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ThesecOndphaseofimageproductioｎｉｓ

ｋｎｏｗｎａｓｊｍ(u9ereco冗structjo"・ThisisperfOrmed
bythedigitalcomputerwhichispartoftheCT

system，Imagereconstructionisusuallyamathe-

maticalprocedurethatcombinesprOjectionsand

convertsthemintoacomputeddigitalimageAt

displaytime，ｔｈｅｎｕmericalvaluesoftheindivid-

ualpixelsareconvertedtoagrayscaleimage・Ａｌ‐

gebraicreconstructiontechniques(ART)[1,2],are
wellknowntechniquesinthefield、ＡＲＴａｒｅｉｔ‐

erativemethodsthatperfOrmstep-wiseupdating

operationsonaninitiallyunifOrmly-distributedes‐

tｉｍａｔｉｏｎｏｆａｎｉｍage・ＡＲｒｍｅｔｈｏｄｓｈａｽﾉemerits
overmanyotherknownreconstructiontechniques

duetothepossibilityofprovidingareasonableｓｏ‐

lutionevenincaseofalimitednumberofangular

projections・WithfUrtherlimitationofprQjection
directions,however,ARTapproximationisnotal-

wayssatisfactCry[2,61
Thereare8omeothermethodsfbrreconstruc‐

tion,ｅ､9.,伽e『ed-6ackpmqjcctjo〃met/to。[llbut
mostofthosemethodsrequirealargenumberof

projectiondirectionswhichsometimesmaynotbe
practicallypossible,aswithsomecasesoflaserfi1-

sionapplications[７１
Here，wearepresentingthreesoftcomput-

ingapproachestothereconstructionproblemin
theparticularcaseofalimitednumberofprOjec‐

tiondata(んurdirections)：simulatedannealing
(SA),backpropagation(BP),andgeneticalgo-
rithms(ＧＡ)reconstructionteclIniques・Compar-
ativeevaluationofthethreenewtechniquesaswell

asoftheconventionalART,ａｒｅgiven,fOllowedby
commentsandfUturework、

2．Reconstructionbysimulatedan-
nealing

AbstractRecently，wedevelopedthreesoft
computingtechniquesfOrreconstructingtwo‐
dimensionalCTimagesfromasmallnumberof

projectiondata・Theyaregeneticalgorithms，

simulatedannealing,andbackpropagationrecon-

structiontechniques、Thethreetechniqueshave

beendevelopedindependentlyofeachother・In

thispaperwepresentacomparativeevaluation

studyofthesetechniquesWestartbyintroduc-

ingthreenewapproachesonebyone，andthen

presentsimulationresult・Reconstructionresult

byawellknownconventionalmethod‐Abebrajc
Reco"structjo〃Ｔ１ｅｃｈｍ９ｕｅ仏R刀一ｉｓalsopre-
sentedfbrsakeofcomparisonAquantitativeeval-

uationamongthefburreconstructionmethodsis

presented、Ａｐ江ｅＬｍｊ８ｅｅｒｍｒｅｓｔｊｍｕｔｏｒｉｓｕｓｅｄｔo
calculatetheoverallerrorinthereconstructedim‐

agesTheestimatorrevealstheeHbctivenessofthe
proposedtechniqueｓｃｏｍｐａｒｅｄｔｏｔｈｅｃｏｎventional
ART．

1．Introduction

Theproblemofdigitallyreconstructinganim-

age行omprojectionshasbecomeimportantduring

thelastfbwdecades・Therearemanyfieldswhere

theapplicationsoftheproblemexist・Oneim-

portantfieldiscomputedtomography(CT)inthe
medicalfield、ＴｈｅＣＴｉｍａｇｅｉｓａｄｉｇｉｔｉｚｅｄｖｉｅｗ

ｏｆｔｈecross-sectionofthebody、Ｔｈｅｉｍａｇｅｉｓａ

ｍａｔｒｉｘｏｆｐｉｘｅｌｓ、Ｅａｃｈｐｉｘｅｌｉｎｔｈｉｓｉｍａｇｅｈａｓａ

ｎｕｍｂｅｒ,oftencalledtheOT〃um6erorHowza/７Eld

7Lumber,determinedbyitsx-rayattenuation．As
demonstratedinFigurel，aCTimageproduction

beginswithasｃｍｍｍ９ｐＡａｓｅ,wherethedatawith

whichtheimageiseventuallyreconstructedisob-

tainedbymeasuringthetransmissionofmultiple

x-raybeamsprojectedthroughtheimageplane，
Inordｅｒｔｏｏｂｔａｉｎｅｎｏｕｇｈｄａｔａｆｂｒａｆｈｌｌｔｗo-
dimensionalimage,itisnecessarytoprQjectx-rays

throughthebodyftommanydirections．

Thesimulatedannealingreconstructionsys-
temfOllowsthestructureandbehaviorofthe

Boltzmannmachine[3,41Agridofneuro-nodes
comprisesthestructureoftheBoltzmannmachine．

ReceivedomDecl，１９９８

掌Doctoralstudent，ＤｅｐａｒｔｏｆＥＥＥ，Ｕｎｉｖｏｆｔｈｅ

Ｒｙｕｋｙｕｓ
…ＤｅｐａｒｔｏｆＥＥＥ，UnivoftheRyukyus

↑PartofthepaperwaspresentedatKES'９８(Ade-
laide,Australia),Apr21～23,1998.
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Figurel：ScanningandreconstructionphasesofCTimageproduction
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Amathematicalrepresentationofbehaviorof

theBoltzmannmachineisgivenbelow，

Networke7LemUisavalueattachedtothecur‐
rentpotentialstateofthenetwork,andcalculated
usingaqualitycriterionofsomeobjectivefimc‐
tion・Ｆｂｒｅａｃｈｎｏｄｅｏｆｔｈｅｎｅｔｗｏｒｋａｎｅ７ＢｅｍＵ９ｑｐ

(△＆)iscomputedbythefOrmula：

〆、

ミノ

〆、

Ｌノ

〆、
Ｌノ

〆、
ﾐノ

〆、

ﾋノ

〆、

ﾋノ

△Ei＝Ｅ･一助
Figure2：Networkstructure：ａｇｒｉｄｏｆｎｏｄｅｓ

where

Eb：energyofstatea

比:energyofstateβ

andthenetworkchangestheoutputtodecrease

theenergywiththefbllowingprobability(Pj)：

１

日＝１＋ezp(-△Ef/T）

Ｔ：tempemtumepammeter1

Inthesimulatedannealingreconstructionsys‐

tem,thenetworkconsistsofagridofneuro-nodes

(Figure2).Eachnodemapsapixelintheplaneof
theimagetobereconstructed，andconsequently
thenumberofthenodescorrespondestothesize

oftheimage，andfUrthermoretheoutputofeach
noderepresentsapixelvalue．

△且＝Ｅｔ－１－Ｅｔ

Anobjectiveenergyfimctionisuseｄｔｏｅｓｔｉ‐
matethecurrentnetworkenergy(Et).Theenergy
filnctioniscomposedofｔｗｏｔｅｒｍｓ：theabsolute

error(6)betweenprojectiondataoftheimagere-
constructedinthesystemandoriginalprOjection

data,andapenaltytelm(Pcnq小

Eu(e"ｅｒ９ｙＱｔｔｉｍｅｔ)＝ｄ＋ＡｘＰｅ"α【

ctADidth

L＝ＺＺＩＰ(0汁R(0,r)’
０＝１７.

ＰｅｌＪｑｌ＝|ｆｍ－ノ(i,j)|/so

Fbrd,
2.1Updatinganodeoutput
Thenetworkuｐｄａｔｅｓｏｕｔｐｕｔｏｆａｌｌｎｏｄｅｓｉｎａｗａｙ

ｔｏminimizetheoverallenergyofthenetwork
Basedontheprevlousandthepresentcondition

(ｅｎｅｍ９Ｅ)ofthenetwork,anenergygap(△Ｅ)is
calculated．

CIf7zumberq/prqjectjo兄djreCtjo汎ｓ

ｏ：j〃dez〃Pmjectjo710〃ｇｌｅ

Ｐ〃,r加ｐｒ"ectjo汎けｏｒｉ９ｍ０ｌｉｍＱ９ｃ
ｊＷａｒルpmjectjo〃ｑﾉｱeCo冗St7UCtedjmQ9e
ujjdtﾉi：⑩jdtハｑｆｔｈｅｊｍ四ｅ

ｒ:j汎dezqfPmjectio汎suMQtG(Figure4）lThetemperatureTisdecreasedgradually．
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ａｎｄｆｂｒＰｅ７ｍｌ，

＆＝２ﾉｖ－１，ｕ)ｈｃｒｅノＶ＝7,6,..,1
砿jﾉ：ＵＧｌ皿eQfpjze/邦,ノノ
ルsmJhz9/tzctor

Sg：stepsize/ｂｒｃｈＱ〃gi7WpimeMYLyleUel

/ｍ：amedm冗pjrelUuJuemtheTLei9ﾉBbDr‐

hoo。〃pjzel＃ｎｊﾉ(Figure3）

Ⅳisdecrementedwhentheenergyofthｅｓｙｓ－

ｔｅｍｉｓｔｒａｐｐｅｄｉｎｗｈａｔｗｅｃａｌｌｅｄａｃｒｉｔｊｃｕｌｃｏ〃dj-
tio7L，Ｔｈｅｃ両tjcqノＣＯ〃djtio7uisdetectedwhenthe

fbllowinginequalityholds・

ABS(Ez-1-Et）＜0.OOOl
Ef

Thesystemupdatesthegraylevelofpixels

(》,usingsteP-SjzemeQsu形(Ss)：

ハーハ±８。

①④
Pixﾋﾟﾉ(〃）

⑧
蕊
:鐘 ３２

鰯 ２７ ７，

、/碗
〃２０２３２７，兎ア゜餌２ｍ

Applyingtheaboveconditioned-degrading
schemefbrthestep-sjzemeQsure,andthepropab-

listicupdatingofpixelsgraylevel，theinitialbi-
naryimageturnsgraduallyintoafineonewith

graylevelsspreadingovertheinterval[O～255l
Themechanicsofthesimulatedannealingsys‐

tｅｍａｒｅｓｈｏｗｎinthealgorithmbelow．

Figure3:NeighborhoodofpixeM,〃andmediqn
pixeldesgination

Thepenaltyterm，ＰｅｍＭ，penalizesnon-

smoothness;thus,astheestimatedimagebecomes

smoother，Pe7BQlbecomessmaller、Revisingthe

outputwithprobabiliｔｙＢ,thesystembeh卸esin

suchawayastominimizetheoverallenergy(or

ermDofthesystem

Begin

SetjV＝７，Ｚ＝t0tajm｣mberQf71odes，

γ＝７５．，ｔ＝０，Ｅｆ＝oo

Generateaninitialbinarygridofnodes
Calculated

WhileJt≠ＯＡｎｄⅣ≠ＯＤｏ
ｊ＝０

ｔ＝ｔ＋１

Ｗｈｉｌｅｉ＜ZDo

Calculateenergygap△Etrelatedto
changeofnodej

CaculatePifbrnodej

ChangeoutputofnodｅｉｗｉｔｈＰｉ
ｊ＝ｊ＋１

End

Updateprojectionsofthegrid
CalculateL

DecreasetemperatureT

If8tqtjo7wWco汎djtjD7uOrT＜７５Ｔｈｅｎ
Ⅳ＝ｊＶ－１

＆＝２Ｎ－１
７＝７５．

Ｅｎｄ

Ｅｎｄ

Ｅｎｄ

２．２Mechanicsofthesimulatedannealiｎｇ

ｓｙｓｔｅｍ．

Thesystembeginswithreconstructionofarough

image：ｓｔａｒｔｍｇｗｉｔｈａｎｉｎｉｔｉａｌｂｍａｒｙｉｍａｇｅ

[0,255],thesystemgeneratesagridofnodesran-
domly(Figure4）

Pmjection（e＝goo）

④｡＠④ｏ－
ｏ③④ｏｏ－
①③③③④一
④ＯＯｏＯ－
ｏＯｏ④④－
↓↓↓↓↓

①④④

)可
3．Reconstructionbybackpropaga‐
tion

Prqjeclionsubdata

Prqjection（Ｏ＝００）
Theback-propagationalgorithm[4,51isprobably
themostwell-knownandwidelyusedoption

amongtheseveralavailabletypesofneuralnet-
worksystemsnowadays・Theback-propagational-
gorithmusesagradientsearchtechniqueｔｏｍｉｎ‐
ｉｍｉｚｅａｃｏｓｔｆｉｍｃｔｉｏｎｗｈｉｃｈｉｓｔｈｅｍｅansqUare

Figure4:Abinarygridandprojections2

Next,thesystemusesastqD-sjzemensure(Sb）
toupdateimage厚ayleveLSsisdefinedasfOllows： ２０ｎｌｙｔｗｏｄｉｒｅｃｔｉｏｎｓａｒｅｓｈｏｗｎｈｅｒｅｆｂrsimplicity．
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difIbrencebetweenthedesiredandtheactualnet‐

workoutputs

Wedevelopedaback-propagationnetworkfbr

theCTimagereconstructionproblemTbequip

thesystemwiththeback-propagationalgorithm，

weneedtodetermineaproperstructｕｒｅｏｆｔｈｅ

ｎｅｔｗｏｒｋａｓｗｅｌｌａｓａｎａｄａｐｔingruleusedtoadapt

connectionweights．

(;|)=(ご謡`謀;)(;）
ofpixelP(z,"）where(､',ｙ）arethecoordinates

afterrotationｂｙａｎｇｌｅＯ．
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3.1Ｓｔｒｕｃｔｕｒｅｏｆｔｈｅｎｅｔｗｏｒｋ

Theproposedback-propagtionnetworkisalinear

networklt，however，consistsofthreeIayers，as

depictedinFigure5,Theinputlayerandtheout-

putlayercorrespondtotheprQjectionsoftheorig‐

inalandreconstructedimage,respectively,andthe

numberofneuro-nodesintheselayersisthesame

asthesizeoftheprojectiondata;thehiddenlayer

representsthereconstructedimageitself，ａｎｄｉｎ

ｉｔｓｔｕｒｎ，ｔｈｅｎumberofnodesinthislayercorre‐

ｓｐｏｎｄｓｔｏｔｈｅｎｕｍｂｅｒｏｆｐｉｘｅｌｓｉｎｔｈｅplaneofthe

imagetobereconstructed．

帥帥肌臘蜘……》
ｏ
Ｃ
Ｃ
ｅ
Ｃ

回
□
回
鬮
回

○
⑧
ｅ

P(0口,s） R(0.,s〕

童÷(二1－'６ Figure6 Weightinitialization
）

Anexampleoftheweightsinitializationis

showninFigure6，Astheprojectiondataare

drawn,thepixelmarkedwillbetreatedasfbllows：

layerOutput

Fw鰹`][鰄影偽嬢］
Input
Iayer

[鰯:W懸櫟］

・ＡｔａｎｇｌｅＯｏ，thevalue

projectionnode3．

oｆｔｈｅｐｉｘｅｌｇｏｅｓｔｏ

Figure5：Structureofthenetwork

・Ａｔａｎｇｌｅ４５ｏ，thevalueofthepixelisdivided

betｗｅｅｎｎｏｄｅ８,ａｎｄ９，ｉｎａ７:３ratio4．
３．２Connectionweights

・Ａｔａｎｇｌｅ９０ｏ，ｔｈｅｖａｌｕｅｏｆｔｈｅｐｉｘｅｌｇｏｅｓｔｏ
ｐｒｏｊｅｃtionnodel3．Therearetwosetsofconnectionweights：weights

tothehiddenlayer（WLandweightstotheoutput
layer(Ｍ).Onlyconnectionweightstothehidden
layerareadjustedthroughtheadaptationruleOn

theotherhand,weightstotheoutputlayerdueto
fUnctionalityarekeptco〃Ｓｍ兇#３．Thoseconstant

weightsareusedtocalculatetheprojectiondataof
theimagebeingreconsructedinthehiddenlayer・
Thesetofweightstobemodified（Ｗ)isinitia↓
izedtosmallvalues[0.0,1.01,whilethehidden-to-
outputlayerconnectionweights(Ｍ)remamco7z-
3tc〃t・Thelatter(Ｍ)aredeterminedbythearea
ratioofpixelstoprojectionnodeswhengenerating
projectiondata,usingtheusualrotationfOrmula：

・Atanglel35o，ｔｈｅｖａｌｕｅｏｆｔｈｅｐｉｘｅｌｇｏｅｓｔｏ
ｐｒＱｊｅｃtionnodel7．

andaccordingly，

・Theweightsofthecorrespondingnodeinthe
middlelayertonodes3,８，９，１３，１７oftheout-

putlayerwouldbe,respectively,1,0.7,0.3,1,
1ｉａｎｄｏｔｈｅｒｓａｒｅｓｅｔｔｏｂｅｚｅｒｏ．

3.3Ｌｅａｒｎｉｎｇｒｕｌｅ

３Ｔｈａｔｉｓｔｈｅｒｅａｓｏｎｗｅｕｓｅｔｈｅｄｅｌｍｍｌｃａｎｄｎｏｔｔｈｅ
ｇｅ几emliZeoIdeltamle．

４Thisratiocanbepreciselycalculatedusingtherotation
fbrmula．
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Thebackpropagationnetworkadoptｓｔｈｅｗｅｌｌ

ｋｎｏｗｎｄｅｌｔａｒｕｌｅｆＯｒａｄａｐｔationofweights、The
networklearnstominimizetheerrorbetweenthe

projectionsoftheoriginalunknownimage,given
astheteachingsignal，andofthereconstructed

image，ortheoutputlromtheoutputlayer、A
sigmoidtransferfimctionofthefbrm

l

ノ(α)＝，＋ezp(－(α－０)）
isusedtocalculatetheactivationofeachnodein

thehiddenlayer・

Ｓｕｐｐｏｓｅｔｈａｔｙｉｉｓｔｈｅｏｕｔｐｕｔｏｆｔｈｅｆｔｌ１ｎｏｄｅ

ｉｎｔｈｅｉｎｐｕｔａｎｄｗｊｉｉｓtheconnectionweightbe‐
tweennodesjandj,thentheoutputZ/jofthe秣ｈ
ｎｏｄｅｍｔｈｅｈｉｄｄｅｎｌａｙｅｒｉｓｇｉｖｅｎｂｙ

ｌ

的＝,＋ezp(-ｍj)，巧＝Ｚ眺汕j'－４
whereOjandzjarethethresholdandtheinput
ofthenodejinthehiddenlayer,respectivelyb

・Ｓｔｅｐ1．Initializeconnectionweights

lnitializetheinput-to-hiddenweightstosmall
randomvalues、Ｄｅｔｅｒｍｉｎｅｔｈｅｖａｌｕｅｓｆｂｒｔｈｅ

ｓｅｔｏｆｔheconstanthidden-tD-outputweights・
Setallthresholdvaluestozero．

●Ｓｔｅｐ２．Ｐｒｅｓｅｎｔｉｎｐｕｔａｎｄｄｅｓｉｒｅｄｏｕｔ－

ｐｕｔ

Ｐresentthegivenprojectiondataasase-

quenceofinputvectorzLo,α,，…,α河一，、The

desiredoutputvectordo,。,，…,ｄ７，－，，ｉｓａｖｅｃ‐

torequaltotheinputvector．

・Ｓｔｅｐ３．Calculateactivati⑪nfbrhidden

layerIleurons

Usingthesigmoidtransfbrfimction,calculate
theactivationofeachneuroninthehidden

layer

・Step4．Calculateactualoutput
Calculatetheactualoutputvectorbo，６，，…，

ｂ打一,．

●Step5．Adjustinput-to-11iddenconnec－

tionweights

Adjustinput-to-hiddenweightsusingthe
deltarule．

Ｎｏｗ，ｌｅｔｍｌハbetheconnectionweightbe‐
tween除ｔｈｎｏｄｅｉｎｔｈｅｈｉｄｄｅｎｌａｙｅｒａｎｄｔｈｅＬｔh

nodeintheoutputlayer，ＴｈｅｏｕｔｐｕｔｙｌｏｆｔｈｅＬｔｈ

ｎｏｄｅｉｎｔｈｅｏutputlayeris

●Ｓｔｅｐ6．Ｒｅｐｅａｔｂｙｇｏｉｎｇｔｏｓｔｅｐ２９ｆｂｒ
ｄｅｓｉｒｅdnumberofiterations9ortiUer-

roｒ（E）becomeslessthanaspecifled
toleranCe

班＝趣１，画!＝Ｚ`膳mlA
A

thecorrespondingerrorfilnctionEisgivenby

画=;z(,Ｍ１)，
4．Reconstructionbygeneticalgo-
rｉｔｈｍ白and

=[='…］
ａＥ
￣

0mﾉjｉ
:/Poencod…imageinageneticchr・mosome,we
representeachpixelintheplaneｏｆｔｈｅｉｍａｇｅｂｙ

ｏｎｅａｌｌｅｌｅｉｎａｇｅｎｅｔｉｃｃｈｒｏｍｏｓｏｍｅＡ肋at-bit

representation[0.0,1.0]fbrastringallelevaluesis
made(Figure7)．

"k(l-9AJmkjuj(1-yj）

器薑に(…１，ﾙM，
wheredlistheteachingsignal,ａｎｄ

△画一･畿十β△"鰄－１
whereαandβareconstantaThen

TU仰＋，＝⑩冗十△tUn

whereT｣んu＋ｌａｎｄｕｊ,`，respectively，representthe
7zeu)andtheoldvaluesoftheconnectionweight．

ユ．０ ０．０ ０．００．０ ０．０

０．６０．０ 0．０ ０．０ ０．０

￣ ユ．０ 0．０ ユ．０ ０．００．０

０．６ ０．６ ０．００．０ ０．０

ユ．０ ０．０ ｡．０ ０．０ ユ．０

2-dimstringＡｎｉｍａｇｅ

Figure7mmageencoding

３．４Mechanicsoftheback-propagation

system

Thestepsbelowshowthemechanicsoftheback-

propagationsystem．

４．１Fit、②ｓｓｍ⑨盈臼n1re

Afbrmulathatcomparestheoriginalimagepro-

jectiondatatothoseofthereconstructedimage
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isusedtoreturnachromosomeHtness、ALapla-

cianconstraintterm，thatpenalizesnon-smooth

images,isincludedinthefitnessfimction(F)which
comesbelow

l
F＝

１＋入×(Ｅ＋凡ｘｌｌＬ〔Lpll2）

Where

LQp＝▽2/(i,j)＝『(j＋１，j)＋/(j－１，Ｊ)＋
ノＷ＋１)＋ｆＷ－１)－イ×/Ｗ)］

PaTentl

、
／

OffSpring

Parent2
tDidtA

E[P(Ｍ－Ｒ(0,『)Ｐ
Ｔ

画=’±満
ＣＯ＝１

Figure8：Unifbrmcrossover
and

O:汎um6er⑰prqjectiD〃djrectjo〃ｓ

Ｏｆｊ〃dezqfpmjecｵio7Mm9le

P(U,『)fpmjectjo〃Qf0r鰄冗｡ｌｊｍｑ９ｅ
Ｍ,r)'prqjecｵ'０〃けrecWlstructedjmQge
mjdthfu）jdオハがｵﾉｉｅｉｍａ９ｅ

ｒ:j犯deZq/pmjeCtjo〃ｓｕＭＱｵα(Figure4）

称,":”Jue〃”eJd,〃
北(ｍｊ"te9e｢６ｃａｌ、'九ctｏｒ

代＄ロ7℃qlscqJm9/tLctOr

Ｓ

の
⑨ ④⑨

Ｊｊ

“
二
Ｊ

一
一
＋

Ｉ
１

Ｖ
ｖ
厚④

①②①①①①”
わ
Ｖ
２

３２７０解ZJj〃２０２Ｊ

hlthefitnessfimctionEEmeasuresthemean

sqUareerrorbetweenthegivenprojectionandthe

calculatedprojectionofthereconstructedimage，

andLapistheLaplacianoperator．

Figure9：Medianmutation

Theabovegeneticoperationsareappliedto

eachgenerationofpopulationofchromosomestill
asatisfactorychromosomeisgeneratedoraspeci-

fiednumberofgenerationsisreached，Therecon-

structionsystemstartswithasmallsizechromo-

somes，andthenincreasesthesizeexponentially

(whencertamconditionsaresatisfied)overgener-
ationstilltheactualｓｉｚｅｏｆｔｈｅｉｍａｇｅｉｓｒｅａｄｌｅｄ・
Theexpansiontakesplaceatoccasionswhenthe
fitnessofthebestchromosomeremainsthesame

fbracertainnumberofsuccessivegenerations．

４．２Geneticoperations

Chromosomesofaninitajlpopulationaregener-

atedm刀domly:fbreachallele,itsvalueisselected

randomlyfromtheunitinterval[0.0,1.0]・
Inthereproductionoperationofanewgen-

eration，aneJjtjstselectionschemeisusedfbrse-

lectionofparents，wherestringswithhighfitness

areexemptedundertakinggeneticoperationsand
givenchancetosurvivetothenextgeneration

Au汎坑rmcrossoveroperationisappliedto

parentstoproduceoffSpringfbrthenextgenera-

tion・Theunifbrmcrossovergeneratesq〃qtjbprm9

fTomtworandomly-selectedpaJrents(Figure8)．

Thewholeprocessofthegeneticalgorithmis

showninthefbllowingalgorithm．

Ｂｅｇｉｎ
ｔ＝O

cAromosome-sjze＝８x8

InitializeP(オノ
EvaluateP(り
While（NottermmGtjomcondjtjon)Do

SelectB(t)fromＰ何
SelectP(t)frOmP(〃
CrossoverP(t）

MutateP(t）
EvaluateP(t）

Ｐ(t＋Ｉ)＝Ｐ(ＤＵＰ(#）
オーｔ＋１

ＩｆｅＺｐｑ"dLco1zdjtjonThen

Expandchromosome-size

Fbllowingthecrossover，mutationoperations

takeplace、Twomutationoperatorsareapplied：

o"e-stepwL仇rmmutationandamedja7LmutaF
tion．TheHrstmutationisdefinedasfbllCWS：ｉｆ

ﾉYb＝＜…,uij,…＞isanarbitrarychromosome，

thenthemutativeprocesstakesplaｃｅｏｎｅａｃｈｅｌ－

ｅｍｅｎｔｕｉｊｗｉｔｈａｎｅｑｕalchance，Thegraylevelof
thealleleselectedfbrmutation,willtakethenear-

estupper/lower厚aylevelvalue,ie.,thenewallele
valuebecomesonestepsmallerorlargerthanthe
oldvaluｅｉｎｉｔｓgrayleveL

Thesecondmutation（medianmutation）
changesthepixelvalue（Ｕ`）ｔｏｔｈｅｍｅａｎｖａｌｕｅ

(um),amongtheneighborhoodpixels(Figure9)．
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Ｅｎｄ

orj9mqﾉ2ｍ“ｅ

ハビcに,：ノノ：Ｕｕｌｕｅｑ/p江e(に,1ﾉﾉ、tｈｅ
７℃COnSt7mCtCdj77Ua9C

FigurelOshowsexperimentalresultsfbrthe

threealgorithms：ＳＡ，ＢＰ,andARHr,ｓｉｄｅｂｙｓｉｄｅ，
fOrtwoimages．

１nthisalgorithm,Ｐ何denotesapopulation

of似individualsatgenerationt,Ｐ(t)isaspecial
setof入いく似)eliteindividuals,ａｎｄＰ(t)isa
populationofい－入)randomlyselectedindividuals
fTomamongＰ何．

5．Digitalsimulation5

6．Ｃｏｍｍ③ｎｔｓａｎｄｆｕｔｕｒｅｗｏｒｋ

Thethreeproposedsoftcomputingalgorithms

(SA，ＢＰ＆ＧA）yieldedresultswhichchallenge
ARＴ，oneofthewellknownconventionalmeth-

odsinthefield,inthecaseofalimitednumberof

projectionangles．

ｍｂｌｅｓｌ,２，３belowshowparametersandsim-

ulationconditionfbrtheproposedalgorithms．

Table1.hnage＆prQjectionspecifications
lncaseofthesimulatedannealingreconstruc-

tionsystem，thesystemshows,ｓｏfar,superioritv
overtheothermethods・intermsofqualityofre-

constructionParallelizationoftheapplicationof

thesystemisconsideredaｔｔｈｅｐｒｅｓｅｎｔｔｉｍｅｆｂｒ

ｓｐｅｅｄｕｐａｎｄｂｅtterquality、Otherrepresentations

ofenergygaparealsobeingtested．

Du45O-90E

Tnble2,SimulatedAnneahng(SA)System

Incaseofthebackpropagationreconstruc-

tionsystem,withthestructureandmechanicspro-

posed，ｔｈｅｄｅ【mrulesucceededwellinminimizing

thecostfimction,andledtofairlygoodestimation

oftheunknownoriginalimages、Ｔｈｅsystemhas
moderatetimecomplexityBFnrthermodification

ofthesystemisconsideredatpresentbyincorpo-

ratillgsomenprjorjinfOrmation,say,infbrmation

ontheu7M/t)rmjtyoftheunknownimageinthe

adaptationscheme．

！)!Ⅱ

Table3BackPropagation(BP)System

Table4TheGeneticAlgorithm(GA)System

Incaseofthegeneticalgorithmsystem,good

estimationsofthereconstructedimagesisob-

tained、ThesystemsufYersftomhightimecom-

plexityithealgorithmtakeslongcomputational

timebefbretheprogramconvergestoasatisfac-

torysoIution,andthatnecessitatesparallelization

ofthealgorithm・Ameritofthegeneticalgorithm
istheeaseofincorporationofconstraｊｎｔｓｏｒａｐバー

0rjinfOrmationabouttheoriginalimageinthe

reconstructionprocess、AnovelfeatureofourGA

isusageofdynamicchromosomesize,whichledto

fasterandbetterqualityofreconstruction．

Asabasefbraquantitativecompansｏｎ

ａｍｏｎｇＡＲＴ，ＳＡ，ＢＰ,＆GAreconstructiontech-
niques,apixel-wiseerrorestimator(4)isusedto
estimateanoverallerrorinthereconstructedim-

age・Ｔｈｉｓｉｓｂａｓｅｄｏｎｔｈｅｆａｃｔｔｈａｔｔｈｅoriginal

imageisknowninCheexperiments．
Anovelfbatureandadvantageoftheｎｅｗ

methodsovertheconventionalARr，isthepos-

siblityofincorporationofconstraintswithinthe

reconstructionalgorithm，However,thefactwCde-

claredaboutthesuperiorityoftheproposedmeth-

ｏｄｓｏｖｅｒＡＲｒｈａｓｂｅｅｎｃｏｎｆｉｒｍｅｄｏｎｌｙfOrrather

SimpleandrelativelysmalIsizeimages、Therefbre，

inordertodelivegeneralconclusionsanddeclare
robustresults，fmthereHbrtsshouldbemadeto

applythosealgorithmstorealCTimages．

ｚＷｕｚ腔曲九Ｗw)－ＭＷ))‘
Jご＝

z野`ルェ賀`ルルル,)②
ｘｌＯＯＯ

ｗｈｅｒｅ

九γg(h剰止UQlueqfpizel位,zlﾉj〃tAe

５１ＢＭ(Pentium)machineswithGNAT(Ada95)compiler
wereused．

AnglesofprOjections 0.,45.,90.,135
◎

1ｍage s１ｚｅ ３２ｘ３２

InitialtemperatureI1｡。 1．０．egree

MinimumtemperatureTb 0.005.egree

FactorfbrdecreasingT 0.999

ＰｅｎａﾉscalingfactorA 16.0

Gainfactora 0.4

Scalingfactorβ 0．０５

Populationsize 100

Eliteselectionrate 0.2

Unifblmmutationrate 0．０１

medianmutationrate 0.01

Scalingfactor（入),ｉｎthe
fitnessfUnction

1０

Penalitytermscalingfac-

tor(凡）

1０
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