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Direct Numerical Simulation of Atomic Vapor Flow

Hideo Kaburakl (JAERI)

Detailed numerical analyses of atomic vapor flows have been called
for in vaporization processes of vapor deposition, atomic spectroscopy,
and atomic'vapor laser 1sotope separation process. Direct simulation Monte
carlo (DSMC) method has been applied to the two-dimensional symmetric
evaporating spherical jet. In the case of strong evaporation, the flow
near the surface 1s near-continuum, whlle 1t becomes rarefled as it
expands Into vacuum space. In partlcular, the DSMC method 1s suited for
the analysis of evaporating flow near the surface. However, 1in applying
the DSMC method to near-continuum flow, effects of the number of quasl-
particles and samplings on simulation results have not been made clear. In
this paper, detailed comparisons have been made on the two-dimenslonal
cavity flow with a wide range of simulation particles and samplings. Two
different algorithms in the colllsion process, the Bird method and the
modified Nambu method, are studled. On the basls of these results, some of
the simulation results in the near-continuum region are presented.

Keywords ( atomic vapor flow, DSMC method, spherical jet, cavity flow )
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BRI TREIKLIABEY I av—vas YBELALHRALNEEIRE 70, BT
Iab—va yOREZENAT SO EL THFEHANFEHE (Molecular Dynamics method :
PLF MD BEMR)EEBEY i abv—YavyeEYyy - # Aok (Direct Simulation
Monte Carlo method :ELF DSMC B EMER)MBH B, Ch ol FiEiR. EFLE O
B¥hrousERofhz, ICHUd LoBBR FTRES®E Ty 2 v -3 v
TEHETH %5, :
MD BZTHPVHIKBOSHEN RN TEEE T2, TOBBERELLEF v v v a0
i -T. BHFBERAC IV RERVCHBEEAEBRE SN S, —F. DSHC B T
B R FEEBHCHEEARB S CEHBORBET AW, EEShLBEELH O
THTOBHETHRY>EETD 5,

chehFETE, FryverFEASLORERESFHEBEcBTHALZERT 2
FEx-Z2 - 25RBRAEESES I DBRAL THEFEYT I FECLEEL T,
BREAGETIVHRAUREEZRETIH TS, AhiBoBFHAEE L L EL
BT FWBTCE B, Fh,. ZEREFRIOVEMASFERZTERE T -ERL T
HFERBEEFFECIIALTERELE LR VAENSE2, L L, BFEHRIF
BETREHNOSEBELZ vy 7Y v P REIVERNBL R I EEHNEER
5B,

Meiburg ‘'’ . MD i & DSMC HZRHWVWT, AX—Z ¥+ PAMYOAKETAR %A
FLT, 45° THOWAERTOFRIQEZHE LA TOHER. MDETR, ERTF@ES
FAE LN, BULEBETT ISMC & CTHELAKERORAERRE SO » - o
Meiburg . COERIE & ISMC HTHoOoRENRE AL wWoR, AESRBOR
BB TVwWadThd LR LA, it LBird® 3. Meiburg I B i3
DSMCEODEAMUTRBAESFLEAR TV VWAL TEEI ERHB L. Fio., MDE R
FHR LK (dilute gas)@ vy 1 a Lb—va Y RBRABUTHE LEEHRLE,

CCTH. DSMEEH W THEST ~ORRERET RO MR THEY S 2L -y 35 v
TN e Chi, EBOEEAE. RTHXY. RTEV -V -—RUAFIEHBIE
ETCTEFEIFOREE2P NI ALDEETH S, COYIalv—va»xTid, BEE
EEPSHEERAREFHEISEH LSV EBe 8 2 EHEHTENYKE (L
T2, TOD, ERBRRADMCEOREFNAFBERELIRTZT /A& HITIEDSKC
BRODVWTOHERFEIRELRETLEN S5, £ 2T, FIETHE ., DSMCE D&
HFE,. 730X s28BIcli~2B, XX BERETHEAOTHRLFECHSLER
EffRtetrodERKER>WTHlR~NE, 4, EROBREZZE(E, 2Ty I 2L —
Yy Y THATIHMBRETORLEY Y 7Y Y I BRRKEREEREZAZ LD, 0T
By 2Bkt + + EF+MNETBEOTChSOBBERO,IC Lz, . COBRR.
EEFHENEHETAIBACERRIL2, B3FTH., BlIECToME2E ., HEHAE
POEETIHREFREIBEFROERLE NS, 4. B, BRELZFO 7 X — &
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YBEBYARETFELIORBIESVWTERRTH s AR TR, 7 X — & Y EP
EvdFcFwHhe > WToBEHdERN >0 TER S,

JEEY I aVv—va vyEYF - e (DSMC)
2.1 HEFH. 7T Y XA

DSMCEE R, B R EZCOEFIPOBR IR IFALEORLE, IPCEES LT N
DLo#EBE FoREESE T, Tho2BENCHXIEALADERLELERIET
Y ialb—va Vvt AAEETHEE D, CORMBHEFER., Frv v vy FREAE
SVWTWa e, Frvrs vy HFERACEANEE (ZHER. RENER, SF&EME
ODRE) Wt HEBSL, TorrvlofER, frv~vryTRACEK. HR
Sk (dilute gas) e LT RASN 3, Bic, DSMCEOHETIR., ROKBEMUEIT
HoTWd, E—rk, HETIEFROBEEN FEAVIVWL, EFRE, 5 v Ea—
sodlproERBORNEBALHEOKRFErHVIENTERA VWD, FENUTWYWS &
DA KN RW S ENEETSE, 20, EENEEX K, 7Y 7
2T AMEND L, BLE, HEFAEZ2FROVESGEHTLHILENRNS L. ity
G4 20 HFoHryr Y v rERTHERLZTRNHLELZLDLDTEL, EVDOKE
EiR. SFRoTHEHTERERNEVLVENEELL, Bk, FTHEHKHBREE
FERENEVHBMBAt. TR, HTOAHLEXSIBTEEILTH %2,

U o BABEECESVWT. DSMCED T AT Y ZARKROBIRE S D, £5,
VMEEELBFEFT 40, HEABSLACEE LS AZ0ERECHNELAYWLE¥EERHL
R TFERBHIRITS EL, Ric, BHBBAt KHBLTRFERY T2, OO
B, BREOEEHELEER T3, HFOBHE, TXTR.SELLD, T2 L
NREMTE, TCT. BEMBAt.LHBLT, Rt rOoTORNFEHEL ¢ E
HBROTBEZFTNES, CoT., GFEesrhoKFoMBR., trofLATRESE
BET B BIEREL TR, HROBRAAREFNLOT I v 5 LicBHE, 22T,
AFERFOBREANBEZE(ADOY 7TV vy rE2TRiuv, B2 EDL 2. EF
Bircid., +toBREEBLAEB. vy TV I EITE D,

FHEBETR., $ 4209 vigERELZI2DFERA VR, E—0FER. Bird
FO P E A, COBETR., BEENDOENS S VY FAREHERERTERVHES . B
Wi, M FEHOBAHEN EE gnaxZHEREL TE o & Dgnaxids HBROERHF L O
BAHEEAFCEFLTLL,, (oG, HOOBRELTNET . BAXTHR~T
DM EE g ;& gnex DD, —HEBELEBELTNETAEIORTRERT 3 &
4+ 2, COB, RO A LNy T RFET D,

T =2/ N8Nn o g:; (1)

ST, REEE VT oBBRFOR. « RIAFOHEE. ¢ RIZOHINME
BThHd, HEEFOLM —BEKIVREZFTAEIOoORTREXELEZ W, JOBRE
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AEREL. 74 Ah vy ORI T HAted DV KEL B TEHRERZRT T
5o

HoohER. SO EELNERNKTELYy vy FER GBS ABERBEE T
Bt, COFETR. GEE2IrEOLTORTERI. HFIBRFIEHERERT IHEER
i . :

P:i = n o g1 Ata /N (2)

Th b, HTiINFREEV OB O FEHRS HHER,

N
Pr = Z Py (3
i=1

& B, Fig. llcmd 5. [0,1])0BRSENMEOFLVWHEBKS T P EEHET 5
I AaRE S0, 10 LRE, CORMMN. [G-D/N/NOKBRES LS
g\ﬁ¥g@§%m$mm¥y?5ao&t\ﬂﬁﬁcwgﬁmﬁmwbé%é~ﬁ?
REFETZEL., EPOBARFRLAVLOLET 5, HRMFEILIHER., EHE
BERHNCEVEHEEZROBAEE*HEL, BEFi030EEE2EEST L. ChEHRL L
RO T RTORFIRO2WVWTITA 3,

2.0 BEHR D ERK

DSMCETH . K FHMoFRA2HEE2 T 2B EEHRE e v O FONBERERSNA
Wk, BEL VR TEBZRFPEILCES (BOFHEHTEBEELLIBELUT
SNERS D, —F. BHTEHELEES TV vy /e REIRBOUHEIFLIE
LB VEERCLEIVNEND 3, Bird @il COREERLTHEZED LA D
TN S AOHEEEFT T NS ETBA L, COBEDOHFALCED,
DSMCHE D BAMBEEEWOF e EE2 LD EFARLL- Lo LEL. AIAEE
REFHAEOLIR . B0 PHERFESEEACEVWE AL s FEKEHEET
LTI TBMNE Y ab—vs YT 2BE, FEFEHETOHEARL-THZE®
ABKELELT B, COhd, BEOHRES 7T VAHVRLBEETS, HHhOE(LE
HEoHR e LOARS I TVEETILENE L, BEEVTE. BREEFOFE
KEWT. DSMCEDEAREXRIIMNEMEBCH LT L HEECL S, £IT,
Kaburakid (i, HEFEH s cEVWiBoBEZRINECFHmMLTY v 7Y ¥ N
PHiENHICHEeVEERT2HEEERELL. BF., v v 7V v 7 ErBEN
BosEsrt+SEsAhEdrny, PHHAHTEERE I D RECEN S, £ 0T,
MO EOEARLE., BBLTOPHOHTERXRE -~ TE&, RbHNBOELL
BAEWHiebbe T, FTHEHTEEE L L (R EAHEDRE SO v T Y ¥ 7T
EALEERT S, COTR, BoBL»O FHEETFEEXFEHELTCY v T Y ¥ 721D
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T HRI T LA ERRFy THLAERLEDP S, HEEED 2, —H . FHEBT
BAREFVWEBELSGEHE TR, HE Lt i3 7Y v 7 e VOB RECRIES
HHB, COBE. HFROBRRIY TV vy 7w VOPTITEI L, 2T
HERENVTHAbES 7Y v 7t rOoRKESEREBNBAtETREIOBELD/MEL
Lo TBILEBD 5o :

23R IEF T ETF A RNICBYSIHEFE, Yy TSV r I BOoRBE

DSMCE T, HERBROFHH I, AR cHE(DEFHroBR N IHEEOHENLE
FhEID LB VEBEFTBERAIATY I ab—v3s YETRILELES B, 01
&, BEEEE (instantaneous averages) 2T - RFFEFRICIR., HitH w5 &4
A=>2TWwd, —REIRcoBeE&TR,. EENEHBEOWS ER T YT A 4 TDOE
HFRoOBHRILEALTEL., 97444 X21030EESRTAETHRITNY S &
MELRSHVWEIHOATLSE P, CCTHE>I>IELINIRTOFEL cE LTk, 3
KTOHEALZEBECAFHCVIE - HEEEA NG, BEOFhoRFREEERTF

HARIGIE L LI EOE X E2AE TE 3, LrlL, BEORACBYIETH
CHEBELTEBEFORB PR LA S, BETEYE AR T vy v 7L EBREDESR

MBERDODDIDLENGS, HEFEHR. TEEOHFhOoBEREVYWSo N B, /. kE
EHRNoFeld. EANCRE LY HERE» SHELTHEEXERT 7T v v 7LV E
BMAHwOoNE, 2. ABNEREHEAVABEAORE— 2O FEB-HKTH 5
EFEAoNScRE. EHPREHEZ L ELEL LN S,

RBEOHE#R TR, BR2FAKCEBACEIHEBR TORBICCEEVPRA TS S & HE
bhd, IRTOHERICBOTRI0xI1000EAVEHAWSI &, E MDD FHRY
INEEELLD, EVORKESAFHEHTEEEEZA WY, LtE0HEREED
EEREIEBLTLQERPBDOMENS S, BEENBARDZEE. HitHIw 5
EEETI2OR, B boiFHeEd I Y vorEeEELONE, £, HTH
EH TN S HMORBRTHBILF T A YA X b —2DFIEBERLLEZEZEZIONBE, L
BPLEFS, IRRORATR, CHo oo HEEREREAZERRFEFICEH ~
SHhTWHRL, o, (EFOHEEZTILE, ChRhoDBEHBLELENL 3,

TIT, CCTRIRTODFr b7 s BN ERCEDRTHR. vy 7V vy 7HOH
HHEHERCBAIREE A . TERKROKETTHN e EFEOHERSE
Bed(=8x8)H DY » TV vy I et 5, v+ 7 s ADKEGH EH» S5 100k
tZEOEICHEYT I, VHBEFEREOEHALEFERZEN T H0.002[Pa). 283[K]T
Bho 73— yEENR 0,042, LLOBHEZRVHKEOREOREEE D
0.6 BICRRTET 2. BREFLLTR, LHOBB I EILBRN. o R3EE
RftE Lo BRY T LB, 3y 7Y vy 7 el TERT XLV VxS 5
DIBEELRBIEIBELTH S, HETR, KESIOHEY 7o BEREN T
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Computer Codes for Designing Proton Linear Accelerators

Takao Kato
(National Laboratory for High Energy Physics)

Summary:  Computer codes for designing proton linear accelerators are discussed from the
viewpoint of not only designing but also construction and operation of the linac. The codes
are divided into three categories according to their purposes: 1) design code, 2) generation
and simulation code, and 3) electric and magnetic fields calculation code. The role of each
category is discussed on the basis of experience at KEK (the design of the 40-MeV proton
linac and its construction and operation, and the design of the 1-GeV proton linac). We intro-
duce our recent work relevant to three-dimensional calculation and supercomputer calcula-
tion: 1) tuning of MAFIA (three-dimensional electric and magnetic fields calculation code)
for supercomputer, 2) examples of three-dimensional calculation of accelerating structures by

MAFIA, 3) development of a beam transport code including space charge effects.

Keywords: Computer code, proton linear accelerator, design, three-dimensional calculation,

supercomputer
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ISR T R A 7T EMAMN ) =7 v 2 PMEL LD LAV, BT ANV
—KBRED) =7y s TY—h AR EAMEMEPRIEE 2B L3UE, Y v
FAVE—F 2B L THE—AREZRHABRRELTHESL ) L L,
KIANEPREOY=TF v 2T, Ay ¥ b v ¥ —F v 2A0OFKHE
B D LAkwy,

SRDOELZCBELEEZOR, THTI LM LAV EMHEICHEL TH (L
EThHsO, B, BEBEOF 2 - v /oL Sk, BRI ESS— BN
rEEgEa Ly b - VR ESRF -y SOBEIER RS L, HLIBER
WENABETH L, SEEBGROEMND LOViz, FFRIIRA & — 0 % 30
KHE, FLTY =7 v OKBHIEBAREEOREANTOGKZEE 2 THET
XLMEESEZ LD, HAE, BELDEWITER, B0REREL MW 72 7
ADBEEIBE T ZOERT LERDED

) * vy MM E—F A ZE, ETOIMESREERIHETH D, F
KIEEE4E, IEEoRES 2 L., HEEEEEN P & Thif.

LEFHET D, EHI v v M =T U AZR RN IGEE LD H S,
T i% transit time factor & FEih, IEE OB ETHRILIEETH 5,
FNEEF DLy FEVICEBIMNEL AV F-ZRANTEHE R L5,
AW =ETLcos¢

oIk, BT oMEBSEEMHEE2ET. 2O ANF-BINEDOEE
AERE, COWIMCREY Oty P VORI 2EMEET
Wi, foT. B2y P VTHELNEZIANVF—DENETD

FU T e —

- Focusing |=__ - Defocusing
magnet | L=BA, t=1/f magnet
- Win Wout=Win+Aw

Fig. 2 Unit cell for a DTL accelerating structure.
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FOLNABETRL TV BV, T AL EEENKTFORT ZEERD
. MBS E LA 0O TF LWESF 2 — = v /¥ TEREN S,
AT —F 4 VL, E— AT AR AV EF— DR b H
o, IEORERE LT, IEESOMS &ML T
LED>DOT, IENLEEL D,
*LI VI VARE - ADIEFN EB LD, MAEDII v & VAR
TANE-DLENY & - ADBATHEOR S CHRT %,
*F Ty AR, FONEE TR TELRALS VEVARED

24 EHZEHwa Yo —Fa—F

A Va—%a- FEEIRE, F2OERN SO, BN od0FEFEEAL
TLEIEND L, Bl _0obiTLd, BRBHET - FEEIROHBMIZ, B
WD VIR 4 %5 T 2 HICH 55, FOHM—AEEEHEDOTLE )
HEH D, Bliil, v v AV E—F Y ZAHHRD TENRL TV S MRS L5 1
L id. MMOATS OB BIEIC L TV ABERH D, T2 T ¥ v ADVNE
{lp o TWABE I, ﬁ@%( WO T— FRRILEDL EVSBEETH D, EIE

CEEL Tad b, BELOEBPED TREVESbH L, b ) —208E,
—}@Aﬂ? FELTHIA A VENLI v VADEETH 5, MR
7 7 FIEWGET — F O, LT, FhEKOELMEZSIICHT 2550
B (BEM o E, F) . IEFNCEEETNEETE V.
ik, MEBOHERALOTHICEETH 5,

D=7y 7B IVE -7 I— FEMIRFIERTREA2 S ) —Hd
TBII, EOI— FOHBPIKEVWEEZ2 D k2B LW EE) DLEH,
9— Fohd BARCHS TRHET 2HEHEVHETH L, IR IE, BHIFHE
TJ— FORBEFBENMLTIEREZFAL TS, T, €02~ F2EVHRD 5
Bid, FOBATEICbP o TV AMBEREE LT, HECHERHS0F =y 7 %
Fud9, #0a— Fr3ELRAROER AN FEFELL ) L35 L, Ft
Brs—HRErD, EEMPHNICEHE- TR T35, i, FELTWE
v BT ENS L EA V. IEBERATHAL TS 2 — Fid, £0EVES
PHELXTHTH, IENAEEFFINTYWEVWESEH L, HHNLEEFZ
TEROBEEBEL (EP 72D TH A, NHWCEETIrb YT, HAEN
OEFHEWMET I HEHBALL THELDTH 5,

o7y s O ERED LI - FTHBEFRRALTH L, £0 T — FORARER
DY=TF v OEERELLPTVLIREINA TS, BOVWHELLIELLT
WEEAZFOI— FREELLEHELTwADME, a— FiEEE v EHWIT0 S
O EFS . R, BEOYAEE TR T (o TRWTS, HLw)
=7y s hRET AR EENER AR AELEETS TS, EOHEICHE,
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R T WIRIEET 20, HA5VEFHLL 2 FEEPLTREVT 2 VEY
Hho, X, EEENMHREEET L., FOIUAF 2y s DFEFBRNEER
E. BROMRSE L VERH b,

INFTOHEBOERIL, I a—F -0 —FREELZERHFTH O,
ZFOBET LWEBEIBVEY THLY, Sho A ERHTHICE, U=
7y r OeEE (REF BE Eil) FTE5OLEHIROBRE . meEE
o THRLENIFETH D,

3. BF Ty s BHOBO I Y a—F O~

BFrU =Ty rHitoaoa vy ¥a—ya—-Fi, FOHBWCL Y REL(=
T o5,

H—lt, Y254 F3I v A0ERMLEGEEH-> T, ¥— A LILEED
BT A—F—ZROLHEDITI—FTHBH (designcode) o I Tid, V=
Ty BT ALY —ANEOEMEEAETROIDNT A —F —DRELAAES
hdt, BERERCE - TERS LD,

B0 — FiE, F-0BRBTRDLST A% AELTHES T, V)
=7y s BAROREARYLTHELEDONT A -7 — ikt b, DIl THEO 2
—Fid, ¥—AY3a2lb—-Yarx@lT, HHICFry 7 3NT, EFEOFEE
D47 bhbd, f-oT, BE0a—-Fit, V=7 v 7 OERTEELHETS
R4 (generationcode) &, MEEN/V =T vy 27 ORTOE - ADELFHFVZHF
BT 5 E49 (simulation code) 2SR INE DN, THTH D,

Bk, VST v s BT AR (IEE XA ORI A
—FTHs (BHBHEI-F) , CCTR, WERBWTEREF S LA EARTE
PEOMMERRHA DEBELIET LAY, AT, T THESL B
MR, BT —FOANNTA—F bl o TV EGENHLDOT, £
EE=0I- FOBTHAOLOREREFLE 2B, Z DSk % Fig. 3 (2R
To T, Cho =0 - FOBHr IO TAHL ),

3.1 #—F% (design code)

=7y 2 DHERBRNT A5 —IROFBEEEZEZ OND,

FTFE—ACELTE, ZAVF-—W, MEEMI. =3I v ¥y e N7
FOFFEab, WEZ A NF—U, MMHEEFIEL T, BEHK L IEEHOMES
CE &M o, WRBADOWMEAS, T2 T8 v A A, BAJLEER Imax, transit
time factot T, % ¥ b4 Y E—¥ 27, HAEEES Ep. €— AETIPb. [
=& JJPco

) LREOEERE TOYRTERTREY, FLTHEFNTHLH
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B H T (ransverse) & #E/iM (longitudinal) @ ZFfEZEDSH 5,
HED) T v 7 THROABEELZNTA—-F —D—DIF,

duty factor = pulse length x repetition rate Tdh 5o = DRFEAICEL L
ZVED, Pb &Pc 23T, V=T v 7 Aoz Twnb,

SO T ERER, BV o» 0B THERTEY, V2T v 2 DHRT
FOEIRELIEERENE T TROEITRENT v, FOROFERWZE
%ﬁw(o#%%@?%ﬁbi%w :

A) HLETE—LAFTTY

P AOBENEES LT, TR ST THETAPITLD, &
DEDoTL b, HERER, W, KEBF., 2L Taxbrle, FOEEZ
TRWGT LD, BlaiE, IA P& THEEIC, BEEEL= Y FEHHLETES
RARELT, 2=y b VI ORI ERDTEINE 2T Hikbd b, B
. EREG S ) — v REAOS L TRV LAREBRRIGT AT -5 %2 Y
27y EVIESEMTICBVWTEIETHERH LS Jvwad, IEEFOE—
MEE R CORBEERTE 2R CRRTEHEDE V.

119
~—

T

aul

B) Y— AOMHERER? |

V—ADEUEOPTEEL O, ANEBTEOKE S, AT

—DENY ., MANLI vy Y A0, SRLE, 20U =T v s OERMARRC
LN #DERIENAED > T DL AR, ZROFTOUREIEDL L,

C) BEINTVWAERAR T THATRERN?
BT, L3Iy ¥ Y AOBRBCETLAEERY S5, —K. COEEE
FOLANF—MEET CEES STV DON, V2T v reRich 5 ERRE
WHL LY &L, SELIEESEPIEAENLAE S L LENH L, I,
ORI A E - 53T X — 7 — T B REBAIKRE v, 37 L TASYE
— LR EOREITHE TEL EFRELTBTIIVW O, £LT, FHELOMR

EERSLCHET 223 v 7 v AQWIMN AN S P KE VRGOS, o
21 b RS

D) Mid 7 EgHEx ?

B2, BITERREE £V WL, BE D IERRTOBRVEET
BTHE-TLEV, MESOFAELEMIILTLE) L) 2FFA2ET. KER
ROMEE W B, HICRFQ $72 0 Tidd B, BEZG IR 2 BRI Ko
TWIEdd o7z, EOMREHDD ETEDBEORAFT LN &) Lz

728 —n
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CZHERHECTAENFETHS ),

E) #h
PEnEr s, Vo7 v oefe@ L T, FRC—> 0GR 5 REHY

RLBRTREVEVIRFHIET S, —DORFI & WH W EBRRIEL R v
HE Owb®LY—AYIal—YasvR#EELTVAEY, FEEETELEVWER
BhAHE, FLTEEIC, Vo7 vy 73, E—a b ) HIBEREIC X DERFE
XNLHEFERL T, BEMGEHEODL ECHB LAV OREI§5FICE L, £
oA, KEOFEIC AT A13E, 2 OR/MEFEER I ML,

KRR Y =7 v 7 Tk, KBECHRT L2 EHEHIRZHE TR L
AiF ST v, ZREFYRE, B A VT @B TEOHRFE L v
5, REQ EDTL 75 %2 B ASIERG 2 E 2 b AT OEEREZTISHEDL S
s, BRI, 5RO AST RIS A o 7o A HE LIS MmO
T v F VB EELT, Iy s a7 FTI50keV E TIEL T, DTL Ok
A LIFABICNAYF Yy — %@L THLDIL A€, £DRHEOE— 4
DHEEFIED I I v & ¥ A % g 4 \WiRT . T RFQ % A AUMNELEZFEH S
. oA TIv s O T NEAYFY—DEDLYIE) &, TI v Y AEFg S
DLW B, Fig. 4 TREFEFAIOLI vy v Rid, TOEEEERNFPITENT
LEJo o T, ABEICBWT, HAHMEMAMNII VY VADREEED
BBIRIZL &9 (Bquipartitioning) &9 i8ER 20 232 D iZ (v, RFQ DREMIC &L
h, FIBHT, WABOT Yy F 7T TELLIEE T

100_,, R B 100:;-‘-'—:Tr.'....l..
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Fig. 4 Injected beam with a buncher. Fig. 5 Injected bean with an RFQ.
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$£5 T, designcode 2D AN B FERBEFREUTOL ) %2HBETHE (DIL D

e o

* ASTH Dequipartitioning #E[E T 5,
HHM LT NOAMBEE O AV F -2 EORII LT, LrbY=Tvs
DHEE DI H T v F 7 &4 D, equipartitioning DFEARNERT &

2 2
O 2 0 b EL_
Et

G, b
a

oL

Etz

£, =——
2B Moo

ML oo Ny FOE S EMNBEMAIRELBL THARL TV E DT,
ZRPGUECEETHZ, ToRid, BEASESIZC VL) ITELNI
AFLT, LrbEEBHOMMES DI ANT—DNS Y AR ELEFEER
LTwh,
* equipartitioning # IR ICONTED L S TELEE L P RO L,

BAE T EOMAMEAEIEICONTED L) KRS TP RD B,

F— ADONERL A NF— R THLI v ¥ ADEMEERT 5,
¥ LIVIVAET O T AN E HLEIZFET 5o
*BHOKEZ%2EET D,

* HHE DR AFEBBEREE R 5o

REQ . DGR & hEEE Tk 5 A, ORI OELE—TTMIZT
ETAFIEEALAL. BHEM R TAMEE LT 2 5, BT, 1A VEPL
DDCE— L% ) ILNVFEGLHAPFNREERELOT, N Fr 7ET 0K
BALOFFEPMIEEIZ LR TWA, DILEEO Y =7 v 73, IE &5
OLHIIFT LT s O THHER SV,

PDlraEmEEICELLE, VT v I NODAFRKONGA—-F—Dt v b
L, FRGOBALDMA T EECEFTE, FOHB2EESEL DI L) ESREA
Dy P PEZLNRE, FORTENITRETH LML, FIMEI - FIi2LD,
o7 v hBELT, V=AY Ialb—ar¥fihoT, H#T 5,

32 #7%% (generation code, simulation code)

MRS OBENRELLLI, BFIVZT v /70T TUlbzo THEATES
= FRELELE V. o T, MEEOHEEF L 0T — FIFLT B &
BB oo — FRFETEHELS D, FILINEGHPERSNDIEE
it FOMEROFYE LV ECRETE2 - FPRMEINBRETH S, L
U0, HRMICHEA L CnAERN 22— FIEELTEY ., IR D

i30 -
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VI T DRBEEBIRITN RO AT FEAE (LANL) © 32— FH% (.
WEEERE I 2B VWRETH L, 2OHTHENLZ 72— FiZ, RFQAD
PARMTEQ & DTL /§® PARMILA ) T& 5,

PARMTEQ & PARMILA & 3 # DGENERATION £ id 3 T2 { o DFEAER
R X ) FOBEEZMIOLNTVE EWVWE LS, SIMULATION# S B TET
BYO, REDYIalb—Yaritldtagenzs, 272, RO EBERSE
RN IR W, B F A R BTN DEES Y v T ORMIE T
ExDANTBY, 2OBEF vy 0 BLEEEZT,

CCL  {coupled cavity linac ) Al — Fii, HRIEED S 0%k <, &HF2EH
THEDOI— FEREBL P LIFRETE IS Tvwb, KEKTHRES N/ a—-F
(PROEND) EXRD &) it b > Twi,

2 E— FOILEE ¢ ETET 5,

R ERIEE & S EERILES AT E B,
MIMONEREEAZERZABMICEET S,

Viab-va v, EEOF - I BITAEIETRER & o
JBEEEL TV, |

BN e

HEICE, COI—-F2 3 L CEBESNLI Ty 7 3HFHELLZVWOT, 4RO
M EE L 25, |

HE, I vy AOMROMBIBEOFRHIESL, BTV =7 v 70XV
FEOBEEMEN B EBBRENLILE-TWVEL, £ Tk, £% - 7-FEEON
WEDOHEDO< vy F 7 FDBOY - AEREVEEMBE 25, 14 ViFERFQ
D, % LTRFQ LDTL DO ¥ — A DIELFE V& /LB, EHEMYES
HEMIEY) AN Y- aWgBEo I —F (LEBT ) #FRB L. +0O8EMEL
TS &,

LHBEMY R EAL O T TEHET S,
2. VrE Ty ZFECL N ARAERE L,
3. A—N—2ryVa—¥—Fica— F{¥3,

p—
3

MEOREOLFICER P H 2L L wdy, EBICELERERIEL LD
VS h ol REKEILREICHRNS,

33 E=FE (BRI MT - F)

IEE OB OBEEIBAM L TWE, 21T, Tk, HEHELHE
D CELFE, BERENDBENFELTREAETH L, 3k, INEE S
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AR ORIED ¥ 4 THE P o 20T, B3 % EHEE T — F2ilR T 55U

PERFISH ¢ 58 8 7=, BHEMESLEMLASTH L, LA HEL
IR R R E R E O ELEY RIS o T (BAKS v 77—, MEEOKE
. DILOFEA My 7T —, Fa—F—7RE) | £ TiE, tial and error TH
R FTTe o T T2e SRICERSIRIT T — FOBESC 040B TEIFF TS
TWI=DTh b, BAWLIRTERSMT T — F MAFIA ) SERICFIATE S
13 hoT, COSBOENCEORBIFELZLNTH S, LYLEFSL,

I OKEK 1 317 2 FI B3, sHEHEE SRR LK 2 BEFEOSDNTS T
HoT, SHOEHERIFIBREINTHE, AR, T0L) BRI - Fit,

S DIED PO EEN Iy P a—F —HIZEPNLIRETH o T, £DH, MA-
FIA \CIEAEDTE S, Table | KEK T L fibhbI—F& I &0/,

Table 1 Examples of codes for designing proton linac.

T o A =R
RFQ RFQUIK PARMTEQ MAFIA
GENRFQ QKEK SUPERFISH
KEKRFQ
DTL EQUI PARMILA SUPERFISH
DELIFO - MAFIA
CCL : PROEND SUPERFISH
MAFIA
Beam line TRANSPORT
' LEBT
Magnet PANDIRA
IMAG

(TP WTH A DL KEK B)
4. a2— FFIH O BRI

KEK DRt AT ADHR Tl o TERETES ##MT 5. £7. KEK
DETEARIRIE % Table 2 R T,

| SPEEREIERET L LT, FEREVBFCHL, AFTF—a Vv Ea—F—
(M6SOH) tx. FIFH# 2 BEARITAT 75MB, HERMF2HHETH L, A
—)$— v ¥ a-—-F— (S820) ik, ERMICFIANLE S CEFEIL 128MB,
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Table 2 Speed of the computers at KEK.

_ MIPS MFLOPS
HITAC M680H 32 59 B-system

REAHITAC 150 100
Super HITAC S820 3060 C-system

SHEREERIL 00 TH B, ANT— IV Ea—F —RBREEIE VL, EEZAK
PRI OTENL Lo CLE) B0 d b, KERZRILIHREETHHEIC
i, CRLIEEEL o TwAEY, XBCHHSWBITMFL T4,

4.1 MAFIA (old version) D F 2 —=2 7 |

MAFIAWE, Maxwell FRRFF CBEN LI — FTH B, BT, ARIGHENT
LT, B (F—5) 24t B8ERES CHHERELDT, 5% L bF
BAEERSwEBbnd, FIIEEHEL, EoERMO»»AREDOY 3 7H
WETREZOT, FRECAHT -T2 —F 2T o TV ZMAFIA & 2 /¢
—A Y VA G TELE ThT, I— FEHEMWILFOs P VLERR
820 % Thb, EFlLoT, A=N—Tr¥a—F—%F) PO TORBTH
D, BREOLP o, EELTH TN —7 4 Y BT LR EOVEEDRE, .
B, 7 PAEE 93 9% D e B, ThEEECTBEICR, 2kl
X ANLELTLOT, EEEPIEL, COBRE AVT—av¥a—F—
BT 8240 (155000 4 v ¥ 2) dro RFESF A N—a3va—-F —ETE 5D
TTEL LI ol, OB EFig 6§ £Fig 7R,

100 i L T Ll L] ! 1 L T L} '; L) 7T ¥ i 20 .l LR .. L LS ! Lo 3L L ! LI B l L | l.
A
,§ 95 - S § 15 .. ................. ............... @ ............. N
Y i ] g i i ‘s ]
- b H L Rt 3
R s ol = o
';é 90 .:. . 5 o -: g 10 -__ ...... P ..... O ......... . .............. -.:
T . : 5 2 [ L 40! ' ' ]
» L o 9 1 E
g H U H 3 H H
N 80 L i ' A ' L L ;) d. | L L . 1 0 -! § 1 1 t [ i | l 3 3 2 4 ' |
0 5 10 15 0 5 0 15 20 25
DAY (April 1990) DAY (April 1990)

Fig. 6 Increase in the vectorized ratio by tuning.  Fig. 7 Increase in the speed of calculation.
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CTOERERBEVRE L o, KEKDA— =TV Ea—%—id, X7 bt
BPEOGLULENDTI—~ FTHEEE —HIIERLTWL LI DT, 72272593
% Tk, MENEWIHFTHL, BCRWERAREPFPER SN LFHLED LK
W2y A—=N—Hona—-Fig, BH»PLENLHICHBTRETHL L) ERESE
oz,

42 RFQ O BRI H

RFQ (Fig.8) i, BT AN F—fHB O/ F 7 R EDYE & IE & % [F
BEICAT R I V=7 w2 b LT, BiffEnTws, AT FRINEDZEAHT
TE21 TH Y, MEEBRIZ) QN2 DT A2HBICL VIMEESERD 2/EoTwWa, IO
IERST 2 @B RPICHMAIEEHICLY), A4 VIEFPSELDCE—A% ) T <
INYFEELENHEEL, BN TEVwI 0T — R, EulfEbh Ta - Bl
FH# 77— F (LALA, SUPERFISH) THIAER Nz v IEFIT micky ZETHEE
(BWT7T =LAz T F—F+VRIOHEZITR D) 2HWwEEIILY, FrE AT
%o Tz, ZRITEMBEIE T — FOBBICLD, RFQ IR ICFHEMIERS L9
ot LPLLYH, BBERAy VB ERERNEE LS L BAEDKEK D
REVEHER Y AT A BWTHIATE 22— -8 FIHTER AT —, £5)
MREEEE) PHHECHHE SN 2EPET NS, Fig. 9- 11 {RL7-DHI,
MAFIA iZ & 2RFQ O HLEBRIBORIERETH A, TOFFEIL165000 A v ¥ 2 il
TAT v, BPEERH305THE (MESOH)

Fig. 8 Four vanes of an RFQ.
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Fig.11 Geometry of the vanes used for calculation. Fig. 12 Magnetic field distribution for
post mode.,

43 DTL OB

DILZ, FUZ I Fa2—7&R5TFT2EHDRF APANEEITHRE T, SU-
PERFISH 12 & h e 2t E A% 72e L L, IIEEROREDRBITKA M v
T =S b ECHE IR L 5. MEEOEEI 4em L RE VO
LT, RAMAY 79— OEFZI leamTH Y, F2—=r 7 OEOBEHEIL mm
OHMTHEP L, B A Y V2 DRKESORFIVEL D, HEEL LT
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A.

Fig. 13 Electric field distribution for post mode. Fig. 14 Geometry of DTL with post-
couplers.

Ly hER A MEN LD, Av a4 XoeRkE CELEEL L
FHEEENAE B o TLE Yo fho TEHFOA v ¥ 2 HAT 100 HRE T,
D EVEHEIZ R G VAN H B, Fig 12- 14 RLOR, KAy TI -
X ODTLOSER R TH 2. MERALS %P0 b BREOET-FIFLhDY
D, KA LE— FORATICRIEFICRIC D, X v ¥ a2 Bid 405600, IERFRE
1134 TH 5 (M6SOH) o |

4.4 LEBT (Low Energy Beam Transport ) & 6]
B O T 0EE R

9%=q(§+\7x§) p=mg/Vv

LB, T8 TR—BIC L AR T VB EREICHE D . EREHNRIMEL
DEFORO s —n v EFELTMYALFILT . |

cwﬁﬁi%@ﬁwwvfﬂvyﬁﬁiD%ﬁﬁ%@of%<oﬁﬂﬁgw
m%ﬁwf\%%#%x—ﬂeﬂyzlw&—MKE%Lf:—Fﬁ?%oME
SEO Y —h T4 Y EBELTROBRER L L7

LEMESZPLET S,

2IEEAT Yy TIRBEHSNT AT —ET bo
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3. AWM EEANEAZRNED .

4, MEF v v TEND ANb,

5. R EAAME IR IL . transfer matrix i L AREEM L TS %,
EREO AR TEREBEL, A b0 TLHARD L LD ITT 5,
EBEE - ALY FE—AETDERD .

MR SBCERNFOF—5 27 7 A NIEEHT,
PELRV-LAOWERHEL T, 9 7ERT D, TO—HEAH T -
TIT% J o -

Table 3 12, HED IV ¥ 2 — ¥ —DFEDOHELE L R L 7,

o0 - N

Table 3 Increase in speed of computers.

1978 1990 YEAR
BlZETEH 1 59 MFLOPS
~g b 10 3000 MFLOPS

1978 4ED 3 v ¥ o — ¥ — %ff 5 T, P-P (particle - particle) Gl E 24774 ) &, HIA T
Bt EA I 28 BB 2D, X7 PV TITR D E 3P E L, P-PEtE
BFEHTHD LHINT W, E253, B0 Ya—% —Tidks 2845
L3RR OTHE, P-PEHEZRATAMERSL EFEX 5N 5, Fig 15 IX&RAD
RAELZE—AF A VESH0om 25HET 2 ORLERFEERT, HTH
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Abstract

I am deeply honored to have been invited to attend and present a talk for the 7th meeting on
Nuclear Code Development at the Tokai Research Establishment of the Japan Atomic Energy
Research Institute. It is a great pleasure for me to have the opportunity of attending this very
interesting meeting and to illustrate our work on massively parallel supercomputing.

At Boston University a few years ago we took the bold step of acquiring a massively parallel super-
computer, a Connection Machine CM-2, making it the central resource for a multidepartmental,
multidisciplinary research effort. It was a bold step because at that time there was considerable
skepticism about the range of problems to which this new technology could be applied. However,
since that time, researchers at the University have shown that this new technology can indeed be
applied to a vast range of computational problems.

In this talk I will analyze the viability of a massively parallel architecture for various types of
computational research projects. [ will focus on the main algorithmic aspects of wide classes of

computations to discuss the challenges that they pose for a massively parallel implementation. The
three major classes of computations will encompass:

¢ the solution of field equations, where the data structures and communication patterns are
well organized and of local nature;

¢ molecular dynamics simulations, where one still has well organized data structures, but faces
problems of global communication;

¢ optimization problems, with variable data structures and variable communication patterns.

For all of these classes I will give examples drawing on the wide range of massively parallel apph-
cations under investigation at Boston University.

Finally, I will discuss some very exciting possible future developments in massively parallel super-
computing.
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1. Preamble

It is a great pleasure and a great honor for me to be given the opportunity of presenting this talk at
the 7th Topical Meeting on Nuclear Code Development held at the Tokai Research Establishment
of the Japan Atomic Energy Research Institute.

When I received the invitation, I thought that it would be a great challenge to give a talk on topics
of advanced supercomputing to an audience of computational scientists of great expertise, such as
the researchers attending this meeting. What could I say that, without being too technical and too
specific to my research field, could nevertheless convey valuable information to the scientists in the
audience? I decided that I could accomplish this task by reviewing our experience at Boston Uni-
versity in adapting a massively parallel supercomputer to a very diversified research environment.
Massively parallel supercomputing is indeed still a rapidly developing field and several questions
remain open on how suitable it may be for a wide range of computational problems. At Boston
University we faced the problem of porting many different applications to the Connection Machine
and our experience has to large extent become a case study in the development of massively parallel
algorithms. Thus I hope that the work we have done in recent years at Boston University may help
shed light on important questions of a more general nature on the applicability of the massively
parallel paradigm to advanced computational problems. I hope that my talk may provide the au-
dience with valuable information on these pressing matters. Preparing it has certainly helped me
focus on broad issues of algorithm development and I wish to express again my gratitude for the
invitation to present this talk. Let me make explicit my thanks to Mr. Masayuki Akimoto and Dr.
Konomo Sanokawa of the Japan Atomic Energy Research Institute and to Dr. Masao Nozawa, of
the Nuclear Energy Data Center, for their invitation and to Dr. Mitsuo Yokokawa of the Japan
Atomic Energy Research Institute for invaluable assistance in the organization of my trip.
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2. Introduction

Bostonr University has long recognized the importance of advanced scientific computing. When
I joined the University in 1986 with a background of several years of research in computational
methods for particle theory, I was very pleased to see that many of my newly acquired colleagues
were quite active in a variety of computationally based research projects. The University’s com-
mittment to academic computing was apparent from the fact that it was one of the first academic
institutions to provide its scientists with a vectorized supercomputer, an IBM 3090, and had in-
stalled a campus-wide advanced network and many departmental computers. This prompted a few
of my colleagues! and me to propose to the University Administration a further expansion of our
resources, through the acquisition of a more modern and powerful supercomputer, and the estab-
lishment of a Center for Computational Science, which would capitalize on the widespread interest
in scientific computing to create a forum for the exchange of information and the promotion of
advanced computational research. I am pleased to report that both suggestions have been met: in
the Fall of 1988 Boston University purchased a Connection Machine CM-2, made by Thinrking Ma-
chines Corporation, and in November of 1990, the administration formally inaugurated the Center
for Computational Science.

One of the most important questions that we faced at that early stage was what supercomputer
would best fulfill our major goal, namely to provide a resource, pioneering in nature, but at the
same time capable of sustaining a wide, multidisciplinary and multidepartmental research effort.
Needless to say we explored several options, including the most advanced vectorized supercomputers
then available. We also considered supercomputers with massively parallel architectures, with
particular attention to the Connection Machine with which some of our colleagues had already
had research experience. It was immediately clear that massively parallel supercomputers would
be very powerful for studying some special classes of problems. The crucial question was whether
their range of applicability was sufficiently wide to justify making a machine with such architecture
the centerpiece of the whole, University wide supercomputing research activity.

We examined this matter very carefully and during this period established the beginnings of a most
productive interaction with scientists at Thinking Machines Corporation. We became convinced
that it would be possible to port a sufficiently wide class of problems to a massively parallel
architecture and that the potential gains in performance that the Connection Machine offered
warranted the acquisition of this new technology. Since then many of our scientists have made
enormous progress in applying the CM-2 to a very wide variety of computational research problems.
I think that it is fair to say that the range of applicability of the Connection Machine has not only
met, but and exceeded our expectations. The history of our research efforts has become to an
appreciable extent a case study in how vastly and efficiently massive parallelism can be used in
solving advanced computational problems. This is the topic that I will address in the balance of
my talk.

'I'would like to mention their names in order to give credit to their pioneering efforts. They are: Richard Bro»\;er,
David Coker, Robert Devaney, Dan Dill, Roscoe Giles, Stephen Grossberg, William Klein and John Perter.
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3. The Connection Machine

In this talk I will focus on the Connection Machine CM-2. This is of course not the only massively
parallel supercomputer commercially available. There are others with excellent performance which
also allow the user to take great advantage of this novel architecture. But I know the details of the
Connection Machine best. Moreover it is the supercomputer onto which we, at Boston University,
have ported all the applications that I shall illustrate in my talk. Although I will concentrate
on the Connection Machine, many of the things I will say are applicable to all massively parallel
supercomputers. However, some of my remarks will be specific to the class of computers known as
Single Instructions Multipie Data (SIMD) machines, others will be even more specifically directed
to the CM-2,

The Connection Machine is a SIMD machine. Data are distributed through many processors.
Operations on these data are performed by the individual processors in parailel, with each processor
accessing the data that reside in its own memory. But the operations performed are the same, at
any given step, throughout all the processors. Indeed, in the CM, the instructions themselves do
not originate in the processors, but are broadcast from a front-end computer, where the actual
program resides. This mode of operation — identical instructions performed on distributed data -
constitutes the mode of operation characteristic of a SIMD machine. Multiple Instructions Multiple
Data (MIMD) machines instead typically execute different instructions in their multiple processors.
This mode of operation is characteristic of all supercomputers which possess multiple processors,
but in rather limited number, (frequently, but not necessarily, vectorized machines, e.g., an 8
processor Cray Y-MP). These are parallel, but not massively parallel supercomputers. There are
however massively parallel supercomputers with MIMD architecture as well.

+

As I mentioned above, the processors in the Connection Machine access and operate on memories
directly associated with each processor. In contrast to this notion of local memory, one can think of
situations where every processor can directly access data anywhere in memory. This is the typical
mode of operation of supercomputers with limited parallelism. But given a very large number of
processors one would run into severe problems of bandwidth as well as memory conflicts. Thus in
massively parallel machines processors typically access only subsets of the data directly. “Directly,”
however, is the key word. Through a suitable communication network every element of data can
be made available to every processor. The efficiency of such a communication process is of crucial
importance for many applications.

An examination of the details of the architecture of the CM-2 reveals a rather hybrid structure.
Indeed, the present Connection Machine, namely the CM-2, and the most recently released CM-
200, have evoived by virtue of the addition of very powerful floating point capabilities, from a
machine with simpler architecture, the CM-1 {[1]). This evolution has increased enormously the
capabilities of the Connection Machine, but has resulted in a hardware architecture in which two
different design concepts coexist.

The original architecture of the Connection Machine consists of a large number of single bit-serial
processors, each one with its own memory. The total number of processors is a power of two, with
218 = 65536 = 64k as the maximum configuration. Today the memory of each processor can be
as high as 1Mbit, resulting in a total memory of 8Gbytes in the maximal configuration. From the
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point of view of the network, each processor can be thought of as the vertex of a hypercube, e.g. a
16 dimensional hypercube in the case of a 64k machine, capable of communicating directly with any
neighboring processor in the hypercube. Communications between non-neighboring vertices must
proceed in steps. However, because of the hypercube structure, every processor can communicate
with any other processor in up to log, {number of processors) steps. (In reality, the situation is
even better than that. Since in the actual hardware, groups of 16 processors physically reside in a
single VLSI chip, the real communication costs apply only to communication between processors
located on different chips). '

While this architecture has proven extremely efficient for communications and a variety of logic
manipulations, the bit-serial nature of the individual processors does not allow for great efficiency
in floating point operations. Thus, in a further development, fast floating point chips were added
to the hardware, leading to the basic design of the CM-2. One floating point chip was added
to cach group of 32 bit-serial processors. These floating point chips can address the data in the
processors in two ways. First, floating point numbers can reside entirely in the memory of the
individual processors. Then, if, for example, all 64k processors are used for a calculation and a
parallel variable, say A, is distributed through the machine, this means that A represents an array
with 84k elements. In order to operate on this array, every floating point chip wiil operate in
sequence on the 32 elements of A which reside in the memories of the 32 processors physically
linked with the floating point chip. But secondly, it is also possible to store floating point data in
a “shared” mode, whereby the 32 (64) bits of a single {double) precision number are distributed
through the memories of the 32 processors linked to the floating point chip, which accesses them
all simultaneously for a floating point operation. Then, clearly, if all 64k processors are used, as
above, for a calculation and a parallel variable A is distributed through the machine, A is only a
2k element array.

The hybrid structure I was referring to consists in the coexistence of these two hardware elements,
the bit-serial processors and the floating point chips. For the bit-serial processors, the granularity
{i.e. the maximum subdivision of the data) of the machine is very fine. For the floating point chips,
the natural granularity is 32 times coarser. This coexistence of two distinct hardware concepts is
an accidental product of the actual evolution of the machine, not an essential feature of it, and I do
not expect it to survive as new models of the Connection Machine are developed. It does not result
in any penalty, from the point of view of the efficiency of the machine. On the contrary, for some
calculations, the availability of two modes of data storage can be an advantage. We do not need
to dwell any longer on such architectural details and even the programmer can ignore them to a
large extent. The only crucial notion is the amount of granularity of the machine, which in a fully
configured CM-2 (or CM-200) and for a shared storage of the data is 2k. Programming can be done
at high level. Thinking Machines supports a parallel FORTRAN compiler (FORTRAN 90, with
some extensions), a C compiler with parallel extensions and a parallel LISP language. Moreover one
can access all parallel instructions directly through an extensive set of PARIS (parallel instruction
set) subroutine calls, which can be incorporated into any of the higher level languages.

Another important aspect of the hardware is that the machine can be partitioned (up to fourfold
in the present CM). This means that if an institution has, for instance, a CM with 32k processors
(as we do at Boston University), it is possible to have all processors working simultaneously on
a definite problem, or to have the machine divided into any combination of sub-cubes with 8k
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or 16k processors and have them work independently under control of the same front-end or of
multiple, independent front-ends. Moreover, any configuration with a definite number of physical
processors, say 2%, can be used to implement caiculations with a larger number, gntl ont2  of
virtual processors, if it becomes necessary to accommodate larger data structures. This means that
larger hypercube configurations can be implemented (very efficiently, too) in software, replicating
the data within the memories of the physical processors up to memory capacity.

The data in the machine can be visualized in real time either by means of a frame buffer, which
permits the display of bit-mapped images of the memory on a high resolution menitor, or by sending
the data through the network to some generic display terminal. High capacity Data Vaults permit
the storage of large volumes of data on arrays of fixed disks which can be read and written in
parallel. This makes it possible to download large portions of the memory of the CM, or the whole
memory, in a short time and, if desired, to run the system in a time-shared multi-user mode. At
Boston University we integrated our installation of the Connection Machine into a computational
environment consisting, among other things, of several Silicon Graphics computers (serial processor
machines with powerful special purpose, vectorized graphics hardware), a Data Vault and a Very
High Speed network (these last two items were acquired through grants from the National Science

Foundation).

s 44_
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4. Algorithms for Massively Parallel Computation

It is rather obvious that a massively parallel computer can only be useful for problems which involve
a large number of variables that can be manipulated with some degree of independence. Then one
can try to take advantage of the large number of processor by executing simultaneous operations
on the arrays of data. A problem where only one or just a few data items can be manipulated at
any one time is hardly suitable for a massively parallel architecture.

Thus, for instance, if our problem is the one of calculating the trajectory of a single classical particle
in some potential field, where the only relevant variables are the particle’s position and velocity and
the calculation must generate iteratively a large number of subsequent values for such variables,
nothing can be gained from a massively parallel computer over a single processor machine. But
then, luckily for the potential applications of massively parallel computers, it is precisely those
calculations that have large data sets that normaily end up being the most time consuming and
therefore those where an increase in computational efficiency can produce the largest payoff.

The application of a massively parallel computer to the problem of calculating a single particle’s
trajectory would be justified if one had to repeat the calculation a very large number of times in
correspondence to a very large set of different initial data. Then the massively parallel computer
turns from being the less suitable machine to being the most efficient tool for the problem un-
der consideration. Indeed, every individual processor can then be assigned to the calculation of
one of the independent trajectories and all can work together performing at each step identical
instructions, namely those that serve to advance the trajeciories to their next iterates.

Such an application is not so farfetched. We encounter it in the study of dynamical systems when
we want to determine which domains in phase space correspond to stable, bounded orbits, which
domains correspond to unstable, unbounded orbits, and where the motion is periodic rather than
chaotic.

Similarly, one may want to study the properties of iterative mathematical mappings, such as those
giving origin to Mandelbroot sets or Julia sets, with all their interesting fractal behavior. The
operations to be performed are really elementary and the complexity of the caiculation arises
entirely from the fact that the mapping must be iterated over a very large number of points,
trying to explore its behavior in the complex plane with as high a resolution as possible. At Boston
University Professor Robert Devaney and collaborators have been studying these iterated mappings
(2], [3]). Not surprisingly they found the Connection Machine to be an ideal tool for calculating
the fractal patterns determined by the iterated mappings. In some of their research they have
been using movies which visualize how the patterns change in response to the variation of some
crucial parameter in order to gain insight into the mathematical properties of the mappings. Since
producing a single pattern, i.e. one of the frames in the movie, is per se a computationally intensive
job, one can easily imagine the number crunching required to produce the entire movie. Professor
Devaney and collaborators found that they could accomplish with an hour of CM time what it used
to take them over a day of CPU-time on a more traditional, vectorized supercomputer.

Of course, these are rather special applications, and one can hardly expect a generic large scale
computational problem to be so benign as to involve totally independent operations on a very large
data set. In general, the results of the operations carried out within one processor will have to
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be communicated to other processors in order to take into account the interdependencies among
the data. This becomes then the key to the classification of algorithms that we will use in our
discussion. We will broadly subdivide all computational problems in three-groups, according to
whether the required interprocessor communications are of local nature or span the whole processor
set, and, in the latter case, according to whether the pattern of operations and communications
remains regular or varies substantially in the course of the calculation.

4a. Problems of Field Modelling

There are very many problems where one needs to solve by computer a set of differential equations
that describe the configuration or the evolution of some fields. The equations are discretized on a
lattice and thus converted into difference equations that must be numerically solved. Such problems
map extremely well onto the architecture of a massively parallel computer. The processors are put
in close correspondence with the vertices of the lattice or, in case the number of processors is not
large enough, with blocks of the lattice. Data elements that are neighboring in the physical probiem
are assigned either to the same processor or to processors which are neighbors in the hardware
interconnections of the machine. The difference equations involve therefore communication among
neighboring processors only. On the CM the transfer of data elements between contiguous vertices
in the hypercube is extremely fast and indeed the problems that belong to this class are among those
where one can get very high sustained performance without much of a programming effort. The
required communication primitives can be implemented via PARIS calls or directly through high
level language instructions. FORTRAN 90, for instance, has shift instructions which permit us to
bring a copy of the neighboring elements in the lattice array onto the desired locations. Complex
boundary geometries can be implemented by imbedding the system into a regular, rectangular
geometry, using suitable masking operations to involve only those processors that represent interior
points of the field.

The theoretical peak speed of the CM-2 is obtained by multiplying the floating point execution
rate of the individual floating point units times their number. For the CM-2 at'Boston University
the floating point chips operate at approximately 7MHz (more recent models achieve 10MHz).
In principle a floating point chip can execute ar add and a multiply simultaneously, resulting
in a theoretical peak speed of 14Mflops per chip. But let us leave aside this possibility, which,
although realized in some specialized code, is not likely to be encountered in practice. Then the
1024 floating point chips of our 32k CM-2 have a theoretical peak speed of 7Gflops. In problems
of field modelling a reasonably well written code, even in a high level language, will easily achieve
a sustained performance ranging between 1Gflops and 2Gflops. In many applications one would
have only one fourth of the machine available (an 8k partition), but could still achieve a sustained
performance of several hundred Mflops.

In another class of problems, that describes quite different physical phenomena, but which is al-
gorithmically very similar to the above, the evolution of the variables is stochastic rather than
deterministic. One encounters this case, for example, in the statistical mechanics simulation of
finite temperature systems. However the evolution of the variables is still determined, albeit ir a
stochastic manner, by the values taken by their néighboring variables, so, from the point of view of
communications, the problem is similar to the above. In some cases the need to preserve statistical
independence in the evolution of the system forces separate upgrades of the variables at even or odd
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lattice sites (the so-called checkerboard or red-black subdivision of the lattice, well known also from
vectorized implementations). One can then either use a masking operation to upgrade only the
even or odd sites at any given step or, at the expense of a slightly more complex communication
pattern, associate pairs of sites, one even and one odd, to the individual processors, so that all
processors can remain busy at all stages of the upgrade. The best strategy will be determined by
the balance of the communication versus operation costs in the specifics of the problem. However,
an important notion in approaching massively parallel programming is that, because of the very
large number of processors, operations have become a cheap commodity. One can then afford to
have only part of the processors active at any one time and, provided this fraction is not way
too small, the overall code will still perform at a satisfactorily high speed. In other words, with
massive parallelism, the application scientist should free him/ herself from the notion that, because
computing is so expensive, every single unit of the supercomputer should be kept busy, if possible,
at any one time. The massively parallel supercomputer should be thought of more like we think of
our own brain: we have so many neurons that we can afford to keep a large fraction of them idle
at any one time. Indeed, if we managed to put them all to work simultaneously, we would end up
with a major headache!

The problems that I am most likely to encounter in my own field of research, computational particle
theory, belong to this class. The applications of supercomputing to particle theory are fascinating
and they are also extremely challenging from the point of view of the computational power required.
Since they do represent my own field of interest, I would like to be allowed to spend a moment to
illustrate them in just a little more detail. :

Particles are described in terms of quantized fields. Their properties result from averages over the
quantum mechanical fluctuations of such fields, very much like in statistical mechanics the values
of physical observables are given by averages over the thermodynamical fluctuations of the system.
In the theory of free fields, the quantum fluctuations are determined by a gaussian measure and
therefore it is possible to calculate the quantum mechanical averages exactly by performing gaussian
integrals. In the analytical approaches to the study of interacting fields, theorists try to isolate a free
field component in the dynamics and then account for the interactions in a perturbative manner.
This approach, based on perturbation theory, has been the main tool of quantum field theory since
its historical origin and has produced remarkable successes. However, there are also vast classes
of problems in particle physics where the perturbative approach does not work. Indeed, there
are important cases where one can prove, on the basis of analytical arguments, that perturbation
theory cannot be applied. An achievement of the last decade has been the realization that in many
circumstances it is possible to calculate numerically the average over quantum fluctuations after
the theory has been discretized over a suitable space-time lattice ([9], [10], {11]). The averages over
the quantum fluctuations of the particle fields are performed by stochastic simulation techriques,
very much like one proceeds with the simulations of thermodynamical systems, but the fields must
be simulated over discretized space-time, i.e. over a 4-dimensional geometry. This implies that any
realistic simulation involves lattices with a very large number of vertices and therefore requires the
simulation of systems with an exceedingly high number of variables (lattices with 32* = 1M sites,
over which the field configuration is specified in terms of 92M real numbers, have been studied).

Additional difficulties in the computational studies of non-perturbative particle phenomena derive
from the need of accommodating variables which obey Fermi-Dirac, i.e. anticommuting, statistics.
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This is a rather technical problem and let me say here only that what it implies, from the algorithmic
point of view, is that at each step of the simulation process one must solve a very large system
of linear equations. The matrix of coeflicients is very sparse and one can use iterative procedures,
such as relaxation or conjugate gradient algorithms. Indeed, one must use such techniques, since
the number of equations and unknowns easily range in the millions. In the course of a complete
calculation, systems of equations of this sort must be solved thousands of times, which, as one
can easily appreciate, is computationally very demanding. Massive parallelism is ideally suited for
these types of calculations and indeed it appears to be the only architecture capable of fulfilling
the requirements for future progress in the field.

At Boston University we have implemented a variety of field modelling calculations on the Con-
nection Machine, encompassing such applications as the simulation of high temperature Quantum
Chromodynamics in particle theory, of the evolution and collision of cosmic strings and supercon-
ducting vortices, of radiation from antenna arrays, of a variety of models for nucleation, diffusion
limited aggregation, dendritic growth, etc. (For instance, see {12], (13}, [14], [15]) As discussed
above, massive parallelism is very suitable for the implementation of all these problems.

One might wonder at this point whether there is any challenge at all, from an algorithmic point
of view, in the application of massive parallelism to the problems presently under consideration.
The answer is in the affirmative. However this is not because of straightforward programming
considerations, but for subtier physical reasons. As the size of the physical system increases,
the dynamics that governs the evolution of the field configuration in all of the above simulation
processes, be they of stochastic or deterministic type, frequently undergoes critical slowing down.
This stems from a competition between the natural rates of evolution of the long range and short
range excitations of the physical system and implies that, if one wishes to simulate larger and
_ larger systems, one must pay not only the price due to the sheer increase of the number of variables
but also a sometimes very heavy additional cost due to the fact that the system evolves more
slowly. Several techniques that permit us to overcome or reduce critical slowing down have been
devised, such as Fourier acceleration, multigrid techniques and clustering algorithms, but this is
still an active field of research. A general feature of all these techniques is that they provide a
framework for isolating and projecting out of the system the long range modes responsible for
critical slowing down. Since these are long range excitations, their determination involves problems
of communications that extend beyond the nearest neighbors in the geometry of the system. These
communication patterns can still be implemented, but not in as straightforward a manner as in the
basic simulation of the evolution of the fields. Here lies the challenge for the application scientist: to
devise the appropriate acceleration algorithms to overcome critical slowing down and to implement
them in an efficient manner on the massively parallel supercomputer. In general this will involve
some additional communication burdens, but the gain from the increased speed of the simulation
will, in most cases, surpass by far any additional computational costs.

4b Molecular Dynamics Simulations

Next in computational complexity after the problems discussed in the previous subsection come
those calculations which deal with a fixed, easily parallelizable data set, but where the commu-
nications span the entire machine. I have grouped such problems under the general heading of
molecular dynamics simulations because of the importance of this class of simulations and because
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the patterns of communication which [ want to discuss are very likely to occur in molecular dy-
namics calculations. However the need for global communications with a fixed data set arises also
in the solution of many other problems.

Indeed, the first example that I would like to discuss can, in some of its aspects, be considered a
generalization of a problem of field modelling. At Boston University Professor Roscoe Giles and
collaborators have been studying the properties of magunetic films, with particular attention to the
way in which magnetic domains, domain walls, Bloch lines and points form and evolve under the
action of external magnetic fields ([4], [5], {6], [7], [8]). The importance of such calculations for
materials science and for computer technology can hardly be overemphasized. A good theoretical
understanding of these phenomena is an obvious clue to the design of better substrata for the
magnetic storage and retrieval of information.

The study of magnetic films proceeds through very large scale simulation of the evolution of micro-
scopic variables representing the local magnetization of the medium. These variables are associated
to the processors. Their evolution is determined by forces due to crystalline anisotropy which are
computed locally, by exchange forces which involve nearest neighbor couplings and which are effi-
ciently computed by regular grid interprocessor communications, and by long range magnetostatic
forces. These long range magnetostatic components represent the novel feature with respect to the
problems studied in the previous subsection. Indeed, the evolution of every site variable ends up
being influenced, through the long range magnetostatic forces, by every other site variable.

A straightforward implementation of the effects of the magnetostatic interactions would involve
communicating to each processor the value of the state variables at all other processor sites, a
very costly, global communication procedure. However, in this specific problem one can exploit the
linear nature of the equations for the magnetostatic interaction to solve them by means of a Fourier
transform. A fast Fourier transform and its inverse can be performed very efficiently by taking
advantage of the hypercube architecture of the machine. Thus we see here a case where a problem
of global communication can be solved by resorting to an algorithm that makes fundamental use
both of the mathematical properties of the equations and of the architectural structure of the
machine.

In molecular dynamics simulations one implements via the computer the equations for the evolution
of a very large number of interacting particles. Molecular dynamics simulations play an extremely
important role in the study of a wide class of phenomena, such as melting and crystallization, glass
formation, protein folding, turbulence, plasma, galactic dynamics, etc. The data set is very suitable
for parallelization: typically one will assign individual particles or small sets with a fixed number
of particles to the processors, The problem arises from the need of evaluating the combined force
exerted on any definite particle by all the other particles in the system. (I am using the word
“force” in a rather general sense, to denote all the terms in the equations of evolution for a definite
variable which depend on the values taken by the other variables of the system. Often these terms
will represent actual mechanical forces, but our discussion applies also to the cases where the
interactions are of more general nature). We encounter then two possibilities: either the forces are
of long range, in which case all terms must be computed, or they are of short range, so that we
may limit the calculation to the forces stemming from the particles that are physical neighbors of
the particle being evolved.
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In the former case, the case of long range forces, unless we can take advantage of some special feature
of the equations of motion in order to simplify the calculation of the forces as done for the study
of magnetic materials, in order to evolve a particle we must necessarily collect information about
all the other particles in the system. This could be done by repeated communications whereby the
individual processors poll all of the other processors about the state of the particles they contain.
Obviously the resulting pattern of communications would be of global nature and quite complex,
and the communication routines would then end up being very time consuming.

With some ingenuity, however, we can make better use of of the fact that the data structure is
fixed and that the machine has a parallel architecture. Emulating a data flow paradigm, we can
shift all the particle data by one unit through the ordered array of processors, and then by yet
another unit, and so on, in such a manner that the data for every individual particle go, cyclically,
through all the processors in the machine. As these variables move through the processors, the
forces of interaction between the particle originally in the processor, whose data are maintained
in the processor’s memory, and the particle “passing by” are calculated and accumulated. At the
end of a complete tour of the machine every particle has returned to the original processor and all
the forces have been computed. This procedure cannot, of course, eliminate the fact that O(N?)
operations must be done for N particles, but it takes full advantage of massive parallelism to perform
all operations in O{N) steps and makes use of fast nearest neighbor communication routines.

If the forces are of short range, the number of operations required for evolving N particles remains
O{N), since the calculation of the interaction can be limited to those particles which are physically
neighboring. However, the proximity of any two particles is now determined dynamically by their
evolution and is not fixed by the geometry, as in the case of the field modelling calculations. Thus
linked lists assigning particles to a regular lattice of space cells must be maintained and updated. For
the calculation of the forces, the particles are distributed among the parallel processors associated
to the cells. For the integration of the equations of motion, the particle data are moved back
to the processors associated to the individual particles. It is remarkable that the computational
efficiency of the algorithm ends up being correlated with the physical state of the system. Indeed
the average occupation number of the cells required for the calculation of the forces varies inversely
with the magnitude of the density fluctuations. It is then possible to tune suitable computational
parameters, on the basis of the available information about the physical properties of the system,
in order to achieve better performance. This is one of many examples where insight into the physics
of the problem under consideration can help achieve better computational efficiency.

The development of massively parallel algorithms for molecular dynamics simulations is an area of
research actively pursued by scientists at Boston University, together with collaborators at Thinking
Machines Corporation ([16]). They expect to be able to study the crystallization of a Lennard-
Jones fluid with as many as 250,000 particles and to be able to investigate the onset of turbulence
in a driven Lennard-Jones fluid.

4c. Problems of Optimization

As in the case of molecular dvnamics simulations, I am using the subtitle “Problems of Optimiza-
tion” in a rather general sense. The next and highest level of complexity in the application of
massively parallel architectures is found when both the data structure and the pattern of commu-
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nication are irregular and can change in the course of the computation. This is typically the case
in problems of optimization, where one needs to explore a very large space of possible solutions in
order to find an optimal one. However, such complexity can occur also in other probiems, such as
in detector simulation for the design and analysis of high energy physics experiments, where one
can evolve large number of events in parallel, but meets serious problems of table look-ups and load
balancing. '

At Boston University a large group of researchers is studying the application of massive parallelism
to the protein folding problem ([17], [18], [19]). Proteins are characterized by rather unique and
stable structures that appear to emerge solely as a consequence of their sequence of amino acids.
The protein folding problem consists in predicting the final three-dimensional structure assumed
by a protein as it evolves from the original, unfolded linear chain. Since the geometrical structure
of a protein is crucial to its biological functions, solving the protein folding problem is of enor-
mous importance for the basic understanding of physiological processes as well as for its potential
pharmaceutical applications to the design of drugs and vaccines.

The protein folding problem consists essentially in finding the configuration of the protein that
minimizes the free energy of a particular chain of amino acids. But for the smallest sequences
of amino acids, the space of configurations is so large that an exhaustive exploration comstitutes
a computationally impossible problem. One must therefore develop heuristics which take into
account a substantial amount of information about energetically favorable substructures and con-
figurational constraints. Algorithms based on dynamic programming and simulated annealing are
being developed. A massively parallel architecture seems per se ideal for evolving the very large
number of variables that characterize a configuration as one explores the free energy surface, -but
the implementation of a massively parallel calculation is made complex by the fact that the objects
being modeled do not form a regular grid and that the interactions among them change as the
algorithm progresses. One must therefore devise computational techniques that make optimal use
of the interprocessor communication capabilities for updating linked lists and for rearranging the
data structure as the computation progresses.

Similar algorithmic problems are encountered in problems as varied as multisensor data fusion and
track reconstruction, speech recognition and identification of clusters. Many Bostor University
scientists are working on these problems, which emerge in different fields research but are unified
by common algorithmic features.

Multisensor data fusion and track reconstruction is being investigated by Professor David Castafion
and collaborators and by Professor Robert Hohlfeld and collaborators at the College of Engineering.
The idea is to take advantage of massive parallelism to correlate a very large number of signals
coming from different sensors. The information provided by each sensor must be related to the
information given by other sensors so as to achieve an urambiguous identification of the signals
that correspond to the same object. This is achieved by optimizing a maximume-likelihood function
through a parallel Lagrangian relaxation algorithm. The solution of this problem has obvious, im-
portant applications to air traffic control, highway traffic monitoring, military surveillance, remote
sensing, etc.

Of similar nature is the problem of reconstructing particle tracks within the detectors used in high
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energy physics experiments, which is being studied by Professor Robert Wilson, of the Boston
University Physics Department, and collaborators. In preliminary investigations they map the pro-
cessors to the geometry of a simplified detector model and then use interprocessor communications
to implement a filtering scheme which builds up and identifies the trajectories of the particles.

Another problem where one must solve global connectivity problems is the one of cluster identifi-
cation. In the section on field modelling problems I have mentioned the fact that many algorithms
suffer from critical slowing down in the region where the physics of the phenomena develop long
correlation lengths, which is very often precisely the domain one wishes to study. In recent years
it has been shown that the simulation of spin models and related systems in the neighborhood
of critical points can be made much more efficient if, rather than updating the individual spins,
one identifies clusters of spins and then changes the orientation of all the spins in the cluster in a
single stroke. Cluster identification is of course useful also for many other computational problems.
Building up a cluster would a priori seem to be a typical serial process, whereby one moves from
spin to spin within a cluster, keeping a list of branches which still need to be moved forward. How-
ever, here as in many other problems which do not appear immediately suitable for a massively
parallel architecture, one can achieve a parallel implementation by approaching the problem from
the very beginning with a different computational perspective. '

Richard Brower, Pablo Tamayo and Bryant York ([20]), working on the Connection Machine at
Boston University, have developed an efficient massively parallel cluster identification algorithm
which is based on the strategy of label propagation. At the beginning of the computation all
the spins are assigned different numerical labels. Spins at neighboring sites are then compared
and, if they are connected and therefore belong to the same cluster, the spin with the highest
numerical label gets its label replaced with the one of the other spin. The procedure is then
iterated. The lowest labels thus diffuse through the clusters until the lack of further label changes
signals that complete cluster identification has been achieved. More recently, John Apostolakis,
Paul Coddington and Enzo Marinari, working at Syracuse University ([21]) have been able to
improve the algorithm incorporating into it multigrid features. In the course of the calculation
the links between spins, which originally involve only nearest neighbors, are extended over longer
distances, by adjoining shorter links into longer ones. Moreover, comparisons of spins are performed
over multiple scales of distance, by taking advantage of the fact that communications between
processors whose coordinates differ by powers of two is particularly fast. By sweeping over these
multiple distance scales in a systematic manner, as is typical of multigrid algorithms, one achieves
efficient cluster identification even in the cases where the clusters display a fractal structure and
the basic algorithm undergoes critical slowing down.

The final example that I would like to discuss is from the work of Professor Robert Wilson and col-
laborators on particle shower simulation. The simulation of the process by which a primary particle,
entering into a detector, produces a stream, or cascade, of secondary particles and of the propa-
gation of such showers is of fundamental importance for detector design and other applications.
There exist several well established serial codes that impiement such simulations on conventional
computers. The various particles that compose a shower are evolved individually, maintaining a
list of produced particles that need to be evolved in turn, until all branches are exhausted. The
procedure is time consuming and, since one typically must simulate a very large number of events,
any speed up from a massively parallel implementation would be particularly welcome.
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So long as all the particles evolving in the shower are of the same nature, they can all be propagated
in parallel. Indeed, since, as I said above, one must typically simulate several showers, one can
take advantage of massive parallelism to propagate simultaneously particles from different events.
The problem is that different types of particles can coexist in a shower. Moreover, the number of
particles is not fixed, but varies over a big range in the course of the cascade. This second problem
is solved by maintaining in the local memory of the processors a stack of particles that need to
be evolved. The first problem, the fact that different types of particles must be evolved, which
of course requires different sets of operations, is particularly serious with a SIMD architecture.
Wilson and collaborators have solved both problems by maintaining in the local memories of the
processors a stack with the information on the particles that must be evolved. At any given step,
all of particles of a definite type which are highest (among particles of that type) in the stack get
evolved. One continues that to another type of particle, and so on, in a cyclic manner, continually
drawing particles from the stacks and feeding to the stacks newly produced particles, until the
propagation of zll the showers is completed.

Clearly the procedure will work in an efficient manner if there are enough particles of a definite type,
at each step, to keep a large fraction of the processors busy. If the stacks are uniformly depleted,
one can start new showers. The problem arises if the distribution of particles in the stacks is
very uneven, so that some processors contain large number of particles to evolve while other are
idle. This situation can be remedied by systematic load balancing operations. Either at fixed
times or when suitable checks in the program monitor a load unbalance, particles are redistributed
among the processors so as to reestablish a more uniform loading of the stacks. This produces a
dramatic increase in the efficiency of the algorithm, but of course requires global interprocessor
communications. '

Another potential problem in the calculation is that the evolution of the showers requires frequent
table look-ups for obtaining the necessary information on cross sections and on the geometry of
the detector. With sufficient local memory, one would want to replicate the information in the
tables through all the processors, in order to speed the look-up procedure. In practice, for a
realistic simulation this is not possible. One faces again the need of good global interprocessor
communications. At the end, the efficiency of the code will depend on achieving a good compromise
between how much information is replicated locally and how much is-accessed through interprocessor
communications. From this point of view, lower granularlty is an advantage (i.e., a lesser number of
processors with more local memory attached to each processor), although the number of processors
should not be too low, in order not to forfeit the gains derived from massive parallelism.

In conclusion, the problem studied by Wilson and collaborators represents one of those cases where
a massively parallel architecture, and in particular a SIMD machine, would have a priori appeared
the least suitable for achieving good computational efficiency. Yet their experience shows that the
massively parallel paradigm is indeed applicable also to this class of problems.
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5. Conclusions and Qutlook for the Future

I have illustrated in the previous section only a small part of the computational research that
scientists from many different departments at Boston University have been doing on the Connection
Machine. We consider our experience with massively parallel computing very positive. We have
found that the range of possible applications met, indeed exceeded, our expectations. Of course,
as I have explained above, for some problems the implementation of the code on our massively
parallel machine has been more straightforward, for others more demanding, requiring in some
cases a rethinking of the algorithms and, by necessity, a substantial rewriting of code.

In an academic environment, having to rewrite code in order to take advantage of a special archi-
tecture is not so much of a problem as it may be in other institutions, whose scientists may have
to rely on large bodies of well tested software to carry out their work. In a university there are
always students and young researchers who have the time and the eagerness to experiment with
new things, and the opening of new avenues in computation owes much to their enthusiasm. As
I say so, I realize that I may not be doing justice to those more senior researchers and faculty
members, who also contribute with enthusiasm to the development of new computational methods:
let me reconcile my former statement with the credit they deserve by saying that they are also
young, in spirit. But the fact remains that, in order to take full advantage of massive parallelism,
frequently one needs to rewrite large portions of the code. However, the programming languages
are evolving naturally, irrespective of the changes in hardware, in a direction that makes massively
parallel programming natural. The new version of Fortran incorporates many parallel constructs.
The same standardization has not yet occurred with other languages, like C, but the work that the
manufacturers of massively parallel machines have been doing to extend high level languages so as
to incorporate massively parallel instructions and data structures will soon lead to a standardiza-
tion in other top programming languages as well. Thus, we would expect that, whereas today most
code is typically written in a scalar mode * and parallel code is the exception, a few years from
now most high level software will be written with parallel constructs, so that scalar code will then
be the exception. This is to say that the reformulation of software, that today may seem unduly
costly in programmers’ efforts, will happen anyway, so that, at least in considering new projects,
one should approach the design of code with the parallel paradigm in mind.

How about hardware developments? What can we expect for the future? As several manufacturers
prepare to enter the market with their new products, they guard of course their design secrets, so
we cannot anticipate with certainty what lies ahead. However, we can ask ourselves how we would
design the next machine, what would we want of it, on the basis of our experience as computational
scientists working on a massively parallel architecture. Obviously we will want more memory and
more CPU-power. We would try to obtain the latter not so much {rom progress in the speed of
the individual components, which may not increase by more than a factor of two, but from having
more processors instead. This is after all the basic idea of massive parallelism. It is much cheaper
to build ten processors than to make a single one compute ten times faster (if that is possible at
all). This progress is rather straightforward from a technological point of view and its pace will be
determined mostly by economic considerations (the falling price of memory and processor chips).

2Even if code is written for a vectorized machine, the code constructs are still mostly scalar, with the vectoriza-
tion of the inner loops done automatically by the compiler. Even in this case, one frequently has to redesign the
calculational strategy and to rewrite portions of the code in order to let the compiler explott vectorization.
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More relevant are issues of architecture and communication. On the basis of some applications,
we would argue that too fine a granularity is not always suitable. So it would be better to achieve
100Gfiops, say, with 1000 rather than 10,000 processors, if possible. Some amount of independence
in the code run by the processors would also be useful. Think for instance of the application to
particle shower simulation. It would be advantageous to be able to accomodate branches to different
sets of instructions as the particles are evolved. This would give more flexibility in adapting the
code to a complex geometry and, indeed, would also make it possible to evolve simultaneously
particles of different kinds, thus reducing the load balancing constraints. This seems to speak in
favor of a MIMD (multiple instructions multiple data) machine. But there are clear advantages to
a SIMD (single instructions multiple data) architecture as well. Dealing with simple, synchronized
instructions is very important at the programming level. Thus, what we would really want is a kind
of in-between, a machine that can be programmed as a SIMD computer, but that incorporates, for
instance in the response to conditionals, MIMD features as well.

Enough communication capabilities are also crucial. The architecture of the network is not that
important, provided it can sustain the amount and the speed of communications (i.e., very good
communication between neighbors in 2-dimensional or 3-dimensional spatial geometries and good
global communications as well) that we have found so useful in the CM-2.

My expectation is that these design goals will be generally met by the massively parallel computers
of the new generation, which will reach the market within a few years of time. Different manufac-
turers will find different solutions, but they should adhere to these general constraints, if not with
the very first new generation machines, with the refinements that will come soon after that. If not,
the forces of the market will weed them out. Similarly, the availability of good software will be
crucial, and I expect that the companies that will be ultimately successful will be those that will
put as much effort, or even more effort, in the development of software (robust high level compil-
ers, good communication software, excellent, well supported libraries), as in the advancement of
the hardware itself. This, incidentally, has been the case for many years, not only with massively
parallel computers. The time when somebody could come up with great hardware and let the
costumers develop the software to use it is most likely gone forever. From this point of view our
experience with Thinking Machines Corporation has been very good, which augurs well for their
future. But I must recognize here that our experience has been essentially limited to Thinking
Machines Corporation, so I am not in the position of making any comment about the software
development efforts of any other manufacturer. 1 would assume that all recognize the importance
of this point.

How about the limits to massive pam_lleiisfn? I do not see any! This is of course too bold a
statement, inserted here for rhetorical purposes. But the amount of computational power that
massively parallel architecture can muster is very large indeed. It may not be possible and not even
desirable to put too many processors in a single space, but I see the possibility of distributing the
components of a massively parallel computer over different, geographically remote locations, joined
by a very powerful network that will allow them to communicate and calculate as a single unit. This
would require solving problems of latency and going beyond the paradigm of fully synchronized,
massively parallel computation, developing algorithms for parallel, but asynchronous calculations.
But the advantages of such distributed, extremely powerful, massively parallel configuration would
be very great.

In any event, the new avenues that massively parallel supercomputing has opened lead to very
rewarding fields, and at Boston University we are quite proud and pleased to have taken early steps
on them.
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Table 3 Measurement of CPU times (1)
( 128 batches, 200 particles/batch )

unit : sec.(unless specified)

number Cell (average) Host Total Speedup | Parallel
of execution { comm. |execution | comm. | processing| factor | efficiency
cells & idle & idle - time [ times ] [ %]
1 1457.98 | 042 14.65 |1445.89| 1460.53 (1.00) (100.0)
2 726.31 | 526 | 14.68 719.01] 733.69 1.99 99.5
4 - 36340 | 2.09 14.63 | 352.96| 367.59 3.98 99.3
8 182.50 | 4.25 14.66 173.1% 187.77 7.78 972
16 91.38 | 2.28 14.65 81.13 95.78 15.25 95.3
2 4584 | 3.51 14.55 36.90 5145 28.39 88.7
o4 2223 | 4.24 14.85 14.29 29.14 50.13 78.3
Table 4 Measurement of CPU times (2)
( 128 batches, 400 particles/batch )
* unit : sec.(unless specified)
number Cell (average) Host Total Speedup | Parallel
of execution | comm. |execution | comm. | processinig| factor | efficiency
cells & idle & idle time [ times ] [%]

290145 | 0.12 14.91 |2889.35| 2900426 | (1.00) | (100.0)

1451.20 | 0.57 14.61 |1439.26] 1453.87 2.00 99.9

72312 | 7.02 14.85 | 717.67] 732.52 3.96 99.1

36359 | 3.96 14.64 | 355.041 369.68 7.86 98.2

181.88 | 4.98 1440 | 174.58] 188.98 | 15.37 96.1

9140 | 6.66 14.98 85.19| 100.17 | 2899 90.6

QU |m 100 |+ |0 |

4584 | 7.36 14.29 41.00f 5529 | 52.53 82.1
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Table 5 Measured speedup factor (Sp) and
ideal speedup factor (f)
( 200 particles/batch)

BIF

Broadcast network (B-net)

No. of cells Speedup factor
measured (Sp) ideal ()

1 (1.00) (1.00)
2 1.99 2.00

4 3.98 3.99

8 7.78 7.93
16 15.25 15.71
2 28.39 30.82
64 50.13 5940

Synchronization network (S-net)

Host }—m=—Ethernet

A AL /”l'__//l
[1[,' i - 11'_' l;'_- BIF : B-net Interface
Cell RTC : Routing Controiler
o e o
SO0 HO—+O
o P

RTC

o~ ~
‘ Torus network (T-net)

Fig.1 AP-1000 System Configuration

o

- 71
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Fig.5 Algorithms for Parallelization
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Fig.6 Speedup Factor (S;) and Parallel Efficiency (Uy) with Number of
Cells (n)
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Multi-Sensor Fusion Method for Intelligent Robots ~Physical Space Method

AABTHHES SEEET MY RFLes s —
B R B E

Nobuyasu Ito and Minore Fujii
Computing and Information Systems Center, Japan Atomic Energy Research Institute,
Tokai, Ibareki-ken, Japan 318-11

Abstract
A new iden for multi-sensor {usion method named Physieal Space Methed (PSM) proposed by one of the present authars{N.L) is

introduced. This method prepares models of the world and the sensors and integrates the signals from the real sensors into the model

configuration. A simple application for stereo-view problem is also explained.

vy FAEOBRIEITHT 2 IARORIIC L - THRE 30 HAOELDEANS 20, BRI EOBRGSHEI SN TLEME
WV to D EEH LITHICBTPIITH S, 2 E D, N RORIEWAHES LTHR SR TE2BCHN SR TREAMNO e ¥y M it
EFTEUWC SIS, v —HhoOEREANT Al ERE - THRORHEIRET 20 TH 58, HAOE 4 —-HoD{ER
AROHFEOMAEICRSNTVWE I EMEL, TORY, JROBRTFEEETI0IER, MO 4 —»hoDESEHET ILENS
5, BRI EEET 2SR MM SATH 2,

A THATS MPEEME] i, 3Vt v —MEAERTIRHOHLLELSTH 3, B DR LA Mo+ 5 » Ol
Bi%. b LELLETAL I, o, vt —BhoOEFRIEHT 5, S bl~ARC, B so§Es 1 2oRRH
ST AUBENE D, <RSI, kT v O TIRERIEE S ORIUREEVWAR LTERS €50 & b - TW 2, YHEWET
2. &Y —IEhSOEBRESVTARO I V—2HlET v I ORI (D, TORICEROMEC T 2 E— ST L VWS HEE
EITW5,

ERZEM#E ( Physical Space Method) TE DL IR LT Y =72 — Vo VEERTASICTRITOEZELAHZMEL L 3o Mt
YRl EBED I &, $TH2OEIEHRODEFAB LU Y —DEFLEFBT . COT. AROEFALETHT S Lic ki
ROOE—%2¢ 50THE, THhE, NROTFARTFAEHEEATED, TAOEHEALIEI Lyt —DEFAHITE
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1: N. Ito, A New Method for Multi-Sensor Fusion-Physical Space Method(PSM), submitted.
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Computational Approach to Condensed Matter Physics

Seiji Miyashita (Kyoto Univ.)

In the condensed matter physics, the computaional method has become a very
powerful tool as well as in other fields. We are mainly interested in the thermo-
dynamic prpperties of strongly interacting materials. In particular, the nature
of phase transition is one of our main interests. Furthermore, the nature of the
ground state of strongly correlated quantum systems is also our main theme. I
will give a brief review how the computer has been made use in these fields and
discuss their characteristics and problems. I take a model of magnetic material
as an example and introduce classical and quantum Monte Carlo methods. Fur-
thermore, I will refer to recent developments of the first- principle calculations for

material properties based on the electronic state.

Keywords (Monte Carlo method, Quantum Monte Carlo method, Molecular dy-

namics simulation)
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Fig. 1 Size- and temperature-dependence of x of the two-dimensional Ising model.

Dotted lines are due to expansion methods. (From ref. (1))

Tig. 2 Scaling plot of data shown in Pig. 1 {From 3. Miyashita and H. Takano,
Prog. Theor. Phys. 73 (1985) 1122)
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Fig. 3 Temperature dependence of m; of the three-dimensional Ising model. (From
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Development of a 3D Neutron Transport Code and Benchmark Tests

T. Takeda, M. Yamasaki, H. Ikeda, and T. Nishigori
(Dept. of Nuclear Engineering, Osaka Univ.)

Summary: Results are reported of NEACRP "3D Neutron Transport Benchmarks” proposed
from Osaka University, and of recent progress in the development of a 3D neutron transport
code. Takeda et al. proposed four problems to NEACRP as 3D neutron transport benchmarks,
and 22 results from 20 organizations were submitted. A variety of methods have been used,
such as the Monte Carlo, Sn, Pn, synthetic, and nodal methods. The results for k-eft,
control-rod worths, and region~averaged fluxes are summarized with the conclusions that (1)
in XYZ geometry the Sn method with n=8 shows a good agreement with the Monte—Carlo
method, and gives even better results in some cases, (2) the Pn method has significant spatial
mesh effects, and (3) the Sn method is not satisfactory in hexagonal-Z geometry, and
improvements in accuracy are desirable. Improvement of a 3D neutron transport code is in
progress to resolve the problem in the hexagonal-Z geometry by considering new diamond
difference schemes and an improved coarse-mesh method, and also by applying the nodal
method.
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Table 3 Results for k-eff and the Control Rod Worths

Model keff CR~vorth
rod out rod in (A k/kk™)
Small LWR
Monte-Carlo 0.9778 0.9623 1.63E-02
+0.00046 2 0.00048 +0.07E-02
Pn 0.%766 0.9630 1. 45E-02
+0.00058 +0.00078 +90.22E-02
Sn 0.9772 0.9624 1. 58E-02
+0,000068 +0.000082 +0.003E-02
Small FER
Monte-Carlo 0.9731 G.9590 1.52E-02
+0.00020 +0.00020 +0.03E-02
Pn 0.9794 0.9647 1. 56E-02
Sn 0.9734 0.9593 1.52E-02
+0.00017 +0.00018 +0.007E-02
Nodal Transport 0.9714 0.9572 1. 54E-02
Large FBR
Morte-Carlo 1.0005 0.9708 3.05E-02
+0.00020 +90,00019 +0.03E~02
Pn 1.0040 0.9772 2. TAE-02
Sn 1.0005 0.9703 3.11E-02
+0.00047 +0.00045 +0.04E-02
. Nodal Transport 0.9996 0.9685 3.10E-02
Small FBR with
Hexagonal-1Z
Monte-Carlo 1.0951 0.8799 2.23E-01
+0.00035 +0.00033 +0.005E-01
Pn 1.0942 0.8819 2.20E-01
+0.0015 +0.0102 +90.12E-01
Sn 1.0887 0.8927 2.02E-01
T 0.0043 +0.0109 +0.10E-01
Nodal Transport 1.0389 0.8748 2.25E-01
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Fig. 1a Core configuration of Model 1 (small LWR)
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Fig. § Power distribution in a hexagonal fuel assembly
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9. 3 IRSTENEMERAT 2 — RiT X ABWRDOLEEDHENT
BNl oSk, TS B I R (R2)

EE. EAOKO rOBBKEETE (BWR) KBV T 2IBADR 2> 0 E— FOPETR
FHREFBR LTS, 120 PR FRIPLEEFMATRET 55— F (Pl — ki
BE—F) T, LaSalle 254 (K) KBV TRAZJARELREDORELRBOKE TS -
F7- O ICBWROEEEIH T 2 LR IFUR T L, 0 1 Dit Caorso i (f) THE S 1A,
IR DEGAHEO RS L FHTHREGT 52— F GEREHT-F) THi, ThooPHTHRER
BHSRERANWEALEER TH D, RHOREECHRRESE~OEEE TOFHET 24
ERb b, BiC. BREGIRFNICEEORE 2 BARD LT SR TUENSH LD IR
TR EAFEESDEE 2 b, £ 2T 3 RTEHHEERIT T — FTOSDYN-2IZ & 2T 24T %2 4l
BEEORESEIIOVTRET 2 £ 3#I2, 2200F— FOPETEIRIEFIC BT 2 BEOHRH
LTI R 272

BWR Stability Analysis with Three-Dimensional Transient Code
Yukio TAKIGAWA , Yutaka TAKEUCHI, Shigeo EBATA (Toshiba)

Recently, neutron flux oscillations of two different modes welrc observed in several foréign BWRplants.
One is corewide oscillation mode which is characterized by a phenomenon that neutron flux oscillates
in-phase over a whole core. At La Salle 2 plant (U.S.A), the amplitude of core wide neotron flux
oscillation grew considerably large to result in a reactor scram, which aroused great concern about BWR
stability. The other is regional oscillation mode which is characterized by the phenomenon, as typically
observed at Caorso plant (Italy), that neutron flux of a half core oscillates out-of-phase to that of the other
half core. These neutron flux oscillation phenomena were éaused by nuclear-thermathydraulic coupled
instability and requires an evaluation study on oscillation detectability and effect on fuel integrity.
Particularly, the regional oscillation mode requires three-dimensional analysis since it may bring about
locally large amplitude power oscillation. For this reason, analysis was done with the three-dimensional
transient code TOSDYN-2 to study reactor condilion which causes the regional oscillation and also to

evaluate fuel thermal margin under the neutron flux oscillations of these two instability modes.

Keywords (BWR stability, corewide oscillation mode, regional oscillation mode, La Salle 2, Caorso,

three-dimensional analysis, TOSDYN-2, thermal margin)
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