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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.
It 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. If 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 accormodating 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 127).

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

This thesis considers the problem of adJjusting the
characteristics of a visuyal sensor to obtain the mopst
appropriate Image for a specific perceptual task, The goa!
Is to Improve the reliabliity and (to a fesser extent) the
efficiency of machine perception by matching the information
provided by the Ssnsor with that reguirad by the task, A
spaecific context for this work was provided by the vision
requlrerents of the hand-eye project at the Stanford

Artificiatl Inteiljgence Project,

1.1 THE HAND<EYE PROBLEM

The goal of hand=-eye regearch (Feldman et at [196%])
is to wuse a computer to coordinate a visual sensor and a
mechanical manipufator, We hopse to demonstrats
interesting perceptual=- motor Dbehavior in a realistically
complex environment,

Figure 1,1 shows a typical hand-eys problem domalin,
An assortment of planar-~faced <chilidren’s toy DbDlocks c;
various shapes, S|zes, colors, and textures, are scattered
on an =rbitrary tabis surface, The lighting and
syrroundings are typlcal of a computer room environment,

The system can presentiy execuls elementary tasks,

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



Fig. 1.1 Hand-Eye Work Space




cyBe", A short term goal is to compound thease Simple
actlons to realizs behavior on the order of difflculty
required to move a stack of Dbiocks: ie. observe |(t,
disasserbie It; and, then, reassemblie it eisewhere on the
tabieatop,

A basic stacking task requires the psrceptual
abiilty to locete specl!fled objects (arch, cube,etc.) wlithin
the overall envirgnment and to establish their orientation

so that the hang can manipulate them,

1.2 THE PROBLEMS OF COMPUTER VISION

1.2.1 A BaSIC pERCEpTUAL pROBLEM

The computer views the world through an ordinary
teisvision camera, Flgure 1,2a shows the ([mage on the
television monitor of tha table scene deplcted In Figure
15, Like the huyman sys, information Is provided to the
computer as an array of intensity sampies, representing a
point by point projective mapping of tne environment, Figure
1.2t shows what the computer Sees, {This figure was
obtalned by dumping the contents of the computer’s memory on
a iine printer, using over=-printed characters 1o simylate a
grey scale,)

A full Image contains J333x258, 4 oblit intensity

samp 8%, The computer’s proplem |s To reduce this mass of
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\
\
\ Information to a conclise description of the scene, Thls
desc iption should Include the locatlion and orisntation of
\ ob jects (cube, arch, etc,) required to accomplish a hand-sye

i

task:

The computar [nterprets the sensory data by
{
%scuqnizlna correspondances between patterns in the data and

Lattarns charactaristic of toy blocks. The desliread

éattnrﬁs must elther be built into the program or somehow

acquired on previous runs. Unfortunately, the computer Is
‘-i
severely handlicapped as a pattarn extractor. 1t is forced

byiits jack of parallelism to view the worid, as through a
nin%c!o. a sinagle intensity sampie at a time. (The reader
can;g't a feellng for the problems Involived by viewing
riguk. 1,2b one point at a time through a hole punched Iin a
aan!}-mtsk.i

To ovarcome this handicap, the computer must be very
clever In how 1t acqulires and organizes ths data It
considers, An important simptification comes with the
reailzution that the sensory data need Initially supply only
the coarse Information reaulired to locate Interesting (that
is, nonegmpty) regions of the tabletop., Suffliclant
acditional detall can then be extracted In tnis locallzed
area to describe what is contained,

The level of detall that must be provided by the

receptors is largely a function of now much s already

knowns HWhen the propertles of the different plocks are




we{l=known to the oprogram, the sensory datas nesd only
provide enough detal!l to distinguish among the possible
aiternatives, This detal!! opresumadly Is sybstantialiy
iess than the Information that woulid be required to
compietaly deseribe the objesct.

The planar-faced solids used In hand-sye tasks ars
distingulshed primarily on the basis of Shape, For suech
objects the Intensity wedges that are formed at syrface
poundaries constituts a Sultadbly complets description,
Finsr levels of detall, such as texture, wi|| contridbute
f1ttle to the recognition process, uniess, of course, a task
specifles a oparticujar object by |ts texture, (Texture may
also heip when ths contrast Is 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 memper (e9. the exterlor contour) will
strongly constrain (and often wuniqusly determine) the

identity of that member (Falk [19703]).

1.2,2 A SIMPLE SOLUTION

The perceptual system shown In Figure 1.3 9 an
slarentary embodiment of these Iideas. i1t ts simitar In
concept to the inltial hand-eye vislion package assembled by
Wichran [1967), Appiying this system to the image In Flgure

1,2b, the program would begin by sampiing the plcture In a
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coarse raster looking for the boundary of an object (as
Indicated by a discontinulty In intensity), Starting at
the [ower left=hand corner of the Image, the program wouild
lock &t perhaps 20 peints on esach horlzontail |ine until 1t
encountgred a dark to 1ight transition, After logmllizing
the discontinuity betwsen the cosarse sampiing points, a
gracdlent opsrator s used to track the ssquence of intensity
trensitions which defline the object’s contour (ses Figure
1,4), Finaliy, stralight |lnes are fit through thess boundary
polrts to obtaln the exterior edges and ,oartices (see Flgure

1.5) nesded to match the machine’s Internal mode] of a cube,

1.2,3 LIMITATIONS OF SIMPLE SOLUTION

The appargnt success of this strict hierarchical
approach to percsption required many simplifying assumptions

which often escape ths casual observer!

s The gystem worked oniy with homogeneous,
highly contrasting objects and backgrounds viewed under
strong, uniform 1jluymination,

2. The systsm knew oniy about cubes,

3. The system assumed al| objects were resting on

a norizontal tabie surface.,

Assurption 1 made It triylal to extract refiable exterjor
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contours, Assumption 2 alliowsd a unjaque (sic) identification
on the basls of Just this contour, Assumptions 2 and 3
togsthe, aiiowed thy [nterioy sdgey isﬂoun‘dlahtﬂ In Fligupe
1.6) and, thus, origntation to be inferred from the contour,
This Is very helpfui since the Interior edges are usvally of
jow contrast and consegquentiy mugh harder to sese then the
extsrior boundery,

Neesdle®s o Say, this combination of factors wii|

not often be found (n more Interesting hande-eys tasks, In

this theslis e thus eonsider perceptusal strategies
appropriate In thes absence of any or all of the speclal

concgltions noated above.

1.2,8 PRACTICAL DIFFICULTIES

Figure 1,7 shows the computer’s view of a more
elaborate hand=eys wOrk space. It contalins & reslistic
sampiing ¢f the difflculties that maks three=dimensional
scers anaiysls such a challenge, Consider the Information
requlred to place the wedge on top of the arch, Once
agalins simple {ineg drawings of <these cbjects provide
sufficient detal] to determine |ocation and orlentation,
Hewever, interlor egges will be nesded to Interpret the
compiex outiine that results from a cluster of objects in
closes proximity,

Uniixe the simple worid of Figure 1.2b, the wsdge
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and arch ars embedded In a complex background of extraneoys
textures and shading gradations, and, mgst noticeably., Other
objects, The overwhelming majority of the detall
contained in Figyre 1,7 Is thus elther redundant or
frrelevant In the context of this specific task,

1solating the deslired obJects without exhaustively
analyzing the scene (s s formidaole ssarch oproblsm (Recall
the olinholisly. To make Such a search practical, It |s
essentlial that the machine’s percedptual system utlilize asvery
avallable clue as to where and what to ook for. Color,
rexture, and depth cues, for gxampis. can avgment the
fntensity discontinulities that sufficed in simpler ssttlings,
Attributes [lke color can be particulariy helipful In testing
and eliminating unwanted candidates during the acqguisition
orocess, thus avolding costly adge extraction,

Search cluss may bs provided explicitiy in & task
description, ("PICK UP THE RED WEDGE IN THE LOWER LEFT=HAND
CORNER")}, They may also be found implicitiy in the machine’s
interna! worid mode| (that Is, the attribute red could be a
glven Intrinsic property of wadges),

The presence of Irrejevant taxtuyres and random
noise, within the objects as well as the background, can
cons|derabiy complicate the sdge fojlow~ing process once 4
syitable cancidate s found. These cdisturbances ars
especlally successful at camoufliaging oW contrast edges,

{such as the |li=defined rear border of the wedge labelsd &,
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fron detsctlion by local, gradient typs operators, Larger
operators (Heuckeg! [1969]) that process many intensity
samples simultaneously can sSomstimes reacover these weak
edges, though at a substantial overhsad in processing time,
The low contrast of this edge is, however, symptomatic of a

more fupndamental problem.

1.2.5 SENSOR LIMITATIONS

The television system, {lke any communications
channel, can transmit a finite gquantity of Information about
a scane in the time frams represented by a singie Image,.
The vidicon provides 83923 intensity samplies every 1/60
second, The capacity of our computer’s high speed data
charne) (also used by the swapping disk) 1Is 24 mlilion
blts/secong, Thus, wlithout local buffgring gach sample can
he encoced as a 4 it nunmper, [t 1s then possible to
distingulish Just 16 teveis of Intensity between sSone
absolute 1imits: In our system these !imits are adjustable,

It Is not surprising that when these |imits are set
wide apart, thera wili be intensity discontinuities which
the avallable aquantization density will fall to resolve.
It is not possible to cover the fuil range of Intensities
fourd In Figure 1,7 an; to resolive edge A in a single Image,
In fact, sven the widast quantization #indow will often faly

to span the full grightnass range of a Scene,
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The vertical Interlicor edge of the jeft hand cube (labeled B)
is absent, because the brightnesss of the entire cube was
compressed Inte the jowest diglitization lesvel,

In any scens sncompassing a sufficientiy wide rangs
of Iintensities, It [s Inevitable that some detall wili be
jost dus teo clipping by the auantizer, 11 ¢the
digitigation range had been concentratsd at a |ower absociute
feve! of [ntens|ty, Edge B8 woylid then Ilkely bes In
svigences, However, other features, Buch a® edgs A, would be
lost becauss of ciipping at the high end. The |imitations
of the sensory channe| necessitate a compromise ailjocation
of the avallabie Intensity resoiution,

This trade=off 19 typical of confilcts that exist in
sach dimension of the camera’s responss, There is always
more visual information avaliab|e than can be handied, For
instance, consider the contradictory requirements of spat|a|
rgpa!ution and ?lgld of view, The image magnificiation,
istabil:had by the ?ocal length of the lens and the objesct
distants, determineg whether the 83,248 Iintensity sampjes
wiil provide coarse coverage of a wide fisid of view of high
resolution In a smaji ares. The combination of spatial
resolution and ?lgid of view available in any image |s
strietly constraineg by the number of avallable raster

samp |89,
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1.3 NEED FOR ACCOMMODATION

The important concliusion to be drawn from thess
exarples Is that no s}ngtt image wiliil contaln adequats
information for every perceptual goal, Taking a clue from
nature, the most appropriste way to resoive 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 Intersst. The
effects of this process, which we shall call
"ACCOMMODATION", can be ilfustrated by comparing the
Information emphasized In Figures 1.7 and 1.8, In Flgure

1.8 the (iIntensit, aquantization range Is Intentionajiy
compressed to senhancs the contrast across the boundary
hetwsen thes wedge and the backaround. Notice the
striking Improvement In the aquality of edge A» produced by
the combination of focal contrast enhancement and
suppression of irrelesvant textures, This edge can now be
extracted by a simple gradlent operator with more
reijabl{ity tham could be expected from more costiy
processing appiled to the Inferlor raw information in Figure

Figupes 1,7 and 1,8 o9g,aphically demongt at® that
what wli| be seen depends strongly on the parameters of the
visuai channsl, that |Is, how one looks, This result has

obvious Implications for the design of a context=-sansitive
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parceptual system whose objective Is 1o seek specifle
Informatlon, needed to accompiish a task. Thls thesls
stucles some of the ways Iin which sensor accommodation can
contribute to the computer’s efficiency and Success In

sseing what it Is iooking for.

1.3,1 PURPOSE OF ACCOMMODATION

The purpose of accommodation s to cbtain from the
sensors ths most appropriate Image for the current
perceptual goal, Wwhat Is meant by an appropriate image
depends, of courss, on thes specific goal. In general, the
image should provide the reauired information in the
simplest possible form to minimize the required Scens
analysls, This resquirsment usuaily means that the desired
features ar® opresent with nigh contrast and, squajly
important, that al] wunnecessary detailf Is suppressed,
Flgure 1.7 was Inferfor to Flgurs 1.8 as a source of
Iinformation about the exterior boundary of the wedye beCause
anf the combination of low contrast and irrgelevant textyral
nolse along edge A. presumably, the loss of detail in other
parts of Flgure 1,8, such as the disappearance of edges at
points C and D, Is of no conssquence when intarest Is

foeused on the wedge.s
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1.3,2 RATIONALE FOR ACCOMMODATION

The low contrast of edge A iIn Flgure 1.7 s a
conseaquence of the fact that Intensity ressojution has been
sacriflced to obtain dynamic Trange. One could thus
aquestion the motivation of using accommodation to overcoms
what mlight be considered as a (imitation of our present
nargware, Why not devots the affort to the deveiopment of
an irproved camera (and data channsi) with better resolution
over & wWide dynamic range? To anSwer this guestion, we
must clarify the dual role of accommodation,

One use of accommodation is to extend and improve
the capabilitiss of the sensor. For exampie, an adjustable
iris helps the human eys to make fins intensity
discriminations over an axtraordinary rangs of brightness
(spanning ten orders of magn|tudey. An accommodating (ans
allows the eys to ob3ervse wide ftleid of view or %o
concentrate on fine textural detaij,

Cieariys, a more deve|oped Sensor wiil depend le8s on
accormodation to obtaln this kind of flexiplitity. (A
sensor with more Independent Intensity sampiss over & glven
size raster wiill provide morse spatiaj detail over a glven
fileld of view. Therse |8 thus (eSS necessity to uses a
fongsr iens to observe texture:.)

However, thes human eye {s unique among Vvisual

sensors In 1ts capabliities for maintaining high levels of

18



performance ovor an esxceedingly large range of scene
characteristics, Man has yet to create & visual sensor
which can dupllcate the fiexitility and performance
standards estabiished by nature, Thus, the nesd to
accormodate artificlal sensors i3 correspondingly more
acute.

Stijt, the dynamic range required to observe the
constrained hand-eye environment |Is not so great that a
sultably broad sensor could not be designed, A more basic
problem Iix the Inabiilty of the computer to process the
volure of data siready avaljable, The solution to this
precicsrent Is not to seek more data but rather to be mora
seisctive,

The second roeie of accommodation s then to
concentrats the [imjted sensor capacity on Information that
emphasizes seslected visual characteristics. Sinces the
sensors must opresumably exciude soms detali, it Is
preferabie that the lost detail be irrejevant In the current
task context, pccommodation thus capitalizes on the
“iirlitations” of the sensors In order to obtain more
appropriats images,

Some evidesnce of periphera! masking is aiso found in
numans (Munn [196131), The most significant of these receptor
adjustments are rgadlly observable, The dirsction of the
heag and eyes |s the principal ‘determiner of what will be

seen, The position of the fovea selects a portion of the

19



visual fletd for consideration at nigh reseiution, The
accormodation of the lens affects the detal! with which the
contants of this fleld are sesn, as & tunction eof depth,
thess sensor adjustments acecount for much of the rolative
clarlty with which you percelve this text compared with the
detalls of other objects in the room, Behavioral acts such
as bringing the paper clo89 to your syes (so that it fliis
the flald of viewy, or putting It under a 3trong 1ight (%o
enhance the contrast) are also helpful,

The |nformation theoretic capacity of the human
optic array far excesds the observed capabl|ity ef the human
mraln to process it In real time (Trlesman [1964)). At some
polnt prior to the {Imited capac!ty declision channai, man
must thus select the most significant information about the
snvironrent from that provided by his sen3ors, Brondbgai
[1958] devised a genera| "information f1ow” model of thls
process (fjgure 1,93,

1t Is cleariy advantageous to defer seisstion to the
highest level of procesasing for which adecuate channsl
capacity exists, In man, & substantial number of nerve
fibers can be traced ali the way from the optic nerve to the
carebrai cortex, the role of T"receptor set” In human
sglective attention Is thus {ikely to be fimited,

The procesging capaclity of the central nervous
system In lower animals |9 more modest than In humans, 1t

Is compon for such animals to avold information overioad by
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Fig. 1.9 "Filter" and "Information Flow" Model for Selective Attention
{Broadbent, [1958] ).
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relylng on specliajlzed sensors., permanentiy adapted ¢o
respond to those snvironmental characteristics most crucial
to Its uti%;bnlng,

Lettvin (19591 In his work on the perceptual System
of a frog, succeeded In isolating several neurons capabls of
eomplex, though highly specialilized visyal discrimination
within the animai’s retina, He found cel|s dedicated to
plus~gresen discrimingtion as well as celis that fired oniy
in the presences of small, rapidiy meving, convex obJects,
How convenient, considering the Importance of grass and
water and Iinsects tg a frog's survival! An important
advantage of utiiizing speclaliized sensors s that the
selecti~n of rejevant data (s accomplished at the wsarifest
stage of processing whers becauss of shesr volume, the
potentlal for data reduction Is greatest.

Information ssiection at the sensor level s perhaps
most esssntial for machine perception, The 1imited
bancuigfh of ths data channai provides an Immediate
constraint which |s- suyrmountable, but at excessive cost,

A mors pasic factor Is that current digltal
computers lack the garallel stpucture nesded to extract
visual gestalts directiy, All features must be iaborlousiy
asserbied out of Individual Intensity samples. it an
yndesired oblect |s Included In the [mage, the computer wl||
be foreced to sxert considerable sffort to discriminate |t

from the deslired object.
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The efficlencies that ars gained by using the
sensors to fiiter out Irreisvance at the [owest leve! (data
entry) ares crucial to the successful implementation of
sejective attentiogn In machines, It is, therefore,
surprising that up unti| now, no one but nature herseif has
axpilclitly Inciuded provision for goaledirscted Sensor
control in the design phllosophy of a functionlng vision

system,

1.3,3 SOME OTHER EXAMPLES OF ACCOMMODAT]ON

Let us examine two additional instances In whieh
accormodation can be used to fac||itate basic perceptual
functions, These sxamples are intended to be introductory In
nature and wlil bes reconsidered In greater detall In iater

echapters.,

[1.3,3,1 ACCOMMODATION FOR SELECTIVE ATTENTION

We have mentioned the wuse of accommodation for
sglectiva attention, Most hand-eye tasks designate
expilclit visusl fepatures (for exampje, "PICK UP ALL RED
CUuBES,."), In the context of this task, oniy bright red,
hexagona! shaped reglons of the Scens ares of interest,
In a corpiex gnvironment |t woujd prove excessively costiy

to Identify the coior or shape of every coherent region,
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The proplem Is thus to isoiate the regulred set of obJjects
fromr the background anvironment without gnaiyz!ng sverything
In the scens,

We have Shown that in any environment what i8S ssen
depends on how ths camera parameters are tuned. 1t 1s
thus eppropriste tO adjust these sarameters 80 that the
characteristics of the desired objects ars enhanced at the
expense of lrrejevant features. Consider the <task of
jocating the red cube In the spescific snvironment shown In
Figure 1.10a. Here, the desired obJject appesars against a
black background, In close proximity with two non-red cubes,
(Thse weak [nterior edoes® in this picture are again due to a
wide quantization window.)

These Kknown eharacteristics can bs used to set the
{imited range of thy camefa tg emphasize the red obJect,
Figure 1.10p shows how the scene In Flgure 1.12a would
appear to the computer it the Image werse obtained through a
rad color tilter with the digitization rangs set to clip out
below BVErage intensities, The effect of this accommodation
is first to snhance the contrast of thas red cbject with the
nackground relative to the other colors, The darker
intensities are then compressed by the quantizer, forcing
those portions aof the Image contalining the undesired objects
inte ths same eguivalence ejass as the packground,

In Figurs 1,10b the probiem of jocating a red object

nas besn reduced tg that of & gsimple 9sarch for the largest
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black to white intensity transition, The color and shape
of the assoclated reglan can then bes tested to confirm that
they fulfil|ed ths search objectives, Ailthough It cannot
be guaranteesd that this region will correspond to ths
desired oblject, the red fliter has considerably Iincreassd
the a opriorl iikellhood that ¢this will be so. Thls
accormogation reducss the sxpected cost of locating the prad
cube. It sjiminates tests that wouid otherwise bs nesded to
reject faise prospects had they been acquired first.

Figures 1.10¢ and 1.,10d obtalned through gresn and
hius color fiiters are resspectively the most appropriate
images in which to ssek green and biue objects, In gensral,
the ¢hoice of accommodation for ssiective attention depends
on the acqulisition requirements and on what |3 aliready known
about the environment from which these characteristics must
bs Isolated, Consider, for sxample, the Infiyence of
the pregominant background hue (Iin this case blacky on the
choice of color ¢fllter, If the background had been whitse
Iinstead of biack, & green fliter would have been nooﬁod to
emphasize the opresence of a red object (as a dark region),
The algitization range would then be sSejected to clip above
average Iintensitles, it the shade of the background had
not yet been getarmined, one could not specify a opreferable
color fiiter, in this cass, ths most appropriate image
would be Figurw 1,108, because it contains the widest range

of intensities.
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The sejsction of Information by an appropriate
accormodation can Srovide the principal means of informat|gn
reductlion In a context~ sensitive scens anaiysis, This
powsr Can be attribyted to two factors!

1. AccoOmmOdat on prov;des seject vty at the (eve|
of raw Image data, Here the need ls most critical because
of the vojume of potential Information in a scene,
Furtherrore, the most significant efficliancies can bs Sained
by flitering out Irrelevant detalis before any processing is
actuailily sxpended,

This selectivity should not be confused with Simple
threshoiding, as might be applisd with software ¢o
intensities obtained with & wide range sensor, Thers |3 no
pasis by which to distinguish intensities corresponding %o
the three colors In the unssiective Image (Figure 1,12a),
Cqmery focus I8 gnother usefu| gocommodgtion for selective
attenglion, Wigh & guitably narrow depth of fieid, ¢the
contrast of obJects outside of & selected range can be made
so low that they are #ffectively out of the Imags, This
typs of discrimination cannet be simply Simuiated In
softwars,

. Accommodation filiters [n parsalis| over the
sntire Imags, Al faatures sharing some common
characteristic simultaneousiy vanish from view, This
feature Is cruclal since the computer |s fundamentally a

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

In the Introductory example Oon the enhancement of
edgs contrast, we a|luded to the [mportance of eliminating
unnecessary textural detall. In the contaxt of adge
fotiowing, texture can be defined as all detall of
sigriflicantiy smallier spatial dimensions than the structure
whose boundary we wish to extract. Such texturs |s
especially prominent in the slituation sketched In Figure
1.11b, Here, a cuybe Is sitting on a table covered by a
coorainate grid, (The grid provides a common raference frame
with which to caiibrate the coordinate systems of the camera
and the arm,y Figure 1.11a shows the data avallable to the
computer In a full rangs 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 flocal
nraglents.

There |S no clear ssparation between the cube and
the grid Iines on the basis of Intensity. Thus, the
unwanted detal! cannot be removed merely by clipping it Into
the background with an appropriate gquantiziation window.
The only basis for gnhancing the contrast betwesn the object

and bdackground, relative to that for tnhe grig lines, Is %o
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expinlt differencas In spatial freguency content, [t follows
frorm thes definition of texturs that the energy corresponding
to the grid lines will be eoncantrated In a higher frequency
raﬁqn than that corresponding to the cube.

It Is wslj=known (ses Chapter 6} that simple
defocusing 1Is wequivalent to opassing an Image through a
spatial low=pass fliter, This effect 1Is |{{ustrated In
Figure 1.11¢c. As a result of siight defocusing, the energy
that had been concentrated In the welli= defined grid 1{ines
has been diffused evenily over the background, The
precominentiy low-frequency energy concentrated In the cube
nas not besen noticeably affscted, This operation has
destroyed the distinct structure of the grid Iines without
significantly affecting the structurs of the deslired
poundary. Furthermore, the demises of tne grid i{ines has left
a clear Intensity ssparation between the cube and the
diffused background, This contrast can now be
enhanced by concentrating the quantization [evels On the
range of Intensities found between the cube and the
packground, The comhinsd effect of focus and intensity

accormogdation Is strikingly shown In Figure 1.114d,
1.4 ACCOMMODATION 1IN & PERCEPTUAL SYSTEM

We have Shown Severa| exampies of how accommodation

can overcoms somg practical problems frequentiy sncountered
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In machine perception, To fully wutilize thess effeacts,
they must be Integrated Into a comprehensive strategy for

visual perception,
l.4,1 AN ACCOMMODATIVE VISION SYSTEM
I1.4,1.1 GOALg OF 3YgTEM

The ultimatey goal of the hand-syes system Is to
complete a task Wwith the minimum effort consistent with high
retlablitty, To achisve this goal tne vision systam must
atterd only to those parts of a scens that are relsvant tp
the current task, It must extract tne minimum |evel of
detall that orovides a sufficient description to complgte
the task objectivss,

A more mogdest Initia| gosa! Is to obtaln & System
that wiil perform simpie tasks, rellably, In a varljety of
environrents, The current vision system adapts Its leve |
of effort to the difflcuity of the environment In order to

insure reliable operation.
[.4,1,2 DESIGN PHILOSOPHY

The vision system Is composed of a flexible and
overlapping variety of oprocessing options that permlt

cost-effective soiytions to many perceptual probisms. The
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general strategy IS to appiy cheap operators over the entire
scene In order to first sxtract the retiabis, sasy-to-see
features, If the scens I|s simples, |lke Figure 1.2b, this
coarse structure wiil]l generajly suggest probadbles matches
linking the obJects In the Image with corresponding
prototype modeis known to the machine. These gues3es can
ther be verifled by wusing the suspected modals to
nypothesize additional features, whose presences can be
specifically sought in the sensory data. {(This mode of
Information acquisition IS reminiscent of the parior game,
twanty questions,) 1f, however, the scene contains a cluster
of objects or thg Image je troubied by low contrast and
noise, the simpie routines wlll not provide snough
information to obtain definitivse matches. In thess cases,
the strategy !8S to return to the wor|d for another and
narder |ook.

Fortunately, It will not often be necessary to
reprocess the entire Image, Typlcaily, thers will be & smajfl
reglon of uncertalnty whers moras detail would be helpful,
Furtherrore, 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 speci!flc feature whose pressnce
would resgive a particular recognition amblgﬁity. The
entire perceptual systsm can then ba accommodated to

maxirize the ilkellhood of detecting tnat featurs,
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1.3.1,3 ROLE OF ACCOMMODATION [N SYSTEM

the role of sensor waccommodation Is most eas|ly
discusssd In the context of s specific system. Flgure 1.12,
a siwplified version of an smerging design, Is provided for
this purpose,

As |n the Initial hand-eye systam, recognition is
pased on the representation of objects In a scene by iine
drawings, To mcquire an edge, the Iimage is agaln scanned for
an intgnsitly discontinuity, The appropriate accommodation
durirg this sacaqulsition phase, depends on the task
requirerents and on what Is alrsady known about the
environrent, In the absence of a speciflic search goal (ls. &
task has not yst been posed), or of detaliled knowledge, one
cannot do bstter than an sxhaustive search for ali eodges,
The best Image for this purpose Ils ong covering the widest
fleid of view and the widest range of Intensities, First,
the chances of missing a prominsent feature because of an
arpltrarily |imited sourcs of |nformation are minimized,
secondiy, Strong edges wiil be emphasized by the |ow
intersity and spatial resolution in & broad image. Fine
detall (Including weaker ®dges), whose presence only adds to
the problems of acquisition, wiil not be Sesn,

Suppose, ©On the other hand, that a specific item Is
sought and some knowledgs o! the senvironment |s already

avaliable, The machine may then be able to 1imit the Search
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by tuning its ssnsors {as In Figures 1,10a-d } to enhancs a
prorinent visuari characteristic of that [tem, The
charactsristics that infiuences accommodation define the
system’s "ATTENTION STATE",

wnen an Intensity discontinuity IS detected, the
associated reglon 1s {first subjected to a series of
valldating tests (described in Chapter 5, These tasts
qeterming wWhathgr the rpgalon fulrilis gnough of the critgrla
giver In the attention state to Jjustify the expense of wedge
extractlion, Currentiy, color and minimum size can De
checked, Size |5 a default reguirement used to
digcriminate against dlscontinuities produced by an isoiated
nolse phenomenon,

1f tne valligation state rejects too many reglons for
the same reason, the accommodation can De tightened to
discriminate against that chnaracteristic, On the other
hang, |f no discontinuities are detescted, the accommodation
must bs made le8sS dlacriminating and more sensitive to low
contrast,

After the acaquisition Is valldated, the
sccormegative sdge foilower (Chapter 5) tracks the edge
atterpting to complete a closed contour, If the edge Is
fost In a reglon of weak contrast (sg, shadow), the camera
can bs re=accomodated to enhance the contrast In areas
directiy adsjacent to whers the edge was last seen,

Consideraply mores effort can be applled to recovering the
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iines that show evidence of giobal structure and throws away
those whose sxlstance cannct be soc Jjustified., This progranm
can {80 cajl on the VERIFIER to see whether additiona! data
can be found in the Image to support these inferences, The
compieted |{Iine drawing |Is processed by the COMPLEX BO0DY
RECOGNIZER (Falk (19781y This program attempts to segment
the |ines Into isgiated bodies, Depth Information obtalned
fror camera focyg (Chapger &) can be heipfyl in ¢ghig
opsration, The separate bodies are then I|dentifled using

the hypothesize and verify techniques of SIMPLE,

1.4,1,4 ORGAN]IZATION OF CONTROL

1.4,1,4,1 CONTROL PHILOSOPHY

The principal control patps of th;s system can be
isoiated and modeled as In Figure 1,13, The basic control
phijosophy can be described as HItRARCHICAL EVALUATION,
Brliefiy, It holds that:

The performance of Ilower level programs starting
with thoss that handle the raw Image data should be
svalyatesd In two ways:

1. by the rgasonablieness of tne Iimmediate results,
as getsrmined by the system’'s |[ow |evel! @expectations, and

2. by the rsascnableness of the resuits of ail|

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

When the contour has been closed, !ines are flit to
the adge points, The vertices, defined by the Intesrsection
of these iines, are then examinsd by the SIMPLE BODY
RECOGNIZER (Falk [19721), 1t determines whether they could
correspond to an [Solated, recognizZeable body. If so, the
appropriate object model s put forth as a tentative
recognition hypotheslis, This hypothesis can he verified
py flooking for the predicted Interior edgss, The EDGE
VERIFIER (Chapter 4, is able to overcome the
charactsristically jow contrast of these features by
concentrating sensor resolution on the precise path over
whigh they are expected and then accumuliating 9lobatl
statistical evidences.

[f recoanitlion Is not possible on the basis of this
sreliminary description, a more complex branch of the System
(not shown) |Is activated. The camera is first accommodated
for the gensral conditions in the region wencliosed bY the
ftnitial contour, A sensitive (ocal operator (Heuckel
[1969]) |s then appiled over this region to detsct all
interior edge points. This operator is jikely to plek yp
pleces of weak edges, as wel]l as Isolatsd patches of
texture. Pre=processing will usually be needsd to massage
this data Into Ssmopth 1ine drawings. The LINE ODRAWING

COMPLETER (Grape [1969]) piecss together segments of skestichy
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{1nes that show evigence of global structure and throws away
those whoSe sxistance cannot be so Justified. This progranm
can ais0 call on the VERIFIER to ses whather addltional data
can be found In the Imags to support these inferences: The
completed {Ine drawing Is processed Dy the COMPLEX BODY
RECOGNIZER (Falk ([19783y This program attempts to segment
the 1ingy Into Ispliated bodies. Depth (nformation obtained
fror camera focyg (Chapger 6} can be helpfyl in ghig
operation, The separate bodles are then identiflied using

the hypotheslze and verify techniques of SIMPLE,

{.4,1,4 ORGANIZATION OF CONTROL

1.4,1,4,1 CONTROL PHILOSOPHY

The onryncipal control patns of tp|s System can be
isoiated and modeleg as In Figure 1.13, The basic control
pnllosophy can be described as HItRARCHICAL EVALUATION,
Briefiy, It holids that!

The performance of lowsr level pfograms starting
with those that handle the raw (mage data shouid be
svalusted in tw0 wayS:

1. hy the reasonablieness of tnhe Immedimte resuits,
as getermined by ths system’'s jow level sxpectations, and

2. by the rsasonableness of thne resuits of all

nighst leve! programs whose performance depends on the
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Fig.1.13 Feedback Oriented Vision System
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sarlier results,

If the results at any level are found untenabile, the
system resturns to a previous |evai of processing, modifies
parareters and/or oprocessing sophistication, and again
atterpts to constryct a vilbloxitprs-antat:on of the visual
worid, The cause Oof faljure will oftsn suggest specific
ways In which thg Jlower ievel routines can improve thelr
performance,

Hierarchical svajuation Is no longer a novel Ildes,
Fischior [1968] appiied simpis shape and continuity tests to
the output of a curve=fitting operation, Anoma|ies detected
at this fevel oprompted modifications In parameters ({eg,
sampling intervail, Intensity threshold, estc,) of the contouyr
follower which provided the Initial sdge points,

This contrg! was on the jeve| of Loop C in Flgure
1.13. In our systgm, It represents fesdback from the |ine
compister to the sdge fTollower, Our present work extends
this idea to Loops A and B, The visual sensor s, for the
Yirst time, controlled directiy by tne resquirements of the
system functions that must usse the data., (Loop A corresSponds
tec accomodation rgguests by the edge folliower and by the
{ine corpleter when it needs more detali. Loop B Is used to
tune the Image for selective acquisition and {ater to heip
the foature verifier vaiidate a recognition decision,}

These pathg aliow accommodation to be an Integral

sart of the overail! perceptual strategy, seiiminating the
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nees to menually tune the camersa,

1.4,1,4,2 ACCOMMODATION PHILOSOPHY

Accommodation ts a spacific appilication of
nlepapchlical evaluation, The Immediate goml Is the
success of a particular perceptual function (Flgure 1,14},
Accormogation |s derived from modeis of the Interaction of
camera paramsters wlth scene characteristics. These models
in conjunction with the computer:s a priori and acaulred
knowlsdge of the environment predict the composition of an
irage, Accommodation Is Inltiaily sst so that the predicted
irage satisfies the known information requirsments of the
function. The appropriateness of the Injtial Image wil]
depend on ths accuracy and detail of the computer's
information,

The performance of ths function with this
accormodation Is evaluated. - Accommodation probiemS are
suscected when the resuits do not confirm oprior
expectations, L diagnosis 1is nperformed to determine
whether re~accommodation is iixely to reconcile the
gifference, If so, Information galned from ¢the (Initial
faliure is used ¢to refine specifiec accommodgtlions, This
cycle Is repeated, Iteratively fmprovirg tie accommodation,
untl! slther the functlion succeeds of the diagnosis routine

is satisfied that agccommodation Is not at fault, {Iin the
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r— BETIALIZE ACCOMMODATION
FROM A PRIORI INFORMATION

PERFORM
PERCEPTUAL
FUNCTION

FUNCTION

EVALUATE
SATISFACTORY

PERFORMANCE

] NOT
SATISFACTORY

FUNCTION

DIAGNOSIS FAILS

ACCOMMODATE

Fig. 1.14 Performance Feedback Paradigm for Iteratively Optimizing
Accommodation
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latter event, the origina|l expsctations must be questioned,)
The process of optimizing accommodation by Iteratively
improving a performance function will be calied PERFORMANCE
FEEDBACK,

Performance Tesesdback |In the context of the sdge
verifier Impliss that the camera parameters sShouid be tuned
to enhance local contrast at the point where ths edge Is
expected, (Contrast |is the (mage characteristic most
directiy reiated to the success of the verifier.) If the
edge is than detectsd, the c¢holgce of accommodation s
confirmgd, Utherw|se, accommodation Is refined.

In the context of a specific perceptual function,
the most appropriate criteria Dy which to evajuyate
accormogation Is the overall performance of that functlon,
To smphas|ze this philosophy of accommodation the
performance joop c&n be viawed from another psrspective. In
Figure 1,15 ths optimlization of accommodation is shown to be
the principal goaj, The varifier can be viewsd In the above
exarpi® as an slaborate criterion by which accommodation Is
optirizZed.

In this capacity, the verifler defines a complex set
of gacision cr{terla to which a sultable accommodation must
conform, It s ysually nossible to Isoiate Individual
components of this declision, such as the desirability of
high contrast, However, It Is not feasible to base a flinal

gecisiorn on a singie aspect because of the simultaneous and
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Fig. 1. 15 Inverted Performance Feedback Loop

48



often conflicting demands of other factors, such as the need
to minimrize nolse,

Performance feedback Is, of course, only the most
irmeciate lsvel of hierarchical evaluation. Continued
success at each subssquent level of processing reinforces
conflidence in orevious resuits {(and Iin the agccommodations
usec to obtaln those results)., For example, successful |ine
fitting conflrms the gqoodness of the local contrast
accormodations used by the esdge follower, (If there are
gaps In the edge, extraction can be repsated at those points
witn tocally optimlzed accommodation,) We have &S0 sSeen how
the resuits of the vallidation test (Figure 1,12) can be ysed
to reflipe ths accommodation used for acquisition,

The evaluation hierarchy extends, as far as the
parceptual process 1s concerned, to ths Jlesvel of a
recognition decision, {The recognition wlii, of course.,
ftself be Judged by the success of subSequent behavior
predicated on that decislion.y If the final sdge description
falls to correspond with any known object model: the
verifier can Investigate questionable wedges with more
sensitive accommodations, If, on the other hand, the
edges correspond to an objJect other than the one being
sought for a task, then the accommodation used for initial

acquisition couid beg reflined,
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1,4,2 ADVANTAGES OF aN ACCOMMODATIVE VISION SYSTEM

An effective way to demonstrate the advantages of a
new system 1{s to contrast [t wWith known jimitations of
previous approaches, The strict, hlisrarchical structure
of the Initlal hand-eys vision system (Figure 1.3)s like
most eariy attempts at pattern recognition, folliowed the
general! paradigm outiined in Flgure 1.16. Most of the
emohasls in this early work was plaged on the problem: glven
a suitable representation of an obJject, identify that object

in terms of a set of prototype mode |5,

1.4,2,1 OPERATIONAL LIMITATIONS

The process of obtaining that sultable
repressntation from the raw digitized Image data was
considered to be a tedious preliminary to the *interesting”
recognition aspects. sccordingiy, the environment was
oufacst!u!!y constrained to minimiZe any difficulty. (The
cubes used In hand-eys work, for example, wers uniformiy
white and presentesd to the camgra against a sharply
contrasting black background.)

Lacking accommodation, the experimenter would
manusally tuns the System, Ha would adjust the lighting and
camera sensitivity to obtailn an Image on the television

monltor that, %o him, best emphasized the object ne wanted
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the rachine to recognlize,

Recognlition Is also the uitimate criterion used to
evaluate the effectivensss of automatic accommodation, One
Is tempted to draw the supsrficial analogy that HIERARCHICAL
EVALUATION fs, In a senss, a bhootstrapped simulation of
manusa | sccommodation, In fact, there are esssntjal
diffsrsnces, and thess giffegrences account for the
syperlority of the automatic method,

4 man consciousiy psrcelves a Scene In 1ts totallity,
Hlg access to scene chajactepistics at Iscliated local points
Is unavoldably blased by his tota]l Impression, Machine
perception, nowever, dapends on the local intensity
distributions at specific raster points, The

exper imanter adjusts thes camers to achieve a single Image

that optimizes his glopal Impression, Howsver, this
3lobei optimaiity Is necessarily a compromise that
guarantees a non=gptimal image In particular locallzed
areas,

1t was socon resllzed that the Imags that gave the
nast visua| Impression ¢n a tejevision monitor was not
nscessarily the bast source of visual information for a
recognition program, Many frustrated worksrs found that,
desplte their best gfforts, there wes Oniy one effective way
to tung the camera: run thelr programs and play with the
various ssnsor parameters until an Image was cbtalined on

which the algorithms would function oroperiy. A slight
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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 enilarged the Scops of
practical manuai ad justments to Inciude setting the
aquantization window to smphasize & ssiected edge,

The oasic problem remained that the comput®r was
Iimited to the use of a single image, Conssquentiy, the
effectivensss of tng ref|ned manua! technique was fimited to
refatively simple scenss (such as a white cubse on a black

cloth) whare!

1. the Impo.tant sdges we,e all in the game cont,agt
range,

2. the total lsvel of detal!l contalined in an Image
sharp erough to ses ths desired features, would not

overwhelm the progessing capacity of the computer.

(M, Ketty [1978] ¢ried ¢o0 yse this gecnnigue to arrive ag¢ an
appropriate Image In which to recognize faclai{ features of
peop 9, His congclusion! "top time-consuming and so error
prone as to be Impracticail™,)

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

perceptuat function,
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With hindsight, the sarily preoccupation on the
recognition aspects of computer vision refiscted a
widespread avoidance of many of the more difficuit problems
in making a maching ses, In particular, starting with an
Image which smphas!zes what I3 beling Ssought, siiminates a
substantial amount of irrsievant information. This aspect of
seisctive attention must be automated. before machine
perception c¢can be practical In a resi worjd snvironment,
Cne of the princlipa| goals of this thedis Is to enable a
machine to obtaln sych Images by Itseif,

The trial and error technliques of manual tuning were
cruds forms of accommodation, However, the critseria that
wers used to manualiy svajuate [mages and the performance of
algorithms were %too |ll-defined to be formaiized for use by

a machine,

1.4,2,2 FUNCTIONAL LIMITATIONS OF A NON~ACCOMMODATING SYSTEM

1, No concept of Attention:

The high level declision process has no contro! over
ths 9sersors, Thuss the maghine cannot exerclise any
discrimination over what objects wi|l appear in an image and
yitiratsly be Dpresentad to the recognizer, Setective
sttention can be reallizZed on such & System only Dy ciosing
the accommodation (oop manually. Tng aifternative I[s a

constralined environment that contains oniy thes objects one
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wants the machins tp recognliie. Accommodation removes the
need for many of the snvironmental constraints {(eg, high
contrast blocks, uniform backgrounds, strong lighting, etc,)

required by esariler systems,

2. Inappropriats level of image detali:

The amount of detall required In a plicture depends
on the current nerceptual function (edge following, textuve
analysis, cojor etc,), on the (dynamic) state of knowledge,
and on the contents of a particular region of the scene, No
single Image will sSyult every app!lication, [t wiil aliways
contaln T00 Huﬁu or 7T0O0 LITTLE detalil for any particujar
function,

The goatl of accommodation I8 to obtaln the simpjest
picture with sufficient detail. People, on the cther hand,
are Inclined to manually adjust the camera to obtaln the
sharpest possibie Image. A Sharp picture wiiti, of courses,
snhance edge boundaries: ﬁak%ng it easier to trace cubss
against homogensouS backgrounds, But, In a less contrived
situation, the sxtra ‘textural detal!l contained In a sharp
picture may do mors 1o obScure the desired features than any
nelp the enhancement may provide. Too much detal!l is aiso
very unsconomicat In terms of core storage and SsSenscry

channe! utliization,

3, Imappropriate level of effort!

55



A hlerarchlical vision system S characterized by a
fixed set of routinss, These are appiied in a fixed
nierarchical order to transform a raw Iimage into a set of
recoonized obDJjects, There is no capability to adapt
the teve! of processing to the difficuity of the Scene.
Consequently, [t 1s often necessary to sxtract superfiuous
detal!l over most of the Image In order to obtain sufficlant
getell In the wegker areas, Very sophisticated processing
ts, howgver, too expsnsive to apply over the whois Scene,
Furtherrors, the system would bDe unable to Cope with the
yoture of Information that ‘woutd be obtained by this
indiscirinate acquisition of fine detail. Thus, there wili
aiways be occaslona| reglons uhorz the data extracted by
some standard {eve! of processing |Is Insufficlient.

By contrast, the fesdback organization of our
current system esncourages the use of cheap operators cver
those parts of o scens that conthin adequate contrast,
Recauss of accommodation, these regions usﬁaify gomprise tnea
majority of the scene, Mora sophisticated processing is then
applied oniy Iin the extrsmeiy troublesome areas that resist
the effects of accommodation, Usualjy, these wi|| be reglons
wherse a featurs, expsctasd on the basis of a model suggestad
by other visible getallis, has not yet peen sesn, In these
clroumstances, expensive processing, such as contour
averaglirg, can De tgiiorcd to emphasize what Is specificaiily

selng sought, This 1s far more officient then bulk, high
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power processing, Furthtrm??t; the context, established by
a specific expsctation, provides an effective way to
discount the irreievant detalis and random noise that wlil
Inevitably oe picked up by a sensitive operator,

A rejated advantage |s the abijity to efflclient|y
utitize special purpose functions, Properties,
such as color and depth, can be obtained at seiscted polints
whare the usefuinsss of such knowledge justifies the cost of
obtalning It,

In summary; the flexibliity afforded by
accommogation allows sconomical strategies to be formulated,
These strategies ytllize the (nformation on hand In the
context of the current task to Selesct what additions|
information to |ook for., Accommodation heips the computer
to ses that information, Thess advantages ars Incompatible
with the oider hisrarchical system organization shown in

Figure 1,16,

1,5 ORGANIZATION OF THESIS

The remainder of this thesis is organized into ssven
chapters:

Chapter 2: We outiine the current accommodative
capabilitiss avallaple to ocur system, Analytic expresSsions
areg csveloped that formallze how thesse parameters influence

the Image characteristics,
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Chapter 3: we wutitize the models develiopesd In
Chapter 2 to Investigats how ths accommodations Interact
with the scene characteristics to detesrmine wnat wiil appear
irn the image, We Introduce heuristic and anaiytic criteria
of wnhat constitutes an appropriate Image for a task. The
use of accommodation to reconcli|e the characteristics of the
ssnsors and the requirements of a task I3 demonstrated Dy
exarple,

Chapters 4-7: we giscuss - In dotall how
accormogation Improves the performance of the perceptual
functions that compriss the system shown Iin Figure 1,12, In
sach chapter we describe the Intended operation of a

particutar function and devise a heuristic criterion for

svajuating its performance. As next develop the
theoretical and practical iimitations that affect
performgnce and reglifabliility. The characteristices of ths

most appropriate Image are defined for each function In
terrs of these I[Imitations and any reisvant a orlorl
information about thes scene that may be avaliable, Finally,
alagnostic routings are developsd tnat can recognize
departurss from the deslired |Image characteristics and
Initiate the appropriate remedial accommodations. The
diagnrostics are applied In a sequence ([ikely to cause
accormogations to be tried in a cost-effective order.

These compnonents are Integrated according to the
performance feedback paradligm (Figure 1:14?. The resuiting
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systems demonstrate the ablliity of accommodation to improve
the rellabitity and performance In a varlety of practical
perceptual functions.,

The unifylng context of a compiete vision system dld
not exist at the time this work was compisted,
Conssquently, the advantages of and the resagulrements for
Integraging ¢hege fyncelong Into an overall gygtem wers not
consldered beyond the concsptual lave!l In this introduction,

Chapter 8: We summarize our resuitls and review the
principal advantages of accommodation, The generalization
of tnese advantagss to other perceptual systems is
discussed. We cliose with suggestions for extending the
current work In the unifying context of a sophisticated

viston systam,
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CHAPTER [1: ANALYTIC MODELS OF ACCOMMODATION

in this thesis we Jr! conoerned with developing
perceptual strateglies which effectively utitlize our system's
accormogative capablilties, To approach this problem
fornaiiy requires ;

1. & precise definition of the characteristics that
make an Image appropriate for a specific task and

2, analytlc models that opredict how the varlous
accommodative parameters Infiyence these imagse
characteristics,

In this chapter we wi]ll mode| the (nfluence of
focusJ jens={ength, lsns=aperture, aquantizer digitizatien
windew, vidicon target voltage, and cojor fiiters on the
composition of an Image, Sobel [1978)] studied the effacts of
camsra orlentation (pan, tiit) and [ens magnification. His
models are necessary to shift from coarse covu%tg. of a wide

fijsld to high resolutlieon In a floca| arsa, depending ypon

task requirements,
11,1 NEED FOR PREDICTIVE MODELS

‘The mccommodative parameters determine which aspects
of the scens the camera wil! emphas|Ze, Mode!s are nesded

to gulae‘ the search through the sSpace deflined by these
s
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sarareters, Without models accommodation ecan be sevajuated
oniy In terms of the performance of a task, The cost of
this criteria and the compiexity of tne space make bBiind
pptirization unfeasible, Modeis indicate the most effective
accommogations for scquiring speciflc information, They
alsc establlsh the optimajity of a&n accommodation fer a
particular task,

A second Justifigatien for mccommodative modeis |s
the occasional need for mbsolute comparisons of photometric
auantitiss obtalined with different accommodations, In
this situation, It |s necessary to parametize the relation
petween an observed quantity sand the value of the
corresponding property In the 3gene, sxpressed on  an
absolute scaje, Sobel (19783, for instance, used nhls
srlentation modei to goordinate views of the worid, cbtalinsd
at varlous camera positions with respect to an absoiute

refarsnce frame,

j1,2 DESCRIPTION OF CAMERA (HARDWARE) CAPABILITIES

Our visumi sensor (shown In Figure 2.im) s &
standard vidicon tesjevision camera (Cohy [19641), The
vides output Is sampled 333 times/horizontal scan |ine and
avant!zesd Into 16 dliscrete ([evels, The camera had® been
modifieg (Figure 2.1b) to provide computer control of the

functions enumerated In Chart 2,1, Thne pan-ti|t head, lens
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Accommodations

Accommodation Capabilities

Orientation:
Pan-Til%t head

0° < pan < 360°, -45° < Tilt < 0°

Optical:
Lens turret

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

Iris

1" -3" lens 1.4 < f# <22
4" lens 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:
Sensitivity :
(vidicon target T5E s 40 wolts
voltage)
Quantizer signal range Bvolt < v < Tvolt :

digitized into 1€ levels:
—e w 1 2 e
Bv°1t-0’§§8’ic-,8

12 8 -
Tvolt = gGsg+cr 8

Chart 2.1

Accommodation Capabilities
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turret, and focus moter drive are standard manufactyrer
options that were aygmented with fesdback pots and contrgl
logliec %o :I!ea automatic servoing. The cologr whee| 8l lows
ranccm access selection of any of four tiiters in 175 of
sgeond, Thyg flitegrs nrg physically placgd bgtwgen the lgns
tyrret and the vidigon,

The camera's auto-target clrcult was modifled to
aliow computer ssjection of 64 discrets target voitages
petween 7 and 62 vo|ts, This clrouit’s origlinal functien
was to raintain a uniform signaj level, It dig ¢thils by
adJusting the target voltmnge according to ths average lsve]
of lllurination, reaching the vidicon, This voitage iesvs| |3
now USed as an ypper |imit to protect the vidicon in the
eavent of program faliyres., It mis0 Ssrves aS a references by
whicht to s5et sensitivity In the absence of any knowisdge
about a scens, From 1/4 to 1/2 second (about 18 tejsvisign
frares) arte recgulired before an Image stabli{izes after &
change of target voj|tags,

The gquentizer provides & 16 (evel window , from 1/8
to 1 v, wide, over thes 1 v, working range of the video
ampiifler, The bottom of this window can be positioned oniy
at Integra! muitiples of 1/8 v, from € to 7/8 v, The window
can be changed In one mifli=-second,

Many of thege accessories have been available ever
since the camera wa3 Interfaced with ‘tho computer,

Howsver, 1ittle emphasis was piaced on ytiiizing them uynder
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program control orilor to the present work,
11.3 ELEMENTARY THEORY OF CAMERA ERAT]ON

Over the years, photo jraphers and telesvinsion
snglmeesrs have developed & Dbody of theory that bears,; at
jeast peripherslly, on this current work., This theory has
sejdom been reiated to the oproblems of computer vision,
The purposs of this section Is to provide an integrated
interpretation of those resuits, used in the

xppllications=oriented chapters that foliow,
11,3.,1 ELECTRICAL CHARACTERISTIC
11,3.1,1 VIDICON

The heart of the teis«ision system s the vidicon
tube, 1t uses photooonductivity to convert an optigal
image Into an electron flow, The basic theory of
vidicons 1s weij=known (Fink £1i9573). This tube s
infarous, howsver, for Its none inearities and other aqulirks
which are oponstantiy uncovered In practice. Ths‘ tube
appears to  exhipit unpredictable hysteresis effects
depending, for Instance, On such obscurs factors as the
spectrai compositien of recentiy observed Images,

The vidicon |s very sensitive for differentinl type
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intensity comparisgns f(as u%ed In wedge foliowing) byt
glfficult to wuse for obtalning rellable photometric
measurements of apsolute |ight Intensity (as requlired for
cojor perception, fTor sesxample)l. We &re prssently
considering requirements for & new camera In |[ight of thls

sxperience,

11,3.,1,1.1 PRINCIPLES OF OPERATION

In this section we will briefiy derive a photometrig
transfer function that summarizes the vidicon'a [(deal mode
of operation, With referenge to Flgure 2,2a, Iight |s
focused through the transparent conductling signal plats at
the front of the tube and |s adbsorbed Dy ths target, The
target Is a thin jayer of photoconductive material, The
joca! resistivity of esach slemental area decrenses inversely
with the amount of llight fiux falling wupon I, An
slsctpon beam, magnetically defjected and focused, is swept
perlodicaliy over the bagck face of ths target, At sagh
sofint, charge |8 deposited untii the iocal surface has besen
reduced to0 cathods potentiaml, Thls charge |Is held beltween
scans by the capacitive sffect of the sigraj zlate., 4 smal|
amourt will (eak off, due to the ohotoconductivity of the
target, On ths next wecan, the eiectron beam wi}]
deposit sufficlient g¢harge to drive the surface back to

cathods potantial, T™hiSs sSeqQuencs® cayses a displacament
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current to flow through the loati resistor R, Ths
resultant voltage Is capacitively coupled to a iinsar video
ampiification chaln,

Flgure 2.2b Is an squivalent clrcult model of the
vidicon (Epopler [1964)3, Consider the elementa! area 8y
represeanted by Rel, Casi, The &jectron baam charges
Csl through the paraliel compingtion of RiL gnd Reél. Singe
ReL<<R+1, the capacitor will charge to
e ~ Ep 1 - & V/R2C) (2,1)
(E+7 Is a constant, nominaliy In the range from 5 to 48y, }
If the scanning beam moves sliowly enough, Cs1 w || be fully
charjed, 1f 3t Is the time the slectron beam is positionsd

on 941, this condition requires that

At = SRLMC {2,2)

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

switeh advances), Csl wi1] begin to discharge through Rsi

-t/R1C
e,t) =~ Epe (2,3

Ril is cgetermined by Lél, thne light Incident upon dAsl,

~ F -‘}I
RI KI(Li) (2.4,
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SIONAL-PLATE

PHOTOCONDUCTIVE MATERIAL CATHODE OF
EZLECTRONM QUN

I

MAGNETIC FIELD POCUS
SONAL  ,\wp DEFLECTION

Fig. 2.2a Diagram of Vidicon Camera Tube

BIMULATED

CIRCUIT CLOSED BY SCANNING ELECTRON BEAM

Fig. 2.2b Operation of the Vidicon Camera Tube
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Gamra is a falriy constant characteristic eof the tubde
nominaliy about 8,85, (It Is always |ess than 1, 9lnce
photoconductivity Is a primary carrler generation process;,

The effective resistance of R«l depends on the mean
fight flux durlng the time, Tes, bDetwesn scans, Thus,
the respense of the vidicen represents an Integration over
Tes, Under the assumption that Te+s << RilsC, the charge 9041
which Iis 109t from 34+l between successive scans, s glven
BY

E.xT
- Tg/RiC T 8
o, = .Cizi(o) - gl;('rs); R chﬁ = 1% - o

(2,5

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

s signai current throygh RsZ2 of

E
. .o _ rxTs (2.8)
LTA TR Za

For (ater reference, we define EsT/Réy to be the
photocurrent lep, exclited by the Inclident light fiux, From
Equations 2,4 and 2.6, the yideo output current |Is thys
propoertiona| to

i ~~K2x'£,rxlfi (2.7

L

7
This eaquation |Is an siementary photometric modeil, 1t

reiates a 1ight level Leéi to a slgnal current (s, A |linear
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galn fynction can be applled to this current to obtain the
veltage that Is digitized for sntry Into the computer. Thls
simpie model unfortunately breaks down pecause of
pecyl larities in the photoconductive effect (RCA REVIEW
(19513},

The Cohu camera uses an RCA=8527A vidjcon, The
light transfer ‘characteristics of this tube are shown In
Filgure 2.3, (adapteg from the manufacturer's application
shest}, The siope of |ines on thlas log=~iog piot Is what we
have called gamma, It closely approximates .65 over the 4j1
range In target vo|tages and 18,020:1 range of Incident
|1ght; covered In the flgure, (Figure 2.3 wa® originaity
pararetized only (m terms of dark current, The target
voltages that are Shown wers obtained from Flgure 2.4, They
represent average vaiyes at the indloated dark surrent,)

Signal out vs, target volitage at a constant
fiturination leve| aisc piots on log=i0g Daper as a stralght
{1ne, This |s eharacteristic of a power functicn, rather
than the |lnear rejation sxpected from Equation 2,7, Thus,

srom smpiricel evidence Equation 2,7 is syperceded by

0.65

a -9
= i = ’

a can be callbrated from the siope of the best iesas?
square fit of |og li¢s vs, jog E+7, o way caiibrated wlth

a flat=white specimgn of Drightness L=28ft=c. szl 4
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provided =& consistentiy good gioedbal fit over the range
19<E+7<35, Lockliy, sliope varlied unrepsatably from 1,2 ¢to
1.8, A varlation of this magnitudy was &i90 gncountegred as
the brightness of the specimen was varied Dbetwesn 3¢ 2%
ft.,c,. The mean valyes of @« tends to Inorease toward 1.6 when
L dreps below 18f%.c. The ingrementa) vajus of v at g
particuigr 1ight |sve| gnd tgaroest voitgge ogn pe estybiished

experimentally, using Equation 2,9,

A constant ® i3 not sufficlient for ophotometric
aCCUTAOY, Howgver, the vajue e=1,4 (ysed with Equation
2,8) doss provide g satisfgetory, relgtive ordering of
intensities agcumyiated over a wide range of target
voltages,

a {9 even worse behaved for coiored specimens, The
spectral sensitivity of the camera s a complex function of
target voltage {(gses Chapter 7), As a resuit, the sffect|ve
vajue of & varies from 1 to 5, depending on objeet color,
This varlation g4eftigs conclisg analytic statgmgnts,

In this thes!s, we will assume the uses of white
objects and thus & nominal vaive of ¢=1:4, uniesss statsd
otherwise, ki

The instantanscus video signal repressnts the

ditfsrence of the 1ight ievel at & raster opoint from a
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reference dark |eye|, (The dark {eve| Is generated within
the vidieon, when It I3 blanked during retrace,) This signal
is a,c,=coupied to u jinmnear ampiifier chain. The overal|
transfer function, reiating the voltage at the Input of <the
digitizer to the [ight fiux density, Incident on the vidieon
facepiate, can be sxpressed In the form

v . = xm’/}:g , K = 0,0095 (2.18)

out
K and @ have besn callbrated for a scens (iluminance of
20f%,¢,, f# 1,4, and a .5 {neutral) density fliters K=,0895%,
¥z1,429, (To reitergte, L in Equgtion 2.13 is the |ight
flux density that actually reaches the vidicon surface,
after at]l optical attenuation.)

tThe ampiifier has a 1.5 v, dynamic cutput rangse,
this range I8 clipped by the digitizer to a maximum absojute
windew of ¢ %o 1 v, Equation 2.18 determines the range of
[{iurination that wil| produce signais iying in this window

at any EaT,
11,3.1,1.2 INFLUENCE OF TARGET VOLTAGE ON IMAGE

The eamera sensitivity affects the composition of an
image In two wayss
1N 1t establ!shes the range of scene brightnesses

that wiii be {ineariy encoded by the gquantizer,
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g, It affects the signail gain snd, thue,
determinses the minimum contrast that can be rescived, Thess
offacts are not Independsnt; the minimum rescjvabie contrast
is constrained by the dynamic range, I¥ E¢7 |s turned yp
too high, the galn [im contrast wil] be nuliifled by ollpping
in the quantizer,

In practice, E¢7 {9 also constrained by the maximym
voltage the vidicon can tolerats at prevaliing (lght levels
without ©blooming, This condition destroys the detal! near
the scens high!ights, The camera can aise sustaln
perransnt physica| damage when opsratesd In this stats.

This {imitation iy most sjignificant In a scens,
sncorpassing & wide range of brightnesses, The brightest
object establishes the highest aljowabie target voitage,
this iimits both dynamic rangs (8§, the dimmest object
that can be perceived) and minimum reso|vabje contrast,

In our system, the auto=target circult physically
constrains EaT7, It s adjusted to overr|de the

computer=ssiscted target voltage when It aexcesds a sale

favel, The ayto-target was designed to maintain a
constant average signal [eve| over the sntire scene, The
effective maximum target volitages wiil thus vary a8
Le{=gamra/a) (sees Eguation 2.18), (The maximuym voitage

jevels are aboyt 35y, at 23 ft.c, (& Ylat-white obJect In
srdinary floyrescent room llfuminations) and about 28v, at

160 ft,c. (itiumination, supplled by s 1020 watt, diffused
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xgnon arc source,) Unfortunately, this scheme goes net
provide adeauats protection from smali, glossy highilights,
Sueh highilghts can concentrate a econsideradie amount of
snergy onto & small ares of the target without signiflicant|y

affacting the global avarags.,
11,3,1,1,3 NOISE SOURCES

To utliilze the camera sffectivejy, one must be aware
of its iimlitations, There are four principal nolase

sources (Schrelber [1964])1

1, Signal Shot Noise

The measurement of {ight isveis |[s basically s
process of counting photons or, in practice, of _counting
slsctrons dislodged by phatoﬂs; Statistical fiuctuations
[imit the accuracy wlith which the apgtuai light |evel can be
measured, This inherent sourge error |9 known a$ shot nolse,

tThe Polsson process |s the standard model of
particie arrival assumed In the anaiysi|s of signajling
processss., Wleh stsady {(liumination the Anumber of
photons (Njy that arrive In a time period (T) determine a
ratio, N/T, that’' will fluctusts about the mean photen

§
arrival rate, %, In a manner predictavise from Equation 2,11,

N -of
Prob (N arrivals in time T) = $&H £ — (2,11)
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For large counts (ae?>>1), the number of particies arriving
in time T Is closely approximated by a Gaussian distribution
of mean (sT) and standard deviation (wTy*1/2,

The basle noles charagcteristics are set by the
number of discrets particies contained In sach sampise. The
vidleon target converts photons Into electrons with =
constant aquantum efficlency, We wl|| oursus our anaiysis In
terms of the number of carrlers, comprising ths resuitant
shetocurrent, Rewrlting Egquation 2,56 %o express signa|
eyrrent lés In terms of the photecurrent, l4p, gives
Equation 2,12

- fpz_f! (2,12)
The tota! chargs storage required to maintain this current
ls (lepeTen}, uUsing e, the standard coulombic chargs, the

nymber of discrete charge carrisrs |8 thus

N o BB (2,1%)
&
Fronm the approximations sdmitted by iarge FPoissgn
distributions
2 i xTg
g N = .2—;-—- (2,54a)
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but

i - (A"F.)"' (2,140)
Thus
..,i' - (#)2 P & f;:% (2,19

Typleal vaiues for a weak signaj are!
L=t ft, ¢,
fesnl micro=amp s {(nominal value from Figure 2,3 at
E4sTszgv,)
1421,7050(180e7)s
(57 mlero=sec./333 sappes per horiz, {line)
(e21,6810+=1% coulomb/sjectron)

Using these values, Eguation 2,15 yieids a noise gurrent ofy

; 1/2
[y oo a-19\  _ i
Olg ™ [(ij_g_lﬂ_-?) 10 ?] « 3,08 x10 mmp (2,18)
1.705 x 10 ;
This signal Is wespecially vuinerable <o the effects of

additive nolse pricr to any amplification, because the total
particis count (s then Ilowest, Let us consider the

other dominant [ow=ieve| nolse components,

i Blpk curf.ﬂt

The vidicon target, In the absence of 11ght, beshaves
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like a |eaky resistor, This dark resistance Iinduces a:’
sge=calisd dark current, which acts |lke a constant blias |n
the presence of a i;ght-lnaucad signal, Fluctyations In
this dark currsnt [Im[it the smailest signal variation Tthat
can bes getscted,

Let |+d be the average level of da"k current whicgh
is acditively comblined with signal current s, Let lag’
os the leakagse current In each sismental area of the target,
led’ Is anajogous to the role of iép in Equation 2.12 (but
results from therma| rather than Iignht generated carrisrse 3,

Thyus,

d_'S (2.17)

l4g’ terds to ve yniform over the targset and to Incrsase
dirsctly wlith temperature,

There are two principal causes of Tiyctuations In
EY-E

Scan non=|inearitiss account for variations |[n
3, This varfablijity s usually not a significant factor,
Magnetic deflection systems are typicaljy better than 95%
jjnear over an entjre frame.

2. Shot nolse. is also inherent in the dark
current, Because ths mechanism of dark current gensration Is
compietely ananiogous to the effgcts of a j{ow level {lght

sgurce, applied unriformiy over the target, we can adapt
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Equatiorn 2,15 to write

e xi _
o2 = d (2,18
id At

In Figure 2.4 we note that the [eve| of dark current
Is strongly sffectsd py the target volitage, At a target
potential of 20 v, (as used In the caiculation of signal|
shot nolse), ths worst |esve] of dark current Iis aboyt
28 (lcv=8)amps, Sybstituting in 2.18 and taking a Sgusre

root yielids the nolse current.

1/2

o o-19 } 4
Ui - (1.6"‘10 -7)!,(10 8 & ]1.36 x 10 10 t213.9:
i3 Ni.706 x 10 f

The dependence of 1sgd on target voitage I3 an
important factor to be considered, when deciding optimal
sensitlvity settings for the camera, An snaiytle
expression of the reiationship was derlived from an emplirical
fit to the data In Figure 2.4, The values of dark current
(above the |eve] of 28(10v=8) amps,} are sssentialiy {linear
on this logeiog piot with & sliope of 3,97, The approdriate

funct|onal form ;3 tpus

= B)cﬁﬁ

T (2,22

d

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




is

= 1.37 x 10—13)‘ 3.97

id T L}

E,.>20V (2,21
In the rangs of Es+T from 18v, to 28v,, & opassable
approxirstion to a |lnear 71t can be made with a |[ins of
siope NRe2.B,

Dark current acts as a pedestai under the signmal,
This limits  the range of Dbrightnesses that can be
simuitanecusly ineciyded In the 1v, window of the quantizer,
The problem |8 compounded, because |ow |liuminations require
a high target voltage to increase gain, This Introduces
nigh derk current, Galn and dark gurrent both tend to bias

the brighter parts of a scens oyt of the usable 1v, yindoy,

3., Thepsral noige
The ocutput slignal voitage |s produced by a current
flow through the target resistor RiL, This flow Induces
therral nolse glven by Eguation 2.22
2xKxT

ir Rs><ﬁt

Kzgoltzman’s eonstant, 1,380(10+-23)
Jouyes/deg,ke(vin
T0830? degreess Kel, (nominal)

Ress{qpv6) ohms
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Frorm 2,22 the therma| nolse current leve! Is found to bej

-23 L
g - (z x1.38 x 10 x*-'g.tm) - 2.16 x 10710 (2,29)
r \ 10%x1.705 x 10

This vajue I3 Indgpendent of target voitage Dut, Ilike dark

eurrent, Is temperatures sensitive,

4, Proarpiifler nolise

The oringlpal noise sourge In mormal operation
appears to be Piyctuations ([n <the bilaw current of the
prearplifier, The FET Input stage in our camera’s amplifier
chain contributes an rms noise current on the order of
2,4010°(=9) amps, (The mean is taken ovar read ocut t|me
8¢,) This nolse Is a combinatiom of normal shot nolse (Savin
[1955;3 and Induced stragy currents, plcked up Iin the nolsy
slectrical environment of a computer room, It Is
Independent of target voltage and [ioht leval, but It does
depend on such nonsoptical aspects of the environment as
tomperature and sisctromagnetic activity,

The four nolse sources are uncorreiated) the overal|

noise power is consgauentiy given by
2
0 = g ‘202‘}

The sign|fiecance of <this nolse |8 e3tadi|shed by

comparing It with the maximum signal Jevel (lv,) at the
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tnput to the auantizer, The trensfer Impedancs of <the

amp!!flsr chain can be Infarred from Eguations 2.8 and 2,12,

G = % - 0.36 x 10° (2.2%)

On the assumption that amplifier noise 19 dominant, the
nglse level at ths [nput to the quantizer s then {(roughiy)
BeiBr(=3}v, The strongsst signal I8 1v, {iimited by

satyuration), Conseguentiy, the signail/noise is about 12%,
11,3.1,2 QUANTIZER

The aquant|zZer sketched in Figures 2.5 was designed by
Wichran (19671, 1t conyerts a se|ected portion of the 1y,
dynaric signal range of the video-ampiifier iInto a 4 »lt
digital numbsr In real time, (The paralisi comparatar
string was bulit with Falrchlid mioroelogle and offers
overall conversion times of under 5P nanoessconds/sampie,)
The outputs of 2the 15 comparators are subsequent|y
gray=coded te avoid race gonditions, The compyuter
trans|ates thie encoding Into a i6 jeve| Intensity In the
rangg from @ to 15,

The sonversion window |s seiected under computer

control, 1¢ is deflined by two 3 BbIt numbers
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V OFFSET —L

SIGNAL

BOTTOM VOLT «
11
p’ 3 i R 8)

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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{(TeciipsBelip), Thess numbers are transjsated by D/aA
converters (ntc the voitage lsveis at the top and bottom of
the refarence |adder,

(Equations 2,26a,b rejates these top and bottem

{adder voltages to Tellp and Belip,

Top-Volt = [-}v (1--rcup)/a] (2.260)
Bottom-Volt = (3 - %ﬁ) (2.268)

Tecilps Bellp are poth Integers, satisfying the constraint

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

From these weauations 1t Is sesn that the top of the iadder
can be set to any Intepral muyitipie of 1/8v, In the rangs
178v,<top vo|t<iy, Ths bottom vocitags can be set from @ ¢o
7/8v, In similar Insrements,)

With the window wide open (Tellp = &+ Beilp 5 7) the
16 Inteneity leveis avallabie In the computer correspond <o
coars® 1/16v, ateps over the full iv, video range. For the
narrcwest window each [sve| represents 1/16 of a selected
1/8v, total range. Equmtion 2,26d rejates the 16 relative
leye s, P<1<1+15, to corresponding yoitages in terms of <the

absoiute range sesjected by Tecliip, Bellis,
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V@) = it (Top Volt ~ Bottom Volt) + Bottom Volt  (2,26¢)

The gbliity to accommodate the gquantization windew
greatly enhances the effectiveness of the four avaiiadle
Bits. The auant{zer can rescive Iintensities In selected
178y, ranges to the squivalent of 112 (evels (about & 1/2
sits} over the totai iv, range, This figure |s based on the
fact that out of tha 16 possibie ievels In any window, <the
lowe®t and highest values Indiocate oniy that the sample s
out of rangs (low and high respectiveiy,. The 14 mliddie
values are valld voitage represpntations in the sense of
Equation 2,269, There are 8 opossibjle 1/8v, ranges, sach
gontribyting 14 definitive ilevels, a total of 112,
(Afternatively, It coulid be sald that the specification of
the window contribytes three additional bits of informatien
2o the {4 1|nesar lsyels ;nsldo the window.)

1t 1s possiple to simulate the actleon of a 6 1/2 bl
dlgitizer over the ful| dynamlie rangs, A sgens |s observed
through eagh of the sight narrowest window positions, The
window number and value are recorded, when the intensity ls
In the range SSi<ia, As stated, this procedure I8 very
ineffiolent, i1t should seldom be necessary, however, %o
sample ali sight windowss <thesre 15 rarejy Iimportant
jnformation {n ai|{ range®, Furthermore, fine detall I3 not

recossary osxoept to resoive specific ambigulties, in sysh
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cased, the specific marrow window that brackets the initial
data {(obtalimed with coarse gquantization) can be ssiected

directliy.
11,3,4,2.2 INFLUENCE OF QUANTIZATION ON IMAGE

The Infiusnce of guantizaticn depends on how the
intensity Information In an Image Is to be used., Thare are

two basic types of intensity measursments:

O Ditterentialt In appiications, Such a% edge foliowing
and acauisition, it is important to know that two
intensities differ, How mugh they differ is lens
significant, The 16 intensity fevels In any window can be
ysed dlirectiy without callibrating them to any absolute scaje
(as with Equation 2,26d;, Differential data |s gonsequentiy
jess costiy to obtalm, Prlor te the present work, the elm-?a
was only used In this way,

The prineioal influsnce of the auantization window
width on differential Intensity measurements is %o offect a
trade~off between dynamlc rangs, on the one hand, and
{ntensity galn and resolution, on the other, A wide
window ppovides colpge pegoiution over & bpoad range of
intensity. A narrow window provides fine discrimination
In a seiscted range, The detalls of this trade-off are

symmarized by four considerations:
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i, Oynamic Range, A narrow window wi|| not detsegt
any edge, both s|des of which 1ie adbove (or beiow) thes
window boundary, Recai{l the |oss of edge B in Figure 1,7,

2, Galn, When two |ntensities are contalned
within a quantization windows, narrowing that window wil]]
enhance the diffgrential contrast petwesn them, The sffect
Is sauivalent to pure gain, singe any nolss 2that may be
pressnt on elther sigral will also bes amplified leaving the
ratic of contrast/nolse deviations unchanged.

3, Nolee [Imiting, If the window width Is narrowsr
than the contrast betwesn two Intensities, such that one
registers as out of range |ow and the other Is out of rangs
nigh, then the edge transition will be effactively sharpensd
by Intensity thresheiding, This hard Iimiting eliminates
noise on esach s|ds, Thess effects ars shown for an
intensity profije of an sdge In Fligyre 2.6,

4, Contrast Resojution. Two Intensities may be
jumped into the same aquantization levei and 80 be
Iindistingulshable when viewsd through the coarse resolutien
of & wide qguantization window, Narrowing the window may

improve resoiution enough to detsct an edge,

2. Absoluts! For tasks such as color anaiysis or
odgs detection; using statistica| methods, diffsrentia]
measurerents are not sufflcient, It I® Important in these

cases to obtaln the actual |uminosity of the specimen
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expresssd on an absc|ute brightness Sscale, (Absciute
measurerents are negded, for exampls, to compars intensities
obtained with different color fliters, The brightness of
colered objects |s stronaly affected by the color of the
fitter, A single window that |s wlde encugh to contain the
range of Iintansities from all fllters may provide Inasdeguate
resojution, | The ajternative Is to use a window
optimized for each fljter, This would preciude a
direct comparlsen of the observed valu®s,,

Absoiute measurements, by definition, require that
ajl intensities be In the |inear digitization range (1...14)
of the guantizat|on wlndow, Narrowing the window redyoes
the nurber of (ntensity samples In an image that can De
valldiy encoded, There I8 no concept of contrast sahancement
assoclated with a reduction in window width, The additional
filoiution simply reduces ths uncertalinty !nttdducod into

the measurement by guantization,
11.3.14.2,3 QUANTIZATION UNCERTAINTY

An Individual intensity sample S an estimate of the
mean bplghtness of san ebJject, in the absence of
ayantization a Gayssian distpibuted variacie wlif{ differ
fror 1ts true mean, u , by an amount less than 8u wWith

econfidence glven by
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(2,
C = #(?-u*) . 8, = standard deviation of u Eailiht
5y d
PRi(y) |Is the well=known normal srror Integrai, Its vaiue

fs the proportion of total arsa unger a normaiized-Gaussian

cutye contained yithin ¢/= y units of the mean,

y
*(y) =ﬁ;[ e X272 gy (2,28)
-y
Our opresent problem |s to determine how the Introduction eof
auantization will affect the ascuracy and confidence with
whigch the trus mean can bes estimated,

intultively, with very flne guantization, the
Jyncertalnty of the aquantized signal must approach the
inherent uncertalinty of the orlglinal source, glven by
Equation 2,27, On the other hand, with very Coarss
suant!zation, the uncertainty Introduced by the quantization
interva| must dominate. In the j(atter case the quantizer
can be thought of as gontributing additional noiss to that
already oresent In the original signali,

These ldeas have been formajlzed by Ross (Susskind
(19871, He determined the accuracy with which the
statistics {mean, mesn sguare stc.) of a signai could be
recovered from a guantlized representation, Specificaljy,
Rcss corplied & probabliity density function from quantized

intensity samples, To evalumte the accuracy of thls
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reconstruction he calcuinted Its moments and comparesd them
with thes corresponding ones obtained from the density
tynctlon of the original time series,

The probablijty density of the amplitude of a time
function relates the percentage of time over some
measurerant interval that the functlion spsnt at each
amplitude fleve|l In Its domain (ses Figure 2,7}. AL
statistical parameters of the original time function (eg,
the average or mean, the mean sguare etc.) c&n De found from
Its density function,

Quantization can be modeisd as & samp|ing operation,
applled to the Intensity range of a signaj, Ross based his
analysls on clever anaiogliss drawn bestween this model and
the weli=understood process of time sampling. He remsoned
that probabllity density Is a function of amplitude in the
same Sense that the original function is related to time,
Sampiing rate, 1/7, for a time signal is determined by 2the
freguency ocontent of that slgnaj, The proper auantizing
{ineness, 1/a, shoujd thus be determined by the analogous
freguency content of the ampiitude oprobabijlty dens|ty
function,

The following Is a sketeh of Ross’ results. It Is
my fesiing that the general snginesring community i3 not
sufficlientiy aware of ths fundamental nature of this work,

Quantizing Theorsnmi Let w(x) bs the oprobabliity

denslity of time funetion x{t}, W(a) denotes its Fourlar
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transform, Let g be the width of a gquantization Iinterval,

1e
W(a) = 0 for |of 2 fi (2,299

then wix) may be completely recoversd from quantized samples
of x(t}),

Proof of Quantizing Theorem,

Figure 2,8a compares ¢ths continyous probabii |ty
density function wix) that was obtalined from x{ty with the
discrets density function w’ {x) developed from digit!ized
sampies of x(%), A quantizer converts afi{ vatues of x{t)
within a cgontinmuoys aquantization ranges Into a single
discrete values xip{(t) corresponding to the midpoint of the
sagrent, Therefore the distribution function w'(x) of the
quanrtized signal wlil bes Zerc at a|l vaiues of x @except
integra] mujtiples of a, The values of w'(x) at na represents
the fraction of the vaiues of x{t) gontainsd In the Intervaj
nag={a/2)<xsng+{a/2), (A quantizer sffectively |umps #ii the
denslty undep wix) from (nge(g/2) to ng*(g/2)) Into a singje
Iimpulse at ng,)

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

that this function can be obtalned by convolving 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

Fig. 2.8a Sampliag the Probability Density Functien

f(x) = %, - g
f(x) 3’ %{1(2

af (2q-0

1
0 OTHERWISE -
| w(x)

w'(x) = q fw(y)fly-x) dx ki
w'(x)

Fig. 2.8b W'(x) From w(x) by "Fuzz and Sample"
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rectangular pulse, qfi(x), Then the resulting "fuzrzedn
function, w"(x), can be sampled at Intsgral intervals ng, n
s 2,4+2,,., to obtain the quantized distribution W' (x),

With this mode|, one can determine the maximum
quantization Intsrval which wil] aljow adeguate recovery of
the desired signa| statistics, Sampiing a funetlon In the
time dorain with a perlodie Impuise traln Is known %o
qenerats a operiodicaliy repeatsd spectrum of ths sampied
function In the frequency domain, [f the sampiing rate |s
at ioast twice thes highest freauency found in the
(band=1imited) signal, then ths perlodic spesctra wll| not
overiap, The exact spsctrum of the original signal can then
be Isolated by |ow pass fi|tering. 1? the signal
Is rot band=iim|ted, or the sampllng rate not frequent
anoughs then aillasing of the spectrum wii| ecomprom|se
recovery of the original signal,

In quantlization, the amplitude axis (of the density
function) vrather tnan the time sxls Is sampled, Ao are

thus concerned with isociating the spactrum of:

L3

w (x) = wx)® f{x) . @ = convolution (2.32)

From the periodicaliy repeated spectral kesrnal

W'''{a) = W{a) * F(a) (2.34)
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{Note that the factor of g, introduced In Figure 2,8b, |s
canceiled by the spesctrum of the gerlodic sampiing pulses
with whiech 2,31 |s convoived,)

The ansjysis i{s completely analogous ¢to that
deveioped for time sampliing. Samples, spaced by q In the
amp!ltude domein, wi|! have separations of 2#/q in the

frequency domain, f{a) is not bands]imited,

tn 9
Flo) = ——e (2.32)
D

2

Thus, W’‘’{2) can be exactly recoversd providing condition
2.2% applien,

W(w) |s obtalned from W/ ’{(a) by dividing It by F{e),
{the division can bs performed since [F(2)|>8 for |®iSe/q,}
Finaiiy, wix) Is retrisved from W{®} by Inverse

transformation,

Applicatign of Quantizing Thegrem t, Gaussian Sicnllu

In th's theslis we are goncerned a|most exciusively
with digitizing Gaussian distributed signais. The spectrum
of = Gausslak waveferm s also Gaussian and 2thus not
strictiy bands(imited as required by tnes quantizer theorem,
[t Is well=known, however, that, for practical purposss, the
dynarlc range of such signajs |s affectivejy 3 standard
deviations on each side of the mean, We would expect to do

reasanably well at recovaring the first few moments, |f an
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adegyate nymber ©of agyantizagion Ingervals are spaced oyer
this dynamie range, Ross caiculated the theoretical
sffects of foldaver from finite quantization of a normaliy
dlstributed signal., He reached the Intuitively satisfyling
conciusion that with, a aguantization [nterval one standard
deviation in width, the flrst four moments of the aquantized
distribution differed by I(ess than J«(10+-5)X from the
corresponging moments of wix), This revoiution proviges
oniy ®ix guantizatlion leveis over the dynamic range of the
distribution, Yot, finer quantization will not
cignificant|{y Improve the statistical characterization of
this signai, .

The resuits of Ross’ work can be summariZed by
noting that the effects of quantization contribute twe
distinct modes of nglse!

1, anliasing causesd by undersampiing and

2. ths fuzzing effect cf a finite guantization
Interval,

The flrst rasuit |s rejsvant to iho sejection of an
approprliate guant!ization 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 avold ajlasing effects, With thlse
guantization finenesse Ross showed that the sexagt density,
wix), of the original time signal, x(t), could be

thescretically recoveresd, However, an sxpensive deconvoiution
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is reguirsd to remgve the effscts of nolse source 2, the
fyzzing fungtlion, tn practice, aquantized signais are not
sybjected to this processing. Therefore, what !s observed

is the density functlion

w'''x) .-_I wiy)f(x - y) dy (2,33}

rather than wix}, w/’(x) |s the same density
function that would be obtalnsd |f an Independent source of
random nolss with distribution function f(x) were added to
the process, described by wix)., In other words & finite
auantization Intsrval, 4; has. the same effect on the
recovered moments as would a source of uniformiy distributed
nolse of mean @ and mean sguare {power) of ¥q*2/12, summed
inte x{t) before the moments were calcuiated, {This mean
square value [® based on

qQ/2

[x‘zﬂl)dx = -;--‘L/zxz.dx =

(2,34})

=P

(This result |8 wel|eknown to statisticians as Sheparg’s
gorrection to the 2nd moment calcyiated from grouped data,
1t Is the error that will pe Opserved py calguliating the 2n4d
moments from W’’‘{@)=zW{a)sF(a) rather than first dividing %o

remove tha effects of the fuzzing function,)
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Implications for Noise Reduction by Averaging,

The model of a quantizer as a source of uniform
randem noise I8 only valld, when the obaslig quantization
Interval Is sma]! engugh to sesiiminate aliasing. T™his
constraint has Important Imo|ications for accommodat|ve
stratsgles, Temooral averaging of the quantized signa!
wiil reduce the compination of quantization and source nolse
{described by w’’'‘(x}) by 1/sart(N), 1! the guantization
Intsrva] goes not satisfy the ajlasing constralint, however,
the effectivensss of this averaging must deteriorats, In
the 1Imit when the Interval width becomes greater than the
maxirum signal deviation, no improvement by averaging |s
possibie, Since al! sampies wil| be quantized to the same
vajuse, (The theoretical rejation betwesn averaging
sffactiveness and quantization widtn warrants further
investigation, Ross’ model seems (lke a promising
approach to usse,)

Averaging cannot porrect the loss of detall, caused
by unde,~sampling, Allasing unceptainties can De removed
only by using finer guantizer resociutions, Narrowing the
wingow beyond the rsauirements of the quantization theorem
will reduge the fuzzing wuncertainty (Equation 2,34),
Howgver, un|lke avereging, It wliil not refing the baslc

uncertainty in the soyurce,
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11,3.2 OPTICAL CHARACTERISTICS

In this section we briefly derive sSome wellsknown
resuits from photographlie optics that are necessary tﬁ
understand the optical accommadations of our camera,
Readers wishing more detall are directed to any standard
photographic text (o9, Larmore £1965), the primary
refereonce for the discussions that follow),

We wiil describe the Imaging properties of an
slerentary camera, consisting of a simpis convex lens, In
actunllity, ocur camera’s fens contains two elements, but the
results of our analysis depend onjy on parameters that can
be mode|ed by an sqaulivalient f{ens,

Flgure 2,9 |liustrates & singie jens camera, The
region from object to lens will be known as object space and
x; the object distanecs, Correspondingiy, vy I3 the Image
distance In |mage sSpags, X and y are reiated by the focal

iength, according to the weii~known Gaussisn {ens squation

(2,3%)

o |-
+
ol L
L]

v | e

{This equation can be derived directiy from the gecmetric
optics of & simple [en%; rays through ths |ens cente?r are
not bant, whije rays parajje| to the principa| axis ars bent
to pass through the focal point, A derivation in whiech

the lens 18 modslied by Introducing phass delay Inte ths wave
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front Is given In Goodman [1968],)
The |ight gathering power o7 a |ons Is characterizaed

by 1ts focal| ratio or f#, defined as
1, = 3 12,38)
The latera! magn!figcation, M, is given by

— (2.37)

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

axpressad as

(2,38}

8
]
e
]
o b

11.3.2,1 EFFECT OF OPTICS ON IMAGE BRIGHTNESS

In a strict sense brightness (s a supbjective term,
applied to an objJect’s appearance, as seen by the eye, For
guantitative measyrements we define

1. {umlnous |[ntensity as the tota! |ight em|tted by
a source,

2, {uminance as the |ight smitted or refiected per
ynit area, and

3. Iliuyminance as the |ight/unit area incident on a
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surface, To lllustrate the use of thess terms and introduce
more Standard definitions Imagine a ©ooint source at the
center of a 1 foot sphere. The juminous intensity of the
source {3 S candies power, It emits jight flux that
propagates <through space. The unit of flux Is the lumen,
4y lumens=1l candle power, The Illuminance (light/unlt
area); falllng on the Inside surface of the sphere, s
{2S/42{R*2), This egquation Iis the faml|iar inverse S®quars
taw, It Ssi candlie power, then I={ foot candie, Expressesd
in terms of the |uminous flux density, this iijluminance |Is

squivaisnt %0 1 lumen/squarses foot.
11,3,2,1.1 PHOTOMETRY OF A BROAD SOURCE

It Is ssidom necessary to [0ok at a point source,
The 11ght fluyx (In [umens), ref|acted from a surface S per
unit area, |s known as the luminance E£¢8 of that surface, [n
order to estabiish Image Drightness in t.}ms of the
brightness of an object, we temporariiy make three
simpl|fying assumptions (Fligure 2.10a)!

1. The object Is distant and will be im:ptd In
the focal planes of the lens,

2. The object |Is pesrpendicular to the axls.

3. The surface Is a diffuse refjector,

First, the [Iluminance at the |sns wi|| be found, 1If

Ass s the area of S, Essehis wi]|| be the total emitted f|ux
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in lumens, If amn Imaginary hemisphere wers constructasd
about this source (Flgure 2.10b)s then ajl of the f{jux
emitted by S must be Intercepted by thes hem|sphers. Let
the intensity (e, flux density; at the center of the
nemisphere (the position of the [ens) be l[41.

A cdlffuse reflector appears sgually bright from al|
girections, Lambart’s Law states that since the projected
area of the source decreases a3 ths cosins of the angls
petween the viewing dlrection and the perpendicular, the
flux density must ajso decrease (asS coS (thasta)) to maintain
the appearance of constant I|jium|nance. Thus at any off
axls position on the hemisphere [=[41 <cos theta. I+4 Is
deflned by the regulrement that the total surface integral
of | sauais E+ss®Ass, The Integral is Straightforward under

the assumption that the linear dimensions of the sourcs are

{{x,
- n/2_2 2
ESAS 2713{{ x 8ln Scosbd = rrlix (2,39)
Therefore, the [i|juminance at the |ens Is
E
I. = -§—-A-§- [2.‘53
1 xxz

1f the clamater of the jons D Is also <<x, the {|yx

through the ;enS wl;; Simp,y be
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Fig. 2.9 Single Lens Camera

AREA As
AREA A

F—x———f—r

OBJECT LENS IMAGE

Fig. 2.10a Image Brightness of an Extended Source

Fig. 2.10b Light Collected by Lens
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when ali of this ?iux |s focused onto the Image of S, the

ftiyrinance of ths (mags I3

2 2
1.xD E D

A ' o s's (2,42)
Al 4Ai 4&%::2

where A4l |3 the area of ths Image, Aé¢l I8 reiated to Ass

oy the sguare of ths |inear magnification ratlo,

Al =mPx A, = t2,43)

xwl"‘o

where 7 |s the foca| |ength of ths [ens, Substituting Into

2.4 yleids the desired Image [iluminance

2
D
s (2.44)

ﬁ =-:?r

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

The most sigriflcant results of the abovse
rejiationsh!ips for our work ared
B The |mage brightness deperds on the Sourge

vrightness and the (ens 4, but not on the objesct distance
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X,

2. Brightness at constant f# [s independent of
magnification,

In concluding this sectien, It Is appropriate to
relay two of the constraints invoived In this derivation so
that the resuits wiil be more appiicable In practice!

1. Off axls sources: S could be piaced off axls
(We wiil do the anajysis for one dimension.) at an arblitrary
angle to the |ens (see Figurs 2,11), Assuming l:1 Is the
fiux density at distance P, operpendicujar to S, then by
Lambert’s Law the fjux, approaching the fens at angle phi
frorm this perpendicylar, Is simply
cho‘ﬁ_E.Scm{p (2.,48)

1

sz

L

The projected area of the jens ajong this ray 18

A = =D’ o8 9 t2,47)
L ¢ °

Hence the total flux, absorbed to form the image s (from

Equations 2,456 and 2.47)

F = LA cos ¢ cos § (2,48)

2L

. 0’ Zs’s
T 2

P

Again al| of this fiux |s focused ontc the Image of the

projectsd area of the swsource, Aés cos (phly, The
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magniflcation of thg (ens In terms of p wil| De

L, _t
m =% " pcoss (2,49)
tharafore
2
= f ‘
Ay = (so5) Ageoso (2,50
2 "
D EsﬂscOIqchQJ
2
e 3
z Agcos ¢
p coms @
2
E.D
I = 8 c0338 (2.516)

e
Nots that 1:] Is Ingependent of phl, Thys, In the case of gn
eadgs of & cube (see Figure 2,12) the differences |n
prightness of ths two adjacent faces wi|l oniy be a funection
of thelr reflectances and the incldent I{lumination, In
the comron case® whepe the cube s a homogeneous body, ths
adge will be manifsst entirely by diffesreances Iin t¢he

girsctional naturs of the (ljumination fleld.

2, Extended sources, Equation 2,49 which defined 41
depended on the fact that the ocbject’s dimensions were (<x,

Optical systeoms, nowsver, ars |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 Images can be analyzed, at esach point, using the

orincipie of superposition and the results derived above,

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

Limiting Spatial Resoiution

In optical Instruments,; ¢the maln I1|mitations on
spatial resciution result from diffraction and lens
aberratjons, Howgver, the resolution in a digltized

telsvioion image IS |imited primari|y Dy the raster sampiing
rats and the bandwidth of the videco ampilfier, In gyr
system, each horlizontal scan |Ine |Is sampled 333 times,
(This rate Is consistent with the 19 mc. bandwidth of the
video ampiifier,) The horizontal Scanned area s 1/2",
Thus, the size of the basic resciution ceil on the face of
the vidicon |Is ,5/333=1,6410*(-33}", Because diffraction
affects ars Insigni?icant on this scale, afl subsequent
analysis wil! be bassed on the simplified modeis of geometric

opties.

11.3.2.2.1 FOCUS

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

objects are In “gatisfactory"® focus. A workable
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definition of ‘"satisfactory” focu® can ©bDes based on the
geometric model I|lystrated In Figure 2,13. A point sSource
af (lght, out of focus, |3 Imaged as a circular disk, (known
in photography as & clrcie of confusion). Ths diameter of
this disk |s a measurs of unfocus. In particular, the
image of a point can be taken ¢to be |n focus, when the
dlarster of Its clrcie of confusion falis within a single
resciution cell on the Image piane,

Im Figure 2,13, a point source on the axis between
xéi and x+2 will| be Imaged betwsen yi¢l and y:2, In tnls
rangs, the size of the disk, definsad by the rays In thes
image plane, wll| be less than the diameter c, Let c be the
dlaneter of a resclution cell, le, the maximum ajliowable
clirele of confusion, Then xsl and x42 defins ths near and
far flold timits of 7ocus for Image distance vy,

x+41 and x+2 can be sxpressed as functions of x (the
nominal depth we are focused for), f(the focal |ength 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 [mage space
y-¥ Yo-¥

(2,52

AT

We use the jens formula %o 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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xf-xf xf - x,t
%';1:-:1(';’:-3-!

1 2

(2,53

These scuatisns can then be soived for x3:1 and x#2!

d
L "I -cx-D (2,54a)

32 = *cv‘ {2a54b)
The desired resuits foljow dirsgtly

| e D m=x -x v —SEE-0
Far Depth Dl x, - X dl-c&-0 (2,95a)

C -
Near Depth = D, = x - Xxp = ﬂ%ll—?-ﬁ (2.985p)

Depth of Field = Di +* I}‘2 = (€858

- - 0
The significance of thess eguations for our purposes
ared
1, The depth of fleid decresses as d incrsases, The
oftect of a blgger {ens apsrtyre is to widen angles a=04i’ep
and a=0427=d |n Filgyre 2,13. Conssauentiy, the slze of the

clrele of sonfusion, corresponding to =& point source a 9lven
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distance from the focused rangs, wiil bos Increased,
2. The depth of ?leid will alsc decreass as the
focal length of the lens Is ingreased., This faest Is most

sasiiy seen by rewriting the lens squation |n ths form
x-Dy -0 = (2,56)

This equation has been plotted in Figure 2.14 In &
normgllzed form py [(gp®iing poth gxes [n ynits of ¢,
Conslder the image distances yi+l and yé¢2 corresponding to an
arbitrary Interva| of depth In obJject gspace, for example,
3w te 27 -, HWith a ir» jens {e9. Tzl) these depths |ie on
the horizontal asymptote of the figure, Thus, only
an Iinsignificant differance saxists between the yecoordinates
of thelr respective best Image planes,
This situation <typifies a Dbroad depth of (flsid, Now
consider the effact of a 4" |Jens focused at these two
ranges, Utitlizing the norma|fzed axes, 12" and 20", now
plot at 2,5 and S respectively. This oproduces a much
greter disparity In theg two focai distancegs (rgmembgr that
the y axls |s ajispo scaled by 1), As a resuit, It Is mueh
mnarder for both points to be In focus at the same time,

3, Depth o flejd varies Inversely with rangs,
This fact can also bes demonstrated wusing Figure 2.14,.
Decreasing the Image distance moves the operating points on

the horizontal axi{s towards the sharpiy sioped reéeglion of the
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curve,

Depth of Focus

Depth of focys refers to the ajiowseble toisrance In
image distance ovar which the Image of an object remains In
acceptable focus, In Flgure 2,15, distance D represents
the depth of focus for an allowable circle of confusion
dlareter ¢, From the flgure, we see that this interval |s
symretrical |y placed about the opoint of best focus, By

simjlar triangles

< __4d
l - y (2;57"
21)
for x>2f, y~f, tharafore
D = ?-i‘-c{-i‘-ﬁ = 2xext, (2,570)

We wsee from Equation 2,57b that depth of focus Is diregtiy
proportional to f# (eg, f/d defines the shape of the focys
trigrngie In Flgure 2,153,

Depth of focus measures how sharply ths bdest Iimage
gjane 18 defined In Iimage space and |3 thus a ussfyl
criteria for bounding the precision of aytomatic focus
ajgorithms, In = relnted application the chosen point of
pest focus can be used with the lens squation to provide a

crude estimate of depth, In this context It is Important to
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Fig. 2.13 Diagram Illustrating the Depth of Field

Y/t

1 2 5 i0 15 20

Fig. 2.14 Lens Equation: (X-f) (Y-f)= t2

- —f

ok

Fig. 2.15 Diagram Dlustrating Depth of Focus
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relate the uncertainty that D represents In ths Image plane
to an equivaient uncertainty In object space, The |{ens
equation can be used to transform the snd polnts of Interval
D into obJject spacs, For d>>c, there Is an aigebralce
Identity betwesen this reflected Interval and ths depth of
flelc predicted by Egquation 2,55¢c for the same f# and Image

plane {(y},

Flaid of View

The fisid of view of a television camera |s the
volure of sSpace encjosed by the rectangular cone shown In
Figure 3.2, truncated to the ssliected depth of fle{d, The
cons |s deflned by projecting the image plane through ths
lens, At each object distance the inverse magnification

function of the Jans |s

xs
m~ =o==7 (2,58)

This factor, applied to the dimensions of ths Image piane,
wij| determine the width and helght of the scene that wi||
bs In view (The half angies, & and B, subtended by the
projscted image piane, are sometimes known as ths horizontal
and vertica]| viewing angles.}, Fleld of view Is a function
of x (the range at uhich focysed), f(focal Iength), and

a{iris),
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11,3.2,3 COLOR

A talevision camera responds oniy to the total iight
energy that is absorbed by Its Image tube. Two surfages,
easily distingulshed by the ¢y® on ths basis of a cojgr
difference, may abpear with the same tonal vaiue when
reproduced In bimck And white, This situation was
Iliustrated in Figure 1,1%a for the case of three colorad
blocks, The brightness, I, at which cojored objects wiil be
rencersd depends [ntrinsically on three factorsy

1, the Spectraj composition of the Sourcs
ltturination StX},

2. the spectral reflectance of the object’'s surface,
O0{x), gnd

3. the spectral sensitivity of the vidicon WX}
(see Flgure 2,16,

These factors ars rejated by Eaquation 2,59,
I= J B(A)O(A )W) ax (2,5%)
A

A In practice I8 |Imited to the range 3580A*0<A<7000A%0 by
the sensitivity of the amera,

Color fliters modify ths spectrai composition of the
light passing through them, Let F{\) describes the spectral
trarnsmission of a fi|ter, The sffect of outting this fi|ter

In the optical path {s givan by
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Fig. 2.16 Typical Spectral Sensitivity Characteristic of Vidicon
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I = ]sa;ommwm A (2,60)
A

Coior fliters can be wused, for example, to emphas|ze
seiected colors {(as In Figure 1,18bed) or to restore thas
contrast betueen two colors siiminated by strict biack/white
tonal rendering, I!n Chapter 7, the reiative brfghtnassls
obtained through the various fi|ters are used o recognize
color,

As a general rule, a colored Specimen can be
|ightened, relative to ¢ths average briahtncgs level of a
scene, by using a f||ter of simiiar cojfor (ie; & matched
fiiter), Converseiy, an object can De darkened by using a
fiigor of a differeny ocolor or blackened by uging a fiiger
ef the compi{imentary color {(see Chart 3,3),

The eolor whee! of ouyr camsra hojds thres cojor
sefective filters (In addition to a neutral patn), These
fiiters partition the gompliete sepegtrum Iinto thres broad
band® gentered In the red, aresn, and blue reglions, The
transmission characteristics are shown in Ffigure 2,17,
Further detalls can be found (n the Kodak Filter Manual

[1968],
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TRANSMITTANCE

TRANSMITTANCE

TRANSMITTANCE

A%

1% —
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200 300 400 500 600 700

58 - GREEN
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100% l ] I f |
200 300 400 500 600 700

Fig. 2.17 Color Filter Characteristics
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CHAPTER 111: INTERPRETATIUN ANU USE OF MODELS

The oplcture taking process can be parametized as |n
Chart 3,1. The appearance of a scens is characterlized by
two-dimensional patterns of properties, |ike those in column
a. The camera transforms this scens into an image descriped
by the characteristics In coiumpn ¢, Becauss of the physicsal
limitations of the came,a, oniy thoge cha,acte,igticg 0f the
scene, in the range seiscted by the accommodation parameters
of the camera, wli! appear in the Image. The camera, In
effsect, Iis an adjustable muitiedimensiona! window on the
world,

In this section we wiil mode! the Iintesraction of the
camera accommodations {Chaptar 2) with the sceane
characteristics to determine the composition of an image, In
the following section we wiii use these results to correlate
accormodations with the Information requirements of specific

tasks,

I11,1 SUMMARY OF SCENE CHARACTERISTICS

In this study a sSceng is Iimitgd to table-tep
environrents simitar to that pletured In Figure 1.1, Ths
simensions of the usable hand-eyes work space are drawn f|n
Figure 3.1, Typlca! objscts have jateral dimensions In the

rangs from 374" to 6", Detajl, whose sxtent is fess than
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Scene Chatncterlsticq

Camera

| Image Characteristics

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

Intensity Window

Contrast

Color Tonal
Rendering

Spatial Window
field of view
depth of field

Level of Textural
Detail
1. Magnification
2. Spatial
regsoclution

Spatial Noise
(combined
results of
scene and
camera noise)

Chart 3.1

Descriptive Parametization of Imaging Process
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TABLE AREA
IN FIELD OF VIEW

19.

- 30"

ARC EXCLUDED
FROM FIELD OF VIEW

(It = 18" FOR 1" LENS)

Fig. 3.1 Dimensions of Table Work Space

k T
----- [ ]
g- f--.-_l f---" : f

10 20 30 40 50
LENS W x H wox i W x H W x H WxH

i $x3.75 10 x 7.5 16 » 11.25] 20 x 15 |25 x 18.75
2 2.5x1.87 | 6 x3.75 7.6 x 5.62] 10 x 7.5]12.5 % 9.37
1.7 x 1.25]1 3.3 x 2.5 | 5 x 3.75 8.67 x 518.33 x §.25

. _ _ . _LENS TO SUBJECT DISTANCE (D) 4 ”
NOTES: WIDTH OF FIELD W) = 32t rc TOCAL LENGTH (NCHES; ALL UMITS IN INCHES

HEIGHT OF FIELD () = 0.75 » W

Fig. 3.2 Field of View
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2742", |s classed as texture,

The luminance of obJescts in these scenss covers a
160:1 dynamic range (from 1 ft,c. for a bilack object in
figurescent room |lighting to 16@ft,c. for a white object,
dirsctly [lluminateg by the 124% watt quartz~lodins sourcse),
The range of obJect reflectance (|ightest to darkest) Is
aboyt¢ 25:1, Hence ¢hs range of effecyliye fiigminagion
enerqgy Is less than 811, (1f itjumination possibiiities
Includeg suniight, ths overai! dynamic range would be
considerably extanded, Furtharmore, if a single tllumination
source were used, an additional 23:1 variatlion could be

axpscted dus to directlionaltlty.)

[11,2 SUMMARY OF [MAGE CHARACTERISTICS

Image characteristics are summarized Dy the concept
of & window, This concept defines the range of
intensities, or depth, or cojor tones, etlc.. distinguishable
in tne pleture, The resoiution of tne detall contained In
each window Is Inversely reisted to the wlidth of that
wlngow, We have already seen several exampies of this baslc
trace~-off, Chart 3.2 summarizes the two principal
gets of Interdependencles among image characterigtics and
inciudss the relevant accommodations which Infilusnce how

sach trade=-off Is rasoived,



Intensity Dynamic Range

i

Sensitivity

Quantizer
Ciipping
Levels

Color Filter
Iris

4

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

INTENSITY WINDOW

Field of View

-
Lens

Pan-Tilt
(constrained by image geometry)
T4
Iris # Depth of Field %;:;nification)
Lens,
Focus

Level of Detail
(texture, size of object)

SPATIAL WINDOW

Chart 3.2

Window Characterization of Accommodation
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I11.,3 SUMMARY OF ACCOMMODATIONS

I11,3,1 INTENGITY WINDOW

The rangs of scene brightnessss at which g¢ontrast

wiil bs svident |s sejected by four adjustments:

1 sensitivity: controis the gain of the
vidicon, [t sets the range of absoclute iliuminance (on the
vidicon facepiats) which wiil produce signals in the dynam!lec

rangs of the video ampijifler;

2. Irisi controis the amount of tight from sach
polnt In the scens that wli! reach the vidicon;

3. color fliter: blases the spectral| composision of
ight reaching the vidicon. This oplasing affects tona|
renagsring and contrast In the Image,

4, clips: selects a [Imlited portion of the

ampiiflar range,

The comblineg effect of the first thres parameters |s

expresssd analyticaiiy by Equation 3.1,

2 ¥
v = x(i’-—f L) FRAIWR) dh) x Ex Fohs
af 2

d - iris diameter
f - focal length
F@§) - filter characteristic
W{A) - camera spectiral response
v = vidicon gain, v = 0.65
a ~1.4
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Tnls savuation constjtutes a comprehgnsive photometric mode|
of the camera, It expresses the overa!! transfer function
between the spectrai IHluminance, L{X), of a scene eleomant

and the voltage at the cutput of the video ampiifier,

Only Illuminances that produce volitages in the range
from .288 to ,992v. can be Iinear|y quantized, This
timitation sets an guter window, The quantizer can, of

course, seiect a much narrower window within this range,

I111.3,2 SPATIAL WINDOW

The dominant accommodation that influsnces the
spatial window Is the focal length of the 1ens, In briet,
the larger the Igns Is, the higher the magnification wij|
be, Higher magnification Impilss a smajior fileld of
view with more visipie fins detagll, The fieid, seen by the
camera from its origntation In Figure 3.1, |s bounded by the

intersection of the rectangular viewing cone (Fligure 3.2y

and the table surface. The geometry of this
Intersection 1Is a function of camera tiit, The anaifysis
Is compiicated by the fact that the tilt axls does not |le

on the principal ray of the iens,

Sobel [1970] has derived a parametized coliinsation
transformation that maps any point |n the Image plane intg a
corresoonding point on the table surface, Thils

transformation, appliled to the four corners of the Image
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nfares, rcofines |heg trang?nigal area of tne table=top
(Figure 32,1) that witt ne in wviawv far a given fens ang
rarnera ancgls,

The geometry of tne transformatlon wilith respect to
tii1t anrgle is i1ttustrated in Figure 3.8, This flgure 185 a
twn-rimgnrsional, vertical, crossesectlional cut through the
ceirripal rav, 1% Snows tne near ang far tadle linits tThat
wilt be In view for any %tiit angie, #ith simple yaometry It
san re shown that

X

Al w (v, + d, cos A -dzlinh)tan(%- Ai-B)-l-(dlsinJ\-l-dauosA)

" (3.2)

Tre nerlvation of “hase a2quatinns Is sketched In Flgure .8,
The area enclosad by thneg trianguiar reziosn
consisting of Xsn,¥xsf ana tThe |ens centar, defines a

t

gotentlal field of wlew 1In tne sSame Sense thal the
orientation of a human head and neck does., What Is actually
see~ danpends 0On q«ngre within this conical enveiobg one
loons, The human can roncentrate on a particular point in
spsee oy nannine nis eyspall to line up the appropriate ray
witn nis tovea, He tnen accconmmgdates nls lens to focus on
the rnesirec depin,

The computer nas simllar capapllities, Tre

teievislion Intesrface narovides the optlon of inputting an

arnitrary rectancu'ar portion of the gntlre fieiad of view,
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HORIZONTAL CONSTRUCTION LINE
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i 3
- A
xo, ?0 ; VIEWING CONE
PROJECTION OF
IMAGE PLANE
X {TABLE TOP;
Y=0 ; X e
X | F
X =Y =0 = BASE OF CAMERA SUPPORT
xo, Yo = TILT AXIS = 0, 19.5IN.
dl =

d2 = RIGID DISPLACEMENT TO PRINCIPAL POINT (~7 IN.) g‘gg&g“
LENS CENTER (OF PROJECTION)
H = PROJECTED HEIGHT OF IMAGE PLAN (HEIGHT H)
A = TILT ANGLE
Xy = NEAR TABLE INTERSECTION
Xp

RIGID DISPLACEMENT FROM PRINCIPAL RAY {(~86 IN.) } INTERNAL

o
o]
]

= FAR TABLE INTERSECTION

Fig. 3.3 Determining Area of Table~Top in Field of View
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This situaticn, as Sobe! points out, can be viewed as an
analogy of sye rotation, The vidicon s then focused on a
specific depth, The foca| Jength and iris together
detsrmine a depth window, 8z, about the point of best fogus,
according to Equation 2.55¢c.

The Intgrasgction of this 4ePth wingdow with thy
viewing cons determined by the (ens geometry forms a
composite spatial window |liustrates in Figure 3,5, {Range
is customariiy measured along the oprincipal ray. The
viewing angie, 2P, |s small snough so that the entire area
of the pians it subtends at each depth can be tssum;d to be
in focus when tha center polint Is In focus, This
assurption is known In optics as the paraxis)

approximation.)
111.3,3 LEVEL OF DETAIL

Accommodation, as we have ssen, provides the optien
of obtaining coarse detal| over a wide window or fine detal|
over & narrow window, The finest detai| that can be ssen |n
a diglitized images depends on four factors:

1. spatia| sampliing density,

2. lens magnification,

3. sharpness of focus, and

4, detall contrast,

High magn|fication, sharp focus, and high contrast
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PRINCIPAL
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Fig. 3.5 Depth Dimension of Spatial Window
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ajl lowsr the minimum detail size necessary for thresho|d
visibliity at a given sampiing density, Quantitative
reiationships are developsd In Chapter 6, In terms of the
limi¢ing amp|itude and gpatlai regoiytion of the camera,

The reiation of focus and contrast to detal| size
was {ilustrated in Chaoter 1. By exciuding the tabie=top
from the despth window, the contrast between the unwanted

grig {ines and the tablie-top was reduced,

111,4 APPLICATION OF MODELS TO PERCEPTUAL TASKS

He now have a gquantitative and a descriptive
understanding of how each accommodation Iinaf|usnces the
appearance of an [mage.

The extent to which the ana|ytic results can b® used
depends on how pracissiy one can define the concept of an
appropriate Image., This abliflty wil] vary with ths task,
In the foljoewing two ssctions exampiss of gualitative
(heuristic) and quantitative use of the accommodation mode|s

wiii be conslidered,

111,4,1 HEURISTIC APPLICATION OF ACCOMMODATION MODELS

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

are Initialiy socught over a wide field of view, If more
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detall |s needed to Interpret this coarse Structure, [t can
ne obtained by focusing attention on tne specific part of
the Scens where the additionai Information was nesded, In
sffscts thea more a vision strategy knows about & Scene: the
better it can anticipate what eise wiil be found,
Furtherrore, these expesctations can be util|izeg to nNarrow
the mccommodation window [n order to maximize the |ikellhood
of filnding a specific item of Interest,

For many tasks we may heuristically "know" how to
tune the camera to obtain an appropriate Iimage. Yot wa may
se unable to. sxpress these criteria analytleally. [t Is
clsar, for example, that an appropriate Image for initia)
reconnalssancs should provide coverage of a |arge area of
the table and coverage of =a wide range of ©Drightnesses,
These criterlia seem appropriate, because they facillitate a
thorough search, Furthermore, the low resolution wnicgh
accorpanries wids windows tengs to minimize the chance of
sgslng small, unimportant disruptions of the backgrounc {eg,
qust specks), If these were found, they would requir® some
effort to relect. The desired Image charstteristics
sorrespond to wide spatial and Intensity windows, obtalinesd
with the fojlowing accommodations:

1. quantizatlion Interval set as wide as necessary
to sncorpass the scene’'s dynamic rengs,

Z. sensitivity set according to average scene

prightness toc minimize the numpef of ciipped intensity
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sampies,

3. short lens to maximize fleid of view,

4, Iris sst small enough So that depth of flgldg
encorpasses work space (but no smalier to avolid joss of
signai/nolise), and

p clsar color fliter to eliminats spectral bias,

Ths accommodations |[isted above are Dased on a
gqualitative [nterpretation of the anaiytic resuits deveioped
in Chapter 2, When the criteria of a desirables image are
expresssd in an Iimprecise manner, a gqualitative
Iinterpretatien Is the best use that can be made of thuse
results,

Heuristic criteria also implied the use of ssisctive
windows, when a specific [tem was sougnht., The sffectivensss
of an appropriate coior fiiter was demonstrated in Figuyres
1.12a~d, In this example, the choice of fijter and cllipping
jsvel was based on a qualltative understanding of the
infiuence of thesg accommodations.

This understanding was bulit into the ssiective
attention program, Given two sets of coiors to be
discriminated, the program simpiy consui{ted Chart 3.3 to see
1t any of Its color fliters provided an appropriate
ssgrentation, If so0, the c¢ciips were sSet to exclude
intensities above Oor beslow 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 1Is heuristic In the sense that, whije
It generally Incremsss the [ike|lhood of finding a red cube,
the (Incresse cannot be guaranteed, There exists no analytie
criterion for measuring the optimaiity of the resuiting
image, If a red cube were In shadow, for exampie, It would
probably get cliipped into the black background,
Furthsrrore, we dg not yst know what image characteristics
miniriza search timg or maximize declslion reilablility,

At the pressnt time our knowiedge of ths
accormodation requl,ements of many pe,ceptual functiong g
fimited to quailtative criteria, Iike those used for inftiai
acquisition, (In aimost every task, the role of at lsast
one accommodation |Is only understood at this level,j For
these cases; ths quantitative resuits of Chapter 2 have been
Iinterpreted for specific tasks and bullt rigidly Into the
programs, Given a task, these programs then compare It to
a pre-specified |ist of prototypes, The best match IS ysed
to seject the appropriate accommodation from s table, ke
Chart 3.3,

Ag In all artificlal In¢ellligence tagkg, one hopsg
to eventually have the program |esrn better and more
compiets tables, One step In this direction is tc maintaln
statistics of the rejative effectivensss of aiternative
strategies In various situations, For exampile, two
fiiters can somatimes accomp|lish the same color

dichotormization, (Rad and gresn can be sSegmented using
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either & red or gresn fliter.) Ons of these options may
prove more effective, depending upon the task and the
attendant clrcumstances, For acquisition, the color of the
background was an important consideration, Chnart 3.3 could

be refined by experience to Include thig dimenglion,
I11,4,2 ANALYTIC USE OF ACCOMMODATION MODELS

We now con3jder sxamplies of perceptuai functions for
which some of the measures of what constitytes an
appropriate [mage can be formalized In terms of our anaiytlc
accormodation mode|s, In these casss, [t is poessibis to
obtain the optimally appropriate Image, It 1s expected
that, In time, most perceptual funmctions will be undsrstood

wel] snough to apply this type of analysis,

Degaceion Crigeria

A fundamental performance measure of a visus| System
Is the combination of contrast and size, nessded to detect
the pressnce of a nomogensous pattern, superimpoded uponm a
uniformiy l|iuminated background, Light measurement (s a
statistical oprocess., Analytiec techniques, bBorrowsd from
statistical detection theory, can be used to aexamine how
paraveters of the vision system |nfluence the threshold of
visiblllty,

We wiil first formulates the anaiytic approach In
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terrs of an |deal statistical visua| detector, The anaiysls
will then be applisd to study the sffects of accommodation

on the performance of a reai camera,
I11,4,2,1 ANALYSIS OF AN IDEAL DETECTOR

Consider an Idea! statistical detector that counts
all 1lght auanta cojlected by a simpis optigal system (sg,
Fligure 249y, and produces a gurrent proportional to
brightnass, Assyme that the background light ?lux
coliectsd from a uniformly Ilfuminated area s
Polsson-distributed with mean N{quanta/exposure period) and
stancard deviation sart N, These fjuctuations Iimit the
miniral Incremental Iincrease 3N, that can be detected In a
glven time with a pre~determined statistical confidencs,

Figure 3.6a heips visualize the detection probjem,
It 1Is obvious from this figure that the primary |imitation
on vislbliity Is the size of 3N (the signal) rejative to the
noise deviation N+1/2, 3N must be |arger than sqrt (N) for
rellable detection,. The threshold contrast Is gliven by

AN

. AN _ ~1/2
C N KIN

(3.3

Kég Is a confidence factor that compares the minimum
required signal to thes size of “he normal deviation rangs,

[f the cojjected |ight Is |Imaged onto a squars
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LIGHT N1/2
EMITTED L
BY BACKGROUND I |

LIGHT
EMITTED
BY PATTERN

==
PHOTONS /SAMPLE

Fig. 3.6a Statistical Detection Model

/N2
[y

— —

PHOTONS IN DIFFERENCE

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

[1lyrinance of

: -;}-s (3,4)

which, In turn, is proportional to the scene ||iuminance 8,
Rewriting Equation 3.3 In terms of brightness yieids a
condition which must be satisfied to rsiiably discriminagte

the presence of a pattern,
sc’n? 2 k, (3.5)

The statistical mode! of visual detection on which thls
equation rests was originaliy formuiated by Ross [1948] In,

what S now, a ciassic papsr Iin the area.
111.,4,2,1.1 DETERMINANTS OF IDEAL PERFORMANCE

The left side of Equation 3.5 describes the
information ayaliable from the scene,. Brightness B and
sumration area he2 determine the size of the particle count
and thus the size of the samplie on which a decision will be
based, Contrast C compares the differential particie count,
3N, with the tota]| count, These terms estabiish the
signiflcance of a given change In brightness in terms of the

statistically expected variations for the total sampile size,
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The product s an expression of the famiijer statistica]
concept that a re)lable decision can be based en either g
few 9samples of a strong signal or many samoles of & weak
signai,

The right side of Eauation 3.5 sexpresses the
performance [imitations of the detector, |t accounts for the
fact that onily & fraction of the information present in a
scene sioment wli| be plcked up by the detector and made
avaliable o e decision process, This fraction depends on
now many of the availsdie quanta wiil bs occijected Dby the
cptical system, I+ a real photo-deisctor were then used to
convert the coliected 1ight Into conduction eisctrons, ¢the
quantum yie|d of the gonverslion process would be Inmcluded In

Kez, This constant also inciudes the confidence ratio , Kig,

111.,6,2,1 ACCOMMODATION FOR AN IDEAL DETECTOR

Rose conceived of Eauation 3.5 as a universs|
performance scalse, The performance potential of verloys
imaging devices, (Iimited by their primary quantum and
optical sfficiencies, ocould be compared with the standard
sstabllished by an |deal! devige (whose guantum sfficlency Is
assured to be unity,, We will use this squation to compare
the oerformance of a gliven sensor In varioys detection
tasks, using ajternative accommodations,

In the idewm| dstector, the only sdjustable
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parareters are the focal length and diameter of the [ens,
and the exposure t]me, To make the influsnce of these
pararaters on K42 explicit, consider tne relations for Image
prightness dsrived from Flgure 2,1da. Lat the scene
radliat® No quanta/Sguare foot/second, Assuming a Lambert
dgistribution, the number of guanta captured by the |ens and
imaged into ht2 will, by tguation 2.44 be
heZ2aNo#{(D*+2)/4(f+2) per second. In an exposure time, t,

the total number of quanta absorbed and counted will be

N xt)fﬁzwkg

N = =4 (3,6)

af?

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

foltiowling sybs¢lgytions In Egyaglion 3.6:

1 turen of white Iight = 1.3 +#19+16 quanta/sec. (J3.7a)
i ft.c, = 1 iumen/squars foot (3.7b)

F (brliagnhtness in fogot candlies) = No/1.3#1@+16
= K4+38No lumens/sg, ft. ¥3:7c)

N = Ks142/C+2 (fron Equation 3.3 (3,7¢)

The resulting equation contains an sxplicit expansion Of K42

in terms of the camgra parameters.

Bc’h? = {41(3}(‘2 ) . K2

3.
tDz 3.8)
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The camarg paramaters provides fiexibility In
satisfying the baslc requirements for detection, Supposs It
is necessary to detect & smali fsature, The most
stralghtforward way Is simply to havs the decislon procsss
consider Information from a oSmajisr area of the detector
(rsguce h), h, however, Is constralined by Equation 3.8, 1If
the contrast |s weak, the reductlion In sample slze,
resuiting from an yncompensated reduction in h, may be
Intoierabis, By increasing exposure tLime, howsver., N can
be decreased with no change In the overal!l number of Samples
colleacted, Alternatively, the irls can be cpened to admlt
more |lght and the focal Isngth Increassd so that he?

corresponds to & smp!ljer ares of thg scene,

111,4,2,1,3 SELECTION OF ACCOMMODATION ALTERNATIVES

A criterion [ixe 3,8 only Indlicates the need to
sccormogdats, It suggssts no prefsrence among the possiple
adjustrments, This freedom aflows us to choose the
sccormodation that |s most favorabie in the overail context
of the task, e [ljustrate this Idea Dby considering two
speciflic contexts In wnicn the detection of smeil detsl|
might be necessary.

Tne flrst case sntails & searcn for a smai| object
that may {le anywheére on the sntirs tadle=t0p, e saw

sariler that an approgrisgtes Iimage for an ungonstralned
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search |s one encompassing a broad spatial window. In thils
context Increasing the focal length Is undesirable, because
It decreases the flgld of view., Simlilariy a narrow iris 1s
preferred to maintain good depth of field,

-« Temporal averaging entails an overhead In processing
time, but this fact Is not significant in acquisition, since
@ coarse sampling pattern Is employsd. Consequentiy, for
our sg¥gtem, averaging Ig the prefarred method of Ingreasging
signal to nolse during a search,

If, on the other hand, the task was to detect a low
contrast edge in a specific focation, the fens
accormocations woyuld be preferable. For other
applications some mixture of these accommodations m&y be
appropriate, In the worst case, both may be needsd tg
maintain adeguate signal/nolise.

In practice, the optimum mix of accommodations rests
on rellabillity and effliciency considerations. Thase depend
on the task and on the characteristics of the camara
hargware, There has not been sufficlent experlience with the
workling system to establish formal criteria for trading-off
speed and reliabi|lty, Conseaquent|y, the most appropriate
parareter to accommodate In a gpecific application lg
currentiy chosen on a heurlstic baslis, However, once this
choice has been made, equatlons analogous to 3.8 dictate
what adjustments are needed to attain the desired decision

confldencs,
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111.,4,2,4,1 STATISTICAL DETECTION ANALYSIS FOR & VIDICON
CAMERA

In this section we extend the statistical anaiysis,
deve loped for ths ldeal detector, to the more remlistic and
useful case of a vidicon camera, This departure from
Ideal ity has severa| conssquences.

The performance of the idea| device was |Imited oniy
by the fundamental and unavoidable fiuctuations Iin the
arrival of light guanta. Physica| devices can only detract
from this pesrformance, The vidicon In particular suffasrs
from two bDasic faults:

1. A significant amount of additional nolise s
introduced in the conversion process by ths physical
mechanisms (dark current, ampiiflier nolse, etc.) discusssd
in Chapter 2.

2. The yidicon hag a fraétional quantum yisid,
Its sffect Is to further reduce the avallable Imags
signai/noiss for a glven scsnes gquality,

As a partia| compensation, our camera chain has many
additional accommodation options which aliow greatsy
flexiblilty In adapting the available signaji/noise to sult
the task requirements, Bacauss of the computer’'s I1imited
processing capacity, a selectively accommodated vidicon wi|]
ofter be & more appropriate source of data for perceptien

than an unselisctive idsal detector, (Slignal/noise Is, after
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all, not the on|y criterion of an appropriate Image.)

111,4,2,4,1 VIDICON PERFORMANCE IN EDGE DETECTION

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

1. Edges ure the primary means of iInformation
representation In our system, The results derived in thls
sectlon will be dlirectiy utif{ized in two Iimportant
appllications, the edge verifler (Cnapter 4) and the sdgs
fotlower (Chapter 5),

Za Edge detection provides an opportunity to
exercise all of the camera accommodations [n an effect|{ve
WaY .

3, Several practical  timitations n @
vidlcon typs camera will be highlightad, He wiil’
demonstrate the ways In which accommodation can helip to
overcome these difficulties,

4, The second most common use of video data is to
determine the brightness of a surface, This information, in
turn, Is usualiy used to compars the brightnessss of several
surfaces exposed to a common Source of ijlumination (For
coler vislon, the relative intensities of a single surfacse

observed through dgiffsrent color fliters are Important,j.

The factors that Influence the abliity to distinguish two
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intenslitlies separated In space or time are identical to
those that cdetermine whethsr an edge of equlivalient contrast

can be getected,
111,4,2,4.2 A T«TEST FORMULATION OF STATISTICAL DETECTION

A more convenlient statistical criterion tham 3,5 Is
degirable. We note that the detection grobliem Is sguivalen=
to tne standard statistical aquestion of whether or not two
groups of sampies (e0. one drawn from the background, tha
other from the pDresumed |ocation of a pattern) wers actusliy
drawn from the same distripution,

The difference of the means of N samples drawn fron
two normal distriputions s T-distributed with 2N-2 degress
of freedom, For 2N>32 this ogoistripbution |s virtuali:

identical with a rormal distribuytion of standard deviation

v gi*sg (3,¢

(where S.,1,5:2 are unbiased sstimators of the standar
dsviations of the original dgistributions -~ Fligure 3.6b),

If no pattern wers present, the difference In mesans
would have an expectation of 2zsro, The T~-score Is a
comparison of the actual observed difference in the means

with the sxpected deviation, Sid,
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1 - M, (3,181
e B
84

This ratio Is used to test the (nui|) hypothesis that mg
pattern wags present, The probabliity that there 1S no edge

is gliven by

Confid wigl ° 1 -#{T) (3.11)

(Phl Is defined by Equation 2.,28,) If the difference
(Mai=Mi2} Is significantiy greater than S+d, a pattern is

assured present with confidence Phi(T)},

The T-tegt Applilied to E£dge Detection

The T-test can discriminate between an ldeal step
discontinulty separating two uniform intsensity surfaces, andg
a compietely uniform surface, in the presence of Gaussian
detector nolse, Intensities are samplied from smal |
reglons on each slide of a suspected sdge and tesltled to

determine the llikaeljhood that they were drawn from the same

gistribution, In the foliowing sections the rules of
gooa accommodation for edge detection wiil be formalized In
terrs of this test, In Chapter 4, the T-test wili be

~

modiflec to reject gently slopling surfaces, often found |In

the real worid,
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111,4,2.4,3 SIGNAL/NOISE RATIO

The significance of a given absciute difference In
sampie® means, as reflected by the TI=score, 19 directly
depsndent on the signai/noise of the original distributions,
We will develop expressions for the basic signal/nolse
figure of the camera sSystem a3 a function of the varlious
camera paramsters, The goal of accommodation for wedge
detsction Is to maximize the signai/noise figure for

intensities In the jocal reglon where an edge I8 scught,

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

statistic fluctuations |In the tlas current of the
prearplifier Is the oprimary noise source |n a vidicen
camera. Secondary sources are shot noise in the signal, In
the vidicon dark current, and In the thermal current of the
target resistor, Using results deveioned sariiesr in thils
theslis, we write the signal/nolse of a brightness

megasuremrsnt as?

S R 'z TV “Foae

The amot!!io§ mean sguare noise power (i*2+an) was found to

pe 5,66 #1@+(~18) (Chapter 2). Signal currsnt (i+s) |s
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defined by Equation 2,8, slignal shot nolse (1*2isn}) by
Equatlor 2,15, dark cuyrrent shot noise (i*2:dn) by Equations
2.18 and 2,28, and reslistor nolse ([*2srn) by Equation 2.22.

£ Is a fyunction of the target voltage E£+47, the
exposure or Storage time, Te¢s, the read-out time per
resolution cell, Tau, and the brightness level, L. Incident
on the vidlgon, Tis and Tau are both fixad by the vidigon
scannring mechanism, Tau, however, can be effectively
increassd by averading the results obtalined for sevsral
resclution cells, or alternativeliy, by temporally averaging
the results of ong cell over several| frames, {Although
cpatlal and temporal! averaging have similar effacts on 2,
they are not always interchangeable in a task context.)

The influsnce of the readout interval (i1/tau) can pe

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

Z. Equatlon 3.12 can then pe written in the form:
Vi7 K, L) ?‘.I‘i ‘
Z = s ; (3.13%)
¥ 1§73 [ 1/2
(ALY e+ Byfra-c)
whaere we have substituted
i = K,L E. (from2.8)
s 137% T (3.14)
(K = 2.798 - 1079
vy = 0.65
o = 1.429)
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AL'E
2 =—2LT (fromz2.8,2.15 (3.15)
A =eK, = 4.476 x 10728
n = number of samples
T = read out time = (1.7 x 18'7 sec)
BE?
;3 = —=%  (from2.18, 2.20)
" (3,18)
(B = 2.19 x 10”32
8 = 3.97)
2 =< (fromz2.27)
(C' = 8x10°°")
£ =
an. 7 (3,18)
(C" = 9.64 x 10729
C=C+C =9.72x102° (3,19)
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Lsv s ths |light actuaily inclident upon the
facepiate of the vidicon. Using Equation 2.45, we can
relate Lév to the [|{iuminance, (L), Incident from the scens

upon the iens:

P
; = (3.
Signai/noise Increases with 1light level. The numerical

results genergted In the following discussion wilt thus pes
based on scene |]jluminance, observed with the wigdest
apesrture (f#z1,4), Wwe reformuinte 3,13 In terms of scene

ftturinance, (L}, using 3.20 with f# 1.,4:

Y O
. JE?ELL Ep |
(o, LY EX + BEE 4 ¢)!/2 Hhen
el B T
where

2

K, = Kj/L (1.4) (3,22a)
A, = A/L(1.9)°

i e (3.22!}7

111.4,2.4.5 OPTIMIZATION OF SIGNAL/NOISE VS, E.T

As target voitage Is increased, the signal wilil

152



increass relative to both signa| shot noise and constant c
(thermal and ampiifler noise), Howsver., because P>2a; dark
current wil| Increase faster than ths signal., Thus,
signal/noise Is iimited at any Iignt (|eve| by the dark
current nolss,

At low target voitages, dark noise [s muych fess than
ampiiflier nolse, Thus, 2 wiil Initially increase with E.T,
The ootima| target voltage (Esopt) s that [eve| st which
the ocark component gominates the total noiss to the extant
that a further Increase In E+T wil] reduce Z.

Since the signai, but not the dark nolse, depends on
Iight, Esopt will be [owest for low Iignt levels, At 1
ft,c. the theorstica|ly optima| target yoltage was fo,nd
(nurerically) to he 115y,

The target voltage Is |imited In practice by two
considerations which do not enter Eaquation 3,21, There |s
flrst the possibl|ity of damaging the vidicon by applyling
excessive target voitags, The maximum safe ttégtt voltage
(Eegam; Is an [nverse function of |Ight level. The absolute
maxirum target voltage alfowsd by the auto-target circult |g
45v, This |Imlt minimizes the chance of accidental damage
from local high|ights that do not affect the average
Intensity upon which the auto-target re|iss,

The finlte dynamic range of ths quantizer imposes
the second [imitation, The target voltage cannot be relsed

sg high that ¢the amp|ified signa| wiil sxceed the maximym
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iv, range of the guantization window, Ke rewrite
Equation 2,18 In terms of scens {ijuminance (using 3,20) and
sofve It to obtaln the E4T that yleigs a Liv, sutput at

iight levei, L,

-1/a
E . = (FLY
sat -~ (FL') (3,23)
F o= —0.009 == = 0.0025
a9z

Eisat is Inverssly reiateg to 1llight Jevel; as Shown
graphically In Flgure 3.7,

Essat and Esdam are both Jess than Esopt at ift,c,
fiturination, Furthermore, both decrease with |illuminatien
while Esopt rises, Since 2 I1s a unimodal function of E.47,
an srplrical rule for setting the target voltage to maximize

Z Is glven by

E = minimum (Ega¢ Egqam) (3,24

In homogeneous scenes, Eisat wiil afways be !ess
tharn Esdam, However, [n non-homogeneous scenes, Esdam,
imposed by a scene highlilight, may be iower than thes Essat
for a lowiight In which we are Iinterested, (The rate of

decrease of Eisdam with Increasing L Is a consideration that
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must be taken Into account when seiecting the optimal |[ight
ievel for scenes with a wide dynamic range, Clearly, teo
much |1ght could detract from the abliity to ses lowlights,)

The optimai signal/nolise, with E*T {imited by
saturation, can be found by substituting Egquation 3,23 intg

3,21

Vi K, LY [(F LYy 1"“!""

Tont © (A! LY [(FLT)"’ "‘!“’ + B [{FL?)‘ 1/ "‘]" + c)‘fz

(3,2%5)

By grouping congtants Equation 3,25 can be expressed morse

simply &8s
Z o= G
sat 172
By (3,26)
HL % 4+ 3
where
G = VnT K, P (3.27
H = pFh/® (3.28)
uf
J = AF +C (3,29



Equation 3.26 Shows that undsr saturation 1imitsg
conaltlions, as the |ight |evel |s ralsed. the signal/nolse
retio wifi climb towards a finltse asymptote

Ilim
L=

1/2

Z = GJ = 119 (3,32

oat

This ifrlt s 11ilustrated In Figure 3,8, At very low values
of Es7 (approathing 3), vidicon performance will
deteriorlate, Excess|vely bright Ilghting should thus npt

be ysed,

I11.,4,2,2,6 APPLICATION OF SIGNAL/NOJISE MODEL TO EDGE
DETECT]ION

The preceding discussion was tallored to ths probiem
cf getecting a weak signa| agalnst s background of vidlcan
noise, The basic slignai/noise mode| of a vidicon will now
e used to deve|op accommodation criteria for the getection
of soge contrast, An sdgs s assumed for opresent
purposes to be & simple step of Intensity, Let the step
neight oe wexprsssed ss a fractlion, rho, of the signal,
l¢ssls representing the mesan brightnsss of the brighter
boundary of the edge, The signa| from the dimmer side |s
then

i = {§ - i , B<p <l
s, "W oY, (3,31
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The T=score, (3,12), which represents the significance of &n

edoe IS expressed In terms of these signals &as

LR Y.
“i‘ ._3;1. -z (3,323

{where Sé¢d Is the expected standard deviatien ¢f an
Intensity difference with no sdge), Eaquation JI,32 deflines
what we shall ca|l "eontrast” signal/nolse, 2ic, (For
clarity, we shail refer to our previous model as "detesstion"
signal/ nolse, Z4d), For weak sdges, Si¢d I3 proportiona! to
the nolse on elther side of the edge, In this case, 2é¢ s
(by 3,32) directiy proportional to Zid,

We wl|l now gstabiish a forma! relationship bestwgen
contrast and detection signai/noise, The signaj, i:8+3, can
be expressed, according to J.21 as

- Y g%
211 K!]; ET (3,33,

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

i = - - - T a
s, @ ”’&3 a p}K!!, ET (3,34)

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

mesasyureomenis as
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« i Vgt o g 5 i
cil 7?(1\‘!. z.r%nt.r-rc) (3,3%)

and

1/2
i - = T_ o ] p
"l #"1 @ -p)L'Ep + BEL + c] (3,36)

n (the number of samplss or the 812e of the operator) |[s
assured to be sgual on Dboth sldes of ¢the edge. Using
Equation 3,9 we can combine Equations 3,31-3,36 to obtain an

analytic expression of the contrast signai/nolse,

Yynrp K, LY E
Z Py -

¢ i77 -
L, _ Y Lo 8
kz o)A LYEZ + 2BEP 4 zc]

o
T

- (3,37)

A
Signai/noise Is an |mportant consideration oniy In the

detsction of very weagk sdges." Since |imiting detection s
our primary concern, we make the assumption that rhod<2, Z.c
Is then dirsctly proportional to the detsction signai/nolse,

calculated for the pright side of the edge,

Z

7 = g8 (3,38
2, =rm e

(Since rho s smaii, Zic Is considerably |ess than ths

corresponding value of zid,)
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As a resylt of 3,38, the optimum signa|/nolss fo-
sdge detection |s ggaln cbtalned using conditien 3,24,
Under norma| ssturation=|im|tsd condlitions the target Shoyidg

be adjusted s0 that the bright side of the sdge ®imgst

saturates the amp|ifier, A lowsr voltage wil| reduce Zig
whiie a higher wvoltage will ComDress contrast dus to
clipping, More 1ight Is aisc effactive In increasinag
signai/ncises up to the asymptatic iimit shown |n Flgure
3.8,

Zic expresses she Tescors (3,12) of the ingens
difference observed across an #dge, Phi(Zec) (see 3.11) thys
defines the confldence that g given 24c represents an agdge,
(For Instance, & T-score of 3 means that with 95X conflidence
an actual wedge s npresent,) Eguations 3.11 and 3.3¢
determine the weakest sdgge (le, Smaliest rho) that can bpe
deteclec at g required conflgencs fevel, glven an sttalngpie

2ia, For example, requlring $5% detection conflidencs,

HT  for 95% confidence (3.3%)

Ths sreiiness of rhoemin Is an important measur: ot

gc srmocgstion effgctiveness for adge “etectlion,

Ef ect of Color Fliters
A blesck/white televisfon system maps & complex

liturination spectrum Intec & one-rimensional grey Scuie.
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This mapping often obscures colored edges which were obvigyus
In the original scene, In these cases., color fliters can be
ysed 1o augment the contrast signal/nolse,

Flgure 3.9 clarifles the effects of color fi|ters on
contrast, Severa| simpi|fjcatjons have been |ntroduced 2o
isolate the effects of object color,

1. 141,142 represent the tota! iuminous energy of
broad souroes of spectraliy fiat "wnite" iight, They
provide uniform {|iumination over the surfaces upon whicgh
they are incldent,

2. The camera |s aflgned so that the oprincipal ray
of the |ens Intesrsects the edgs perpendicularly at a polnt
midway along It, This assumption avolds superf {ugus
directional reflectance factors,

3. The camera has a uniform normalized spectral
sensltivity S{ky; = § = 1,

The 1ight igvel, L+l, refiscted by the right face of

the cube, I8 proportional by Equations 2.45 and 2.59 to

Ly ~ 1 [rWdr = LR, (3,42)
X

Simiiar|y, the isft face refiects

If the cube were homogeneous, Ril would be identical
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SPECTRALLY SELECTIVE
SURFACE
REFLECTANCE

Fig. 3.9 Formation of an Intensity Edge
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to Ry2, The edge would then be visible oniy bescaude of
differences In the dlirectiona! naturs of the Illumination
fleld (which, In general, could Inciude color differences),

Color fliters can affect the contrast signal/nolse
of the Image of this esdge In two ways:

1. The simliarity bstwesn the spectra|
transmission of the ?]iter and the spectral reflectances agn
each slde of the sdge can aiter the relative amount of |(ight
racelved from each side,

2, The combination of fiiter rejection and
absorption will attenuate the total Ilight esnergy reachin,
the vidicon from both sides of the edgse.

The reduction In light jJeve! wlil (by Equation 3,26)
reguce or at best mgintaln the saturation {imited Z:d on the
prighter side {as Seen through the fliter), The spectral
blas of the fl|ter must compensate for this reduction by
increasing the effeoctivse disparity in the surface
rof jsctances, {ie, increasing the relative step heignt,
rhol. By Equation 3,39 we sss that for § color fljiter to
snhance the detectlion of an edge, ths relatiye increass In
rho dus to spectral effescts must De grsater than the

reintive decreass Iin Zé¢d dys to sttsnuation,

An Analytic Discussion of Fl|ter Effacts
With f1iter fungction F(xy the |ight intens(ty

corresponding to ths bright (eg, right) side of the sdge
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wlil be proportiona: to
i ¥
L~ { Fyr, () dx = L R,

Simiilariy, for the dim side

Ly ~ LRy

Let us first examine the expiicit
fliter on rho, In the absence of a fijter,

5,33, 3,42, and 3,44 can be used to excress

signal gorrgsponglng to ths sgue

- L
T Tl < K Ep ey ;)]

By analogy with Equation 3,34

g = K ET LD - @ - oy

v R - o e

Cefire Gamma,

r 1/y

i

{1 - p}
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thils

Equations

cgiffersnce

(3,44

(3,458,

(3,46)



A rejative edge signal, rhe, thus corresponds to a light

ratio of Gamma,

l.: = I"LI (3,.47)

Gamma can be resojved into two ocomponents corresponding %o

the reflectance and ||lumination factors of the L's.
LR, = TL R = (FyNI; Ry) (3.48)
where
Fre=nlfy. I, ~LA . I, =R/R, (3,49)

Gammaé¢l |s Independent of the fliter color, because white
tight Is gssumed, 1f the coiored sdge wers painted on ,
piane suyrface, GCammgs]l wouid simply bes 1. For the cube
edge, GCammaidq witl be a constant representing the
directional intensity difference betwesn 31 and 142,

A cofor fiiter wiil ajter the ra%to of Ri2/Rsl as
per Equations 3,42 ard T 43, QYsing Equatis” ).46, the
chang® In refjectance ratlo can be described In terms of
reiative signal contrast, The sejectivity of the <cojor

fliter has changed rho from

h* ‘1 - 1] /Ry (3.58)
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to
I SR oY
Py P ) ®y/RY) } (3,54)

The effective attsntustion introduced by the color
fliter Is found by comparing ths intensity (L) of the
orighter sjide, as obssrved with andg without a fliter,
Assuring the right side Is brighter In poth cases; the
effect of attenuation on detsction signal/nolse, Z4d, |s
obtalned by soiving Equation 3,26 with Legq,(given by
tguation 3,40) and L1’ (given by Equation 3,42), (Equatfon
3,26 Impiies that E47 is optimized at both light leveis,)

Let 240 be the highest detection signal/nolse that
can be attalned on the brighter side of the edge vieswed
through a eolor fliter and Z+0 the corrasponding flgure
without the fliter, Equation 3,39 dsfines the minimum Signai

contrast requliresd In esach case for 95% relligble detectiong

WN?
Pmin = i;‘ (3.52a)
pr w32 (3.52b)
min Z!
d
Since 2+40°< 240, rho’emin 2 rhoimin, The edge will bpe

visidis with the ! |ter |f
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Po = Prin ' (3.5%

and wlthout the fliter IFf

" ” P min (3.54})

The color flliter wi1] provide arn overal! improvement In the

acility to detect an edge when

p'Z& : th (3,553
I~ aereral, tris congition will depend sn the intensity and
spezitlral composition ogf the source, as well as the spectral
~ature of the c¢bject refiectance and fliiter transmission
crharacteristics, The relative spectral sensitivity of
tne  viglcon tube (Figure 2.16) must aliso be taken Intp
1ccount In compvaring relative contrast with and wlthout

fliters,

~.agraticg of (olor Tilge, 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 [s roughly equally sensitive to these

two hues (Figure 2.16), With wuniform white [lluminatiogn,
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the difference In grey |svel!s across ths gdge s iikely to
be srall, If Z4c at Essat Is Insufficlient, contrast can be
Improveg using a red or blus filiter,

Idealty, the transmission characteristic of the
fliter should match one of the surface nuss., Let us assume
a regd fliter s ysed, Ths camers sensitivity 1Is then
adjustsg sS¢0 that the signal corresponding to the red (eg,
oright) side |s Just below saturation, tnus optimizing g'40,
Since rhe specera of c¢yplcal red and biye surfaces
approximate ths transmission characteristics of the
corresoondgling fliters (Shown In Figure 2,17), these
accormogations oproguce an Impressive galin |[n contrast
signai/noise,

Cotor fi|iters can also be heipful when target
voltage s {imiteg by Esdam, Howsver, the |imiting
nighilight feature must not be one of the edge oboundarlies,
Suppose the trighter sides of the sdge !s colored differant|y
tran the hignlignt feature, 4 color filter can then be yused
to reduce the highilght prightness rejative to tnat of the
edgs surface, E4gam wil|l bes Increased, operhaps above
tesat, for the edgs, Hence, E+«T can be ralsed witn a
corresponding increass In Z4c for the desired boundary,
In tnis acpiication the color of the other edge boundary s
ynimportant, A signiflicant advantage can be realized sven
i¥ It were the same color a3 the bright side (eg, for any

homoQenacus object), furthermore, tne highilgnt feature
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nesd not be cojored, Even [? It were white, the dynamlc
range of the scens would etill be selectively compressed
rejative to the contrast across tha edge, It is aiways
most desiradle that the feature we wish to percelive bs the
brightest eiement in the scene, A matched color fijter can

helip achleve this,

Pragraticy of Leng Accommodation fo, Edge Detection
in this ssction, various isny accommodationy,

analyzecd eariier, wil| be app!led to edge detection.

1, Irile

We have ajready esstablished the desirabllity of more
Ilght to enhance signal/noise (first In Equation 3.8 with
the [deal detector and again In Equation 3,21 for the
vidieon}, Equation 2,44 formalizes the obvious: to get
more {ight, open the Ilens Irls, A wider Iris ajlso
decreases the depth of fieid, This side sffect makes |t
sasisr to siiminate unwanted (textural) detall by
intentional defocusing (as Iljustrated |n Figures 1,11,

a ).

2, Foce| length
The foca] length of a jens affects both depth sf
fleid (Equation 2,55¢) and the [mage magnification (Eguatien

2,38),; Consider flrst the problem of detecting an [dea! sdge
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In the presence of detsctor nolse, The higher the
magnification,the more resciution colis wil| be Spaced along
the length of an edge, Thus, magnification provides thy
cpportunity to increaase detection confidence by takinmg
larger sampies (iarger n |n Equation 3,37, from & given arga
ajong the sdgs, Ajtarnatively, more Independent sampies g¢ 8
glver size can be fit over ths length of anm edge, Thig Is
agvartagsous when sesking global svidences to confirm the
presence of an sxpescted sdgs,

For non-|dea| edges, magnification Is Important for
addlitional rsasons, Filgure 3.10%a is a chotograpn of <¢he
telsvision monitor, showling the edgs of a wedge observed at
nigh magnifigation, Note that cracks ang Paint anomai|ss
tend  to concentrate along ths length of the edge, Thess
"eage effects" distinguish thse actual discontinulity with far
more clarity than the contrast aCcross the esdge.

Edoe effects are often found at surface Dboundariss
of reai objects In the phys|ca| world, In many cases, thess
anoralles provids the primary evidencs whichn pesopis use g
confirm the presence of |ow contrast sdges,

# long lens a|lows the machine to capitalize on the
presence of these gsdgs artifacts, Magnification
broadens the actual discontinuity into a smal| surface, gg
styifzeo In Figure 3,11, Tasts designed for conventiona|
surface boundaries can than detect edge effects that woulidg

40DSEr &S onsedimensional [ines (If at all) through shorter,
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Fig. 3.11 An Imperfect Edge Under High Magnification
(Stylized Presentation)
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wider angie {enses (Flgure 3,10b).

As ysual, the cholce of Jsns depasnds ultimately on
which magnification glves the best performancs. For strong
sdges that are marred by occcasional, very smal anomailes, a
short lens may be effesctive. Low magnification maps a
larger areoa of the surface Into each resoivabie cel| of the
Image, This Is a form of spatial averaging that can smgoth
the unwanted visual nolse on the edgs,

In addition to anomalliss, there are several other
wayS In which gdges, aooroartatciy magnified, can give
therseives away, Specular reflectlons, for Instances are
often concentrated at sharp edge discontinuities, Rounded
sdges under magnification can, on the other hand, provids
snough surface arsa to plck up dirsctional discontinuities
that may be present In the lignting fleld, L2 (Figure
3,11} <could be more different from Léq and L3 than ths
latter two are from each other, Thsse considerations are
of great practical utility in finding edges,

The higher the magnification i3, the more [Iimited
the fleld of view will be. Limiting the fleld of view to
the Immediate vicinity of the sdge helps Insure that the
ecge itse|f, and not some irrslevant highlight, will|
determine how hlgh the target voltage can bpe set. This
use of magnification Is analogous to a person using his hand
tec shieid his eyes from the sun to get a better vieu ef

dgetalis In a shadowed reglion. It (s an important resason for
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changing ienses In pgractice,

A finel wuse of optical magnification Is to reduce
the Infiuence of surface gradients relat/ve to the sharper
transition of the sdge (le., betwsen surfaces), With sharp
focus the width of a good, abrupt edge Is iimited by
ejectronic bandw{dth and not by optical resojution. This
transition wl|| remaln about thres raster units wide
regardiess of which lens |Is used, Typica! surface gradisnts
fall wsi| within the ampiifier bandwidgth. Thelr siope (In
volts/raster unit) wi|| decrease Inversely with |[nereases In

spatial magnification,

3, Focusing

We have mentioneg the wuse of gefocusing ¢to
Intentionalfy blur ynwanted fine getall when tracing
intensity wedges, For edge effascts, on the other hand, fire
detall 1% the primary characteristic thnat distingulishes the
edge, In thls= case, sharp focus on the actual plans of the
discontinuity Is cruelal, When texture operators

are available, they wiill aliso rsaqulire good focus to see fine

detall,

The cholce of sharp or dull focus thus depends on
the type cof edge, The decision should optimeily be based
on performance fesdback!: i8.¢ the focus Is adjusted to

maximrl2e the confldengce of ths sctual edgs oetection test at

a point thought to |ie on the edge, [f performance falls off
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when the edge |8 tracked inte unknown areas, the focus can
bse re=pptimized, These techniques wiii be developed in

Chapter 4,

Clip=setting for Edge Foliowing

In practice, edges must bs found In quantlized dats,
It Is necessary to consider the additional noise contribyuted
by the quantization process when assessing the practical
limits of cur system, In this section we appiy the
quantization <theory deveioped In Chapter 2 to the specitle

task of edze detection,

1. Cllp~setting ¢4y Differential Memsurements

We again distinguish the cases of differential and
absclutes measurements, Differential measurements gre
useful for rapld extraction of high contrast edges, &
simpi® threshold criterion Is applled to the differsnce of
the Intensities observed on both sides of a presumed edge
boundary, 1f the difference is large enough, the edgs |s
assursd tc be present,

{l' -i.2; > T - Edge (3.56)

1

The principal effect of quantization noise on this test is
ta I1Imit the minimym edge height that can be rescivsd,

The rost eoffective guantization window s thus the natrowasst
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one, 1t should be centered on the average [ntensity across
the odge, as I[lystratad In Flgure J5.12, it the
difference of Intensity across the edge exceeds 1/8v,
(after sensitivity, lsns and cojor fliters have been tyned
to optimized contrast) then the cliips wiil D8 positionsd as
in Flgure 2,6, In this case, the difference signal will be
clipped at 15, Independent of nolse that may be riding on
the 8dge, Even |f the signals can not be hard cllipped,
the narrowest aquantization window wili always maximize
diffesrentia| separsation,

The standard deviation of tne camera nolise is, on
the average, about gne quantization level gt the narrowest
window width (sigma = 1/112v.). A minimum threshold of at
least T=3 quantization wunlits (lesel-1es+2237142v,) should

thus be used to avoid falss detection with 95% cornfidence,

2. Ciip=-gatting for Abgoliute (Statglgtical) Meagyrements

For weak edges, a simpls intensity diffsrenba is not
a sufficlently re|lables test, The statistical T-test In
«hich signals are expllicitly normalized by the obServed
noise, Is a more sultabis Indication of edge slignificance.
The guantizer theorsm Suggests that to avoldg errors the
quantization levels snould be NO larger than the stendard
geviation of the signal we are trying to measur#, in view
of tnes observed nolise [evel, the heuristic accommodation

cnhossn for differential masasyrsments (S also best according
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_ S — : TTOP CLIP LEVEL
EDGE .- = 1¢ QUANTIZATION
PROFILE —— ] LEvELS
AVERAGE
INTENSITY
LEVEL —» Lv. qNARROWEST

! 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 edges, a narrow window will clilp Intensities,
as In Figures 2,6; Introducling quantizer nolss. Howaver,
statistical detection Is not necessary when adequate
contrast |9 avallabje.)

After satlsfying this sampling . condition the
remaining quantization uncertainty I|s treated as ordinsry
indepengent additive nolse (see Equation 2.343,
The overall centrast signai/noise that wouid be measured at
the ocutput of the quantizer can be found by modifying
Egquation 3,37 to [nclude the transfer [mpedance of the viden
ampliflisr and the residual quantizaticn noise, The transfer
galn of the videso ampiifier is G3J3,4418*(5)v./a, (Eauation
2.25), The contrast signal/noise after ampilification and
guantization can than bs sxpressed by

Vynrp GK, LY EZ

- il | {
Zeq 75 31,57

2. ¥ @, o 2neh 2,29
i‘z-p)GA!LET'rzGBET-rzch»m

where a I8 the width of a guantization level In volts, Zieq
can be increased at s glven target volitage and jight flevel

by ueing & smalfer guantization window,
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111,4,2,2,7 A SUMMARY EXAMPLE: ACCOMMODATION FOR EDGE
DETECTION

The accommodations studisd In this chapter have
enabied a simpie T-test to detect many difficult sdges that
previously eould oniy bs sasen Dby usina sophisticated
detection ajgorithms (If at aii{y, Chart 3,4 presents a
compiiation of the most common problems, sncountered In edge
detection, with the corresponding accommodations that have
proved successful In combatting them,

The comblined effectivenssy of these remedies wi||
now be demonstrated Im an actuas| case study, The specific
probiem I8 to detect the interior edges of a homogensnus,
dark cube posed against a [ight tabje~top, The table s
situated In an ordinary room ®nvironment Characterized by
diffuse, overhesad fjourescent ||lumination sources and [Ight
belge matte=finished walls,

Thess conditions produce a moderate directicnal
disparity between ths |liumination lsvels Incident on ths
top and side of the cube, but & much asmaijier varlation
between thes two visibie vertical side surfaces, Since the
cube |s itse|f homogeneous, it gontributes no variations In
reflection from face to face. Floure 3.13 shows how thls
cube appears through the ccarse accommodations wused for
Initial acqulisition, These Iinglude the use of a short

jans {1%), wide open <¢lips, and an average sensitivity
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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 . Raise sensitivity, narrow
clips, change lens (to
seck edge effects)

L. Unsharp edge L., Focus

5. Saturation limited 5. Color filters

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

7. Inconclusive decision 7. Change lens {to get more
samples)

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

surface gradients, defocus
texture)
Chart 3.4

Overcoming Problems in Edge Detection

with Accommodation
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ssttinge=-all Intended %to maximize the chance of finding
obJects In an unknown environment, Because of the wide
dynamlc range In this scens and ths low dynamic rangs of the
cube {(all darky), the sntire body was digitized into the
jowest guantizaetion interval,

The most striking problem In Flgure 3,13 Is the lack
of contrast In the Interior of the cube. With refersnces to
Chart 3,4, thls defect shouid be attacked by ralising
sensitivity and reducing the width of the quantization
wingow,

Becauss of the direct overnead |(ilumination, one
expects that the horlzontal top of the cube wiil be the
orightest surface, On the basis of this Imbalance In top and
side llghting, the dlagonal boundary ssparating the top and
slde faces should be sasier to find than the vertical esdge
petwesn the two sides, Proceeding on this assumption, the
sansitivity Is ralsed wunti!l the signal from the top face
ajmost saturates, The qulntization window is then
optirized about thes average intens|ty level between ths top
and side faces,

Figure 3,14 shows how the cube appears after these
accommodgations have been mads, Both diagona! Interior
edges are now {n plain view (Note that the background has
peer driven completely Into saturation,) The contrast across
the vertical Interior edge, however, remains inageduate,

Since the vertlical surfaces are darker and the contrast
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betwean them lower, an even hignher sensitivity |Is needsc to
detect this edge,

Unfortunately, the relatively high intensity of the
background poses theg threat of damage to the vidicon If thg
sensitivity is raised. This situation corresponds to
proclam &, "highlight (imited™, |In Chart 3.4. The
dynarlic rangs must be sSomeghow compressed in order to sxtract
more detalil In the darxer part of tne scene. The chart
suggests that a larger lens bs used to narrow the fieid of
view to the Immediate vicinlty of the sdge.

The camera 1Is first centered on the vartical edge,
Then the turret s switched to the 3" iens (reducing the
original fleld of view by 1/3), With the threat of damage
removed, the accommodations procedures that were successfyl
for the diagonal sdges can be repeated,

Figure 3,15 was ootalned using a 3" |ens, target
vojtage set to almost saturate the right side of the cube,
ang a qguantization window <csntersd on tﬁa range of
intensities found In the Immediate neighborhoog of the
vertical edge, Note that the entire Image is now fillesd by
the Interlor reglon of the cube, (The preciss area can be
jocated with respsct to the eariler pictures by using the
numbered referance axes which are callbrated In
raster=sampi{ing unlits,)

Although this sntire region was black in thes initiaj

image (Flgure 3.13), tnes sansltivity has since besn ralissd
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sg high that the reiatively brighter top face Is complietely
saturated In the flnal Image. In fact, the top face now

actually I!mits fyurther Increase in targetl voltage.

A tNgyrerlc AggBgsgmeng

The improvement in the detectapliiity of the vertical
edge between Images 3.13 and 3.1 Is documented In Fligures
3.16a:5, These plots show the ‘temporal distribution ¢f
Intersities observed at 1 raster point on each sige of the
vertical edge over several successive telsvision frames,
The absiclssae are calibrated in terms of the 16 quantiztion
levels within the selected window. These are spaced over a
iv, interval In Flgure 3.16a and a 1/8v, range in Figure
5.16b, (dye& to the redyction in ggantiZation window wldthy,
Tre tarcet voltages are 19.94v. and 30.05v respectively,
The effectiveness of these accommodations Is manifested by
the sevenfold increase in the Tescore: the
corresponding edge conflidence has risen from "questionablie"
to "certain", Thls score is calculated from the given
gistrioutions wusing Equations 3,9 and 3.10. 1t
expresses the Quantli zed contrast signal/noise given
tnhegretically by Eauation 3.57.

In Flgure 3,16a, a complication is [ntroduced Dy the
fact that the allasing requirement |s not satisfied. Thus,
Equatior 3,57 does not strictly apply, A reasonable way to

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

— MEAN = 0.187 V
N STD. DEV = 0.031 V
- bt
0 . el J CLIP LEVEL
= MEAN = 0,125V
— STD. DEV = 0,031V
o [ 1] | ] |cmp LEVEL
5 16 15

TCLIP = 0, BCLIP = 7, TARGET = 19.94 V, T-SCORE = 1.414

Fig. 3.16a Contrast Signal/Noise Before Accommodation

3 —
| MEAN = 0.601V
STD. DEV = 0.00494 V
7% I I I I
3} 5
§ . ZI—
o
- MEAN = 0.535 V
STD. DEV = 0.00429 V
oL | O

TCLIP = 3, BCLIP = 3, TARGET = 30.05 V, T-SCORE = 10.159

Fig. 3.16b Contrast Signal/Noise After Accommodation
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T-score [s to bound the maximum uncertainty, The mean of
a signal contalned antirejly within a single Interval can bs
anywhere within that intsrval. When sampies acrosSs an edge
fait Into adjacent jevels (as In Flgure 3,16a), they may
actualily be arbltrarlly cliose to each other, Iying Just
across the guantization threshoid, or as far away a% two
quantization Intervals. There [S no w~ay to tell. In such
cases, we wlll assume the signal mesans to be at ths
mig=point of ths|r respective [ntervalis with an uncarteinty
of haif the width of the Interval. The T-score,;
calculated for the distributions in Flgure 3,16a, was based
on this assumption, (This bBbound |Is Invoked whenever the
observeg distribution of a signal indicates that the

ajlasing regquliremsnt has not besn met.)

111,5 CONCLUSION TO CHAPTER 3

In this chapter we have sxaminad some ways in whigh
the primary saccommodations affect the performance of our
vision system, Chart 3.5 Is a summary of the princlipal roles
of sach accommodation In the context of three representative
perceptual requirements. The wappropriate combination of
accormogations for any spscific appilication depends, of
course: on the particular set of probiems that happen to  be
present, To make effective use of the resulls symmar|zed

in Chart 3.5 the following pre~requisites ars aiso nesded:
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1.

a task

{(For

a definition of the desirabD|e Imags fesaturss for

edge detactlion, thess are concisely stated In

terms of the T=-score.)

2.
frorm these
3.4),

3.
ramecy the

4,
recognize
image, and

Sy
recognlzed

Know loadge

accormodations

solution,

in

regulrerents

SUrvey,

over.

probiems resgcognizad by a human gbServer,

this

accomrmogzation

Accommodations

a |ilst of grobiems which represent departures

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

A corresponding |[ist of accommodations ¢o

problems (the right half of Chart 3.4},

diagnostic technigues by which the machine can

the eaxistsnce of these oroblems |n an actuam|

strategles by which the macaine, having

(or anticlpateacy a problem, can uytlilize Its

of ths task context and the nature of the

to affect san iInteliligent, costesffective

this chapter we have covered the first three

tc the depth that Is practical In a general

The last two polnts have been completely glossed

nhave oniy besn applied to overcomse

In the remainder of

thesls we shajl concentrate on automatic diagnosi!s and

in the context of speciflc applications,

191




CHAPTER 1vi EDGE VERIFICATION
1v,1 THE VERIFICATION CONCEpTY

The edge verifler {9 a program designed to find weak
edges that a faster, but [ess sensitive, edge foilower has
missed, To avoid gross inefficisncy, the verifier Is used
only to confirm the sxistance of iﬂnos whoSe presence can be
reasonably inferred from Informaticon aliready extracted from
ths scense, for exampie, when a recognition decision Is
based on thes external contours of an ©object, the Iinterior
edges of that object, as predicted by the machine’s nternal|
model, might then bg sought to confirm the decislion.

Edges may be difficuit to see because of

48 jow contrast, the result of wuniform |ighting
and hormogensous Surface characteristics. An edge folliower
which tracks |[oca] data must discriminate against jow
contrast wedge points to avold hanging up on nolse and minor
variatlions |n surfeace conditions,

2. spotty evidence. An  [ntensity edge may be
sbscured in places {(eg. by dirt)s, On the other hand, |f
contrast Is {ow, ths most striking evidence of a$ edg® may
pe the surface defects f{eg. palnt <chips) that ¢tend ¢to
colioct along the sdges of real, planar-faced obJects, An
sdge follower requires continuity of local data and wil|

fall In both cases,
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These probliems are compoundesd by the noise inhesrent
in the detsction oprocess and by the resciution 1ost to
digitization, spatial sampling, and non-optimal

accormodation (eg, unsharp focusy.
lv,2 WHAT PEOPLE DO

[t 1s diffigujt for the computer to dstect the
presence of the diagonal Interior edge Iin Fligure 4.1. Yst
at arm’s length, the same Information wusually sconveys a
clearly dlstingulsnghie sdge to a human observer, Pecpie,
of course, are qulite familiar with objects, |ike that
depicteg In the plcture, and, thus, are conditioned %o
expect this edge, [t appsars |lkejy that people utilizs
this expsctation [n at jeast thres ways!

) 58 On a joca| |evel, nofise [|s combatted by
acquiring Information from siongated areas, allghed on both
sides of the suspected edge,. The size of thess areas and
the Integration time vary with the light leve! and contrast
of the edge, affecting a form of accommodsation (Buerie
(196911,

2. This local evjdence |S tpen accumujated over tpe
length of the contour to bulld up a2 globa] expression of
conflidence ¢(Hochbsrg (19641,

3 The final decislion Is then biased by the

strength of the original expectation (Swets et aj,. (19611,
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If 1tne wexpectation 1is high, the edge may be "seen" sven
though |[ts presence was only detactablie at a few Isclated
points,

Flgure 4.2 provides a convincing demonstration of
the Importance of gilobal information, The structure of the
plock has besn maskad out, isaving only thres
cross=-sectional slices across the [nterior edge, In nons of
these slices |Is there sufficlent avigence to suggest that an
edge cutls horlzontajily through them, (Tnis demonstration may
be reolicated by the reader, using a cardboard mask at most

any point along the sdge In Filgure 4,13,
Iv.3 VERIFIER TECHN]QUES

The wedge verifler succeeds where the edge follower
fails by adapting these techniques humans use to capitallze
on tnelr global expectatlions, Specifically?

1, Large operators strategically orlented with
respect to the edge Improve sensitivity by averaging to
extract the underliying nolise-fres distrlc&t%ons.

2. Accommodation Is optimized at each point where
these operators are applled to Insure tne Dbest chance of
cobserving whatever evidence may be present. The camees |3
tunec to enhance the contrast across tne specific boundary
where the local edge segment Is expected to lie, Thils

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

3, The colincidence of high confidences at varlous
polnts along an edge s wused to augment the statisticai
significance of |ocal decisions, Gjlobal consistency is a
powsrful Tl |ter which ailows weak sdges to bs rdetscted, sven
when [nterrupted in places by noise, Strong but Isoliated
surface defects, corresponding ts no edge, are rejected as
noise, This discrimination Is oparticulariy Important,
since accommodation {technique 2); tends ¢to injsct a
statistical blas {nto the l(ocal declsion of whether an edge
is present, {Marginal defects that colincide with the
expescted edge wl|| ysualiy be detected because of <the
specificity of the accommodation, appliied over that locus,)
It Is; thus, essentiaj that these bjiased locai decisions be
evaluated In the global context of whather they correspond
to the feature for which the computer |s io2king,

The use of |arge or sophisticated opsrators and of
pptimlzed accommpodation |Is sconomically practical In
verification tasks for three reasons:

1. Only a reiatively few points ars actually
observed,

2. There |3 a high a prior]l expectation of success,

I All affort can be focused on detscting
discontinuities In a singie expscted direction, Thls
approach maximizes the signal/noise that can be reajlzed

with a glven amount of processing. The edge folliower, on
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the other hand, must divide Its attention among esdges at a)|
possibies orlentations at each place |t applies Iits Simpls

operator,

lv,4 STATISTICAL EOGE DETECTION

vi,4,1 OESCRIPTION OF AN EDGE SIGNAL

We are Intsrestad In detecting Internal and external
surface boundarles of the type normally assocliated with
planar=-faced obJects, The most common edgs type |S the
simple Intens|ty step treated In Chapter 3. A noiseless
proflie of this pasic function |s shown in Fligure 4.3, In
sractice, this ldea| signal |s commoniy corrupted in thraee
ways, Referring to Flgure 4.4,:

; The edge transition [s not abrupt, A fTinite
sjope |Is present dus to bandwidth (imitations Iin the
tejevision system, the discrete nature of spatial samplling,
and to the fact that physical edges are nsver perfect, With
a 1" jens, the tota| transition width for <the resasonably
sharp edges of plastic blocks at a typlical working range of
38" covers about two raster units,

2. surfaces suffer from I|jlumination gradients dus
to the dlrectiona) naturs of 1lghting sources and to
variations In refilectivity as the angie of incidence changes

aleng the surface, (An analytic treatment of thls affect Is
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Fig. 4.3 Ideal Intensity Step

FINITE

SURFACE
ILLUMINATION
GRADIENTS

NOISE

Fig. 4.4 Actual Intensity Edge

[ --.Ii.—IM _:.‘.._

Fig. 4.5 One-Dimensional T-Test Cperator
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glven In Herskowltz [19783,) In most cases, thess gradients
are & relatively minor probjem, Tns uniform lighting
conditions which make the edge difficult to See in the flpst
place aiso tend to minimize variations in surface lighting,
A typical varlation 1Is |ess than ,21iv. (on a 1v. signai
rangs) In ten raster wunits, a Slopes of (1B*=3)v,/raster
unit, (Shadows ang reflegtions wiil occasSionally proguce
variations up to three times as great.)

3. Random Gaussian detsctor nolise, (ses Equation
4.4) |Is superimpossd on these other Signal componsnts, For
ournbs.s of comparison, the r.m.S, valug of this nolisg s

on the order of .01y,

Iv,4.2 DETECTION CRITERIA

The stat|stical 7T-test discussed at length In
Chapter 3, can be gensrallized to provide a sultabie

detection cplite,lon fo, non=idea! edges,

Justiflication for the Use of T-test
While not the most sophisticated cperator that could
bs applied, the T-test doss offer ones practical advantage;

the e¢ffacts of the varlous accommodations on [{ts performance

are already understgod, [ts |imitations are known gnd
wit] be discussed jater, with suggestions for more powerfyi
statistical techniques. The emphasis of our presant work,
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howsver, s not statistical detection theory But rather to
show that, with appropriates accommodation, the simpiest
statistical test can detect edges that previousiy had e|uded
far more eiaborats operators,

The T=-test ssrves two specific functions:

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

2. to provide nolse reduction by spatial averaging,
The primary purpose of these functlons Is to guard against
errors of commission, Errors of ommission will be
attacked by using acommodation to boost the bpasic signal
rather than relyinga on a more sensitive signal extraction
ajgorithm, Of course, trade-offs between the effort spent
on accommodation and on statistical processing must be
considered, These trade=offs ars large |y unanswered
questions concerning relative efficlency and reliabllity,
We fael our present emphas|s is Justifled on thres countsy

i. The tims spent In tuning the camera so that an
Iimage Is good enocugh to use with simpie cperators s apt to
be f(e8s than the t|me that would otherwise be required to
process a marginal Image with more sophisticated algorithms,

2. The googness of the basic Image (as reflected In
Its signal/noise) inhersntly dzt:rmings the reflabiiity of
subsequesnt processing, regardiess of sophistication.

3. A considerable body of HkKnowisdge (3 already

avallabie concerning the relsvant aspects 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 Figure 4.5, for detecting esdge prof||ss
of the type shown In Flgure 4.4, This operator Is designsd
to test for the presence of an edge boundary colncldent with
its three-ceil| gap, Sample means are calcyulated from the W
intensities observed on each Side of the gap,. The
difference of thesSe averages must bde compared with an
expecteg deviation, Ssd, to determine the Ilke|lhood of an
egge.,

T = fﬁiijfg (4,1)
d
(Ssa IS againm the standard deviation of the difference glven
oy Equation 3,9 with N=W,)

Cur original use of the T-test to distinguish Idesal
edges from uniform surfaces was based on the hypothesis that
the ciffersnces bstween the two samples, drawn from the same
distribution (le, corresponding to no edge}, would Dbe
T-distributed with mean Zero, Sioping surfaces
Introduce a Systematic werror Into this assumptioni the
intensity distributions, sampled at separated points on such

a surface, wili diftfer In mean. The appropriate nuli
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hypothes|s "for yuse with a surfate of Sjiops M [s! 4hy
difference of twoc Sampies drawn from points (W+3) mpart will
be T=distributed with mean Me(Wa3},

A significant T-score Iis a necesSsary bdut not
syfficient condition for the existence of a non=ideal edgs,
The Te=score of sven the smal{est surface siops can be made
arbitrarlly Iarges by reducing S+d (eg. through tempora|
averaging), In the jast analysis, ali that the T=scors
estab|ishes Is the fact that an observed intensity
difference Is uniikgly to have evoived from chance, No
Judgement 1s rendgred on the signiflicance of ths absolute
magnituge of the [ntensity diffsrence.

To distingulsh actual edges from sioping surfaces It
Is thus reasonable to requlire a minimum absojute contrast,
This condition can be imposed on tep of the T-test to Iinsure
that =ignificant Te-scores do, In fact, correspond to
sigrnificant edges, A convenient thresholid for this purposs
Is twice the height achlevabis by the maximum aliowable
surface siops over the sffective sampiing width, W+3, The

complete edge detectlion criteria can then be expressed as
(T >2.8) A (M, - My} >2x 107 x (W + 3)] ~ Edge (4.2)

The auxiijary condition does not radicaliy alter the
accommedation ruies develioped Iin Chapter 3. It was noted

that the Tescors could be Increased by either snhancing
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contrast or reducing nolse, Condition 4.2 merely Iimplles
that contrast should be the primary concern, i
accormodation cannot achleve adeguate gcontrast, there I8 no
nesd %o pursus further nolss reduction, i1t this contrast
threshold Is reallzZed, then additional effort Is warranted

to prove that |t was not nolse=induced,

1y.4.3.1 COMPUTING THE EXPECTED DEVIATION FOR A NON-IDEAL
EDGE

S+d, the standard deviation of the dgifference In the
sample wreans, 18 rejated oy Equation 3,9 (with N=zW) to the
standard deviation of the W Intensity samples obsarved In
each ha|f of the operator. For & non-ideal edge, S:1 and
S¢2 wlll each reflsct random detector nolse and spatial
nolse, induced py the uniform sjope a!lowed On sach side of
the ralin transition,

The tempora| and spatimi componenis are independent
and can be conslidered separately. To defline tne spatial
component, consider a nolse=-fres intensity surface of slope
M y./raster unlt, The distribution of intensities {about
the mean) found in an operator of wldtn y. appiied to this
surface, 18 eguivajsnt o that gensrated by the uniform
gistribution shown In Figure 4,6, The spatial component of
tne varlance can, thus, be approximated (in ciosed form) Dy

the varlancs of a eontinyous uniform distribution, as
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expressed by tauation 4.3,

wiae (4,3)

The temporai neliss of the #1:trl§utlﬂn with the

gradlents removed is

v @ 8 ) (4,4)
N }-‘3"3 L' ey + GEBE +GC+-1%

{which Is a combination of Equations 2,25, 2.34, and 3,21},
The sxpected variance of the sample mean of

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

s (o2 ) (4,59
1 2 142 . .2 N, W ‘
W= ""v’i’("x""g)“"ﬁ* 12

1t comparable nolss |s assumed on both sides of the sdge,

Equation 3,9 Impiies that Sé¢d wl|! be:

1/2
N wuz) (4.6)
8 = “E(w" BV
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Iv,4,3,2 OPTIMIZING THE T-OPERATOR [N THEORY AND IN PRACTICE

The detection sensitivity of Equation 4,2 is limited
by 1ts response toc a surface of uniform linsar gradlent, ™,
In the absence of a real wedge,. the nature of this
jimitation is lilustrated In Figurs 4,7,

The edge signal, R, must be significzantiy larger
than Ssd and the systematic blas that would be present [n
ths absence of any discontinulty, A larger opsrator
provides more averaging, Conssquent|y, the random nolse wiil
ne lower, A large opsrator, howsver, implileg a wide goacing
petween operator centers, This spacing rasults In a large
systematic offsst from surface slopes which can mask a
constant edge signai. For an operator of width, W, the

bplased T~score from a uniform surface of siope M |8

5 MW D)
ﬁ(iﬁ.*ﬂ_nf)
w 12

Singe W affects both the operator size and effective
spacing In 4,6, a practical compromise Is needed, The
optimum cholce of W Is esquivalent to specifying the best

band pass fliter for separating the medium frequency edos
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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 the nigh frequency detector nolse and the |ow
frequency spatis| nolses (gradients), The width of the
sampled arsa determinss a nigh frequency cut-off; a large
operator s desired to Smooth ocut tempora; nolse. The
spacing bstween the operators determines a Jlow frequency
cut=off; a small spacing |s desired to discriminate against
gradual spatial graglents,

While a larger operator wi|| reduce randem nolse, |t
will not necessari|y " |ower Sid, This depends on the
refative Importance of the spatia) and temporal components
of the rolise, In Figure 4,8 Equation 4.6 s plotted as a
function of W, For small W ths temporal! nolse |s dominant,
but, as W Increases, this component |s smoothed S0 that the
spatial component grows In [mportance, The overal| nolse 1s
minirlized at W329,9 when the two components are equal.

Minimizing noise does not, however, maximize
sensitivity, An egge discontinuity would need an ampilitude
of at least 2a33e(10+=3)v, In order to fulfiil the contrast
requlired by Equation 4.2, An operator width of 30 would a|so

pe Irpractically wide for al| byt the largest objects.

I1V,4.5.4 DETERMINING A PRACTICAL OPERATOR SIZE

Figure 4,7 |1justrates the deslirabl|ity of confining
the operator to ths Iimmediate  lcinity of the edge

transition, If W Is kept small, tne offsst from sioping
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surfaces wiil be |ess significant relative to a constant
sdge signai,

For WE5, the maximum spatia! nolse component |s
Insignificant rejative to the typical temporal nolise lesve]|
of ,21lv, For Was5, the expscted standard deviation of <the
T-scors |s thus

8, = ﬂ’;}?'—"—*‘ = 0.00632 a8

If we requlirs that the probabi| ity of mistakeniy calling a
leve | surface an edges be jess than 11X, the minimym

detectable sdge wli| have amplltude

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

This sensitivity 1|s adequate for practica| purposes, It
corresponds to a contrast that bare|y exceeds the minimum
which our quant|zer is capable of resoiving. By
comparison, the expscted signal from the worst case ramp for
& center-center opsrator spacing of 8 ulli be Ba(idr=3,
{which s 1,4 standard deviations below the minimyum
acceptable signaj), This represents a rouyghly 8X chanceg of
mistaking a gradual siopes for an sdge on & single
measurerent,

If this test |s applled ten times over thse globa]

extent and a colncidence of sight successful detections |9
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required to confirm an edge, the possibiiity that a trend
will be caliled an sdge |3 negligibie,

It should be noted that a satisfactory T-score,
based on Sid given by 4.8, Impliss that the cortrast
constra nt {(Equation 4.2) (9 alse satisfied. An expiic|t
check of contrast |s necessary oniy when additiona)

averaging is employed to ralse the T-score by reducing Sid,

1v,4,3,5 TWO=DIMENSIONAL OPERATORS

Ai{though the width of <the T-operator has bean
constralned, nothing has yet been sald about adding a second
dimension, paralie! to the edge, to crsate a rectangu|ar
opera<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>