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Abstract: Cloud computing and multi-core processors are emerging to dominate the landscape of computing today. However, in terms
of computing resources, the utilization of modern datacenters is rather low because of the potential negative and unpredictable cross-core
performance interference. To provide QoS guarantees for some key applications, co-locations of such applications are disabled, causing
computing resource overprovisioning. Therefore precise analysis for cross-core interference is a key challenge for improving resource
utilization in datacenters. This study is motivated by the observation that the performance degradation of one application suffered from
cross-core interference can be represented as a piecewise function of the aggregate pressures on memory subsystem from all cores,
regardless of which applications are co-running and what their individual pressures are. The study results in a statistical learning-based

method for predicting cross-core performance interference as well as predictor models using PCA linear regression, which can
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quantitatively and precisely predict performance degradation caused by memory subsystem contention in any applications. Experimental
results show that the average prediction error of the proposed method is 1.1%.

Key words: cloud computing; multi-core; cross-core interference; statistical learning; principle component analysis; linear regression
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AT T E RS oA, a5
X, X.]-[Z.. wa]{o.mﬂ —0.7071}
0.7071  0.7071
s 1 AN X R T 88.36%I1 5 2,5 2 AR X, fRRE T 11.64%I1 7 2.
4) G
TEHEAT I 53 BE VA B BAR AR HEALAN 32 5 43 43 7 LA FRATTR) LA St 1y [ )3y 2
by, + b, x X, +b,*xX,, subdomian 1

D .bzo +byy x X, + by, x X,, subdomian2 ®)

target
b, +b,xX +b,xX,, subdomian n

R T A7 D], By AAZ DX I BRI s B Dy BUH O Q3 URZ 1 DX IRDRS 2 F ] U Rl BLR 7R O
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P4, Iox,  x,

P:dz 1 x:21 x:22 )

de“_ 1 xp1 X2

For pd; FEREASKLG 1 PDygyger ISR AR 23 3US) N2 2(9), 5 5 FREK biog,bin by I, 0y T 45 21 S IO s A1 ] 5
107, BRAT T 45 R B R W by vk

a) B2 HH

A AN SEFRR T JATZE 1 T2 B3 0 A A5 B A P AN AR X R X, 07 45 SRR, JRAT T2 0 R B (0 28 ik
AT e A 50 G R RS A I ¢ A0, D B 2 10 U7 R 2 0 1% AR B I R OR BRIl I ¢ RS 6, Ul D A R A B % A AR
TEFHE — 25 VKPS 25 e A 50, U I 5 8 v I A 2 190 73 6, T3 T R4 1) 20 R AT 4005 15 S8 (0 T 12
50 U T TR A B 7 RE W] BE 5 A A s D T AN F AR

b) &AL

A 1 P iR B AU, G AR DA i 0 TR 00 L, AR Ak 2 A A X ) A W 2 DA A O A
R IR ZE I EAR X T A5 0,008 WA 7E 45 5 1) 2 25 PR KCSP B 08 T A B S5 1) 3 A R e L5 i
A b IR, F T REAT 5, B BIE 45 08 1Y B 2 MK T e B BT O Ik

R 3R 5 9%, F SR FRATTHR) 2 B ) B 30 AT S50 0 s YR AL R 32 520 70 M B LA 0.05 1Y 2 25 PP A
FHZ A AR R Ay s i 98 72,47 1.omnetpp 1852 A% [ M B2 T30 0T LR R N

0.139+0.034xP,_, +0014xP , P <32

cache
PD,ppy =10.362+0.039% P, +0.059% B, 3.2<P_<9.6 (10)
+0.269% P, 9.6<P,,

omnetpp cache

1.067 +0.023x P,

cache
3 fEBILGIE

FEFRAT LIS 6 b A BATT 138 T 32 43 26 P 191 VA 1 4% [0 1 6 T4 4 7 7 ¥4, 1 6 SPEC CPU 2006 H
) 20 ANFEAE 3 T O 52 A% IR PR RE TSR BB AT 1 2 A AR 2567 65,88 i o A 1 3R A5 A B 0k AT
U6 IE 3 B A 7R g 1) 0 2 AR R 22
3.1 THFEEN

AT 25 508 — AN VTURZ I Intel Xeon ES5506 ALFRES, F4508 2.13GHz, BAMZINE 32KB 1 L1 i

ZEA7. 32KB Y L1 #5428 47, 256KB I L2 A7 LK 4 MZ LR AMB WG — REAE(L3). 1% T 5 BN A7
RN 12.8GB/s(EH T 3 ASWAFRIE F AN L F & S 8L 1.

Table 1 Experimental environment parameters
F1 KBRS H

e ES ZHE
PO Intel Xeon E5506
SONLE A i 12.8GB/s
BIERR Linux (kernel 2.6.18)
TR GCC 4.4

FHEFE P SPEC CPU 2006, 1 J] ref %t A4 4 1R 3£ Tk -03 -static”;Synthetic Benchmarks, 2 13 3% T ] £ 4 “-03 -static”

3.2 ERILSSIE

A4 HT T SPEC 2006 KT FL ¢ & Synthetic Benchmarks % P 1% 7 5 48 (0 s 7, 3648 FH FA T80 = jl o0 2k
PERNE I T775 581 T SPEC 2006 H 20 ANFE 7 4 4% [P BE 30 i SUHE, AR R O hy 120,38k 15 1058 4 45 1
WLZR 2. Horp < ARERAEZ T DX TR AEAE ST N AR B8 50, IR H BRFE e A8 B 5 WA R IR ) B ANE ST R 1
B TE) P 5 P ogene R Py, 3 AR AR HEAL J5 10 A 7 3800 L 52 22 47 R0 L =2 N A7 5 1 T .
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Table 2 Experimental model for some SPEC 2006 benchmarks
% 2 H4 SPEC 2006 F5 773K 43 1 S0 A 7Y

Ben¢ imark Cross-Core interference predic or
- B, <32
433.milc 0.168+0.018x P, +0.062x F, , 3.2< P <9.6

0.780+0.037x P,

cache

+0.308xP,, 9.6<P,
0.021+0.004x P, +0.007xB,,, P, <32
435.gromacs 0.080+0.010x P, +0.018x B, , 32<P_<9.6
0.231+0.011x P, +0.049x P, , 9.6<P,,

cache
0.027+0.006x P, +0.006x P, P, <32

cache

437 leslie3d 0.086+0.009x P, +0.026xF, , 3.2< Phw <96
0.424+0.023x P, ,. +0.149x P, , 9.6< P,
= P39
450.soplex 0.155+0.019x P, +0.048x B, , 3.2< P» <96
0.687+0.054x P, +0236xP, , 9.6<Ph,
- B, <32

470.1bm 0.106+0.017 x P,

cache

+0.031xA,,32<P <9.6
0.600+0.046x P, +0.286x P, , 9.6< P,
0.139+0.034x P, +0.014x P, , B, <32
471.omnetpp 0.363+0.039% P, +0.059xB,, 32<P_<9.6

cache
1.067+0.023x P,,,,, +0.269x P,,, 9.6 < P,

cache

T AR 20 /N BT FR SR B BT R DX IR B R Bl T F ARSI TR SR T B AR R H LLE TR
TR I R BT T ¢ R0 IR G A TR T T 2 A% I R T SR S AT T R RS ) 1 R A O
L AERLA A T, AT — A T 60 MR E(RANFET 3 AT X EL AT XE 1 AN, .53 AR 50w
AR RT 0.9, 5/ NI E R ERA 0.84, X ZAS BATT IR B R A B, L5 08 324 73 985 4F AT LA
437 leslie3d N BIEAT BAR BRI A 1 AT IX 8], 2 DT X5=0.7071xP;,,~0.7071xP 0 (N R BUR i T ¢
K50, FRATR A 28 20 B ) IR 5% T 28 2 A FE R0 AU 36 1A F BT X1=0.707 1Py, +0.707 LXPyepe AT U
AR T HE AT R B R BT T F AR ¢ I, B A LR 0.99. M0, Pene B Py, (R ELER
h0.006 17628 2 /N DX B, B /> 32 gl o #0077 ¢ A 30, sR Bl 1k 7 F A3, S-S AEh 0.95, BEIE, Py B Py,
HIZRE 500 0.009 9 FT 0.026. FAl 17 5 2,9 1) R EETE LI T Py, B9 FRECH 21 T 15 50 467 R/l T
KX R R N AR T R BRI 5w 4 FE U4 i1 Cache-Bound #F A\ Cache/Bw-Bound X [i] 7E 58 3 > T [X
8], B8 HOE L T BT A, LA R EE R 0.96, BEHS P ype A1 Py, (I REH 0.023 F1 015,155 [ R EIHAEE K,
{HZ Py, (1 REAHIT T Prgene 1B D0 BE D TG, 2455063 /N A5 B I3 AT 45 8 B8 U8 1K) 58 5 BCA AZ (8] P BE T8 1K)
TP, NAF T RGN IR 3% 4 E N Bw-Bound Fr Bt
3.3 REURES

RN 7 8 57 10 % 18] 1 e T PR B A mT DL SR TR 7 2 AN R N A7 7 R G0 0 T i re T B, B LA 3RAT]
SXHT A7 TH IR 28— 5 THE A R AR I SRk IR 28, 0 — 7 TR AR PR 158 2 Al o S g 2 A A8 280 Tl 9
A8 B 5 SRR 1 P i T AR 19 22 19 0L FR A ) 1R 22

o YIZREEIRE

XFF AR, BATU AR 3 A7 XA IR RT3 4 58 22, B/ 0 T3 45 152 22 A 0.18%, I e K
PSP 45 1R 22 0 3.4%. 1 20 ANFR 7 1,12 ANFR P (T 34 a0 32 22 B/ 1%, 3% B TRATT A LRI 2R 4R 4
P EAHTT .

o MRREERZE

X FREAFRIT AT A BT 10 ASHT A 5 AR 7 10 A 503, B A TAE 63k il 4 AN FR 3 4L Rk, T % 72
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FFAEIX 10 ANEE I TAE 7380 i RE R T 538 20 DR E, B4R T 200 AN TAE Sk, 3 AT
FRIEH T 50 AN TAE L4 R 4 T,

80

70
60 Real ®Predicted

50
40
30

| H‘ ol
o ..||I|||||.|I|I|||| | ...|||I||| |||||I||
1 7 13 19 25 31 37 43 49

Workload ID

—_
(=Rl

Performance degradation (%)

Fig.4 Prediction precision for 50 workloads out of 200 workloads generated from 20 benchmarks,
for each workload, target benchmark’s performance slowdown is shown
B4 A 20 AbRvERR T BEHLAE B T 200 4 TAE 68, b 50 AN H AR T 1
S PR EBE T B L R BT L RE T A RS LE

4 i T RS AR SR h B AR IR SE B TR BE R IR €A R ATT 18 TV T £ 1 BE T R GR €). A
A LU e R 23 1 0, FRAT 4 FRGHU A 5 552 B o 463 3t 4 350 1 200 A LA S 38010 =, 8 10 S S8 Tt 1 22 4
1.1%, T 1) 4 0f 4 22 AR AL X A R 0%~10.7%.35% 3 2 FRATTI 40 45 22 3 A N3 3 vh AT ] DA e 4 R34
PE SIS IRZE N T 1%, 1R T 3% 22 AT 15 4.
Table 3  Absolute error of our method
x3 ARITBEML RS

Absolute error <1% 1%~3% >3%
#workloads 143 42 15

3.4 5Bubble-Up/xHIxf Lt

FEIX o IS 56 P K BRAT 7 VA 1 45 5 55 Bubble-Up J7 7APE4T ) L. Bubble-Up nI LA SR & 44 23 47 2 5 7]
B2 6 T AR JUE AN R R SL RS AT WA o, R A B o T SRR T L RS AT M B s 8 h T
Bubble-Up {4 I (AR v 35 AN 28 IF, 341148 F) SPEC 2006 1 (R R T LU B4R Sk 336, AT AL SPEC 2006
BENLIEL T 7 AR X 7 AR 5 AR 4LR0RT I TR 538 R G0 T AR U b R2 P O Pk BB R 1%, st
Jei H BT A R (B 0 45 5t 55 Bubble-Up J7 ¥4 BEAT ) Lo T 5 36 20 M0 HTRE R, B OLAE B T 140 A TAR 4,
M BEALIHERL 50 4,45 Ran &l 5 s,

MBS vy U 6T P AR S RS AT A8 0, AT 4 247 TH o] LA AR e [ F0 00 45 31 o6 3t 140
A TAE ST TR 22 4 1.9%. %5 1838 20 ANFEFP,8 ML (19735858 22 /N 1%,17 AN FEFP T3 i 22/
T 3%,1f Bubble-Up J7 kR ILg T % 9 ANFEFFIF S8 B2, 0 1.4%. AR sl 2 3, FRAl 1 7 vk (i 22 s KT
Bubble-Up 77 ¥4 (H J& 9 & FEA KL T 7] — 7K 0§ gk, Bubble-Up 77 VE AN BE TN 22 T P ANFE e SE (738 47 15 (0 1
REFI0, 00 BT 149 7732 ) e S0 AT AN R 2 T )35 i, DL L FRAT T4 - 55 Bubble-Up TR B2 1) 3685 3K
T TR AR AR 3 T
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Fig.5 Prediction precision for 50 workloads out of 140 workloads, each of which contains two benchmarks,
for each workload, target benchmark’s performance slowdown is shown
5 FEFRATA B S AT 140 A TAE S, L 50 A H AR R 711
S e T B RS RS TR0 14 1 e R B AR R L

3.5 #REMEAN

T SR B ATT B 7 R AR AL 30 P 1, 3RATIAE S A B X-86 S5 LA X SPEC 2006 3#E4T T LU S A
SLUGSF 5 45 ) AMD 1) Opteron 8374(PUAZ, FATE () L1 A1l L2 2247, LT (1) L3 247, i KN FET 96 0 12.8GB/s)
FI Intel (1) Xeon E7-4807(75 4%, FAH I L1 Fl L2 Z847, 3L 21 L3 A7, | K N AEA1T %5 0 25.6GB/s) TEX A &
b FRATTHAT T S ABA I 5 S my LA ek oy BB 2 SR SR R R 2 (M R ) 1k RE TR 6 AMD I AT L 3R
5 15 B AR AR 225 F 2 0~5.1%, 3854 0.3%:; 5T Intel 1) /N1 6, BT 7 2 a5 22 Y HR 0~10.2%, 734
N 0.1%. S &5 SR 0, FRATT I 77 ¥ B ARG TR [R] ) X-86 1 5 EL A B g 030 FH

4 B 5

ASCHRE T — T Ge vk 2% ST A AL R RE D20 A7 75 35, A 2 B B P IR H ) 7 A R AT T SRR, mT L
R P RS A YOI 2 T A% ) BE T P U P BE T e G e R R e ) L S G A R I e 0 ) T A A R
JP R AT 1 2R GE B K s 3, AN SO R Py T 52 IRORZ ) 1 B8 T IR A7 1 R G081 ek 20 B R 0, OF 32
HH A 3 g e IR VA B8 7 9 SR BRA R AN R Py 6T I £ R K. 51 36 B0 2R W A T VR R TN~ 3 ] i 22 Ak
1.1%.
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