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Abstract: Matrix computing is one of the core problems in high
performance computing with matrix decomposition being an
important way to improve the parallelism of matrix computations.
FPGA gives a powerful environment for parallel computing. This
study uses Cholesky decomposition based on a hardware-adaptive
parallel sub-matrix identity updating algorithm. Its parallel structure
is based on FPGA. Tests show that this structure achieves more
than 10 fold speedup compared to general-purpose processors in
terms of the kernel computational speed because the algorithm has
during

better data-parallelism and pipeline-parallelism

matrix triangularization.

Key words: matrix  triangularization — decomposition;  Cholesky
decomposition; parallel structure; field programmable

gate array

T, % BE AR B = A AR i i F 5E R A
TN Wk s S FPGA 5283 A4S 77 1)

FEE . AE Pk AR A A Y, MR AR K
PSR 16, R BE = f Ak 2 i i i 98 E B ST
PSR A R £ BRI (SIMD) B £ 48 4 i £ B0 R
(MIMD) #y [n] f #L ., 3 B2 77 6 1) 2 b 38 AL 45 42
AR IEAT I AR R GG L IF R, — LS
H 7E i hb 21 2% DL KGR 18 EDE AL 38 8 (GPGPU)
WA B RFRI ., %R B 5T i 1) AR B
H RO ELAT bR o 42 1R A B R R B0 T SR
He, DUFE H bR R 450 b Se B 2 10 s P R T4
WEEZmEidE CREITEFEmETF C++1
cvmlib  HE R IR B %0 BB (Intel MKL) F1AE B
BN ZE (matrix template library, MTL) 4§ N iE
VR 1A T B B TR TR T SR
FEL B E A R FE R . LA BLAS,LAPACK Al
LINPACK FE AR 3R 1 — 2 9 500 4 M AR Bk
PR BT AR M T ekl — 4 ik 3l B 41 WL 52
B =46 i (B 5 4R AE 20 42 80 ARARHI 90
AEARAD AR A R B R R 2 TR 4 B
LM L VLS & i —Fp & R R 2549, 3 5 1l
Bk B 51 T B T 4 A S B = A AR A R R R K T AT Y
KAk A S AR R BHEE, AR KT
FE. AR, WE MR ETE B E IR FPGA I
Wt ELA e kAR O B = Mk ROt AT A5k . A
K, XSV T4y 5 B A AN b 3R ST (pro-
cessing element, PE) &1 77 4ifi )2 W & 11 . [ 51 45
FBETEAE D5 T T AL, SCBL FPGA i M = 1 fk 4y
fiff B AF 52 LA B A %ok R4 1B e MR AR B R AL 1 FP-

KB 2016-04-11
ESWMAB: HEARPFEEATE LI H(61003036) ;
THEEPLAR ZR 450 [ 5K T 5 S0 50 = T RS
(CARCH201301) ;
rh o A AR 55 28 3% L UL 4 (HEUCF100606)
EE/ A MNBFHA978—) ., B, Y,
BEEE: MEF, Y, Email: linjunyu@hrbeu. edu. cn



964 AR % (AR B = D

GA B NS Z5 0 A B ok 1, BT R £ 52
B XoF o L AR R B 3 i 1 — AR 2R B 9 e — 4k 2 i
TE 50 LA [R) 547 55 m DL s g, X e 1 F e
Bhe X TR HSIR O LR 27 Z W H . B2, XF
FPGA F [ = 4k 73 % (9 A 55 415 A w] 48 T 19 =5 18]
R TSR R 1 f 2B R, L T JE I o0 i O AT
SRk D W 1) 45 g AR e 14 5 T 38) JFL Al 566 e 4 fie 11 52
Beb, DLl Ak S H AR 0 458 ) e S g
RS EHEF A, A, A
W o figk 20O B AT 0309 A A T B AR B AT R
KISl i 50 A AR Rt i ok 52 B VE 48 2
I AR T — 28 BT L R T SRR AE Y
L 43 i o FH o s O T B e R R R A B AR T
AT 09 2 B RO AL B R B2 T H BB S PE R A DGR . R
M= Ao i B b o =Mt X — 5l
TH5 3 R ) A EL AT R T i 1 300 R 5 5 0 B
i, JE # i& A& JE AT B AR 1) FPGA JIF 471k 1k
Wit

AR SCER X R B = A0 A o3 i b A = A Akt
SERARGE A dE A g3 A b R BT O R A R
U, S —Fh BT — B0 i 7 R B 5 [8) — fk JF
A5, FRm 4 R T A i T AR A T AR
FEFE =M 0 P AT 45K . EXF Cholesky 4 [ =
FAAL ST AR T AT S5 0 b 0% v R 52 B R A A R T
JEE5E .
1 WFgeis st

IEH AL
A S B 4 R R R 1 e 2 A SRS LA, R
oI

B JE B Y = AR Ak o0 R AE B A 3 i O OE A2
WS =AM, S — 1 L=
— AT =AM, AR LIRS . 4
TFEaXp(p<m) EMHIE X, WX (DR nXn 4
AR 2T A M DL B p X p R E =AM R,

R
MX :[ } (1
0
ST A B R R — L B & % c[19 ],
2 Cholesky 5 fi# Je FPGA JHir45 %11
Cholesky 73 4 n X 4E X FR IE 8 5 FE A CHirf
(e g N 4, 1<<i<n) AXALITE NIEH
BT =AM, L5 L ) iR,

2016,56(9)
(0 0 0 7
l;] 122 0 0
L = ) ’
I L L 0
Lin L Lo L |

[ I R e L]
0 Ly lkZ lnz

S B : N

L 0 0 b 0 o lmi
L o] DL o =X () A4y sk 15,
a,v,/ljj, i=j =1

L =

j—1
(a,] - ;Z,}elﬂc )/ZJ] ’

(3)
1> > 1;

a; — Zl,zk. D

# Cholesky 7 fif By $AT i B 1T L 193 /2
AL IR LT W S B CRTAR LT -SC) . MUK B
JUITHRAE A 1 B, LT -SC ¥ BB M MR i T~ = fAJH
Pt R AR R oK g b = AR R, N 1 BTR . B
o X TE R

3 =
LEgFIES § LA !
ay, —»»\/ TN
21 a ”llzlll ” \‘?
>l a U T
a. o u, =l N !
a0 4 i A X W XX XNy, au:
H <
\\ = \\
0 1% T T il

WHLETIER WHLE T

B 1 L'-SCHitE T2

F, L"-SC T4 k(4 1 U5 4 58 IR nl
PLZRR R (5 F6)

U Uys Uys Uiy

T —
L(l.l) - ’

L X X 44
B T
U T ai
Uiz alz/\/all
= s (5
Uis ars /v an

Uy,
- au/vau



XI5, %, ETEME=MMESEE Cholesky 43 it & FPGA I 17454 1t 965

app  diz  diz A

T dz1  dz2  dz3 Az
1,1 ’
aszy X A3z A3y

ay X X Ay

1 0 0 O
—an/ay 1 0 0
= /an 001 0 ©
—an/ay; 0 0 1
SINEWIERE P, £
0O 1 0 O
P = o0 Lo (7
0O 0 0 1
1 0 0 O

W) LT -SC 1K fife it R 75 T LA 7R o 20 (8) 1y
B, LT-SC B — BBt BxT 280 =
FEFE PRt 8 B 1 W PR TR, A AR L A R B
) A £ 1.

AV = P(T,, A" ")P, 0< 1< n;
A(()) — A (8)
¥ ZEBRERHENA, 2y NEHEMNa, .. &:
20 = gV Gajek) = 250 — (200 Y,

1<ij<n, 1<k<nHO<:<n,Z =2,
DU 1 B B TR) — A A7 3R e . 0 B B T B
R IER KD,

(@D
3X3 T

g (2,2, g¥(2,3.1) g¥2,4,1) X

g (2,3,1) g'"@3.3,1) gV 3.4, X|

gV (2,4,1) X gV (4,4, X |
X X X X

TApy =T, ) ’ (9a)

>< >< >< ayy

_alz/au 1 0 0
7“13/“11 0 1 1

T, = =
_au/au 0 1 1
1 0o 1 1

1 0 0 O
7“12/(111 1 0 0

) 9b)
7a13/a11 0 1 0
*an/(ln 0 0 1

L"-SC Wit B RBEME 2 Fiw, 15K
B, LR B IE 5 ) O IR R R L A . ol KM T
aiy s O<j=<i<sn, BPUHRTRR A7 B8
T MMM, H o 2N T — KT R
M TG, ARPE LT-SC 01+ 54K 6 4 2 1 B 51 25
i 55 Bsf 25 AN L 3 BT 7S o K R A T i ) 44K o ke
BPMESS R EJT AR PE Aot L., N E AT
PE BJG(a  ysar.ssra, )M KN (a,;,=a;.),
DA AR 30 B AT BB A 78 48 G S 1) 3 0E 1 BN O
7. X HY LT-SC IfA7 454 PE (9 IC & F1 L' -SC
SR TFFATEE R 43 I & 4 F05 PR,

k
;
i
7
.
|
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
t
X | X | X | X| X| X| X |a, |¢
" 1" "
X X X a), X X a, |a, |
X X a; 3 X azv 3 a; 2 X a{,s a;,z al',l tg
Qg [y | Bs | By | Bz | By | Ay | 5 [, | A, | 4
PE
P4,4 P3,4 P3,3 PZ,A P2,3 PZ,Z P1,4 Pl,3 P1,2 Pl,l

R4 R3 R2 R1
B3 L'-SCHMSISEHSItHEMNEE



966 AR %% (A R BE S O 2016,56(9)
DRin DOin
DOin
DMXO0in
DOout
DMXlin
DMXin
| DMX1in
DMX0in
DRout Dlin DRout DOout Dlin
(a) %7 HICPE (b) #1%4cPE  (Boundary cPE-1) (c) I¥BCPE  (Internal cPE)
B4 L'-SCHITHEMPENEE
Smart Buffer
al Tl 1] a1l 2] al 1]l 3] al 10l 4] al 1] n]
P al2) 2] al2] 3] al 21l 41 al2] n]
na al31 3] - -
al kIl k] alnll n
L (2] (2] (2] » v i
P P P 3
i [ win [ w o [* i
Al eE L | D S I U B
Lo < —
P2 N [ Pe [ Py [ S Pan
PE o pe) rPE A L A " Ao
Lis < — \
Py 3 \ P34 P33 P34 P3n
PE rPE PE PE PE
e -~ N s e
b ) P14 Py [T Paa [T Pa,n
PE
e rPE R R
N % N % 7 %
Lk, n - — \
‘ P O o, n
PE A rPE PE
4] 4~

5 L'-SC BiEFHIT4EH

3 SEUGEER

AR SCHE TR VHDL i 5 se 8.
Mentor Graphic Modelsim v6. 5 {5 B 5 {iF T. B 9 17
5 5 76 Xilinx ISE 11. 1 T B sg i &, 4
BT AR X BT R R RE R AT Al T 5 20 A
BB N4k 8] FPGA b #E AT 52 bR 17 5 D1 fiE
k. Arff A B FPGA 43 5l & xc5vIx330t Al
xchvlx110t,

3.1 FPGAAEHH

ARG K T ST E R i ek ek BRIk
DA R 5 45 Bt T U5 8 R ¥ A5 R Libhdlflep #Y
PR BE LK PR TS ER A L B, B TIEEE754 A3
e Y s RO =X

F 145 LT -SC I 4745 M f PE FRIT Y 45 & 45
B, f33% BcPE-1,1cPE,BcPE-2 #il rPE %5 4 f PE
PATT R BEIR A A B R %, W DVE B, B ER
A BCE R S EEE, fPE RS AR D,



XIBH, . ETHEME=MAL0M M Cholesky 43 i FPGA IFAT45 31t 967

®1 LISCHATHHMP PEERATHEEER

5 4% i
 owem omf SRR pepiep WK
=% TH e Py fih & 75 o B R
N /MHz
BePE-1 1156 1212 1228 0 188. 56
IcPE 338 847 868 2 169. 21
BePE-2 2034 1942 2054 0 150. 76
rPE 34 40 42 0 550. 01

3.2 HRELEER
HTF &R & 33 PLEL & o 40 2. 33 GHz
B RIE AR 2 A BRAE 4 GB £ &% CentOS 5. 5 #

ERG, CIBEE diFe N gee 4.3, k&R
02, B 6 45t L™-SC F5 51 Jf- 17 25 4 55 38 FH Ak B 4%
R A S TR L T AR A 8 0 T B R 5 R S i i
B (R 5B B T A5tk . T LB B, 7E45
PR b R T3 LT-SC R4 3 I 47 &5 44 24 0] DL HR
3 10 A5 DL L e RO S5 ROASDR AR REAIG . Jin ik
Fb L B 5 A R A R R R T, BRI
S, BAERE AN 10X 10 4ERE N F] 18 X 18 4 1 F
i, Bl 1cPE 80 i K&, FPGA i) DSP4SE
Slice PR 4= HRIHFE Bl de O R AV T [, T i B
A 32 3 32 X 32 4B, Bfi %5 FPGA I+ LUT Flip-
Flop pairs T IRAIFEIS . fe KITH KR B TR

2 5 .
iﬁ 20 200
=
= 1529
R 14525 13989 150 ~
£ s
t 13zt
o e PP g e 100

%10 1090 10633 ° =
2 452 IE
= 7
oS SN £ 50
z — kb
= 0 ) ) ) ) ) X 0

4x4 6x6 1010 1818 24524 32x32

FE BRI
B 6 L"-SCFEFIFITE 5 iE A 4b 32 28 3K 4 SC 0 AY Jn 338 bk An
=AM RN T A
4 5
AR SCRE T SR W] — AL Bk B X Chol- SEZH  (References)

esky 73 BUSR MR AE . 4 M0 LUK 4R M L i 7% 5 B
L") L"-SC 53, I L7-SC 2 M AR E0ke1iE
MIELAE b T LT-SC AT a5 se il &, 15
AT S R B ARSI rh . SR FPGA PR #4570 5
Be# P libhdlflep SCHEFES] PE B IF 55 3 K i3 5,
BRI A AT 2 B L A A B = A AT S AR
BRI TS WK IR T LR RE
B, #%F Cholesky 43 fift, 5F L"-SC H %7 FPGA
S B AEAZ O TSR R AR T AR AR B 1Y
BAFSEEL, ATk F) 10 5 LA Bk e (HAE R S
B iz 47 64 (4 W 5 A TS S0 R - 5 rh 9 38 {5 T B T
o7 8 B A S AT B ) Bl 3 R, 4R R B AT S
SRS, T — 25 R R

[1] Satchidanand G H, Sotirios G Z. FPGA implementation of a
Cholesky algorithm for a shared-memory multiprocessor
architecture [J]. Parallel Algorithms and Applications,
2004, 19(4) . 211 - 226.

[2] Kung H T, Leiserson C E. Systolic arrays technical report
[R]. Pitsburg, PA, USA: Carneige Mellon University,
1978.

[3] YANG Depeng, Gregory D P. LI Husheng. Compressed
sensing and Cholesky decomposition on FPGAs and GPUs
[J]. Parallel Computing » 2012, 38(8): 421 — 437.

[4] Alfredo B, Julien L, Jakub K, et al. A class of parallel tiled
linear algebra algorithms for multicore architectures [J].
Parallel Computing , 2009, 35(1): 38 —53.

[5] DOU Yong, Vassiliadis S, Kuzmanov G, et al. 64-bit
floating-point FPGA matrix multiplication [C]//Proceedings
of the 13th ACM/SIGDA International Symposium on Field
Programmable Gate Arrays(FPGA’05), New York, NY,
USA: ACM, 2005. 86 —95.

[6] Vasily V, James W D. LU, QR and Cholesky factorizations
using vector capabilities of GPUs [R]. Berkeley, CA, USA.
EECS Department, University of California, Berkeley, 2008.



968 W K R A B D 2016,56(9)
[7] Oleg M, Volodymyr L, Anatoli S, et al. Parallel [15] Haridas S G, Sotirios G Z. FPGA implementation of a

(8]

[9]

[10]

[11]

[12]

[13]

[14]

implementation of Cholesky LLT-algorithm in FPGA-based
processor [ J]. Parallel and  Applied
Mathematics, 2008, 49(67): 137 - 147.

Eunice E S, CHU Peiyun.
algorithms for Cholesky decomposition []].

Processing

Efficient and optimal parallel
Journal of
Mathematical Modeling 2003, 2(3):
217 - 234.

Aatonio R, George A. A high throughput FPGA-based
floating point conjugate gradient implementation for dense
[J]. ACM Transactions on
Technology and Systems, 2010, 3(1): 1-19.

Badia ] M, Vidal A M. Parallel algorithms to computer the
eigenvalues and eigenvectors of symmetric Toeplitz matrices
[J]. Parallel Algorithms and Applications, 1998, 13(1):
75-93.

Anderson E, BAI Z, Bischof C, et al. LAPACK Users Guide
[M]. 3rd ED. Philadelphia, PA, USA: The society of
industrial and applied mathematics, 1999.

Blackford L. S, Choi J, Cleary A, et al. ScaLAPACK Users
Guide [M]. Philadelphia, PA, USA:. The Society of
Industrial and Applied Mathematics, 1997.

WU Guiming, DOU Yong, SUN Junging, et al. A high
performance and memory efficient LU decomposer on FPGAs
[J]. Computers, IEEE Transactions, 2012, 61(3): 366 —378.
WU Guiming, DOU Yong, Gregory D P. Blocking LU
decomposition for FPGAs [C]//Proceedings of the 18th
IEEE Symposium on Field-Programmable Custom Computing
Machines(FCCM’10). NC,USA: IEEE, 2010,
109 - 112.

and Algorithms ,

matrices Recon figurable

Charlotte,

[16]

[17]

[18]

[19]

Cholesky algorithm for a shared memory multiprocessor
[Jl. of Parallel,
Emergent and Distributed Systems, 2004, 19(4): 211 -226.
5. ERE, AL, % BT FPGA [ Cholesky 4 41k
BEIEATE M S S B (D0, A ALIFSE 5 K . 48 (SuppD,
2011: 258 —265.

GUO Lei, TANG Yuhua, ZHOU Jie, et al.

architecture International  Journal

Fine-grained
architecture and implementation for Cholesky decomposition
on FPGA [J]. Journal of Computer and
Development s 2011, 48(suppD) : 258 —265. (in Chinese)

Research

WANG Xiaojun, Leeser M. A truly two-dimensional systolic
array FPGA implementation of QR decomposition [J]. ACM
Transactions on Embedded Computing Systems (TECS),
2009, 9(1): 17 —18.

BRI, S5, £4%. Cholesky S AR IR AT R B (1], 3t
HHL TR S5F, 2010, 32(9): 102 - 106.
WU Guiming, DOU Yong, WANG Miao.
parallel algorithm for the Cholesky decomposition []].
Computer Engineering & Science, 2010, 32(9): 102 — 106.
(in Chinese)

XUAT B SR L kI S, AR ) E A TE R R G A B
Ao R BRI AT SR 5 [T]. M T o4k, 43(8), 2015:
1642 —1650.

LIU Shuyong, WU Yanxia, ZHANG Bowen, et al. Research

of parallel hardware architecture for matrix triangularization

A fine-grained

decomposition based on reconfigurable computing system []].
ACTA Electronica Sinica, 2015, 43 (8). 1642 — 1650.
(in Chinese)

CERE5E 962 10D

[5]

L6l

(7]

Vogt P, Nentwich F, Jovanovic N, et al. Cross site scripting
prevention with dynamic data tainting and static analysis
[C]// Proceedings of the 14th Annual
Distributed System Security Symposium. San Diego, CA,
USA: Internet Society, 2007,

Network and

Minded Security. DOMinatorPro: Securing next generation of
Web applications [Z/OLJ. (2012-09-30). [2015-04-07].
https://dominator. mindedsecurity. com.

Lekies S, Stock B, Johns M. 25
Large-scale detection of DOM-based XSS [C]// Proceedings
of the 20th ACM Computer
Communications Security, New York, NY. USA. ACM,
2013: 1193 —1204.

million flows later:

Conference on and

[8]

L9l

[10]

Saxena P, Hanna S, Poosankam P, et al. FLAX: Systematic
discovery of client-side validation vulnerabilities in rich Web
applications [C]// Proceedings of the 17th Annual Network
and Distributed System Security Symposium. San Diego,
CA, USA: Internet Society, 2010.

Phung P H, Sands D, Chudnov A. Lightweight self-
protecting JavaScript [C]// Proceedings of the 4th
International Symposium on Information,
Communications Security, New York, NY. USA:. ACM,
2009 47 - 60.

Computer, and

Lab. NoMoXSS[Z/OL].
http://seclab. tuwien. ac. at/

International Secure Systems
(2006-3-29).  [2015-04-07].

projects/jstaint/files/testing. zi



