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Probability tunable random number generator for random
simulation of accelerated particle transport

FU Siging, LI Tiejun™ , WU Lizhou, ZHANG Chunyuan, MA Sheng, ZHANG Jianmin, REN Ruixuan
(College of Computer Science and Technology, National University of Defense Technology, Changsha 410073, China)

Abstract; Particle transport simulations using stochastic methods face significant challenges on conventional von Neumann architectures,
particularly due to random branching events and irregular memory access patterns. These limitations stem from the fundamental mismatch between
probabilistic algorithms and deterministic computing paradigms. To bridge the gap between architecture and algorithms, a probabilistically tunable
true random number generator was developed based on spintronic and ferroelectric devices. The physical randomness of spintronic devices was
leveraged to provide a physical random source for the architecture, and the throughput of random bits was enhanced through optimized control logic
and writing mechanisms. Next, programmable synapses were designed based on the memristive properties of ferroelectric devices, enabling non-
volatile continuous weight storage with tunable probabilities. The experimental results indicate that the proposed approach achieves performance
improvements ranging from 171 to 1 028 times compared to a general-purpose CPU when solving a sample transport problem. Furthermore,
compared to existing spin-transfer torque magnetic tunnel junction based true random number generators, the developed method not only enables
tunable probability random sampling but also achieves a throughput of 303 Mbit/s when generating uniformly distributed random sequences.

Keywords: particle transport; magnetic tunnel junction; ferroelectric tunnel junction; true random number generator; probabilistic computing

L Jz [ R 32 oy T i A1~ R 3
SRR I BRI R R TR
AR, JE AR 2 5 AR5 Y S
HA L H T s 1) R AR L | A S
F BEHLEADL B 54~ 2 (Monte Carlo, MC) J5 ik
BT B PE e 1T 5 (high performance computing,
HPC ) REE bR bz (o) AUt i F ez 1Y)

s HH#A:2025 - 04 -01

ik

SRTT, AEGE AT - K 2 28K i) HPC &
GAESAT MC BRI RAK T o MC oKL T s e
Jy R R T AR Y REAL 3 5, SR TR A
Bls AT, 3 e 7E HPC SRR 1iia
IR T B o SR 1T L 45 A i o
SEVEREFF AT DL AT 3303 B B B T 2 L AR )

HEETE: [EF A RRE RS T B H (62304257 62472435 ,62172430) ; #1154 BHE A58 % B) 35 H (2022RC3066 ,2022RC3065 )
F—EE ARG (1996—) , 5 At A, - 0F5¢ 4, E-mail : fusigingnudt@ nudt. edu. cn

SEEEE RRE(1977—) 5 IR ARBI A WP 0L, L 2 200, E-mail : i@ nudt. edu. en
SR ERIE, BBE, RAE, . I nER T s USSR R TR BRI E A [T ] E B RH 2dik, 2025,

47(6) : 36 - 45.

Citation.FU S Q, LI T J, WU L Z, et al. Probability tunable random number generator for random simulation of accelerated particle

transport[ J]. Journal of National University of Defense Technology, 2025, 47(6) ; 36 —45.



%5 6 3]

AL, A5 < T [ AL 328 BB AT URSEADL ) HE 25 mT ) EL AL A Tl 37

R, VARSI IR 0 R TS 2R S R MU A
DERCHER Y ), I 4R AR AL 3 AT TR Ak
&S (graphics processing unit, GPU) fijiE4 , fifi MC
T BRI AT A BRI R RCRE ] 3 ek
R T BRI B O PR, 2
SETEHH AL PAT IR & B ML R R A AN 5
S IAEIF RS AR B A5 B A Bl e

FESF J2 I, R - VAR 2 SR Y Bl B A
ISR fife o 3 L1 LLBE 37 AT g B2 1] B 51 ( field-
programmable gate array, FPGA) 3= {H %R
BR A FNAE A Oh BEATL R o R i) LS Bt 4R
R ANZIE ST TR A B 2 1 B 1) R i 53¢
CHFBR 3 2IWF 587" . Smith 45 FI ] Loihi 1
TrueNorth J&5 F R FEAILFE K Al B 48 b iz [7)
RITE NI 2SS BEH LB ) R, DA T TE R 2
TSGR [ SR g MC (Rl & 3 D RE A (H
TAEF R S 3R e 5 T Bk SE A >
5 {& ( complementary metal-oxide-semiconductor,
CMOS) HyHfi & PEAR A, I A AR HERE L % Bl
BRI D BA ) BB 1087 X4
BN IF & BN 2 SR T AL
% 7 %% ( magnetic tunnel junction, MTJ) EL.A #j fif
SR AROIRAS, I nl ik [ e 5 (spin-
transfer torque, STT) 1 [ i 46"’ (spin orbit
torque,, SOT) 557 IR SARS BIFL o 1 T A3
FAOFEAE , MT] 1) S 2 Bl i FEAE7E D) BRBE LI, H
HIEE T A BE & F BT 19 B BE HLBOE A (true
random number generator, TRNG) & 2453 2 Wf
8 AR KHSAL IR T A sty S At 51 >

DR SRS, Bt T T
IEORL 4z BEALE LMY B e 72 R R A5 .
B, A A HL F B 2 (ferroelectric tunnel junction,
FTJ) BYE 5 SR A 1k 56 PR o s A S 42, d
IR EORS B ) MTT B L, ke O 115 48
KL RAE TRNG Fils 95 AL BRIT 8. AR, it
T TRNG F8 m) 32 152 5 A it AIL ), G Ak BEAIL
Ok A R TN AR A i o e, A—
iz [ R ), PEAS TRNG i kL i iz 15
HABETT

1 FENERITT RS F4aEHRE

1.1 #FEErREEERBTIE

P25 % (Bolzmann ) J5 72 41 i = BERL T 1E
bR s AR . S AT AR « B By
i) Q WKL B R @ = & (1,x,0Q) i LI
H2Z &hFhria it

L0 x40 201 x.00) 5 (2. D1 x.02)
v o 0x

- J@(t,x,!)’)ax(x,(l' A +RGx,0) (1)

Aqrp
2(x,0) =2,(x,02) +3(x,0) (2)

b, 3, 3, 43 590 Dby L R SO AR 3E 8 Y R
B, R KT IR, 0 KL o, (2,0 —0) K
[Ce i eng i

fif 32 7 B BE BL I E O iR @ it
Feynman-Kac 2337 @37 R 30 75 72 (3) S BlAL
I IR (4) Z YR o

Ju ou
ou 2
ot +,u,(x, >6x

+%a’2(x,t)37?+f(x,t)u=0
(3)
A u=u(o,0) ZEARERE (2, 0) Fl o (2,1)
JE RS O, (%, 1) e— 45 1Y BRI
Xf A BB HLGL o3 7 B AR T (4) B
u(a,t) =E[$(X,) | X, =x] (4)
U, X Fom IR ] ¢ T 46 i A1 B Iz 3l , 2510
FORYE FAF T X A AT REFE AL 1 Ao
By AT HATHEPLIE E 1) B/R nl ReEan i 1 pr
N E X — LS N A B HUA B A R — 4k 5
], [AIFE A Ax, BLF RS2SR S = 1 X, X, , -,
Xybo Py(G=i=1,i,0+ 1) HE T HUIRES @ ##8
) 7 IHEE
P, ..,=P, , =P
o Pt
P =P,
IR R ] SRR B IRAT BEALITEE , A AL B
BLGT 7R, AT LA BE AU R (3) 1A

2

s

B L T HATBERLIE A 1) By /K- ] K ik

Fig.1 Markov chain for random walks

1.2 BB MEKERIEL

MTJ FE Ry —Fo % B e 72 g, © &TF
GAE)Z AP IE P . MTT BAT [ & J2 (pinned
layer, PL) .[i%ZE %\ 22 (tunnel barrier, TB) JZ DA &
H i1 JZ (free layer, FL) Z5#4, PL @A77 ) & 72
1M FL @G A6 J5 m v LLY PL Ry % A6 J5 1) ~F- 47
(parallel, P)B{) 47 (anti-parallel, AP) 4354
FZEEOT AL K 2 filiik TGS T STT B
B RO SR B S R, 7E AP IRET, BiE




.38 - ESl iR A N = R

WAL Ly HL T AT J2 2 1) A | JZE  HEA
H 2 A T R RS 5 R A B o TR
BEE PRET, BBEMAC R 1o ap U553 52 100 Y
WG TN o TE3E >4 1 v At 0 (B R TR JB) T, o
Hi BEAIL N 25 B AL 3 B 45 R TEWR N [
SEIFE] A ¢ O E LT, MY ) By
P(l,t) =1 —exp( —%)

(6)

T =7'Oexp[A(l —II )2]
c0

Horpr AR B 18], 7 i 8] 1, A

AR IR E T Lo S 7E O K I A 57
B HLIAL
dlb

STTH#:

12 STT Bt B B B T 72
Fig.2  STT switching and dynamic probability switching

Ol I WFFEAE FTT v &3 THCBAAT by, Bk
WAL RS AT LS R R B A i s Y o SR
FT 45 K6y 19 A H AR J2 e A1 22 [R) ) o 8 4k v
Wl 2 A, K 3 Hfp Co, BaTiO, (BTO) |
LSMO 2l B 1) FTJ, Jifi fin i He AT DA% 4 BTO 4k
FL 2 AR Ak B G | ol - P B SR ME R, AT 5
SN e e A o o 1 & AR A
HR it N I 1) 2 AR H R 45 51 % T A Ak 8 1
KA R, kT B0 22 i F B AR AL, BRI 3 rh
NZE T A A R o B ) S DU 3K By [ AR A s
B 546 . R FTT A2 BRASE | AT LR
o R SR BELMEL, AT 52 BRAE &) 2k HL 3% 22 4 i)
TRNG 5 AH s, LASE B TRNG i H 48 2 AT 9
T EE U] Y A, A A BELE 7T BE 52 211 B DL K 34
2ERCT SR W A A SCE A58 A EY)
Wit 2, D G A 2 X M) 51 A HL A 22 5K % 18
FTJ T2 W2

2 BRI
JIr it TR L T i i SR i A AR AR R

== [IX=meN|
BaTiO, ﬂﬂ:l: ﬂ — ETEEQI:‘
LSMO meglw

t

i LA
AR

3 gt RiES T FT RARE % R R i i 7
Fig.3  Domain nucleation and propagation in

FTJ under programming voltage

ER O BCE A E B F TRNG B, DUEEGR CPU (AR
SEREREAL B B 1 A P = 2R SORE IR RN 7O
o RGHEZRANIE 4 Fm o

ﬂu?ﬂﬁﬂr

ol
=d(t, x, Q) v

G )

B4 SRR Tz i) R GEHEZE

Fig.4 Computational system frameworks for particle transport
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