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Architecture Design for Particle Transport Code Acceleration

FU Si-qing, LI Tie-jun and ZHANG Jian-min

School of Computer, National University of Defense Technology,Changsha 410073 ,China
Abstract The stochastic simulation method of particle transport is usually used to solve the characteristic quantity of a large
number of moving particles. Particle transport problems are widely found in the fields of medicine,astrophysics and nuclear phy-
sics. The main challenge of current stochastic simulation methods for particle transport is the gap between the number of simula-
tion samples supported by computers,the simulation timescale,and researchers’ needs to study practical problems. Since the de-
velopment of processor performance has entered a new historical stage with the stagnation of process size progress, the integra-
tion of complex on-chip structures no longer meets the current requirements. For particle transport programs, this paper carries
out a series of architecture design works. By analyzing and using the parallelism and access characteristics of the program.simpli-
fied kernel and reconfigurable cache are designed to speed up the program. Experiments show that compared to the traditional ar-
chitecture composed of multiple out-of-order cores, this architecture can obtain more than 4. 5x in performance per watt and

2.78x in performance per area,which lays a foundation for the further study of large-scale many-nucleus particle transport acce-

lerator.

Keywords Particle transport, Monte Carlo, Architecture, Accelerator, Pipeline
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Z IR P AR N S R ) AT AR T LS. M T MC
05 15 ) 32 BB R R TS ML BE 85 S 4 1 A POLRE A B A 4L B )
RUBE DL R AF 58 N D3 5% S B 0] 100 7 oK 2Z ) (9 22 0 . L3100
IR R Z I3 MC ik AT 28, Z )5 51 i BF 5%
FEUEEC) T8 FPGA fin#f MC 2%, /3 FPGA 1 & e iy
AR DA Y R AR Y

W 25 V58 R S8 R I A G B LT A T AR R DR
SR 1 [R] B 4 v P R S ER AR 22 D) BE B — 1Y) P A% ) AR A ALk 3
LR TR AR R X S B — PR T T S A 9 A R 5% i
F17E il AR AR B A 2 REARIE R 4F i PR RE. il n,
Intel MIC Pp4b B0 Hly fA7 £k 1) 38 FH X86 4% A4 Wi, Ho 4 45k
50~ 62; 45 MIC H-A7 [ % 9% ] BUKS BE 1% A5 0 {5 ¥ fE A9
NVIDIA Tesla K20C GPU™* piy $it i A 22 14 fa] B+ 55 4% 4 K
BHGA BT 24965 HAHE HAY PEZY-SCH 1 2 4~ ARM 4l
% 1024 4> RISC AL 15 17 Google 2w #E H 1Y) 18] 7] #f
Z W25 M TPU RYis B 16 & 65536 A4~ 8 o K 4 e 1
JERESN T AT AR AR 45 A S P 6 G2 5 TR A T A N A%

5 MC Jy g m s A S R IT ok B A i MC ke
ASTRI R b B A ARL A AR BT, 3 LAY AR 56 TAE AN SR BR T X R
T s BB ST AT MC 5 3 A 10060 35 3h 7 24 B4 A
WIBCE M S5 805 A . — it B 9 A T4 3 0 B 95 50 0k
AR 2R 245 A4 ) A T B 5@ R SR MC . Kowalski 25050 %
BT 32 P 2 T ER S SR R AT T B R ik T I B A
SEAT W e AT] A B A B B e A R i T i 45 s AT
Tl A5 51 7 9% ~20 % A9 1 1k L A5 33X — T AR 475 48 2 R B AT 4
P A AT Y I SE BE T L I R X AR R S EAT P . Brugger
ARSIy R B AR IACE M i F i1 7E CPU H FPGA R
) 72 5 1 e B 2 R [R5 40 14 75 SR b A7 7 26 B 7 H I L 3
RA LM L3R /R CPU R T3 2 M., KR T
YEELEE Zhang ZE07 (O 0F 58, Wi i1 12 GPU Al Xeon Phi &
AFEIE T2 T GPU 5 WIALE M (0 fie e &, BN
L Li 250 AL T 2 F CPU/Matrix2000 544 P [ 155 4 I
TTRETF AR 2A RGNS ¥ R 31 45 J7 0 B 9547 8%
RALFRAE 5 TR 22, 54 % . (H B SKBE H N A IR R
G F £A BE B STRLT S A8 I M SR TR R I R EH .

AR ST BT 2 16 BE LA P07 L DA R 25 4 R
FOFE A R S A8 L S £ R v R R IR T RE AR A R L A Y b
BHER R AL T A Bl LM 22 AR TR G5 A R R AT I S AR R
WM TR A FEZETTERAT »

(DOFR TR FFi iz B BEHUE SRR 7 00 B2 7 e AiE L RE 8
RS B v AR 1 5 LD

(BT TAEMERETIAE LR dE g 1 AU B BA RS &
FAM R G5, il — 5 TF & R L R DLR AL T 48 %,

R 2 WEBENAT LEMN TR IR — L H 5L
TAE 55 31 BB TR RESH BT A5 F/EXT H i 15 5
I 22 % Ak B % (Chip Multiprocessors, CMP) , LA Fz A 3C i) b ¥
Wis L R RE5H 50 4 T BRI T I ECE 5 5 Wik AT
TSI IR XS A AT T AT s e A A,

2 REFFEBRANTHRIZER
S SCTH 1) (9 B2 29 MC 5 3% 3R ifp 160 1 i 72 1, AR 19

A MC J5 ik Rk T i i 72 P 09 e L 45 5 Ak B A 1 g
S J B BUIR SR A 47 S0 B B HE AT 5 RRH 5C U A4 F 7 AR
2.1 BRFFHE

MC J5 ¥ PR BEPUEL L - b T HT 505 i i BE DL L 75
& T B2 A 2 4 WS R T LU R AR T ST ML R T
7 0 AT BEHLBE DL RS 3 72 v o JR R SR i — R H B D7 vk . MC
7 ¥k 38 3o B AL A AR A UL SR Ak AR 0 B B o L R
T HIBEVLECGIEAT R G031 F 25 25 Al 3T 2 (.

BE LAY B S A TR ARTT LL 2 B 805 oR = B350 . 7R 1
Pt 7 B4 B0 TE T N 2 2] BEET , BEET Y S AR R AT R AL $L
B AR . BT R BEAT SETE RS L FRATTER B A1 450 A B 40L S 1
Je B2 SR S IS 2 i v 8] A B0 U0 i P T A AE SRR

__Area of inscribed circle _ = M D
Area of units quare 4 N

Hr N 8 S8 M yfr IR B, AR N BK, o Y
EBORE B . L3R 9280 o R AE TS AL v 1% 52 AR T 7 AL B L
B, 78 B0, D IXEIF y Bl 0, 1) X ] fd O BE LKL & A= 2%
FEHEBEALEC 7 A e IR S5 20 (2 R BT .
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Fig.1 Schematic diagram of = calculation by MC method
B 1AL A R AN T MC ik
&% 1 The Monte Carlo method to find =
Input:ep, AN
Output:w

1. initialize: Set N=0,M=0,n=1

. IN—M
2. Whllc S Wgso dO
3

N=N-+AN
4.  while n<<XN do

5. Generating random numbers A1,z

6. i (u—1/2)'+ (o —1/2)? < then N=N+1
7. end if

8. n=n+1

9. end while

10. ==4M/N

11. end while

12. Print =

AT SC R BFIE T A6 T R A L 1Al T ok B BEBLEL, L
SRR ™ A AR o AR SO T8 BEAL K 7™ A i A R
i 3 B AL B AR R 9 MC J7 ki A A . T MC 5k
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TR — RAME T VIR AR R 0], HAE Sl TR R
WAV EY B M B B b B )z N, A SR
TH5 2 45 v 18R 52 N O TR T I R R A
B MC J5 % B TSR AR T 3 28 R J A AR AR I R PR 3R ATE
2.2 NTWEERF

i HI MC 5 39 3R i RL % 32 [R) 80, 8 S kL 76— 2 JL
A RUBE P R 9T AL o X AR R 46 B L P AT 4% ol 52 o
53 ST TRAE IR B ) 2P A 28 S g il A e AT A5 B
DIVEES R

Bl fiREm N E M 75 235U 8k A OnE . an Sl 4
J5 AT R R A A% BN AL EE 24 (D U CeD AT I (oo, D) H
BER N3 N P =5/2 . Pa=30/Z Pe=2/3 ., Wil 5T
2 B B S R A B R R,
&% 2 Monte Carlo method to determine the reaction type
for a collision
Input: P . P E
Output: Event
1. Generating random numbers &
2. Pu(E)—P
3.if &P then Event=scattering
4. else
5. P+P.(E)—>P
6. if &P then Event=absorbing
7. else
8 Event= Fissioning
9. endif
10. end if
11. Print Event

X P — AT TR P47 3 PAT BR R L MC 5 R i
BT 32 T R S S R Y B R 0 SRR A B0 R B
T A F 43 ST B TSR 004 R A TR AR L DU B LA UK A
PR B e AT 5

AR SCAH Y 5B FR )Y A Quicksilver, B J& Mercury 1)
FOIFRITF & B 092 AE 9 AN R B 5E Mercury 19V 1E
AR AT R . VR A ARELAR T Quicksilver #E 4 4 4K
LR Mercury R4 « BEDLRAE 7 A2 19 43 3, A B 532
TR T 2% DG TR 1 N A7 D7 Al =X

Quicksilver 78 & A~ B [8] 25 £ N AR K AT cyclelnit O, cy-
cleTrackingO) #l cycleFinalize() 3% 3 4~ pR 4, F2JF 7E 3 A~ Bir Bt
A3 0 G ALK 15 B | B BORE - P T B 32 R LA B T A
BN EAE . cycleTrackingO) S F E AR B B, Bk 3 4
T cycleTracking O bR AL 45 1, A SCHE 3 ]38 19 0 J2 3% 48
SrEIvERER I . RREOMT MR ER B AR W B AT AT AN [
s AEBR R — AR F i 2k B b, B 58 P A Segment _ Outcome (O
PRI, DL SE BEA B 3 Bl R b i 20 30, AR5 o3 B HRAT 5B
ilf 18 B B R AL B A AR I v R A MR R ok T
SETURLRAR AL FE VAP R S R 4 R A A AL HE A IR
W B VR X L R R AT Quicksilver 2 Y 42
) UL 70 SCEE R, AN B A B i B 42 17 4R T B IA
&% 3 Basic structure of cycleTracking() function

Input:Particle bank

for all particles do
while | absorbed or | incensus or | escaped do
segmentoutcome= Segment_QOutcome()

if segmentoutcome= = facet then

1.

2

3

4

5. facet_event()

6 end if

7 if segmentoutcome= = collision then
8 collision_event()
9 end if

10. if segmentoutcome= = census then

11. census_event()

12. end if

13. end while

14. end for

2.3 MFHMIZHNENKRBNERSEEILS

H1 R T 0 32 ) BLE 5T (9 S B DA K MC D5 ik T IZ
B2 M2 2 M aGE FI 0 MC FE R, G 25 [ 9 307 ] 437 34
) 5 S 96 3 WAk 19 MCNP B )32 L B 4 FF IR 19 OpenMC P
P, X MC BT FE 45 F T I A 3 s b EEARORL 1
i R A o R R R B DR s R, W B R R A R
BN RT LI U B L 45— ok BE AL R 1 A AR R A Bl ST
B, XL T MC R )F RARMITAT . S T A A2 & MC
T B9 IFAT P OR A MY 0 TAEEL ) T MC 8 5 IR 151k i
k.

Tyagi -8 BT O #3581 MC )% DPM {8 H
MPI J474k . 7E 24 4~ CPU A 0 F& bS8 23. 07 B9 1L .
A1 L R 6 2 4% Wagner 4550 %F MCNP-4A i) 4 78
MPI I 354740 . B BF T 0 R TR A o 8 50 0 A7 AR AR 4R
A REN L K AERLF i T . Alguacil %5 %t MCNP
W VTR IR AT T 058 374 T 8% 5 JL A G 1 N A2 45 18
Tl 5 1 P A L 300 100 R R 2 2 5 5%k P A7 4 T 25 I 1 8 £ L 285
Bk B T TS PERE . Anderson % FE Tesla K20 |5
F MC 2 7 (19 KB 47, 48 H B4 Intel Xeon E5540 CPU
WA R T 148 004 T,

BR7E38 ] CPU R AR AZ AL B b MC A2 )5 4h 2 T
FPGA i 8% 7 3Z 58, Luu %506 PDT (Photo Dy-
namic Therapy, PDT) 8 7 Stratix 111 FPGA F#E4T T 6 {4
SEELL AL EA 3GHz 1Y Intel Xeon AbBE &% F 5, %
WA T ARAS T 28 A5 09 T 530 L T 31530 5 R T U E 1 2
FE N R 1/716, Whitton 2507 % PDT % ¥ 7
FPGA LilfAT TR, I B3RS T 20, 7 593 Somas kL .
Gokhale 2800 %} PR B 5B AE Virtex IIFPGA b #E47 T R #F 52
AR L E 4R 3GHz B Intel Xeon 4bFE 2% F A 40115 1% A8
PRI ARAS T 10, 4 AT INGE . SR T FPGA I ) =
T IR TE O oA A B RS o R R S5 4
R 1 MC R F B o LE BB 2

S BE R ISR 3 45 R B B T ) 20 R T ARG A ) I A
PN RS | T 2 1 G A 4 R VR A B R RE R 1A R
S5 b A5 TR 43 ) 7T B A G A A0 SR AR A T A Sk 7 i
BAE WNAE Sk L 4 R R AT A B4 LR & B 0T L T X 45 28
O3 o R T A ) B TR RN R, RS T T LA TR Ak R 4 25
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g A 2l o TG ot R A 8 I AT B T Bk DR & i O
A7 TR) R4 A3 T AN T A M 25 8 75 2 A Ak B A D RE
WM 2 A RE SR A AR N S0, AR SORTE IR R A5 R E IR
kLT iz BE AL SRR e MR RE B T SR PL 2

3 EREMIET

AN E T ARSI R R G5, A AT g
VIALIP R B8 43 A5 58 2 AR R A5, LA AR SCix it iy
BEXF MC BLF iz B 77 3047 T D040 A il 1) & F A 3R 2544
3.1 BRSEEREN

B2 G T —MEG M 2 AR R 2SR, B A 1R R 4
R ot J 4 A BLF 38 A M A% (General-purpose Processing
Elements,GPEs) . & 24 i) W #% i 6L )Y & S K48 T S 45 11
CPL B AT s T I AR AN DA R AN . 4 AL Al 5 45 B
W — G A I D ZREAF. MR R

LB AT R R 4 A — AR L 9 i 58 YO O m H: A Ik 4
M iE RS DRAM N 1E . MC kLT 5 iz A 2 5 55 38 15 09 4K
HERR T d58 /N DR BT R 2R 5 A RSSO K B 0T AR ST B 3

G — P/ A7 (Last Level Cache, LLC) ## 3] DRAM N7,

GPEO GPEI GPE2 GPE3

L1 privated
[

L1 privated [ | L1 privated | | L1 privated
I I |

1

General-purpose Processing Elements Shared L2 Cache

Privated L1 Cache :]
DRAM

NoC or Crossbar

Processing Tile DDR4 Memory

K2 BHZRIEREY
Fig. 2 General multi-core architecture

3.2 MFWIZTREREN

FATHE gem™) B LL 2% 7l B2 14 4k 19 N 4% . MinorCPU
g — A~ 4T T3 4l A9 I CPU BLRL, & 4 1 o gt 1 0 ik
il FEM 2 BTSSR AR RGN 3 FTR . AH HLE
M2 AR RS GPE, B A1 0T MM BT T 525 K% %
JH N # (Monte Carlo Processorss MCPs) , 38 ¥ ki T %y iz A~
[ B B A ot SR L i T 1 O 25 B 6 T G A B B L]
PIAZ BT AR T D18 S R AT 55 B BB e 52 30 & 4
TR R

MCP 0 MCP 1 MCPN_|

I"me NI Ll Dllvated |Ll pm ated Ll pl}lvmed

L2 shared P
m Data bypass

Processing Tile
Privated L1 Cache

1072 BV )Shared L2 Cache - HBM2 M .
MCP 0] Monte Carlo Processor HBM2 - viemory

K3 BT Ais B R R A5

Fig. 3 Special architecture for particle transport
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3.2.1 AR

WY K e SR HE T 4 S48 A B B, Bl Fetchl, Fetch2, De-

code Fl Execute, {1 4 7~ . 2 150 H T HKZ L B Bag—

Fetchl FelchZ ’-’I—'{Decode

Predictor

B 4 DUgds Aok

Fig. 4 Pipeline of four stage instruction

F1 WKL PHEESH

Important parameters in pipeline

Table 1

Instruction
Parameter Default Value
stage

fetchl1FetchLimit 1
fetchl LineSnapWidth 0
Fetchl fetchlLineWidth
fetchl ToFetch2ForwardDelay
fetchl ToFetch2BackwardDelay
fetch2InputBufferSize
fetch2ToDecodeForwardDelay
decodelnputBufferSize

Fetch2

Decode decodeToExecuteForwardDelay
decodeInputWidth

executelnputWidth

executelnputBufferSize
. executelssuelimit
Execute L
executeMemorylssuelimit

executeCommitLimit

) [ T I O P gy

executeMemoryCommitLimit

WKL TE Fetchl BBt M Teache & BUE A7 1T . I 4 HAL 3
F| Fetch2 43 H48 4. 40 ST By Be#E Fetch2 S8, FU A9
3 A8 A I B Fetchl, 1 FREERIEHEW A K ERE
BLG3 SCad B o A1 AN T3] o 258 198 40 2 T 85 A 2 A W) S A 1
25 5 B2 18 B R0 PR R R axk R v AR SR MO 43 S TN A
FRA et FH T B B RSUARE SN 4 gk T DA R L M e T AR
BT 5K . Decode B BOW 48 4 B0 U AE 445 HAE Exe-
cute Br Bt AT, 5 B 2 MW XN AF DT M M Sh BE B OT . FE IR
KB B s it b FRATTE E G T Y O A G A B BE LA S i X
KN R TR TR SRR 0 BE IR o FRATTE T B 4 A
T S5 RN GE DX R /N DA SR R PR E b O 57 0 B A9 () B 3K A5 T

TRRIIFE UL A . 5350 % T ¥ e Ui f£ 1 Execute BB, &4

JEAPUAT 1 2 50 1 48 2 8 T S 5 AR A B AT IR ACHR A B
VLKA 5| BCER N B 3] ] 2 52 1 e IR OKF 5 B s 7 Bl AL
PR RN R U A B AR O W R R N A VI R RIS,

MinorCPU MK 2544 43 S 4 A48 4 Bir B, i i K I
T8 A X A FE AR 1Y L R R R ST B, BACAE SR AR LR
AR VR 1 I 7K R 30k B AT B Ak 2 T DS SRR i Y A, AT
B R R PR RE L (R S I 07 T A T 2 T RR RN B RE b A ek B R A
e 87 3 SO A 2R 45 4 THT 1] SRR I /DN THDFR A T A 5 A1 O SR BB
WK BB T 4 RFKIATHE 4 i K R A
DIFEW £k
3.2.2 HWAPATIHAF

Gemb X HFHLE Z A DI AR IT, A LIRS B A HRAE
2, T AT AL B9 48 4 o [a] I 4% 28 38 AR 1% 48 R 2iE 3R b ] LA
AR VA, 15 45 T LA gemb H Y N AR B4 T B RE

FJIE)Lv
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JLTE B . Cortex-A15 14 i PR BE R AZ . X % S5 I 25 5 18 54 %
PF b IR DI RE RS T TR &L AL T £ #Y SimleALU
FEP #AE. 10 Cortex-A7 AL MR AR DAL , PRI AH L A%
W T ICARE FP Ao A LE AR 2 RUZR A, FRATT 2E — 20 ok
AT SRR AR B R L RS TR N B IAT BT SE A
FTTUARTBCE . BARIX AT BEAR ok A 5 45 157 AR P RE LG  (H TR AT1ID)
T A TR AR RIS 5 I — O A S T A5 B UE S

ARM Cortex-A15 | | ARM Cortex-A7 In-order MCP
Execute/Writeback | |[Execute/Writeback |[Execute/Writeback
Simple ALU Simple ALU Simple ALU
Simple ALU Simple ALU Complex ALU

Complex ALU Complex ALU FP/SIMD
FP/SIMD D LOAD
FP/SIMD OAD STORE
LOAD OR
STORE

5 gems FJLA Py R HEL 1 FH Xy B B TG 19 A
Fig. 5 Some core model using functional unit in gem5
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AR AL T AR, B G A SRR SR X R 43 92 T LU
A — A B R T oS AR AE A SIS h I N R SIS

A ERAIL)E AL IS ST .
3.2.3 B EREH

GAF RN G T R R AR Ay, (R B
W T PERE SR IR . 7ESCI6 R R B A AR T B EE B BER B T
KRR, BR RS YEREE 2 T B R AT
PRI b a0 20 7R F BR B B B DR R IS TIE 1 G AE SR UK

3 H A7 T LATRC 00 R B v xR 5 1k 0 AR, A Al
KB 1 MC i AT BEPL 4> 32 38 £ . — OB BUIRU I AS
RE T 5 3 28 43 3, R AN 38 A T TR o (0 — 9 TR plt ok
TROHE R BRI N M A Y . R, X — e B A AN T
TR 0 A7 TC AR

TG e o AR e s I N T T e X D
bR bR AN Y . 3R AR AE S50 P PR A A cyclelnit O # cy-
cleFinalize O B B¢ 5 cycleTracking O pREUAS [6) 1) V5 72 55 M L FF
VB ] Il FH RO 5 i ot — A, L ZETEAE R R b
AT HE A B 55 R — R H i BN AE .

TE N AT TH A5 Gk R 45 W R & AR R &5 43 BE T T
DDR4_2400_16x4 FIFRATHE gems H ) HBM2_2000_4H_
1x128 AT 5 F il F 8 A W AF 45 i 2 A 1L 8 38 JE L W
MC L i 32 76 9 i A0 R 2 285 9 B 0 85 3 58 U A2 4T R % AE
PEREE A TR
4 ELWiIETE

AR T LI A R BB R & A AU
B gemb BULLZSAC & LT IR B RGN D a8 A S

4.1 EHIBFMEHIGE
N T VR ASCRY L R R S5 M B AR AE 1T MC fiiz
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Table 2 Important configuration of the architecture modeled by

simulator
Unite Configuration
Processing . . - . L .
2.2 GHz click speed,4 PEs per tile active in experiment
Element
32 kB, cache line size 64
L1 cache icache: 2-way set-associative, privated, dcache: 4-way
set-associative, privated
256 kB or 512 kB each tile, 8-way set-associative, shared
L2 cache

replacement policy is RandomRP
Main Memory 1GB
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Table 3 Input size for Quicksilver program

Parameter Values
Size of simulation(cm) , X 16
Size of simulation(cm) ,Y 16
Size of simulation(cm) ,Z 16
Number of particles 163840
CrossSection ratio, Absorption 0.04
CrossSection ratio, Fission 0.05
CrossSection ratio, Scattering 1
nuBar 1.6
di/s 2x10"°
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Fig. 6 Running time of three functions in particle transport code

with different input scales
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general multi-core architecture
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tracking particles
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