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ABSTRACT

An Interactive Scene Interpretatien System (ISIS) 1is beina
developed by Stanford Research Institute’s Artificial Intellicence
Center as a toel tor censtructing and experimenting with manemachine
and autematic scene analysis methods tailored for narticulgr image
demains, This report describes a recently developed reaion analysis
suhsystem bhaSed on the Praradiagn of Brice and Fenmema, USina this
subsystem a series of experiments was conducted to determine good
criteria for initlally partitionina a Scene inte atemic regiens and
for mergina these reaions into a final partition nf the scene alnno
obiect boundaries, Semantic (Probleme=dependent} knowledge {8
assential for complete, correct partitions of eomplex realeworld
scenes, An interactive anproach to semantic scene seamentation was
developed and demonstrated on botn landscave and imdoor Seenes., This
apnroach provides a reasonable methodolody for segmenting scenes that
cannot be Processad combletely alfomatically at ‘'present, and is a
promisinag basis for a future automatic system, The report also
describes a program that can automatically aenerate strateaies for

finding specific oblects im a Scenme based on matually desimnatend

pietorial examples,
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N INTRODUCTION

This report describes recent resaarch 1in interactive . scene.
analysis usina- the TInteractive Scens Interpretation System (TSTH
developed at SRT, Nur overall obiectives are to? (1) devise
interactive. methodelinales for rapidlVv nbpreqramring computers to
recoonize obiects in particular reale=world piectorial domains, and:(?2)
develop teehniquaes - for cooperative scene anlvsis whereby humans .can
pravide the computer with aquidance when completsly automated

processing 1s infeasible,

Scene analysis 1is still mere mf am art than a science. The
field is characterized bv a few general oprinciprles and a growing
collectien of a4 hoc tachniques perfected, largely hy trial and
errer, for particular demains, Even experisnced researchers have
dif€iculty predictina whiech, {f any, of these techniques apply to a
new domain, ISTS was oriainalliy developed to help researchers refine.
their intuvitions, ata ecan be oabserved on a gqray scale nor ¢alor
display as it is perceived by the ecomputer, Primitive operators can
be applied to selected areas of the scene to determine‘directlv tin
‘numerical terms) which features provide the hest diserimination amenc
particular .ohiects, Uniect finding stratexies can be farmylated in
terﬁs of these features and tested onwelina, hy renuestinn the svystem
to illuminate al} instances observed in a disnlaved scene, 1t was
possihle to construct Stratsgies far fimdine each of the bDrincipal
surfaces in a sirple roem gcane (P,d,, tloor, tabletep, chalrseat,
and vall) in a matter of hours (11}, Thess strategies were based

on primitive operators for extracting hie, saturation, helant, and



surface orjientatinom frem correlated arravys of color and simnlated
rance data, Attribute descriptions (e,a,, the esolor buff and the
srientation herizental) were. developed in a similar fashion and used

to express additianal ebiject finding strategies {m svmholic terts,

1S1S {s a 'step toward more natural pictorial communication
with machines, Jdeally, one would like to prosram a computer ta
find unfamiliar obiects as one would instruct a person by pointina at
eXamples, oY hy previding erude ‘Verbal ‘dascrintions, R tree, for
example, might bne described as a "agreen, leafv reaion above a tall,
broun, vertica}, harkwtextuyred reglon,” Unfamilfar econecepts such ax
Ngqreen® Or "leafy" .could in turn be defined by pointing at exarples,
The ecomputer miant demonstrate comprehsansion hy osutlinimg Iinstances
of the Adescrihed abiect in a displayed iraae, The prodrammar coyld
‘then refine the desSeription empiricallv teo correct errors in the
computer’s {interpretation, While we are still far from achievine-

this fdeal, some sianiticant proaress has been made,
1,1 Summary of Research Prooress

This profect has addressed 'several mador limftations
of the initial Version ot ISIS described im Reference't, First, tre
preliminary system lacked disoplay capabilities, primitives, and scene
seamentatien techniacueés needed to function effectively 1n.natural
(L.e., oUtdoor) scenes, Second, while providing halpful teols, f{t-

left the mader nroaramming burden with the user, Third, the system

provided no cavabilities for high-level graphical communication such



as "pointing,."

Dur ~ ahility to obServe data as they appear to the
computer was significantly enhanced hy the aequisition of a ecoloer
image display, The display was particularly helpful in investiaating
ecelor and texture discriminatiem in lanmdscape scenes, °T'nlike
mainted ohdects found Inm .roem ScensS, moSt naturally oceurring
obiects cannot be distinguished solely on the basis of lecally
sampled attriputes such as hUe and Saturatien, Therefore, outdnnr
scenes must be partitioned into coherent remaions sa that alabal
attrinutes (e,g,, textUre and shape) and spatial relatiens with otnar
realons fe.q,, adiacency, vertical position. and the 1ike) can tre

used,

Various syntactie and semantic techniques for scene
partitioning were experimentally evaluated wsing 181§, A mew
interdctive: apbroadh to semantic Scene Seamentatjior Was demonStrated
on both lardscape and indoor scenes, This approach is of interest
beth as a reasonable way to seament scenmnes that at present cannot he
Processed completely automatically and as a prowising bhase for a

future ‘automatie svystemr,

Proaress was made 18 autpmatine ~ the * interactive
generation of -strateales for findina obdects ‘in room Scemesy
Specifically, a ' program was develoned whicﬁ acecents pictorial
examples of object surfaces (e,7,, floor, wall, tabhletop, and other
obiects) outlined'on a -dispiay Screem by ‘a human trainer, and

attemnts to desian a good strateay far seleecting samples of tHose
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surfaces in future jmaages, The proaram emijlates the empiries)
appreach of a human tralner: the example §s first ~haracterized in
terms of featuUre extractisn onerators, A sat of featuras 15 selected
that distinquishes the exarple from examnles-éf previously learred
concepts, Flpallv, a corresponding nredicate {5 -nenerated and
aoplied to random imane sampie noints, The selected feature set s
emniricallyv refined, 1f necessary, to exclude sarple points nnt
belonging to the example, or to inclitde omitted samples of tre
example. Tﬂe human  trainar can miide the machine’s
experimentation by descrining the new nahiect in terms of attributes
of nreviously characterized opjects or by directiv suagaestinag Wwhieh

operators to try,

Desiamnating exanrles bv painting with a eursar s
usyally more natural than drawing a detailed autiine, esvecially #nr
spatially amorphous obiects sueh as trees. MHawever, nolintine s
intrinsically ambicucuss the trainer rould he designatinag anything
from the particular ricture element ta the entire nigture,: The
mrachine pust first ruess the examnle that jt is expected tn describe,-
T#o poainting inference mechamisms were devised, anea based on retior
arawing for use in outdeor SceneS ard the atrer on autematic strateay
generation far use in indmer scenes, -In the first instance, the
reaqion arower was modified to grow outward from desienated startine
points inside and outside the aniect of interest, Ir the Second
cake, a strateqy was generated specificallv far distinquisning
batween samples desiagnated to be on an ohiect of Interest and thnase
designated to ba on adiacert obisects, In bnth cases, after the,

computer’s quess i{s displaved, the trainer can elanorate on ris



intent by desianating add{tiensl sanplaes ean ans off the obdect,

The auessing preoecess then iterates unti)l trainer and esmputer aaree,

The interactive technigyes described in this report
ate not vat inteqrated into a Single system, Moreover, many of the
scene analvsis results have yvet to be rigearously tested in a' large
nimber of Scenes, The prodect haS recently reached a very fertile
experimental stace, as indicated by the fact that new ideas for scene
analysis are occuyrring mueh more freguently than ideas for impreving

the system,
1,2 Development of QLISP Languaage

A portion of this proiect has supported develspment
of a highelevel preqrammina langUage called GLISP, The OLISP
lanquage provides mest of the features of GA4 embedded within the
INTERLISP system, Thus, OLISP provides a rieh varietv of data
types, a data bass for content=directed retrieval of exprQSSiOns. a
mowerful  pattern matching capability, pattern~directed tunctien
iavocation, and a mechanism for manipulating data contexts, These are
all available in a programming enviromment that provides a versatile,
LISPeoriented editor: an easy=towyse €ille packaze for maintainina
symbolic filesy a "programmer’s assistant® whieh allews commands to
be undone or altered: and an arror correctiom system whiech can. f£1x

many simple uyser errers automatically,

Althsugh QLISP has net been used as the preqrammina

languaae for the work deseripved elSewhere 1Iin this report, the
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requirements of that work have provided direction te the effort te
streamline a Sophistiecated buUt ecostlV language into an effiecient teae)

for problem seolvina,

puring the peripod covered by this repert, the basic
featyres of the language were implemented and I{ncorporated into a
rather reliable and easyeto=gse packaae, A compller has been
implemented, and other modifications have heen made to improve the
lanquage’s. efficiency., Compiled Pregrams writtem i{n QLISP run about

30 to %0 times faster than the corresponding Qa4 prearams,

The mest serious drawback te QLISP is that it terds
to forece the programmer whe uses it inte an uUmnecessarily restricted
framework,. Thus, for example, QLISP’s data storage and retrieval
statements are implemented im such a way as to prohibit the use of
the deta base aS a netWork of items that could me eaSily travVersed.
Furtharmore, the "grain! of the availahble statements is sometimes too
coarsey i,e,, it is not always possible to specify precisely now a
retrieval operation should be carried out, TheSe are the Primary

reasons why it was decided not to implement ISIS im OLISP,

Hewever, QLISP has been shown te he a useful tool for
problem selvinag, simulation, and autematic programming,
Therefore, work. will conrtinue, under other supnort, to further
impreve and streamline this language, During the esoming year, we
plan to install a new pattern matcher which camn bperform unification
(matehing twe patterns, both of whieh contain variables) as well as

do simple .ratches more guiekly, We will {nstall a new data - hase



meshanism that will Aallow mora efficlent 3ccess of related structures
in the associative store, We will investjoate the extension of the
assocliative store to secondary storade, Finally, %nen the
Bobroweleakreit contrel stack formalisn is incarporated ° intae
INTERLISP, we Wwjill add faecilities tor. pseuAdAo=parallel ntrocessina tm

auTse,

ALISP is avallable over the ARPA net, and has already
been Used on an eXber{mental basis at sSeVeral sites aTolUng the

netvoerk,



2. SYSTFHM DEVEL.OPHMENT

A substantial amount of effort dutring the bast vear was
devoted to system developrent, 2 simple diaitizing device for
photoaraphiec transparencjies was cnnst}ucted, A codor displav was
acauired and interfaced, necessitating the development of both lawe
and ‘hiah=level celor display software,. Fhe "oricinal ISIS system

described in Retepence 1 was extensively overhauled te {rprove both

efficiency and mamory ut{l{zation,
2,1 Hardware
Zelal Slide Diagltizer

A direct view siide 4igitizer was constructed
using a sheet .of translucen; Polakote as the optical {interface,
Images viewed throuUah a araurd 4lass interface had undesirable arain,
and images viewed on a conventional vporoiection screem had dull,
unsaturated color, B 1311 field lens was also tried as a direct view
interface, It provided brilliant colors bit the imade was tao small

for the zoom opties bullt into our camera,

Pletures were .dlgitized at a samlino
resolutién of 120 X 1?0 elements, % bits/color, The camera again and
fris were peaked for each calor filter, so that the briahtest white
in the scene (usually-a cloud) was barely saturated, This strateav
optimized the contrast and signal te noise for each filter over mpst

R
~rrenEREs )
of - the hrichtness range an4d also comnensated for varvirg fllfer



densitisas, so that white produced a uniform response,

There are wellsknown Pproblems in usine
Vidicon televisior cameras for photometric measurements (2], The
Aynamic ‘hriahtness range of tvpical outdonr scenes, whether vievad
live -or on siides, aensrally exceeds the availapie 1001 dvnamie
range of most televisisn cameras, Quantitative comparisons nf
brightness observed throuagh multicle color filters are frustrated bhv
spectral variatians in tafﬂet sensitivity amd bpy autematie aain
eircuitry bullt into the camera electronics. One way to avold thess
sroblers iz to digitize slides with a machanical scanner uUsing a
ohotemultiplier, T{me can than be directlv traded for anv daSired
combination of sensitivity, intensity resolution, siaral/noise,
dynarie rande, and so €orth, Lackiat sueh hardware ourselves, we
ware fortunate to acaui{re over the ARPA net a sSrall library of
accurately digitized  scemes from researchers at Carneale *ellon
University, Thase {mages were oricimally digitized or a Huirmnaead
Arum at the University ef Southefn Califormia Image Processina.
Lanaratory, The oriqginal data cantained A bits/coler at a snatial
resalution of &00 X 820, These data wers subsequently TreSampled-
down to 240 X 7240 reselutrien, Some of these images weare used in .

reaion arowing exnperiments reported later,
2342 Coler Displav
A RAVTEK® GX100 ecoler video display was

acauired ahd Interfaced, Treplacina -an 3idaam vectar displav used in

sarlier ISIS versions, The Ramtek system consists of an 18 inch ¢oleor

10



TV roniter refreshed through D/A converters by a series »f*M¥NS shitt
registers, BEach individually addressable shift register (or memarv
plane) stores { nhit of brightnass- imformation for each discreta
raster element, The svstéﬂ nurc%ased by SRT cantaing a total of 14
memory planes which ¢an bhe confiqured to ©Dprodice t¥Wn hasic

capabilitlies:

(1) DisplaYy a 256 X 256 elerent color image, eaeh
element Sisplayed usina 4 bits nf intensity
information each for red, araeen, and blue,

Two overlavs, bright red amd briant aqreen, are
avallaple for superimpesinag vector araphies,
cursers, and so on without disturninag the

underivimg inage,

IZJ‘Displav a 256 X 256 miement arey seale imadge,
each element displaved with B bits of brightress

on & blaeck and white moniter,

These capabilities represent an sconomic halance between the saatia}
and brightness resolution availakhle from eitr semsors and the cost of
atditional memory,.¥x Seolid State memerv was chosen So as to aveld
difficulties ir svnchronizinq myltiple color plames hecause of 'sﬁgw

and stahility errors inherent in A4isk refreshed svstems,
A1l af our wark tn date has heenrn parformeg

with the color monitor, althouanh Wwe anticipate several future

applications that will benefit trem the hRigh reselutioen grey scale

11



compahility, "nualitatively, the imanes are quite adeauate for
experimental work, Fiqure 1a 1llustrates the Ramtek’s basic
capabilities with ideal data. Fiaures lh to 1d Show -4isplays from

our principal experimental domains,

CAL B L EE L LR 2 32 L1 Y LR R0 0 P2 3 E R0 0 LB RE AL L RELELELRELREERSR LI B LA L Al Aok i A i J

#%The cost of eash memory plane for 256 X 2?56 spatial resolution vas
approximately $1,0n0, *empory cost inereases linpériv with addftio;a1
briaktness resolutiom and as the sguare of swmatial reselution, Thus,
an additional bhit of coler resolutinn for each onrimary colar adds
53.060 to the total cost.‘while'doublinc spatial reselution td 512 X
S12 at 4 bit/conr auadruples memory  cost ta  §4R,090,
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TA-8721-6

FIGURE 1 (a) SYNTHETIC COLOR TRIANGLE; (b) SRI OFFICE SCENE; (c) LANDSCAPE
SCENE (MONTEREY, CALIFORNIA); (d) CARNEGIE-MELLON OFFICE SCENE
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2.2 Saftware

The core of ISIS consists of ¢the following basle

software modulest

# Graphies SsSupport

# Primitive feature extraction operators

# Iconic and symbolic data structures

# General application pregrams (filtering,
scanning, reqion growing, region classifying,

statisties gathering, and seo ferthd,

These components are beina continually modified {n an upward,
compatible manner to improve efficiency and to increase the svysterm’s
generality, Twe improvements {n the past year were particularly
noticeable, First, the FORTRAN data struecture used for storing
region and sample deseriptions has been replaced by a more compact
and efficient structure implemented using special features of
INTERLISP, Second, filtering and similar computationally expensive
functions are now executed efficiently in FORTRAN, This has been
made possible by software that allows arrays of image samples as Well
as conjunctive filter predicates to be communicated between LISP and

FORTRAN,

A device=independent qraphics packaqge was implemented

which allows displays with alphanumerics, points, vectors, gqrey

14



Scale, and fu)l coler data tp be devVelnned {m LISF, FNRTRAN, or SAIlL

and displaved at run time on either the Ramtek, Adane, or
Hewlettepackard A{splays suhject to hardware capabilities, 1p te 10°

display 1ists can be defined, which are maninpulated indepandentiv,

Specialized suprort routines far the Ramtek allow
arbitrary sized ecolor image arravs to he snown at a specified scale
and lacation on the display Secreen, I!lsers can thus create rontaaes
of {mages at various stages of processins, Alpharumeric and veetor
overlays are automatically scaled to enrrespond with underlying imaqe
displays, Graphies can Fe output om any memory clane, althonuah
usually the red overlay nlane is used, Informative eolor araphies
Siich as barararhs, histoarams, falsSe ecolor {mage renditions, and S»n
tforth, can be synthesized conveniently with reaisn colerinag routines,
Fxamples illustratine the use of these cananilities annear throuahant
this revport, NDetailed aqrarhics software deeumentation {s availahle

from the authors,

15



3. PRIMTTIVE OPFRATORS

Scene aralysis reqguires norimitive nrerators that cAn
distinauish arona obhjects in a domain of {nterest, A corbination o¢
1ocal attricutes such as huye, heisht, and oariertation providesg
adeduvate discrimination in simple room scemes, n1*t nat in landScaPpes,
Natural colors temd to be weakly saturated with proad spectral neaks
(see Flagures 2a,b),. Mast of the paundalv {nfoarmation UsUAlly
assoclated with ecolnayr is actually caused nyv hrijhtrags alane (Figure
2¢c), Helaht aned oriemtatisn are more characteristic cf plare surfaced
roam furniture thar of {rreaqularly conteursd surfaces in mnatuara)
scenes, (Tt is also muesh harder aytAdmars te ontain the ramade data
rneeded for measurino these features,) Analyssas of ratural sremes
conSeauently must usSe additienal, 71nnal feat'lras darjved prirarily
from visual data, The rerainder of this section descrires
axnerimental primitives for three almna)l featuyres: trexture, share,

And spatia)l cortext,
5 Texture
; Pl b IntroAuction

Textyre s an {lle=detined pransrty that afves
nonhomoceneolus reajons A ecahereant appearanece, Taxtuyre arises frorm
reqular (poessibly statisticaly variations in lacal attributes (such
as brightness, hue, and saturation) and exists at all levels of
Aescription, Thus, a hRillside »of trees, a treetop, and the surfarce

of a sinale leaf each have characteristic textures, Nre {s usuallv

16
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SATURATION

TA-8721-30

FIGURE 2 (ab) COLOR CODED SCATTER PLOT OF HUE VERSUS SATURATION FOR
REGIONS DESIGNATED IN FIGURE 2b; (c) LANDSCAPE SCENE FROM FIGURE
1c WITH BRIGHTNESS INFORMATION REMOVED (BRIGHTNESS
NORMALIZATION ACHIEVED BY DIVIDING THE RED, GREEN, AND BLUE
COLOR COMPONENTS OF EACH PICTURE ELEMENT BY THE SUM OF THOSE
COMPONENTS); (d) LANDSCAPE SCENE SAMPLED TO 40 x 40 RESOLUTION;
(e) 20 DEGREE QUANTIZATION INTERVALS DISPLAYED ON COLOR
TRIANGLE; (f) LANDSCAPE SCENE WITH EACH SAMPLE DISPLAYED IN THE
COLOR OF THE 20 DEGREE INTERVAL TQ WHICH IT IS CLASSIFIED
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mast aware of the aross texture of the smallest scene elements

involved in an articulated description,

The texture detai]l available in a digitized
image depends on viewing scale (i,e,, maagnification) and spatial
sampling density, The level of teXture needed to distinguish, say, a
regien of agrass from a reglon of water has not been clearly
determined, It would, of course, be Preferable te rely on macre
texture where grass might be characterized as a region containing
green, brown, and vello¥ patches, One could then sample Very coarsely
(e.3.,, 40 X 40 or less) and avoid the mass of data needed teo
characterize the individual blades, We thus concur with Hanson and
Riseman [3) whe gquestioned Baicsy’s arguments for using a
quantization arid several times finer than the finest texture element
(41, Figure 24 shows the sSame Scene as Fiqure 1e (120 X 120
resolution), sampled at 40 X 40 resolution, Viewed at a distance of,
say, 15 feet, this figure {s aquite recognizable, Therefore,
qualitatively {t probably contains sufficient texture data to

characterize {ts component objects,

Texture, unlike brightness and hue, is not a
monolithiec attripute and cannot generally be expressed by any sinale
functional representation, Investigators have used a wide varlety of
features to classify or distinquish particular textures, but have
been unable to formalize hew features should pe Selected for a
partieular class of scenes, ISIS is a useful teol for determinina
appropriate texture features experimentally; operators can be applied

te selected reagions of a scene individually and in weighted feature

18



vactors to test Aiscriminatian,
3.1,2 Tgxture Noerators

We aré accurulati=ma -a librarv of commonly
uUsed texture orerators and procedures {Tanle 3,11, TreSe oberators
are qrouved into twe classes?t nmicro=textures and macro=teXtures,
Mlcro=textures are characterized by statistical distributiens of
nriahktness, Fue, and safuration at the picture alement “lavel,
Macromtextures are compnsed of Jrouninas nf elamantary reglons (i,e,.
reqleons of homoaeneous colar and briantness) and are characterized bv
aistripbutions - of  shape, density, spatial arrangement,  and

micra=taxture of those reaions,

19



Table 3,1
A BASIC LIBRARY NF TEXTURE JPERATNRS

VMiere Textures

t, pistribution -statistics for hrisghtness, hue, and saturatior
{taken directionallv or nondirectionaltiv}t
ag Hean
h, Mpnde
c, Standard deviation
d, Skew
e, Kurtoesis
2, Features derived from directicnal - spatial Aependencv

arrays [51¢

A, Fnerav
b, Fntropy

#3, Edae density and directional edae.densitv (veartical edge
Ydensity/horizontal edge density} [&]:

*4, Statistics derived fram Fourier power and phase spectru+r [4]:
a, Peak power, bimode, and so on, .
-8 Iimaui{stic features: monndirectional, linear,

bidirectionai, blebs, and so on,

*Macre Textures

Statistics derived from distributions of elemantarv reaion nroperties
(711

a, Snape (based on moments)
b, Size (nmerimeter, area) .
c. Persity (average nurher aof regians/unit area)’

#Thefe oPelators nave not vet bheen implemented on 0Ur system,

20



3.1.3 Texture Displavys

A number- of speeial displavs have been
formylated to help visualize the effectiveness of various texture
oberatoers, An experimentet can circle two reglons of the Scene and
obtain superimposed histograms of hue, saturation, and brightness
(see Figure 3), He can ailso obtain superimposed twomdimensionmal
scatter plots of hue Vversus saturation for multiple reqgions, {(The
vellow and red scatter points {n rigure 2b correspond regpectively to
the Vvello¥ and red regions desianated in Figure 2a,) He can displav
the original image sampled te an arbitrary vresolution (Figure 24),
Furthermore, each sample e¢an be shown with the average or modal
mrightness or hue of the SurrouUnding area (Fiaures 4, 33, Spatial
dependency arravs (aiving the oprobabllity of encounterina a
transition betveen two specified bridhtness levels when scannhing the
image horizontally, vertically, or diagonally) ecan be displayed for
selected regions as twosdimensional brightness arravs rather than as

large arravs of meaninaless rumbhers (Flaure &),

3,1,4 Diseussion

A systematic evaluation of taxture operators
15 not one of our opiectives, althouah a facility such as 1SIS would
be helpful In such an undertakina, From a cursorv examinatian, 1t
aspears that statistics for spatial texture implemented so far do not
diseriminate substantially better than a comparison of briahtnmess,
hue, or saturation distri{butisns usinag standard tests of significance

sych as chissaquare or Kplmogorov=Smirmov (KS), Fneouraging

21



vAnbE L,

{a)

{b)

TA-8721-4

FIGURE 3 (ab) OVERLAPPING HISTOGRAMS OF BRIGHTNESS, HUE, AND SATURATION
FOR REGIONS OUTLINED IN FIGURE 3B

22



TA-8721-8

FIGURE 4 SAMPLED LANDSCAPE SCENE WITH EACH SAMPLE DISPLAYED AT THE
AVERAGE BRIGHTNESS OVER A 3 x 3 NEIGHBORHOOD
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TA-8721-9

FIGURE 5 SAMPLED LANDSCAPE SCENE WITH EACH SAMPLE DISPLAYED AT THE
MODAL BRIGHTNESS OVER A 3 x 3 NEIGHBORHOOD

24



(b} REGION 1

{c} REGION 2 {di REGION 3

TA-8721-10

FIGURE 6 SPATIAL DEPENDENCY ARRAYS FOR REGIONS DESIGNATED IN FIGURE 6a
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DISTRIBUTION EOR REGION B
1.0
06
DISTRIBUTION FOR REGION A
¢ Bom-—

HUE, SAT, OR GRAY LEVEL
TA-8721-5

FIGURE 7 MODIFIED KOLMOGOROV—SMIRNOV SIMILARITY CRITERIA:
TWO CUMULATIVE DISTRIBUTIONS ARE COMPARED ON THE
BASIS OF AVERAGE MAGNITUDE DIFFERENCE, SHOWN SHADED

(After Muerle and Allen [8]).
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experimental resuits have kheen ohtaired using a red{fication of the
KS eriteria first rroposed by MJderle and 411en [2) and {11ustrated in

Figqure 7,

A promisina future dAirectlionm is the se of
ISIS to feduce ad moac characteristics tnat distinauish particular
rexfgres in a limited scene domain, For examnle, & realon might he
adequately‘characterized. At the microetextyre level, simply as the
sat of.:sanrles with g prrescribed ora¥imity o samples navineg a
distinauished hue (the detailnd nue distrihution of the selectand
points " being unimpertanmt), In one narticnlar‘scene. regians nf skvy
and lake bhoth ¢cortained many sambles with virtually identical ®lue
hues, Hawever, in the Jlake, the brlue sanplies were liberatlv
interspersed with distinctive areen sarslas, At the mracro=texture
level, a .reaion could pre deSerihed {n terms of diséinquishinn
attributes of comnenent reaimsns, as whea deseribing arass as a reainn
contairning careen, vellow, ard brewvn blehs, A particularly simple
macto=teXture deseripter is tne nummner ar densitv of smaller Teajens
contained in a standardized sindow, Tn Ficure %, far instance, the
river and bushes are opartitismed {nto wany sma)l reaions, while

qrass, S$kv, and trees are represemted by a few larae realens,

Althougnh texture should seoredav sianifilcantly
enhance color discrim{natinr- it #1311 not alwavs allo¥w uniane
interpretation, Recions of gqround, dark tree hark, ;nd treetep in
Figure 1c are virtually dndistinsuishable to the human eve when
viewed throtah small S1its in a rask. The Same comfuSjion aprlies
tn realons of mountain and sea and of roeck and light tree hkark,

Clearly., shanve andOE?arial cantext are alse necessarv,
Clyar
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RIVER SCENE SEGMENTED INTO 350 RELATIVELY HOMOGENEOQUS REGIONS,

ILLUSTRATING THE USE OF REGION DENSITY AS A TEXTURE FEATURE

FIGURE 8
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3.2 fnane

Shape, 1like texture, is nat a menalithic attrihute
and therefore is not amenable to uUniversal representation. Tahle
3,2 1lists some two dimensional shape_n;imitives. 8o far, onlv the
first two primitives have been implemented, The ratio of (vertical
perimeter/hmorizontal perimeterj. was testad and Proved effective in
distinguishina thim, vertiecally elonaated reaions of "treebark" {fram
non-elongated reajens ot ‘taround" and ttreetop® in Dpartitioned
landscare Scenes, {Sections of 1aqged holndary with’ horizental or

vertical extent less than two were i{conared in eamrputing this ratis.)

29



A)

B)

Table 3,2

SHAPE PRIMITIVES FOR REGINNS

Global Srape
1. Coempactresst (perimetsr squared/area)
2, Drientationt (Vertical perimeter/harizental perimater)

3, Aspect Ratio; (ilenath/widtr of tightest rounding
rectangle)

4, - Moments

5, Skeleter chatacteristies (e,a,, Hhranehing Struectire)
(9]

Boundary Dasecrinters {locatior and glghal)

a, Curvature Peints [10]

b Fourier expansion of boundarv curve [11, 12]
C, Chain rode-features t133 '
d, Limausstic deseriotions [14, 15)
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3,3 Spatial Relations

Spatial context is an {mportant factor in resn%vinn
{ateroretatioen ambpiquities, Procediural representations have been
ifmplemented for some commen three dimansional spatial relationshins
betweeﬁ two reaisns, hased on the Telative worid coordinates nf
vertices in their polyancnal boundaries, These renrpsestatinns are

dascribed in Table 3,3a and demonstrated im Table 3,3b usine the test

raciens in Fiqure 9,

The sbove representations were oriainally developed for ronom
scenes, assuminag availability of ranage data, The accuracy af pur
develobmental ranaefirder has, thus far., bpeen disapnointingt 6
ineches/10t feet, Howevar, ranae accuracy is muych less eritieal jn
determinine agleobal relations tranm in determinina 1lmcal attributes,
such as surface sriesntation, Moreover, all of the telations excent
for vlanarity can be refermulated {in terms of two=~dimensicnal image

coordinates for standard eye level views,

DRIGINAL PAGE IS
OF POOR QUALITY:
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Table 3,3A

REPRESENTATIONS FOR SPATIAL RELATIORS BETWEEN TWO PLANAR SURFACES
GIVEN 2 REGIONS--A (e,g., a Horizontal Chalr Seat} and B (e.g., a Vertical Chair Back)

o
s
T au""" B'mli
REGION B
"M - Brm.x
IVERTICAL]
B'ﬂ\m B‘Ml:

WORLD COORDINATES

TA §721.40

1 Left offRight of

Let Axnin, Axmax = sinlown and paxious X ioage coordinates of boundary points of Region &
Bxnin, Bxmax = minimum and maximum X image coordinates of boundary points of Region B
then

A Region A is left of Reglon B

“1£€ Bxmln + Bamax > Axmin + Axmax
and Bxpin > Axmax or

Hax (AxmEn, Bxmin} - Awmax - 1

Min {Axmax - Mmin, Bxmex - Banin) + 1 .49
{The tast condition provides a v ble [nterpr fon of the pt "left" in cases vhere Regions A and B paz-
tially overlap )
B. Region A {s right of Region B
134 Bxpln + Bxmax s Amin + Axmay
and Axmin > Bwamax or
Min CAxmax, Byoax) - Axoin + 1
=, 49

Min {Axrax = Axmin, Bimas = Bxmin) + 1

2 BelowfAbove

Let Aromin = Azmax = helght ar maxiewn .md‘cu[n[mm Y image coordinates of boundary points of Regien A (horizon:zal surface}
Bzoln, Bzmax = height ot paximvn and alnloun Y image cocrdinates of boundary polnts of Resfon B
then

AL Reglon A Ls below Region B

16f Bzmin + Bzmas > Azafn + Azmax
and Bzmin > Aznax or

Max (Azmin, Bzmin)} - Azmax = 1

Hin (Azoax = Azoin, Bzoas = Bzofn) + 1 =k
B, Region A is above Region B
iHf Bzoin + Bzmay a Azmin + Azmax
. and Azmin > Bpan or
Min (Azmax, Brmon) - Azmin + L ol

Min (Azmas - Azmbn, Bzaax - Bzoin) + 1
(4n additional relitien, directly above/divectly below may be dafined by requiring that the reglons invalved not be
Eo the rvight, left, In front, or in bick of cach other.)
3. Eront/Back

Let Ammin, Armex = maxioum and minimuc range of boundary points-of Reglon A
Brmin, Brmas = maximum and minicun range of boundary points of Reglon B (vereical surface)
then

A. Repion A s In Eront of Region B

ff Brain + Braav » Arakn + Armmas
and Broin > Armax or

Max (Avain, Brein) - Armax - 1

Min (Armax - Avmen, Brmax - Brain) + 1 =09
3 Front/Back (Concluded)
B. Region a Ls in back of Regfon B
iff Brmin + Brmat = Amin + Armax
and Armin > Brmax or
Hin (Arman, Brmax} - Armin & 1 5.9

Min (Armax - Armin, Brmax - Bmin) + 1

4.  Ceplanax
let PLA, = least square planar surfage fit-to boundary polnts of Region A
PLB, = least squarc planar surface Fit to boundary polnts of Region B
then
Region & and Regica B are coplanar 1ff the following criterfz hold:
(I} The surfsee vormels of PLA and PLB must be parallel to within 10 degrees,
(2) Each local plane must intercept the saze coordinate axis (X, ¥, or Z) closest to the origin.

{3} These (oost reliable) intercepts mmst agree within 0%

+(These above criteria compensate heuristicakly for uncertainties in range daca.)
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RELATIONMS

OF SURFACES

Takrle 3,3n

(Table lists relations of ohiect

NRJECT 1
Chairback
Chairseat
Donr
Picture
Tabhletop
Wall

Wastebasket

where

Crairbkack

L'BL

FIGURF 9 USING REPRFSEMTATINIS IN
L to ehjeectr 2)
A = apove F =18 front L =
AL = relow RK = {nm bhack R =
NRJECT 2

Cnalirseat nonr Picture Takletop
A,RK o R,RT F

=== R R,R%,F ay,F

1 - T L

L,A,BK R —_— A, RK
A,RK F AT, F o

[,A R 17 L,3

L,BL B F L,BL L,RIL
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Wall Wastebasket
R,BL R,A
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TABLE TOP

CHAIR BACK

M CHAIR SEAT ¢

i

FIGURE 9 REGIONS USED TO TEST SPATIAL RELATIONS (TABLE 3-b)
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4, A REGTON ANALYSIS SURSYSTEM FOR ISIR
4,1 Introduction

Memst analvses of natural secenes first attemnt to
partition the {mage 1inteo conerent reagions corTeSovending to knoavwp
obiects-[4, 16, 17, 18], Regions previde a convenient basis for
semantic anralysis byv. reducina hoth the amount of detail and the

amhiauities of interpretation found at the picture element level.

Several madels of region analvsis nave abppeared 1in
the 1iteratu;e. Rottom=un methads heain hy exhaustively partitioning
a scene inte elementary atomic reqgiens and bproceed hy meraine
together adjlacent reagions with weak common houndaries‘[i7. 19],
Topwdown methods heain with a sinale'féqion encorpassing the. entire
image and Successivelv  segment it into smaller, homogeneaus
subreaions .[20), . These methods can, he commrired with increased
efficiency by alleving bath merging and seamentatisn to nrocaed from
an initial intetmediate. tevel partitiar ohtained by {mposina an

arbitrary arid (2t, 221, [Regions €an alsn be arpwn independentlv

from startineg kernels selected with semantic informatian (23],

This section - Presents  the reajon analysis
capabhilities being developd ¢tor ISTS, e first evaluate sopre
noansermantie recgnn analvsis techniques we and other resea}chers have
develaped and than diScuss further improvements baSed on Serantics

{oroblem=dependent knowledsel.and user. interactian,
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4,2 Rasic hodel

Reraion amalysis procedures ware develoned for TS8TS
‘usinag a bottomeup paradlam syvolved from Brice/?ennema. There are twe
principal staueS of processing: f£1{rst partitien .and reqion alo¥inm,
Tme purpose of first partition is 'to obtain an initial segmentation-
of the {mage whiech is conssrvative {n the sense that each resion
consists of picture elements helongine te only one ohiect, In the
reaton growina stame, adiacent regions with ‘similar characteristics
are merged into a single reaien to further simplity the oraanizatien,
The deSi{red resiult {s a Set osf reaions ecortesponding to distinct

obiefts in the scene,

The mast contervative first partition is abtained hvy
making eVery picture element a SeParate reaion., . Hawever, reaion
analysis- is computationally expensive, makira 1t~ inteasible tao.
process this amount of derail im a reasmhable amount of time, The
common bPractiee 1S to £{rst sample the ricture to radice reselutioen
and" then immediately merae adiacent samples 'with fAenatical
eharacteristics, Brice/Fenema Sampled” a 120 X 12n image with-1s
levels af brightness down to A0 X 60 reselution, and then combined’
adiacent elements with eaual hrightness, vieldina about 1,000
elementary reaiens ir a blocks xorld sceme, “her data are finely
anantized or multidimensioha} ti.e,» colmar and range data are
available), demandina strict equality of all attributes can lead to
an lnnecessarily larae number of reqgions, many caused by auantization
noise, In such cases it may pe1ﬁ~to first classify each sample into

& gmall number of ratedgories and then treat micture alements assianed
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to the same éatecorv as ldentical, Yakimovsky, for examplﬁ. sorted
each imaqe sampie inte one of 25 color ecategsries covering
distinctive compinations of hue and saturstien in his outdeor ' Scanes
{171, =~ Uieberman obhtained an adeauate partition of two simple
landsecapes using anly seven categories &f hue {47, Experiments have
been econdUcted with several sampling and guaRtization Schemes for
obtaining first partitions of landscarne and cffice scenes, and a few
methods have' beem bproved empirically te be adeauate, 0ur findinas

are reported im Section 4,4,

Regidn arowineg proceeds by serially selectinag fthe
pair of adjacent reaions {n° the curremt oraanization which are
nlobally "meSt alike," and meraina theSe into a sinala reaion, The
order in whieh realens are merged is determined bv a function that
compares the similarity of a given palr of adjacent reaions With the
similarities of other pairs of resions that ramain as candidates:te
be meiced. A varlety of eriteria for resaion s{imilaritv have Faen
used, includinag average briahtness contrast (11, 181 and averame’
coler conhtrast [17)], Brice/Fennema’'alss used a-welahting factor that
weakened the effsstive contrast of reqions that meet alona meanderina
heundaries, a comman characteristic of quantizatinn contours [191, In
our system the functiom that determines similaritv fand hence merde
priority) of adjacent redions I's a separate oraqrarm madule altevwins
experimentation with a variety of criteria that mav include Prenlen
dependent considerations, Experimental results with varieus:

similaritv functions are oresented Iin Saction 4,5,

Various alqerithms have baen uSed to contrfol the
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order and extent of merginag, Brice/Fennema veraed bouyndarles in
arhitrary erder so lonn as the welohted strepoth was below an
experimentally detsrminesd absolute threshold, The resnltinq
partition was denendent or the order of maraing, T™his promoted
Yakirovsky to merae moundaries on a WeakeStefirst hasis, terminatino
when elther an abhsolute difference threshald or a minmimum nurher of
recions Was eXceeded., Another method, Draposed ny Frauder [24], was
to mwerae two reaions, without rezard for absolute hoyndary strendth,
whenever both were rore similar to earh other than to anv  other
neianbors, The regien qrowing procedures 4eveloped for ISIS fallo¥
Yakimovsky’s merde strateay bv keenina nalrs of adiacent reainns on a
prierity gueve, and always first merging across the globally weakest

boundarv.

The basic regien analysis process is {llustrated by
an example denicted in Floures 10 throuab 13, The first partition
stage 18 based on the brightness values asseciated with a 40 X 40
samplina eof the image, Reqion pairs are added to the prisritv
quens, ysing a similaritv measure hased on average absolute
priartness and coler difference across thelr commen boundxries,
Realon pairs are then removed from the aueue one at a time, in orvrder
of similarity, and a merdge performed in the realon data structure,
The first partition (Figure 10) vielded 806 in{tial reaions (haif as
manv .reqiens as individual pieture elements), .The results of
subsequent mergina are illustrated with 600, 450, and 250 reaiens

remaining,

A1l regien-hased technigues that effectively analvze
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FIGURE 10  FIRST PARTITION OF LANDSCAPE SCENE (806 REGIONS)
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FIGURE 11 PARTITIONED LANDSCARE SCENE AFTER 206 MERGES (600 REGIONS
REMAINING)
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FIGURE 12 PARTITIONED LANDSCAPE SCENE AFTER 150 ADDITIONAL MERGES
(450 REGIONS REMAINING)
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TA-8721-15

FIGURE 13 PARTITIONED LANDSCAPE SCENE AFTER 200 ADDITIONAL MERGES
{260 REGIONS REMAINING)
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nontrivial sceres make UuSe O©Of CantaxtesenSitivVe rules based on
problerm~related knovledge,  We {1l refer to such rules under the

general headinag of semantics,

Semantics have been intraduced into meraing decisiens
in a variety of ways, The Brice/Fennema weakness heuristic centains
an imnlicit semantic statement: edges of ohierts are straight {r the
blocks .world, Atter an {(nitial ovhasse of nmeraing based on
nonsemantic similarity criteria, Yakimnavskv’s rproaram coﬁtinues
merging Witk a Semanptic  measure of bnoundary strenath Used to sat
merge priorities, This measure used a Bavesian madel to compute the
likelinood that two adiacent reaions had the sama interpretations,
based on both their individual attrinuvtes. (e,a,. eolor, Size, and
texture} as well as on attributes of thelr commor boundary {(e.ad.,

lenath, shaoe, orientation).

Liererman’s proaram, after dgrouping samples into

reqlens of homeoneneous. hus, identified tha laragest reqions ard then
invoked .semantic {ohiect 4derendent) procedures to extend and refine
boundaries, For eXample, Yeaioens thauvanht te ke sSky Were eXtendeqd
to'adﬁdininq rtegians having a homeagenmeosys texture, while reaionrs
thouaht to be naround were extended to adiacent regiong naving a
vertically receding texture gqradient, - Thne Harlaw and Eisennhels
prodram used sermantic krowledae (primarily exnected briachtness and
image locatioen of each region) to select startimg losations for
regiens cerrespending to the princinal anaéomic features Iin a cnest
x=ray {23], 1Initjial reaginns were formed bny indenendently ' maraina

startinag kernels with addacent samples af similar briahtness, The
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similarity threshold differed for sach feature denendina 6n expected
prightness variations, This stage terminated when the initial
reqions had reaches a sionificant size, but bpefors they arew
together, subsequent meraginag was constrained by a set of semantic
ngrrusture rules”" that tried te ensure that the final Treaiens

complied with known gpatial relationshios amona the features,.

Semantic conslderations are hy definition related ta
stecific problems or picture Aemains, and hence thev are inherently
ad hée., For this reassn, manemachine interaction is the appropriate’
machanism for JInterdectina  semantic infermatinn that auides the
reagion arowinag process and for experimenting with different semantic
rules  and -determininag empirically their usefulness in a. speecifie
Problem domain. with an jrteractiva facility, thas researcher.cap
sropose a set of semantic rules and {nstruct the &ystem to “continue
processing Until a specifi{ed state of the World ar error conditien is
reached, At this point, he can {nvestidate the properties of reaians
and their relat{onships and modiify the knowledae base aquiding the
analysis, It is here that we feel ¢he reaion aralvsis techniques

developed tor IS8IS constitute a signifiecant original contribution 'ts

the field,
4,3 Interactive Featuras
Some interactive control featUres are provided 'to aid
in the formulatién of stfsctive reaien arowina Stratesies, and {n the

selection of appropriate stoppina criteria, HMermes cam ke performed

in nstep" -mode, one merge at a time, allowing the dynamic
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characteristies of a prioritv functisn to he wbserved. Pranosed
merdes are indicated on the disoiay prier to execution, The uSer mav
then simulate alternative merqgine criteria by modifying the aueve
manually, Far example, reaions can he salectively deleted from the
Auene, thus becoming unmearageable, The user c¢an study the aymamics
of a particular erroneous merge hV Teduestins tne svsterm to enter
step made whenever a merge 1Iis oroposed withir a desiarared

rectanaular windew,

Thre akility to bhulld and modify the nrierity gueus
interactively 1{s alse usefyl for experimenrs in  coorerative
(manemachine) Tealen analvsis, Far inmnstanee, the queue mav he
originally buflt with a few manuallv selected reaions ang their
“neiahbo;s“ tadtacent reagions), These reagiens then Serve as

hkerrels" from which all subseauent new reaimns arex.
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4,4 First Partitien Experiments

The ebjective of first sartition is te aroup together
adiacent picture samples with similar attributes, o as to obtain the
fewest {nitial regisns without risking a false merge, In the
intreductorv example, the picture was first sampled to 40 X 40
resclutiony then adjacent samples with i{dentical rrightness were
combined to form horogeneous atomic Tregisns (Figure 10), This
section reports on attempts to obtain improved first partitions usina
different sSamplina functions and different criteria for Jjudaina the

similarity of adiacent samples,
G444 Experiments on Sampiing
Processina time considerations dictate that

region analysis be performed at the lowest resolution that nbpreserves

important details in the imace, The aXperiments revorted ip this

section compare first partitisns ohtained with straight sampling,
modal sampling, and mean samplinQ. All exveriments were performed-on
qray scale images using a 40 X 40 ractanqular samwpline arid, (Inm
scenes with noperiecdic texture, a random samplina strategy is
recommended to aveid allasing effects,) 1In modal sampling (Fiqure
14}, the arav level of each arid point is taken to be the mest
frequently occurring value of gray level . for nearby points, The
number of initia)l reafons obtained in this manner i{s sianificantly
reduced (by about one~third), becalSe a lot of small "noise" bvoints
in the treetop and around disappear, However, the fine detail in the

-
small central branch of §QQﬁxree is lost, and the separation between
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FIGURE 14 FIRST PARTITION OF LANDSCAPE SCENE PRODUCED FROM MODAL
SAMPLES OF FIGURE 5 {536 REGIONS)
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the around and the treetrunk Aare lost bv the madal smeothino,
Samplinag the mean aqray=leve) in a small neighborhesd around each qrid
point IS a pPeor technigue hecaUSe of {ts extreme tendency to Smooth

discontinuities,. as seen in Figqure 4,

We concluded that first partitions based on a
simple Sampling of the gray Scale {mage taken through a neutral-
density filter econtain all of the {nformation needed to
conservatively partitism most real indooar amd landScape SceneS. This
conclusion is supnorted by the absence of most boundaries in imaces

which have had brighrtness informatien TemovVed by normalization

(Fiaure 2¢c),
4,4,2 Experiments on Classification

The experiments presented above relieq solely
on trigltness intermation for subdividing the imaae, The résultina
parti'tions seem overconservative, with many obiects unnecessarily
fragrented, &ince the reéion arowing stage {3 guite time consuming,
we were motivated te see whether additional sensoryv medalities (i.e,,
color and ranae data) could be used in conjunction with brightness to

rediiee the number of {mitial reciens,
4,4,7a Nonsemantic Classificatien
In the following experiments, the hue

of each picture sample was quantized into 20 degree {ntervals as

shown in Fiqure 2e., (The-hue of each Samnle I8 expressed as a
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http:discontinuities,.as

spectral anale from 0 to 360 degrees based on a trasnsformation of the
ravw eolnr gata given in RppenAix B af Refarenme 1,3 Ragions Were then
formed by arsurinag adjacent samples with nues faliino in the same
interval, Fidure 72¢ i5 a false cdlnr Presentation of Figure ie,
with each sample displayed inm the hue of the 20 deagree interval ta
which {t is classified, Fiqure 15 Snhows the partitian vresuiting from

this classi{ification,

Twentvy  Aegree hue {Intervals were
thought to be conservative compared with the far cruder auantizations
employed by hotn Yakimevsky and Lieberman, The.resultino partitions,
haweyer, were coqsisfentlv worse than bkriaghtness partitions, Mator
leaks occlUrred bpetween Semantically distimet reaslens in both {(ndaor
and outdoor scenes.’ yoreovers In outdnor scenes, hecause of
textural irrvecularities, the total number of realions was actually
gresater than - tha nuUmher prodiced by a hriahtness partition,
Tnerefore, we concluded that in the absence of semantic {nformatien,
a partition based on brightness was superisr to one baged sclelvy on

hue,
4.4,2» Semantic Classification

Nne might expect to impreve color
partitions {n a aiven domair by Selectina quantization' intervals
correspondino te characteristic colors of the bromineni obiects,
Recall that Liebérman had obtained reasmnable partitionms usina inst
seven carefully selected classes of hue, These results colld not

be replicated In our landscape scenas because of the overlappinag Pue
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TA-8721-17

FIGURE 15 ' FIRST PARTITION OF LANDSCAPE PRODUCEDR FROM SAMPLES QUANTIZED
INTO 20 DEGREE HUE INTERVALS {918 REGIONS)
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distributiors of the princimal obiects, Results Iin roor scenes were
also unsatisfactory, thouah fmr differemt reasens, While sare
interifor surfaces have broadlvy distrinuted hues {e,a,, DatFethd
ruas, nictures, shiny tabletoos, etc,), the maioerity bhave snarply
defined hues, Tn color coordinated rooms, these nues tend to ciluster

in a very narrow range, deereasina the relianility of classitlication

and increasing the attendant risk of an erronmeous merge,

Althouah thé overall partitiens
generated with semantic color classiffcations were unanceptable,
particular reaions with distinctive Piues could be reliably eXxtractad,
For example, the oranae hue of the chalr anpearing {r room scenes
sunnlied by Reddy and nhlander is uriaue in those scrnes (see Piadrv
14). Con;eGUentlv; imaae sanples from the seat and bhaeck of that
chaiy could he drauped into realors without risk of false meraes, The
numbeyr of regiens that can be extracted {n this way 1ncre;595
staniticantiy Wwhen claésification {5 haSed on rultivle attr{wutes
rather than just color, Skv, tor example, 1is the onlv reqion
unsaturated 1n‘ our landscape scenes nriahter thar 27 (on a stale of
313, Tabléton is tre onI; %orizontal surface hinQer than two feet
found 1Iin SRI office scenes, Thage ohservations rrompted a ghande
in erphasis) rather than attempt to Use ranae and cnler Aata directiy
in the partitienine process, thasSe attribnte; watild {nstead be used
in a preliminary nhase té extract réctons composed of samvles with
clear semantic interpretatisms, Remaining areas of the Scens
(e.d,, those containing serantically ampiquous samples) could then he

partitioned censervatively based on hriahtness,

A nunbey  6f  experiments  wers
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pertormed wherein samples of ASistinouishing ahdects were ident1f?;d
and qrouped' into reajens prior to memeral partitiorinm, A set of
predicates were emni;icallv davaloped for selectins samples af eact
dtstinauisﬁed obhdect, These bDredicates Arm siTilar to vredicates
uged fér filtering in otject acquisition (see Sectiaorm 5). Predicates
vere applied seguentially tm all unclassified image samples, These
samples paSsine a predicate wers assjaned a corresnonding serantie
lapel and remOved from further cnnétderation. Samnles falline atq
predicates received s nensemantic lakel based on hriahthess, Tha
scene WaS trep partitioned in the conventinnal waV by combinims inta

reqlons addeining samnles with the samne labels,

The tws mast successfyl resu1t§ Are
documented in Figures 16 and 17, ThaSe TeSults should be c0"DATAd
with the corresnondina briéhtness hased partitioms showun in Figures
18 and 19, Tables 4,1 and 4,2 dociment the Selmective classificatinr

criteria used., The following points are nertinents

(1) 1In semuential eclassitication, later predicates may he
able to take advantaje of context redusrinns achieved
by parlier nredieates, Fnr eaXagmdle, the hiecturs on
the wall in Flaure 1=d 1s a cornlex pattern. Howevrer,
it was removed by o simple heiaht criterien, once the

Wall samples had heen accounted £nvT,
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FIGURE 16 SEMANTIC FIRST PARTITION OF SRl OFFICE SCENE (235 REGIONS)
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TA-8721-19

FIGURE 17 SEMANTIC FIRST PARTITION OF CARNEGIE-MELLON OFFICE SCENE
{151 REGIONS)
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FIGURE 18
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NONSEMANTIC BRIGHTNESS PARTITION OF SRI OFFICE SCENE
{583 REGIONS)
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FIGURE 19 NONSEMANTIC BRIGHTNESS PARTITION OF CARNEGIE-MELLON OFFICE
SCENE {441 REGIONS)
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{?) Abrsolute classification is mot assenmntial: samples from
differert oblects can satisfv the same classification
rujle wWwithoUt coengeduence, nravfded that those ohijects
are not pictoriallv adjacent, Thus, noe harm arises from
the fact that realons of boath dror ard nicture inm
Fiqure 16 satisty the fourth rule 7iven {n Table 4=,
since pictures in this domain are eonstrained te hang

only on walls,

{3) Evenr when obiects cannot ke complately discriminated from
thelr neighbars, it- may still be pessible te pull out
substantial portfons intact, The tabletop in Filaure 17
was partitioned semantically inte twe characteristie dark
regiars vhile an arbigUous glessY area in the center was

partitfoned nonsemantically on the basis of brightness,

{4) Selective classiticatiorn schemes are essentially liritaed
to secenes where abiects tend to be homoadeneous and
distimguishable by local attrinputes, Thus, while
selective classification has ziven us ~vood results for
indoor scenes, it has rroved to have l{ttie utility in

outdoor scenses,

Gilven a suitable demain, it Should be

possible te use the acquisition Planner deScrined i{n Seetion 5 to

the classification nredicates automatically frem nictorial

examnles, The elassitication task should, im fact, be Simplar than

acquisition, since the predicate need discriminate only among

pictorially adjacent surfaces,
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Table 4,t

SELECTIVE CLASSIFICATION CRITZRIA FOR.FIGURE 16

1,.

3,

4,

5o

Extract floor samples by heiaht («<0.) feet),

Extract chairseat samples hy characteristic

nelant and horizontal arientatien.

EXtract tabletor samples by characteristic

helght and horizental srientation,

Extract niecture samples 1lh two passes,

a., By characteristie height and saturation
areater than maxirtum saturation for waill,

bs By charaeteristiec nefght and hue outside the
hue ranace of wall,

Extract chalrback samples by characteristic helaht,

vertical orientation, and saturation,

Partition remainino sarples by hrightnass,
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Table 4,2

SELECTTVE CLASSIFICATION CRITERIA FNR FIGURE 17

Extract wall samples bv their distinasuished
combination of hue, saturation, and briantness,
EXtract picture samnles by selectina all
remalnina .samples. {n boper third af imaqe,
Extract chair samples by their distinquished
hue and saturation,

Extract couch sasples by their distinauished
nue and saturation,

Extract £loor samples by their distinquished
nye and saturation,

Extract tablatop samples by thelt distinqUished
hue, saturation, and brightness.

partition remaining samples bv kriahtness,
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4,5 Marge Pricrity Experiments

The purpose of these expariments was to ‘deterMEﬁe
some faivly conservative monsemantic measures of rveaton similarity toe
use in definina the merge priority durimag reafom arewina, Tt is
important to note that at some peint, all nonsemantic measures will
commit errers, sinee they haVe 'no higherelavel ‘information aboUt the
scene donmaln, An example that i{llustrates ‘this fact was sugdested hv
Yakimovsky, who pointed out that in one part of a scene, it may be
appropriate to merae Small afeen and yellaVW remions comprising grass,
while in another part of the scene, where vellow reafons are part of

a car, this merqging {s ‘in error,

The nonsemantic merde nrioritv eriterion is intended
to be used in conjunction with tunctisns that apply semantiec context
to eaéﬁ' rrevoSed merge, The prierity funetisn should establ{sh a
reasonable merge arder hased on similarity measures, so. that the
s}mantic embedding can bte performed an relatively welledefined

poertions ot the secenre,

The aualitv of nonsemantic similaritv ressures was
compared by performint a first partition based sn khrightness, and
than follewina a &lobal best=first merge Seduence UusSina each
similarity measure until there were only 250 rejiors remaining in the
scene, The outcomes of the different probossed merge SeduanceS WeTe
compared to see hovw well they henored the correect osraanization of thE

scene,

The first simjlarity seasurs tested was based only on
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the trigntress inmformation obtained threugh a neutral Aensity filter,
For each houndary between twea reqglons, the averade absolute
difterence ‘in hriantnmess acrass the woumdary Was computed, This

averaage is computed as follews:

(1Y Averace absoelute bhriontness cantrast =

e

Ibra'_ - brbil

"
-
=

where. { ranqges over the set of § adjarent pieture element pairs alans
the boundary between recions a and n, br, §s taes brishtness tLChreuqar
a neutral density filter of picture elewents in vreaion B, and br, is
the brichtness of corresponding points in reaion B, The pair at
reqgioms With the srallest pbriohtness contrast was merced first, The
result i{s shown irn Fioure 20, Several serfous, thouah very narrow
leaks, occurreds the sea and ground were cannected hv a Parrow neck
to the left af the main tree trunk: tme around, SeAd, and horizontal
tree branch were jnined together to the ' right of the trunk, and the
center vertical trunk hecame merced with the traetor, A major leak
cccurred betwWeen the maln frunk and the around, hut this ¥Was mot

surorising, given the 1ow centrast in that area,

Better results vere ohtained isino a measure that was
like "the f£irst, but that was based on the sum of the contrasts in
each color separation, Thus, fer each point »n the camron boundary
betwesn two reaions, the absolute difference in r, g, and b was
computed, and the averame of this "color centrast" was computed for
each palr of adiarcent regions, 7The formula is:

{2) Average ecolor boundary contrast = i

1]
M -
=

1]
-

a =l Tl - gyl oy - by
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TA-8721-22

FIGURE 20 LANDSCAPE SCENE MERGED TO 250 REGIONS USING AVERAGE BRIGHTNESS
CONTRAST ALONG THE BOUNDARY (EQUATION 1)
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where TG » 9

s ¢ and b are the briahtness of the {th boundarv
elenent fron redion a seen trhrough the red, .areen, and bhlue filters
respectivVely, amd r, , g, b, ate corresponding data fror reqien h,
and { and ¥ are defined as ahove, The result of merging regions with
smallest color comtrast first is shownm in Fiaur; 13, wue also tried a
similarity meaSure baSed on the SUm of S7Uared contrast differerces,

and obtained results that 414 not differ significantly from the

results Using abselute differences tSee Fiaure 21),

Ansther sim{larity measire was to corpute the averaqge
along the boundary bhetwWeen two adiacent reaisns of the maximim coalor
contrast- between any two opicture elements drawn from sawpling
neighborhoeds on aphesite SideS of the bauncarv, The attrartioen of
this method is that it should behave v;rv eanrservatively, declining
to merae two regions if there is evidaace in ‘the full resoiution
picture that they are Aissim{lar, infortunately, thiS measure iS ton
conservative, and nolsy reagions, lixe the around ap4 trEEtOp:‘fail Fo
coalesce hefore distipct gmoath reglions have arawn toasther, The

results are snown i{n Fiaure 22,

The similaritvy measures desecrired so far ares all
bagsed oanr boundarv cnntrast nroperties, another flass of measures 15
baseé on the simi&aritv of average reqgiom nraeverties, On the basis
of our - sSuUcCcess with the coler ceontrast criterion discussed
previously, we trjed a simitarity measure that used the absalute
Al ffersnce 1in averade r, a, and b for asach nalr of adiacent reqions,

The formula for this similapity eriterion is
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FIGURE 21 LANDSCAPE SCENE MERGED TO 250 REGIONS USING AVERAGE COLOR
CONTRAST SQUARED ALONG THE BOUNDARY (EQUATION 2)
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FIGURE 22 L ANDSCAPE SCENE MERGED T0O 250 REGIONS USING MAXIMUM COLCR
CONTRAST ALONG THE BOUNDARY AT FULL RESOLUTION
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(3) Averaae realor celor differerce = I -7 l+ g -gl+ 5 - Bl

where . , g + and b, are the averade krimhtnesses of reaion a Seen

throvgh the red, areen, and kiue filters, and T+ T + by

, and

are the correspeondina brightness of recien », The result, shown in
Figure 23, §s very close to and blue filters., The result, she¥n in
-

Figure 23, is 'very close to the result usimqg color houndary conftrast,

The rest results were abtainad usina a technlque that
combined our two hest trevious eriteria, We defined the contrast.
between twe realons te be the maximum of the colar beundarv eontrast
quUat!og 2) and the average reqten coler difference (Eauetinp 33,
and compared these maxima for each palr of adjacent realens, The
resylts are shown in Fi7zure 214, This was the similarity eriterior

used for sunhsSeauenmt eXperiments ¥ith sepantics,
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FIGURE 23 LANDSCAPE SCENE MERGED TO 250 REGIONS USING AVERAGE COLOR
CONTRAST OVER THE REGIONS (EQUATION 3}
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FIGURE 24 LANDSCAPE SCENE MERGED TO 250 REGIONS USING THE MAXIMUM OF
THE AVERAGE COLOR CONTRAST COMPUTED ALONG THE BOUNDARY
AND OVER THE REGIONS (EQUATIONS 2 AND 3)
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4.6 Semantic Reqgi{an Grosty

e have seen in the realen arawina experiments abnve
that recardless of the priority fusnctiom, Sooner nr latear an
erroneous merde i{s nropased, Semantics cam be used aither te refine
the boundarv strenath criterisa so as to nropose fewer erroneous
merges [17] or else ta hiloek Nropnsed meraes that are incoerreet.
Stappina thronan meraes propased by the nansemantic cnler diffarence
eriteria illustrated in Fiaure 24, it was observed that serious faise
ﬁerqes Seldom apcllr Until the raglons invelved have arevn
sufticiently laree to permit semantic intarpretations hased on reaien
properties, This okhSerVation W¥woUld SuUazest that meraina errars

could be avoided on semantic grounds simply bv refusing to merae

regions ¥ith different interrretations,
4,6,! An Fxperiment in Semantiec Ragien Growth

The abave contention was testad
{nteractively, The baSic nonSemantic regior arewine alaor{tnr was
modified to check semantic compatibilitv befora performing a orapnsed
merde, Merges are appreved only if hoth reaions carry ths same
Interpretation, or {f at 1least onre -of the realoers has not vet
received an interpretation, Wewly meraed reaions inherit the
interpretatien of their parents (or paremnt if only one carried an
interpretation),. When two uninterrreted reai-ons are merged, if the
siie of the resultant region exceeds a threshold (ir nractice, the
size of the smallest region typically invelved in a sianificant

erroneous mefqer}, the program reatests the experimenter to supniv

ORTGIN Ay
OF Pogal PAGE 19
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manually a eorreet interpretation,

The modified pronram still rums srimarily im
a nonsemantie mode, merginm reaions across the currently weakest
boundary, Subjiect to semantie override, This Drocess_continues umti]
all serantically compatible merges have heen performed, terminating
with a complete, semantically labeled partitiom of the scene, An
indoor and an outdoor Scene Wele each Dartitioned with only miner
errors (due mainly te imadeguate spatial samplina), The results are

shown in Fiqures 25 and 26,

Ir poth exPeriments, the size threshold for
manial interpretation was set at seven samples, However, the great
madority of reaions inherited correct -labels thrnugh merqing hefnre

attaining that size, The final partition debicted in Fioure 25 was

" "pased on the .semantic first partition shown in Flaure 16, “anual

interpretations were nrovided {mitially for the 7?0 f£irst parritien

reqions (out of 235) that exceeded thresnhold size, Tventy additionaj
1nterpretation§ were provided durina the sibsegnent analysis when
uninterpreted reacions attained thresnold size by mergina. All mader
surfaces were extracted essentlially {ntact except for chairleas and
tahleleas, These BUrfaces were tmo narro¥ for the availahle
sampling density, and therefore correspondinag semantic catenmeries
were omitted, The final partition {n_ Figure 26 «as based on an
initial bprightness partition (Figure 103, Although this .£irst
partition contained substantially more regions than the semantie
partition used above, :gﬁé number of ({nitial and total) manual

interpretations reguired was surprisinaly similar, In varticular, 2¢
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FIGURE 25 FINAL SEMANTIC PARTITIONING OF SRI OFFICE SCENE
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TA-B721-28

FIGURE 26 FINAL SEMANTIC PARTITIONING OF LANDSCAPE SCENE
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tirst partition reaions Wera larmer than six alements (Fiaure 273 and
recejved initial interpretations. The final nartition (Fiqure 26)
contains minor 1leaks betweenm the sea and arsund (in the iower riant
corner bf scene)’ and hetwWaeean two fraoments mnt sea across the left
most . tree 1imbh, The Sea=aoround leak could have heen avolded bv
setting the larelina thresholA at six samnles, the size of .the sea
fragnent when +the leak occurred, The. sea=sea 1leak was a more
fundamental error, resulting from a aradual erosion - of sSmall ‘“tree

park" reaions {mto the neiagnboring sea renions kefnre a cohesive

piece of "tree bark!" ecauld be {dentified,

The above results confirmed the original
contentions that leakage occurred mainlv petwaen sizeahle regions and
that leakage coul4 be minimized, ©rovided tnat such reaions coUld - he
semartically labeled, 1t was surprising how well a handful of
manyally introduced interpretations could iwprove onm a completelv

nonsemantic scene partition,

4,6,7 An Experiment in Semantic Reojmm

Classification

Tre success of the Arave .eXperiments
suqqestéd a second sét cf experiments almed. at studvino the
teasibility of .assianincs interpretations automatically to Teaiens
that attainm threshold size, 1In fhe following sxperiments, rsainns
were classified by comparina 1ieecal attributes (e.,g., hve  and

saturation distrikutiens) with thase of large trainimag reagions
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oF POOR QU s



desionated by the sxperimenter,

Classificatiens were performed on each of the
first partition regions trat had received a manual interpretation in
the experiment deseribed in Section 4,6,1, In room scenes, mast
raglons were uniquely distirquisned by a coeniynction of loecal
attriputes whieh inecluded height and surface orientation (frem
simutated range data) in additien to hue and saturation, The laraqe
reqions in Fiaure 16 were uniauely interpreted with the excaption
that the bhottem of the door and the wastebasket could not be
distinguished, Thn outdoor secenes., local diserimirmation (based only
on hue, saturation, and brightness) proved much mere 4ifficult,  In
this case, automatic claSsification hased on  hue, saturatisn, and
brightness eliminates only the oressly unaccentable {nterpretrations,-

leaving many amb{oui{ties to be resolved,

Tahle 4=3 summarizes the rpsﬁ1ts of
classifying reaciens in Filaure 27 accordinm to the training re&ions
outlined in Fiaure 28, Fach test reajon was compared te all trainine
reaions using a KolmwogoroveSmirnoff test .on the correspondinn
distributions of sriahtness, nue, and saturation (see Filoure 73,
TheSe ‘comparisans astablish for eaech test region three rank orderings
Y- s@milar trainine reaions, Trainina reaions that appear in first
or secend nlase in at least two of these rank orderings are. chosen as
pessible {nterpretations tor the test reaion (presentes in the third
column of Table 4=3), & second type of classificatian was ahtained
using a BRayesian classifier descrioed in Anoendix A, Onily

{nterpretations with a 1likelihood.. areater than 10 Percent of the
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FIGURE 27 REGIONS FROM FIRST PARTITION OF LANDSCAPE SCENE (FIGURE 10)
LARGER THAN 6 SAMPLES
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likelihood of the mnst prabahlie interpretation were ratained, The
resylts are shown Iin the fourth column of Tabhle 4=3, #ltr the
BRavesian likelineod (between 0 and 1) in parertneses, The carrect
interpretation 1s not always the best match but §s almost s1ways
amona the tap twe or three alternatives, In several instances the
interpretation amniguitlies that occur ara met serions because the
alternative interoretations never apbeat d{ctorially adiacent, Neote
that thege results are for trainina realons in the same scepe as the.
test data, Worse results can be expected far distinet Scenes chosen

tram a common domain,

w IS
E;E:EOCEL‘JUAlETY
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Table 4,3

CLASRIFICATION GF PEGIOGS 11 FIGUwF 27
ACCORDING TH TRATPFING RYGIOVS Ia FIMHRE 23

Reagion Correct Nadority ¥A& Baysian

Internretatian

Ciassifier

Cirassiftier

| Treetop Treetan Treetan(.236)
2 Treetop Treetop Groumd¢,22R)
Treeton(.?)
3 Treetnn Treetan Grounmdr 20R)
Treeton(,202)
4 Treeton Treeton Ground( ,221)
Trome(,154)
Treetap(,133)
5 Treetop ‘Trunk Ground(, 213
Treetol Trunk{,>ns5)
Treetop(,.1%)
& TreetoD Treeton treetor(,257)
7 Sky Skv SkV(.9851
8 sey Sey Sky{i . 0}
9 Mountain sea Mauntain (,539)
¥auntain
10 Yauntain Maumtain Yalnta{n{,798)
114 Hauntain Meuatain Hetntainf 069
12 .Hountair Lountajin ¥oumtain{,h53)
13 Maurtatre Mountain “oUntaing,RH6 1)
14 Seoa Sea Sea(,502)
15 Trank Gronndg Ground( ,?01)
. Treeton(,191)
Trunk (., 161)
16 Trunk Trunk Trunk(,744)
Treeton GronpA(,224)
17 Trunk Treetop Ground( ,21?2)
Trumk (,147)
18 Sea/Focek Sea Tronk(,337)
_Mountain Treetan(,?%2)
Reack(,Nn321)
Seal,.,dRe2)
19 Trunk Trunk Truake.206Y
Ground(,205)
20 Gronrd Greourd Ground(,205)
' Treetap(,19F)
21 Greund Treeton Groupd¢,219)
Grourq Treetarf{.1961
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4.7 Taward Avtematic Reaior Bnalysis

The classification experiments shew that in order tn
automate semantic realen arewina, the ™hasic paradigm must pe
aygmented to handle regions with ambiquevs interpretations, In this
section we shall ou;line briefly some plans for haw this miabt bre

accomplished,

Tn admitting regions w=ith multiple {internretatiens,
pravision must be made (a) for determining the semantir campatinilitv
0f a nroposed merae, (b) for deterrining tne intercretation of 3
newly meraed realon, and (c¢) for ylt{rately resolvina any
ambioguities, Mewlv meraged reagtons will arouire the set of npossikrle
interpretations ¢ormed by imrtersecting tmne intepretation sets of {ts
parent redlons, I1f this set is. emoty, the werger 15 ohbviouslv
incompatible, Atherwise, compatinility deperds on whether the
interpretations left ip the intersectisn set are ever Tictoriailv
adtacent In the domain of Iinterest, This point 1s best 111ns£rared
by example, In Fiaure Jc two reaions, each classified as "treetop or
ground," can always he merged witheut risk of a leak hecause
"treetop" ard "around" are never adjacent in the {race, Thus, since
these two reglems adimin, they must hava the same interpretationy
efther hotr are ttreetan" sr nath are "greun4d." Nn the abther Hani.
twe regions), each labeled '"treeteo eor treebark," should not
necessarily be merqed hecause anm error would oecur 1{f the actual
identity of one ramion was "treetop" whnile the other turned oult te he
"tregbark," In the latter rcase, 3 decisiom on the meraer wrust he

deferred until the ind{ividual reqion interpretations can be further
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csnstrained,

Amhiguous realen ibterbretat%ons can he refined {n
basteally two wayst by considerina additienmal, alebal recion
attributes (#.9.,, texture and shape), and bv censidaring contextual
constraints imposed by the posh}ble {nterpretations of nearbvy
(primarily adiacent) Treafons, For instance, rsajnns of "treeparx’
"ground," and "treetop," in Fioure lec have siritar coler and texture,
However, ttree trrunk" reajons, unlike most regions af "ground" and
"treetop," are nDredominantly thin and vertically elonocated (e.q..
high ratis of vertical perimeter/borizontal nerimeter), Treehark
regions are further distinauished by their extended vertieal
peundaries with their meighboring reqions of "mountain" and Mwater",
Sueh Aistinctions will be exrcloited by 4evelapina, ;1th 1818, ad hmoe
domain dependent representations for distinauisning arong particular

interpretation ammiquities.
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The abkove jéesas evolved fram twn related oriectives:
fa) we wanted a semantic recion arower that could use the kind nf ad
nhoe semahtiec constraints that are so easSy to develon {rteractively {ir
ISIS: and (b) we wanted a svstem that could ke trainsd4 incrementallv
by introducing nev semanties to hlock specific errmrs as they are
abseérved, The Droposed System USeS two tyres af Semantic TuleS: cne
set defines distinauishino features of particiilar interbretarions,
while ‘the other defines which {nterbretations’ can be legailly
adiacent, Erronenls merasS can ocecur it the rerions {RrVolVed are
mislaheled, or {f the sgsystem 4is unaware that the assiamed .
interpretations rav ke adiacent, 1In the former ecase, a trainer ronld
usa ISIS to refine erpiricallv tne local and contextual features
assocriated with recooanlzina the mnissina interararation. TR the
latter case, he would merely oprovide an expljcit constraint

prohipitinag the merae of realens ¥ith those assiares interpretations,

flur oproposed mwerger semanmtics Aare cinsest In spirit
to the structure rules advncated by Harlew amd Eisenstat, Whieh could
me added incrementally to block sperifie l1eaks, New rules eccould,
however, interact w{th existina rules in ways that are difficuit teo
orediet a4 priori, Yakimsvsky’s Ravesian Semantiecs, on the other
nand, are intrinsically i{nterdevendent and mist be acoulred over manvy
trials using stachastie learning nracedures, The probanilities
are also not uUsed directly to bilock merges bhut anly toe order the
wriority {n whiehn mérﬁes are proposed, 1Tt {s crasecnentlv difficult
ts introduce semantiec constraints in <direct respoarse to specifie
errors, There are aother minor contrasts hetwWaen olUr riapnsaed

system and Yakemovsky’'s, In our system, ns distinction s drawn
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between svntactic and semantic - stawves, . Semantics are
continuously intredueced {pto the analvsis as individual Trenions
achieve .a coherent size, ie alsc do not subseribe te Yakimovskv‘s
assumptien that houndary and reglon sepantics are independent,
Rather, {t would seem that houndarv relationshiprs may, on .cccassien,
be the strongest clue to a realion’s identity, which in turn could
improve semantic houndarv strength estimates used {n setting meraing
priority. &ahimgVSky's system, hovever, {s still the most SUccessful

aytomatic reaion analyzer {mplementad to date,
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4,8 Teward Interactive Reglor Analysis

For the foreseeable future, a larae numper o0f Scene
domains will be teo eémplex to process }nmoletﬂlv agtoma¥ica]1v. Sore
of these scenes are also too detajled to segrent rapidly by hand, For
S8ueh ScenesS, an interactive methedeleqy lixke that used earlier in
studying semantie region analysis may preve yseful ip fts own riant
as an alternati{ive te pDUrely alltomatjc o purelv manual! partitienino:
the humar time ang aeffort in enterina rouahly 20 semantic labels are
Drobably 1ess than the time and effart renuired to outlinme each of
the 50 regions in the final partition of Fianre 26, Hawever, when
interactive region analysis (s identified as an explictt a@oal,
nymernus improvements come Iimmediately te mind, The eXrerimenter
can, with relatively 1little effort, crudelv mutline and label the
major reglons, This crude outline can he used Alractly as a qeod
initial vpartition frem which detailed boundaries can be rapidly

qarown, The outline can alsa provide training data fonr autoﬁaticalrv

classifyina the few additional reqions trat might Aattain threshald
size without inheritina an interpretatin= frasm tha initial renions,
(Vote that for this purnose, gqenerality of the classifier over

several scenes is not ever an issue,)

Two other schemes far interactive reaien analystis
were tried experimentally and are repnrted here, for ccmpletenessl In
the first experiment, the Sceme ¥as cenventiemally partitioned inte
reaions of homoa;naous rriantmess) newever, the dlabal prieritv gqueue
was not built, Instead, the user Was asked to neint at sienificant

obiects 4inr the' seene with a cursor, Fach time pe pointed, the
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boundaries between the first partition reaion at that location and
its neiahbers were entered onto the prisrity aveue, When the user
had indicated vhat he felt were the malor scene entifies, the system
began to merage .reaions nonsemantically acrnss the weakeSt boundarv
currently on the nquene, After each merge., tha gueye was updated to
include additienal boundaries bhetween the newx reaqien and fits
nelidghpors, We eXpected that TealonSs 7Would, K arow o}t from  each
starting kernel, and sinece meraina was still done om a "best first"
basis, that reaions would halt at objeet boundaries, Thig
expectation was mnot realized in experimants on landscaPe scenes
pecause of the similar ecoloring of many obiects and the textural
variations within onteets, Spatial proximity thus necame a Primary
factor in determinina the kermel to which a afven picture element
wolld . Ultimately bhecome attached, Sti1l, this method aiagkt he
useful for rapidly ohtaining a ¢rude partition, provided that: ta)
the kernel _reglians. are ‘ltarge and centrally located within each
obiect, and (b) the merainag process is Qerminated eaTly enpuah (Sav,
with 100 regions rermaininal, lisers were aided An their choice af
kernels by suparimposing the actual first parti{tisn reaiens op tne

difsplaved scene, °

In the second experiment, semantic labels were
asgianed to the selected kermnels, and yere subseauentlv nsed to blnck
incompatible meragars, The resulting partitions were conSisStentiv
hetter than the nonsemantie version, However, aquality ’gtill
denended critically on the number of kernels selected and on thelr
placement, For examble, leakaae can he minimized by chooSinm A

succession of kernels alonz opposite sides of a desired final
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poundary and then-assioninmg different semantic labels to kernels on
each side, Selectiny at least one Xermel in each pictoriallv
isolated patch of an ohdect (e.d., fraoments of sea isolated by tree
limhs) allows merainag to centinue further foward a comnlete partition

without committing errors,

Allowina a user te choase semant{c kernels all at
ence consumes ennsiderably leSs of nhis time than requirinas him to
stand by to supply intersretations throuaghout an analysis, On thre
other hand, it s diffiecult to knovw a priori which kernel reaisnx
will ultimately lead to good vartitions, Canseauentiy, partitions
resultina  from semantic kernels were poerer than thess obtained when
interpretatjons were reaquested during the analvsis, A eontrinutine
cause is the faet that in the kernel scheme, the best merae candiidate
{s selected from a rastricted universe of resions directly descended
from the original kernels, rather than the Sset af all first partition

regions, The ¥ernel scheme is thus mueh mare likely to prepose

erroneoclls mergers early in the analysis, whan this discrepanev is
greatest, A user’s costepffactiveness might be ontimized bv Sonme
combination of these aporoaches whereir requests for interpretatiep

can be minimized bv supplying imitial Xernals,

The semantiec kernel approach might srove more suited
for rpartitionine a scene into twe classes (i,e,, figure and ground)
than for obtainina a complete partitionina., e plan to inveStigate
its use as an altsrnate means for imferrina intent when a user points

at an ohiect,
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5. AUTOMATING GENERATION NF OBJECT FINDING STRATEGIFS#

5.1 Introduction

In this sectien we describe a system that can be
rapidly programmed to find major surfaces in relatively coampiex
real=vworid environments, Ondects are Aesianated ta the SyStem by
circling examples with a cyrsor in a displaved {imacge, The svstem
formulatés a strateay tor finding the obieet, hased on Knowledge of
avaltable picture processing techniaues and abont the makelle of the
current pictorial dorain, The resulting oroarar {5 then rin on
reapresentative scenes and deruaaed interactively as mrYors
materialize, ~ This work 1is mnart of a systam that can be rakidlv

praagrammed to find opjects ir office scenes as deserihed ir (13,

previously we have used T5TS tm devaleap interactively
a Set of procedures for finding objects in office Scenes, The basic
{dea underivinag these strateajes {s to rapldly disquatify eonviouslv
irfeleVant‘ areas of the scene by sampling for craracteristic
att;ibutes of the desired obdect falso referred to as the target
sodect or taraet)s, Additienal lacal nropertims are then tested to
eliminate these samples hefoncinq te ather obkiects that share the
acquisition attributes, The surfaca rontainina the acouired
samples is then Snuﬁded, and the resultima reaion s tested for
aporopTiate sSize and Shabpe, Programs nf this sSert have been
developed for findino variocus obiects commonly fouynd In office scenes

{including door, tahle, chair, wall, ricture, and floarl.

#Wark reported in this section was supoorted in part hv the Advanced

Rasesarch Proiécts dgencvy under'Cantract DAHCN4aT72=Cw0008,
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A plan far fimding a deoor miaht consist of acduirine
samples at a keldnt likely to contain few things besides a door, and
then validating by eliminatiﬁa those samples which, on the basis of
remaining lecal attributes, have lew likelihsod of-beina part of a
door, The door boUndaty i5 then ohtained bv growing-a reqion arsund
the {nitfal samples, using attributes suech as hue and saturation. 0ne
alternative aoproach would he to £irst scan downward from the tap of
the {mace to a point Whose heloht {5 unmiaue te dmor and wall, The
edge of the door is then obtained by scannina hoarizontally from this
point, Seeking an abrupt chanae in saturation, (Doors in SRI ctfices
are deep brown while walls are tan,) Tf this edae has sufficient
vertical extent, the dacr houndary is ther inferred from the known
shape and size of our otfice doors, and tne local surface orjentation:
measured in the {mage on the dmor’s side ot the Aiscontinuity,

Finally, the predicted toundaries are c¢anfirmed Bv testina for

evidence of edges in the imade.

The ahove strategies ¢can he schematized iInto
acquisition, validation, ard bounding phases, Specifie techniaues
for accomplishineg each phase afe choSen from availarle methods on the
basis of current information about the nictarial demain,

5,1,1 Aceuisition Metneds

The mest strailahtferwvard way of acavirina



samblas of the obimct i5 ta filter randmm nicture sancles, reiectina
any samhple that falls te pass a3 predicate descrintive of the desired
ebiect, For example, the sampled Scene m?v he filtered to retaln onlv
those samples at a certainm hejanht, Alternatively, twe scene can bhe
sampled along a locus to detecr 4i{stinauishing  houndary
diseontinuities, These Dredicates are generatad autamatically from

victorial examples,
5,142 Valldatien “ethpds

Acauired samples are validated by cheekirn
ad4itional local characteristics that distimauish the desired obkiect
from others withn common acauisitien attrinutes, Trese additienal
attributes are examined seauentiallv, reduecing the numher of Samnles
that must be examined by suyccessive tests, Total cost is minimized bv
deterring computatierally expe£51VE pProceduras, Uhen the costt of
planning the optimal order exceeds the ¥nowsm cast of using all
remaining attributes, samrles are classitied with resnect to posSihle
obiects, These samnles judaed iikelv to helona tn the deslred shiect
are retained, ‘samples alona a boundary arsa further validatad hvy
testina the houndary lenath, strength, and erientatien using suitable

-

masks,
=P Botpding Methads
The final beundinag phase is accomplished in

varions wavs, Glvern a sul%abfe deometric mode)l af the abiect and a

profective camera transform, a orocedurs can complte analytically the
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besgt alobal bounda}v conslistent with detected edge voints, The
ecomputed boundary can he projected onte the imade and valldated usina
extent masks ag akove, Procedura)l models are available for common
syrface types such as horizontal.and vertical rectanales, In the
absence of SsSuch models, "a reulon mavy he JroWwn around Validated
points) néiqhbors nf validated samples vshieh pass a echosen vpredicate
(nften the acquisition ovredicate) are added tos 3 push=de¥n stack.
Nelghbhors of points on this stack are then examined recursively, 211
accepted points are collected tacether inte a realen, for which a

crude‘boundarv can be obtained ny computing a canvex hull,
5.2 Automatic Generatisnm of Predicates

The work described nere is an attempt to autemate -
tnree kevy decisions invelved in olanming a 4istimeuishing features

strateqvyt

(1) What attr{rutes should pe used for acquirina
initial saroles?

(2) What attributes Should be used for valjdating
those samples?

(3) Vhat attributes should be used in reglon

aroxing to obtain a compiete sutline?
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A1l three-decisions involve distinauishina a desired surface {n a
co&kext of other surfaces that mav he oresent, Acauisition, for
instancé: involv;s distinauishing a surface from cther Kno¥n surfaces
in a domain, validation invelves distinauishina a surface from other
surfaces known te satisfy tne acquisition attrimutes, and bounding
involves distinguiskhing a surface ¢£rom all surfaces that could

possikly be adiacent to {t im the iraze,

fn arder to explain bpredicate aeneration, a
diaression to describe the Adata base .is required, Oblecrs are
characterized by lacal surface attributes, symsolic properties, and
relations with other objects, The local surface attributes that are
currently used as descriptors arej hriantmess, coalor (separated into
nte and saturatien combonents), Amd ¥hen range data are avajjahie,
neiart and local surtace ariemtation (referred te as ‘orientatioen®)d,
Local properties are stnred as cumulative histogrars renresenting the
Probability densitv functiomns for the object”s attribute Values,
Trnese histegrams allew the T©orobability »f an ehbiect Dhaving an
attribute in a aiven ranae to he comvuted by a simple subtraction,
These histpoarams may be augmented »Yy Symnslic oraperties such as
boundary descriptions, size and extent vaines, syrtace
characteristics ¢e,a,, horizental), and spatial relations (2,0,
adjacent te, above, or left af), The creatisn and madification of

these descriptions are described pelew,
‘A detector (or a "simple deteédtorv) is & procedure

that ehacks whether a Sample’s attr{bute value lies within a aiven

contiquous range of attribute values, A "composite detecter! is a
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econijunction of simple detectors, A “predjcate” is the corresponding
LISP proqram fer a detectsr, A predicate returns 7 (true) if the
value is within the range, and NIL (false) otherviss, The terms

detector and predicate #11]1 often be used synomomously,
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5,2,1 Desian of Acauisitisn Predicates

Fiitering randomly :-Selected . samples with a
predicate that accepts only those of irterest has vproved to bhe an
extremely usetul acauisition tool in manual Stratesies., Acquisition
predicates should pass a few points on the desired obdect while
excluding all ethers, They Should ba a5 eheap and reliahle as
possible. Naturally, these requirements are somewhat
eontradiectory: usnally a detector that allows rost points on tha
target object to pass will also Pass Some points fraom other onhiects,
To overcome this difficulty, the pregram attevpts o generate
compound detectors that exclude all samples from unﬁesireq oblects,
allowina at least a few pPoints on the desired opiect to Pass, The
proaram returns a list of any undesired abpjects that cannot be
Eompletely execluded, S0 that theSe may me distinguished sSupsSedlent te

filtering, using more expensive aleobal attributes,

The expected cost and contidence of applyine
a detector can be computes for each obieet, The confidence af an
object aiven a detector is leosely defined as the probability that: a
sample accepted hy the detector belonos to the ebjeet in auestinn,
The complete darivation is contalned in popendix A, Cast s
defined as the sxpected rost (measured in milliseconds of CPU time)
of application of the detector to tne image, Given a detector and
the expected number of points from tha set ts be filterad that will
both be Part of the obiect and be‘accepted by  the Adefector,” it (s

pessible to ecompute the sarplirg frequency and the antiecipated cost,
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This derivarien §is alse cortained in ApoemAiX A,

The guallty nf a Aetector is evalusted using
a heuristic functien of cost and confidence that reflects the Aesign
oriorities listed ahove, Aithr this detector qualitv function, @
(described hbhelow), the ¢enmration of aood campound detectors- bacomes
(far combinatorial reasonsY a preblem in meuristie searen, The
Search proceeds as follows, First s ~7oed initia) set of simnle
Aetectors is selected, The candidate detestor xith the best 0 {s
then combined with otners te see {f the cembimation {mproves the Q
function, The kest cembinatien, in turm, is compined with remaining
candidates, and so on, unrtil a terminating condition Is reached;
either the set of candidates Is exhausted, some cemmination exceeds a

praset Q threshold, ar Some effort vound is eXeeeded,

The heuristic auallitv function, 0, which 1is
used to order a sot of detecters, is shown araphieally in Fiagurs 29,
Tts max{mum value is the confidencé of the nhieet Anmd Aatactor (wnien
cannot be greater than 1.0), and lts minimyr valuye is 0, The cast nf
appiving the detector determiﬁes where the HAetector falls »n the
curve, For equal contidence, and costs below a certaln minimom,
YINCST (curreatly equal tm 2 seconds), the ¢ functien is indifferent
as to which detectnyr §s selected, For c¢osts abmve a certair
maximum, MEXCST (now Set te 100 Seconds), the functier returms o, 1In
essence, any cost below MINCST {s effectivelv zero and anv cnst above
MAXCST {s effectivelv infinite, 1In hetwean, the rurve is linear witw
2 slope determined tv the eanfidemce, =INCST  and4  MAXCST, Ry

making the maximum value of 5 he the contidence, added emphasis is
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FIGURE 29 HEURISTIC QUALITY FUNCTION Q
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given to the goal of pProdne€ine high confidencs test's. e twe
corpeting tests, the one with lower confidence mist alss have lower
cests in order to be considered better, a was defimad erpirically te
provide the functional characteristics detaiied ahnve, The Parareter

values were algo chesen smpiricallv on the basis of hest results,

Twe heuristics are used to select candidate
simple detectars, The first uses tne funetion., PEAKS, to locate Deak
attribute values for the ohject, PEAKS exarines the characterization
of the objeect (which are prosability dHensitv curves and will he
discussed later) ¢for a peak Pprovidina a certain minirum area
underneath, The function wi{ll then narrov the peak it {t can dea seo
without sionificantlv decreasinag the arsa, “inimur acceotable veak
size  and other variables are empiricallv Adetermined pParameters,
PEAKS, which currently can ornly find a sinale veax for each attribute
@urve, outputs a set of simple Jetectors carresponrding to the

attributes consideresd,

The second selectioen nroadram, NINRANGF,
generates distinauishing detecters by leokinag for continunus ranaes
of attribite values which minimize the set of ambiguous ahdects, The
prodram £cans a rande of an attribute for the taraget shiect, checkine
to sea what other obhiacts share the ranse, MINRANGE Aalse returns a

set ot single detectors,
The bpresent implementation of the heuristie

predicate generater creates only compnsite dstectors from the initial

set supplied by PEAKS and MINRANGE, The pregram cannot yet aenerate
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deteectors that are disfunctisns (such as miart ke reauired for
locating a red and white checkered tanlecloth) or decisioen tfees.
Despite thesé limitatisns (which #i11 probablv ke removed in the

future), the detectors gemerated are quite effective,

Te generate these composite Aetectars, the
orogram, DACQ (Default ACQuisition}, Selects the rpurrent best (iIn
‘tepmg 0f QY detector on the 1ist and tries to combine it with all the .
simple deteetors on the inttial list, Detectors that wonld vioclate
the deScription® given above (e#,d,, Whigh Would campine two detectars
with the same attribute), or those in whigh the eceomposite does not
have & smaller' ambiguity set than the parents are not considared,
Whan a candidate 1S selected, a compbosite detecter {s formed and
‘retained only if lts value of O is hiaher than that sf both ‘parents..
Refore adding the new candidate te the apnronriate spot in the 1list

of detectors, a auick check is made to See if it could ever be wetter

than the current mest detector. This is dore by computina @ for A

nypothetical deteector with the same cost, but with a confidepce of 1,
1¢ the Q o¢ thiS‘cnmbinati‘an is hiagher than tne nest B Sa far, thre

new candidate is kept, Othersise, it is discarded,

A ecapdidate that is rataiped ‘Is added ts the
proper location in the ordered list of candidates, After the first
detector has bheen trjed with all the possible single detectors, it {ia
marked a5 having been exXpanded, and DACH iterates with the new 1list,
1f no candidates are retained, DACH continues with the next rest

detector on the list,

Whem there are mp mare candldates, or whem o

‘086



detector is generated with a o above a certain threshold, the pronran
terminates, returning the ecomplete ordered 1list nf detectors

generated,

DACA - spends censiderable time attempting
minor {mprovements to lts best ecandidates, - Therefore, a CPU time
1imit was provided te allow the uUSer te deecide nhov mueb etfort DACO
should expend, It the time aquantum pravided tv ¢the user s
exceeded, the proagram interrupts, prints the best candidate, and asks
the user whether it should comtinue, If the replVv is N0, or there is
ne reply within ten secends (eauivalent:. to a N0 reply), DACA
terminates with the hest so far, If the user wishes ‘to proeeed, DACH
will continue for another auantum of time, The predicates nroduced
by DACO within the time constraints {¢currently .about {0 Seconds) atre .
tysieally the same as those produced by lettinag it rum to completion,
Aiso, the detectors produced are usually as aood as, or hetter than,
predicates defined manvally by exparisnced users, and often they are

the same,

The final stems in the auteomatian of
fiitering are Stralghtferward, The hest campound detector is
converted to an equivalent LISP LAMBDA exeression, which {5 then
compiled and saved, The system already knowWs +shat sampllng densitv 1s
required for the detector, since it is a py=product of the cost
computation (see Appendix A), © The image is then randemly Sampled
at the aporopriate.density, and the resuwltina samples are filtered,
with' the LISP ovredicate te obtain a fev acquisitisn samples. These
samples may reed further validatlion tests te discriminate residnal

ambioquities, Examples are found in section 5,3.
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5,2,2 - Desion of Boundint Predlcates

The rext sten fn object findiny _after
validatine the acouisitionmn samples Is to extract the boundary of the
surreundina surface, PRoumAing a S{nals Svecitic obiect is . a
sianificantly different task than the dqlebal scena nartitienina

deserited in Section IV of this report,

I= ohiect bounding, a reaion is qrown from
acquisition. samples ty jneluding all eonmtigueus samplesx that satisty
an approepriate rourdira vredicate, Specifisally, the prearam, GRAOW,
applies the predicate teo samples adjacent te the acauisition saroles,
1f a sample 5 acceoted, Iits nelantsrs (either dmadiacent or
f=adtacent) are added to a list fto-pe Trecursively exgmnined. Vhen
all possirle sarples have accreted to tre sriainal set, GRNYW returns

the resulting nevw reaion,

The hounding aredicates dAiffer fror
acaquisitior rpredicates in two iwportanmt wavs, First, the p;rticular
region being bounded need orly ne distinguished fror plctorially
adiacent oblects, .as. epoosed to all eniects in-tra scene. Sectard,s
region arowth reenires rredicates capable of collecting all nolnts an

tthe ohject,

The bhasie realon arower can he speeded uyp by
scanning out herjzortally and vertically from tne initial acauisitisr
samples until a discontinuity (s detected, Points located on the

poundary are trem foined jmte a new, laraer reninm, and GROW {5 used
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te f£111 in anv holes, Scanners are goed for auiekly locating edaes,
but suffer hy.requiring that all peints between the startina paint
and the desired edae point pass the predicate, A point that fails.
terminates the scan, The reagioen grower is less directed, bhut as a
resuit, <an fhgo around" isolated pointg where ths predicate falls,

The eombination of seanning and arewing has rraven verv effective,

Simece the predicate must accept all paints on
the object, the task of ceneratina. anm initial predicate is qreatly
simplified=«ve need only create deteactors-based on the combPlete rawge
for all attributes (a "fuli=range detector"), There is relativelv.
little risk {n using these wide range detectors, since they need only
Aiscriminate objects adjacent fo the acauired abiect, HaweVer, {f the

system has specifie knowlege about obiect ad1acencias, the fulleramcge

1

predicate c¢an be refined by conaining {t with regated fulleranas

predicates for thase adiacent obdects,

A m;1or shortcoming of the aheve approach |is
that the reglon arewing predicates are applied unifermly te al)
peints, Dften, it is xnown that the coler (sav) of a region 1s
darker at the bottom than at the too, Such informatiom should be used
ta broduce more seleetive npredicates that respond dilfferentiy at
different points in the region. Prediecates conld alse be desiared
whieh continuously change their expectation of what shauld come next,

based on what has recently been Seen,

Other shortcominas are sue te neor predicate

specification from tne qutsat. Thnis oreablem camr arise Whem the

99


http:aeneratiho.an

system receives an incomplete Asserintian of the andect initially,
perhaps net knewing snouah absut sther sbhisets in the envirsnment, or
stten not knovwina of aood Aescrioteors which, althangh shvisls £a a
persons may not tre obvious te the syster, Remsdies for these

sharteomings will be discussed In am uneomina dissartation {251,

In the roming ngnths, . the serantic
seamentation tachniques described in Seetlon IV w11l be studied ag an
alternative means of hourdirs obiects, GROW - fymetions stricelv be
araving regions outward frem initial kernal Doints an 'the taraet
ohiect, The other seanmentation systers csuld be uesd ta arsv
simuleanecusly from kernels om the tarder amd eon adiacent oblects,
Additional kno¥ladge abauUt relatiomsmips of the target and its

neighbors could be used ta obtalin imprnved voundaries,
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5.3 Examples

Fioures 30 threuah 37 {llustrate the acject findinag
prncess Uusirg the image shown {n Fiaure 1nh, Thre obierts tm be
located are the picture and t»e mafor surfaces of the chair, the seat
and the bhack, Trese Npiects (aleng with athers that arpear in the
{raqge) were shown to the system in other imames of the saTe scere,
Descriptions were autnamaticallv agenerated, and from these, the svster
Was able to create strategies for Jlocatinag the ahiects, In the
fiqures, the realons created in the course of locatinag the oniects
are generally showm as a hayndary with a few points irside, The
bouindaries (im ¢tris caSe) are conveX RUI1S created from the Samnles
by ISIS in order te emphasize tre renion far the ysar, In the TI.TSP
predicates rentioned belsw, the function LIMITP {s used as the
primary detector fupction, {ts format {s: (LIMITP attrihute samnle
lew hian), LINTTP accepts sarnples whase attributes 1ie withir the

range from low tm hmiah,

The first axample shovs the system Jnacatiny the
picture, Fiqure 30 aives the result of filtering a randem sarpling of
the imane with tre pPredicate TLAMBDA (X) fLINMITP HEIGHT X 3,19
4.76)1, Tris predicate keeps onlv samples at a helaht withir rhe
ranade of 3,19 feet to 4,76 feet, Since only poaints fram the wall,
doeT, and bpieture Should be fourd At t={s neiaqnrt, the validatinan
phase need orly distinaulsh amona trese three nbhiects, The results nf
validatien are sghown {n Fioyre 31, The system the- arows the reaisn

shovn {n Fiqure 32 with the predicate (LA'RNDA (X) (AND (PICP X) (MAT
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FIGURE 30

INITIAL ACQUISITION REGION FIGURE 31 PICTURE POINTS AFTER
FOR PICTURE VALIDATION

FIGURE 32 FINAL PICTURE REGION
AFTER REGION GROWTH
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(VALTP X)))). PICP % {s a LISP predicate functien, Aenerated rcv fthe

system whieh returns T 1£f the Sample has the prearerties ont the
picture, PALLP §s a similar predicate far the wall, The connlefe
arawWth predicate remyires that the sample lneck like a pleture point,

but nmnot like a wall poirt,

In Fiaures 31 thraua® 37, the svstem lpcates ¢*he
ehair seat ard bark, In Fi{agure 33, the SamPled Scene hasS heen
filtered for points on the chair nack, 1sing the predicate (LAMRDA
(X) (AND (LIMITP HEIGHT X 1,62 2,14) (LIMITP HUE X 0.0 6.1))), This
nredjcate, cheeckinag heinrt amnd nue, Seleets anly the sinale sample
shaw¥n in the riakrt mid4le eo¢ the chairback in Fiaure 33, The sarmrle
{s retained durina validari{an, and i{s used 3s a startimra poin+t far
the reaien arpwer ¥hier qgenerates am4 Uses a Dpredicate to
Aiscririnate the sarples »t tne chairhack ¢tromn those af adiacent

tahle and %all areas resuitiny {n the reaier Showr {m Fioure 14,

The acauisitianr, validatisam, and reaym4i{ng process faor
the chair seat is shewn {= Fiaqures 3% thraugh 17, The reaiar shewm in

Figure 35 {s the result of ¢i{lterfna w{th the rredicate (LAMBNDA ¢X)

# These predicates are Conjunctiang of f311 ramne rredicates tar the

oabiects in questjon, TrRat 15, they check that the value oaf sack

attrinrute of a sam™ple falls within the massible ramqge af values ¢or

the Arhdect im auestinn,
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FIGURE 33 SINGLE POINT ACQUIRED
AND VALIDATED ON CHAIR BACK

FIGURE 34 REGION GROWN FOR CHAIR BACK

104




(AND (LIMITP HFIGHT X 1,09 1,62) (LIMITP ORIFENT X N 0 36,0))), whieh

selects samples with heianht and orientation appreoriate for the chair
seat, One point {s eliminated durina validation, Sinmce itS color daes
not match that of the seat: givinag the reaaian shown in Fioure 134,
Finally, Figure 37 shows the results of arowina with a predicate that

distinaguishes the Seat from the £100r and the wall,
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FIGURE 35 POINTS ACQUIRED FIGURE 36 POINTS REMAINING AFTER
ON CHAIR SEAT CHAIR SEAT VALIDATION

FIGURE 37 FINAL CHAIR SEAT REGION
AFTER GROWTH

; 8
GINAL PAGE I8
%%‘Ipooa QUALITY] 106




6o pISCUSSION

This report has discussed exver{ments in automatic and
coopérative - (man-machine)  scene analysis, UuSins interactive
facf@ities of-IS£S‘and asséciééed suhsvestems, Sianificanﬁ results- in
the rast vear ineciude: (1) development of techniques, for ccoperﬁtfve
St¢ene analysis and their successful apnlicat;on to landscape Scenes,
(2) “development - of. a mew interactivelv trainahle ‘semantie reqion
qrowiﬁa;barﬁdiaﬁ tbased on ‘1), and (3) developmant. of a program_ that
can. attomatically ‘gehefate Stratemies -for finding or distinsuishina

obiects, -qiven pictorial examoles,

The bidgest. auestions resardin1  the  utility .ef . -eur -
interactive methodslogy cencern - its gemerality, Nur results so
far, are in=depth -analyses of a few seleeted pictures €rom three
domains, 1In the coming vear, we will begin serieusly te investigate
aenerality on twe fronts: (1} the ale}ceSilitv ef. strategies and
semantics develeped ;}6 one ° qrgtﬁre: to other»giétures if the same
demain, and (2) the;'é%bﬁ1CabiJitv: ot the-‘basic‘ methodoloav to

additional -domains, including several hiomedical applicatiens already

underway,

The nurher of vArianles character{zing botﬁ scenes and scena
analysis strateaies ;‘ﬁresent. -é bia : nbgtacie to systematic
experimentation, snd could exnlain why sueh experi{mentation has been
generally avoided, To rcite  one exémolp;‘ the effectiveness of
manually sunplied serantic kernsls on seamentation depends, amang

ather thinags, on which regfong are Selected AS kernels, on the order
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in which they are chosen, and on the tvoe of first partitien treina
used, Exoerimentati{on is alsoc relativelv time consuming on 2 heavily
loaded time shared svstem, For theSe reaSemms the eXperimental
process must be automated te run on an annotated likrary of cerrectly
analvzed pictures, Sucr .a data base will allew experimenters tn
test the aenerality of proposed semantic descrintiens in multiple
Scenes, It. will be USed to monitor the nperformance of autematie
scene analysis strategies and alert the exverimenter when .an error tis
about to eccur, The data baSe’ can even supply . Teduested
interpretations when testing interactive proagrams, The data base wily
be develnped usina {nteractive teschniaues to ohiain perfect
seqmentatioens,

The continvine glabkal obieetive of this nrodect is teo
farilitate the process wherehy a comouter aeauiras the Knowledoe
needed to. analyze a Set of Scenes frem a camman domain. our qoals
for the coming year are set forth in the fallewing scenario:? A user
SeleCt5 A& reprasantative SCene from a nav damain, cridelV £ircles the
principle reaions on a disnlav, and provides their intesrpretations,
The system then completes the seamentatisn, perhaps resuesting a few
additional internretatinms, The rasuitinmg varti{tion is then used by
the svstem to train classifieatien algorithms and t& deduyce
cantextual constraints, Is{pry tnis knewleddae, the Svstam next
attempts autoratically. to partitiss additisnal gcenes from the same
domain, The USer modifies tha sSystamn’s knowledge base When errars

are ahserver,

The abave gcenario & hased om clearlv defined extensions of
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present capahilities, Wark has already beaun on refininc an
tnitial ecrude ontline inte a complete partition (see Ssction 4,R),
The semantiec reaqion arovina paradiar {11 ke anterated {n aradnal
steps alona lines suggested in Seection 4,7, Tnitially, reaiens
reaching ecritical size will be automaticallv classified with respect
ts training remions, Hewevar, numam assistance W{ill he S5pUaht to
resolve ampiquitias, The second step will attemnt te resolve
ambinyities automaticslly, using additional, interactively formulated
region attributes fe.a.. Shape and texture? and conteXtual
constraints, An  {mplemente4 comstraint satisfaction system will
continuously monitar the eonsistencv of nawlv npreaposed reaion
interpretations with thasSe nreviousliv assianed, in srder to raSptve
both currert and pre=existing anbiquities [18], The third and nost
tentative step will ke te use the Tethods of Séet'ion 5 to deduce
reqion descriptiens and econteXtual eonstraints auvtematicallyY ¢rom

examples In a correctly seamented scene,
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APPEMNDIY A1

CNST and CUNFIDFNCE

This anpendix defires the concents of cost and reliapitity
(or confidencel used 1in evalvatna detectnrs, and derives thelr

computational tcrmalas,

Confidence

In the course of planning a strateay, nr sxanminina a picture
interactiveiy, an {mrportant guestion freaiently arises; vGiven a
Particular set of attrihute measure~ents on an {tem (3 Teqion or
sampla}, what set of obiects conld {t possinly belera £o?" [f the
measyrements have alreardy heen taken fror some redien (or sanple),
the answer to the queStion allows the System to "clasSify".tha {ter
as helongira to some element of a set of objects, If the syster s
ennsiderina ageneratinat seme detector for takKins the measurements,
then the anpswer ta the questinn Allo¥ws an aestimate ot how Well the

detector should work,

Tn additien te Xpavina the sat ~f nessikle ohiects which
could orovide the megsurewents, it 15 2al1se imhortant *o KkKnowx the
relative likellhoad of each sbject in tha set, Fo; examnle, {f the
system knows that the local (surface) orijentation of a sawp1{ in

narizentsl, trem {t sShould know =0t only that it Felongs to either
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tableton or floor, rut also that it is +1ore likely ta relong to the
floor since the fioar (usually) takes un myerh more of the lmage thanr
does the tabletoo, Tf the syster also measures the height of the
sample to be 2 1/2 feet, then it should realize that the sample has
te belona Yo tabletop, since that i{s the onilv ohiect whick has both
properties, Firally, if the reasuremants %pam a WwWide ranae of Valles,
then several objects’ attribute ranges mav overlan the measured
range, Jn this case, the systam skould rake inte acesunt the amount
of overlap,

We can formulate a set of requirements €or a system whieh
ansvers our nriginal auestion, The systam Shouid account tor a oriard
probahilities of the item belonging to an ordect, should be dble te
nandle combinatiers af attrinute measurements, and shauld he aocle te

measure and USe the deares of attricUte ramas ovVerlan,

The proarar that satisties these requirements, COVF, measures
the eonfidence that -a sarple belonas to an nbiect, based ‘on a set of
detectnr mUtecomes, A recursive Baves proeedure s used In the
cemoutationsg [2A], Attribute reasurements are taken as independent
events which are linked together throuth obiect descr{nttoﬁs. That
15, 1f no npiect descrintjions were avallahle, the meashirements waould
ba truly nrotabalistically irdenendent avents, Hawever, havina obiject

descriptions allews the syster to compute Aependent nrahakilities,

Betore beginrina the discussion of the procedure, sore
notation is reaviired, The set of autcomes at the application of a set

ot detectars, 0, Dpqv - - Dyf  will he written, p", A detector, p,

n* n-1*
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S{nce the putecome af a detector i{s Atfected anly by the phiects ft {s
eonditioned en, amd net bpv the auteanes of oather detectors,

P, lo, 0" {s redueed to PO I0) and the exoression becomes:

P(D, IO} x P(O,ID")

P(0,ID7) €23

P(DnID""1)

T™his 48 the usual way of writinag the reecursive Bayes expression,
P(D, 10} is the probability that a rander savwple from object, 0.,
will have outceme D, when the detector {s anplied, This probanility
is eromnuted fror stoarmed data bV sumrina  the samples that waould
produce the given ontcems, and dividing by the total numbar of
samples measured, The data used for this step come from
chardcterizations gererated hv Tthe SySter frenm ‘examples of the

okiect,

The terw, PO, 10" is computed recursively, termifating

with P(O;IDy) which 15 exvarded in the normal wavy,

P{D,10) x PIO}
POID) = —_—

PID,) (3

PO is the a =orior{ 1likmlihoas af A randomiy selected samnje
helonaing te 0. . This is ysyally ecomputed bv comparina the expected
prolected two=dimensional area of the oniect with the area of the®
inraqe, 'mog Also reflects the set of obiects mxpected to be present,
Bv  settinm P(0) te zZers, the obijeect {5 effectivelVv eliminates from

consideration,

{ﬁﬁﬂ}ﬁﬁﬁliﬁﬂﬁﬁﬁ'ﬁi
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To compute PO}, PD,I0) is sumred over all obiects.

P(D,} = Z P{D, Iol) X P(OJ.} a3

I

Mew, with the deri{vatisn of PIO,ID,) » and therefore tne der{vation of

moJDW1). the final detatls for the oariginal - computatior of
HOJDH can be completed,
The -last term to he expanded {s P D"") , This 1is where

the detector ocuteomes are lipked throuah the objeest Aaescriptions, As

in Equation 4, tre term w111 he sxpanded aver- all ebiects,

P(D,ID"" = £ P, D", 0) x PO, D"

o
1

As mentioned opreviously, the outcome af A detactor depands on
sbhiects, not on other detectors excent insofar as they selesct
obieects, Therefere, the tarm HDJDW1,Q) {s reduced to P(D,I0;) »

and -the gxnression {s rewritten as

P(D,ID"").= = P(DI0) x P(0;ID"") (5)

0
1

This expressian {s Eauatien 4, conditisned an the remaining set of

detectors, pn1,

Several points need to be emphasized, Tt {s .important to be
able to limit the set of abiects under censideration, Limiti{ng this
set allovs the system to-reduce its windaw inte the Sceme, frem a

fyll image, to a selected subimame, This reduetion tvpically eomes
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about when the system Jrcates same abject and thepn ‘1moksS in  the
immedtate vicinity for other objects, The inftial object then
provides a new window -ints the scene, usually witk an appreciahly
smaller suhset af objects trat need to be conmsidered,

Anether important. peint {s that tha derivatiors use the
sutcemes of the set of detectars, and do not denend on the value of
the outcomes, That is, the combutations do not rea"i{e that all the
detectors accept the sample, but only that there 1is some outcore,
This fact allews for the possibilitv of canerating decision trees
where one branch of the tree {5 taken ¢eor an accedtance, afid  tre
ather for- a redection, Althnugh the syvzter daess not currentlv
1enerate decisjon trees (but only cenjunctions that resuire that all

outcomes. are accenances), therte are no theoretical narriers,

CasT

In this discussion, cost w#{ll ne the anticipated ceost
(neasured in milliseceonds af CPY time) of apolvins a detector ta a
samtle (reginns are pot abnlieable heral, In the discussion of
contidence, the order of anolication af Adetsctors was immaterial,.
since all entcomes vere nereded, Irn this Aiscusstien, .detectors will be
1imited . to combosite dstectors, {,.,s,, caniunctions ot s{mnle
datectors appiied seauentially, The cast -0f applicatien of a
composite detector to an irade is hiohlv order dependent, since a
retection ry one detector in a3 Seauence {mplies that the remaininag

detectors In the secuvence reed Mot be anclied,

119



Mest aof the poatatisn required here- wag defined {n the
breceding Section, Let C/(D") he tne per Ssmnle cost of avolyina
detector seaquence, D", and let CJ(D) be the per samrle cost of the
sinale detector, D; » The sinagle Adetector costs are measured

nrevieusly by the system,
The cost of anplication of the Hetector sequence, D", {s
€,(D" = C(D,} + C(Dy) x PIDy) + C{Dy)} x P(Dy. Dy) # S

11}
- £ cipx PN, (&)
=1

b, is always applied, A fraction of the samples tested with p,

(t.e.r, thoSe accepted) will alse be tested with D,, The bDercentage

of sarples passed by D, and D, ¥ll1 also be tested bv D,s» and so

on,

The ecost of application of a detector to the image (or to a
window) 1s the oper sample cost of the Jetectar times tne number of
samples to ke tested, Since the numher of samolas to he ‘tested - aise
denends - on ‘the detector, that numper is derived here, It is assumed
that a certaihﬁaiven nurher o0f <amnles an trhs targetr ohiect should be
accepted BV tre defector, Thi5 nummer, nreset ny the user, is Ng.
From N, and sore okiect data, it {s pessible to comnute a sarplina’
density, §, wpler WIil provide a sufficient nuvher of samples on
Eﬁe obfect, such that N, Should be accepted bv the detector, N = 18

the total number of samples that should f£all on the otiect, Qiven a

sampling density, 5, M4 the sxpacted abiect size, 's(0l,

N =8 x 5(0} (73
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Byt since only the fractinn, PID"IO}) » 0f any randam sartling of 0 can

he expected to be accepted By DO,

Ny = N x P(D"IO) , (8
Therefore,
N =& x S(0} x P(D"IO) , ra)
and
ND
——

s(0) x P(D"IO)

Since the Ssystem dnes nat retain the correlated data neceSSary tn
Aetermine PID"I0), 3t instead uses the minimim af these sot of

probabilittes, {pwmio), .. . P lo) .

AR 5, the toral numker of samples. N ta Be checked in

W'

a1 windaw, ¥, i{s the windovr size times 5, ar

Nw=5xS(W) . (i)
This qgives a total rast of

clD" = Ny, x C,(D")

x C_(D") {113

p(D"lo}  Sl0)
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