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Abstract As Graphics Processing Units (GPUs) are widely utilized to accelerate compute-intensive
applications, their application has expanded especially in data centers and clouds. However, the
existing resource sharing methods within GPU are limited and cannot efficiently handle several
requests of concurrent cloud users’ executions on GPU while effectively utilizing the available system
resources. In addition, it is challenging to effectively partition resources within GPU without under—
standing and assimilating application execution patterns. This paper proposes an execution pattern-
based application classification method and analyzes run—time characteristics: why the performance of
an application is saturated at a point regardless of the allocated resources. In addition, we analyze the
multitasking performance of the co-allocated applications using smCompactor, a thread block-based
scheduling framework. We identify near-best co-allocated application sets, which effectively utilize the
available system resources. Based on our results, there was a performance improvement of approxi—
mately 28% compared to NVIDIA MPS.
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Table 1 Stall reason, eligible warp per cycle and classification result of applications

Application exec_dep inst_fetch | mem_dep other sync tex i‘lf;:)sl/ecycle Type
LavaMD (LM) 94.3% 0.53% 0.15% 4.54% 0.46% 0% 0.17 Compute
BlackScholes (BS) 6.36% 1.89% 73.81% 3.88% 0% 0.2% 4.04 Memory
CUTCP 18.23% 13.83% 0.91% 52.74% 7.31% 0% 5.67 Compute
Stencil 10.45% 1.99% 59.08% 7.88% 12.31% 0% 5.68 Memory
SPMV 15.59% 0.92% 61.31% 15.48% 0% 5.01% 0.72 Memory
LBM 2.41% 1.03% 14.9% 46.26% 0% 46.26% 0.59 L1 Cache
FDTD3d (FT) 13.86% 3.69% 26.25% 38.6% 17.3% 0% 0.55 Compute
QuasiRandom o o o 560 o o
Generator (QS) 22.43% 2.12% 0.87% 43.26% 0% 0% 10.06 Compute
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compute and memory-intensive applications

7V 2 LM g4 3% 25 ok 40% o]
] AEHEE 4& & ATh W E, CUTCP= 7t
% EPC7t & $802 AYS ol Falzozy
g4 TB & S7/M7IE A FPAzte] At
SHANE HElej 227 A5 &xF Ao deol & Aol
7F UA gkt o] CUTCPYIeZE A3 2ol @
o] dojulA] &1 AYE F&FHoT AL Y=E=
A Aoz o 82 =5 FIF V7t 7
2 %71 wj&olth

522 At FoF &4 kel FEE 27

a9 32 At ok &8 US4 FEE AFE R
AFE) o] AYe ARE FIl A4t FF & 7 5A
TP AT o5 7 AS5S & F Uk 5214
o Agy} o] EPCrt 7HF @ LM} A g
789 40% ol’del Ade ol AUtk 53, 2719 LM
JA2B2E FY39S s 3hue] Ax'lzoA 24
gAY oJEAE AR IAF7] wEel Aol Ao 2d
Lo E AL & & Utk W, EPCY M =2

AE O
]—E—C_‘

1.8
1.6
L4

1.2

0.8
0.6
0.4

<,
<,

a9 3 A4 JoF 88 o] HEEH A A%
Fig. 3 A performance comparison between multitasking
compute-intensive applications

CUTCPE EPC7} 1Rt} vr& LM} FDTDS} 3
Y& Ao Aol Fopxion Umx A
2 A w3 T Ui Aes HAED ol
Al P T3 E A Ado] BA %] wEe|th

523 uhal Aok & 7t HElH 2

a9 4= R Yo 878 5A T A
Ho|FEe Jegzolty BE #o] =3 A3y TY3
S U Ase Htk 53] 7B EPCOY =& &
BS_STENCILS =2} A3} vwsle] oF 28% F £
& A% HYow EPC/} 7P v %<l SPMV_
SPMVE °F 1%%F g% Folxth ol& S w=xe
AF &§ 1 HYE A% E£3 EPC/F 2 389 %
o dislA Adsel Zashe AS & F Aok =3 A
zg A% 8718 AL Nowm TA FH9 o5&
7l & gled ole WEe Yz 23} wjio|t.
|2 So] STENCILS] DRAM &% ¢F 332GB/s,
BSE ¢ 266GB/sol™, Titan Xpe wW=z thdEze
547GB/s7HA XS 3ty agEE st=dgo] mEg
NgE A AFFe] F 89 AHIFs 25 A
3kA] &317] wjiEel ol9f e ARE Rt

524 L1 /WA ek -S43 Ef 5 &4 k] HEE A

I 59 Zo] L1 A HeF 89 A tiie
SEEY A FIYLS W =3 AP v T
Ui Ang B3tk o) ofm L1 A ek S8olA
L1 MM 9 &3S o ARSE whEe] Ade 893137
e, o2 8] L1 AAE AHgSTd L1 A}
23lE7] wZojth QS A%, L1 Al EAAHe] 0
ol 7ig7] WEel A FASAS wWl F 1% KT
ggo] Aot AL & F Utk W, L1 AE Hol
25 342 LBMS F 719 dxdxz AF3id 11
AMAel g Aoz st HEEg 27 Aol w3
ARt 45% Ak o5 F8l L1 A JeF &
£ L1 AANE FA Agshe 83 B4 3 wt

o P

rO ot

o

l"lI

Co-execution of G2 and G2

FN- SRS

Speed up
oo 9o
= o o

S
o

1

BS_STENCIL

a9 4 Mxd ok 58 ] 2y A%

Fig. 4 A performance comparison between multitasking

o

BS_SPMV STENCIL_SPMV ~ SPMV_SPMV

memory -intensive applications



GPU®| &8

Co-execution of G3 and Others

N N O S
g ¥ 2 NG ; » S

3" 5 L1 A JeF 3854 1919 &-89] HEE2A 8%
Fig. 5 A performance comparison between multitasking
L1 cache-intensive and other applications

A FYY o5 VU™ + UTh

525 MPS<Fe] Hln

smCompactorES AFg3e] MPS$ vlwdlk Aups= 1
g 637 Zth LM_SPMV %2 71zt Al 3k %%ﬂ
Wrey ek §& F 7H EPCTE @& §8oltt o
‘?}E Ade o7 e 8% A -’Ff’ﬂ’\li’i%
Fel 7137k 7 & §&ECIth o AE
2 smCompactors 53] SM U AYE 7
39S w, left-over A B3l= MPSE A
TS HRo Feo] o 32% F AE &
} = Qltk ol MPS7F LM3} SPMV &l o] #k-d
AL o] e 289 L]

Aol A AgF we wefstel Aol

dgstel 54 Fa7] HEelth LM_CUTCP
e BT AN WF S8 S S8
&89 A AL Wy dYFE w3}
Ftom LMeo| WIHgE A3 AAE CU’I‘CP7}
&2 AYPRe Ad FPARe] GEHIUH 539
248 MPSANA 3319 w9}l smCompactor
6(88}9,9,& | E ¥ w3H, smCompactord] A%
6 FEHA ol F §8&0°] GPU iR A4
ZANF7|A gkol smCompactors AMHEE &8
7t 7Fedty] wiwolth Wz Hof 3-8
g BS+SPMV %2 MPS Rt ¢F 3%
243tt. smCompactorS AR&3le] ~g =
2AEES T W & FEVCERE wEIH
] 2ZA7)7] el A EEte] 2=
o]5& A FIAh olE T TA TS
st GPUZE Adstes viRg] dgEs Z3siA
oH, opfe] AdE EFHOE Yrolx & AUt
= 28 ¢ 5 Ak
2 A A7 B84 LM Zo] ¢ Be Ade

o
o o B r]r

H'l ;‘:‘404.‘

o

]_

ol
et & oox off ]

E o
54€

)
S
S
2
m

2y
&2
H

2o o O
o N
tlo

o

ok
2
2

=
-
=

-

o
oo o

LN
oft i Ny

L2 o >
>
émloJ}mOiErﬁm_lg_u _QN__
Noof g XAl g oo T
riﬁirjzﬂ\
1m

2O ot oW e e 2 N X g O
Lorle ol
517
o

L o

Al Ad &8-S A% T4 BEHH2A 4% 24

609

LM+SPMV

LM+CUTCP

BS+SPMV
mps smCompactor
213 6 smCompactore} MPS 7Fe] Hlw
6 A performance comparison between smCompactor
and MPS

Fig.

E AT FE dA RIhe &89 4% GPU &
| BA T o5S d&

$-89] %ol smCompactor’} MPSell 1|3}
%/\l FIE e Ae & F Uk =Y,
A3k $89

FAto)

ok

<
S o
—
Z
O
c
;_]
Q
o)
o
8y
e "
[}
o x4

ol’de] A% B
"5‘% T3t FA AYT &
2 2 Besm PEae
3 gukslste] A ASFH GPGPU&
ALY =F20 smCompactor?]
siE F Ades & F Utk

o

2

rr r]r

[~ oo 30
X o 32

gEENEL SR

o @

ol
N -
i

Intra-

dEe =R W= F

77 Stk B

Eetold RO R AZts TRk WH(time sharing)
o] 9o SM WiolA FZ& SMe| BE HFS U
o] 2= F7 Ffr(spatial sharing) B8] Atk

>

WHo g GPUE E/E u HAs= 14
AELG Ad7E°] Aok Mystic[10] $&
32 98]l CF(Collaborate Filltering) 714k
AZelolth. Bao [11] =E& GPU AH
28 7oA DRL modele A& 2
x| ZH AL TE Atsth 4G5 £J[12] ¥ Huangfu
AM13] =& f= 2AEE AFE AU AlE
golEHE 83 9= iﬂ]%%‘% AkslRon, FA
Fell s =27t oh At

NVIDIA7} &3t F/E5 AYsE Hyper-Q 71€S
2T o]F o]F &gt BAHOE FI FHEE
WiHol &gk ATVt 74]—"55]"’ At} Warped-slicer[2]
SM oA = Loz Uy
ATtk O}X]“P Z}
of wet A A3 de
gt [14l= AHdhs FAst

:{o

OH H r\l

off W T
% oy

(2

2 [y

D
o T

>

1>

r{r 24
d

44 8 o o
ox 2 Ao
X
r{o
rulo
OH
Jo
ol
rlr
fr >

N



610 AR A S =R A488 A65(2021. 6)

AA A A 9 53 AFE A)1EE AR
AEE FaeFS AdstAdth HSM[1] =& wx2g
Hef 82 H& SM /FE AR v A5
g Qo 2jbet dE mE AQbEATE o]
SM % SM W# AdE Ffdhe B =83 &
AWNE BHoyFEn HSM % Warped-slicer =5 Al Ed]
oA HRste] AA st=sglol AF AFjel= Aol
7F & F Atk

e o

L

2
o
EX
3

n
=
i)
o
fu)
[>
oy
tlo
]
ol
9

Ao s B4 FUY 5 e Holw 2

| i@ Flol=g AlAsheith

A AL Agdtel QuskE A

ARG cgelty. £ wrol Wy
=z
=

N o [¥ oo oe
ol
g
e
5o,
(@)
N
o
rlo
2
=
™
©
olo
o
r_}L
1o
i)
o
fu}
[
oy

o
2

ot

X
29

-

f

Ir

ol M ok
o
e
k1
ANy
X
flo

>
1
lo

7t g8 EA 7 &

ol WAL AAE Aol
]

I

tlo off
Ae

oo |
1o
ox
off
2
e
LA

A aet et B9 &8
1

ftlo

= o
X
M
g
iz

0% %

o =

o lH 2

B Aot

References

[1] Zhao, Xia, Magnus Jahre, and Lieven Eeckhout,
"HSM: A Hybrid Slowdown Model for Multitasking
GPUs,” Proc. of the Twenty-Fifth International
Conference on Architectural Support for Program-
ming Languages and Operating Systems, 2020.

[2] Xu, Qiumin, et al., "Warped-slicer: efficient intra-SM
slicing through dynamic resource partitioning for
GPU multiprogramming,” 2016 ACM/IEEE 43rd
Annual International Symposium on Computer Archi—
tecture (ISCA), IEEE, 2016.

[3] Qichen Chen, et al., "smCompactor: A Workload—
aware Fine—grained Resource Management Frame-—
work for GPGPUs,” Proc. of the 35th Annual ACM
Symposium on Applied Computing, Mar. 2021.

[4] NVIDIA Hyper-Q technology, http://developer.down
load.nvidia.com/compute/DevZone/C/html_x64/6_Ad
vanced/simpleHyperQ/doc/HyperQ.pdf

[5] NVIDIA Multi Process Service (MPS), https://docs.
nvidia.com/deploy/mps/index.html

[6] NVIDIA profiler, https://docs.nvidia.com/cuda/profil
er—users—guide/index.html

[7]1 NVIDIA CUDA Sample, https://docs.nvidia.com/cuda
/cuda-samples/index.html

[8] Che, Shuai, et al., "Rodinia: A benchmark suite for
heterogeneous computing,” 2009 IEEE international

symposium on workload characterization (IISWC),
IEEE, 2009.

[9] Stratton, John A., et al., "Parboil: A revised bench—
mark suite for scientific and commercial throughput
computing,” Center for Reliable and High-Perfor-
mance Computing 127 (2012).

[10] Ukidave, Yash, Xiangyu Li, and David Kaeli,
"Mystic: Predictive scheduling for gpu based cloud
servers using machine learning,” 2016 IEEE
International Parallel and Distributed Processing
Symposium (IPDPS), IEEE, 2016.

[11] Bao, Yixin, Yanghua Peng, and Chuan Wu, "Deep
Learning-based Job Placement in Distributed
Machine Learning Clusters,” IEEE INFOCOM
2019-1EEE Conference on Computer Communi—
cations, IEEE, 2019.

[12] G. B. Kim, J. M. Kim, and C. H. Kim, "Latency
Hiding based Warp Scheduling Policy for High
Performance GPUS,” Journal of the Korea Society
of Computer and Information, vol. 24, no. 4, pp. 1-9,
Apr. 2019.

[13] Yijie Huangfu, Wei Zhang. (2017). Warp-Based
Load/Store Reordering to Improve GPU Time Pre-
dictability, Journal of Computing Science and
Engineering, 11(2), 58-68.

[14] Wang, Zhenning, et al., "Simultaneous multikernel
GPU: Multi-tasking throughput processors via
fine-grained sharing,” 2016 IEEE International Sym-
posium on High Performance Computer Archi—
tecture (HPCA), IEEE, 2016.

20199 SHoizstnl AZEojs
4@, 2021 SRRt AR
B35t EQ(MAD. BARRE 14%
A, S AE, oy Aeldx

ARSI

A A A

2011d NanJing XiaoZhuang University
AFEI RS g AR SYEAD. 202019 A
guskn AFE T A, B
woks w4k Alzdl, HlolEwo] 2 A28,

SFAA



GPU9 &< Ad &&&

S

19849 Aetidtn  AXNEA BB
1986 Texas A&M #3872 AH
1992 Texas A&M ZFFE&8t7(HHAD
19861 ~1990'@ Texas Transportation
institute A28l 247} 1992 ~1993d
A4 ElolE] Al2El 19933 ~ & A ALt
gta p AR B 2E, 2ERA

FARE |

19919 sHAAg g A &9
(8FAh). 1996 Syracuse University A
Akstyl ZJ(HAD. 2000 Syracuse
University Z4Fstat Z2J(3HAb. 1991
d~1994d = AFAATE AT
20001 ~2001d Rochester Institute of
Technology HAFEIFa Zu< 20019 ~20163 <3
Aietn AFE R w4 201738~ A sHAAAN S
AZEGo]ER wg JARoE FH9E HFH, AaFE
29 Ao}, 2 =/FE T

611



