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data images against & computer modsl of 8 simpls cbject, such a5 & cup or & stick-gwe of & human. The
asiss) is wed t0 oveid incemect minime, & swious protlem for ol locel ssanch metheds. Boconss sub-
ainy in e lnpuss ase handind well, and & Snad enimasion is produced of the chance that the musched purts
ass sconslly an enanple of the modulied chjsct.
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The cagaisive sciences hove seen & swrge in aew pasaliel models of tought and vision over the pant
Soveral ssempes hove buss mads © e such Gchniques on the manching phass of chjoct secognision, when
© visusl 500 is mutched against an insevnal model of e wesld [Coi87, CosliS, KIR791. Thess iachniques
sncessiaty i e inpun. This hesis will enpleve e e of selenasion mstheds for manching in 8 toy werld
with plency of asise and wnoesningy in the dan. Sesious Rmbutions snd geabloms arise, and soveral e

% loshing & pasailelion s o snower 19 eur conputnionsl probloms. Rossnt dovelopmenss in massively
b Srnin. Whils G sosomt mashings do ast come eloss © shvaling the pasaiiulion of e benia, ey ase




connectionist sysems. Both views sse lagely myth. Foscing omesslf © adhers ©0 he unigus adventages
and dissdvanages
Chapaer 2 concludes with s discussion of the computationsl complexity of paraiie] astworks when applied

In Chapters 3 duough S, hees issuss will bs explesed Sevugh sn application  sn imperant aspect
betwesn two shuctes. & is fendementsl, 80t just in vislen and Al but deengheut computer science. Dur-
ing object secagniien, an image is st supasated inte segions, after whish vasions fuanwes, such & is
shape and topolagy, ve entsacesd frem . The sesuhing pasts must be metched against an intssnel medel of

dovelaped for masching images, supresonind as selationsl graghe, aguinet an intssnsl model thas b bulk
Chuger $ prossass e sasiin, a0 cumpasss S t gooviens wark i Gl amn. W ofl fad s e



have 2 stochastic mechanism © svoid spurious resulis, the nstwe of the process is enchanged, bt thess is

substantial loss of performance owing ot 10 8 breskdown in the ssarch tachniqus, but ©0 & fendamental



picces of evidence ess weighed agaiast each other in & largs, paralisl network. The evidences ave lecel
becanss each elsment of the astwork is only allowed © consider the companibilicy of its own state with that
of its neighbouwrs, or thoss other waits connected ¥ it. AL no lime is the overall compaelbiliey of 8 lunge col-
. To
The process is ons of ierasive ingrovemens, whess Go 50 of each clement is updaed st each Remiion ©»

ave possible, and the network is said 10 be in & swbls, aquiliiviens stam.
ﬁ-gﬂ.hﬁiﬂm:_*h:—ﬁn
“ﬂﬂln-ﬂﬁnﬁﬂ;ﬁtﬂﬁﬁdﬁm
we with 1 sivesheld am, dividing them e owo classes, blask and whits @ or 1). A simple fra-ender
solution can bs ebeainad by sening 0 5000 each pinel that is loss than 0.5, and ol pinsls 22 0.5 or gromer
ﬂﬁﬂ:ﬂﬁ*hﬂﬁﬁﬁhiﬁﬁ_lﬁ



A highly paralisl way 10 got & goad saning for all the pinsls is %o consider each pinel 2 simpls com-
puter processor, which is cennected by  simple sk 10 the suwounding pinels in e image. This lisk con-
wins 8 weight which measwes ths compmibility of both pinsls being whits. For dusshelding, if the msigh-
bowing pizel is lightly shaded, Ghess is & grester chancs that the pinsl itseif will bs whits, 50 the weight
betwesn the nodes will bs high. For sxampis, & weight of +1 could sepressnt complsts consimency (both
pinsls ass alveady whits), whils -1 could mesn complets inconsistency (one pinel is whise, the other Mack).
A weight of 0 would mean that thess is ne prsfesence (both pinsls ss moderately shaded), whils cther
valuss in botwesn thess Swes could sepressat vrying degress of consistency.

Oncs thess weights svs 0t the solaxation process begine. At each siep, the valus of the pinel is
updasad 10 increass its compatibillly with ks aeighbewss, in accondance with the weights (we will see lar
enscilly how this wosks). i ment asighbowsing pinsls ass lightly shaded, and the pinel is dask, its valus will
oot pushed wp. This changs will fusther affbct the pinel’s asighbours, and their asighbouss, and 3o on, smil
a0 further changss ase possibis and alll pinels ase 98t 1 sither whits or biack. The system has comerped o0
s subls equilliviom.

This simpliified enampls Muswane the basic princigies of selanation, but many cther varistions are
ponshis. Some huve difssent ways of lasbelling the cloments in the ast, cthess have difsent ways of updas-
ing the nodes (0 incseass consistency, and 20 farth. AR s vasiations, howover, setain e basic prapaniss
dﬂnmmuouu*dm

22. TYPRS OF RELAXATION

Thess an sovenl wups 0 dstinguish beowesn diovent classes of selamstion systems:
1) dissvate relanation ve. probuliiissic relanssion
) dusrminigtie relanssion ve. sochastie relenssion
3) fisnd relanstion ve. adsptive rebnution
€) snssnvelied relanstion veo. consveliod relanstion

Discrese relenssion inveives kibelling cash cloment, or i, with @issssts ibels ssleeted hom ¢ fnin
domain lins, sush a8 (0\1) & (sedgusnbies). Frobabilissls relonntion s chumiler, ensags s o nbels e



tion whese the spectrum betwesn O and 1 is spiis imo o diecvess aumber of prubebilition, sush & (0.1) o
(00.5.1). As such, most genssel thesviss of selaxstion apply  discons selaxmtion a5 & special case. Fow-

if the systsm go stuck st 8 locel manisum. Siechasic relanstion inweduces conwelind randewmess t e
neowork (Hep$2, HIPE3). Mest ssochastic systems uss 2 prasess called sivnlsssd annsaling 0 contvel the
smount of candemness in the system.

Senciens beswesn units, which usually have Suls, if any, bullt-in svucasse.

Consrolied relanasion is o genssal wvm ssfoning 09 & systom whess he unhs mosive infosmetion fom



ism snd comnectionism. Thass twe pundigns s chasschrissd in many ways, each with difhewnt connste-

dddagggasaas




systom, snd et symbels ess prapesly weated a5 soms. The fald 22 & whals is maving wowds 2 mans

o hisary of cogaitive sclence and (af?9, HefiS, JebeS) fur some philesephicnl srguments in fvar of con-

Relmation aystems s ofen eafied ddval aswvel asseuvits, &5 selanmtion s Gought by many 0 bs 8



The buain is & massive netwark of nerve colls, or sewwns. Figes 2.1 shows sn idealined newon. The
aeuren is an adder, accepting many inputs by way of inceming dendvises and euipuing the sum en the sin-
@ls euigoing anve. This snen then bmnches out, providing input 00 peshaps many Geusends of ather nse-
& Sow enperionses 2o laamed (ar 50 gous cument thinking). Thess ass twe busic Gpes of symagees: dekili-
vy snd anchotory. inhibiury sysspens, disinguished in Figess 2.1 by an epen clschs, uad  Aypovpoier-
ise e coll budy, smbing e voliags mem magaiive. An eashatery synapes, soprossated by an euontend
hold (aasmally shout -39 snv), s nowen firus an acaion sosmaiel, 8 buief piling of e valings 1o aound
- ind



s weight of its ssc. A positive weigiht comssponds ©© 38 excimry symapes and & magmive weight
e valus slong all its cutgeing axcs.

Massively pasalisl machines sse caly now ssting 10 mebs head-way (FHBS5), and we s & loag ways of
is imowa as hs 100-enp, or Foldman consuming.

Ths showe is & geutly simplified viow of the funceioning

of sousans, snd its accusncy o8 & madel of

315 LEARNING THRORY
Gt Emowiadgs is ot saguasaned fammally, tust is dlswibuted throughout & systom a8 pusams of svaghe
Figue 2.2) consien of & hyer of inper aswens e which m enpmiense, suvh &8 ¢ visusd sams, b phed.

onte Alddon lnpevs Soowesn the lnput and euiput. I e sy is prosamsnd with & exstaln input paiten and
pussnted (Keb77).






34. NPORMATION THRORY

Much of the sechassic selaxstion mechaniom is based on principles Gem information theory (Shet8).
The oo information is ofen wed with diflring snd confiicting mesnings, bus & ususlly has ssmething
€0 with the dagres of swucthuse, or aoder, it 8 system contains. Thus, 8 besk weitnen in Bngfish bes &
higher informasion content than the same-sined besk Siled with sandem chasacesss. Fower bits avs soquined
-mm.*uuuu—nh-pwu-w“
tien content, becauss thass is mess suctuss in the sysem.

Shonnon [ShotS) fient fosmelined information masthematically by inveducing the lagsithmic measuwse
of information, call it /. For & sysnsm of » clements, each of which is 55t © ens of @ pomsibies valum, G
is & ot of O=m*® possible sysem configamtions. ¥ ol thess difwent configusmions ass equally prabebls,
Sua G sowce of e infesmation is said 19 s Asmegensons snd e information consent is & ssuighe-
Serwesd mensurs of the aumber of bins' nesded 1 specify any ens of s configumtions: / = lag. O =a.

Semetimes, howover, s informasion sowses produses soms configuuiions with grster prebebilly
Gun othevs. The infosmatien content of 8 pastisuler configusution x, o s soffdyvnasion, s ks /) & loge-
dbmic measw: Mixjn-inP,, whass P, is G probsbilly of configasuion 2. Whan ol probubiiies ase
oqual, s sedusss ® /. Algovihmic information sheery (Chu77) waats M) 28 o sumber of Uis In G
smalisst Twsing machins® pragram Gt golas ot = The vwrage selfinbramstion of i Gn pemitls
configumisns is e euvapy of Bs infosmstion sowes: § = H(x) @ L. P.P,. Baopy messwns de
conplasly (st dsordsr) in o geum. Wigh camagy e many Sis e squing © guelly o svengs
configumsion of e syenm, and Gus o syt ensades Huls infomngtisn.

Foam G consepts comss Shamnen’s grinsipls f muusing missing dytvwmion, or FME (rinsigh
of Manimam Sanepy). This gutnsipls e G, gven o syeam we hove Ils information shows, G mosnt

* Guls oo Gumninetity Gotan o @o higattn. Bhay s cnupund ool hnns hguttus fond, i
ofl Seentten, csnupudoamnes i

8 A Sutigendiaslss dagliied, gensyyiet conguteressd & Gossdul cumpusresinse.



"

den.” or highest eamupy. N ol we lmow is Gt s sverngs probubilley is 0.8, e e disnibution

., which can bs sy or film. A; will bs ths Ah

such grapesisien, and gy will bs the prabebiliey Gt & is Sus.? An ehject is conscend  euch of ks saigh-
[ »

O——0

wy = s consimensy of (A; & A)).

This fovuintion wo the lagiesl AND () funstion & e insgretstion of e weights,

G cpdatnd ssounding o some compatibilly messwe © b0 mese consintent with is ssighbouss, entll

punm, ohih b an oie el et i vt F,, tente
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will drive the probebility of the nede down whan it is incensistmt with its neighbeurs, and up when & is
consistent. The simplest updase suls Gor this just adds the Ensar summation ® e proviews valus of s
sode: 57" up04p"?, wher s value of & o8 itsntion 7 is 57, and e value of the increment (he
© ensurs that the ands values babave o praper probubilides:

T T TV

an =L

Za T a0« 09

Z is & sosmalinstion facter and is necesaary 0 cnsws hat he grobabilities sum » wly: o 0=1.

peeent is dstevmined by e pro-
pomionaiiy constant, . High valuss of 1) menn hugs sups ase tbun in the hill-climbing. which canses he-
Them o G5ts waps & UER ean eonvarps © oguiietam:
1) Fined-guint covargenok: he SYElEn Goivengis @0 & fnad s,
Yy o ¢ ¢+ r .t 1 _ 11 @3
2 Qs G ol cosvanges @ ¢ smingly sndom s with infinle
comphnhy end ao fned ol or qpule.
Natieo it 1) is o spusiel case of 2) with a=l. Whish ype of comvergenss b duind dupond vy
Sehaniows, yot Gy oo sty quite subie, supsammnting o 0ont of toesl minimum, but bn o infiniialy com-



1

plox. fractal space. Sech & subls, yot chastic comvergence is calied 8 svwngs anvacs. Far an iseduction
o chass, 308 [Gle87] and (Baif?). Fer & goneml mathomatical inveduction to discrute itesative systams,
s (SRTS7).

As & genenl howsintic, it can bs sssumed et if 8 syewem is suble, but sandemiy cecillating & is
Sshaving chastically. So ® %t for convergencs, wait until the system has isssated / isssmtions (whess | is
soms imager) widhout ths ensugy geing bolow s lowest cnsrgy stats 30 fiar encounteved. I the system has
net seached oquilibsium, the totl ensegy (ncensismncy) will nill bs geing dowa. ¥ & is an »-point conver-
gemos or chass, s systom will be suble and s incensistency will sy & & sulatively constant lovel. The
highes i is, s mess cosain we can b hat the system has convesged. This test for convergencs satislies all
Gues of the shove possibis equilibeium simations, in the mic.

29. ADAPTIVE UPBATING

Ths basis lsaming suls for connsctisnins systoms, inowe as the Nsbbisn leovning ruls, is simple:
whensver the connostion betwesn twe wnlis is activand, ks weight is ssenghensd. Aay signal aow suvel-
lng asess this connsstion will be sueagihened, 50 when & pattes is clanped en Ge gt eaiis (50 G
Goy can whs en 09 ether valusg), & lsaves & memery tuse in s gyuaptis weights of e connsstions. The
wpdams suls for s wolghts ixx Any = Wpy4. wham  is e maching inpus far 5. The leavning rase is e
prepenionsily conmumt, §°, whish infleatss o slas of S sy @ whs dn ajasing @0 weights. When
e taining phase is complon, o tashing unhs as snclamped, 50 they ave ense again Sus o e en thels
oun viiuss. Now, shanover s bput units e champed wih ¢ proviewsly send pattam, G asssslated
punm theuld gpporr en G0 cutput mnis. ¥ we chunp s lnputs with & vester st s similer © & aeved
1 <1 1 1 7 37 ¥y _r1J 1 ¥ ]/
P Ghinsiyhs of danimat Buasagy).? As in o buman buain, he amesiesion ssed ast bs enast 0 werk.
:Uo-—--““b--m

§ Nmantenbid caninn ey aftetinnanyypiuibe et ten. Minkhpanyytgd
chningutinciiyatndfatdmbncamn)gupeniipnds. NS anns @s ey sishy bais




Mors &% best &t maiching ihl:_in-ﬁ-gm Thess e wank,

. ﬁ“ﬂ-:ﬁ-ﬁi-ﬁ-lﬁh_i—ﬁﬁ

of intarfessnce bevwesn difosent input paerns. lnstend of learning the tesching npust, this suls teams e
@iivonce betwesn p; and & 4 The fosm of the sull is: duy = 4" (4 )p).

®adels is that hoy avo lmbtad. & has boon proved (MIFOR. in tens of what sush qyesems ann in pelasiple
loasm, thut nsthing can be gained by adding envs layess or foadback. A | commen gpe of connectionin
ﬁ.hﬁhmﬂﬁﬁﬂdlﬂ‘n—hﬁhihﬂ_

easends soms Guusheld valus snd to cuiput 0 O atharwise. The sow qptans mule i

--l= e




17

the input and output layers, sllowing & memory ¥ace (0 propagate theough ssvesal layers of units, and bulld
up ineernal reprasontations. For such & sysers © be adaptive, 8 new learning ruls must aleo be dovissd »
loarn the weights on the hidden snits, sincs ¢ has n0 mesning for 3 hidden wnit. The most common is

©© propagas back dwough the imernal layers of 2 syssm.

adding a 3-exis for the secend wah. Fer larger systoms, this landecape, or sate-gpace, can be inssadibly
comples, mubl-dimensionsl, a5 well s Sucel. In Figus 2.3, point # will convergs on point 8°, & lecsl

climbing. Nase, Gio x-anis in Figwe 2.3 weuld sapsesent the configmution of weights, sther Sien o sstl
valuss of s wnis. The dslia basning suls hill-elimbs in this waigho-qpase ©» minimise S sum-oquasnd




An insuitive way of undusnding & |
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The sysem is sureed out with 8 high dagres of sandemasss, calied the conpuiaiionsl semperanve, which is
lowesed quickly st frst and then gradually as equiliivium is sppeoached.

This means that we st by vigovously shaking the shest, 50 the ball-besring bounces sround mestly
at random. As we gradually shaks loss and less viclensly, the ball will snd mose and mose 10 the deaper
parss of e landscaps, unsil Sually, when the shaking has stopped, it will be 2t & lecal minimem. Excopt
heve, he minimum will b mach dsaper e the supssiicial ons asvived st detsaministically (without shek-
ing). shthough it will ot necessaslly be e doepest valloy of all. The mess gradully the shaking is slowed
down, he moss confidence ens can hove in finding e tus gishal minimum. The eptimel anncaling
scheduls (GeGS¢), tans 100 long for practical puspeses, and & faster scheduls must be chessn. Fer ment
spplications, we must bs content with & ésep sainimvusn sasher than the despest.

To implament this in o connscaionist systsm, & aow updass suls is adepted. In stechastic selmation,
Gess ase enly twe pessible cutput valuss for the un: O end 1. This is called the actvasion of the unk, and
is iabelied @ for propashien A;. This is s cument mest prebabls Guth vaius of the grapasition. Thews s
sl & poobabillyy, 5y, which is used 0 50t the neds en or off. With desssministic selanstion, sy was ths pro-
bebillyy sapssasated by the wnit, as woll a8 s valus. Now, py s G0 probabilicy of sening e node’s svumni
vebus, oy, 40 1. Tho 0w updims ule ;= == This sulo gives n enponsmtel povbebilly dhmi-
bution. AR, is the changs in total ensegy Gt would escur if & -—-n-uq-uil..-ub
s wul camngy of an eatiss sysnm configmation, ). Figass 24 grughs G probebilly of spduting & sode
against the changs in ensagy. Now it &t Sessing smpentuse, 70, the apdass suls is & singls sp and
equivalont  the easlier éssemninistic updams suls.




sssightforwasd:
'P“x:::.- -l—fﬂlir‘!‘y?
s 7¢

H(x;=E,[T
This seaut comeaponds 10 the physical deiaision of enwepy, and is compassbls 10 the themnedymamic
m**mtﬁgtq&, is the hoat input and T is the ovmsl WEpesEne
m-ﬁb—iﬁﬁi—a—#nﬂniimﬂ-ﬂt—ﬁ
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o higher lovel daceiptions of syminlis schass with e lower lovel subcogaitive swustuses. The
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Goman and Gemas [Go00¢) Sermalinsd lsniss en the annsaling schadule, which is ths pesceduss by
do you st with? How many hersions do you st run befase dsopping the mmpamtwe, and then by bow
an ad hac sppeench is fellowed, whess the schaduls is wned 0 whatover wasks for 2

much? Sometimmes

_mhﬁ“-ﬁﬁmﬂchl_ﬁﬂhﬂih“
but enly in e Umk of many winh. Within ens sansling, oven this schadule can miss comain pes of
disoontingess and edfly shaped landecapes. Nonsthaless, & is the closent ans is linly ©» g5t 00 & guasantes

cal fouting. end euuld peovids & powartel founduien e whish 19 bulld madels of visien snd the mind.
Mush mess werk s sugeied o 8t (s Ghoury with sesb-werkd puobloms. The seluation manshar doveloped
i Chagaess ¢ end S wses sisehanis sobunasion 19 S sodasionsd smstses. This will ivveive mendy fSined,
wnhe o bash gapagetion o et ansd, shisngh hass consrpSs may b0 inpartant © fuauss exsions.




2.12.1. ideal Percoptvens

inhowsndy insucubls in pasiisl. Seme hove interpuuted this ssoukk o5 memingfess in the fios of madun

conmacsioniat sdvances, othess sl foel & sepressets (he inhovent insbillyy of such systems 10 &9 anything
useful. This sscon will anempt 19 show why btk views we syéh.

Minsky and Pagent call thois ideslinnd porcepren ¥ (300 Pigu 2.6). R is single-lapevad in thas these
is only ons passiiel Saser combinstion of weights. Howover, this combiastion can bs of fmctiens of e
input space, suher than just singhe ingut peints. This gives $ho Y0 we layers, mut ena, but Ghewe s sl
cnly & siagls Nnser combiastion. Minsky-Papest goved thut the ingut fumstions, &, cun bs sesuiond
conjunceive mashs, which Just AND vasious ingus puinss. A syetom s which cach ¢ function sulies on enly
2 small, ned aumber of input puints is Ghe mast leoal pe of pevespuen. The mast glebal kind weuld hove
each ¢ funciion depend on off the input peisss.




weights i the pevcapmen. They proved that such 3 leasning ruls was guasantsed 0 find the camect sehuion,
peovided such & selmtisn exiss. In cther wesds, for simpls systems with ens lsyer and a0 hadback, de
wms of even 3 lisle movs complesity begin  exhibis lecal manime (foothills), and 0 the Minsky-Papest
poosf doss act apply. Ths impanance of ths ideal pescepson is that it aliows an ansiysis of the compune-
tional complexity of compissely pavelisl computions. Must pasaiiel systoms, in praceios, hove feadhack
and mubigle layers, but Gose can bs sndernosd as & kind of serialiey. Ouly the idenl pescapuon gives s
moving «p 0 bybrié systoms. In s mubi-layesed or fosdback systom, cach Bncer combinstion that is pur-
fosmed ot each hesstion can bs understeed, in some sonse, 25 a0 ideal pescopren.

2.12.3. Paraliel Complonity

Pussly sesial aigesithms come under the camgary of classical computstions! complenity, and it will
bs assumaed the seader is seassasbly tamilier with such concepts (a beief summary will bs given in Chapaer
3). Pussly passiiel systoms ase much loss woll undesstond, and the fallowing will concontnte en sapeces
selovant 1o selanation. The feliowing stmions will bs wsed for compumtions] complenity:

'COMPUTATIONAL BOUNDS:

Upper bound on complenhy: O( ).
Lower bound on complenly: X ).

COMPUTATIONAL COMPLEXITIRS:

Sovial compututions: )

To Gl wiis of Yms o compus sipithm P for sies &,
Sr@b iy of semge o compun adigaihm P for siss .

Pavaliel computations: Tp . S . b afifiiinn o
ﬁm wgsesse & Giguibm P, siss 5).

ummwhomtﬁr s n).

Ny Gk cunther of paniil grassasen Giguitm P, sies 8).

The man busls consept of paniiel conglenly s G0 tne geadap compannd © & sl sigwitm,



Toic Mot . W 08 svial shgovithm is just 8 soquensial enccution of the pasaliel sigesiihun. this speed wp is
10 tases of growth, mot 10 exact complexities. O(a”) menns the complenity grows, &t wert, with ths squess

'ﬁﬁ)-?*- o M0O4 = OC2"), cxponanil ienity
Te(n)=Sad+ ﬂ-ﬁl‘t.plh—iim
Tyin) = Ta ¢ 16 = Ofn), Snear complenity

Tv(n) = 112 = O(1), constant complenity

ﬁpﬁ—-hvimnﬁc—-ﬁhbeﬁl Per connostionist symame, the setnl sonner-
mihiﬁh—ﬂ—ﬁ—ﬁ-,ﬁ-ﬂﬂlns will bs wsed (o menn cidher.
amount of hasdwass soquised ©» ssive & problem.
uihmhm-“dp—kﬁiﬁﬂﬂ-dﬁ
in the inpus-epaoe s any ans of the inguts ¢ prosesser & depends en. I» oo idenl pessspiean, his Is jon
e mask with the mant iagus fines (n Figase 26, L V=), For mubi-aper (or foadbusk) syetoms, howover,
hﬁﬁﬂhiﬁﬁhﬂ_hn——hgﬁ; Albough L
could be dafined In tevms of G eviginal inpus-apase, is will bs used hase auly In sulisense o ieal puseep-
_nﬂﬁﬁdﬁ:-ﬁhﬁ_h_hﬂ-ﬁ




Misksy snd Papest call L (2) s onder of the parcepioon, and it was their main thessstical teel. Par
insance, they showed (it 09 saive ths pusity problem, & least ens wnit in an idesd pesceptsen had iy o»
all B8 input POt Lyeey () = 5. Since the locallly of this pcepoen grows with s problom sise, O(s ).
pasiay is considesnd s giobel prublom. I, on the ather hand, L (n) = ¢, whess ¢ is 5 constant, then the poabd-
lom is suid 00 b lscel of evder ¢, ox O(T). Such 2 pesvaptun is of findie or consiant erdier, since L () is ant
dapondont on the problom siss a.

R is impestant ast 00 confuss C () and L (n). Locallly depends en he hatter, ast the faner. In Figun
2.6, oven though C%=3 aad L Va4, thess ass nst vus compleniies becanse they ase net engvessnd as fanc-
dons of o, which in this cass is 0. B & impossitis » sy, just fom G diagram, how hees comploniiins

pesseptsen, 88 leng 8 L Y(d=O(1), which menss & will sy 5t 4 50 master how hugs e prsbion gois. S0
o e lnpt spase.

3323, The Minshy-Papert Thosrams
wess st of constant eedier for an idesd pessepiun. Sines Gass prabloms e very enally selved by sssied
metheds, G conshuicn genenily uvn is Gt Sy o ast ashenlly lessl pesbioms and should ust be
nhind oo oush.
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u—ua--—mu-a-—-mnmwman-
enprons subet of spoiogical prabloms full iste this nsssally nen-gassiiel catagesy. o undssund sapel-
«gy. G ssudy of commectedesss, imagias St ol ths wedd's ehjecss e mads of Piay-Dough. You cm
nhdﬁnbm~p~.hn“~.hﬂcﬁ
twe pisces sogether. Mo“da“-mm.-nhwb
e cther: both ase singly-connscted, with a0 beles. A cefs cup and 2 dough-aut ass alse idemical, &8
M“ha“‘”‘b“m(ﬂlﬁw
hh*d“dhhdb*d*““d Bc.Dehcand Ao
wpalagical prepenies. Now dsfins swe idual pescopions:

W, o : Sotsemines f ehjoct is singly-connscend.
Pieo : Gotssmines if shjoct is simply-connscnd.

Accesding t s Tepelegy Thessm, Voo 808 Vouy ass ast of constant eoder. In fast, hs asnfinies
‘d'....hﬁ“ﬂ-dh*“‘"‘m Ths e
hﬁhh-l-d--”h““.*.d—*h
“Y.gu“mhﬂhﬁh-*ﬂ*hl“
d.l**.aﬂbh*d“““h*d*cocol
mmm—-—udu“#m-hdwﬂ
ol ethoss s nen-Snls. |

Thess Gomsems uss s consags of probiam reduction, cammen » compleniyy ey, whish suis
Gt If ens pusbiem P, ean bo satuased 00 ansther gusblem Py (Ps « Py), G P, s ot heant oo congln &
Pr. Mnhy-Poga v S (Vomsy = Vymty) Wy 55 nguossing o cummomtiiyy poobion &5 8 sl
h“d“.“““.b*d*-“ﬂ‘
or oven aumber of swhuhes e i G0 o pashien.

mh-“h*bﬁﬂnhn“*h-h-.n
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sealbis oo oll, just by losking, that the elject is contionom. Tl a ok 2 Figae 2.7, sd oy o
ducids which of s swe ehjects is camplonly connectnd 20d which is set. Yeu willl prabubly ssed to sosent
® soms hind of seisl methed, such 23 Sucing Gusugh e figaes with your finger, © ducids which is
which. This diagram malns it cloer that oven humans cannet, in geenl, dowsmine conmectivily dusagh
pescaptusl menns. Thus, it is handly discousnging i eur connection machines alee fall in this mpeed.

Minshy snd Papant sedusad connastivhly  the puhy prabien, whish s esssntially & couniing pro-
elad © coumt men G shomt S or 6 chjosts jum by loshing = Gom. Pessupens do ant e a5 badly b
el geematry &8 Gy @ bn puingy. & han ant & G ghnse. Than o ey geesubisd pradisats
@o Bmintien o G0 pesipinan’s aafir by, gty pabing. capiming & svnhil pessnss e puniiel. Anather
way of losking 2 & s thas & puasie & buge ameunt of nfosmasion iao emh of @0 weighn. The eamenepe-




shls growth comes frem the infermution contont of the weights (their siss er puecision), sufier fhan the con-
m.ﬂ.“*um&mﬂ“u‘.n“*
ing on cxumesston of ol & pessibilisies. In coming chagtess, this yps of complonky will bs inctuded 2
-dm.nwhhununddh_”hnﬁbu
sumber of such connections.

mw*-“mhﬁbwﬂ*ﬁh
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m.ﬂ*u-wmumme—uhu-—--
Gmisceion beswosn enacs-manch snd besvmaxh probloms. When @ho ensst mutch is soquised, vesious
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eshaustive seasches and sussieation. Toy weskds sso subjest 09 this problom, and & should ast bo assmed
qﬂ‘..bdﬂ“t-h“h“ﬁﬁh**-hl
***l‘¢~~ﬁ¢~*‘-“~'~’“

ﬂ—naﬂﬂhmhﬂ*hn“huuﬂ
MA—nn#ﬂncnﬂh‘b~~.o“¢o
lmger . l‘.*ﬁﬂo“nﬂ.“.‘d.“h
ﬂ“m“h_hndc—* PaNVes Gomeanun ¢ sty sswek of
hhﬁ*“ﬁamﬂﬁbvﬂﬁﬂhh



_—ngqi—iﬂﬁsﬂhﬂ-liﬂ-iﬁ-h-ﬂ-ﬁﬁ

iﬁﬁh:h#iﬂqn_—ihﬁi—n
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moss peocision. This is an exampls of sumiSicasion, and s exponcntiol connectiviyy, & is boyend the
capacity of the benia, since aswsal thessholds and synapeic sangihe e cumndy thought 19 be quits impm-
Scasion is essontinlly just » look-up whis of sl poasibilisios, and is & majer Eenisssion for multl-

however, compmred  mast pussly swsinl models, 50 idenl pescepe
world, however, we will send © spiis 2 problem wp ineo 2t least 2 sumber of individeal pescepuens. Hidden
“ﬂmﬁﬂﬁﬁ-“m_iﬂ mvi

ey me. Seme Emisstions will be similer 9 human-aiyls lmiss, cthuss will bs invacuble, invelving wnee-

as hove mch 0 ll a. In e sal-




Chapter 3
Matching In Object Recognition

3.1. THE OBJECT RECOGNITION PROSLEM

The object secognition probiem can bs conveniently divided into four major processing suges:

L Segment the taw imags into verious segions.

1L Exwrect vasions festases from s imags (e.g. shaps and topology).
1. Mesch the sesulting reprosentation against an internal model.

IV. Recognise the wsult as an instance of a class of world chjects.

& g
=
&

&>

l

Figun 3.1 Objest sesagniion.



Swgs I11, the comespondence problem, is the concentsasion of the curvent sysssm, © bs dovelaped in
domil in Chipeer 4. A rudissentary siags [V has sleo besn implemented, for secagaition. K is sssumed that
Mlbﬂ““”ﬂh*—-ﬂﬁnﬂiﬂﬁﬂ“
mﬂuﬁ“lhﬂﬂu—lﬂlﬁhiﬂpﬁlnﬂmﬂ.
stages [T and IV. Since the segmentation stags is alssady dons, the raw dets consists of drawings with pla-
ols aivendy hand-classiied into segions. Thus, this work could be viewsd as dealing with the more shewact
*d““m*-ﬂmnﬂﬂn As far s s rolaxstion past
dumh“hmhb-‘em_ﬂ:mﬁmﬂ-g_
dﬂ“uﬂd“hhﬁg_B“mﬂ
uh“.hmd."““q_ﬂﬂﬂdmﬂhﬂiﬂ
modase seal-world, these-dimensicnal images.

mods of opesssion is s leerning phase, Guring which e sysem bullds & wertd medel fom aining
-lbﬂi-:n“w*.ﬁﬁﬂﬁ.!i:“ﬁiﬁ
over the same selanation wnits.
M”“.“d.“d:ﬂﬁi“ﬁﬂlﬂhﬂi
pant of cus of four nagiens (ig. 8). The owe femuns CONN (comsonsd) and ABOVE ao snvsted &
somansic asswerds, or nisionst graghs (ig. O). whish as supuess né with afjssensy susien @i . P
insnse, he (ost | vales in ths ADOVE manin mesns thas past A (ho 009 of he assh s shways dhove past
lmummumhu-mm—:hphbﬁbnﬂgit
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shove A, sad 50 the selation is complenly encermin.? The 0.5 veluss repressnt complemsly sncerain sscs.
the arches. Although only two festuses ave ilusirated in Figuse 3.2, the curvent system uses foursen, for 3
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Figws 3.2 Reprostating an imags a8 & somansic ast.
The pechiem is 10 find 2 0ns-10-ene magping from the psts in such & neewerk (e modf) and & sub-

89t of the pas in ansther gragh (e dess). This is an instance of the subgruph issmevphion problen. I the

madil. A Gisd satix with sam cloments spraatats the insr-covrrespen




33 ALGORITHMIC COMPLEXITY
& will bs assumed the seadur is genevally tamilier wish classicel complexity theary, but for thems whe
are 801, 8 brief iswoduction follows. The seadar is sefersed © (GaF79, oS 78] for & praper invaducten @
e subject. A problem whoss time complenity grows polynomially widh the poeblom sius is sald ® bs ia P.
somcnphiom, 9% in NP, which memss $hoy can e

hawﬂﬂnﬁuﬁﬁkiﬁﬂﬁ&ﬂiﬂ,h
M-“.h.‘h“nn—iﬂﬂhtﬂhﬁ—iﬁ
s would meas thas PP, and the sluaion could be agplied 10 ol e ethems, 28 well. Howoves, it Is goo-
ﬂm‘ﬁﬁbnhu“.ﬂ,ﬁﬁiﬂ

*mwd“ﬂwﬂ_ﬁ“*ﬂ“ﬁ
grows enpensntially, instead of @3 time.
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Masshing e bs deassibed mese gensnfly o8 & consisns lnboliing or consmraint sstigfhcaion prablem
RS, I000). Assums G is 8 908 of & variabiss, (3), - . X, ), eath of whish s be assigned & veiee
Som & damaln of m labuls, (/. . &, ). These is alee & 50t of 7 conspuings, (R, ., B, ), which ths label-
Hngs must satiefy. The preblum is 00 Gad o comisent libolling Gt sntisfies the 50t of consivaing.



consissont. Ths consumints, of cowrss, con whe inte acosunt any aumber of vrishbies. The consmaint
&h.q)*b“h*“dﬂ*d**ﬁ.
such binery constines ass 2-consistent, or @rc-consistens. Constminss can Vs of sny ovder wp © and
“ﬂ*d*&b.““ﬂ‘lﬂ“dﬁh
Ry (%3, s 2, kSn) is said © bs A-consissant.

This fosmulssion can bs applisd ® 8 lugs vasisty of disent probioms, such as map-colowming,
magic sques, S o-quesns pumbs, Boctesn ssisfobifly, sooms iibelling (manching). Shoosam proving.
damsbess seiovel, odgs desctien, os well o5 of manner of gragh mutching probloms (VB0 Mact?).
Thess ass tues basic approaches 10 such gsbleme: sesrch tschniguss, consistency techniques and relane-
tion sechnigues. Rather hen viow each a8 & sepuate appuensh, | will csnsider each methed 1o bs o spociall-
mtion of s grovieus one.!’ Thus, selanusion can bs Grought of o8 & Yo of consisnncy sigasithm, which
can bs thought as & yps of seaxch. Seasch sechniques hat @0 st Al it ths consistansy camp insluds e
**“”h.”*h‘*'--‘
m~.~“.“~~‘-~~”m
punial solstions. These @iur rom ths conslstency metheds bessuss Ghoy soly 60 cnumenniing probebls
salusions, safher Ghon eliminuing ingrobuble cass.

Mackwost Pae77, MaFSS] has dovelaped he consistoncy astien 88 & Seaxch So-goecenses, & olim-
insts many of s impensibiliies Sefoss going inte s wadiionsl ses-seassh. Mis AC-3 ass consiamney alige-
‘h.“da“*“**oﬂu-
o). l‘ﬂ‘-“hhpwhuhﬂﬁ
AC-1 s conshmnsy digmitm, en the other hand, s & mass genonl o of Glossens subonssion. Than, & &
smike © @0 probdilinls hsnstien metheds i Chaptr 2, enouyt G, lnseed of wpiaiing Ubehs
G0, anivasion valuas) 0 bs mess consistons, insensisssnt lebels o somoved fom ¢ ks domals I The

] ﬁhﬂ-w.ﬂ.“.hn-ﬁhﬂhbhd“.



samovel of Ghase incensistencies, a8 ia prubsbilistic selansion, Conses fasther inconsismencies 1o dovelep,

which meit b when cars of in the nent Aamsion. This continues wntll heve w56 0 mess inconsissencies,

and the peecess staps. A il vemsion of e pesude-cats fellows:
mumwow

FOR (2l paiss of nsdes with axc G ) DO
FOR G pemsibls i=x) DO
I ¢huse is 0o pomibis joy consistent with i=a) THEN
dolote = 20 8 pansible §
e
ENDIFOR
ENDIFOR

UNTL (a0 changs in possihls ')
A similer digasithn s used in Welin-Shesing (Wal?5), whess the conssuints ass the compuibilidies
of vasions edgs Ypus en biash-ilke chjosts in computer visien.
Aasther nsthed of sadafying & system of consinints is e populir methemusical techuigus of Snser
progravming. Relanstien snd consisnnsy metheds can bs fermulated a8 8 connin (yps of Saser pragmm-
ming prablem (BaBE2, NuESS).

342. Matshing e» Consistent Labelling

X we viow sibgnph insmeghisn ss & kbeliing protiom, Gs vavishies ase the aodus of ene pugh
and o labels as0 B0 2ades of ¢ sovend gagh. Ay pastisuler inssnsission of the vasishiss is 8 eno-t0-0n0
magping Sum G Gt gyl © 6o seeend gugh. The conmnints 00 bs auisfied o5 G ave consistmmsios
Sesmesn e owo gughe.

Mushbwerd proved s AC-1 h““-hh&..“u
constuints. This goef s enly pessiits Sossuse Ghems s eally 6o muny homs b G0 dlsssess domaln B, and
onse ens is @alesnd, & Gass st came Susk. Wihout anies er wnsastaingy, overy inssnsinamey s b0 Gom-
phnly dinbud, shhen eny Gt oo © s unlesmen. This 5 an cnample of cxonr-anh. Wb Sest ¢
“*““lb-*““h*



plocas of ovidunce 1 bs weighsd againgt euch ether. This makss it hasder 9 prove things a5 swengly a8 for
Gacents solonsion, slihoagh comectmems is il gueranwed for syetms with simpls bills (a0 hidden wnits or
losps to camss lecal fosthills) (MIPSS]. The @fasences ass oven sharper when we losk &t stachastic spo-
‘hﬂhhmﬁnnqdﬁﬂd“dmﬂm
h.m‘mﬁhh“#““ﬂhﬂﬁa
“ﬂ“b-“*hcﬁ“d”nh-ﬂmhﬂ
luw.t—al-.m-“q-d

i the nent chagter, an ssmpt is mads 99 soive s maxching prsblon with solanstion. Relansaion
-u--uu:-u-un-—l-—w.c-‘m Thess sysams uis
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*hh“ﬁbl“-“*“ﬁ—“*
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whether & given plocs of ovidmes, by luslt, is seliobls. This hasks bask: 10 s dlacussion in Chageer 2 of
Sess-manch vesus enech-match.
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manshing solstions graghs. m*.wﬂﬂﬂ.‘-hﬂd g
‘.ﬁuﬁh_- Cosper’s e (ColiB?7,Coslil] is mass ambidous, and bo proves e
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disssate. M-ﬂon“.“dd-bo-bb‘“
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Cusper’s qyonm cieo vuns bn Bnser dme.
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poublom is NP-comploss, and it is passibls thas this inhavent fosonoes doss Rat g0 Sway, oven when
e probiom is apgvapsionly consiined and pasafielicsd. Humans, for ol Gholr Sonibilly, connet sesagniss
ﬁgﬂh—dgﬁ-q mmetimes sppenr 19 do 0, i is scoomplished
apesontations. 2 Hamens will all, just a5 machines, if sshed 0 distinguish beswesn twe chjects whes the
sciense. In sossel bngage enderanding., for instance, bumans quickly fhll when given sentences 19 parse
peshinm is prapudy consissingd o ks k ancuble, we can g0 shuad and e wesk sathads Hie adeptive
systams Geary sad gadisss-desest. Dut ess methads o ealy Binly ©» wark ¥ @o probiom s sl
ensugh snd mpmemtnd in & way that gives & ssasonsbie landssape in whish 1 hill-alimb.




This symem wses sachassic shnssion techaiques 0 salve $he masching poeblom. & has bosn
m“-ﬁ:ﬂ#ﬂhﬁﬁ.liﬂ—;h—iﬁnaﬂ
and & secagnition wnk (Figess 4.1). Fer ce yenisnce, in e enampies © fellow, bbuns s wsed © indm
0 puts in the madel and sumersls 10 index the ruglons in the das image.

Sr==e
4




Assume Gt M s & imensl madel of some chject in the werld, such o8 a8 asch, & 8 cwp, OF 8
s spresented s selumionsl graphs, or somantic nets. These ase soveral (cursendly fourteon) festwes that ass
Dy. ¥ e M, suices e ann (Lo. e s » madel pats), snd the D, marvices ws soum (L. e ae »
dan. W, will bs & st of (sn)” computibiihy messwes sugsessuting Ghs consisencies of paiss of indivi-
cosvect mesch. The agpsasch hae is © combins the W, maniess into & compashs an of weights W€,

I the imagn Shom B ¢as indend contaln an cnampls of e elhjest meduiied in I, thon theve should
o & cloar winner for the casmapendumnes in cash ow of C (ock agnin 2t Figesm 1.9). ¥ the dam image daes
0t contsln an cnamp of the maduliied ehjast, the yuiom gives e bost mansh & can. I we soun aswese
oash sow of C, wo should Snd eno cloer winner if the syetem sussosded in inding & solution. If e qyutem
(ks 00 S & matsh, Ghave will 5 00 eloar winnor (s, we will sos that this is ssaually protessiie).

The manbing b dane asing stechastls sulsnation, 59 ensh element of C s & sslanusion enh. This ans-
waik (s complonly csansend, 00 W cantaing o compntibiily mensuss for cash puir of unks. For instanse,
manbing BC). Tl s sasiod beowesn -3 and o1, end b Juss & Ewense Mesew® betwemn G S0 a8
Py 1 T 1. 7T r1ry yxyir1r- - r 7 3 3
shoum mesies wi heve aaguive walght, camsiuus enss wi 00 pesiive. The weight wed s C, 00




This example is iuswated in Figss 4.2, with the ciscies ed solid linss sapsassate

ascs in s modsl (M) snd data (B). The sectngles sapveseat cloments of C., euch of which is ens possitls

ibmﬁ:ﬂﬂiﬂ_hﬂmiﬂiﬁnm-(Alﬂ
weights ass dstommined shoad of tims, and sst © Aned valuse. Laser, we will englove dguamic maduls, and
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4.1.2. The Mede!

ab..m-m-uuuu—-—:. Alkhough this can be e cass if & fixed modsl is
Mh”ﬂmhmm*mbbﬁhba“lw““
by averaging the valuss in the waining examples 10 form the model M. This is simple and fast ©0 compuns
Mh““hdh“h“m*-hﬂlmmhﬂ
“ym“hn“u.““““h“ﬂh
macher, Each M, maurix is completsly conected, 50 all elements ave conecied 10 all ofhers by 8 weight
from the a2 x a2 weight-space W, . Each weight sepressnts the compusibiliey of that pair of seissionsl ascs
in the model. This astwork can bs relaxed 1 fiad the best merging of the training examples, much as C
was selaxes 10 40 the marching.

Whea the model is adaptive, iers s two main pheses of peocessing: lesraing and recogniien. Dw-
hh“””mdh**mnwﬂbﬂhh
“M“h*hﬂ-““.hwﬁﬂ..“
the sum-aquased ewor beswesn e training examples and the selaned solmion. Whichover (yps of model s
chossn, thhe sesult is that various wnining enamples s merged into the mont consistent medel. i we am
*d&wnq““d“ﬂ-wbhuﬁ
”Mﬁ.ﬁ-m-ﬂhhmn

4.13. Anneaiing the Medel
Mh*“h“lb.”ud*ﬁ“.-
“““h***h*“h“bm.l
madel, of cowns, sinse they do nst give astual selssions beowess pasts. Ous way 19 entiast an astunl medel
h.““l“ﬂ.*“dhl‘.*b“
mashenion somaing the same heso a8 in Galning, enseps tiat thess ase 0o uining values and 29 changss &
o ws mads G weights. Thius, s syutem s shplly posfamming o solmation seassh, with welghts asting



weights developed during waining. What is produced is & represen
mmnu_liﬂﬂn:hﬁﬂh-ﬁyﬂ“ing

uumdi““ﬁ—ﬂ_ﬂ-lﬂg_
dissent waining enamples. !gh_l.mﬁqi-h_--—-ﬁﬁ._h
mp&miﬁnhﬂ:-hﬁiﬁﬁiﬁﬁ
m_mm_in:-.ngnnmmmm
GIANDLEBODY) = 6.5, MONT_ORBODY SANDLE) = 5. A exp wih svo handis or ass & o



7

is infrmation. The weight betwesn s shove two missions, wRIGHT_ORHANDLESODY),
m.mvmauwm-iﬂngmmh
quency of the handis on Gs right side.

saye. since i is sscond-ender, thas hass must bs & hundis on 0ne sids, but ot the other. Bath hove equel
probebllicy. Since e madsl is seuchastic, is will chesss ens passibiliey over the ether, cach with & 0%
M.Mhmhulm.“qnhbn#iﬁj::
uhﬂﬁ“h--““Mﬁi—ﬁﬂhhﬁ
uu.dhm.*.qmnul”t-r-lj‘-_gnsﬂ-ﬂﬁ;
your imaginary cup will have this Gatuss soughly half o dims. ¢ Trus sesagnision soquises moss dhan this,

momery fonctien (sanesfing he madel) must intssast with e sisnation matching of e damn, 50 st &5
comespendanse. Tho Snel cup madel should 0s ens that consapends classly ©» G biput et This mamns
s, for e shove enample, G0 cxp medel will hove s hundls on the same side & G dua eup.

iiats Mind of lsmastion is pessibls in s selanation mascher, becauss e manshing is & gradusd, b
‘“m“-ph..“ﬂi:nﬂﬂ.ﬁ
ep s Just anather pessiilly, 0 he madsl cannst saally o given s hind of cxntinuous feadbask:.




Rather dan weing the seeults of ons compuint

jon © consain e ether, s wve systems can be coupled

units o gatv or convel he wis of te

"mels, AD &

nodes in the mecher and the dete image. Par instance, if the date nads 12 is high, ss wall 3 the mancher
sodes Al snd B2, then this will conxibuts ©» s model neds AD. Infumation mant alee fow fum e
madel 10 the mascher, 50 it the asc consismnciss sve continually updeted o mflect the overchanging

As thown ia Figas 4.3, 8 asn 00 Geensibed s e adiiion of s ooend bind f b O @0 il *
ﬁ-ﬁ—n——i-ﬁcﬂ—ﬁﬁhﬂ-ﬁiﬁ



by & constamly chunging medel, and can %0 lengsr bs 55t wp befeshuand. They must bs apdané 5 ench
2p, a8t via 2 lnasning sule, but © seflect the sew information in the medsl. Unk T(12AB) is Figes 43

shows that M{1)=B(3), Sen B(3) bessnus the valus far IN1). This aow o-gant image s und o5 input 0 the
motulied ahjest. ¥, is & singie-aper pusepun (s Figaee 4.4), whish is cuinad vis Widerw-Hoff &2 the
M. The laput valus clamped ento P s LA, XD ks an crampls of the chjons madlied n M. s 00 Wk isn
comur-cmugh. Twining times & cumendly vary low, a5 Counter-onas o ant yut ened. Tha, the
sesagahisn ank is shways clamped ea 1.9 duing tmining. N the syotem is 00 hondie acar-aniases, counter




414. Systm Flowchart

Figws 4.5 Biuswans the Sow of infermation. To summusiss, B is maschod wich M 10 praduce com-
puhilley messuses in W, ens for cach foatwse. Thess e combined inte WS, which imescennsces s
selanasion nstwerk, C. This is salancd 19 graduce & murching, which can 10 wed wish the detn, B, po-
u-—.m“ma-ﬂae—uunuﬁﬁﬁ—ﬁiﬂ-ﬁp—-—n
.v.m*‘vuu-n“mq-ﬂ—ﬁi—iﬁidﬁijrm
”.‘.’h“.”l*.*ﬁﬂbﬂyilﬂ_ii
s modelied ebjest, or ast.
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THE FEATURE SET (M:assof 0 hanns £, :
r UIL‘SQJ-

THE MODEL (M): an isamel madet of o chus of abjecis, consisting of:
A st of » pasts in e madel: (M), i £ n).
Q sslniiengl guphs, sepsaseniad 28 ans afjacency menices:
M, (n).0isa)kSQ).

-KS
ﬂ!i.l‘ill

THE DATA MAGE @) s imags it st bs matched against he madel, consining of
A s of mmgiens in the &ain image: (D). i S m),
Q sshndionel graphe, mprasented a5 s afjasonsy sanises:
P (4. Qisnks0).

Wy (mGipg.ipse.jasxksQ).
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One snm afssency main, complanly connssted by e weighns b W€:
Cly.isajsm
oy = pubbilly G M) = 0.



botwesn -1 and +1: wa (ip) = 1-21mb ) 1. Far enample, i o = 1 and df, = 0, then the oo asos o
ﬂmﬂbdh-ﬁ:hLE-ﬁ-ﬁhﬂ.é-uﬂgsut—hﬁn
ase complesly computibls snd e weight is +1. N sf =02 and &), = 0.7, s sy somnins aovend o0
their compaaibiliey and e weight is .

Theve is snother soune of constmints far the search, owing 0 the satwss of s muiching psess. A
ﬂhﬁﬁ——ﬂ—ug-ﬁhbﬁﬁgh—.n—-_
ﬂﬂj—ihg“ﬁ*‘*-ﬂmmc
ﬂﬁnhbﬁm--!—-mgugﬁ—q_mﬁsﬂh—:
-ﬂp-n:—gphiﬁﬂgbﬂﬂtﬂﬂ:—h:_

—hﬂiﬁ_ﬂﬂﬂq_hﬁp-—niﬁ Thass s twe appronthes
Dﬁﬁ—iﬁiﬁ““ﬂﬂﬁ A bighly sagive vl
-hﬂiﬁlﬂ*iiﬁﬂﬁ_hqﬁ-hlﬁﬁ
silhies menns thes enly ans complon mushing omn wia ot A washer ShR e (s consnned mess wib

ﬁﬁﬂmﬁﬁﬁi#‘ﬁm Topuihs
iﬂﬂi-ﬁ—ﬁﬁ*hm 1]



10 v Uwp)a(ny)
wOSp = | b 7 Uwp)a(=y) .

To sveid consut swanking of §.... mant of he afjumment is sutemaned. The prnmeter |
hand-amed for e cass of ashus, and & wus ound Ot G ssiionchip shown in Figee 44, betvem &
smimmien & conphts sslution Gotal WTA) meny dmes guichiy, whing s et with the highest eon-
shisnsy Gowen easngy). This hes he afdfed benetlt it each sulanstion ovuld 0o dume in paniiet in &
far Gis wnioss s das Is quits Bos of naiss and s chjent Ypienl of i otss. ™ We must b0 conmms wih o
ssatising of pamibls mathes ok in e snbution mansin, 68 whish we can psfonm an enbuustive saassh, or
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§ Iar--"m -6§+ 0§,
el I h0vs is madel-mascher inseraceion (O ctherwiss).

i;_

# }E,'qm iﬂhi—h_hﬂm
The tseshold hus bos included in thess equations, sithough sctunl enperiments wesk bast with 6=0
for e Sees-ander madel. Pussher enpusiments will bs sseded 09 dotsvmine the ussiuiness of non-eae thees-

!iiiff‘i‘
l'-?;.
T

1
£ eunber of hemtions for eguiiiiviam 0 eocer.
: &0 sonsafing faeter, Geiand shove.
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sumber of issssions 19 convargsnse. As o8 cnample, asums we &8 dualing with § medel pasts and Wén

r-(%)’-(%)*’-m- =095,

424 The Aduptive dndet
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P o0)-afdnd,. vten ¢ 1 6o hanig un. V<025 ves found @ o sy, dhengh ay



o sheut, M is uined by being clumped by each of the waining exampies in T. The syviem s hen
annsaled many imes, with @ifusant wniaing eampies. Bach neds seally has Swe valuss atached  i: i
cument acsivesion valus and its waining valus. The activasion valus is (oo sumning and changss duing each
snanuling ss infosmasion is prapageted Susugh e system. Afer ensugh pressntations of the tmining dan,

and e canent neds sctivation. The systam is aow sady ' bs sanssled agale, b withen afapasion and
inovacting with the macher sad dats innge. Wiheut such innsaction, e syetem s “dapdmaming” and
enly praduces 2 andem enample of e input class.

sassh, Acsending %o the deansiption of e system 50 i, Ghis s egual 9 o sumber of homtions.
tave many fant ennsalings peshmnad i paniinl. Sstad of ene tong anmiing giving & gl saswer,




beings e pasaliel time complexity dowa 1 8 constnt 100 sps. In fars, ment images Gt could ast be
seived in under 100 tms stops (in pusaiiel) were simply w0 hasd for s syssem and soquised tmes on e
ooder of 5 exhaustive seasch. The phuase “constent tme” hove must be whon in & swictly empisienl sonse,
woll cvenmally worsen (ndesd, & probably duss). This is ast ascessaslly bod, becanss, a8 discuseed in
Chaptor 2, human shilley alve soems 6 bresk down sfher 3 cortain theusheld point.

Figes 43 Complenky of the selsnssios matsher.

Figne 4.5 chowe o gugh of G mouhing complonhiss fr e cup. This (5 & Sw0-age poasses, sinse
I“ﬁﬂbﬂﬂﬁﬂ‘ﬁ**iﬁi‘
Rolan for 10D e 020p0, I pot=te- = pasaiiel ssowasin.

ap R -
Do o no-csanh o o mmalning pessibiliies.
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sumber of possible solutions examined). Stage 1 is also regressnted by the doned lins for the toml pasaliel
time complexity. Nots that Sings 1 is below the Sige I graph. Ahough this is trus for small values of m,
larger valuss have Sugs H npidly growing and catching wp 0 Suge L. Thun, thes is 20 way » sveld the
secial seasch phase ovensmally becoming he dominant considenstion a5 & and m grow. As we mw in
Chapter 2, prchlams i this requise distinctions skin 1o counting 3 angs sumber of isms 2t 5 glance. k is
mascher inesaction 0 duce the sumber of pasts 1 be deak with. Humens group things into larger groupe,
which am grouped into sl harger groups, 39 that domalls in an imags ass ignosed for e pasposes of secog-
ahisa.
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weltion in sene, and e syeem omn caslly b affuned ® e sny sumber of fhatams, pubags oven in o
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: manimum leagsh lins sagment pupendiculer L a.

ABRJACENTIAD): the Suctien of A’s beundery it bavdems o0 B.
Liﬁigﬁiﬁﬁdﬁ‘iﬁ_yﬂi:;lm
NEDRAS): L!Amﬂﬂ-ﬁlﬂm

m Y7 . MAREA (A Y>AREA (@), 0 etharwiss.




RIONT_ONAB):
1- MYm:‘MQ“

'm_dA iﬂ-h_dli;ﬂhijﬂﬂhmi
Alny)= 1, I pinel (1.3) is in mgion A, § atharwiss (lhowiss far Bz y)).

CONCAVE(AB): MEAN_CURVATURE(AD), if A is conceve, 0 etherwiss.
A carve of 8o famn yaarsin +c is G00d 00 e boundury of A whass i besdass en B. The curve is
sampied 8 off pointe ensapt whare there is mavs Gun ene y valus for ene value of &, in whish cas

@e higher y value & hen. Corvatun s dafinnd &8 @0 shaaluts vilus of e safins of corvnume.
MEAN CURVATURE & @ svamge ewrvates Gihen ot ensh sample pains sleng he cwvve. i de
mfiss of owrvatus is augaiive, e v & conenve down and e nglen shove is conasve wiile e
sngien bw b csnven. A aagaihwe adies means B ve. A 200 or inflale salies meeans &
smaighs ne and curvatum is sfined o § fir bath e casse. Abovensss ¢and Sulowenn), &5 annd
hesm, is am G same 05 ABOVE, b b dafined in terms of the boundary Setnesn the (ue maglons.

of & boundury). RADIUS b ant & sl susiead sadiun, whish waske enly for clscies, b
inmend ens & sundesd Aumaks s gives a8 ovanll sudine- il measument for any shage of saglen.

CCENTRICITY snd COMPACT 'ath s e cininily of & sagien. SOCENTRICTTY sgpeanshes @
& e dhage besames mam cliiptisel, and is exe for & profant cluls (s swsh, & soomlly seammes the
inveuss of commnialy). COMPACT wasiss ia o sinller manner, ensept Gt & s ssnsliive 0 haten. A mglen

s tmagn. ADMCENT (s an, 5 @y appas, safienive: o prapasiion of A's bomnduy G beshinaa B b
sﬁﬁiihiﬁilﬁiﬁgmgnﬂﬂh




insids anather past, or 2e0). The selssions SFGGER. CLOSE. ADOVE. snd RIGHT_OF ol dual with deance



$.1. INTROBUCTION

S.1.1. The laplementathen

The cumsent spstam was tesind on fowr pes of chjects (ast ol enacely e Gholr seal-wenld coumter
pu) sches, cuge, iies and sish-Siguss of poaple. Ths images e ofl swo-dimensionsl ané cash cbjont
is seanicend 0o cosmin viows:; he sysem ealy hasms cups om Ge Sunt with e handie off  the sight, fr
instanse. Desides being hand-duwn and hand-cagmentnd, ol inages ase aanged o 8 49 x 40 gid and o
4-connssted. Unsveidibly, he variey of inages used wes highly sensiiive 0o the idicsynssasies iovelved in
consusting @ images by hand.

Fan of Gs spunm is oo independent pastugs of C soutines, ARE (ADes Relansiion Baging), for
wehing connestionist pragame. This pasiugs contains ol e cndand connsetioniss Aenstions, a5 well a8
oy cosveniint fatares fir inghmenting Gem within o C pragran (ass @e Agpendisns). The compu-
tien wes chased by thues mpshisex: ¢ SUN 3480, ¢ DEC VAX 11-700 and o MIFS 0120 REBCanpunee, o
sumaing under e VY apemnting outem. Thess ams sandand enviel computass and o mutshed ® dime-
nting @o panihlion. They provi®> temstive aun-dimes Gy G0 amalier ©» midcluad poadiome, bt con-
puntien besomes inssensingly prebhibiiive for @o luger images. A highly panill mashine weuld bn
saguind oo gn @ (ol apesd-ap of consum dme complonly.

* ngateatmeb e ATRT bés VA adcherenmnin.



$1.2. Complentty
mﬂi“hﬂuh“ﬂoumdah&n-&d*hu
oaxher. Mecall fom Section 427 G ¢ is o sember of wisls pufomned in povafiek
r=nftam’-San+l0n «Olm?). Ths lgen prubloms wisd were of siss #o7, WaB, with & connestivity of
2 x 10°, shased beswesn sum = 13300 prossessss, which comes © 140 connscions pr prusesser. Fallow-
ing s s impesans complenity measwes for hs mancher (e pusaliel C neswerks). Nots s the susial
tms complenily is jast (he peadust of Go pumsiiet Ums and hasdwass complexiios.

= = Ot e o procasers

o o = Ot o sy

osslly
S«C™™ @ m) e Mam)Oiam) = 'm® = Oln ) isesl connscaiety
Tetat ® TpauteC™™ asn) © WO = Ol suvial tims compleniey.

Now Gt the connsstiviy and losaney of cash puosseser 0o s Same, sines each selanstion asswark
h-.—u-—uu-.—ua-u-a-uha-mu-mn
md-cﬁﬂu”hllu-“dc-&*
“hh.h*dﬁ*-“bh“h“
“ﬂmh“-dﬂ‘.--“-m-b“.ﬂqﬁ

Fgme sl Lossl connsativlty for o eunber chament, oy s el



Whils thess pelynsmisl complexities ars & ot 10 sisvuia: oven on 2 faxt sivind maching, hey ars woll
within the sceps of the visusl contsus of the bunin (of Course, it must be hups in mind thas this is enly em
small past of s 00l visus! task). ¥ e bunin dous, by chance. ws & similer sigerithm, & would need

13300 aswens with 140 synapsss por sowen © do e camputs
swaint, ol annsalings psformed in Gis chapior canverged within 100 invasions. This was sl the men
Ssanght ap 0 G lovel of an enbhaustive search, in which case the sasulis am ast of goat imesent.

£3. TRAINING TRE MOBEL
genn wes Geined wih ot least & ow sumpies @0 give & an inliel madel ©» vak wih. Al G, ée
sesuiis of cosvent matshes wers used for talning.

S23.1. Fves-Ovder Mndel

Figme S3 chows s nmuk i the Sssdander madel of o cup (he bashground was (ot out in e
diagmm, 53 woll &5 3000 valuss). The ases in e gugh ave sinple svemges of ol G inpais. As cnsmine-
den of s valnss will sovesl has, whils & fem-asder madl may aat be vary saphissionnad, b bs quite oo
wih @b et of Ging for @0 tbin. Tho tulning of Go fent-ander madl s o s e Gun jun cvemging
aseds Bul sulning & s e,
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The sums peincipls agplios 10 oher sysem parameters, a5 well. I the eptimal § valuss, for incom-
knowledgs of the ideal souings could well be ensugh 1 pruduce s comuct mach wishoar & Sugs N
exhoustive seach, as @iesont sonings of Gioes pasametsys producs difwent local minima. The preblem, of
emose, e landucaps could well be chasuic™ (very small, seeminglly insignificans, changss in the problem
would produce largs changss in the eptimal pasameter ssntings).

The best that cam e dons for such pusametsrs is 10 bass Ghom e whas wosks bost (o0 sverngs) i
prastes. K s impenant ot 9 adjust pammmetes based oo 8 eovtaln groblum instencs nd hon strh seme
sigiicance (o e sesuling perfarmence far thes passiculer image.>*

The system is snnesied in clamped mads soveral thmes. The scogaiiion unkt '¥ is alee tined = e
same dme, 09 secagains whether the fnsl manch is or is 0et an axch. Alough enly & fow annsalings wese
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Figme 54 Daydseaming shout cups.

A “Gap-dman” cup modsl is much s B foender matel, but with mush mevs csnslny @ b
menly 1's 504 0's), s woll a5 ths odd miswhe. 3 Tho mistshns a5 inSoquent 6nd sypusensly ssndom. The
fact Gt e syetem gives mesty 1's and @'s s in husping with e spisks of probabliistie solsmtion.
Alhongh we may sk of BIOOER(AS) as Sassusing how mush luger A Is Guan B, the poger probe-
Silissic inpsention would call & the prsbabilley Shat A s bigger Gun B (oven by o lle).
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is that theve ars many roughly equally consistent instansissions of the cup and the system cannot select ons

£3. SECOND-ORDER MATCHEN G

Figwe 5.5 ploss the consistenc
consistency curve is fairly smooth, as in the chaotic coRvergencs, encept that it increasss siowly as first and
then takes 3 swesp up, instead of increasing rapidly and loveling off. Kesp in mind that the twe curves s

matcher 1 escalts e steble manims of ol acsivasion (ol aedes ant 00 1). K is entisely possibls e
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Whills the werk on higher-osder leasaing is greliminary, first-coder models hove boon stufiod exten-
As such, the cursent werk deals primarily with the matching phass, act lsning. Figme 5.6 plets the con-
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plomontmtien. Time spent in Suge N is & messwss of s success of Sugs L The compleniy
ensugh o eventually whe over and becams e prodomingnt considemstion. This is aet 2 suprise, s bumen
of loaf nodes in 8 compless saasch of o Sis spuse, with no Sungs | solanation ™9

far, such a8 & pant hat is s in the date image, but canceve in (e medel. Mest of the analysis of Figus 52
will amp content and asiss agether, sines e disinstion is Muweed for this syonm, dus © s hand-
wesld {Col57, Costl] wark i linser dme, but mely on he castaingy inhesent in & small 0st of highly een-
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R is the uncenninty Gt sequises the uss of the muhiple, pasaliel wisks and o final seasch phase, asi-
@or of which wese ascessary when highlly consiined, exact meiching prebloms wese tied ¥

$52. Anslysls

hourissic ©© uss hess. Images with lils uncenainty am buring and the syetam comes clems 0 0O% parfr-

Now lock at imags (D, slee & ypical asch. Hess, these is content in the way of & secnguler shject
bohing hs asch suppess. These thees suglens s sslnsed ® the sgions of the axch in many of Gs same
ways Gt e asch pats ass imer-csland. Conpar’s casvecnens ponef prabubly is net a0 valld hese. My
sppasrent incensistencies avs just neiss or content geniing in he way, and & pomsibilly can nover bs ofim-

dhy or unshiiness. ¥ o cumber of isstions in Gese cames is wypod somewhat,
wsmily have (o bs incosased (0 e lovel of enhanstive seasch (0 206 any seassaable seenle st ol
Mot thut o vales of 57 fur imags @) is o highen of ot e sbes on the chan. ™ S0 chhengh s
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past of the cup, which is Just & siaghs saight lins. In mest of e waining cups, & s urved, btk with
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T inies s ww ot wioden grbiams for 6D, w00




swucewss of the object as (n). This is all as it should be. Afer all, srucowrsl changss can bs & valld seascon
for coaming & ow conceps. Many humans might agres that imags () is not 8 cup. Like bumans, the sysiem
can tolesats only s certain ameunt of svuctwal alissstion, © which it is much mese ssnsitive Gun nslss and
comeext.

An insssenting sspect of the wbls secognision is brought out by imags (@). R is the second hasdest
wbis en the chart 10 secegnins, st 29%. This is mon Mhely becanss ik is lned wp in euwr fiold of sight with
up in this mannes. This highlights the stochastic, statistical natwes of the pragram. I & small handiul of the
om ssems sensitive 9 its misalignment, when it dees 9ot masched prapusly, & is e bout crample of & ble
ainer has a0 problom with .

Most of s sesulis can bs underniesd in & similer fashion 10 e examples shove. Whan them is 8
Gailwe, i con usually bs endernsod when e image is examined % Of course, the system is complex
ensugh 50 that e sost of the prabiem cannst alwaye be pin-pointed. Image (), for cnample, ssems t» fol-
low the sarm of stich-fgues clossly cnsugh for ¢ good manch, expecially sinse thass doss ast soam 9 bs
Gemssives, pashags ey add up ensugh o ol the syensm. For instance, e figese is famale. Mast of e

 Thum e suny ot Seweing gt o bo e dhos Gems Sgas. The aadr sy fad & o ammsg pandne

o wogs e e 4y ous shilrtsonniny ans fen o dags b G almasd esan o 6




soem 1 be & problam. Seme of the wbiss do not have e sundand

plos, becauss of 2 overhang ares on e whis-w0p. However, the system ssems 19 pay 0 mind » this snd
ihpﬂ_-ﬁﬁmhhlﬁunﬁnﬁﬂ_ihhﬁﬂﬂﬁb

mﬁhﬁub_ﬂlnﬁﬂﬁﬁuﬂnﬂﬂ
_d—nuﬁhbﬂ—i;—h—tﬂ

mes & small, tonlly sandom changs in &

-ﬂ-nmq—lhg—lgi_-ﬂv“ﬁ—h’ngihi_ni



tional graphs of dats images agninst e intemal model buik up fem waining exampies. The selaxation is
fully explosed, whils some prsliminery ground-work is done en second-osder hasning. When dealing with

aolss) and a good fie.

‘To overcame this pushiom, K is necemery to seulls for climingting o lugs sumber of pass
soquises & high dages of pamaiieiiom. The mumber of possibiliies enamined in G ssassh is Ofnd). The
dme for e soassh phase (Buge 1) svis ot lower G this, bt grows e, and 2 will svenenlly ale




62. FUTURE WORK

6.2.1. lnteraction With Segmentation

hdhm‘t“ﬂihﬂbﬂﬂs:ﬂﬂh
ﬂymndwh“haﬁﬂiﬁ-ﬂﬁnmhcﬁnﬁ.iﬁmi
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is would have five parts, 5ot thees. I this cass, what is lofk is an asch with shant lags, but other ange-
hnmbmﬂwhanﬂ:hﬁdﬁﬂﬂmh_

To solve this prot om, the sysem needs mese then insssecrion berwesn the medel snd s matsher. &
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This is whevs symbolic techaiques run into wouble. Keeping the two tasks sepasaee is 20 problem, but
communication is diicult when ths twe sub-systoms speak totally diffevent languages. Conmrelied selans-
tion peovides a way of wansisting betwesn the languages, and ot a lovel that is dynamically sed int the
fundamental woskings of e sub-system. Hase, both tasks s in soparats astworks (an adageive medel and
8 WTA-styls maxcher), but the two syssems ass allowed 10 interact through the i uniss right at the besom
lsvel, cather than by passing the symbolic sesult of & proviowsly performed computation. The conssolied
selanstion aliows & botem-up emergent styls of computation, whils providing 2 methed of supervising snd
coosdinting the achiviyy. This allows sub-systems 10 communicats, 8t by passing large, cumbersoms,
peo-packaged symbelic stucames, but &t ths most besic lovel of their cpemation. Twe complensly @iesent
funceions can “spesk the same language.” One could imagine an issrmtive peocess whess 8 selanation seg-
menter is conwolisd by the matcher/model, and vice-versa, much as the mescher and model inmsevacd in the
second-evder medel. This sont of coupling betwesn sub-oystems is much swenger than is saditional in AL
“I*.ﬁ““bd“.h*“mﬂn

boyond.

6.2.2. Intoraction Wb Biigher Lovels

M”““”b““ﬁhnﬁ).bhhﬂ
peecess with higher-lovel seassaing and crentive precessss. Unformmansly, with this sung coupling comes
o thessnical difiiculy, of & kind ofen soon in Al gyutsms. As we saw in Chapter S, coupling the mascher
and modsl changsd eash in fandamentsl waps. This msens the entise funstisning of & sub-eyetom may noed
.h.‘bhh*d“l.*”l".*“h
vasions pasts of o qyoem tagether in e sams way, each sp weuld ast ealy mebe things mem compll-
catnd, but would changs the amtis bohaviow of what we hove sbeady scosmplished.

By @ dme @5 visusl qyuem hus Soon cougled with sams highorenfer ssassning coase, thess will
s many sush sub-qyutoms coupled agaihax. This is 00t 0 sy Gt vesy low-lovel unstions ke sagmenny-
Gon will bo @isotly engied » Migher-dovet Saastiens, Mo sonsening. Mowover, sumeninguould be auengly



coupled with the higher onder visusl processes, which m tam 290 coupled © the lower-ander sagmentasion.

ing each of the two sub-systms (REASONING + RECOGNITION) and (RECOGNITION + SBOMEN-
TATION) is not sscessarily equivalent ¢ understianding the entire sysam (REASONING + RECOONI-
TION + SEGMENTATION).

This chasacweristic of swong coupling can alseady bs seen in going from the first-osder macher

anelysis will have ©0 begin again. This hasdship, howsver, is probably act & bad thing. To passphunse Min-
components in Minsky's “Society of Mind."

Exwems connectionists, who @9 not ses insslstion a8 & prablem, but insist on toaal dlewibution, might

maching. This would be enpecting \hs Gy 0 hasm how @ masch. This is asking A 190 mush of ome
sesening 10 entems suasifension.’® This would 0o asking he system ®» e e @ifosences bevwess o
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