B4l B 10 H 128 = L 5 1 Vol. 41 No. 10
2018 4 10 A CHINESE JOURNAL OF COMPUTERS Oct. 2018

EF &I GPU £ ST EEAHR
% EWA R N A4E B O BARSE

VO IT RIS S TR B K 300071
DO EBHE BT A HORBI I LA R E FE RS E b 100109)

B ' GPU LMy A &I A i A7 58 1038 D AR B8R (AU GPU 15 CPU A A 254 7 25 745 2 1 A7
TEAR K 2 5% . 3 CPU-GPU S 3H 5 R G0 0 a2 S 2% JE 4R w7 » RIVER T 48— 71 3 8 28 H9 (CUDAD 4R i1 keernel
I S B AR TN 22 3 1 AR AL B FE 2> P2 AR T GPU B 358 98 IR X LA 003t Ak A 0 U] A9 - A7 B2 7T (] AL S M
RGP R R GPU 4 ST Y TUBIUE N A7 FISE — M 400 0 2 ) S5 4 AE L 3% SCHR I T CPU i BIAL: 55 A B2 3 R
B FRB M AR N GPU M55 3171 A CAGTP. 28 T CPU-GPU S #it 5 £ 4 Ly b5 7 AR )7 iR
i BRI BT T CPU S AT 55 BAS 38 2k B B 90 AT: 55 I % 4 AL 55 AR GPU i 94T 95 & A kernel BR 2F 4L
il S8 T CPU 5 GPU [a] B9 v RCANRLEE AT 55 52 1. . ik 4 T Jst 42 CUDA B2 J5 w22 08 15 kernel R B IT 85 . A &K
WS T GPU b B9 40080 AN KLU IF 4748 5 3130 i ELA IR B APT 4% O sR 4 RE % [ Ik CPU-GPU et it B R 4
i1 2 Pt X 2 L SR 45 R R W) CAGTP B8R b AT: 55 8 B2 ) JF 9 2 keernel ok B0 TR 500 A U8R TH 138 JH A B4 e 77
GRS A K ST I 48 45 it 0 e M AR RO 27 > S0k B i P B s CAGTD BB G T R AT £ B GPU.,
HAEPERE 2 S BRI 240> GPU Z (8] 15 B 5 33987 . RE A o OR R 5 AT 55 A0 HL AT AN D) - 47 1 9% 2 i .

KW B RGBT 55 IR AT AT 55 S eR
MEESES TP393 DOI S 10.11897/SP.J.1016. 2018. 02175
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Abstract  GPUs have become general-purpose co-processors with high concurrency and memory
bandwidth. However, due to the huge difference of architecture between GPU and CPU,
programming on CPU-GPU heterogeneous systems has been proved difficult and time-consuming.
CUDA (Compute Unified Device Architecture) is a general purpose parallel computing platform
and programming model introduced by NVIDIA. It enables thousands of threads on NVIDIA’s
GPU to be developed for high performance computing, and provides convenience to leverage the
parallel computing ability of GPUs to some extent. Nevertheless, it is still a problem to fully utilize
GPU computational resources and reasonably schedule computational tasks running on GPUs,
which has become the main bottleneck to take advantage of the parallel computing ability of GPUs
and apply them to accelerate practical applications, such as matrix operations from linear algebra

area and machine learning algorithms. This paper proposes CAGTP (CPU-assisted GPU thread
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pool) , a thread pool based GPU task parallel model with the assistance of CPU in task scheduling.
First, we take advantage of page-locked memory and unified virtual address space, which have
been supported in new generation of GPU architectures and new versions of CUDA, to improve
the communication efficiency between CPU and GPU in CAGTP. Then, we design the 1/0O task
queues, block-level task scheduler and task slots on CPUs in CAGTP, allowing users to dynamically
schedule tasks that are to be calculated on GPUs. Besides, the task-multiplexed kernel is designed
on GPU, which is the core of CAGTP and can achieve the dynamic scheduling of thread blocks on
GPUs. Based on these mechanism, CAGTP allows efficient scheduling of fine-grained tasks, and
effectively avoids the cost of launching kernels multiple times in native CUDA programs. Moreover,
CAGTP supports the calculation of irregular fine-grained parallel tasks on GPUs. Last of all, we
provide several Application Programming Interfaces on CAGTP model, which can effectively
reduce the complexity and time-consumed of programming on CPU-GPU heterogeneous systems.
To test both the performance and extendibility of CAGTP by kinds of applications with different
task sizes, we pick out GEMM (General Matrix-Matrix Multiplications) and Cholesky decomposition
from liner algebra area, TNN (T Nearest Neighbor) algorithm and K-means algorithm from machine
learning area, and the mixed application including SPMV (Sparse Matrix Vector Multiplication) and
Black Scholes algorithm in the experiments. The results show that CAGTP solutions can dramatically
improve the efficiency of task interaction in CPU-GPU heterogeneous systems, with its time
spent for task scheduling only accounts for 5% of native CUDA kernel functions’ launching time.
At the same time, CAGTP can achieve obviously higher performance than traditional CUDA
paradigms, especially for irregular task-parallel applications such as Cholesky decomposition and
other mixed applications. Last but not least, CAGTP also shows good extendibility when applied
to multiple GPUs, it can achieve load balancing even for distinct NVIDIA’s GPUs.

Keywords heterogeneous computing system; CUDA; thread pool; task parallelism; task-multi-
plexed kernel
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BB AT 5 R 1R 25 o IDLE; X4 r A 9 4E % 11 &
SEHE T B 45 AT 55 42 1 kernel oR LAY PUAT L
CPU s 1) 4] JBE 28 72 45 AT 55 1 1 RS &y EXTT
GR R s GPU i 1) 11 55 26 B e A 36 1) 6] 1 14 4F:
SRR ZS y EXTT B gt 45 o i 47, 78 AN IDLE 3|
READY AR Fe 4 b, CPU i 14 ] B 2k 72 0 20 7E
155 9 48 DL BT 55 M 22 )5 A RE i A7 40 07 1 R A %
s [F) 3, GPU i b A AEAT: 55 TR 45 5, IF X E 55
R (AT 55 BHR AT BB (AN I A BB R AT 55 A
(k75 B READY 75 ) FINISHED.

(e o 5T

3 Hligfese ik

READY)<—1 4

551 R
K6 5K AR E

Y AEPRAEAT: 55 8 B AOCR 1 1 B0 & Ak GPU
U S BE S, 7F CAGTP #5184 38 By BX 4% IE 1) 4T
FREREH%E T RGN A GPU k5 it A L&
ey SBCH . B, GPU s AN TH R LR A
C LA AL S5, IF N AR B0k A 3 Bl 19 3 53 AE
% . — RS A S GPU s iy 24 1H R4 R
L IR) . R T O 4R R P TR AN 25 B O R BUAT: 55
7 A2 38 4 T HAT: 55 45 I A 25 77 A5 AT 55 Al 1Y
P ERGEAS
3.2.4 AE4% % H kernel pRZK

e CAGTP BRI A£ 55 2 ] kernel o8 B1E &

i) 8l Ja W A S 2. R R AE RS GPU i 19 3t
ZREHES ER A A AR R Y IR 5
VR B B 1A — B3 B AE GPU IR iz 1R 2.
AN TT 5 AR He I 5 H 6 R 1) A 55 A P AR O AT 55
FEPAT T — AT FAT 55 ) 2238 AT 55 1 o gk 42
RIOHT B 5AE 55 L BHECE) — S A R R AR Il
(AT 55 f 3B

WE 7 s i AT 55 52 1 kernel R LR 88 717
W 77 R RE B T — RS T iESL £ ) kernel
PRI (] (R 25 -5 10 3 T 8 #E CAGTP 27
— AT 55 EEFE B 29 0 200 ns. i ) 3 — 4 kernel
PRBON 5 22 4 s~ 7 s [ 0 AT DU 20030 315 B 8-
15 1k kernel pRECIT AT Ok B BF (B R4, R L T
A~ kernel bR £ 25 o0 H — BL B[R] N AS BB 7 4 A
GPU i {1 5% I3 19 15 0 » B kernel bR %5025 o HI (9 14
GG NTE/F=E s % N g WU

Kernel Functions

Thread Pool Model

kernel A @ @ i @ @ @ @ Task
@ @ ) R @ @ (B0) | (B1) | Multiplexed
| B9 ) | Kernel

K 7 4£% % M kernel PR%K

1155 52 1] kernel B %E CAGTP 8 v i1 1%
L BT T CUDA 4 285 AU f kernel pR 4R 11 34
S 1 GPU b & BRI R A LR 5%5 . A
TS HF T A AR RS HE AR5 E
kernel RELME HAWZ & L. Hh. E5EH
kernel R HAS[A] 5 kAR BT AT 55 0T LLEAS
(] P 380 Ao AN [ B AT: 55 04 9 A AT 01 dn it o 4
RUAT: 55 A7 fith %5 48 BUAT: 55 BB % 4 = W JH X GPU
A B PR A A 2 R — M LRI 2 R TT
AT 55 02 A [W] Y T HLAT: 45 B2 B2 LG kernel pR 1Y
A X AT LUK 22 A 0 T P R AR T 22 A kernel
pR A T A e 5 BB T SRS TR — L I R 2 Ik
kernel pR%K A9 8 T #5.

fE CAGTP BRI i, fE — 4> GPU B4 L[] —
if 20 HA e —— T 55 52 1 kernel pRECAE AT . I
FAL S AT R T CUDA R 5 3t v i 1 2 4N i
EEITENLEE M HEZBE R ES IR 55
WAL 4t CUDA 4 R 55 R B8 O | 4K TR B
3.3 mEEDO

CAGTP BRI Ryt HAr 2% 3 CPU-GPU 5
) NUMA R 58 5 B0 00480k B2 AT 55 9847, R
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AR PR E T 38 B GPU AT 450k & 8 k. T ZE
CUDA g FE 7 Je g S TAE R, — Bt AR 55
B 2 GPU i, CPU i Jo vk SEm 3R BUE 55 IR 2
HA4E GPU i 19 4 FK kernel %45 K VLS, CPU
A BB GPU i iy ¥ 1 53AT 55 & & 58 L.
BT CAGTP #RL Y 1155 2R FE U RAT: 55 98 AL
il BB SCHE R AT 55 M 3 5 B 5313, B4~ GPU
WA P R 241 Bl i TSR R e DT 45 B )Y
SR T — R B 5y R T SRR L R B A
KA CAGTP KR 52 — T 55 i A B 51 2 A~
1 55 it BAS) L ORE 3 2 MO OC &R B TR 55 TR A
55 Hn A BAF) o 8K 5 T8 B AT 55 i s BA B | S5 R 4 R
Sy 52 BN R SE L B8 3SR R R ) o3 O A 3
HOAE AT 55 0 8 B OB 7153 2 08 iUAE 55 0F s AUE:
55 A BAB o DR A T 530 R R AR 4R 52 A0 AT 55
AT AP 4 A 55 ) AR OC 28 G
7E CAGTP iR Sy 32 APTHOINE «

class cagtp_t {

// start the kernels and the host scheduler.

void run (void) ;

void set_no_more_task_flag (void);

// wait for the kernel and the host scheduler to exit.

void synchronize ( void) ;

void push_task (task_t const & task, int output_index=10);

// pop a task from an output queue, synchronous call.

void pop_finish ( task_t & task, int output_index =0);

// try to pop a task from an output queue, asynchronous call.

bool try_pop_finish ( task_t & task, int output_index=0);

// query how many tasks are exepcted from an output queue.

size_t get_unfinished_count (int output_index=10) ;

FEREL I AT i #2383 98 ) push_task O %
FRT UTE AR Ao 5 220 8% 31 5 AE 55 1 A 55 i A BA 371
oL R HoAR A A R L R 5 R] DUV
AEFHZE R try_pop_finish O $5 11K 25 3 AT 45 i 18
BAF Hh & A 58 B AT 55 5 800 pop _finish O 4%
PR T 55t BA A | 28 R AT 55 52 . R )7 DL
AT DAAE AT fn] B 45 30 52 8 ] get_unfinished_count ()
2 0VA R B A 4 A iR 2 EAT 55 R 58
BTE BB Fh S5 R

1E CAGTP BRI b, {5 1 5 AAT: 55 i A BL 1)
AT 55 BB RE A5 BT A P AT - BV 84T 55 2 ) 2 3
AR . CAGTP £52 BRI Ly JF A b BT 55 1] 19 4K
O 2 L TS dd 2 22 AT 55 e BB R 52 IR AT 55
i [ml 25 F P R R L T R AT AT 55 =2 (] A RS A ) A

PR 3R] LAfE AT B4R Ik i APT 75 1 JZ 40 BT

55 ) B AR G 2% T T 45t T ) T A 55 i) OB G 3R

s ). B 5 AL P = AT 55 ab Fl e, HAES ¢

R TAE S5 a. B 565 a A b 8 R A BIE 55 i A

BN o, I HLA8 GE AN R BAT: 55 i th BA A R 515 98 )5 Jd

i P AT pop_finish O H 7E 4T 55 i th BA B 0 1 25 ¢

fE55 a 5 2 T oK HAE 55 a WAL 55l t BA S O

BB AT 55 ¢ AT LR AT 55 i A BA 371 Rk

1 NTARIE TAE 55 ¢ 5AE5F a Z A B RO &L

TALS b #fE & 7 — DA R AT 55 H i RS R 51 B

PUMESS b TRATRERE SAE 55 a Bl ¢ AIFRAT IR A kAT,
task_t a, b, ¢, tmp;

(a,0);

(b,1);

(tmp,0);

(cs0)3

(tmp,1); //got task b

cagtp. push_task
cagtp. push_task
cagtp. pop_{finish
cagtp. push_task
cagtp. pop_finish

cagtp. pop_finish (tmp,0); //got task ¢

5 CUDA i BRI H, CAGTP #i A £ 84
LR A

B — HRT SR e SN GPU B kA8 2
AN S BT R GPU B2 7 T 1 S8 4 B
LN T A B2 1 A GPU 11 kernel pR %L
708 Ay AR A 18P 1) R 3R S T AT 55 AT 55 kL BEE
It kernel BRE/MRE £ FIH CAGTP #5 5 fE % 11 4f
b S IR RL BE AT 55 1 IR AT AT, BEE GPU BE A1 1Y
KIE 95 K kernel pRECF| H %A~ GPU 19 i 4 5%
U5 4 B I FRL K L T 3 T CAGTP #5780, 138 [ — B &)
BZ TR LB AE S B ae L 2% 24T 5 1
IR AT T I GPU B 49 U5

BF o RO A% i Rk A A O O R Y
1155 8 TR Y 03 5 BB A% i 5 1T 55 1 S P R 4
ERES. £ F CAGTP BRI S B BR T i £
A~ CUDA i &b B3 55 AF 55 (B AR5t Ay 0 242, B i
M CUDA Ji £ AR A7 753 AL 4 9 2 & Lt B 8 B
IC TR B GPU B 1 445 2% 1.

9= AR AR CPU-GPU B L8 7 ik
Th % R IZ B R 5 R A fL kernel 53 CKE %
Y RS 20 e KA [R). 38 34T 55 4 A Bt BB AR
SR RSB T CPU Al GPU 22 [8] = %% i A B
TN 4R AT 55 28 B I FLAR 4 AT 55 19 31 55 4 ok pe
AR5 1E CPU ik & GPU FH AT, 5 T 528 CPU
M GPU W) it2.

SRR B S 2 % R GPU IR 2
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WA T AWM GPU AL % -7 HH A 5T 2183

(407, T HL Oy 8 S2 B — A~ GPU % 4 9% £ 4~ CPU
v ifF R LA . ST CAGTP B8, )7 A A
Pe ¥ fE GPU 4R i K57 B AT 55 1 AT 55 A
A p R R A GPU B {4 2% 75 48 F0 0 671 2% 24
SETAE AT LUA R4 = CPU-GPU R4 R 48 E 1Y
o R KR

4 KBWRERGH

AT F B A1 B E CAGTP B R (1) 7 Fi 1 g
LY k. g A — 6 A i SCFF 4 el R T
fEuli EibAT . FEMEFRE IR

CPU: Intel Ivy Bridge E5-2620V2 6 #

F1¢: 16GB 1600 MHz DDR3

M4k PCle x16

GPUO: NVIDIA GTX480

GPU1. NVIDIA Tesla K40M

GPU2. NVIDIA GTX780

B/E £ 4. Ubuntu 14. 04

CUDA JiA : CUDA Toolkit 6. 5
4.1 REENR

T v 0 X R A 5 0 R e A R ) 9 5 1Y
FH 00 3 — O TV BE AR A B B R L AR AT 55
SERIAR TN T 2 B B B i L e PCle 77 98 14 46
A5 5 T X AR AT 3 #

4011 ARG E RN

X g — BT 55 45 44 PR /N 3K 100 000 AT 55
I RE B S ] O TS R 55 A R BT .
TAE 5 A LS AR AT T3 9R A B 1 AT
55 MR BT £ 2ok B F CAGTP BiBY 328 17 i i
JE. GTX 480 il Tesla K40 43504 16 1 15 N £
AR AS AR I Z AL B AR U sh U T R
S LSRN 8 PR,

600
500
2]
£ 4004
E
H 3004
5 300
=
Jr 200
H O GTX 480
100 O Tesla K40
O -
I 1 T 1 1 1
0 100 200 300 100 500
{E45 K7\ /Bytes

P 8 AT 55 45 K M /N o R L T 4 5

S 2E B WL AT 55 R BE T BN B AT 55 45 R Ik
F/NEE TG 0. B 16 F Y ~ 32 F AR S
S FFAE 24k 200 ns, 11— K kernel bR £ AT 4
2k 4 ps, = CAGTP {155 00 JE IF 45 19 20 5. £ M
it GPU E W25 R — 8k TR EFH EZ 2 H
CAGTP 1 FE 1o 7 v £ B2 22 4 BA B 119 3 A BA L 3 3k
PCle & 4B 1T 55 1% 3% 3 GPU i S5 #:/E 51 R 19,
GPU i (131 55 68 1 X HF 85 2 R K. F — 26 o0 #r
B, K2 160ns ¥ 2% 7E B S AKi  BAFY I, ) 5 £
FRITEE 38 DUAT 55 24T 55 1l A% 38 AT 55 31 GPU 3 %
1E9% 40 ns 245, 7E CAGTP 8 rh 58 Bl — T 55
B U/ A BRF 6 4R A 4 (AT 55 BA )
BRI 2 BR b — A B AT A o B X — R 4 F
B REW 2 T 55 Y Hk.

4.1.2 TR R

1155 S5 R R R /N 5 Ry 24 45 DA A AS [
BOEE R 2R B R 52 B 100 000 AT 45 Y i 1]
IETHIR S S8 B AT 55 (R B R A RIRE AR 55 AN
A E AR 115 4R 4 B G R AN AT S5 0 T 3 0 T
B S T A AR i B AR A A AT I R R T
(5% 175 0. GTX 480 Hl Tesla K40 1 5 A 7 £ 4b
HIES DI 20 8 16 g sh g A b, ik 45 5 an
Bl 9 iR,

8007

6004

W EEFFEY /ns

200
O GTX 480
O Tesla K40

1% SB éO §O 1§o 1%0 1éo zio 2&0
THE R P
PO L e 5 T4 19 5

XFF GTX 480 M & AT 55 1Y 798 B2 H- 85 L7
AZHELBRIEGE TR A 2 A i g b
Ja Bl — A E B LR PRt AT DL GF b B AT 55 1Y
P LR . M AE Tesla K40 AN RMEhME &
DR B3 A TR A AR B A R 8 B 4 b R AT 55 1Y
A BE HE R X G K 7E Kepler 2244 (1) GPU iz 17
CAGTP LRI, i 2R Fiv (] i) 31 53 2 7 e B i 4
DA T RE T AN B8 34T b BEE AT 55 1Y I B A R 1T
TN AR PE AR IR N B R AL
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4.1.3 PCle # 58

CAGTP 8 tp (i 4E: 55 52 1] kernel & LA 55
J7 AT 55 48 vh 45 DUAT: 55 R 0 B 8 AT 1) i A BA
G AT 55 38 47 B AT 55 08 B B AR 25 o T — 3B
53 PCle 4 5. AT 55 G5 AR KON E Sy 24 75, )3 3l
CAGTP SRR A I8 JE AT 55 i S AS ) Bl 1 31 55
LR P AE — Bt [ B R N 0 A 55 2 kernel pREL
Vi A AT: 55 18 10 B R B, R J 1T 53 PClle 4 9 1 #E » 45
R 10 fros.

6001

O GTX 480
O Tesla K40

90 120 150 180 210 240
ARG A5 23" DN

{10 PCle # S #E

AT PC HLIY PCle X 16 G2k 58 K29
6. 3GB/s, 155 & H kernel sR%¥41) PCle 47 7% {H #E bifi
VTR PR A 1 T R 23 L AE GTX 480
R 112 MR RS Tesla K40 L fiff
T 120 M E LY, PCle 47 58 1 #E 15 31 5
KAA (2 990, BLIHT 55 5 kernel pR VT [ 4T 55
1) 450 i e HR AR B 1. 4 2R/ FD.

P A SRAT: 55 5 Bl aF PCle B4k 5 [a] CPU
Ui I AF IR 4 8 A AT g 5 CAGTP B3 rh (14 55
S kernel pRELTE 4+ PCle 47 52 . [F] B [ AR 0 A
2R R B B Pk B T HLAE Tesla K40 | f# Fl it £
FR T LR R e 2 38 i B AT 55 S IR . AR SE PR I v il
BTSRRI 2 AT 55 50 N % B A B 5
HAF R &k CAGTP B A58 4 PCle 47 98

4.2 Z£MRHBNA
40201 At A R

3 FH 46 M 3 GEMM (General Matrix-Matrix
Multiplications) Jfz 2 M A8 5 b 5 L it 1) 45 4 78 58
B 1y P A AR A A A AR I 45 AR L LI R A R B
OCn®)' ) 41t 5 5 JH 4 B ¢ (Batched GEMMD il i
A Z AN GEMM, B E CAGTP i
YR 200K B2 AT 55 JF AT A XS T35l kernel pR 20
T XA E AT RE.

AR SCSZ s p i F CUDA S 545 780 37 35 114 97 5K
Wi A5, i ] CuBLAS F1 MAGMA #2454 11 8
BoE £ 1~ GEMM (it 5. it 4h. 72 CuBLAS iR
BEH & TE X batched GEMM #2416 T 2 /3 2 1
cublas(t)gemmBatched (), 1] L B $ 52 B It & 56 [
Fe. £ CAGTP iR, R SR H T GEMM 5 i 2
H i kernel 3%, A BF 1144 128 4~ GEMM, H i
AT 55 1 30 R RSy 64 X64.

5 LR ] 1~32 4~ CUDA bt 3 &
P& cuBLAS By GEMM # 1 ik fg. cuBLAS
BY L 46 [ € 2 O cublas[ DS ] gemmBatched () L)
M CAGTP fAI#H L —A~ CUDA . il 11(Ca)
Bt 7~ s cublas] DS Jgemm () 22 O ¥E{#i A 4 )~ CUDA
it B K B Jge A P R L (H O e AR PE BB ISR A 4 CAGTP

BT
800
JE— a
P —
e ——
T ————-
:_b!_‘1_
%
i
23
200 |
o transA=N, transB=N
=22 MAGMA (float ) =8 MAGMA (double)
0 &s CAGTP (float) 4+ CAGTP (double)
1 2 4 8 16 32
W E
(a) MAGMA/CAGTP
800 e
” 00 transA=N, transB=N
_8* z-acublasSgemm =-a cublasDgemm
% s-ocublasSgemmBatched +—+ cublasDgemmBatched|
\% 400 . a2 CAGTP (float) a4 CAGTP (double)
sl
=2 I a
200} :/. - - a 9
0 Bty S s T g
1 2 4 8 16 32
EE
(b) CuBLAS/CAGTP
B 11t A R e A

CuBLAS A WA~ bR BUE T30 /N B0 ASE 4 [ 3fe Bf 2>
R R AL B9 kernel e %L, A 7E GPU Wi £ 40
P25 (0] S P67 R A 4 . 3K 28 kernel pRBORE 25 R 46 15
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WA T LB GPU L 55 347 H R B Y 2185

X153 R /N ROSE 56 B DRI 3X 26 kernel pR TR 115
/NRLEE GEMM B e 78 73 FIL ] GPU 1 i 2 40 31 465
Al FEANLER E A 3R % /N, X 2 kernel
PR BTE 1 3 B Bk GEMM. 32 11 350 K 1008 6 1 Tfe
B PERE. CAGTP #8136 40 | kernel pR %Y £ 1K
Jo AT 44 . FoPERE B T cublas(t) gemm (). CuBLAS
H A L & 4 4 3l 32 11 cublas (t) gemmBatched () J&
Sk Atk e /N BRSSP AR BT (B RO T
FEL IR . Xk FRORS B RRURS B2 (9 5 0E PR RR AR AR T
CAGTP 71,

H i H MAGMA 065 75 Uit 17 GEMM i
FACE, i 11 (b) iR, M T MAGMA, 3t F
CAGTP % fy it B GEMM SZHL etk fa & 0
R B PERE. AT MAGMA Byt &2 GEMM 52 3
M55 25 3 B8 £ 1) CUDA i, 3 H ik %] 8 4~ kernel
BREL 1 I R AT TG A ek 41 T CAGTP BRI
Ht B GEMM 52 3 1M fie.

JF CAGTP R it it GEMM 52 3 BE % 4K
LRI M BE . 24T 45 T /E CAGTP KA |-
SEIAAT 55 1 BE HL R . BE 6% A AU b EE 55 22 3K kernel
ORI B Y S AR O B RS ZEAE AT 1 4> CUDA
i s AN XS kernel p& BT 5 2 O DL AL HRAE .
4.2.2 Cholesky 4yfi#

Cholesky 73 fiff a2 P A K — o H1 22 19 5 ¢
OrRRSEE T N TR DA A H AR 2
W— DA RN — AT = MEEL 5H%E
FERE LT 3fe B, BRI A= LL" . 78 i F 4 e o s i
5 Cholesky 43 fift ol #2 vh o 24T 55 2Z ) A7 A6 A8 ¢
F A SCLL Cholesky 43 fif o 9 & 35 WE £ T CAGTP
P TR i % A7 R0t Ak BEOAS BN -7 31

£ MAGMA [ dpotrf_gpuO 3 H s %, F 3|
T—%%| BLAS #l LAPACK 4% [, 3 445 SYRK
(W FR & B H) . GEMM, TRSM R fif = 1 77 &
) F1 TRMM = 4 B o) S5 4% 1. A SCK TRSM
oM AR SR 3 TRTRI A1 = A 4 B 9k TRMM B
AER5 o fd ] kernel B4 dgemm_kernel_fermi() 32
M GPU 3% SYRK.GEMM HI TRMM #:4E , i —
A3 F CAGTP BRISZEL T Cholesky 43 fiff. &1 X 4
—ATFHiBE % SYRK,GEMM #l TRMM # 1§ %5
fE R —H T 54T 55 CAGTP #5274l 471 — A 4K i 4%
4 4b BRAT: 55 Z2 18] B MO O R

XU BE TF 7€ 46 19 Cholesky 73 i 45 S 1 1#] 12
i s Horp Kernel 2678 H 3% A kernel pR% dgemm_

kernel_fermi() A 22 ¥ , Kernel Opt /{8 ] CuBLAS
ZEh B cublasDsyrk () #1 cublasDtrmm () B 4> bR %%
KRS SYRK Fil TRMM P A4~ #8475 52 9 72
AFEETUR TR, CAGTP /R & T CAGTP fi Y
ft Cholesky 43 5E 88, CAGTP SE R AFAEH B
Fofr 52 L S Gk RE Y it R A R T TR 5 — i T RE S
o AL S50 2 5B A BT A AL T X A 2
TH) 64X64 K/NFHEEAE CAGTP s2 8l b & 5¢
SARGATEN R CAGTP LB 4 T — 343 It
AR Kernel 525 kernel {4k 52 BLAY 14 B8

S BEAS T 0L 1 S5 W el T 2 3 S BT Ok 1Y Pk RE 4
Jb. 5% =, SYRK.GEMM #iIl TRMM =4t
AL ST CAGTP S b B89 LT 3% 25 3t 4 14T
P8 /0 T GPU B4 19 25 TR B ) 42 71 1 %) GPU
B A7F 1) 1) FH 2.

400

P e
2350 A
g -
o "
Jm r
# 300 ,’l’
& /5 —CAGTP
R 4 —-——Kernel
= b/ —-—-Kernel Opt.
Jind) 7
=250 '?
1/
ff
l"l
&

20
2048 3072 4096 5120 6144 7168 8192 9216 10240
FERERLE

K 12 Cholesky 43 fift 14 fig

4.3 HEBFFINEA
4.3.1 TNN 432%

T 3£ 4R (T Nearest-Neighbor, TNN) 2 i 2 —
ol e B 280 H M 28 0, HL R S A R i 5 i
SN TR AR AR 22 [0 118 B ok A7 3 2T

BB GEALE R x=((xioy) [ x. € R},
Horb x BB § DREARR d DFFAELERE b R
L ) 6y RN DFEA R 73 RAR S 0
AAHAEBEAT TNN 590 280 X F — A AR 45 1Y)
BREAS  J H53 AR R AE 25 8] o 5 A AR Y K
TR B L AR 5 e IUREAS 4R AR R AIE 5 e de A D) (R 8 i
RO T 453 hn % 5k ] LVAHNE B DA 5 H
B JE 43 28 B e A A TNN 2 8500k v, 1153000
FEAS 5 A AR A 4 rh A0 RE AR A R L B 2 B 4R I
89 o AL A0 T 5 4 IR R B 0 45 4

dist(x;.x,)=| XX, 17 =[x ]| —2x; +x;+ | X; 7.
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BT CAGTP #EA Bl TNN 70 LI A
SR BRI B 0 T 380 i S A 28 B T DL R
FIA (1= P AE CuBLAS JE % 52 B PR e 5 1E. &
6l K REAE B RRAE AR B SR DL A B Y e B 2
X+, WA BRI o TR i R N ) 45 A 5 R o R
FEAEAE 9 0RO S AE A ] A B

TNN B35 50 B = 2 A 4 3 530 W i g A 5 4k
Il B A HE Y 3R AR A8 CAGTP SR i 52 B 7
NP e e GPU it AR AR 5 B BB
Fe R ARJ5 CPU i 1 Br 45 2E 4 rh (9 o0 25Kt T
BRAS i 6] (9 AR DL B B O 48 A2 n A d KR P 7
¥ A LR B S

SR A R AN 13 TR . R 4R R Bl B

1

|/Odtnn_ CAGTP
mdtnn_CuBLAS

IBATH ] /s
O =D W Ul N 0o O

Q
>

N P D b P )b B
B e oS T NP S T o 9
REAR B
(a) GTX480 L XUk BETNNH#: /g

Odtnn_CAGTP
[l @ dtnn_CuBLAS

IBATI 1] /s
S = NN W = U (SN B e]

RN T S SN N NS SN BN
oS S T ST e Y 0V

FEA JARE
(¢) Tesla K40 XU B TNNH: g

A S T A R ) BROHE 2 AT 512 WEUT 1 4
R TCIR NG B I 2 XU B BT CAGTP A )
TNN 75 S B0 2 A o 5 1 Mk g 38 2 i IR 2
B CPU #1 GPU =2 1) GUEH E A7 B % 4H0RE B 11
ZAIT AT 5 BB ik B AR 45 1) CPU 155 (4 2
R HE) I GPU 358 G5 W R 25 DL K B 1%
45 7 T B TS AT L f B IR 46 0 B GPU B BT
e L1 A B ] 5 CPU i &b #4504 B[R] 7
P B KAE. AT A CuBLAS S28L ) TNN 4
P TP E R CPU 1 GPU SR (L4 5 %
H I HE A B 8] CAGTP BRI op i 8 &, CPU
Ui 1) e R HE HE e R0 B 30 A% i R R S e 1 B IR s AT
R 1]

—_

|Ostnn_CAGTP
Bstnn_CuBLAS

AT R /s
O = DNW s Uy 0 O O

q ‘ Q
g2 g R O o %‘7}%@@‘
FEA R

(b) GTX480 I Hufk FE TNNH: g

Ostnn_CAGTP
it @stnn_CuBLAS

AT ] /s
(= T N S R = TR
T T T T T

\Qq’b‘

Nl N o Q N > S Q
N %Q(V NQQ ca\q’ co\b‘ /\\% cb\o‘;L Q%XWXQQ}‘

oS
FEA A
(d) Tesla K40 |- 5k5 FETNNTE B2

Kl 13 CAGTP #1 CUBLAS sZ# A9 TNN 1 fg

4.3.2 K-means B2

K ¥J{H (K-means) Hi5 2 B 2 S R K H
B R — R 5 TNN 4p R EE — Ll
A HABSE A G AR BT i REROR. R E
1 H ARy 1R R PR AR U o — . K (2R
RS W FEA B 7 A K AR i Hh 4
ARG O 2 PR N T A A Y A R0 Ok 1.

TEfE ] K S ERE ST R, 1 5 B R
ABAE G P K D REAAE W) 1R Bl (— i B
BLEEHE) 9K F5 38 2ok J 52 HbORE A AR A5 40 TIC 31 B O 1

o I TSR T REAS 0 R SR R L BB K
PR T 45 R B A 78 R I 3 R B 28 45 50, 3R [m] 24 i
MG L. B — 2 FHOF OB 7 2 R AR
JUBI O W B G IR B X 2 K-means 80K fig i 72
IR FE IS A R A

HT CAGTP BERISE L K 4 (H AR H/ % ny
F5 TNN 43 26 5 28 L. LLKE B ofe 19 77 20K i
X o B HAME R 7E GPU AT B9 2 A 40kL % 3t
FAT 5. CPU vy ) 4 B mT LA 3 332 B 0048 5 N A7 R
(5 BAS L SREUAE GPU | AT 58 IR AT 55 &5 21
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Background

GPUs (Graphics Processing Units) are widely used as
high performance computing devices for general purpose
computing now. They offer more data and thread parallelism
along with higher memory bandwidth, as compared to CPUs.
A wide range of applications are well suited to this form of
parallelism and achieve large speedups on a GPU. In GPU
programming, programmers explicitly express parallelism
based on application characteristic, and organize them in a
hierarchy of threads, thread blocks and kernels. They divide
the workloads to be performed among thread blocks at the
programming model level, and not for optimal utilization of
hardware resources. Especially with more irregular workloads
are implemented on the GPU, limitations of the current GPU
programming model become apparent.

Since the scheduling is controlled by GPU hardware, it
is difficult to implement task parallelism on GPU. Take
NVIDIA’s GPU for example, different tasks are usually
carried out using CUDA kernels. Fermi architecture supports
concurrent kernel executions (CKE), however, it uses coopera-
tive kernel scheduling. As long as one kernel has sufficient
thread blocks to occupy all the Streaming Multiprocessors
(SMs), it can take the entire GPU in spite of the seriously
low resource utilization. Concurrent execution of two such
kernels will mostly be degraded to sequential kernel execution.
Current programming models do not support running kernels
concurrently with fine-grained and dynamic control over
resource allocation. Although kernels placed on different
CUDA streams are potential candidates for being executed
concurrently, there is no guarantee to be executed in

the order they are invoked in the host program, so the

data dependencies across kernels. Furthermore, even Fermi
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architecture does not allow multiple different applications to
access GPU resource simultaneously. Indeed, most current
computer systems offer a degree of heterogeneity and use
multicore CPUs in the computation, as they evolving and
offering powerful computational ability. But the heterogeneity
of multicore CPU and GPU, both at the architectural level and
programming level at the same time, raises the programming
difficulties. The performance is strongly influenced by the
dependence that exists between parallel code and heterogeneous
architecture. Specifically, scheduling tasks to processors
often requires considerable programmer effort on the CPU-
GPU heterogeneous system.

In this paper. we present a CPU-assisted GPU thread
pool (CAGTP) model based on the Fermi architecture
supported page-locked host memory, in which computing
blocks are used to execute fine-grained multi-tasks in parallel
on multi-GPU systems. The computing blocks are active
throughout the execution of the kernel, which is similar to
the persistent kernel. However, the CAGTP model has
better support to the CPU-GPU hybrid computing, especially
for executing highly irregular applications. Comparing with
CKE. concurrent task executions supported by the CAGTP
model has higher task parallelism, better computation and
data transfer overlap, and less task launch overheads.
Furthermore, multi-tasks’ launch overheads can be overlapped
with each other. In order to dynamically combine task and
data parallelism for executing applications, the computing
block level task scheduler is designed and a simple programming

interface is further implemented for creating dynamic tasks

and handling load balancing.





