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Optimization in Nuclear Reactor Systems

by a Statistical Search Method

Masaharu KITAMURA* and Yoshikuni SHINOHARA
Div. of Reactor Engineering, Tokai, JAERI '

( Received February 5, 1973 )

Optimum seeking algorithms have been developed based on a statistical
search method, which are applied to a few problems in nuclear reactor
systems. The essential of the method consists in determining the direction
of search randomly and the results of preceding steps are considered only
in a restricted manner. The method is thus expected to be more effective
in finding a global optimum than the deterministic search methods { gradient,
linear programming, pattern search, etc. ).

Optimization is made of the shutdown control and the power distribution
problems to verify the effectiveness of the statistical search method.

In these problems, neutron flux is treated as the control variable and
only its step -wise variation in space and time is allowed so that the
problem is then reduced to that of finding a global optimum in the multi=
dimensional Euclidian space. Numerical solutions by the present method
agree mostly with those theoretical ones based on Pontryagin's maximum
principle, thus indicating its effectiveness. Optimization of the reduced
problems is made also by some deterministic search methods and the results
are compared with those by the present method.

As improvements to the method, some ideas of reducing computatlonal

requirements are also given.

* Cooperative Research Staff; Department of Nuclear Engineering,

Tohoku University
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- b) Fixed Step Random Reward # { F. S. R-R. & )
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WRITE
SOLUTION

Fig. 1. Flow chart of F.S.H.P. method
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[
[}
i

i

Testing

F=FG+Z'DF

cosr
CALL COST(F,XER)

g .
YES

XERG=XER
FG=F_JFAL={

WRITE
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Fig. 3. Tlow chart of R.S.R.F. method
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v]|=
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Testing Testing
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Fig. 2. Flow chart of F.S5.H.P. method
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Fig. 4. Flow chart of R.3.R.R. methed
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312 @A | |
EELOEKRKEL T, S(t))OE2E BRI F I EnEIhs, COBEBAKER
RasE, BFFOMCZEERECRZ ), BELINITHRBOELEAT I ELE S,

7o FEIEEST - T\ 5B (FIEERR ) tonwTh YR, SIHLLETHD,

LT, FELEEL T2 - TWARBPRIVWTS "SmoEREEIN A% L% W
VL, COWEHDLRESE i, BFFEMETHC LA B,

thbxEifbedl, %ﬁ%ﬁﬁ%d&@iﬁ%ﬁ%?éc&# EMLEL bR D

% 3—1) _

AT AFBR(16), (17) TELINBEERLD2WT, K (24) 35w (24 TE2 LR
ZIFEFIBOBEMNICE YR NMET AL 2 ()0t <t) % B v,
7L, WREE AR

¢(0)=3¢c= Pax > B(L)=0. for t>t, | (26)
sm)={sg P(0) = Poq ' o o (27) .
P SE- 32
| S(t) £ 8, = const X Seq, 0Lt Lt (28)
0L (1)L boax , 0Lt ot, ' _ (29)

EHIATE bE K,
LOMEE, S(t) =8 LEL, tc TBMET B LENH, bW RE RRMIE
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LLTHEEHLACEATETS S,

FARE 3—1 )ik, BEfR0ICHMEL $(t) 2 R METH 520, Ch BRI ICESL L T
$(t) = ¢ for (i—1)-dtLt L i~dgt, 4t =t /N (30)

L, BAG(i=1 2 NIRIaTHEALTLICLEELL, T/, $; DEDH

BIELDNT S BT HEFT R N, | o

$; = j- 49 je(1, 2 M) A= m M (31)
EHIRT A, chick D 3-1)id, RO LI FEMEIR D,
FEd 3 -2 ) e -

AT AHERA(16), (17)TRHINLRKONVT, R (24)TEL bA B FELEO BY
BUSE#RAMET 5 £ 5% $(1) OFF 8, (i=1 - N) & Blli€o £l %4 (26) ~
(31) W AIRAETZ LA W, '

FIEE3—2 KEnT, $(i=1-N)OFRFNBEENKT=2~2 ) > FE2HE 0%
BERMCHEI L TELD L, K40 6,0LBEETEORE, Thbb (1) DET % E0K
B, BND—&HiEL BT ERLE D, ' |
CHHACEMOMET, BAO SR, TELLEEMS, (i=1, 2, NI & b Lb 1

CHEETHLITHD, CARGLTHREDFO—EAHHBALZ 5o

BHEHL (20) B S oW TOEE T B el e s sicin L, =% (28) s ic
SEDNVWTORRTSE5, BIKEX (29) LEKR G COWTOHIPEERLTHhEFh Y
AME3I-2)iME2-2) LeKALEEZAL TS ), 2BECRNAKHNERENESE
WETEZCECE B, ‘

COMBEL, TOXRCEMLAEEEEIEIA T, AASoHEELEL THWE W, 2O
e DTSRI R S FEORA S IREL BbRB5 b LAV, o
EFE, HlHEH (30), (310 FT, vx57a 852K (16), (17)08ix X (20), (21)icw
Elico 27 v 7HOFARIH CROL SIELTEHRTE S,

szf?si

Pi = exp{—2,4t} { 7 L (exp (d,4t)—1) + Pi_q} (32)

P

AP . —r 5.4
?bzfﬁl-eXpFﬂs%AtD+-pR_l did

S; =
! 0'5 Gs¢i_lp

Lexp{—24,4t)

—exp(—g,8;4t) ]+ Si—i1exp(—oa, ¢, 4t) _ (3‘3}

COHE, BEOBSFRRNOESFLEEL DHIHEGE (30), (1) D FroayaFi
REBEERATLL LAY, L VERRKENRAL VLD, COBRFHLHLAR LD
g (i=1N) 2HETA, Py S @EREL D, Lasio THEEES(t) 0 & 4
HIET S BEICE 4 b, BIREGGBINADE N b EBC EDTHARFTH D, L B
La2ih, BECRARERD 280, HEL AT 2ABNOEEAR ERE, ©0BEaE
OHREEHSTEEE 75, chit (32), (33)nEL bR TWTY, COXDDI DFHRE
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FACFB TR AL DR BEET A TE AL BRT A LR L kDL BL BRD

#(32), (33)i b, &S (t,) xBESH 2 black-box DFHALERDBLTWAES, Thi
HECAFATEZWEEZLAFHL LARELAMLTYWA Lo T Line

caxﬁ&%ﬁmiﬁm BHFECE b LD, FBERNTELAEYTHEZ L1 BT
WA o - | : Lo

* =, A ORMCRE e MR L 2 B, B A2 ( unique ) T% <
BT EVTFRIND SIHZER S 0 W SRR E 2 hE, BEBPHEECFERE S 5,
CNHERLLENWT &S5 &%%&&Tlhf@%ﬁotﬂBD%ﬁ%ﬁk T AT
OB EELICTBVOTHBLELE NS T TR | T |

BExbmbns il 5ic, FE( 3 )m,ﬁmﬁﬁﬁﬁﬁﬁﬂﬁﬁkbfﬁwfa<,§
%&,W?%,#ﬁWVz?Ao%%ﬁﬂﬁ%ﬁ®ﬁﬁﬁ%%%@a#ﬁLf;m FhoH 5
DFoHHE, BFFEvAFACH+T 0 0BRBHE* BRI LAES T AEN2
BEEEZEIABII2b0LZEL bh b,

32 Rummz
3.2.1 FHFE#RLEFAT o

BEETAT=2Z2Q 2BRLAZICEFRAWSEN, TAcBLIFHERQE LT KNF 2
FAL D BIEEH A LA ERMQET BT ST~ ) XAk B T LB Bo
QOHBKELTE, AN (fHEzH) ¢ ((i=1, - N)YwrxtLTs(t; ) 2konidAa
no TOR®, & (32), (33) 2 BEHE— Y LLTHWA, TIHRE (28) #2HT 2282
BTRNALSESF A4 BETFHE, 715 BEOBICE2ETT L dOBSK
b DhELLbR S L ' '

TP, FINEGERBAINDL L, PORINABRELILAVWDLRERME LB I D B~
AF 4 {~EFA4 VESFLFq) &, BHNEIAAESRIELTQOESHERT S <+
F4 (BENFrTa ) B EL LN, FABAGINERCESCE, FEAERCEEL
TR T QAEDOHMAKRE L X9 R <F AT 45 Db T OREMEFIL, SUMT Bk
{ Sequential Unconstraind Minimization Technique ) HTZ<{Anbn B L 25D
2 gl (x)

K m
m

DEdRNFAT 4 THEH, CCTRL=1, 2022084 %L b dFko SUMTITHEWT
W, TORFAT o ALE, 7 CEEZFRBLIL THTOBERER >R, TANCHD
BBEBCELILTWLWIRTAWLN S, 20EL LHRQ, gt dhBERTSET L
FERELTHMOTAHZ LD ERADDTH D, —MiE AL CHEESS %05, B%0%
W, TOXFAF 4 3FANnTAhk, ZOXRFrFsdL=1, 2HELT, inner type 1,
2L Th, ' '

Bl s 4@@'\9‘”74’ # % &HT Table - 3R LA

r

W1 OR.(32) (33)H, 2(N-1)r OBADMEE - THD, Py, &&¢i&H$§%%%%%LTM&QChK
Ly % & AREEETH, &9, & S(t)E OEFMIKOREENE bhR(32), (33) OEFRBICH 2HF
ANEe LP. QL.PETS, 5 (32), (33) FESCHBIETE 2,
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Table-3 List of penalty functions examined

M
Heaviside type penalty Q=Q + 2 a_ (1 - sgn Em )
=1 m
M
Linear penalty Q=Q + bX Q. (1 - sgngg )
m=1
. M
Inner type penalty {11- Q=Q + 7g m£1 8m1 (%)
M
Inner type penalty (2) : Q=Q + 7y 2 gn-.dg (x)
m=1

322 BEATA—4

BEEBERFEGTACELT, W20 TATY X0 52— 20B2EDLTHF (L
Wb, COATFA—FELTE

O =2Fy7MH, 4X (4¢)

o RHESRE Tz bLERETOEREEBE LRI,

O BAHUEETELLERTHO BRI,

o HfIVmyZKEINZEMOB(NK)

EE0B B KEIMWBERECP W, BRVELATTIALD A5 A - 20X, BE
SEIFEEOBANENTAEWEEZL LN LN, 2B TRLAELIIR, 25BRECKRE
Hdbo BLNABMOEREKELTOR#E 220 KY, TALOELEUCED THS
CEnEE L, _

A rLTiE, ¢, /40, S /50, b 100K LM, BEFLEFNTRILKEO
fEx B LT, BERECHE T oo THLMUAOHMICL AFFELETHS 2o

I, DffE LTr 200~ 500 REDHE Ao -

N LOMED L DFKE, 2HORMLLERCHMbL S k&L H T, = 200 REL
BN L OEINEENS B, 3FBUTTHICLEEFNETRAEBRKI0R, 20 LT TERKL
Twd, Ebit, CORBKEOMELE, 2RBAFAEHLINET 2556, BEALRERAK
WLAX =16 (HLN=4), 4X/r=10 ({N=13) 0Lz 2ERBELAREELTRL
Tw3, _
I,%500C&hid, TARMIITHES %, 3BLUTE, TthEnfilREs 4, 24T T
RETHTECE D, _

I, OB EECERORECEELE o L Lass, COlz/ 3T ¥ eBRHn
B#ErREInTtltocsicr b, FOSE, BOBERERIVFLTLIZEIELS
b, #nws I, OfE22NCKEC LD, BOWHEERELD, X7y 7MORBEZIC
IAHEERORER 2B AROFCHBRTEL IO LLCEFBRTD D FMATHL, D
5~10fKE wto -
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bbb NNl THAE,
@ﬁﬁﬁ,7nvimﬁbf&@#ééf%Rm—l&L,ﬁwr,%fwyfitmﬁﬁ
FHDTWL

4702 o 2 bOEE Run-12EEEH A HE TS,

3.3 # 2
nfﬁgjfclﬂlﬂ*tr_ﬁ%& éf' __;T-j-—;-j*o

g, = 5.0 x 107 (e ), ¢max = 4x 10" (n/cm®+ sec),

1p=3.56><10'“{5ec“1), ¢min=4><1012 (n/cm® e« sec ),
r, = 1.1 (%), Peg = 7.68 x 10Y { atoms ./ cm® ).
ty = 0.605 (cmit), S,, =136 x 107 (atoms/om®),

NelLtiae, 40%%FH vk, F -t oo b A TN EHI NI COBEOHAE
UTH D, '

BEOMMETE O & LTk, AERISH s TNEWD VBRI L—FE M FEREGE L
%%7»juiA¢Lf@mw@;6 Ty 2ETRLAAEO T AT ) X a0 aHEBn
o

RO EMNEE LT, P S-RRELIDBESLAEED (t, $)He (P, )&
WEBRTF% Fig. 14 WirT

TTTt, =178 hr, t, =olébhTWhi,

(t, PI)FMPEHLARI S WEEIEPETIRETL N2 — 12

@ FEeFEE 4=0

@ REHNE 1

(3 R E 2

@ mRHHE =90
DAEEER EAEEL LA B

COFOWENERG (P, S )T To%N N8B 20 L TL VERITR A,
COELE LR, B~ 10EBRRELL L, CONELEHC LT L DS OHEAR L
PO RTBCER L L, @O FRE L S = const @4 PR xSt LT
Wi OHMHEIRIEE 1 oERKB- T, SOEAETLTWEER, $ 2008k
HHENE, Fledh R MBS LT B, '
COBBY Bk LT B00, SOBEREEHE - 1OBER L2 Yo THALTW] E &
i 5Ba

HEFP IO AME K AL ¥ » BEHO B ESHEE T w3 TICE AT
NWEHMEGEEACDELEFEN R IO EEZL bR LA, COBLDNTREICHET 2, W
TAREL, F-S. R REBECINERERL LFTEOCL IKES Gh, HOT AT ) 220 L2
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BRRTIHOTHEULAKORAB LA TV D,

SRl g S F.8. R PR Lo TRORFERE Fig. IBEFRTH, (t-6)FToR
ORFRELHZ S THBLOO (P, §) TRNEOHARED LA o FHEHAOME L 2
RAREF A 2 TR —H LT nwa, e baEs i y HE RO EEEREORN k& H
BrLTdHRWTa A5,
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PTDURE( LT nEED, BROMEET =T, TaT ) RAMOERLSHE b E
Fol T oot Ezs b s,

R, AHEBBOEREBLTAL L, BHEOREI EL8 % o T T Y, cOBEFN
EEELRNWT ERE N, Zhid, BEEAETD ¢ 25 WA S OEERVAER TR
FTILISABUDOHBEGEEE, DELEL LT & % a%bfm%ocmxﬁ*,m£@$
W BT MBS X LT b Sl d st A ¢ ok KEbz bbb, FBEREOENESERTE 2,
3.3.2 IEFOIGH

BRROGE L TR T RTT T ) X a0 EBE M4 0w, BE5E Amﬁaﬁ%qmﬁ@?
%@ﬁ%%%&medﬁ&ﬁgJBKﬁbko%7»jUKALMMT©ﬂﬁﬁT&T N,
I,y 1,50~ 5 2—2%7% i Bbfft, BoLAlEEEEESN T LT, 23
AR ELTRAT w 7B ELABEOMDHEES THR LA $A2F 9 TMES »x s L
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TR LA
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FEEZINELERLETSHH, - Tahle-4 Effect of penalty function on
HHREH S L LT & HFA convergence property
A TWAESEZTAIT ) X a ;
Fenalty Qqnt : Qy Q firal

RS A= AR EDEO L E DT | — 1 | ! fim

G . Heaviside : 0. 4373 ; 0 1373 0. 4357
: Ly =A% VR R O s H !
Lindt, MRS LD b Linear 0. 4386 i 0. 4369 0. 1358
Pz Re REEE M 7793 B B Inner - 1 ! 0. 4377 | 0. 4376 0. 4361
R A TR A S A Tnner = 2 | 0.4368 | 0 4368 0. 4360

(Jip? ¢ Value of cost function obtained by 10% cost evaluations
g =1 S A ,}T—— .
TULE S ATRER 28 PEHA Q1 Value of cost function obtained without blokwise search

5 g Qfinal + Cinal value of cost function

ReP.FwH T, WRABHMCR B —lm~oBH 2 nbks, HEDH (ZRO
HEEINLEFEERFALZ(BEINTWLIAENE ) Krnw Tl EEM LN L Fa~SRAB XiIRK
BoTlLENn® T he COADURSES s TE—EEICT v 2 4~<2 AR RNE$Z% 5R R
Bl LT, sHEMEAOETRECHATH L2, HEFHD S ZBFYRMEAICE LT
LEseROGAEFAx AT orHBEK2 bbb T2 %2, Fig. 16 & Pig. 17 OF#E 3}?&@2‘%
B#éﬁﬁﬁ%ﬁMHC@@mTEUTM%O%ﬂ@i,%%@ﬁﬁ%(ﬁéﬂfhéﬁﬁd
SNk S R RIERFALT, BROHORT o 7HE 2 2BEACE 5T & 2BE
EFihe TNLOBBERIHRBETALAAIOTH I —BHSI DLETEHL TE 2\,
ZLOFTOHELLHEIAADIOTSH D, BEBE TE—NEZN%EEL Tndy
.33 FmyzbO%hR

7oy 2EEREEPIAICELTE, 2ETHRNALIKCRT v 7T O NS FECE &
o Thhid, TOHHOCRHESRDATWE, BRIGEEE A LT, 2hboRfEen
BEHSECRITTEBCOERT LA,

TOEBR, Toy 2k sl b EnEAOREEHEC BN REANAL, F. 8 R.RE
R-S.R-REFECIAHEES Fig. 20, Fig. 2L RLA, WFihoB&d, PHEEHOELRRE
LT NEC AT WA, otk (t -6 )F, (P -8 )ELdKTFig. 14,
Pig- 15 0 ANk d QBN THELN ST EZ(BINTWE, COMEHEFELELT, 7B
» 2T L AR BT E - TR LSBT Pig. 14, Fig. 15 KR T X 5 2R #EAE LN 525,
2EHF OO T 2w 2L E R LR BAECEFig- 220 RFT L5, #REHEHEOCT DK
(B P 20 EHET 2HEATER T ) BHSCESHT AL 92 W~OWRE L LIF LIES 6
Nbo RENEADOHIE T ET e o 2 THZDL S AFRAON A Dd ke 2EEL
FHRELTEMBEHELET IR I &30, $O0BUH T Lo THESREL, Fig. 22
DEOAWERBERT WIS Tob, (S0 0oLk LTH2ETOTERY, 228BEY

Ry 2 E KK LASHESE WL B,

BOoREMNMc LT, BEMBEEECRIET Yo v 204 I EENCHEEBT 22D, 7
By S EEBRICE T AL OBOR, B HURTORETHE I h A ERERE Table-51
TLEDTR LA St CEARZDZ 2DOBHELDWTERETA t_ % 6 HEE L TFH12
Emﬁ%KOhfit%c% CTHb, FERKETFNTE? 5¢utézbfamokﬁ.
MR ER T B FEMEAE O, Bl (RASHEE ) 2 bOBRORE (8 (1, 18°)/
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Table -5 Effect of blockwise séarch on convergence propefty -

R Cost of IG Clos; a‘trl.i}si.t'er. 1 st step [ 2 nd step _
Case 4 : a el - y N
' '(PI.G/'Popt)‘l 7@3"_?.’_’ /"?opt)ul ,‘ Ny N (‘Ql/-"opt)'l NN "(Pz/pcpt.)-"l T:
B 0. 1260 | 1297% |0 3022 6. 46-3_ 1 0. 6769 8 087+ 6781
2 0. 1247 -9, 3673 - [p 4298 3. 80°° .. [ Q. 5'055 2. 5374 6443
3 0. 1258 7. 5778 0. 3338 5. 4472 o.. .6545 7. 0974 | 7366
4 0. 1297 8. 3573 0. 2376 7. 0373 0. 6369 8. 794 6758
5 0. 1320 7.117° 0. 5330 4, 87°% 0. 7006 4. 06°4 8283
6 0. 1308 4. 2973 0. 3645 1. 497% | 0 6153 3. 7374 7005
7 0. 1685 7. 337% 0. 2744 6. 3774 0. 6324 9 5474 6410
.8 0. 1725 1 0272 0. 2021 1. 0273 0. 5590 1 2078 6919
‘9 0. 1783 1. 1073 0. 2480 9. 587 0. 6446 5 6474 7330
10 0. 1836 9.97°% |0, 3603 6 03~* | 0. 6830 2 627 7651
1 0.1884 511t 10 3276 | 3 407% | 06114 | 7. 207¢ 7296
12 o 1865 7. 407° 0. 2721 4.48% | 0. 5266 1. 347° 8469
Table-6 TEstimation of the effect of blockwise search on
convergence property
i group (D "group (IBA

average | deviation average deviation

4Q; 4 128 x 107! 4. 90 x 1072 .80 x 1071 7. 70 x-10"*

N, 7.11 x 10°% 6 53 x 10% .35 x 10% 6 95 x 107

4Qes/4Qq o | 6 45 x 2077 1. 70 x 107% .73 x 1077 1. 83 x 1072

4Q,74Q; 4 3.79 x 1072 ) L4z x 107% .72 x 10;2 1. 38 x 1072

N /N, S} 334 x 1077 5 84 x 1072 . 81 x 107! 5 14 x 107%

4Qs/4Q 4 4. 60 x 10°° 1. 61 x 1077 .70 x 107° 2 20 x 103

Ny /N, 6. 65 x 10t , 3 26 x 107® .10 x. 1071 524 x 109

35 =
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Table 7 Comparison of the effectiveness of search techniques

for {inding the optimum of Rosenbrock’s function

Method ToeS e Do R E R&R&.? P.S. | C.Q. V.M.
average ‘ best ‘
I final 2.5 % 104 5 z4x10ﬂ°§ 125 10-8 | 216X 10-5 | 627X 10-7
: i !
J< 103 430 } 136 L >200 >50 50
J=J final - 600 ? 138 ? 250 } 80 80
|

P.5. ; pattern search
C.G. ; conjugate gradient method
V.M. ; variable metric method
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