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FRBAT A M B AR X — W Y AR EERE T RAFARE, EHREFIRIE AXZQ
TEBU IR EZIEWT Ry EA M. b, BARE —Fret B R EBAT . BT WA K BAT W RAE
Tk HARE— ML RRERRBNBERAANRETE KR IT—AETHEBENNEFTH
FRARZ, AURIER R Wy EFAME. L4, T4 Ut HFEAEF (SPEC CPU2000 f1 SPEC
CPU2006 2R F) 1 1/0 FE R ¥ (10ZONE. DEBENCH %5) 1E A EARAE 7 &, LI 4 R KB,
W) BFTNNREFEFARRTEEAGBEEAE YN, @ UBFEETNRRER N KBHH
AT A AR AT IR R E BAF, ST IE T W7 9 IE 4 1.

Xl AEATHN REBETA KBATA TARERE THENE

1 MfRE=R

N T ORIER A RS EYE (WrT S TR 25, (GEIE & B 5 IR IR B
BORSERITTANIG 1, 30T 2R G B AVFIALHIRIRAT. H AT, PPl SEVE (78 32 200 P4 J5 T :
(1) e Py A b s R R N S5 ], 26 B T ] SEPE PP A SRR, (2) ARl SEvEVEAS R i i e
P M B ASTHL I D9 AL, BIF TP SO R AR B AR b — B iR — SRR BERIEEA R
S w2 YR i e 732 < T e <l 1 <0051 VW < £ = s e g M NS E B2 2 NN
SRR AT, HOHE DO A AT SR B VPO 45 AT S5t DRIk, 2 LE B it o M 3R A
AP ARE TRAN DURE VE A AT 3 A DRI R S 2 1] (Y <y, S5 HR TR 7 b A e A 1) — SRR, AT
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(B RRRE, AT AR A A SR O LB (BRI A2, Rz 2 I R R (B2 B oA s R (0%
RRAL S HT S TEEVEVEIN) 3995 5 B B, (R 0E I B B R IR T B AN i N 1 A R AT 4%
SEANE 1), ARG T 5o Rl B 3t A Z I R AT AR Y. X B TR BT A E B TR
BAREAT IR R AT R

ANFV AT B R — AR AEAS RN 26 A R B AT T RRHIEIE AR 2 R 1) ix e 22 k)i T AN A
FFH PRER . BRI B AT M 4E. JF B, X4 N8 T PR AR & B, FAT DR AIE 2 T PRI,
AR 0 A S B e AR B 13 DB K, TR AP 5 3 A 5 A A A BT s 140 S/ B ) 5 s e e
ITNEAHER S E 4. I, T2 & iEtT N8 & e i F AT R I B AT 2.

SCHER 8] feth T R AR AU ARGV (R AR ) I, HORRAT ey
FE B A A, BARYE TR [9,10] MR, 04 BoA AT NRHER 2 MR TBHE — 4, WHZAH W] K
FH AR ()R /SR 80k i, DT i Rr e, T2, ol DAHED, A2 74847 I AT NRHAE (Andk Ak
BT PRSI SRECR 751 SR IRRFIESE) X FE P IS AT D R R 38U T R S o [ 1 e 1 .
5 2, R B AT R AR R P IR — 40, WA R (R R B A AR ABL AR e B 47 R e A0 2
RAT AR, T2, R HMIZA TPt TR AT RN 3 A, SRASAE I (R i R / 2R AT J9REAE, (8]
FAEAZLLE P AR PP AR /R AT R AE. AR XA HEN AL L T, FE X R85 3 B AT R AIE 43
FI RN, SBEAT AR AT AT BLEL “2 TidELL “AMEY AR 5T B 0r, T SeBi 1 29 i ATy
KBTI H .

AR — PR AT N A TV, et — L TR E NI R P AT N IR SEe, FH DASIE iR
HEWTATIERRPE. B0 TR A=A B (1) B PAT MR, EERAEFR T IEHAT A AT A
REAT A, (2) RIEFE AT JVRFAE AR AE, A SRRTTIEH AP 7028, (3) DAMRRETE N D7 VAT SE 46
BOUE, IR N AT B AT Y BT RAE R AT N RHIE R SR U B A B AR
PRI, JCBEAT AR R BT A B A AN X —HEWR 5 R B3 DR AT AR 7 2 2K
i, Hr K07 AR RS CRUEAR 7 AT AR R AT NAE &N RN BA mAR U L /e B &
BRI ? R IR SIS A RIHERA T . SEREVER RS 1, SEIR PR I H AR P AR T R AR A I U
FEF (SPEC2000 Fl SPEC2006 JEHEFEF45E) Fl 1/0 HEM IR P (I0OZONE 1 DEBENCH FE#EFE
FréE) PFhRAY.

2 MxXIfE

WRIGHE T HARANE], FEFPAT 9 BT T8 059270 23 D T A0 T A5 A PRI AR 73 T 1 Bk DR i 7 kA
T 3R Gt R P ARG 7 i, AT B AR 24 R T .

FETH ) AT PEVEIN R FPAT A 23 A ik, SCHR [11) 383X Linux REUSATR R IES 8 (et
FESC. WA YRR/ L7455 58) AT A%, 20 #r R IR0 Rl H T 3RAE R G R AT WAL, AT
NGB e M ISR N D700 RSB RHES B AT I 25, JEI [E3RA 1 KB R SRR, Hoodnd
TP HT IR B R R R Y BE S RAE R G R R G AR, AR A IR X LA & 5 R T R &, R
F-Measure J7 55122 B 1 BB EHE, MK H iR e S Bk R G0 R BT ARHIE R RG240 STk [12] X
FEFFISAT B BEAT ERERANC SR, B AR HAE PR EROAIEHIR A &, I IR AR B AE D2 E, A
1A RE 3 IR 75 S 2 1 52 B MLy« R R AR, SR [13] $R 1 2R IC g 2 BB AR 45
A PRI SR, T DAY ER s A AR R SR RIRE I R AL 1% 505 BB B P AR 28 A AT
TR AE, P35 M R Rm I I IR 6, A FINR R R B e R. Bk 3 RSk Al xR 3 Ff
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SRL PRI T 1) TS PP AR AT I L 5 I BURAR R G S H DR AN TN 2 R4 JRARRS 4L 2 7
FTH 73 A1 A0 AR KD 2 PR 2 5 T 23 T 4

THT [ 3 A A B PP AT 9 23 W7 073 2 B A AT AE YA B B Rt 2 S5 R e il A 3 e i 4
ZRIFEPAT N, 1K P B TR 2 Wyl i, DR i oy R EF B B AT N 5 ILEA)
BRBURN 5 42 S HE B S e, T2 STk [14] SR <RI BR SRRIEFEFFAT A, MR A ARk
FREFHAT T AHE 0 R EOE, DAt T B AT NRFAE. SCHR [15] BA Java F2F AT SR, DLEREIE] 7 2
FAAFIT o8 RAVENFE RS FE A S A BT ST T 9 R 1A FROIRZSHL, FH DLEAT A R G s
FIGIUE. STk [16] 2 ST —4 <, FRERFETIZAT I BT A o] Bl 3G 3047 NI R, inisf .
Foaks 0 R B AR EE, FRE < 2 RRTE SR E T REAC R, ML e
Bl JE R AT AR AR

THI 1] 2 43¢ R PP ARAL R R AR AT D 53 BT J7 323 32 BT WP AR T 4847 I 5 08 R 85 R AH DG (AT R AE AL
M HFR RGN EIERL RGN, 6T @SR PAT N TN AL. SOk [17) @ T OLTP 7E4k 955 b B
T2 AR AT AFFAE K VFIN Ttanium 2 AbFRESPERE, F DLB/MEIL R HOIF IR KL RAFIEE. ik
BRAEFE P AT NRHE M bR IR T 18 2 A T484%, W FE. TLB. OTH. NOT 4. SCHR [18] EHL T
53R [17) AR AR 2 FE P AT N, BT R A . TLB. D-Cache/I-Cache 17 A%, H4EH 7 —
R T REFR IR B R AT 0T 7325, BeAb, SOk [19~21) 945G T REF IS AT 4k R 45 MR AL, Frik T4
FERHEAT S HR R TR — 5L

75 Bk 3 Ao i, T 1) 745 PR PRI AR 7 2 0T e AR ) 7 Y A% Co AT 25 2 12 Wi R Tl 2 44
(R8T 1. AR Z ARAE T, A3 00 51 W AR 7 72— BIg AT Ji 9 P RER R R ) S AT RFAE, £
RN KRGS H P BRI BRI SE, DA I8 3 A 11 75 sl L 1) xof B A 1 2 Rk A7 A 3
J 2 WK B S AR P 2 8UE B IRl A, 3 3 DA V2 ok UM R R B AL B, DAIRIERR 7 7
YCSAT I I IERf . X R 7 V2 I A0 RABAFTE 2200, BT AR R B R G (Reoil e SCHE 3K
), J& & BEAE TN R G E A B AR . T I ) R G /R P AR (0 7 vk A% O TAE iR it
X TAE 3RS AT I 54 R G5 AR R I S HOEAT R FIAT A, I3 TAE S AT T A,

EARAE W TR SR BRG], IE v AR AT AT 07 E 0 IR . Gt i ApLEs
S ONIESE. SCHER [22) TEATRRFPAT AT, SRS IR B (AR 25 50 R P 38 AT I W] e 5| R 2R 28 1) AR RS
F BOHAT 3 bR, o, B B AR AR B AR 2 ik R SR P AU 7 VAT e ORI IR, SCHER (23]
REWEIN R N HIREFAT NRHE, L=7t4] FBM={O0BJS,B,E} (%07 5 E R R G IFEAL KT
£ WRERAMALR) RAEFRFIBATHN S RV 6 1058 TAFERM A R %A, HF LUE 25 R AT
DNBEAT R, SCHR [24] M FR G0 P 7E 25 1 DR 3 0 SR A B A T AR 2R (R sl R T R AT S, YT R
(f) Petri PIRERY S IR R AE R B AT g, AN, STk [25,26] R T IERAL 5 0 T RL AT . SCHR [27)
FASEBG Gt I 5 VA T R P R UT R R TTIEN 3 MR S A 1) & 2R, I AR 7 12 47 3 T
BFAERE LR 0 SCE B R EBAR OB SE. A SRR I MLES % S O AT R AT o #ir,
SCHR (28] DAE IS AT I 5 ol 22 G0 02 URR FH 3R AR IR0, 42 DAV St 5 ik o T BRI AT A, AT Hs
RN 7328, ARG 9 Vs BT AN S BRI . STk [29] JlId 70 B Web IR 548847 19 TAE
FUERAT NI SAYE, SR HMM 753 B 3R AR AT 9. SR (18] SR SCHF ) ST V0t 3 T
7 it B IR R AT R EAT TR0 4347, FH DA SE IR R AR,

BT R #r, HAv, T R AR 0 7 iR AR AR IR R 1, B AN SRR R
Je P [l ik A, BB s A R T 1) TR PR RN T 1) R G/ R AL B T IR TR AR R AT N
FHER A SO TRUFRTHNZATF &, R R BIE KRG IEA 5, MR TR F A 5. X
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PR VR I O B ONIRRE e B A ARFE R, B U RE v 0 =AN B B BB BosEE gk, R
PEmt gt HARANE, PR i SR AT AR S IR S A [, (B — BRI RS R . BRI RGZ
B2 RS =A R G R R E BT AR, 58 B BOVER M, BRI R 1 SR B s VA BT
AR IS B HEAT AL B, SR STIARR PP AT OO, 55 =B BOS PP BL, E R X 58 i B Br 2 SL g
FRAT AR UERA IR BRI iR B I R 2 PSS A, R 45 65 € I 7T H AR RE 7 A7 A
RLA RAEM RE . AT S RS S5 X AR 7R3, (BT T GO L AR B XA X, A
SCRAEHTRE [ A BAT L, JF 4 SRR DI RERAIE . S5 MRS, I X 48 [ 47 R 72
FP B BRAT AR R RAT J kAT 4328,

JREEN T LHRIR: 5 3 By MR AT MR ik, BARRE PR UHE T N . WU AT N AR AT N
RALTTVE; 55 4 BIA T 5 I8 S RBNRE P AT NI ITT % 5 5 MR 7S H b Seds it Js
FALIGSE R, S 5 REAY 6 FHIA.

3 BEFTARIERZE

ASCLIE, Ja B FU G LA BB

e 10 AR, AR FE AT At B, EIRE R G 8 T 454 . I FRahi . JEIGS
TE5E.

BB 2: FEFFIZATIN F AN AR AR T i .

SCHR [30] NN — D ARG B P 5 B AT I O PR SE R R P B, R RO [T A SR (chee) ANASE
I I S RE AT P AN R IS, JNL S BT ik Sk e 5 AR T BORE FRAT 9 A SE A gt AT i
B R A7+ B R 8 0 T A R TN <5

B 3: FEF K AT AT SCIF L s i 5 A5 3.

P AEFAAT IR H A v i o 2 18 P2 BRI, 170 2 R BBOR AL — PSR IR 3R 4 o R S E A
FPIg AT Inf HY B, DI B8R T 8 2 A% 4 22 P8 R B0 IR BB iR &S AR 1y B S A O30T, B LA 31
JE R B RS 1/O BRI, AT S 3048 S 3 5 i HE B R A B P IR B R AR R A RV B R I A iR
RES AT CLIZ AR PP A B BB L A0 1R WA ML AT DA R (B 3RAIE, ESCHR [30] F5 it RERPAT 9o h H g AT A
LI (8] 3 S H B BB (A T AT IX R T R, DA e R 84T Jo 303 P i AT (10 22 B A R A S 45
YRR N P AT NI —E 0.

UBAb, ARSI SN R TA32 7 & _FIgAT 1 HARFET.

3.1 EFEETA

X BB FEATIIER 4T, B “Golden run”, 1ENFEFFIBATIN B L4 Ry, AT RIE 552
FEARRG b B G R (nThReREE . S5 RIRRIESS) ASCHIAT L.
3.1.1 EETAM “iRE?

T 2 IR FE AT NRFIE R B SEFH BB I k2 —. B e %2 b i3 il i
SRR 7 I D REARR I, a0 SR 2 18] (A 00 R 4 B ZE A ) 22 T3 otk 2 AT

EEAE, R B O RS BIAE; R OB AU A EELER AT DLELHR A IF BAT 1452 P 41,
ZJZ IR RIRAT T AR 7R e 08 5 G2 BB il AR 7 12 AT I AT DR R, e itk dess . T
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AE TR MG K R BB A A 2 e L FE IR 756, HATEE T H PR AR R 42 I 7 A i 5 F T4 7 e
AT NHIAELATIN, R BL BOs BAS I BE 7). PO B F TR — Rk T Bh 48 & s AT IR P Ras &l
43771 (branch-instruction-based partition, BIP).

FEIE 40N LIS 38 AT I AR P EAT RS R 73

Stepl PAFEFFH main BREHAT KIS — SR AE VRE P 1 MRS 1542

Step2 A FEFFHAT LA B B —Sf Bk L 48 &, WIRAZB LR S8 A ARSI TR 2

Step3 B RERAE Step2 bR ZIRHAT IR — KR MEN T —DREKE L, HiZHBSA
R PAT IR G — %1848, W Z Step2, T, &7 BIARASRI 7 56 .

BIP 77k SR HEAYRN 73 97 1ERL, XAFE T, BIP J7 ik THa AT N B AT AR 71,
ANFEARTA] S TS AT 2 AR PR, BT AT RR R RS . ARAE Bk 15 & R AL FPig 17 it
Hh ) 25080 (R AR A BB AR RS R 7 M R 6 A AL:

o LMK (unconditional-jump-state, UJS): Bkikfs &R L FZMBEE. BFiEirmt S5
TEIAGEH (R A2 while A1 for S544) Xf RifKI4E 4 P FE H 42 LU jmp 184 FIHATVE AT IR PR &,
LA, UJS W] AR P 2 B IEAE A e N EAME IR .

o 0 ZKMFBEHARAS (conditional-jump-with-false-state, CIJFS): BhFz 1842 N & BhFs, H ki
B BREL S5 0. SR AT b R AR A 2% AR B A7 4 v 2 AR AL A 20 & 2 A1 8 B AR I B st
T2 & 25 AF 2 H 24 AR e v ok o2 AR B B RIA SV T iR 58 Y, BENS S H AR e v e A ) L ) SR
VEECE AR AR R . Bk 25 A R IA BN 0 I RIS B AT IR IR KA CIFS.

o 1 ZMFBEEIRGS (conditional-jump-with-true-state, CJTS): B Ta A SRR ARk, HLki )
T A S A IR A E A 1.

o HAUAHIIRA (CALL-state, CALLS) MR FPIRES (RET-state, RETS): 73 Al & s 71847
IR R 50 1 FH AR [

o FIWRIRZS (INT-state, INTS): F2/F 1247t F2 TR WERAE, 40 int $Ox80(RGLIH) $8 4 X i
BAESE. AT AL B R BT FRPIREAS BL RETS FRif.

AHERIL, £ T BIP J5i545 B HIFE IR e 21 v BURE NS RAEAE P 3847 I AR I A e 45 4 L1
REPE, T, JBA0 UJS,CIFS,. .. ,CIFS,... ,CITS,... R FHI A BOR WO R 7 IETE AT — B R A IR 45
FRFAE A RE AR, JEU0 CALLS,. .. RETS KPRZS P31 i BORIRFE P IEAE 58 A — U B0 I RE 55

Bl 1 LAl St AR S BIP J7vEAS BIRIRE PP RES 5 4 BE b8 SO e 4 i) B Re i B 1 ik
(172 SPEC2000 J:HEFEFEEH gzip FEFAEIEIAZAT FI2T 331 3 MREFHI R B 7EE 1(a)
FEAEM N HELEZ AN CIFS IRASHI R A1 B, 223 73 19 B IX LR ZEAT I CIFS RN gzip
AAGHH —MEH SR, B 1(b) IR T gzip AT — NN SR IR S5, BIAEE 3 IR
563 MIREXS LT gzip AT I — RIS FE. B 1(c) WTLAEH, FAEZMES I 2 3] 3 KK
CALLS WR&EFFHI B, i 73 Hr W), XL 7 B L T gzip AT IR 22 A4 R Btk 2 o F I 7.

— BN, FEFF DR e R AR, AR P S5 A TR E RS PP IS ATHFAE. BIP J5 ik 2 iR yE ke 1
L HATRE RS R0 10, B DARE RS T 21 e 05 S WORE 7 12 AT I 3 AR, th4b, CIFS Fl CITS
KPR B oxs JBL AR B S A1 2 sUBGR T2 e i AT IS v ) AR B A, IR A AR 7 513 g S A
BATIN B RAFAE. BT A, 3 SRR P as A7 I P f iR MBI IR AR AE, 25T BIP J5iAHIRE RS
AR T RAERE P Ia AT I AT ARHIE. RN, X AT NRHIEIE R AR IR PP AE 25 0 AN DR b R
DR, 38 A IR AS 7 81 AT RA 23 B AN (R R 55 ) — 2 PR AE AN [RV B N SR AT B4 AR AR PR A AL B8
P, AT SEBUN R AT A IR 432K
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@ UJS- 0| CIFS- 1| CJTS-2 | CALLS-3 | RETS-4 | INTS - 5

State category
O =N W hA U O

ANA NA \/VWVW\NW\
' ! | 7'0 8'0 9'0 1(‘)0

0 10 20 30 40 50 60
Duration of execution (100 states)

6 (b) UJS-0| CJFS- 1| CJTS-2| CALLS-3 | RETS-4 | INTS-5
& 5
S 4
2
s 3
g 2
2
0 10 20 30 40 50 60 70 80 90 100
Duration of execution (100 states)
6 1 UJS-0|CJFS - 1| CJTS-2 | CALLS-3 | RETS-4 | INTS-5
o5 (©)
=
S
g 3 -
g2
7] I -
O T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100

Duration of execution (100 states)

1 gzip BFERBAFHTEITHEN 3 MEFIIFER

Figure 1 Three fragments of the state sequence obtained during the execution of a gzip program

3.1.2 EEITARIMERSE

R4 BIP J7 & AL PP AE R i AN SR T B — AT AT S B TIRESEE S S ={UJS, CJFS,
CJTS, CALLS, RETS, INTS} LM —AMREEREFH. SHEFIBITI “Golden run” X B (PR ZS
FERSTE R, AT T ARAERR FPig AT AR E N\ SR A N IR EAT . Nk SO TSI AT R

EX 1 FEFM K- KIRETFF (the state sub-sequence of K mer, SSK) F&/F KA 71 AT #L K
HES S 1 6 MRS R IEFA. TP — RS T E2IRRES 7, H EERIESR
K MIRESH I IR P K- KRS T 1.

EX 2 FEETAMFHIERIE (baseline behavior spectrum, BBS) 7E— N5 B RE AR 7 71
P SSK HIBEU I A AR ONFE FPAT N HIRFERRIS. Horh, S04 SSK A HY B B2 AR O FEEEAT 9B — N
fELILAH.

TESE R PRSP 81 LIy K IS E 1, B —MIRESTHRHEOE KOy 1 BRI OGE ), W
REFFIF o 24 SSK HHEM AN 2 HAES. #g EUF, AR SSK A0 65, A48 SSK 7]
RE PRGN T e 1 1 S A AR R T B A ek 2 3, BRI, ae U K EER G 38, BBS bt B ) FEAT A )
AL AT

NITEJE B AT, AL — A FEUEAT NRIERE I 65 A SSK HIFFFIINF i3k 1 B,

GRS N L, WZF 5 SSK MEHCN N = L — K+1. 4 N;(1 <i < 65) £oR
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®1 K MEFRESTFFINEEHF

Table 1 The ordered K-mer combinations

K-mer The occurrence frequency
(UJS,UJS,...,UJs) b1
(UJS,UJS,...,CIFS) b2
(UJS,UJs,...,CJTS) bs
(UJS,UJS,...,CALLS) by
( INTS,INTS,.. ., RETS) b —1
( INTS,INTS,. . ., INTS) b

0 A K- KIREHLA RN SSK R FIRA 71 B, W 158 0 A K- KRl
SRR SSK BB by = Ni/N. T, R FRE R FUF R BBS 15N

sT = {b1,by, ... bgr—1,bgx}. (1)

[, BBS Bl FRALFE A2 — R M A S5 T AIAT 9HFAE.

EX 3  BATHIRFAT NIRHIERIETE (runtime behavior profile, RBP) 4 S = {sT,s7,...,s%}
FORBT AR I B AL 2 DA RS T IB1T I3 2 AT N RHERIE &, RE PR — T
FRE WM EEMEF TR (—IK “Golden run”), Hr |S| = n Fon BARREFEARFRHKN T
HIBTIREL B4, hEES S TREMEFAT I NRERIE T AR RAERIEFE R M, o FRNIZATISE
FPAT AHIRIE R IE .

bii -+ bygx
M=| oo 2)

bfnq] “e. bn,GK
o, b ; FORREFPAERE —SMARI A A T ISAT I R HEAT WA ERIL (BBS)sT 2 5 A K- KARES
THRAIMFHERIAE, BRI TH n < 65
JE 8, AE5E S 3 [FERR 145 HRE 7 B MUBREAT W RAAE R AR T R RS0 T o A AR AR 55 L
3.2 TEFHBEITA

F AR AT A BDAR R — AR AT B bR 2 G RS AR N e E,
(3) R
(Vi+1vo):H(ViaI)’ (3)

Hr, Vi B Vi 20 FRSEER B S BDIRGS AT —ANRES, TR O 73 BUOARE AL S HDIRAES AR — MR
SR s R AR, H RN BATIN B ADRESEE 2T MRS IR ARt &
RIBH R R4, FERRR AR T, R FPAT N T BER B AN 4 FhoReAE:

(%+170):H*(‘/i7])7 (48,)

(‘/;+1’O*):H* (‘/;aI)a (4b)
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(Vi41,0) = H* (V;, 1), (4c)
(Vi41,0) = H* (Vi, 1), (4d)

H, s« FRORENRIVIREFE SR L HHRIVAR R HRMHEHESE. (4a) NEIRFEFF 16 s A B
W, ] A R ORI A« R AR AR AR BOANAE BT R PRAT B AR L bR ST R4 R i
S MR (3) ATH, 5 2 AMREFPAEIEH S5 A T IS AT I BN i e R — B, WX R AR 4
JE WU AT T 384T I BB AT IR et — 2.

BEFHAECRES Vv, F —ARE Vi SRR T A R E O B 25T BIP J5i%K) 7>
IR FPIRAS h, RIS 3] (V,1/0) — . T, FEFAEMBE AT T AT NRHE T TR (statiyq) =
H*(stat;) FI TR (4a) 2R RAT NRHIE; (stat),,) = H*(stat;) F THA (4b), (4dc) A1 (4d) EEXT
B AT NHFIE, o stat; € $. 04§ U IRE R iR AT YR RAE TV, B Sk s R B 2 3L

EM 4 WERI (fault manifestation, FM) B U1N A HFZFLE R — 4 A\ 54 Mg 1T I 3k 45
HPRZS 91

Seql = {staty, stato, ..., stat;,...,staty}, (5a)

Seq2 = {stautgf)7 statéf), . ,statz(-f), . ,stat(L’j)} . (5b)

Seql H1 Seq2 73 Jill F 7~ 2 7 1E T it 2% AR AN B 2 A1 (MESERE T T ARAE TR f) R IgAT BT3RS (1 4k
T BIP J7iEMARESTFH. X Vi (1 <j <i) H stat; = statgf), H statgf) # stat; B Addr(statgf)) #
Addr(stat;) (Addr (stat;) FRFFRA stat; (08 Hidk), WIFK (stat,, stat') HFRRERES £ Ffods
R

FH O T AL, WP R IS PR bR An AR 7 CE MR 25 1 R IS AT I B 56 — NS DORAS. 14 (5a)
(5b) AT, MHMN I Vil <i< L) H statgf) = stat;, H L' = L i, Seq2 1 Seql =& 5¢ 4 AHIF Y
PR 781, BURE P E MO 26 A N AT AR S IE W AT AR 5 4 — 80 T stat; € &, WES I
F, B EHEALE f R IR (stat,, statl”)) 34 62 = 36 KL

Kl 2 DA—ANSEBIBEE 1 X 4 TR s E R T B 2(a) A 2(b) 20 SR T AR [ — I 2R,
FEFT gzip 75 G MU 2 A RISt A ey N 2 S 3@ AT I SRAF RS P 1 B, 72 2(b) o, M EFS
FEHATI S 31 AR RN, B 5 SO 0E 95 51 KSR, TR A R AR, Hdr, 58 41 MR
BNENEE 2(a) FRIEFREFIIA—BHPRSE, T2, B 2(a) FE 2(b) 5 41 MRS R
HAE R R, B (CITS,CIFS).

BBAh, 556 PRI R I WA B o R AT g B — Bl R FR R P AR R 5 A T IS AT, MBI AR (fault
latency) FIEHRER (error latency) FIRHE AN, 5 2, FEF BT — B R E MR RI S EUR AL
B T RORARFR T IS AT I AR R O, R SRR T A AR R, RIRR T TE B 2 1R T AT NARIE S
IEHAT ARRIE 76 42— 8. DR, F2 5 B0 AT N RFE S 38 Fi, ALHE 36 Fif i e R SIS 28 R0 o
IR P 5 T AT A

BT B AT D 5 S B ) R R R B — SRR 2 A T AT AL, BT AR AT 9 2 — M LA Gt
B OUAT ARHE, DL HBIRAT A RAE 715 4R — N HRAE T, FRP7E MR 4L T2 1T I 13 21
FIT A W AT A (R AT 73 AT

Staute = {P (fma1), P (fma),..., P (fms7), P (fmss)}, (6)

Horbr fmy, .. fmse Fon 36 FERRINEMY frmgr M fmss T BIRMREIR B8R0 BAT . (6) 5X
552 Ey (1) A BT BUREL, P S B LB N FRAT MBI A B, DRI, s, RIOANEFP

1330



FERY . FERY H44E F 10 W

UJS-0| CJFS-1|CJTS-2 | CALLS-3 | RETS-4 | INTS -5

Www/\/\/—/\_/v\f[\www

0 10 20 30 40 50 60 70 80 90 100
Duration|of execution (100 states)

| @

State category
S = N W R U0

(b UJS-0| CJFS-1|CITS-2 | CALLS-3 | RETS-4 | INTS -5

; /{ fault manifestation: (2, 1)

m\/v\/_/\_/mﬂwvww

0 10 20 30 40 50 60 70 80 90 100
Duration of execution with fault injection (100 states)

2 gzip BEFETHERGEMBIES G TRRESFIIRTEE, AUIERErER

Figure 2 The comparative runtime behaviors of fragment execution of gzip program: (a) The runtime behavior of normal
execution; (b) the runtime behavior with a fault injected during the execution of a specific state

State category
© = N W hA U O

HIE AT RRFIER X (fault behavior spectrum, FBS). M5 () #EIT NFFERIATE (fault behavior
profile, FBP)Mf2ult. IRA

Pii(fmy) -+ Piss(fmss)
Mfault — . (7)

P,1(fm) -+ Py 3s(fmss)

3.3 BEFEMITH

YRR 30T I 5 R T B AR R8I m] L 1, S5 1 S50 4R IR BE A 2R 447 et
THA R, AR HRBAT 3N 3 MR

FH AL (Abort): HREH AT (WAREHE AR VERDSE) KRAEFE R I, M ET R 2R IEAT.
XAAT A EEBUER B I B3R B, J& T B E R R BTN,

Wi NERINS (Hang): P2 FP AR BEAE RN E AN 8] JE T N 4R A2 8l , DA R e AT I 1) B0 5 1 A4
BEUR, 1R BT Nl AR T HEATCBRE MRS BUT S APIRES, B A I E], (HFH AT N LB,
il S 77 KB IEAT

vk (Wrong): FEF BTG MM H S Golden run MIE1T45 A5, ZAT ATEIET
P DU B, TR FH U AR R B SRS A R 2 R AT .

AHURAT N — 1, RAT I S e 1 FE P A — S S5 A TN B e 2 AT ARRAE, BT RA, R AT At
e M EA G R SRAT NRHE. KRR R BT NIRRT AR A 455 — ML F, BRFAE
AR T B AT 15 2 B0 5 R4 24T 4 B 5T 73 AT N

sp = {P (Abort) , P (Hang) , P (Wrong) , P (Correct)}, (8)
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Horhr, P(Correct) RonFEFPAERIBR S5 AT T AR A AR UHIMEZ. (8) A2 — MR, 5E X 2
g (1) AR B, Btk sEy RUNERE PR AT NRHIERIA (failure behavior spectrum, FLBS).
AR R RAT ARHERIL B (failure behavior profile, FLBP) ML RIRA

Py 1 (Abort) --- Py 4 (Correct)
Mfail i E . . E . (9)

P, 1 (Abort) --- P, 4 (Correct)

4 EFTAREFE

Big EF, AR HARRE P B SRR AN BRI R PR, HAT NRHE SR &R 2 — D ERES. A TR
M o3 W ANSRIRRL PP BIAT VAL, USRS IX AT N RFAEREAT 7328, AIFAER — SRR AR P AT N A
SRR B L, t T DR AT — SRR P AT W I HA RSP, Qs dT N RF A« SR BAT RSk
AT FEVEAR SRS A

NTRBEGHEOEFATNRRESR, BIEFRREREED N 3 AP (1) S HRREFAT M
RIFE T % (2) S MREFAT NERETIE; (3) W Al R REm & B 2R AL

4.1 {THEMMHEE

R ERX AR P IE R AT SRAT . FUR BT NRHIER A E AT AT, (1) 38, (6) 2UF (8) 2%
JSLFRAT A RAE T A BB R S AR 2040, B Kullback F1 Leibler 2 H A A B G
SRR ST T R E AR B, e — K 1 HAURR A AR B2 B E A A X PR, SOA e B
P T BE S AR 0 A0 TR AR BLRE. T2, R —FMEIERAEXTE 7% (FDOD J5% B2) fE AR 7
AT JIARARA I 2 8 7 k.

EX 5 FEFAT AMUE (similarity degree SD) LA MEFATN sT = {ai1,ai2, ..., @iw}
5T ={aj1,a52,... 050}, FH, 1 <0, 5 <n(n ARPATHEE), BEEEXT RN AN, 1 < w < 38;
éf%ﬁ%jﬂﬁﬁ( BT, 1< w < 38; HEREX GONRIAT NN, 1 < w < 4. MPMEFAT )
AR 2 LN

a; lo + a;lo 10
Z : gazz—I-agz Z & gazH‘agl)/? 1o

Hrh, 2% 01ogm =0 1 Ologd = 0.
HIE X 5 ", SD(sT, sT) > 0 fEAGL . SD(sT, sT) /N AT 7 AT A RRALE 22 125 AT 14,
S22 M2 ok 2 HALCART Vi, 5 (1< 4,5 <n) B ay = au(l =1,2,...,w) I, SD (s}, sT) =0 X%
NRTAT NI RRE R 56 4 AH [F].
EMX 6 FEFFAT NAUERE (similarity degree matrix, SDM) X145 %€ 1) H FrFEFAT NES S(|S|=n),
LA TP PRE AT N Z A AR AR BRI — > o n BYRERE, 0 BERR AR 4T AR
SD (s?, 5?) -+ 5D (srlf, sT)

n

SDM = : : . (11)
SD (s}, sT) -+ SD (s}, sy)

no ni°n
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4.2 FERFITAHBRE

FEFAT N TR U FAT R ER AT (AR AT NRHIER IS BBP. MU T NAFIER
L% FBP MURSAT AFHIERS FLBP &%) U EURE, SRR BT Ay B AT AR AT AT R
(e SipON S

W, BT E X 5 6 355 BBP. FBP Ml FLBP %582 547 NEFIE 2 IA U Xof B AR 47 AR R
FEFE SDMpaseline; SDMiaute F1 SDMyapy, HKFH 2 4E05 B 7% (multidimensional scaling, MDS) SAiX £ 4H
AR R4 € A H PR P AT NAE e A rh bR R,

NG, K RREEN BT NEAT 3298, EEL (fuzzy compactness and separation, FCS) 5
Wk B3 BHTRERAT NEEE. FCS HkE T E AR EH (cluster number, CN) 50 T 6 35 B 44 508 &1 23
(RIT5, ZAEIRIRIN 2 T 28 5 22 18] (1) B HIORE B2 LA R R — SR N I R R, SR ORAIE T SRR TT I
Rt

2Y ={y1,y2, ..., yn} NH MDS J7iEA5 2 KR FFAT AR RIEE —4E At AR IR, n N HR
P70 AL, A BIHN o) FREECH 1= (s}, W S5, oy = Loagy € 0,1 & y = gy /m
NITE B PAT NI RHIERIEE e 3ME. X2V = {v1,ve,. .., v} AEEADEBIERLE L.
W FCS F3 10 H bR R R 7m R

Jees = 5wy — vl = 30 mzllvs — w2, (12)

i=1 j=1 i=1 j=1

Horh, gy >0, SRR A EE B AR, MR i /MU R BEAT Lagrange 36 772 5€ X IF) Lagrange BRI :

Lrcs = Y Y ufillyy — ol = D0 miwdllo — yll* = > X pij — 1), (13)
i=1 j=1 i=1 j=1 j=1  i=1
SR Lecs R pi; Ao, BIW-SEL, 352 HARSEBCNE, 713315 MEBIRREL Lecs BILEAF. T
T, RIRE py MEEFO o BIERARS 5
1§

gy =1
. - — Vs — NV, — m—1
P 7 [ N [ e

2=y = okl = melfor — yl[*) ==

(14)

Y D Y = Y
Zj:l i = Mi Zj:l s
Ak, RIAEE R n; R A B R

4 mini illv; —wv.,
gy = B Aminiz v, “E o< <o, (16)
max|[vi — |

NPHELL o SR, B (14) A€ IRIEE 1, PTRE I, ARHE TR [33] MOREE, 2 ||y —vil]® <
millvi — ylI> W opgg =1, Hopiry = 0,0 # 4.

FCS Bk 133

Step 1 ¥Igatk: IERIRECH | = 0, 4578 BIRETFAT ARG I EREE o2 < e < n) FWIIEEREH O
w0 <i <o), 5E Bym AR £(c > 0);

Step 2 BL (16) S EH o,

Step 3 BA (14) SUEHF u{";

(15)
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Step 4 LA (15) s Hr v(lH);
Step 5 # maxl||v(l+1) (l)||2 <&, M1k BN Z Step 2.
RICSER T, S m BN 2, ZH B W 0.2, BIME ¢ B 1076

4.3 THEREREH

SCHR [34] T, HARRES RRBZ MAFEW TR R: (1) B bR R 302 5SRO0 5 6 Jak R 2, 31X
Ui SR BB 2, BRI R4 s 4, AR RIS DO BN BRI — A8, (BRI RN RS
A R A (2) BEAE SRREIG R, AHRL B bR R BUE S — I 2 IRPE, H i3] —
JE IS RA, HAR s BUE AR TP R, T RXMOCR, IR —MEE T BB 5 —H
ZEO S AT, H T @ R AT ARHIE 1 B AR5 2R3 (optimal cluster number, OCN).

EX 7T  HIRERE Jrcs FENE (hazard rate of Jpeg) 45 € T R BEEFEIN [cmin, Cmax], X
TRVTE I N R TR FCS SRR BN A L B AR BRI, K T (¢) (cmin < ¢ < cmax) WWIEH
PREREL Jpcs KT B ¢ BRI & LHARREL Jros WA NTERS E %%ﬁﬁ’]ﬁﬁﬁﬂﬂ%% h(c;),
B
: Peiy1 — Pe;
(cit1—ci)(1 —pe;)’

h(ci) = (17)
Hh pe, = % (Cmin < € < Cmax) H B (Cmax) = B (Cmax—1)- FLIE, £ 3ci(c; € [Cmin, Cmax))

B J(e) < 0 WRIITH e, ETHEE b (c) 200, 4 T (cs) = J (¢5) + [mine,, corcen 1] (ci) < O}

e OCN BTk T

Step 1 TR EEIEEA [Comin, Cmax)s 2 Cmin = 2034 cmin = 1 B, FOREAREIN 515040, Hif )
T BT, cmax = Vi, et n REUIRSE (HIFEAT AHRAESE) ME.

Step 2 MR FCS LN [cmin, Cmax) 10 8 P A5 SR HTT 543 B AH B A H AR R BUE T (c0),
F B — 20 A B8 A R B U 1 {J () }-

Step 3 M4 (17) AHEB R S HFRERE J(c;) IR h(e), B4 i HFRERE J ()
(IR0 2 T B U 51 (R (ca) -

Step 4 TFEEHUT I {h(c;)} MFJE—MZE5, B Vhe, = h(c;) — h(ci—1)(Cmin < ¢ < Cmaxs
Vhe, = 0).

Step 5 EEEHUTF {h (c;)} —MZ o IRRKAE, 1B R AERISEL (OCN).

5 SIg
5.1 SLWBMRTE

DL TA32 fR REEMIFN Linux 2.6.32 #1E RGAENSLR P&, DAHE LR (CPU-bound) #2/7 Al
1/O %A (1/O-bound) F2 7 H BESEE o 75 1 HARRE P 4R, Horh, BL SPEC2000 #l SPEC2006 J&#EFE
FEAE AT HE LT 4, UL IOZONE JE#EFEfF . DBENCH ZE#ERE /7 H1 (linux test project, LTP)
MR 5 1/0 MHKRHIMRRFEFZEN 1/0 ZHERFEFE. st YRR BIA N EE
NFRFF HIAMTE N S A, TR RS — 4 N S T 1 AT A IR P AR 2N S T I — AN 2
HEAT N, HAE R 99 NS L RURE R RO SEHEAT AN 54 A 1/0 BAERIFEFFIFEEIT N,
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*® 2 SKIREMEMERBITIR

Table 2 Description of fault types selected in our experiments

Fault type Description
MFC Missing function call
MIA Missing if construct around statements
MIFS Missing if construct plus statements
MLAC Missing “AND EXPR” in expression used as branch condition
MVAE Missing variable assignment using an expression
MVAV Missing variable assignment using a value
WPFV Wrong variable used in parameter of function call
MVIV Missing variable initialization using a value

TESER I FE T, TR EIET BIP JEMFRFIRES, R PINGS X F8 7 HEATHE & M43, 18
Tk BT 2 Bk R 4 B SR i AR B AT I IR A A,

e AR, S o R S v N 7 VESRAS R 7 AT AR BT A, FH DA TAT R R #r. G
BT ODC ik BT o B s, prik s gk 2 FoR. A TR EA Gt E Ui ie gy
TEMR A N SIS BT A F2 7 BT I AR S 7 38 90000 UGB N, AT 15 ZIFE T i i
ITNRHIERIETE (FBP) AT NFHIER IS (FLBP).

SEIGET T AR H I RE P AT A R TR AT IR, XA EERE TR 1/0 BEMET
SR MAT N R E M . AR IR =4S 3 AN G IR SLI 45 3R, HH KRR TR “EAH
AT RRRAE (O FR 5 TR 2L AT AR AL IR 5 R K 38U T R S —HEWT A IR k. L, RIS 2
FRET WTAE P B AT 0 B SR 2R RE % I WU AE L[ G KR AE, DR tE . S5 AR | I8 AT I B B VAT
RS BRI 7. SRISHAE R R X TR & 1, T VAR S (S M. KR
B2 U2 T PP oA W 1 1 ) DGR TR

5.1.1 BEMEBEMHMENME

A HME: P 0 R AT o SRR M 17 SR 21K R F VPN SR 2R AR & ik
. AT TR % R AR bR — R IR 7 S AT R AL 5 SR I AE R, B SR AT N AR 08
FE TS BN AR 1E W 38 AT I o G [ A A P A T, R BRI R I e e v AT (0 7 S 8 SR A v Tk 12k
B[] — 28500 o () S U AT R A 7 A AR

B 3 JER T SAE BR A B EAIG R RS RHELE. 1B 3(a) JEN T 3KEURE P 3L HEAT N IR IE 60K
it (BBP) WL AR, EAFEAR KM B1E RSN R IR F, RPN e 17
AT I BIRAT R AR R BRI OC R, N3k13 BBP, MR FEFEERRE MK NI —IRIEE BTN —
AL EEREAT N, RERTFA S O & R IhaeRe g ek, BAe—eREE b, fEM S
NHIFE R EAEAT AR S XA I RE RN S5 A4 _E R U, (ERE TR SR AR AN FR S HEAT N ]
BB I HH X IR 1 (0 e 5. DAL, O A N 5 R 5 AT X A R A TR ) B SEAT
DNRFAE, [, 6 RCIEAE T, 25 RERE @ [T 45 B0 5 (0 SRR AN SN o A, ] 35 B R v S VT
ity WA B A B 5 T

7EE 3(a) W, 199 M H B ERIFL T EUEAT NIRFIERIE R 54 4 1/0 HHEMFR TR N
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'3 )
‘ Ne——
! Stat f )
ate sequence .
i {51,815--,5.}
1 E Compile :
: Link N .
inputs o ; NI Baseline behavior spectrum,
M E . (BBS)
N (bbb 1bex) %
M Sex B CEP of N programs Resulting clustering of N programs
programs \________________i 3={UJS,CJFS,CITS,CALLS, | = \ /
N program RETS,INTS}
executions
\_ J
() (b)

3 WIERFEABMFAMMAISLIEAEL

Figure 3 The experimental implementation framework for verifying the validity and effectiveness of clustering

RRIERIE S AR T LA Moguex 1 Myywex 7N HIFEUEAT NAFIERIETE BBP.
Kl 3(b) o 1 ARYE BBP #EATAT A SREHIRE, RIF eIl MDS J7EAS B4 B HEAT AR IER
IAAE e E R BIRRIR, ARG IRYE FCS S SEHEAT IR, SJa MM 4.3 N IITHERACIREE R,

il e AR IR

5.1.2 BHRE

N T AR R B HEAT ) 73 SR A SR T 5 T TR S AT MR AT i 238, USRS &k
TR SRS . BRI PR TR AE DR e 3 AT N B SRR 5 SR T SR AEAR e B AT AR AT 3R
R R IAEMIE R, B0 RELEAT ) SR 45 R 5 AT N B BT A B 1) SR 45 Sz, Ui
SRR R, SO RIS, B mT i, SRR T T € “BAT AT ARFE AR 5 [ R B AT AR
ACAFR) A3 M 2K B8 AT R AIE 3 — HEIT () IE A 1.

PR SR R A R SRR 99(BR 54) MR EEHEAT I RHIE R0 gk AT 52K, Hoyaa it
W SEIR AR 21X 99(EE 54) MR AT IS AL MR AT R BT NIRHE R IX, IR 5 R X 2 i
AT AR AT AR e R AEAT 9 R T kA7 00 38, & Jm, RATPIINME AR R IR JRE i & RN
FRALERR G R 1. RN IIARIEE 4R, DARRHEAT SRR T7 20X 0 M AT N R B84 T I, ot
AN RN REAT Ry (BUERBAT ) IR BIAHEUEE (2 W€ X 5), BT 38 BIAT AARBURE (1~
RPN FEIMUE. & KT (in-group proportion, IGP)BS] B R MR R AT AN AT A
HREFEAEAT Ay B BRI TT IR AT 73 28I, RN RN IEAT Ny (BUR BT ) FEAER B8 s AR AS /2 15
FEF—Fr, KA REpE. BEW TS5 m T

IGP = Z @, (18)

Hort igp(i) = #UICterD=Cluster10=i) (¢ > 1) ARKH (RAE TG FREHN 1 1), j
HEATERATIRER, jN NERBREA j BOEIIRER, Cluster(j) FmbEA j TR, 5 i — RN
T, #FRE S WA FROREA N L. TTLLE Y, RAT T IGP KRR B S, 24 ALY

24 IGP=1 ik FIHE b2 iRk

1336



FERY . FERY H44E F10W

5.2 SCISER KR

X — R SE S5 R a0 A (1) RIS E BRI Rk, BURR Y (R AT MR AE T AR R IR
Tl ? 0P IR EE R MR ? (2) VR SRR, BRIl b4 T A 2 38T Ay 75w AR AT A ) 2R
KT RHATX 7 (3) RIWREFAT N ERIAE W AT S fO1E T, B0 AE e 2 HEAT N A SRR 5 AT
T RREFE AT EE RSB AR I IX 232 (4) BEXSRE P B AEAT JuRAE 715 SRR T A b S 80 AT 7y
Mr, BIFEF RS TP A K FEEIEEL (cluster number, CN), A BRI SEUE. H, 5511
UM FF RN 1/0 BARMIEF I I8N K /CN HEE 2708 2 < K <9/2< CN <10 M
2< K <9/2<CONLS8.

5.2.1 RAMESIEMMEIE

T I — AN o AT U SRR A B A M. IR SN Y K = 5,CN = 7 B TR AR
FERP I HEAT A RSNEN. N K FIBUEYEE (2 < K <9) RE K =5 2&—AHiEfE, b EREFR
BT AT LG B — A I8 AT N RIER IS, £ K = 5 R NI AR P AT N
AT, v R mAEHA] S4(a) FT7RiI4 2 < CN < 10 B SRK BAR BB R M —Br 2298, M
A FAELE S4(a) AT W, ON=3,5,7 B 3528 — W 22 73 (A ORAE, 4 SR EOE ORI, SR A (R AR AL AN
FRIAIREAS PR A S Ve Bl 2 180, BRI, D 5% tH Ut W SR SR I & B A 2, I B ON=T 1Nz S 7 #r
W BRI ZRE (OCN). b4, 2 T itk /i, AR IRESE ¥ B 6 FeRES R 57 E: UJS=0,
CJFS=1, CJTS=2, CALLS=3, RETS=4, INTS=5.

FNAMELE S4(b) BIR T K =5 fl CN = 7 i 99 MEFHAT ISR HEAT NFFIERIA ST R
KIEER. BRBAZELL Cluster #brid, 28 1IEHE A AT AT A IRHIE RIS, RIREHIRR
6° = 7776 > 5- KIRETFA (B HEX D, WEREAD 5- KIRE TR KA. MANFEH
BLE S4(b) HATEUE H, AFEISEH P IEEAT NRHIE SRR Z (A7 22 5. S8 A, AR SR HEAT
A0S SR SRR P E HL I R R A0 25 A e, DU HVEg b, CUIA 3.1 /NS iR e
1T RFRAE T A B

AR FE AR S4(b) i, TF Cluster 1 ST B EHIRA TRFFIA 11211,12112 F1 21121, X8
T B RARFIZATIN CIFS ARAELL I, 5 CIFS &S CITS REZLEHHIM. HTRET
752t B AR 1S 21, 8 I 7 b 5 X BeRAS 7 0 B (AR IR RS 43 o] 4, B MR CIFS
R L B R F IEAESAT — MEFE. REF T E—/ CIFS IRE (B CITS JIRE) XF
N AR AT I B — A if/if-else ghfy. Rk, i Cluster 1 BRI 3 NEITEHATHIRES T 751, 7l LA
R AR T BT N B A B PAT OGS if /if-else S5MMHF AL ALk, 11211 XA
REF PN T REFPAT IR RIS 5k AL BT, REHBRTFAEERERR, B
if ZiMFAETIEANREED. B FEA Cluster 1 PRIFEFAUE —— G5 5 4 vortex FEFFH
TR (3 MTAK BN ref, 2 MTADHIK HHALE train A test) Hff S R AR H oK B A7
FERIED for{. . if{...} ...}, for{...if{.. . for{...} ...} ... }E&EMY. BTLA, 11211,12112 A1 21121 iX 3 4>
BN EIAT BPRES T F 5 Be W I WAL 7 18 AT I BT AR L IR 7 2540 B IRRFAE. th4h, 13333, 23333, 33332
EHTTFHIN Cluster 1 FUAEHILPRE TP 5. XRFBEFIBITH AT T2 Rk E A
BAE, WRTIR o3 A, X EAT N SR A S5 AR A

TE Cluster 3 1, 11211, 12112, 21121 F1 11111 & HIEAMEFPRSFRA. H, AET 3 VIR
BTFHALLEH, Cluster 3 HIREFFEENEIT NEE S Cluster 1 R FFAHARIAT AHFAE. T+ 751
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11111 DUl B M AR e A B AT e — AN B L i Al o B S A 43 i A2 7 6, 7E Cluster 3 HH 26
MEFPATEFE —— @01 crafty(3 ™MT AT HIK BHINLE ref, train il test). gzip(4 MT WK EHFNE
ref, 2 MT A BIR H TN train Al test)s mef(3 MT N HIK EH SPEC2000 fI%i ALE ref, train Al
test). sjeng(2 MT AT HIKE ref F test) 55 W SE S BAT BIR 4 ASIRES T 91 BT SRR AE.
B4k, #E Cluster 6 H, IRA TSI 11111 BHPATHE T 0.8, REVIRNEFHAT T REKTEFH
E, W libquantum(3 M1 A3 B HiNEE ref, train A1 test). h264ref(3 M7 A7k B I ANEE ref,
train Fl test) %.

FEANTERRHEL S4(b) 1, Cluster 2 [UFEFPHEMEAT R IERIE T Y BLEINBE HPRES T e 912 22222,
HUGR 11111, 13311 F1 33111, GAFTIR AT —2L, gee(3 MTAKE SPEC2000 K% NFE ref, train Al
test)« parser(2 M1 N5 K H A ALE ref il train). xalancbmk(3 M1 75K H i N£E ref, train 1
test) SEREFFAT T LI T OKE S EIA G5 K A0 oR 80K 1 FH G5 AA A SR R

TE Cluster 5 A1 Cluster 7 W1, JRE&FFF 11111 BINESNEH I F )2 —. 1M Cluster 5 5
—/MRESHAT TP H1 22222, [, Cluster? HHARME HILN 7758 21212 1 12121, X EH
Cluster 5 Fll Cluster 7 FINFEFPAT T KERITEAEAE. LA, Cluster 7 FHIFEFIEHAT T KREW
ik PSR B B R IEAS 4307, Cluster 5 H11 13 MEFAT N (astar<2 MTAKHE
BNAE ref, 2 MT AR BTN train, 1 MTARBEHIALE test>, bzip2<5 MT K E SPEC2006
HINEE ref, 2 MT AN K E SPEC2006 HIHIALE train I test> 55) F Cluster 7 H1[1) 27 NMEFAT
A (bzip2<3 MT R AR E SPEC2000 HI%IALE ref, train F test>, gap<3 M1 A5k B fii N 4E
ref, train Al test>, gee<2 AMT KR E SPEC2006 HIHiALE ref, 2 NMT N7 HIZREH SPEC2006 1A
£ train Ml test> 45) HIREARILIX LERE PP 7E 4548 LR

7 B3R HT, H¥E K =5 F1 ON= 7 XA, B aE R BN T JLA ) 2.

(1) TEFTE R B HEAT N IER A T, INTS ARESIRAD H B, X Ui BIRE 718 1T I & AR 3R R BT I IR
BAR D (X — 515 R PR E AT ). LI g 3R, fEFTE R AT N, INTS H LA
N 0.016%.

(2) #NFEMRIE S4(b) EER T — R AMEDL, BN Cluster 4 HIFE T 47 3 A B A W 5 i s
(BARTE Cluster 4 VAR 10 MEFFATA), 50% A ERPIRZES TR AR A BN T3 B 0B %
S, TR AE AT S PPIRAS T 41 (O 33120) XA 0.041 R AESE. it 7081 Cluster 1 % Cluster
7 AR TR AT N AE SN N B I ARLRE, 45 3T S5 AR ABLRE B ELAE I R R AE A e AEHA S5 .
Wb A EHE S5 FIAN, Cluster 4 FHFEFAT A Z 8]~ SAEABLEE SAIK, B PR AT 2 (A7 7E K 22 S 3%
K. GG HAIAEED, 7= A= X P G 5L R AT e AE T S SR UE N TR FEMRE A A R FE B R e R &
PR BOE IR, Ba iR T BRI [ —28 . Rk, e Btk IR T4y .

(3) Wit K =5 Fl CN= 7 LRI RBLE R KI, F—FEFEARFRHN TR IR LER
— R, AR AN FER N T FIEEHEAT 2 R BOR, IR EEAN A . X R, IR P AT
FEB AR P A B D SRS RE AT R i B AT A 3R AIE 1A B 14 0 SR R A 28k

W EIARX K =5 il CN= 7 M2l /A nl %0, 3.1 /N1 HE IR FIFE 37 B 04T N 3RAE T VAL RE %
SRFEF IS AT I AT AR, 3R Re (X Lo LU EAT 9 R Wt 5727 [ A R (DhReseE . S5 iR PESE) M
KT AL, Ak, AR FaR s b ) SRR T LB, fEf i 7 ISR BIS OL T, J8id FCS
FEAF R B R R A WDl B AT NRHIE RR P A28, 1SR R AT NI R B .
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Table 3 The optimal cluster number for all Ks

K 2 3 4 5 6 7 8 9
OCN CPU-bound 3,6,9 3,7,9 3,8 3,5,7 3,5,9 3,7,0 3,6 3,6
1/O-bound 3 3,7 3 3,6 3,7 3,7 3 3

5.2.2 RBERE

WRIE LIRSS R, B et W RE 7 FMEAT 9 I B R 8 IR R, R W RR A PP %
K H (2 < K <9) T FCS 5k H bre& SO A2 10 34 R B 50 51 3t R —Bir 220 2 WAR 78
FOEHEL S1, [ rh /AN ] Bl B (0 i B O e ) die (SRR B T RUE o T it S SR AR P A 1/0
BRRFE, A K AH TR FAEAT ) SRR G SR B0 I 22 A e (R SRR, DA ek ) i AR SR S UM
NV R, R 3 Jon TARIEAN e L S1 B BIIREA KX B et SRR AR IR
FEANFERPELE S1 R 3 AR, 1/0 AR YRR (o fre SRS Mg b Tt s SR AR/, X T
SREREFEF ) 1/0 R SH8U> TIHHE SRR, 15 1/0 R P2 R R PR IR
FAAN R M AR BLAE SRS H b o 5 B BB .

HTEMELR S1~ S3 ORI IRIE AT K B3 2100 I R Fr 2 AT 9 SRR A5 R A TR P e AT
NFVRIEAT N0 2RI ISP (THEE S R AR P AN 1/0 AR RAR 7 20 il A Hh 20 #r). #hFe s
BHR S1~83 73 I I8 13K 2 Fon (AR R b SRR AR SOy N S0 v TS 1 AT A R AT 8. 5
HITER B S1~S3 HIH “Trend” X MLAIHMTEAF R S2 A1 83 FRo R S 46 £l FEBIL X 2 P9 - 1A AL
FERpESH R, HLRBIRRES K E. SRR OCN Z[A A REAFAE IR R

WRIEANTEM IR S1~83 ATLAE Y, ik RS R AR PR 1/0 HHEMMBF, MTER 1k
AT NIRRT AR IR EAT 0 23 2607 sNHEAT RAAE R 0 I, 24 K A — 8 I, ANRI RO 2810 R iy AT
NRVRIGAT RIS AR BLEE T I . 22 5, B SRS B LU BT 3, A AE SR IHEAT N B RAE AN R ST 1
AUAE F T4 3 B R SR RS P AT N RFE R . XU, SO AR Py B HEAT D9 IR R AT
RITT S AR b [ A R AT 73 (K 2 A FB AR 1, FLIRSRAE SRR FE 7 T W 1Y) i
PR — R — KRR BEROIEAJF B MIAS BIR, PRI, 1K SRR GE Bl T AR A i R 2R R AT
NFFIERIR 73

FFEATEHE S2 A1 S3 IR KRR IR AN SRR R R S1~S3 15 B MIAF XS MU AT M R AT F et
FE PSSP AR UL AR S5 AR . S T I M S M T3 — 20 TR &R S K (A1 OCN
HZ IR AR, WAPFERBLE S2 Al S3 W LA Y, ST AR RAT AR RA R BA — 8k, 4 K
{HNAFAE 3 MBI RIS (OCN) I, 3@ H Ab T aIE ) OCN X L 11 #4928 P AR ADURE e s, B
REF R, M2 K AT RA 2 MEIER & AEREE (OCN) B, BEKH OCN X BB
WAL (BRI SRR BT ). M Hh AP RHE S2 F 83 mr LA, S & ¥ Sk fadh 2, &
BAS K ET, BEBERE OCN Mg KM, H2, JF7E 3 N Ek 3 AL OCN I, % OCN
RISE K, JRSER 1 Y BLEAE, 285 B R IK.

BEAN, I RIS T S M TRR R R SRR AN FE R EHE S6 1, L, S6(a) RIS LLTHEL S 4R
RIRE P SEMEAT AT SR AT AR AT N RS IE K REE i & B S6(a) JBIMELE 0 #T: 7E S6(a) JE
ANHTEFRAT N, Tdeal #7128 (R IGP #728) XENFEXS SPEC ZEMERE 7 AT AR #E L B S 14T N
FHIE BT SRS B I RANR € RRECF 10 IGP 1A, #g B, XA SRR A5 R 7 AT
R BEAR O SRR AE R, AT LU Y, Tdeal HT2x N AIEMESIIEIL T 1. A% Ideal Hr2E L
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IGP RAEHI KRN 5, B DIRMEAT VRN IRIR S B AT A TR R 5% B Sk, 5
R . AR (CN) X AR E R BT TE [2,9] WA KB IR R AT s L R it
1T IR I T AT RHAERI A 16 IGP 1. PTLLE W, R8-S ON R —4 IGP B, K =7 X
1 IGP K, B K =7 I, BEPEAT N IR B E i = M\ Average FTEX0T M) IGP ~FI54E AT %1,
B TR REE 0, 1IGP e ST, 75 CN= 3 ik %i s, BJG, IGP {ERE R EEEE mm b g, T2,
AT DAHEIT, CN= 3 J2EF X R 7 i AT AT RIS R R 2R3, HARYE K = 7 X R UHEAT N ARAE
FIEFAT HIFE 7 RIS B A S W S AT A Tm) RO AR A A 22 S k. DRI, 3@ T S6(a) P, 24 K =7
CN= 3 I, TEFR /P MEAT NI SRR G b, A FR 7 i b AT N A e A L 2R IRAR 7 i AT o B
A KEFE.

1EE] S6(a) JERIIRBAT AH, IGP EI B R EMEEAT ARG R, B IGP ek Rk
£ ON M3 KM T+ &, 24 CN= 3 i), IGP “FYMHIA 25, 1115, IGP (AR CN K0 K. 5K S6(a)
H AT R I SRR A AR L, R8T o I SR 280 8l v T AT 9 SR 25 &, L IGP fHBE CN 3
KT FRAR W B /N T b AT . BRIk, 24 K = 7 AT CN= 3 b}, FEFRIEMEAT A R aE AR RE S LR A
(ZEI)) FEF RAAT R [ AR (22 5. oI DAHEI, B TR AAT RPN 4 B, It a3l
38 PP P LARKIRAT A ) B A PRI 5 TR AT R, H R N S50 15 B s A7 N I 2 Rt s T
RBATN. FE R, RBAT AR MEAT N ERE P i AR, B RE g A PIRES T 2 770, v
AT 45 T BE BRI o AT N 2 R, T, ANFIRE A SR 21 R R RAT N AREL T — e R
SEPEFFE, B S6(b) H R 1/0 AR T IR B R SH M ELE] S6(a) H 145 R A —H .

523 XT K&

TR R IR SIS AT AT A, SRR A ERE L A RS S AR T ML VR AR, TS KA.
REERRE OCN A RHHAR. Fihl K H, EHRRERFIE T IR, W vy a1, R
TRFHENFEFF S b DR EAE BRI X T IEF BT, RS TP RAREN,
AT RALRE PP AT O, RIE, & 2R K (BRI PIRZS T 7 B0 R P Rt Aty 12 Wy 3541
FAHEZ R el WL, $H00 K BRSO E S A RAS I o i e s il —— R Gei 7 91 K
IR —— GRS,

WFAMEHE ST JER THERA K AT 8> OCN R SRdhig s 8 T IR AT A 2R 38T
KRG SEMEAT R R AP IR BeA, i RXEA K AE A OCN X R HE LR
RN T BIUEE M 276 25 5, RE P Ss AT AR BT T S B B AR A IR A — B, KR T
WEAT AR AT AR B AR ZE G . B0, AT DA, TSR A 1/0 SRR 7
BEAT AR BAAT T i S R A AR A B B R — B, SX T, 3.1 /N1 45 R PP SR AT R AL T v
MREFP RISATRF AL R, B RS AR P AT I 5 AT SR PR R — O, X S AN RO R P 26
RRAS R R A=A A, tedh, B ST ATRAE Y, 2 K =7 I, R PP RORAT AR R AT R R G I
WA LS B (P9 [ (similarity degree, SD) U{E &/, HRAEE X 5, SD HE M/ R AU
PhiE), XKW, 2 K =7 I, DIRE P RMEAT N 0 SRR T3 O BB AT M AR BT AT R ) 70 (A 5
R R = RAE AR M, WA XA P 3R HEAT o & BRI, I S ML A RFAE, 4 Re e SRR AR
R P A FURFIE X 73 Pk, BRI, ARYE B ST AT, K = 7 X LR Fr B HEAT R IE R IE fie HE ek
T 1) ] R 1

NT DR K =7 NaH K HER, MEFEET AT K, 2 K H5T8E
MEEHEIEZ FFR R, BRARAD K E N RIER T VRHMERIETE (BBP) 13 218 P AT AR
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K (SDM), Hk it 53 2MERE MR 7 AT D Z AL AP 29, XA PRMER M ES X, —&
SRREFPAS P AFAE I 22 5, o IRl K B AR 2 SRS P AT N RAE 22 5% AhFepRHE S8 e
N TANE K AR TR REAEAT 2 18 AR LR T M. B S8 TT RN, iH S S RRR P A 1/0 B e A
FPfE K BESAT NRIE GBI Z KRR ERAE St M MEFAT N MR ALER K E
RIS, H2E, 2 K > 7 I, FERPAT WAL LA K ER AR, AP, IX3&W,
B2 <K <7, BFEETOVNEREFRNOE TREPASRZERME K EARIIAKZESR, 1
MK > 7B, BT ASIZEREREEE T S, TH K ESINRAT N E R BB AT AR
TRE T IZH NS, I, 2 K =7 I, R S MEAT 9 BRAL U5 12 do e VR DURE 1 [l A R

6 HRSRE

T, PR T RO R P EREAT . MR AT RN AT N IR AE Tk, o B AT N
FRIEZRIE (BBS). W4T ARIFHERIE (FBS) FIRAUT NHISFIERIE (FLBS) A ARIEFE 3L AT
N AT AFIRBAT A, FIR, 3 T — P % I8 i A R AT MR K. ®a, Al LA
BALTIEUERE T AN 1/0 AR RS P E N B AR R 4R, Wit 17— 43 T il ik N AR P47 N 3R 2%
SEAG, I CABGAIE <4 AN A AR A R i, FOMOsa AT AR R A T A B AR T v
MPE. SEIRSE AL T 3 T NA: (1) AT BIFRRFAT NRAE IR SRR i B G, (2)
WrfS 2 T 50 UE; (3) XM S0 45 R N B S (K EARER A OCN) T TR, #he T
HEMSHE.

CUPRAFR T B A AL AR PR, AR AT AN AT A AR X —HE BE IR 2 K
(08 SO, TEVPAS EAE AT Sy, Gl o b il — B5R — R BRE SO IR PR R L3, A
M7 6 6% 125 168 DA 52 B G0 v 20 A SR EU A Mg B R R L s AT o AT VP mT S ik 2 TR ) sy, E IRT
A 7= it AR R R A R — R, AT B s R i ) T FE R R T RSR I AR IR TR0
FEFF R AT N R RS AL RS W RE 7 2 (A [ AT SEVEARRAE. (077 fn 0 A 2R B 55) IRARTBLE. #5RE
Wi HA L R D) A e A 8 (1 7 B e v R T SRR 0 M T RMERARIE . 5 2, AT
PERIVEIDE FE AT IR “#fls — B — R BERTRAE M R AP LER [0 5, AT A 75PN & SR T
SRR R T AR 1.
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ey B B, (FE A EF AR EM N E M.

S

1 Sarbu C, Johansson A, Suri N, et al. Profiling the operational behavior of OS device drivers. In: Proceedings of
International Symposium on Software Reliability Engineering, Seattle, 2008. 127-136

2 Thakkar D, Jiang Z M, Hassan A E, et al. Retrieving relevant reports from a customer engagement repository.
In: Proceedings of IEEE International Conference on Software Maintenance, Beijing, 2008. 117-126

3 Deissenboeck F, Juergens E, Lochmann K| et al. Software quality models: purposes, usage scenarios and requirements.
In: Proceedings of ICSE Workshop on Software Quality, Vancouver, 2009. 9-14

4 daSilva O J, Crespo A N, Chaim M L, et al. Sensitivity of two coverage-based software reliability models to variations in
the operational profile. In: Proceedings of 4th International Conference on Secure Software Integration and Reliability

Improvement, Singapore, 2010. 113-120

1341



TP A — RO R P R AT AN R AT N R TR R B e Uy i

10

11

12

13

14

15

16
17

18

19

20

21

22

23

24

25

26

27

28

Fu J P, Lu M Y. Develop software operational profile with uniform design. In: Proceedings of IEEE International
Conference on Industrial Engineering and Engineering Management, Hong Kong, 2009. 842-846

Chen T Y, Kuo F C, Liu H. Application of a failure driven test profile in random testing. IEEE Trans Reliab, 2009,
58: 179-192

Sherwood T, Perelman E, Hamerly G, et al. Automatically characterizing large scale program behavior. Operat Syst
Rev, 2002, 30: 45-57

Czeck E W, Siewiorek D P. Observations on the effects of fault manifestations as a function of workload. IEEE Trans
Comput, 1992, 44: 559-566

Dickinson W, Leon D, Podgurski A. Finding failures by cluster analysis of execution profiles. In: Proceedings of
International Conference on Software Engineering, Washington, 2001. 339-348

Podgurski A, Leon D, Francis P, et al. Automated support for classifying software failure reports. In: Proceedings of
International Conference on Software Engineering, 2003. 465-474

Irrera I, Duraes J, Vieira M, et al. Towards identifying the best variables for failure prediction using injection of
realistic software faults. In: Proceedings of Pacific Rim International Symposium on Dependable Computing, Tokyo,
2010. 3-10

Stephenson M W, Rangan R, Yashchin E, et al. Statistically regulating program behavior via mainstream computing.
In: Proceedings of IEEE/ACM International Symposium on Code Generation and Optimization, New York, 2010.
238-247

Zarandi H R, Maghsoudloo M, Khoshavi N. Two efficient software techniques to detect and correct control-flow errors.
In: Proceedings of 16th Pacific Rim International Symposium on Dependable Computing, Tokyo, 2010. 141-148
McMaster S, Memon A M. Call stack coverage for test suite reduction. In: Proceedings of IEEE International
Conference on Software Maintenance, 2005. 539-548

Lorenzoli D, Mariani L, Pezzé M. Automatic generation of software behavioral models. In: Proceedings of ACM/IEEE
International Conference on Software Engineering, Piscataway, 2008. 501-510

Auguston M. Software architecture built from behavior models. ACM SIGSOFT Softw Eng Notes, 2009, 34: 1-15
Gerrit S, Badriddline K. Large scale Itanium 2 processor OLTP workload characterization and optimization.
In: Proceedings of International Workshop on Data Management on New Hardware, New York, 2006. 1-7

Park E, Cavazos J, Alvarez M A. Using graph-based program characterization for predictive modeling. In: Proceedings
of the 10th International Symposium on Code Generation and Optimization, New York, 2012. 196-206

Khan A, Yan X. Workload characterization and prediction in the cloud-amultiple time series approach. In: Proceedings
of Network Operations and Management Symposium, Piscataway, 2012. 1287-1294

Pentakalos O I, Menascé D A, Yesha Y. Automated clustering-based workload characterization. In: Proceedings of
NASA Conference Publication, 1996. 253-264

Eeckhout L, Vandierendonck H, De Bosschere K. Quantifying the impact of input data sets on program behavior and
its applications. J Instr-Lev Parall, 2003, 5: 1-33

Stoerzer M, Ryder B G, Ren X, et al. Finding failure-inducing changes in Java programs using change classification.
In: Proceedings of ACM SIGSOFT International Symposium on Foundations of Software Engineering, New York,
2006. 57-68

Zhao G Y, Zhao G. System fault behavior model. In: Proceedings of International Conference on Reliability, Main-
tainability and Safety, Chengdu, 2009. 925-929

Zhao G Y, Kang R, Zhao G, et al. System fault behavior model considering the effects of structural factors and method
of its description. In: Proceedings of International Conference on Dependability, Venice, 2010. 118-124

Zhao G Y, Sun Y F, Hu W W. Structure-based system fault behavior modeling method. In: Proceedings of Reliability
and Maintainability Symposium, Colorado, 2014. 1-7

Pazzi L, Interlandi M, Pradelli M. Automatic fault behavior detection and modeling by a state-based specification
method. In: Proceedings of International Symposium on High-Assurance Systems Engineering (HASE), San Jose,
2010. 166-167

DiGiuseppe N, Jones J A. Software behavior and failure clustering: an empirical study of fault causality. In: Proceed-
ings of International Conference on Software Testing, Verification and Validation, Montreal, 2012. 191-200

Fenacci D, Franke B, Thomson J. Workload characterization supporting the development of domain-specific compiler

1342



FERY . FERY H44E F10W

optimizations using decision trees for data mining. In: Proceedings of International Workshop on Software and
Compilers for Embedded Systems, New York, 2010. 1-10

29 LiN, Yu S Z. Periodic hidden Markov model-based workload clustering and characterization. In: Proceedings of IEEE
International Conference on Computer and Information Technology, Sydney, 2008. 378-383

30 Du W L, Mathur A P. Testing for software vulnerability using environment perturbation. In: Proceedings of Interna-
tional Conference on Dependable Systems and Networks, Los Alamitos, 2000. 603-612

31 Kullback S, Leibler R A. On information and sufficiency. Ann Math Stat, 1951, 22: 79-86

32 Fang W W, Ma Z R, Roberts F' S. A measure of discrepancy of multiple sequences. Inf Sci, 2001, 137: 75-102

33 Wu K L, YuJ, Yang M S. A novel fuzzy clustering algorithm based on a fuzzy scatter matrix with optimality tests.
Pattern Recogn Lett, 2005, 26: 639-652

34 Porter R, Canagarajah N. A robust automatic clustering scheme for image segmentation using wavelets. IEEE Trans
Image Process, 1996, 5: 662-665

35 Frey B J, Dueck D. Response to comment on “Clustering by passing messages between data points”. Science, 2008,
319: 726d

36 Jin A, Jiang J H. Fault injection scheme for embedded programs at machine code level and verification. In: Proceedings
of Pacific Rim International Symposium on Dependable Computing, Shanghai, 2009. 55-62

37 Duraes J A, Madeira H S. Emulation of software fault: a field data study and a practical approach. IEEE Trans Softw
Eng, 2006, 32: 849-867

38 Kapp A V, Tibshirani R. Are clusters found in one dataset present in another dataset? Biostatistics, 2007, 8: 9-31

A method for validating the effectiveness of fault clustering and
failure clustering of programs

ZHANG DanQing'*, JIANG JianHui' & CHEN LinBo?

1 School of Software Engineering, Tongji University, Shanghai 201804, China;
2 China Securities Depository and Clearing Corporation Limited Shanghai Branch, Shanghai 200120, China
*E-mail: helen_dandan@hotmail.com

Abstract An important issue on software reliability is the investigation of fault behaviors of programs. How-
ever, due to that the set of fault manifestations is infinite, it is necessary to reduce the fault behavior space to a
manageable level for promoting efficiency in reliability estimation. The hypothesis that programs having similar
attributes being considered to have similar fault and failure behaviors provides a good basis for fault behavior
space reduction. But this hypothesis has not been verified, which is our core work in this paper. Firstly, we
characterize program executions in order to model runtime behaviors, including baseline behaviors, fault behav-
iors and failure behaviors. Then, a typical fuzzy technique with our improved method is proposed. After that,
an experimental method of fault injection is used to verify the aforementioned hypothesis. For the CPU-bound
benchmarks (SPEC CPU2000 and SPEC CPU2006 suites of benchmarks) and I/O-bound benchmarks (IOZONE,
DEBENCH, etc.), our results show two things: (1) the method of program characterization and clustering shows
its effectiveness; (2) it is able to examine and cluster fault and failure behaviors based on their baseline behaviors,
which verifies the aforementioned hypothesis.

Keywords baseline behavior, fault behavior, failure behavior, behavior spectrum, behavior similarity degree
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