus Decomss
pettar deflned, the gradients at the sctual vertex will gst
larger., The reglon can than be compressed about the poinmt
{hsv) |n & manner that will snciose thne maximum gradient |In
the smaliest area, This will descreass the range uncesrialnty
sontained In the reglion for the next Iteration, The fleild of
view In object spacte corresponding t0o a constant raster area
depends on |sns magnificatlion, Magnification (s proportiona|
tg focal isngth, Conssguenti!y, the blggesr <the |[ens; ths
anrtower the fleld of view <througn =2 glven arsa of the
raster, This rejationship tends to reduce Inhersnt Sscene

ambliguities as the focus peak |s approached,
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VI,6,3 DETAILED DISCUSSION OF FOCUSING PROGRAM

The focus ranging program is based on t¢hs
simultansous bootstrap reflinement of the range estimats gang
of all accommodations contingent on the quality of focus,
The orogram Is flow=-charted In Flgure 6,15, On entry, tns
initial range and uncertainty estimates, x(est], dx[est] are
useg with Chart 6,1 to seject the shortest |ens whose depth
of fleid at x[est] |s iess than dx(est], (This will often
be the 1" lens,)

The focus criterion s then evaluated at 12 Image
distanNces corresponging to the rgnge xCest] +/- dxlestl/2, 4
refined estimate of dx |s determined from the shape of the
focus pesk (see Flgure 5,16}, If dx’lest] Is smallier than
the required wuncertalnty dx[reo.], tns program returns [ts
latest estimate, If not (after satisfying a hypothetica]
cost constraint), accommodations are refinsd, based on the
scene characteristics observed at the current focus maximym,
[f a positive Improvement in the width of the peak can be
expected as a resyit of an accommodation, the focus curve |s
recorplied over the reflnsd uncertainty. OGtherwiss, the
program exits, short of Its goai,

The focus program, ilke the varifler, flits weill Into
the basic accommodation paradigm described In Chapter 1,
This similarity s smphasized by the dashed boxss In Flgure

6,15. The sharpness of the focus peak might thus be
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Fig. 6.15 Flow Chart of Focus Ranging Program
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considered as a hligh jevel criterlon of accommodation, The
narrowWer the peak the more approprlats the acommodation,
The simifarity wlith the verli?iasr, moreover, [s sspeciafly
pronounced when the feature s an edge’ with the exception
of the guantizer window:; the accommodat!ons responsible for
sharcening the edge and sharpening thne focus peak, are

Identical,

Vi 6,4 CISCUSSION OF ACCOMMODATION STRATEGY

The principal accommodation conslderations have
already been elabograted, Hers, we need only summarizZe now
these considerations f1t Intc the overall stratagy, When the
erplirically determined width of tne focus maximum is wider
than required, It Is flirst determined whother gz sharper peak
can te obtained wlith the present iens, providing other
accormodations are flrst optimized:

1. The camera 15 refocused at the previocusly
cbserved maximum,

2, The vajlglty of the quantizer window used on the
previous search Is re-establ|shed.

3, The gracdient threshold is raised; |f nacessary %o
75% of the maximum Individual gradient recorded at peak
focus,

4, The nolsiness of the focus peak Is detaermined

{(see Figure 6,17) by the number of |ocal maxima of the focus
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criteria over the [nterval gdx‘lest]l, Theory states that
over sShort [ntervals ths focus ogurve should be monotonlc
with range, Thus, |f the new focus peak s "welli=defineg",
temporal noless Should ba Suspescted, when thers ars mors $han
three slope revarsals ovar the new peak {dx’'[est]) or the
three highest criterion leveis are not adjacent In rangs,
In this esvent, the program wil] Ingrease by one, the numbsr
of tesjavision frames that are averaged together at each
focus position before the criterion |s evalustsd,

Flgure 6,17¢ Illustrates the notion of an
1li=cefined peak; two Ilocal max|ima are further apart in
range than the depth of fleld of the 1ans. Rather than
temporal noise, this condition indicates that twoc distinct
features arse In view, dxlest] must bDe mors tightly
eonstrained from a higher lsvael,

This use of averaging Is an sxampie of what might be
called  “heuristic flitering™, The desired focus curve |s
known to be monotonie and smooth, Jenartures from this
Ides! Indicages 4he nesd for corrective acgion, Thls
approach I8 particulariy efficlient, bscause the expense of
averaging Is confined to6 ranges near the optimum where a
precise svaluation of thes fogus criteria is most Important,

If any of the above accommodations were performed,
it is flkeiy that a sharpsr focus peak can be found with the
gurrent lens, Such a repetition |s justifisd in two cases:

i, The tnesoretical depth of fisld of the currant
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lens |Is less than dx(reg,] at the current rangs estimates,

2. dx |Is not yst well encugh defined ¢to allow a

change of lens,

A single re-trial with the current jens will ajimost
always exhaust al] possibiilties for further Improvemsnt,
Thersafter, 1f dxflest] 18 stii]| not smail snough to Swliten

ienses; the rangling program tarminates, This condition wi}|
usyally bs caused by |ow contrast or lack of high fresausngy
texture within the specifieg fleid of view. Otherwiss, a
longer |ans |s seiscted, |f one remains, and dx‘[est] s
used ¢to re=centgr the original ragion, {(Current|y,
thag® gt8Dg Bpo manyal iy implemented, becauss the

camera-centsring software is not yet ready.)

v1,6.5 PERFORMANCE OF FOCUS RANGING PROGRAM

The focus oprogram has successfully achlieved focus
psaks sgual In wigdth to the thsoretjcaly, minima] depths &¢
fiele, exprassed |In Chart 6.1, A maximum uncsrtainty of
.415" has been gbtalned with the 3" jens at a range of 25"
for a varlety of nigh contrast edges and textured surfaces,
There was not +time In the opresent research program %o
somplote a more formal performance svatuation, The sffect on
range accuracy of each of the accommodations, discussed in
thls chapter, were obssrved In opractice and found to

conform, at lsast gualitatively, with theoretical
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sxpsctations,

A very reallstic evajyation of the ultimate
practicality of fpeus ranging wiil pe avaliable shortiys
thls program wili Sgon be Incorporated Iinto tha emerging
strategy of ths hand-sye system, At that time, |ts
performance can be systematically <tabuiatsd for i wide

varjety of fsatures characteristics,

vi,? COMPARISON OF ACCURACY POTENTIAL OF FOCUS RANCING [N
MAN AND MACHINE

1t Is known that the shape of the {ens In the human
eys IS a|so accommodated to achjeve sharp fortus at a current
ranges of Interest, Yet |t appears that when peoplse
astirate depth, this curvatures, if considered at aill, Is a
refatively minor factor, A hyman cannot, In any cass,
consistently establish range to bestter than a few iInches (at
one meter) without mechanical alds, An interssting
perspective on the ,esults of thils chapter can be cbtalned
by ecomparing the rejative valiyes In man and machine of the
parareters we have found to |imit ranging accuracy, Thls
comparison wliit 1ljustrats why thes machine I3 at an
advartage In detsrmining rangs from focus Information.

1, Amp|{tude Resolutlon! At finest
guantization, the machins Is able to distinguish as mahy as

thres |svels of Intensity over a surface judged homogensous
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by humar oDservers, (This resuit is based on the responsg a~f
severa, obDservers who ware askeo whetner tney thought the
brightness of a sjoping surface, shown on the telsvisisn
monlto;.'was homogeneous, Thelr affirmative answers wers rmo
deutt blased, to somes extent, by their percsption of g
uniform entity.)

2, Apsrture Slzse: The aperture of the human eyse
measures approximateliy 2mm, In normal room |ighting {(SCIENCE

JF COLOR [19581), The widest aperture of the 3" lgns i3 over

2.7, wniig the tyman aperture cen be forgced open to about
4mm, by carker t]1gnt levals, low I|llumination compremises
ob ject contrast, One of the maln advantages the computer

ras In  tnis respect Is the ebllity te coordinate |ts
agcormcgations to nyullify extransous conditicns, Thus, ¥ &
wlce aperture [$s needed In pright suniignt to get a&ccyrate
genthy, the aperture can bDbe opsened, &anc ths camers
sensitivity reduced to avold saturetlion, Tne human eys,
gesplte Its greet aceccocmmodation range, canngt force Its [rls
to open In bright tjght or avolg spatial averaging in glm
itaht,

3, Focal Length: The effective focatl length of tha

eye s about 17mm,, contrasted with 3" for our tongcest lens,

G, Spatiai resociutlion: The human gye Isg
unsyurpassed In tnls respect, The cones In the nigh ecyulty
reglons of the retira are spaced on 2 mlicron centers, This

compares favoraply with the 37 micron spacing of sample
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poirts Iin the video raster, Unfortunateiy, the human’'s
advantage in sampling density Is not sffectively utifized In
focus ranging bescauses of the mentioned |[imitations In Just
noticeables [ntensity discriminations,

Accordina to Equation 2,55¢cs the eye’s depth of
fleld (for high resojutlion tasks) |% about 3" at & range of
ong meter, (This may be oDServeg Dy Simuitansously fopus|ng
on the finger prints of one finger on sach hand, heid at
arm’s  langth, Slowly move one fPinger clossr untl]|
simuitansous focus |s lost,y Fortunately, the human does not
nsesc better rangs est|matss because of his faciflity for real
tims servoing, (Sobel [19783] presents modeis which aljow
the stereo and statiamstric ranging capabiiities of the gye

and rachine to be compared using the data pressnted above,}
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CHAPYER yIl: MACHINE COLOR PERCEPTION

VI1,1 INTRODUCTIQy

Color Is an sxtremely vajuable descriptive property,
Deprived of thig s¢nNge, ths machine operates &t a
considerabie handicap, Recall, for axample, an earlisr
remark that objects, sas!iy disiinqaishabia to the human eys
by their hys, maAy have the sSame gresys=scale value,
Converseiy, homogeneocus regions may appear disconnscted to
the computer, because of Intensity variations ecaused by
liturination gradlents or shadou{; Thase are usually
correctiy percelved as single tntitiés by the human sye, dye
fargely to continulty of coler, Finalily, color |s important
as an adJjectiye that enlarges the class of tesks that can be
described to the computer Tleg."Plck up the RED bioek™ ar
"Lins up the cubss so that a DIFFERENT COLOR appears on sach
top face,"),

In Chapter 2, It was noted that the Spectrum of the
fight Incident from an object onto ths camera iens depends
on the product of the source spectrum and the spectra]
reflectance of the object, However, due to an innate sense
of color constancys; humans tend t0 sse an object wlth the
same hue (corresponding to whits fight) under a wide varfiety
of Illurinations, The initial Intent of this work was to

deveiop a general model of this phenomsnon so that the
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%achina could emulate the color perceptions of the human
expsrimenter with wnom 1t had to communicate.

This mode| was successfully formulated In theory,
During the course of impiementation, nowever; the
ynsulftapliility of ths vidicon for photometric cojor
measurerents {(detajled Im Chapter 2) was discovered, Thls
deflclency made 1t unfeasible %o impiement <the complete
gensral thsory with oyr prasent hardware,. {Many television
cameras without this shortcoming do, howsver, exist, for
Instance, Image dissectors,) Our emphasis then snifted to
developing & |Imited system that would function acceplably
for a single standard source of lljumination, such as that

norrally present in the computse room,

The final imptementation, thougnh of 1imitegd
appllcablility, nigejy Illustrates the generallity of our
baslic accommodation paradigm, To overcome [nconsistancies

within the wvidlcon, accommodation was optimized By

maxirizing color separations in a complex decision spacs,

vi1,2 ANALYTIC MODEL FOR ACQUISITION OF COLOR INFORMATION

The |liumination Incident on the iens of the camsra

Is gescribed by

f(A) = S(AOM) (7,49
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We are Interested In determining O(X), the oblect’'s
Intrinsic reflectance characteristic, O(X) represents the
percelved golor In whits 11ght (S(X)Zconstant}, From O()\)
one can then obtaln any of the more <convenient compos|te
charsacteristics (eg, hus, Ssaturation) that are normally
ysed to describe an object’'s appearancs,

Color Information is acquired by viewing a specimen
soquentially throuygh N color fljgerg, Lagh filger ailowg
the corputer to dstermine ths total ensrgy contained Iin a
particulisr spactral rangs of the incident f[ilumination,
The N fliters characterize the spectrum In terms of an N
component vector, sach of whose terms Is, frem Equation

2.6%, given by

L = 15{3;0(&;1?&(3\)“7(&;& , K=1.,..N (7.2)

The accuracy with whigh O(X} can be racoversd from thsgs N
Intersities 18 a fynction of N, thne number of availabje
fliters, and of the extent to which the |llumination source,
S(x)s 18 known,

To avold yrnecessary complication, the anaiysis wii]
proceed In two stages, First, the combined spesctrum of
source and object, f{(x), Is obtalined, This spectrum it}
thar DbDs normallized at esach wavsiength by a known Soyrce
spectrur, S{x}), to isoliate the desired refisctance

characteristices, O(x}, Let -Gammasi{i) represent the
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composite fiiter functions formed by combining the spectral
transmission of each coior selective flijter wlith tne

spectira] sens|tivity W{(A}) of the viglicon,
A = W) ?K{?k} (7,3

For the inltial gos1 of cnaractsrizing tne overal! spectruym,

Equation 7,2 can be rewrittan In the simpiifisg form

vil,2,1 ANALYTIC DETERMINATION OF f(X)

Equation 7,4 has reduced the problem of detarmining
f{x} from an N component intensity vector to the soiuttion of
N sirultanesus integral squations. Singce the computer I3
confineg to numerical maethods we must, In practice, so|ve

for 2 dlscrets approximation te f(x), uvsing Equation 7,5

Ik =Z ) T2 (7.5)
A
i

{hel witl typlcally be taken at Intervalis of 22
miitlemicrons, corrasponding toc the Interval at which the

fititer characteristices have pasn tabulated by ths
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manufacturer In Filgure 2,17.)
vil.,2,1,1 SPECIALIZED SOLUTIONS

When the functional form of f(A) can bs assumed from
a priorl knowledge, It Is often po :ibis to obtaln
speciailized solutions to Equations 7.4 ang 7.5, For
exarple, |f the spectrum Is expected to be very broad, |t
might be redsonable to Approximate fixn) by a
olecewliss-constant function, With n fl|ters, a solution can
ne obtained for a sSpectral approximation with n degrees of
freedom, Eauation 7.6 1ilustrates the sglution method to
abtaln a plecewiss~constant aporeximation of the spectruym
over the passbands of three fl|ters, Tha fliters sampie the
red, green, and biue ensrgy at a total of 3N wavelengths

over the spectrum,

(7,6)

_"rlm‘ . .FMo:..0...0...0..
0. Ty(N-2). . T,(2N+2).0 ...

0...0.. T,@2N-2),
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The components of the [eft hand column vector {(In 7.6) are
the unnormaiized Intensitieas viewsd through the red, gresn,
and blue flliters, cs¢l,,,c43N reprasent the vajues of #()\}
at sach spesctrum frsquancy. {The overiap of the reg
fliter ({(GCamma+l) and the biue ?liter (Gammail) by the green
fiiter (Gammas2) I8 typlcal of the actual overiap for the
fliters described In Flgurs 2.17,)

To soive Eayatlions 7.6 ,& Introduce the constralnmt
that this spectrum be approximated by constant valuyes over

each thirg of its rangs,

cl = tc2 = CN = C
°N+1 - SNe2 - T Coy = CG (7.7)
CoNe+1 C C2nsz2cc T Sy T Cp

Using Equation 7.7, Eaquation 7,8 can be transformed Into

thres [inear sayations In three nknowns,

L . (7,8)
(R z r, ) 0 0 Cy’
i=1 :
: | w~ 2N 2N+2
ol=1 > ro S rm > rym || S
{=N-2 i=N+1 i=2N+1 |

2N 3N
i=2N-2 i=2N+1
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Fgquations 7,8 can then be socived directiy to yleld CsR, CeG,
C+B,

Wolfs [1959] soived Eauation 7.4 for the specia|
case whan GammasK(xr) and f()\) were botn Ga,ysslian fynctions,
He obtained the mean and standard deviation of ths best
Gaussian approximation to f()) for a givan set of

Gamma4¥X{An),
vi1,2,5,2 SOLUTION WITHOUT AN ASSUMED FUNCTIONAL FORM

= The more general problem |81 given a Sst of
measured Intensities, {(1:¢K), sojve Equations 7.4 or 7.5 for
f(%\) In the absence of any a priorl sxpectations about Its
functionat form, An optimat sojution, In the "ioast
sguares” senss can be obtalned by expressing f{A} ay a
| tnear comblination of orthonormal! functions, Gamma’sK()),

derived from the composite fiiter functions GammasK{n},
0, - Zcxz*k{ai) (7,9
4

The goddness o0f this approximatjon |s measured by the aerror

norN

A = 0 - 2 o Ol = z (0o, - 2 el ) 7,12
k k

{
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it can be shown (Hiidebrand (1963])) that when ths
CammassK({xé|) ares orthonormal functions over ¢the visibls

range of X, Deita will be minimized by choosing

e = < IOITRR) > = > 10 2IETE
i

The thres ?11ter functions Gamma+K (A) used In most
of our work have minimal spectral overiaps (flgure 2,17) anrd
are thus spproximately orthogonal, A comparison of
Equations 7,5 and 7,11 shows that tne ¢+ can then be

optainec py simply sggling the gorresponding [K,

“ TR > _ »

TSR TS,

cp = <TLR) IR = % (7.2

{The scaling effectively normalizes the orthogonal Gamma K
&S reguired oy 7:1%, Norma!lzatlon compensates {for
varjations among thne [ndividual fliters with regard to

apsolute attsnuation and width of passbands,}

viI1,2,1.,3 OVERLAPPING FILTER FUNCTIONS

The assumption ogf orthogonailitly weakens a% mors
fliters with overlapping passtands are added to enhange

spectral resclution, Howasver, the Gramm=Schmitt procedure
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can be used to orthonormalize the eniarged set of functlions
{(Hiidebrand [19631), This procedure is convenlent|y

symrarized by ¢he recyrrence rejation,

k-1
'k~ (7.1%)
PK z <I;?§K>If"
- -l”i
"k k-1
'K =y & K '8

The GCarmaisX’'(X) gliven by £quation 7,13 can now bes ussd o
expand f{A} In & series anajogous to trat given by Equation
7.9, The ¢4k In this case are net simpie muitiplies of the
corresponding 14K, To obtain the c¢K we use Equation 7,13 %o
exXpress GCamma+K In Equation 7:11, Performing this
substitution and simplifying yleids an |terative formula for

determining the c+K from the set of mesasured 1K,

k-1
IFk - Z‘I"srx”‘; (7.14a)

_ L s=1 ]
CK = ({Q) BN N
k-1
< fA) Ty > - z <I, Ty < H)I -
s=1
c = {7l L] ]
K o 140
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k-1 P P (7.542)
lx - Z krﬁ K )cs
" s§=1

Cc
K DN

{where gN |Is the denominator of Equation 7,13)

An |mmediate consequence of tnis generalization |s
that the intens|ty observed without any filter can be ysed
as a fourth Input to Improve the characterizatlon of f();,
In this case, the composite spectra| response IS sSimply the
spactra| characteristic af the camers, W(X) (gliven by Fligure
2.186), Wik} spans ths entire spectrum, It s, by
definition, nonegrthogonal to al| other composite fl(ter
functlions, W{)} provides useful Information |In the gaps

petween the responses of the red, green, and blus fi|ters,
vil,2,1,4 WEIGHTED NORM
& refinement to Eaquation 7,10 Is to add a weighting

factor, ri(i), to emphasizZe ths error at selected spectral

fraguencles,

k

a= e f[fiii} - Z exl";{taij]z (7.15)
i :
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A welghted norm Is hejpful when It [s Important to have an
especial iy mccurate characterization at particular points in
ths spesctrum, For Instance, it would be useful In
discriminating among several sSpecific colors whan the
aiternatives are known a priocri from an externa| source of

information,
VII,3 INTERPRETING SPECTRUM INFORMATION

In typlcal tasks we are primarily concerned with
three descriptive oproperties of a reglon: huye {cojor
sensation, eg,red)s saturation (Strength of coloration}) and
prightness {tota] energy), The detallesd spectral composition
of fiky Is not needed. For this purposes, It is convenient
to consider an siternative Inteppretation ¢f Eguation 7.9
F(X) can ©be repressnted by a {insar combination of primary
colors, The spectra of these oprimarles are glven by the
orthogonn|lized fTiliter Ffunctions, GammaiK’'{),y, The ¢sK
represent the reiative proportions of each primary |Inciuded
in the mixture (This interpretation is an admission that N

fliters can oniy specif?y N Indepesndent variables,},
Vi1.3.1 RELEVANCE OF CLASSyCAL COLORMETRY

The representation of arbitrary colors by mixtyres

of standardc primaripgs I3 a cornerstone of classical
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colorimetry, By comparing the mixture cosfficlients of the
specimen with thne knmown cosfficiants of the purs spsctral
cojors, a particuiariy convenient characterization of hye
and saturation can be obtalned.

Most colorimetric representations are based on the
yse of three primaries, sinces the human eys character!zes
cotor with Just three degrees of freedom. The most common
orirarlies have gensrgy peaks In the red, green: and biye
portions of the spectrum, (Thsse match ths bdroadest range
of visible golors.} Becauss most of our work Invoives cojor
fligeps with thegs huss, wWe wil] revie” the rsisvant resuits
of colorimetry In terms of thess primaries,

it must be smphasized, howsver, that the
repressntation to e discussed is applicable to any set ¢f
primary colors which satisfy two conditions!

i. Ne ong primary can be matgned by & cambihttinn
of the other twod.

2. Some comblnation of the three primaries wl||
glve white |lght,

Thers ex|st an Infinity of sultable primary systems
all Interconvertible by (insar transformation, In <the
apserce of ophysical reasons for the cholce of a standard
srimary system, criteria of convenlence may be used. Thus,
any ressonable set of composite fliter functions Gamma+K’
could be used, Furthermore, the methodoliogy can bs

mathematlically extendsd to accommodats an arbitrary number
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of orthogonaiized primaries., This generallzation will be
developed later,

Let R be the wvalue of cé¢K corresponding to the
intensity observed wlith the red filter for a gliven stimulus,
fiX). Simiiarly, (et B8,G repressnt thes coefficlents
derived for the biue and green fliters, Physicalily, thess
coefflciants can be Interpreted Iin terms of a Gedanken color
match expsriment, They represent the relative proportions
of white [ight that myst be projected through esach of the
gcomposite ?1iter functions to synthesize the unknown
spec imap,

1f thess thres primaries are superimposed on & white
screen,; in the proportion esStablished by the c+K; the
ehroratic contant of the resulting mixture will be
indistingulishable from the original stimulus by a perceptual
system using the same composite filters., In this sense, the
tripiet (R,G,By constitutes a specification of (k). R, G, B
are called the "trlistimyius values™ of f{()), They are based

an the primary system
[ . e . o) (7,16)

To concantrate on the ¢chromatic nature of a
stirylus, Its hues and saturation, 1t Is desirable to
elirinate the Ilrrelevant dimension of brightness, The

pehavior of color mixtures are governed by |linear relations
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knowrt as Grassman‘s Laws {(discussed In Sheppard [19687]),
Two useful conseauerces of thess relations are:

i. Luminosities at different waveiengths can be
added sigebrajcaliy to obtalin the total brightness,

2. AL tristimulus vajues may be muitipiied by ths
same positive factor without aitering the ghromatie content
of the speci|fication,

Total brightness Is thus sxpressed by the sum of the
tristimuius coefficients, The |um|nance Information can be
removed by dividing sach of the tristimuius terms by thelr

!Umg

s R (7,47
'~ R+GC+B 172}
- X 747
E"R+G+B (7470
= B (7.17
b= rvGc+8 i7¢)

r,9, @and b are known as chromaticity (or trilinear)
coefficlents, Thsy are not Independent;: they must sum tpo
one, Conseaguentiy, the rsiative proportions of the
primaries (which determine the <color properties of a
specimen} can be expresssd by two [ndependent variabiss and

repressnted by & singie point in a plane,
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Vi1,3,1,1 CHROMATICITY DIAGRAM

this twosdimensiona| colior space |S commoniy known
as & chromaticlty dlagram, In Flgure 7.1 the  axes
correspond to the rgjative contributions of the intensities,
seenn through the red and green fliters, to the total
juminance, The ce~tribution of the Biue primary s
represented Impllclitiy through the refation rebeg=1, A
point In this piane peflects the poiative propostion of the
total energy smitted by a stimujus that l(ies In the passband
of each (orthogonaly fliter tunction. For sxample, the
polnt labeled W signlfies an saual contribution from each
fliter, This point Is conventionally known as the "whitse

point®™,

Vi1,3,1.2 INTERPRETING HUE AND SATURATION FROM CHROMATICITY
COGROINATES

The chromaticlity coordinates wli| bes used to relate
the analiytlically determ|ned ek to thae dgoscriptive
proparties of hue and saturation,

Hue and saturation are, strictly spesaking, the
subjective impressions elicited By & Specimen In a
particuiar observer, uyndesr specific viewing and Iliumination
conditions, The maghine must, of course, base all Iis

decislons on hard physical evidence, Conssguentiy, the
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Fig. 7.1 Chromaticity Diagram

g = 1
i W
]
1
1
r.g =0 1 r=1
3

Fig. 7.2 Degenerate Representation of Pure Spectral Colors
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chroraticity coefficlents will actualiy be used to determine
dgominant waveiength and purity, Under most clrcumstances,
these are <cliose physical correiates of the psychophysizcat
variables,

Let us beglin by Interpreting the significance of the
white point, AS |ts name Implies, this point corresponds to
no hue or Zz2ero saturation: physicajly, the sesnergy |Is
preasumed to be equaiiy distributed over the sntire spectryum,
A human would |dentify such a golor toc be sither blacgk,
grey,; or white, The cholce depends on the luminance i(eve| of
the f{ocal region reiative %o the average luminance over tse
entire Image,

The computer must make @& simifar comparison,
Siﬁci no ituminance Information is retalned in the
chroraticity dliagram, |t |Is necessary (0 preserve the
ynnormatized totaj Intensity (the sum of red, green, and
bius) sesn at that point, An attzsct!ve alternative Is to
observe the scens intensity without any color fiiter. The
voltage reference provided by the autotarget clrcuit of the
camera |s a measure of the average scene Dbrightness, The
intensity, observed at the particular achromatic iocation,
can then be compared with this global average to sstablish a
reiative tonal vajuse,

Polnt M"A"{ses Fligurs 7.1)s on thse other hand,
represents a distinct chromatic bias; 88X of the totai

juminous snergy observed for this stimylus was obtalned

¥
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R\\“
through the red fijter, s‘hgfnn observer would most |ikely

classify the hus of the ccrrnsﬁ%ﬁ;lna stimulus as red.
Vi1,3,2,1 DOMINANT WAVELENGTH

Suppose that the original st!muius‘atrn now dliuted
by mixing It with wnite {ight. We know from sxperisnce that
this addition wil| jighten ths red, maxing 1t appear |sss
saturated, [t Wil mot, however, aiter the underiying hus,
Physicajly, the white (ight [ncreasss the ensrgy Ileve| at
sach spesctral fregqusncy by an equal increment, In terms c?
the chromaticlty coaffliclients, the eaffect of |[ncreamentinmg
sach tristimujus vajus Is to reduce the rejatives importance
of the snergy peak In the red end of tne sSpectrum, This |s
showr |n the chromaticity diagram by a shift In the mixture
coordinates from "Ar ¢towards "¥" ajong the Iine connegcting
ther,

We conclude that ail points extending from "W" slong
the |irme defined by angles thetaiR corraspond to the hys,
“reg?, (Simitlar|y, all points representiing biue Spescimens
at various jeveis of saturation woyld (ine up along another
jocus defined by angis thetadB,,

Mors generally, the angle tneta Specifies what we
nave calied the "dominant waveisngth" of a stimulys, Tnils
phrase can be formajily deflned as that spectral color which,

when corbined with white (uniform spectrumy, produces a
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mixture squivajlent in fppearance to the actua] stimujus, (An
sxception to this definition Is tnat no pure toior,

corresponding to reds=piye mixtures, sxlsts in nature,)

vil,3,2,2 PURITY

The position on w=A &t which the red=white mixture
wiil plot depends on the percentage of uhtto'thnt was added,
Purity Is the term that sxpresses the relative proportions
of white and the corresponding dominant spectrum coior that
are nesded to match a particular stimujus, This proportion
Is represented geomatricaliy in the chromaticity diagram »py
the ratio of the distance of a stimuius from the white paint

rejative to the distance for the corresponding pure color,

This ratlo Is expressed most easlly with vectorst

5- W)

nn

coordinates of stimulus
coordinates of white point 17,18)
coordinates of Dominant wavelength

P =

o1 €|

tl

-iﬁl

Purity varies from 0 to 1 as Sebar moves betwsen Webar and
Depat.

In ¢wo dimensions, we can establish a computational
equivalence betwsen the ratic expresssd by Laquation 7.18 and
the corresponding ratios obtalned using only the r or g

coordinates of the vectors
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vy Tyl 85 - gyl (7.19)

b Irg = Tyl  Top -Eyl

Pure red s represented by chromaticity coordinates of
(1,8), Thus, for Instance, the purlty of point "A" |s glven

By

_ (0.8 - 0.33) _

P - o " 07 (7.20)

vil1,3,1,2,3 OEGENERACY OF CHROMATICITY COEFFICIENTS OF PYRE
COLORS

In general, pure colors cannot be adsauately
represented by the [ntensitiss obtained from a finlte number
of nen=overjapping fl{ters, Any pure spectral freqQuency
myst Ile exciusivaly In the passband of a singie fliter.,
Conseguentiy, aii compietely satursted colors wl|i be mapped
Into one of the vertices of the color triangis [jlustrated
In ¥igure 7,2, Short waveiengihs w|il be mapped Into
vertex (r, 9s8) ¢(le, anergy passed Oy blye f|l{ter), long
waveiengths [nto vertex (r=ly, and middis waveisngths Into
{g=1},

As & result of this degeneracy, Equation 7.48 pnust

be rodifled, The denominator should express the distancge
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from the white point to the vertex <{(Im Flgure 7.2) that
containg the actua! saturated hus. Note that ths degres of
degensracy wii| decrease |f more than three fi|ters are
used, because ths spectrum will be more finely partitioned,
The inabifity to represent pure cojors Is net an
Important {imitation In practice, except for the comprom|se
introduced Into the definition of opurity, Rea| worid
objects of the type encountered In the hand-eys snvironment
typlecaliy have very broad spectral reflectancs
charactarinstics, When these objects ars viewsd with broad
band Il|uminations (such as room lighting), some energy wl|i
always be reglstered through each of the fliters (see Fligurs

7,3 ),

VIil,3.,1,2,4 RELATION OF DOMINANY FREQUENCY AND PURITY TO
(2}

A rough correspondence can be sstabliished between
dominant wavelsngth and purity and the detalled compositien
of the orlginal waveform, f{\;, The doeminant wavsiength
witl usually colncige with the wavalength Ximax at whieh
{2} |s maximym, This coincidence Is especialiy iikeiy for
we8 | |=behaved (smooth, continuous, monotonic) spectra typica]
of simpje res| worid objects,

Purity refars to the degres of predominance of the

strongest waveiengths, relative to the average ensrgy {eve|s
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Fig. 7.3 Spectral Reflection Curves for Typical Red, Green, and
Blue Pigments (Adapted From Wright [ 1958])
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found over the Spectrum (see Flgure 7.4 ), A statement gof

this predominance is expressed by

o . Total ensrgy shove white level
P Total energy (7.24)

P’ bears a gualitative association with purity defined by
tEquation 7,18, P’y |ike P; varles from @ to 1 as the

dom|nant peak becomgs more sharpiy defined,
vi1,3,2 BEYOND TRIVAR]ANCE

The vjsual system of a normai observer is
trivariant, With the exception of brightness, two
indepsndent dimpnsions specify chromatic propertiss,
Dominant wavelength and purity thus constituts a necessary
and gufficleny ge¢ of degcriptorg for a hyman obgerver,

The color discrimination of the human vision system
Is fundamentally constrained by Its trivariant natyre,
The transformation bstwsen a compiex spectrum and ths two
color descriptors can be modeied with three fiiters. There
appears then to be nd necessity for & machine to employ more
than the three <color fiiters required 1o achleve a
comparabils leve] of discrimination, On the othar hand, thsre
is nothing that ||mits the number of fliters a machine can
amploy. This fragdom mot|vates us to at ileast consider what

advantages, |f any, accrue from the uSe of more filters,
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WAVELENGTH
EFFECT OF DECREASING SATURATION ON
THE SPECTRAL REFLECTION OF A MAGENTA
PIGMENT
{Adapted from Wright [1964] )

Fig. 7.4 Effect of Decreasing Saturation on the Spectral Refllection
of a Magenta Pigment

378



It sufficlent Justiflcat]on ex|8ts, we must then gensraljze
the concepts of dominant wave isngth and purlty to apply to
the representations obtained with an arbitrary numbsr of

fliters,

vIi1,3,2.1 METAMERS

The maln advantage of using more fl|ters arises from
the Increased abifity to resolve metameric matches,
Matarers ars two specimens that appear to have the same
color description, when in fact, their detalied spectral
compositions are dissimiiar. For axample, when 2
spectraiiy uniform white Jlight Is matched by mixing
appropriate proportions of pure red, green, and blye light,
the match Is sald to be metamer|c (see Figure 7,5),

Motamers resylt, because there are not snough
Independent paramsters from three fl|ters to registsr the
fine structure In the spsctrumi in electrical enginsering
terminojogy, the spectrum Is undersampled. Matamers are
always defined with respect to the color sgnsitivity of a
particuler observer, :Thus, another person with a higher
inherent sensitivity to red might ses the discrete spectrum
in Flgure 7.5 as pink rather than white. The dependency of
megtarers on the characteristics of a hypothetical

monc=var |ant observer Is {1|ystrated In Figure 7,6,
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Fig. 7.5 Metameric Match
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SPECTRA Ea AND Eb ARE METAMERIC TO OBSERVER 1 BUT DISTINCT TO
OBSERVER 2

Fig. 7.6 Dependency of Mctameric Match on Characteristics of Observer
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Vil,3,2,2 THE NEED FOR MORE THAN THREE FILTERS

It Is nighly Improbablis that the three flitars
chosen for yse by the machine wili| e actiy match the
spectrai characteristics of ths corresponding "fliters” In
the head of whoever Is trying to deserive colors to 1t, The
cholice of red, green, and bius fliters Insures that tha
corrsiation wili be cio’es enough 25 that most cojor
distinctions which a particular person can rescive, can 4]s0
be discriminated by the machine, It is ajlso the casse,
Rowsver, that some spectral palrs wil| appear metameric to
the computer but not to a person. Ons of the oprincipaj
reasons for considering the use of more than three fiiters
Is to minimize the contingsncy that the machine will bps
unable to discriminate color distinctions described to |t by
any of a iarge popuiation of people, (Conceptualiy, one
might say that the machine can u%e combimations of n
fliters, three at a time, to s8s whether two colors can be
rescived using any of thess fijter complnations,)

It Is suspected (but as yet unsubstantiatsd) that
thse nighsr dimensionallty of additional fiiters |s neipfyi
In resoiving smal| overall color differences in the presence
of nmolse, Assume two Spectral distrioutions are simijar,
axcept In a smalj interval of wave|sngths, This
distinction would cisarly be most pronounced In the sutpyt

of a narrow fljter centered on that part of the spsctrum, In
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pattern recognition terms, the parameters describing thase
two spectra will be fyrther apart In a highsr dimensional
measuyrerent space,

Additlona! f{jters, however, will] aiss detecr?
disparities In spectra that should be contalined Iin the same
equivaisnce glass, by human standards, Thus, scatter |s
introeduced Into the cluster of parameters corresponding to
each color, Whether or not s rmet galn In the ratlioc ot
interecfustsr/intraeciuster distance (s achieved must be
determined sxperimental|y for a particutar set of obJects
and cb3ervers,

It 1s;, of course, not necessary to restrict a
machine to spesctral discriminations that correspond to human
Judgement, Resoiving a person’s matameric ambligulties might
waeil Ds & powerful way for the macnine to discriminmate
petween different stimyt! that a person must distinguish by

cuas other than colar,

vi1,3,2,3 DEFINITION OF DOMINANT WAVELENGTH AND PURITY FOR n
FILTERS

The concepts of dominant wavelength and opurlty gcan
pe gensralized by extending the geometric intarpretation of
thess terms (develOpsd In Flgure 7,1) to a symmetric neil
dimensional 3pace,

In Figure 7,7 the bius chromaticity coordinate |Is
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axpllcitly yssd In crder to represant the c¢ojor
characteristics obtained with three fi|ters in a asymetrle
color Space, Ths spacs Is constructed on ths surface definsd

by ths pians

r+g+b =1 (7,22)

The polint at which the vector, determined by the tristimujys
cosfficlants, plerces this plane deflnes the normafizeg
triiinear coordimates, {The proJjection of this point onto
plans r=g de?lnes ths equivajent point |[n the ohromatig|ty
diagram, Flgure 7,4, The angie theta’ defined by the vegtor
from the effective white point W' to a sampie point (P:g,b)
s used as a measyre of huye, Simliarly, the distance from -
to a sarple polnt, normalized by the a!stan}a to any of the
vertices (They  wiy| be  eauidistant with normallzad
fliters,), s a measure of purity, This construction s
directly extendabie to highar dimensions, Given 1thy
Intensities from n fi|ters, we [nterssct this veotor with 4
norra|lzed n=1 dimensional surface drawn in an n=dimensiong |
hypsrspace, The dlrection from tne whits polint to the
plercing point |Is agalm taken as a measyure of hue, while the
normallzed euciidean distance is a measurs of the

satyration,
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VIi,4 COLOR RECOGNITION

We now degeribe an approach to automatic cojor
reccgnition based on the chromatic|ty representations
deve | oDed In the jast section, For simpliecity, the
discussion wil| be based on three orthegonai éolcr filters,
ALt aspects, however, can bs generalized to accommodate gn
arbitrary number of sych fiiters,

The Jhas|e recognition process Invoives simpiy
mapping an unkmown stimujus Into the chromaticity spacs
lltustrated In Figure 7.7, The computer then determines the
recoanizable color whose direction from the white point 1s
ciosest to that gf the spacimen, For example, In Flgure 7.8
the unknown would be calied red, Purlty Is then measured,
It the stimulus Is sufficlientiy saturated, the ciosest hus
Is returned, Otherwise, hue i3 net slgnificant; the samp|e
s assumed to be aghromatic, In that case, the reiative

brightness Is retyurned, as descr|bed sariisr,
VII, 4,1 ESTABLISHING RECOGNIZEABLE COLOR CATEGORIES

The transmission characteristics of our cofor
sensors are not cajlbrated to any Standard observer, It
would invoive considerable effort to define formaj
correspondences bstween cofor categories and angyiar

position In Figurs 7,8, We have opted to avelg standardized,
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color notations in favor of emplrical definitions, The
machine |s taught the desired coior discriminations by the
human operator!

1. The operator shows the machine & specimen
belonging te an unknown color category, |

2, The machine computes the chromaticity .
coordinates of this sampie and assigns to them whatgver
color name is entergd by the overator,

3, Each cojor category can be refined by addit|ona|
sampies, The center of gravity of the cliuster coordinates,
reprosenting &l previous sampjes of a given <color,
explicitly defines what |s meant by the associated colsor
name,

The Interactive nature of color specification
Insures that, Inm most cases, the mach{nt and the
sxpet|menter will agree on what Is meant whan color is

mentionsd In a task description,
VIii,4,2 A DETAILED DESCRIPTION OF THE RECOGNITION PROCESS

An Initial eolor vocabulary must be establlished,
This can be done by showing the compute, sampiss of sevepa|
eolors and {dentifylng them by name, This procedure npsd
not be respeated at each session, because the cumulative
experjence of past sesslions, represented by cluster center

of gravities can be |oaded from disk storage.
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When the program |s eal|ed upon to Identify a color,
It first obtains the specimen’s chromaticity coordinates
using Equations 7,17, These coordinates are used to defing a
direction relative to ths white point, which |Is then
compared to the direction of known eolors, & computationa] |y
sxpedient way to determine the best match |s Fiiustrated In

Figure 7,9,

1. Transfo,m the vectcrs from the white poing to
all cluster ocenters and to the unknown specimen into ynit
vectors by dividing each ons by fts length,

2. Perform & nearest nelighbor match on the
hyperspohere deflned by the end points of thess normallzeg

vactorsy,

Purlty |g detsrmined using thse or!glnni iength froem
W to the unknown, as shown |n Flgure 7,18, The symmetry of
the 3space allows ths distance corresponding te full
saturation (at any hue) to be representsd by the distance
from the white point to the periphery of a girgis drawn
through the vertices of triangle r,g,b,

The distance of the unknown to the closest <c¢ojor
category, reiative to Its distance from the second bes?,

refiects the conf|dance of the mateh
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TRISTIMULUS COORDINATE SYSTEM
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Fig. 7.9 Nearest Neighbor Color Recognition
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PURE COLORS ARE BQUALLY
DISTANT FROM AN "EQUAL
ENERCY" WHITE POINT

COORDINATES OF
@ CLOSEST PURE
COLOR TO UNKNOWN

Fig. 7.10 Color Purity of Unknown
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(7.23)

B, -0
U = coordinates of tip of "unknown' unit vector
B - coordinates of tip of unit vector from best
1 ~ match category
P = coordinates of tip of unit vector of second

2  best matching category

Thus, in the exampie |ijustrated In Figure 7.9,

{(7.24y

ol ol
i ]
= K=

Czi fo, an exact match and decreases to Zero whon the
unknewn Is exactiy halfway between estabiished cluster
conters,

When confidence of a c¢ojor identification fajls
be|ow ] love| sst by the oprogram requesting cojor
Iinformation, the c¢ojor routine can Interact with the
operator to Improve [tS performancs, It can ask, for
example, for tho correct |dentity of the questionable hys,
If the actual cojor corresponds to an existing cluster
conter, that center of gravity |s shifted towards the new
sampies point, Insuyring a higher confdence match the naxt
time this variant Is sncountered,

On the other hand, If the cojor had not besen sesn

391



befors, & naw ciustar Is establ|shed with the coordinates of
this sample as the Initial centsr of gravity, In these
ways, the program, mueh |lke a chiid, Is able tﬁ sharpen |ts
color discrimination abliity as |t accumuiates experiencs,
The following example typifies this behavicr, wWhen <the
. program was flrst [mplemented, It was taught the gross
distinetlon between red and green ebjects, Naturaliy, <the
flest time It was shown an orange object, It confused |t
with red, Aftar the oprogram was informed of ths

distinction, |t never repeated that particular histnka.
V11,4,2,1 LEARNING ODISTINCTIONS WITHIN CLUSTERS

As the program acqulires more sophisticated color
discriminations, It (s aiso I|lkely that some of the
oreviousiy acauired clusters wili become unwieidy and nesd
to be partitioned, For example, when oniy a few widely
separated cojors wers known, |t might have besn accedtabls
to tump ail shades of bBjue (from greenish to purpiish) under
that onmrs heading, Because of these varlants the cluster
corpasponding ¢o bius mignt become wide|y scatteped ove, a
myiti=ipbed pattsrn, In a crowded space with many
neighboring clusters the direction defined by the center of
gravity, denoting a|i{ shades of bius, might provide a very
poor match confidsnce for certain of tha shades,

Recognlizing this contingency, the program could request ths
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experimenter to ref|ne the categorization by oproviding
identifyling names for association with the major

sub-clusters with!n blue,

VII,5 RECOGNIZING OBJECT COLORS 1IN SPECTRALLY BIASED
ILLUMINATION

We have specified a method for cbtalning

10,) = SAJOM) (7.25)

This product |s equivalent to object coior, 0(X\), oniy when
the I1ljumination 1Is provided by a spectraliy fiat white
source (89, S(h} = 13, In removing this restriction we must
come to grips with the psychologica] phenomenon known as

color constancy.,
vi1,5,1 COLOR CONSTANCY: AN INTRODUCTION

Chromatic adaptation or color constancy refers ¢
the well=known and remarkable abliity of humans t¢c psrce|ve
an obJect In Its natyral hues In spits of considerable
spectral bilas that may be present in the I|luminant, The
fmplication that percelved hue |s not strictiy & function of
physical wavelength has been a suspicion of studsnts pf

cojor for at |east several! centurles. Edwin Land’s
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rejatively recent axperiments witn two primary cofgr
projsctions havs provided astonishing svidence that
perceived oolors of al| huss can be eliclited by combining
Ifght from Just two relatively narrow Spectral bands, whers
the cholce of bands |s substantial|y arbitrary, The mpst
tenable expianation for Land’s observations was anticipated
by H,von Hs|mho|tz [1924] In his classic work on cojor
adaptation In colorimetry, Helmhoitz would probably have

disagreed strongly with Land’s contention that

"There Is a discrepancy betwsen the conclusions one
woul¢ reach on the pasis of the standard theorty of c¢ofor
mixing and the resuits we obtaln |n Studying tota! images,
And this departure from what we expect on the basis of

coforimetry 1s not a smai| effect but Is compiets."

Heimholitz concurred that colors percelved to bsiong to an
obJesct (as opposed to an isofated patcn of {ight} may Indeed
depend on other factors bssides ths spectrum of the radient
flux, A strong Infiysnce wl|! obviously be exerted by
the spectral composition of the {iilumination sourcs,
Helmholtz, howsver, assumed that the naturs of this bias
could be Inferred from the overal! appearance of the ob.iscts
and background comprising a tota! Image, He hypothes!zsegd
that the |[nfiuence of the Iiluminant on the measured

spectrur could be systematically dliscounted to dgetermine thg
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sybjective hus associated with any particular spescimen using

conventiona| jaws of cejor mixture, In his own words,

"We form a judgemeny aboyey ¢he cojors of bedles,
olinminating the differences in [iiymination by which a body
Is reveaisd to us,.,,By seeing objects of the samse cojor
under these various |[luminations we learn tc form a correct
[dea of the coior of bodles: that [s to Jjudge how such a
body would |ook In white 1ight) and since we are Interested
oniy In the color that the body retalins permansntiy, we are
not consclous at all of ~thes separate sensations whigh

contribute to form our Judgesment,"

What is speclal about <coloers, perceived to be locallzed
within a non self=-{uminous object, that chailenges the
classic colorimetric modeis? The term "object color™ imp|ies
that the judgement 5f hue s probably based gn infgrmatign
from & number of |[lIght patches, This Iinformation Is
processsd In the cortex to yield the psrception of an object
isolated from the background. Judd (19681 conjectures
that, simujatanscusiy with this perceotion of object colaor,
there must be a perception of the color of Iight by which
that object Is filuminated, We wll| shortly sSuggest specific
techniaques by which a machine can uytilize globa! knowlisdge
to obtaln the requlired sSpectral cnaracteristics of the

Source,
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ObJections have been ralsed to the term “discounting
the Illuminant” on the grounds that It Implled a deliberats
intellsctua| Judgement on the part of the observer, WMost
psychoioglsts beilevs that constancy phengmena are
unconsclous and Involuntary (Helson (19431, (Effscts of
cojor constancy have been observed, for axampie, Iin other
mamrais to whom we are reluctant to ascribe human powsprs gt
reasoning,) Helmholtz, howsver, had intended his hypothesls
to be a mode| of an unconsclous process: the measursd color
coordinates of the obJect are mod!fled by the Inferred
coordinates of the [Ijuminant to yleld the classical soior
representation of the percelved hus,

Machine color pesrception Is realized through
deterministic processing of spectral data obtained from
shysical sensors, The basis of our mechanization of thisg
function emerged as a direct consequence of the spectra|
analysis model of color perception developed sarller, The
simpllcity, with which we can obtain and normaiize out the
Infiuence of the source spectrum to obtaln an oblect’'s
Inherent spectral ref|ectancs characteristics, fends support

to the plausibiility of von Helmholtz’ approach,.

V11.5,2 RgQUIREMENTS FOR  CONSTANCY [N MACHINE COLOR
PERCEPT|ON

when & man descrlibas an object by Its coior, he |s
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Inciined by his senss of constancy to mean the huye (as Ssen
In white {Ight) that the body appears to retaln permansentiy,
He 1s wusually not aware sof the reflected wavelesngth that
happens to be dominanmt under the current llumination, 1t
Is Imperative that we provide a comparable constancy for gyr
machine’s color sense, This praserves the common n-rclptuti.
frame that both must shars If communication petwesn man and

machine [s to be poss|bie,

VI1,5,2,1 SOURCE ADAPTATION FOR COLOR CLUSTERING

Independent of this need to communicate, Soyurgs
normailzation 1is |[mpllcitly required to obtain consistent
identifications of ohject coior using the adopted
cluster=distance recognition paradigm, The coordinates of an
observed specimen must be transformed to comoensate lor gany
spectral dissimiiarities that exist betwesn the iliuminants
used for learning and for recognition. Our entire basis of
Identification wouid otherwise be obsocliete, whenever the
fighting differed from that ynder which the learned clusters
- Were first observed, Furthermore, since cojor
discriminations are intended to be refined over savers)
sessions, |t |s aliso necessary that we be able to comb|ne
cluster coordinates |esarned under varliouys il{iuminations on a
commen scales,

Both requiraments are met by estabiishing a standard
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Fliurination to which aill observed color coordinates ars
norrmalized, The natyral cholce for such a refersnce s
spectrally flat=white ijght. The coefficlants will then
correspond to the spectral reflectance of the object and the
analysls of the preceding sections can be appiied dirsctiy,
(One could Imagine & bryts force approach to
constancy as a dlrect axtension of the cluster concent, Al
clusters would simply be partitjoned according to the

lilurlnation conditions that pertalned at the time they wWere

obssrved, Subsequent recognitions wWould then be attempteg
aniy [Inm that sybespace whose ITiumination corresponded 2o
the current|y prsval|lng condit|ons, Parsimony, however,

Is [rportant for survival,)

VI1,5,3 SOURCE NORMALIZATION OF CHROMATIC COEFFICIENTS

The Intensity In the refiscted Spagtrum at sagh
wavelength (fi{X)) |Is the product of the incident
tfturination and the relative reflectance of the object,
both taken at the wavelsngth In aquestion (ses Equatisn
7.25), If the spectral distributions of the reflected and
Incident |jgnt are bothn avajiable, the des|red ob jJect
refisctance function, O(MX), c¢can be recovered by dividing
f(X) by the Inclident {|jumination on =& fregquency by

frequency basis,
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{7.2%)

{ervation 7,26 15 oniv  nafined for continuous, oprnadsare
sourre steetra of the tvpe ordinarily found In room
gnvironrents, Iliuninations «~ith Strony spectral bias are
ntt  corsidsrac, d21son  [1943], thowevar, nas performaq
retsvant psychologiza! stuaning,jy

f Trne g4n  ngedad tg dascribe 0(Xy are obitainngd By
ust=o Eaugtion 7,76 Instanq of flA} in Eauation 7,12, 1¢
fi(N, ama StA) ars nach already exnressed as a serfes of
ar*=anorratized *ilit2r funations (S8 Lauation 7.9, then
the  C3E cOarresponding te G{A) can be direcziy found: ecach
¢4 in the axpansion of F(x) g divided by the correspondinrg

ecrfficient In tha gsepies fnr Stx),

Soureres Cajiorating

Tne source | easily calibrated by using an oplezt
For whicn UMy is known, The process of cataeralning Ty
aiver f(X) and OCA) s comnrtatgely anajogous to the procedure

for obtaining O(a) given (XA} and S{(A), 'hg {1lunination,
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fiX), refiocted from the refersnce object 13 measured. S¢x)

is then given by

S(\) = 1A)/0OM) | (7,28)

Vil,5,3,2 CHOOSING A CALIBRATION UBJECT

The callbration objgct can by any tonvegnignt flixtyr,
of the environment, in the specific context of hand=gsye,
the gold base of the arm Is appropriate. This functioen
coulc aiso be servsd by any rscognlzed object wnose color |g
intringie and known from past experisnce (eg, Al
wedge~sheped biocks are biue,) The oniy constraint s <¢hat
the object’s reflectance be sobctrai!y broad to lnsurafthat
the source spectrum wil! be observed at all Qayalnngths.

Althout |[oss of gensrality, a filat=whits reaferance
surface (eGg, a plece of matte paper attachsd to the bass of
the arr) can be wused to insure this last condition, The
refiectance functlion of this surface Iis a constant,
typlcaliy BO¥%. at all wavsiengtns, The spectral
distribution of |Ight obssrved on a white surface Is thus g
dlrect "refleaction" of the characteristics of the

titurination source,
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VI1,5,3,3 CALIBRATION IN THE ABSENCE OF KNOWN REFERENCES

Psyohologists have found that It is oftsn possipis
to assess the nature of a source by considering litumination
highlights refiscted ?rom glossy objects. in the apsence of
highiights, one can assume a random distribution of
spectraily selective objects and take the averags
chroraticity compi{ed over the whole scene as a
characterization of the source., (Thils, of courss, assumes
uniform Jdljumination over the Scenes,) Thase technlques,
Rowsver, are more app|icabls to a robot expioring oyter
spac® than to one that |lves In the constrained snvironment
of a corputer room,

A deterloration In ths recognltion confidence |s a
cause to suspect alterations In the {l|uminant, Thls
hypothesis |s easl|y conflirmed by recajibrating the sourcs,
Any obJject whose colcr had previous|y besen determined with

high confidence can be used as & secondary standard.

VII,6 ACCOMMODATION [N COLOR PERCEPTION: THEORY

The accommodation considsrations fnvoived In
obtaining accurate chromaticlty coocrdinates are
theoreticalily thoss Invoived In obtaining accturate
photometric Intensity measurements, To optimize signai/nolse

the carera sensitivity must be peaked for sach fliter sg
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that the signal |gvel corrssponding to the desired intens|sy
Is Just shy of saturating the video ampliflier, The ¢lips
should then bs set to window thils signa| teve! at mEximym
resolution,

Sensitivity adjustments are especially necessary to
compensate for the wide rangs of attenuations, encountsred
when |ooking at & colored stimujus witn several spactrally
sejective f]|ters, It Is rare that the iIntensities sson
through ail fiiters will simultaneousiy fit Into the widest
auantization window at a single setting of camera

sensitivity,

VII.6,1 SPECIAL CIRCUMSTANCES

Slgnai/noise may not always be a probismj red canm be
re|labiy distingulshed from gresn with any 9ross|y suitab e
accormodation, On the other hand, it is possible to
distingulsh particujar cases which warrant carefy|
accormodation to [nsurs adequate resuits. Obviousiy, at |gw
Ifturination levels, coior differences are obscured by |ow
signal/noise, & speclal Instance of this probiem occurs
when attempting subtie discriminations of smail c¢olor
dlfferences,

Subtie variations In hue are usualiy most
distingulshed by the pressnce of minor spectral components

3t wavelengths considerably removed from the dominant cofor,
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As a result, the most stringent raaulramantslfar measuremant
resolution exist for readings obtained with fliters whose
passhands exglude most of the energy reoflegted from the
ob ject, In Chapter 3 we demonstrated an inversse
rejationghip betwesn attalnable glignal/ noisge and the
prevalling Ijjumination level, In detscting small cojor
differences; wa ars thus faced with the unfortunate
situation in which we require the most signai/noise In those
aresas of the spsctrym In which the |ight snergy |s weakes?,

Acecommodation i3 also crucial when determining a
weakiy saturated hus, The problem |s best |1justrated wl%th
raeference to the coloreciuster space depicted in Figure
7.11%., The tojerabie error in measuring the <coordinates
of the specimen myst be sstabjished In terms of the srrors
they Induce In the dlirectieon of the |ine. defining dominant
nue, This srror sensitivity |s obviously most critical In
the case of unsaturated hyss bectause of the javerage
generated by their close proximity to the achromatic point,
A forturate coincldence s that unsaturated hues ares usually
characterized by high refjsectance oOver a broad spectral
band., This enhances attainable signali/nolse. When
prightness Is low, however, the effects of nolay
measurements are sSpecially serious,

it should bs remembersd that measuremant acturagy
can always be Improved somswhat by reducing the noise with

temporal or spatial averaging, We have indlcated
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SMALL UNCERTAINTY IN COORDINATES OF
UNSATURATED COLOR HAS LARGE EFFECT
ON DOMINANT HUE

EFFECT OF NOISE
ON UNSATURATED
COORDINATES

EFFECT ON RUE

EFFECT OF
NOISE ON Y
SATURATED
COORDINATES

Fig. 7.11 Difficulty of Accurately Determining the Hue of Unsaturated Colors
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situations |n colgr perception where such snhancemant may be

desirabie,

VI1,7 COLOR RECOGNITION SYSTEM

A system organization that encompasses thes ma jor
conglidesations psai|sed In this chapter Is shown In Figure
7.12, The organization again reflscts the concept af
performance feedback, After Inftimitzation, the cofor
coordinates of an yaknown stimulus are obtained ang ]
tentative cojor decision 1s offered, The decision s
evajuated [n terms of the measured saturation and the
recognition mateh conflidence, If there s any reason g
doubt Its valldity, the diagnosis routines in the lower
left=hand corner determine whether conf idence can be
Improved by better accommodation or by recalibrating the
SOUPLe, Unilke previous sub-systems, thsre is no falfure
exit, 1If the machine remains unsure after considering these
two possibifities, |t Intersets with the experimentsr ¢p
refine its comprehension of cojor ecategorles. This assyres

the Improved confidencge,

vi1,7,1 EVALUATION CRITERIA

When saturation Is very loew {(typically less than

1), hus s not deflned, The stimulus Is regarded as
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INTTIALIZATION
SOURCE CALIBRATION,
RESTORE PREVIOUSLY
LEARNED COLOR
CATEGORIES FROM DISK
ACCOMMODATION
LEVEL — ¢

it
§ COLOR ACYUISITION

MEASURE BRICHTNESS #“B RECOGNITION
THROUGH EACH FILTER I ASKy

| 1 |
|

DETERMINE HUE, SATURATION, [
!

AND CONFIDENCE

Hi RETURN

COMPARE
INTENSITY

TO
AVERAGE

SATURATION
<« §.4

LEARN NEW co;a

CLUSTERS
MNTERACTIVELY

Fig. 7.12 Organization of Formal Color System
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achromatic and & tona| grey valus |9 determined, [f the
stimuius 18 not achromatle and the match confidence was
greater than ,75, the chosen hue |s considered correct and
returned, Otherwise, the dlagnosis routine |s calisd to
ﬂittrmint whether confldence andsor saturation can be

Increased by more careful accommodation,
vil1,7.,2 DIAGNDSIS

Signai/noise, as shown In Figure 7,11, Is a seroys
consideration with L eak|y satyrated signals, When P<. 4,
optiral accommodation can significantiy improve conf |dence,

Two |evels of accommodation are distinguished, The
program s Initim|lzed to {eve! zero., In this mode, the
quantization window Is opened as wide as possibie to
encorpass the {fargest rangse of intensities, The
sensitivity |s then adjusted only when the intens|ty
observec through a fliter is hard=clipped by the quantizsr,
This Is an efficlent strategy for the majority of cases that
do not reguire optimal tuning, When contidence gand
saturation are both jow, there |S a rsasonabis finsilhood
that carefu]l accommodation wl|! be able to restors the
confidence, In this case, the recognition |s respeated using
clips and sensitivity optimized for each fl|ter,

1f accommodation Is not at fauit, a ke ly

possiblifity (s that the Jliumination source has changed
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since the last calipration, This suspicion 1Is easlly testeq,
If confirmed, the recognition stage couid be repsated using
the updated source mode! 1o re=normaiize the origlinai
tristimuius coefficients, (This feature has mot yet baen
Implemented, Consequentiy, the snvironment Is current|y
constrained to snsure 2 stable SoUree. )

If the orliginal source calibration was valid, the
program finaliy assigns the fault to an Incompleate cofor
categorization, This situation is remedied by fﬁtlf!ttigg
with the human operator (or concelvably with a program that
may have & resson for preferring ons of ths two bgst
matches;, The Interaction may have threes possible ocutcomest

1. If the color of the stimulus had not opreviousiy
besen séen, & new category Is gcreated,

2. If the color of the stimulus Is a varlant of gan
existing cojor, the stimulus coordinetes can be added to the
cluster for that cojor, This sction wili| shift the centsr
of gravity towards the stimulys. causing the gonfidence to
Improve,

3. I? the confidence does not Improve sufficlent|y
after the stimuius Is added to an exlisting Clustsr, a naw
subeciuster should be established, distinguished by its own
coior nams, Previcusiy ssen sampies of this new cofor
shoulid be partitioned from the original c¢luster ang
re=assigned to the new category, This refinement Is Al8o npt

yet availabise,
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VII,7,3 ATTEMPTED IMPLEMENTATION OF THE SYSTEM:
FAILURE OF PHOTOMETRIC CAMERA MODEL

wWhen this color recognition paradigm was first
implemented, its [nitlal testing was performed without
bene? it of acommodations, The sensitivity was manuajily set
such that the Intensities, passed by the thres filters, ware
distributed over the |Inear range of the gquantizer (which
had been set for maximum width),

After ths feasibifity of the  appreach  was
estab|ished, the standard sensitivity and guantization
accormodation routines (used In the veriflsr,etc,) were
Insta|led with <¢the Intent of maximizing signal/noise for
sach filiter, However, when sensit|vity was adjusted,
performance detesricrated,

The probiem was attributed to the anomalous react|on
of the vidicon's spectral sensitivity to changes in target
voitage, This caused the Dbreakdown of the photometele
camera rode| (Equation 2,10) necessary to relate Intensit|es
cbserved at different target vo|tages to a common brightness
scale,

This discovery drasticajly curtalied the vidleon's
sffectiveness as a colorimetric device; absolute comparisons
of intensities obsesrved through diffsrent color fliters at
optirlized <target voltages wers Impossibis, For axample,

the ratio of [ntensities from a white surface seen through a
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red and Blus color ?1iter would differ by 38X depending on
the target voitage (egual for both filters) at which the
comparison was made,

The attempt to Implement s general ¢clor thesry was
abandoned because of our Inabliity to make photometricaliy
accurate comparisgons over a sultabiy wide dynamlec rangs,
The changes In the yvidicon’'s spectral characteristics with
target voitage were experimentally invaestigated, It was
found that certaln coler discriminations were faciiitated b,
relatively high voltage levels, whiis others wers anhanced
ey low vo|tages, Ws declded to take advantage of this
shenomenon by implementing a heuristic "sequentinl decision®
paradlior that converged on the gorrect coiocr by a process gf

alimination,

v11,8 HEURISTIC COLOR RECOGNITION

The dependence of the vidicen's r:i;tivt spectral
sensitivity on target voitage poses a gllemma, Wir) snters
sach of the composite f|iter functions, GammasK{)}, To
Insure consistancy opetween the fliter functions, used In
training and In recognition, It becomes desirable to take
al] measyrements with each color fljiter at ths same voltage,
Un!urtunataiy} this Is Ineonsistent with the practicsl
reauirement that the Intensity seen tnrough a fiiter |ls In

the [inear range of the guantirzer. ;
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In general, 1t wii| not be possibie to observe the
intensities from aj| fliters at a single voitagel ths
sensitivity must be accommodated to achleve the reaulred
dynaric range, Thus, accurate ¢tristimulus cosfticlents
cannot aiways be obtalned., Howsver, in many cases, thase
cosfficients are not necessary to dstermine the closest
color wmatech, For gxampie, If the Intensity through the red
fliter Is substantigl|y higher than that sesn through the
oplus and green fi|ters, then the coior is most tikely red,
Since the precise Intensity margin Is not Iimportant, the
approximate accuracy avaliabie with Equation 2.12 is usuaijly

syfficient,
VII.8,1 ROLE OF ACCOMMODATION

When discriminating between specific cojors, ths
dynamic rangs need not encompass the intensities viswad
through ail fl{ters, In the above example, as leng a® the
Intensity viewed through the red f||ter was reiatively hlgh,
the cdecision wouid not be affected, If the intensities from
the bius and green fliters fel| be{ow the avaijable dynamlc
range,

On the other hand, to distinguish bius from green,
the sensitivity must be set so that the Intensitlies, seen
through the corresponding fiiters, are In the |inear

guantizer range, However, the raading through the regd
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fliter Is then not Important,

Color recognition can be organized as a ssnquentia|
declsion oprocess, The dymamic rangs [3 set to Successive|y
determine whether the unknown solor belongs to oparticular
parts of the spectrum, By partitioning the declsion in thls
way, the dynamlec range need, at any time, only cover the
Intensities in, at most, two of the fllters,

The goal of accommodation |Is no fomnger the
optirization of signai/noise In a conventiona| sense, |[ts
orimeary purpese |s rather to maximize the sonfidencs of g,
complex decision In cofor cluster space. The |imitsd
dynamic rangs Is adjusted to amplify the contrast betwsan
particuiar colors at the sxpenss of resolution In the rest

of the spectrum,
vil.,8,2 EVALUATION

Decision conf|dence |3 Judgad on the basis of thraes
crigeria, The basl|ec svalyaglion resss on saqyragion tn&
confidence which are ysed In @ manner simijar to Flgyre
7.12, However. since the accuracy of ths cojlgr
coordinates Is compromised by the |imited dynamie range, It
s desirable to Independentiy svaluate the reasonablensss of
the decision, Hignhsr leve| criterla; such as an sxpectad
color, can be ysed for this aurpose,

In the absence of & gohesive vision system, we
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reiled, for this functlon, on a heurlstic determination of
the most ilksly color, The hesuristie decision was obtalnsd
by comparing the ordering of Intensitiss cbserved through
the various fiiters with the orderings assocliated wlth
particuiar eolors, This technique Is especially helpfty|
In siiminating obvigusiy bad cholces, For example, T"reg”
nesd not be consSidered, unisss ths intensity seen throygh
the red tilter |s sufficlentiy higher than that observed

through any other f||ter,

Vi[,8,3 IMPLEMENTATION OF A HEURISTIC COLOR RECOGNIZER

We wll| ngw describs a 9Spescific heuristic coior
program, The development of this program {ed to the
concepts contained |n the |ast ssection, This program was
ersated to oprovids coior Information for the compyter
sojution of a geometric puzzie known as "Instant Insanity»,
{The object of this game Is to stack four plastic cubes 0
that four different cojors show on sach side of the stack,)
In this context |t was oniy necessary to distinguish four
coiors? red, green, blue, and whlte, The concept of
controliing accommodation to maximize a decision criterjon

can be cogent|y {{lystrated In this limited domaln.
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v11,8,3,1 VIDICON FAULTS

Chart 7,1 |Indicates the basic problem, In part
&, the brightnesses as cbserved from an achromatic (grey)
specimen through foyur fliters are tabuiated at five target
volitages, Part b was prepared to helip Interpret this data,
Here, the |Intensities from the golored fliters have bean
norraiized by the Intensity of the neutral fliter at oeath
voltags, prnvidina- & consistent standard of comparison,
Thres charagter|stics are algn{?[cant:

i, The Bfftttf;t :nfurattnn of the coior fi|ters,
le, the rat|ec between the colorsd intensity and the neuten |
Intensity, s Inverssiy related %o target voltage,

2, The ratic o6f the normallzed contrasts of the rad
and Gresen fTlliters Is relatively Independent of target
voitage,

3., The normalized contrasts of thess two fiiters,
refative to the oplys filter, decreases steadily with
increasing voltage, |

Thess properties strongly (nfluence the program’s

accormogation stratggy,
vii,8,3,2 DETAILS OF OPERATION

The program (ses Figure 7,13) concentrates initiajly

on the red=green end of the spectrum, Thesse colors were the
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Target Voltage

Filter 14 18 22 26
(volts)
Red 321 476 697 943
Green 445 634 849 1.0
Blue 206 322 456 634
Neutral density 115 .187 .318 496
-
clipped
Chart 7.la

Video Signal Generated by White Object Through Various

Filters as a Function of ET

Target Voltage
Signal Ratios 10 14 18 22 26 .
R/N [ 3.47 2.79 2.5k 2.19 1.9
G/N Il 5.00 3.869  3.39 2.669 2ot
B/N 1| 1.7% 1.79 1.72 1.433 1.278

N = Signal through neutral density figure

R = Signal through red filter, etc.

Chart 7.1b

Video Signal Through Colored Filters Normalized by Signal Through
Neutral Density Filter

(using data from Chart 7.la)
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ACCOMMODATE TO
DISTINGUISH

RED VS. GREEN v§,
{BLUZ OR WHITE}

—

RECALIB
SOURCE

ACCOMO

! mEAD N TTES i

]

HEURISTIC
DECISION: (PRELIM)

| ]

COLOR SPACE DECISION:
JmveE, sa1, conFn

TRUE
RETURN
SATUR ¥Es F bk WHITE
< 0.1 (BLUE) ACCOMO = A
<0 7 {(ELSE COXFIN = 1T,
(L PDATE ~OURCE
’ OPTION AL
No
CONFID
0.5
ol e RETURN HUE

"STHRONG DECISION®

- RETURN HUE, “WEAX DECISION™

Fig. 7.13 Heuristic Color Program
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sasiest and most reliable to discriminate, becauss they
hagpened to be more highly saturated than the bilue angd
obviously the white hues. (Saturation WaS a particular]y
troublesome detal|, because the 9lossy surfaces of the
Instant insanity cubes tended to bplck up diflumination
highlights, These diiuted the purity of the dominant hus,
The bilues facs, ajready the |east saturated, was the most
adverse|y affected,,

We mentioned the desirabl||ty of using a consistent
target voitage |eve|, Th|s [deatl |Is compromised in practice
by the overriding regulremant of ebtalning intensities that
I1e In the |Inear range of the quantizer, The foliowing
strategy consistent|y selects the |owest practical voltags,

The sensitivity is Initiaily adjusted so that the
intensity measured through the blue fl|ter is at the lowest
I Inear quantization |evel, This setting maximizes ths
contrast of green and red relative %o blue and white (Chart
7.1B), Since blue I|s nominally the densest fliter {(Chart
7.18), the |owest sgnsitiv|ty at which the blus Inttﬁsity Is
cbservable wii| maximize the Iikel|hood that the brighter
Intensities from tmne other f!|ters wiil concurrentiy be In
the quantizer window,

The (ast consideration dictates that the widest
quantization window (clipping levels at 3,7) be used, Fine
resoiution Is not needed, because the rasgulred color

discriminations warg not particulariy subtie ones,. The
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cruclal  Jimitation was the dynamic range of the guantizer
relative to the Fange of intens|ties sesn through the thres
colored fiters, To lilustrate the probjem, we note that
the Intensity of 4 red object wiil aiways be highest (by a
comfortabile margling through the matching red fliter,
However, If ths sSensitivity is too Righ, this intens|¢y
could easlly excesd what the gquantizer can handle, The
resuitant ciipping wijfl reduce the contrast petwesn the reod
fiiter and thg others, dtcr03§¥ﬂ§ effactive satursation,
This accommodat|on grrer Will reduce the confidencs of "pggr
causing potential confusions with "white" and "Biue™,
Foliowlng the Initial sensitivity adjustment, the
intensities from ali fliters gre obseryed 4ithoyt
Fe~accommodation, [n the sevent of jow conflidencs, any
harg=clipping willi arouss strong Suspicions In ¢hyg

kccormodation diagnosis routins,
vil,s8,3,2.1 PRELIMINARY DECISION

A preliminary <(heuristic) recognition decision s
forruiated directiy from <¢the fejative vajues of these
intensitles, ?ha decision process |s ouytiined in Chart 7.2,

In general, the observed intersities may sat|sfy
more than one of the conditions In Chart 7.2, The tests,
however, are orderegd according to thelr rellabliity, Red

and green, for exsmple, are ysualiy Strongly saturated and
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Condition

Decision
1. Green > 1.5 Red Green
2. Red > 1.5 Green Red
3« Blue > Green Blue
L. (Blue > .4 Red) A (Blue > .L Green) Blue
5. Else White

Preliminary Decision Table

Chart 7.2

(exit at first match)
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not ilkely to fall the c¢onditions associated with them,
The tirst successfu| test determines tne preliminary
recognition decision, The overal! error rate of tha
preliminary decision was about 9X, Most orrors were the
resuit of om|ssions by the Initial tests soetting uUp errors
of ocomrissien by the [ater tests {sg. Red was rejecgtad,
because It was on|y 1,4egreen,),

This error rate coulg No goudt have bgen reguceg, It
the program were alowed to mod|fy the decision thresholds,
based on the syccess of the final recognition decision,
These current thresholids wers empirically determined py
observing specimens of the four celors under a variety of
{ighting conditions, Over many trials certaln obvigys
patterns are estapiished as significant |ndicators of a
cofor, while others were noted to be colncidental, For
exampie®, a red cbject always appeared dDrighter through a red
fliter than a Qreen or bius filter, This fact osceme a
necessary cgondition for '"rednesst, On the other hand,
thers was no simijarly consistent constraint on the }ltntiva
brightness of a nominally red specimen, viewsd through the
blue and green fi|ters,

The decisions expressed In Chart 7.2 represent a
we!{l=structured Infsrence problem whose sSofutlion could
concelvably be automated, Becker [1970] and Winston [1%72]
have propossd schemata that appear to be adaptabis to thls

probiem, A program could hoepefuijiy handle a more gensarad
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forruiation, that ls, to infer which orderings among an
arbitrary number of ¥1iters are statisticaliy signiflzant
indicators of a color {from a specified set of

alternatives),
vil,8,3,2,2 EVALUATION OF CONVENTIONAL RECOGNITION

After the prefiminary decision has been made, the
conventional recognition process fopmuiates an Indspendent
conclusion, based on matching cojor coordinates, The
reasonableness of ¢this econclusion (s then determined by
considering four factors!

1, match conf|dence,

2. saturatlion,

3. hard ellpping ?iag, and

4, agresement with preliminary decisjon,

The matching decislon |Is sccepted forthwith under
the following conditions:

1., The satyration is |ess than .18, Thls cénﬂltinn
must not pe gn Grtifact cqused by 4 clipped intens |ty
through one or more of the fijters, [f the 1ow saturation
Is |egitimate, "white” 1s returned, Independent of what hye
was found,

2. The satyration Is greater than .1, the mateh
conf idence greater than ,5, and the preliminary and matching

decisions agree, In this case, the recognized hue |Is
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raturned,

vil.8,3,2.3 ACCOMMODATION AND DIAGNOSIS

It nelther acceptance condition Is satisfjed, the
program sttempts to determine whether the problesm Is reiated
to the Initlal choleo of accommodation, The accommodation
diagnosis |9 also organized in a declsion table format (sgs
Chart 7.3}, The tests are ordered by the precision w|th
which the corresponging oroblem can be plinpolinted, The

most gQlaring deficlienclies, In othsr words, ars detected

first,

The accommodaticon decisions are designed to detect
spscific problems, The presence of hard-clippling s,
for exXampls, not,; In Itseif, sufficlent grounds tg

re=accormodate, Because of the |[Imited declision spacs, It |s
oniy necessdpey tO0 call the sccommodation ,outine oncel the
initial sensitivity was elther too high (ecausing top snd
clilppling with the red or green fliters) or too jow {ﬁiiut!ng
the saturation of & ojues samplise),

The flrst two tests are designed to Insure that ths
recognition of red and green wers not undermined by hard
ellpping In the respective matched fl|ters. For examp|e,
tf the hue wes not recognlized a3 red but the Iintensity In
the reg fijter was &t |east partia{ly above the quantlizer‘s

range, the original declision must be judged Inconclusive,
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Symptom

Action
1. Accommodation already attempted l. Return
FALSE
2. ((HUE # RED) v ((HUE = RED) A SATUR < ,2)) 1. Switch to
A (IR > .875 volts) Red filter
IR = Tristimulus value observed through 2. Adjust ET
Red Filter so that
56 < IR <
<175
3« Return TRUE

3. ((HUE # GREEN) v ((HUE = GREEN A SATUR < 2))
A (IG > .675 volts)

Switch to
Green filter
Adjust ET 50

that .56 <
5. Return TRUE
L, IB < .125 volts 1. /Switch to

Blue filter
Adjust ET so

that .125 <

Ip < .187
Return TRUE

5. EISE

Return FALSE

Chart 7.3

Accommodation Decision Tabls
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Simifariy, 1f <the hue was Identified as red, but with jow
saturation, one canngt decide whether the sSpecimen was
really white, unti| the Intensity, seen In the red fliter,
Is not artificiat)y ciipped, The remeady In both of these
cases Is to selsct ths red filter and Iowar the sonsitivity,
untll the Intensity |s comfortabiy |n the quantizer’s range,
The recognition Cycle Is then repsated with the originaj
source of error siiminated,

If neither test 1 or 2 appltes, It |s Improbabie
that the actual hye was reg Or green, The program must now
declde whether the stimylus s most tikeiy to be blug or
white, 1f the Intensity distribution sean through the pjye
fliter s inltlally peiow the quantizer’'s range, this wWould
have an adverse effect on the saturation leve| necessary tp
distingulsh [t fpanm white, Furthermore, as can be seen frgm
Chart 7,1, a higher target voitage Improvss the relative
sensitivity of the camera to bjue, Thus, after red and
green have been e|iminated, the target volitags can be
Increased to maximize the ilkeslihood of detecting BIUt, I f

It Is present,
vii,8,3,2.4 OTHER SOURCES OF ERROR

[f none of the above slituat]ons applles, It Is more
Ilkely that source calibration or an I1legally colored

specimen (rather than poor accommodation) ars resgonsipie
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for the weak results, If the source callbration |s
conflirmed, the program currently returns (ts best guess,
with an indlcation that the rasuilt Is questionable,

A strategy program can apply higher leve]
constraints to determine whether the color is reasonabje,
For Instance, I? the Internal medels of the Instant Insantty
cubes are avalfadls, the returned color may be Rijowed or
disqualified on the grounds of whether It cofresponds, wlth
othsr observed cojors, to a known cube. If the ecolor does
not rake senss at a higher [eve|, we plan te have thes hand
reposition the cube such that the questionable faces Is
dlirectly Illuminated by the cafibrated |ight source, This
correction tends to neutraiize the princlipal source of
srror, Iintroduced by refisctions from naighboring objects of

different color, plcgked up by the suyrface gloss,
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CHAPTER VIII: CONCLUSION

Accommodation 1S inssparabie from perception,
The performance of evepy perceptual! functlon depends
impliicitly on the appropriatensss of tne visual information
avallabje to it,

Every function has unigue Information requirements,
Resolution |[s most Important for some purposss, dynamic
range for others, The Iimited capabliities of the camera
and data channe| make It unfeasibie to Include the
information needs of al| functions in a single Image. The
serial nature of pressnt digital computers maks |t
Jndesirable to do So, By matehing ths Information provided
by the sensor with that required by a specific function,
accommodation ovecOmes hardware (Imitations while improving
psrformance rejlabl|ity and efficiency,

Acommodat|on shouid not be treated In [solation, as
a preliminary to the actual recognition process. The
Information requirements of a function depend on the 'natufa
of the scene and, In general, cannot be anticipated,
Furthermore, as the machine’s characterization of & sScens
improves, the accommodation can be refined,
Accormodation, to be effective, must thus be an [ntegral
part of the perceptual strategy,

In this thesls we have proposed a general paradigm

for accomplisning this Integration and have demonstrateg |t
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in a vnr}ptg of perceptuat functlons, Accommodation is set
so that the Imags predicted by a comprehensive modei of thea
visual channs| satisfles the anticipated information
regquirersnts of a specific perceptual fungtion, The
paragigr rests on the assumption that the most reliabile
evaluation of accommodation In this context is basad On the

performance of the current function,
VIII.1 ADVANTAGES OF AN ACCOMMODATIVE VISION SYSTEM

1. Level of effort proportional to diffliculty of
task, Expensive accommodations can be confined to specific
reé!ons where more detal| is assential, This strategy lIs
not only efficlent, It also mininizes the infiuence of
nolse by using high sensitivity only when necessary to
confirm the pressnce of an expected featurs,

2. Selective Attention. T[he machine, 1lke a person,
comes In contact with much more visual information than It
can process, [t iIs only by selecting the most important
information that elther 1Is able to perceive, Tha
abljity of a physical sensor to supply information |is amiso
iimlted, A camera, for exampje, cannot simuitaneousiy
provide high spatia| resojution and & wide fTleid of view,

Accommodation aliows the computer to concentrate the
avallabie camera rascurces on those aspects of a scens |in

which It |Is most |(nterssted, Accommodation siiminates
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ynnecessary detai| at ths data entry level, in paraliel over
tha entire Image, In econvent|ona| plcture=-processing
systems the camsra (s manually tunsd to oprovide the most
detalied Image, The computer must then eliminate all of the
{rrajlevent detall with (serial) pre=processing algorithms,
Thess systems ars overwheimed in ajl but the simpiest
environrents, Accommogation can smphaslze ssliected portions
of a corplex snvirbnment to provide Images that are sultabiyl
simpiified for specific perceptual functions.

Accommodation enablies the computer to utiilze what
it xnows, a prior|, about a festure and the environment <o
Iimprove Its abl|iity to ses that feature,

3, Performgncs {imitations, The performance of a
parcePtunml fungtion can pe improveg slther py applying more
sophlisticated processing to a given image, or by adepting
the accommodation to obtain & more appropriate Image,
Most research In thls fieid has Dpeen dirscted toward
the dsvelopment of more powarful algorithms to cope with
Inappropriate images, Accommodation, on the other hand,
attacks ths source of the probiem; the gquallity of the Image
which posss ths fundamsntal limitation on roliablilty,
Furtherrora, the amount of effort devotled to optimizing
accormodation will be, In many Cases, considerably i85S than
would bDe necessary to achlieve & corresponding increase In
performance through processing complexity,

4, Autonomous Operation: Automstic accommodation
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elirinates the need for manual Intervention In pictyre
processing, In previous Systems, the camersg was manua||y
adjusted to emphasize the overall Image of an object of
Iinterest, There was no provision te opiimize mccommodat|en
for the requirements of specific  functions and pg
possiblility of altering the original image If an ajgorithm
falled, 8oth of these fesatures sars impijelt in our

performance feedback paradigm,
VII1,2 GENERALITY OrF ACCOMMODATION

Many of the detailed accommodation algorithms,
presentsd In this thesls, ars closely tled to the spec!ific
capabliitiss and limitations of our vidlcon camers.
Accormodation, howsver. can bs used to advantage in apy
perceptual system that depesnds for Information on a physical
S8nsSor,

Accommodation Is necessary when any of the fo}rowlng
condlitions apply:

1. The wuseful Information in the environment
excesds the max|muym dynamie ranges of the sensor,

2. The statlc sensor rescjution is Inadequate over
tha rsquired dynamle range,

3., The system‘s information needs vary as g
function of the task and contextual Information already gn

hang, Too much Information can bs as bad as too Iittje,
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- Conditions 1 and 2 concern |Imitations of a specific
sensor to supply Inmformation, Condition 3, on the other
hang, concerns the systam’s nesed for irnformation. Every
sensor has Its own particular timitations., The
significance of accommodation Is not that It overcomses
ssnsor limitations but rather that it matches the
capablilities of a Sgnsor with the (Information requirements
for a sSpecific task, In our work witn a vidicon camera, [t
was uften possible to capitalizZe on specific |imitations,
For example, selective acaulsition of visua! features could
be s bstantially simoiified by ,tilizing the (imited dynamle
rangs to exclude wundesired scene characteristics from the
image,

The performance fTeedback paradigm is a general model
of accormodation that could be adapted to different sensgrs

in a variety of perceptual domains, Two exampies are glven.
VIT11,2,1 IMAGE DISSECTOR TELEVISION CAMERA

This camera (also known as a vidisector) Is ussd by
the vision reSearch programs at MIT and Carnegie-Me|lon
University, As degscribed In a memo by Horn [1968]), It s
distingulshed from our vidicon system by threes princlpal
characteristics?

1, The vidlisector |18 a random access device

that orovides an accurate photometric Intensity at any
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singie point In the field of view, Spatial averaging ls
less eofficlent than temporal averaging becauss of the time
required by the vi|disector to changs image coordinates,

2, There is no equivalant to our camerg’s
sensitivity gontrol, The disssctor Maasures prightness |n
terrs of ths timg taken to observe a fixed number of
photons, This method Inherantly accommodates for dynamle
range, Uarker Intensities, for example, simpiy take ionger
to encooe. (A dark cutoff |imlts ths maximum time that |sg
spsnt on & singls polnt,) [n effect, wedke, signals are
subjacted to more teamporal averaging, |t can be shown that
the ratio of signali/noise wi)| pe constant for ali
brightness lavels In this mods of operation,

5. There |s no adjustable quant!zer window,
Intensity resciution Is Instead Selected by setting the
required photon gount (which is squivalent to selecting ths
requirac signai/nolse levels). Higher resolution Is thys
ottalneg at the e,pense of measurement time,

The Interva| between measursments can be raﬁ#éid; B
necessary, 5o that the number of bits required to sriccds the
increased resoiution wil|l not goverioad the data channe],
(The trade=off petwesn dJata rate and signal quallty can be
resoived according to the priorities of a2 specific task,
This advantage 1S not enjoyed by scanning cameras., such as
the vidligon,)

Most of the accommodation algorithms gescribed In
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this thesis can be adapted to operate with & vidisscter:

1, | Sensitivity adjustments must be
alirinated,

2, The eight degress of quantizer resolution
possible In our systsm must pe equated with equivaisnt
signai/nolise threshoids in the vidisector,

3, The concept of an intansity window
for appiications |ike selsctive attention is obtained In two
steps, The dark cutoff defines the darkest ob Ject of
Intersst, analogous to ths bottom clipping f{evei of the
quantizer., The equivalent of an upper clipping leve] myst,
howaver, bs simuiated by software.

4, If the vidisector |Is fitted with
accessories simijar to those of our camera {(eg, filiter
whee!l, lens turret, focus drive, pan=tiit head, etc,); thas
associated accommodation heuristics are unchanged,

If an optimal strategy Is desired for the
vidisector, [t (s necessary to considsr in dotfii such
factors as the rejative costeeffectivensss of different

modes of averaging, Even so, changes w!|! be minor.
viIl,2,2 SPEECH PREPROCESSOR

In speech recognition, as In visual perception, the
primary problem |s toc much raw Information, To represent

a speech wave with good fidelity requires about 22,9200 9=bit
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sampies/sgcond, Yot the intslligibfe information
eontained in ong second of speech s probably f{ess thanm 22
bits,

Reddy and Vicens [1968) describe a successful Speech
recognition system pased on a breprocessor that reduces the
pandw|dth of the |Initial speech Intelligence tos 322
blts/second, The speech waveform Was crudsiy divided Intp
three bands (152-9p0 cps, 908-2082 tes, and 2920-5200 cps,,
These bands contalin the first three formants of typleai
aduilt male speech, . Recognition was based only on the number
of zero crossings and helght of the ampiitude envelope In
sach of ths bands, sampisd every 10 mi||i-seconds,

One of the problems In using this system with 4
iarge pooulation is that the formants of a partlicular person
May b8 not be centered [n the {f|xed bands, Subtis sound
&isc?iminltfons, Such as thoss Invoiving fricatives, can be
confused,

A significant Improvement In performancse _can be
oxpected, if the fi|ter bands can be accommodated to g
particuiar speaker, The formant freguences couid be
derived from vows| soynds wheras they are most pronounced,
The fllter opassbands could them be tuned for that spesaker,
improving performance on marginal phenetic distinctions, Iy
recognition performance shows subsequent signs of
deterioration, the fl{ters can be re=~accommodated,

Accommodation can aliso be heipful prior to the
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actual extraction of signal parameters. The current
soph:stication of automated speech recognl!zers, as typified
by the system of Raddy and Vicens, demands Clear
articulation, The performance of these systems |s
severesily compromised by any background noise, sven |
totally wunreiated to speech (eg, the normal! clatter of a
computer room),

Humans have the abillty to avolid distraction by
tuning out unwanted sounds, This phenomsnon s most
noticeable at cocktall parties and has, in fact, been
stucied by Cherry [1953] in that context,

In humans most of the sslgction is thought to take
olace at a reasonably high cognitive [evel, Howevsr,
receptor adjustments such as turning one’s sar towards the
sound Source, obviousiy contribute, Experimental evidence
SyggeSts thay man ytlilzes wvireyally every physical
characteristic of a sound source (|ocation, intensity,
fregquency, etc,) to ald discrimination,

A computer that could utiiize simijar
characteristics to distingulish deslped speech from unwWanted
sound energy would be at a considerabile advantage,
Because of the primitive cognlitive devasiopment of machines,
periphera!l masking (s pressntiy the most convenlent way ¢tp
discriminate unwanted sound. One couid imagine a number of
easy to implement, computer~controilad accommodations

(directional microphone, adjustable cutoff high and |ow Dass
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fliters, intensity thresholid, etc.) that would bes effectivys,
Using performance fesdback. the computer couid adjust these

parareters to maximize Its rats of recognition,

VIII.3 FUTURE DIRECTIONS

The research described In this thesls was Iimlted
chiefly by <constraints of time, hardware capabliities, and
the current sophistication of the handeeye vision system,
As these constiralints are relaxed, the following extenslions

appaar promising,

vill,3.,1 ADDITIONAL ACCOMMODATIONS

The present study concentrated on parameters whigh
couid be convenlently adjusted on the existing hardware.
Ideally, it would bg nice If ai| factors which Infjiuence the
Information contgnt of an image were under control of the
computer,
Some useful, additional accommodations for a vidiecon
camera wight Inciyde:
1, varjab|e spatjaj samp ng dens;ty,
2, varlable bandwidth videc amplifier,
3¢ varliable galn video ampiifiar,

« varlable siZe scanned aresa

5, zoom |ens with power irls,
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6, additlional color fliters,
7, other optical fiiters (eg. poiarolid), and
8, control of lighting,

The seffects of weach contemplated accommodatlon on
the characteristics of an Iimage must be determined
(qualitatively and gquantitatively) In order to reiate them
to the requirements of perceptual tasks.

Some of the accommodations |isted above wili overiap
some functions of existing accommodations. However, they
may be mors efficient or have desirable side sffscts for
certaln tasks, (For example, the abliity to vary spatia]
sampiing density is functionally anaiogous to changing jens
magniflication, Howsver, It Is |[ikely to be mors rapidiy
variable than a mechanical zoom |ans, Furthermore, focal
fength and resoiution affect depth of field In differsnt
ways,)

There Is, of course, no need to confins attentlion to
a vidicon seansor, The Stanford hand-sye oprojesct Is
currentiy formuiating its requirements for a new camera.
The alternatives under consideration range from conventional
imaging~-typs sensgrs (vidicon: vidisector) to an sxptic
schere in which sSpot fiftumination, provided by a laser, |s
detected by a non=directiona] photomuitiplier {Earnest
19671,

Among tpe requ;rements to be establ Sped wili bs a

speciflication of desirable accommodations, In this context,
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it |Is necessary to distinguish whien of the functions,
pressentiy handlsd by operipheral accommodations, would pe
better ssrved by Improving ths fesSponse range of the camera
hardware, To answer this guestion this in & generai waYy we
return to the Information flow mode| of Sslective attent|sn
(Flgure 1,93,

We ostablished ths principles that seslection shoyig
pe deferred to the highest jeva| af-nrocessing for whicgh
adequate channe| capacity exists, Lot us assume that the
engineering oprobiems regarding the transfer of Information
from the sensor Inty mamory have been overcoms (le, Tha
bandwidth of the computer’s Input channel is no longer thg
timiting factor,), The sois consjderation then Is what
required visual discriminations can pe parformed more
effectively by the sensors than with software. Due to the
serial nature of currant processing, simpile intens |ty
threshoiding Is the only seisction, currentiy dons with
accormodation, that can be handled as sfficlently by
socftware, (Consider how much more difficult the job of
lgoiating . simple foregroynd object from a comp |ex
background might pe, If foecus Is not ysed to restrict
attention to the range of Interest,)

We thus conciude that a farge brightness range is g
desirable sensor characteristic., There is nothing (except
memcry capacity; to be galned by artificaliy restricting the

channe| data rate, the quantizer rescjution, the amplifier
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dynaric range, etc, On the other hand, there arse strong
reasons why the other modes of selectivity (color fllter,
depth of fleid, wetc,; should be made as selective as

possible,

vi1,3,2 ADDITIONAL APPLICATIONS

Wes have dgmonstrated the Importgnt advantages of
accormodation In several I11iustrative perceptual functions,
(Ths develiopment of thess sSpecific applications can bs
continued ajong [ings suggested in weach chapter.) Simlijar
advantages can be realized In many other perceptual
functions, such as texture recognition, reglon ?inding, and
stereso range flinding,

Each of these functions can be tresated Individually
as was dons for ¢he examples In ¢his ¢hesis. A more
ambltious goml woyuld be to develop & gensral “front end”
supervisory oproqram, This program would be cognlzant of
the Infjiuence of sach camera parametsr, The requirements
and performance criteria of a new perceptual function could
be expressed to it directiy, in terms of high Jevel Image
characteristics, The supsrvisor would then aSsSums
responsibility for formuiating a detalied disagnostic and
accormocation strategy, taking Into account such factors as,

1. the relative cost~effectivensss of each

accormodation In the context of the requirements of the
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funetion,

2> preresquisite Information Fequirements (gg, A
range sstimate |s Necsssary before a (ens changs in order tg
re~center the tamara,y, ang

Dy Supplemantary accommodation .riauirtmunza (eg,

Focusing must be done Immediate|y after a lens change.),
VIT1.3,3 HIGH LEVEL ACCOMMODATION CRITERIA

In this thesis, ws have exoiolted the concept of
performance fsedback primarily in tne context of local
loops, tled to the immediate succass of a specifie function,
The broader concept of hierarchical svajiuation is
significant|y more gensraj.,

The program that calis a particuiar funetion nas Its
Own expsctation of how that fuaction shouig perform. For
eéxarple, the program that requests the color of the faces on
instant Insanity cubes might be wupget |t "yollow" werg
returneag, Simijarliy, a yet higher program whoss job wers
to determine thp crientation of the cube, would object If
the colors ¢f the Visibie faces did not correspond to any of
the four known prfototype cubes, Both srrors ralse doubts
about the accommodations used In the cojor program.

The nature of the error can oprove heipful |n
diagnosing the pracise deficiency, Work Is needed ¢

reiate these high Jeve] Symptoms to the appropriats
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corrective accommodatlions, AS the handmeys systam

develops, 1t wiil bpecome very Iimportanj to explore the

Impiications of performance fesdback at tHYhis more gQlobal
isval,

The asvaiyation hierarchy Wil sxtsnd besyond
recognition to the ultimate complietion of the task, For
exarpie, suppose ths hand unexpectediy encounters a physlical
obstacle at a point in space that previousiy was observad to
pe erptly, It Is possibie that the sccommodation at that
point Wa'S Initially inadequate, The ¢amers can be
re~accormodated untj| the cbstacie can be seen, {Alda and
Kinoshita [1978] glscuss some hypsotnetica! strategies for
tactiis=visual symbiosis,)

High Jevel accommodation criteria are necessary In
compisx probiem domains, Human faces, for sxampie, d0 not
lend themSsives to hlesrarchical| representations of the type
useg to develop perceptions of planar-faced soillds. Keijly
{19721 has formylated a top=down approach to face
recognlition which jooks for complete fesatures (sg:. the
outiinse of & hsad) In a complex scans. To establ|sh
contaxt, Kelly’s program first jooks for a Suitably Shaped
blop In a simpiifled version of the originai image.

Kelly pressntiy tunes the camera (manually) to
insure that the desired feature wiil appear with good
contrast In the simplified ([mage, To automats this

function, 1t IS necessary to deveiop a complex criterion of
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accormodation that, In effect, simulates Kelly’s own globs |
conception of a head, ldeally, globsi recognition should be
the Immediate criteria of accommodation, A more opractica]
criterfon Is the successfu| detection of g uultlb:y.shaata
blob., (A defocysed Image can be used to obtain the

necessary reduction In detall for this praliminary phass,)

VIII,3.,4 STRATEGIES

Cur ua{k, s¢ far, has stressed the effectiveness of
accormodation In |mproving the {imiting pesrformance of
isofatsd psrceptusl functions, With the emergence of a

unlfying vision system:, it becomes Important to consider

1., the efficiency of aei¢ernaglve accommodation sirategies
arnd
2, how accommodation can enhance the costeeffsctiveness of

of the overa|!l perceptual strategy.

The following qgyestions are proyided to conyey some

of the compiexity of thess [ssuess:

1, by 4hat combination of processing time, real! time, and
rsflabiliity shouid cost=effectiveness be measured?
2, If several objects are required for =& task, in what

order shoyld thny be sought?
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3. 1f an object is descrlbed by Several visual|
characteristics, In what srder should thess bs sought?

4, Should the searech for an objeet be conducted bresadth
flrst (using coarse accommodations over a wide fleld of
view) or depth first {(looking hard in a specific area of
the tadbie)?

5. In the event of fallure, how much sffort should be
abplied to re-atcommodation versus alternate process|ng

teChniques?
The accommodation capabilitiss of the system bear

strongly on each of these questions and on the ultimate

success of machine perception.
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