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Abstract Memory race record-replay is an important technology to resolve the nondeterminism of
multi-core programs. Because of high hardware overhead, the existing memory race recorders based
on point-to-point logging approach are difficult to be applied to the practical modern chip
multiprocessors. In order to reduce the hardware overhead of point-to-point logging approach, a novel
memory race recording algorithm implemented in concurrent logging strategy for chip multiprocessors
adopting snoop-based cache coherence protocol is proposed. This algorithm records the current
execution points of all threads concurrently when detecting a memory conflict. It extends the point-to-
point memory race relationship between two threads to all threads in recording phase, reducing
hardware overhead significantly. It also uses distributed logging mechanism to record memory races to
reduce bandwidth overhead effectively in the premise of not increasing the memory race log. When
replaying, this algorithm uses a simplified producer-consumer model and introduces a counting
semaphore for each processor core to ensure deterministic replay, improving replay speed and reducing
coherence bandwidth overhead. The simulation results on 8-core chip multiprocessor (CMP) system
show that this concurrent recording algorithm based on point-to-point logging approach adds about
171 B hardware for each processor, and records about 2. 3B log per thousand memory instructions and

adds less than 1. 5% additional interconnection bandwidth overhead.
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(a) Logging memory conflicts (b) Dependency log

Fig. 1 Logging point-to-point memory races.
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(b) Optimizing concurrent memory races

Fig. 2 An example of logging memory races concurrently.
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Fig. 3 Reducing memory race log.
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1M wakeup I 4 Ml 2T EUE S 8N 1.

2) Wb PRESEAE AT IR 2 AT SE R R flag bRk
FI W 15w N H AR R T Sl st AR L
MHE SRR &idst K Rflag MBI IGE N
false s an R AL B0 45 A% B2 U b —id sk Ja kAR 7 28
BN R flag = true, T M| R flag = false. X & K N
Qb B A% SR IR 5 A A 7 R AL SR L I 7
ZENH PG, BRI 1A E—id® A
A e sk s R, A 280 SR B e R T s

3) FNWrEE I 1 skt e K AR Iy i 2 R R AT
WA AR Ty AL B ER $ATHE 4 H B AT 76 5
R AT R L HE 2 )5 ) HE wakeup T B 5 A12RZ
J5 KA T o A B g WU A 3 T Ak

@ AT A2 BN KA T BET 1 46484

@ MH ST 200 % FI i 25 id st 2
A5 [A) b1 SR AR [ o G SR AR [ L 15 Y O 2R il S IS R
A2 07 LR 22 A5 e A2 T o BIVE W 2SR TR 2> M i
TH R X R A F T BT ds i 1, 9K 5 H 42 20 3R
@, HEEIARPICEHN IE.

© be e FEH B A5 = B A (E A A T B T4
ar A A SR e R 2S5 = K T % T4 R
TH I B W R W5 K4 T E 4 5% 20T A 1
NG T L, Ak B A Ak S PHAT S 2R T X I I A 4
JRe nge 1 AR 5 0 (R0 25 S R T R T AR 1
1B, AL F8 2 THECAS PSR TH R TR B R flag =
true.

PR Ry A SR FH B I e 2K s SR g T i sk 19 )5 &
AEJTAl e E AL R 2 WA 4 (o) s, i d
WAL 2 U P 7R Y B | A TR S
ARRRNG L HEAT 1AL B B R T AR
4.3 EEREESH

AR SCHR O K A SR I W) UAE Y s 3
WAF3E i s 7 15— FF, RE 5 52 I 98 4 910 .
BRI R0 s SR K 17 2 B9 E N AF b RAABCE A N
AF P GE 23 18 0 7V I A A SR B — R B B
G 7 AR, SR . AH SR AT chunk 0 S 3R B Y
IMRR" 76 i i 3 Ji Jy 1 2 A — 8 4. | o 2
Ky CPMRR & L84 0 B4, 1 IMRR W A48 4>
P 8L 5 HWUK L 5 2 A D7 AR A5 B8 Bl 219 7 B
Je 2 dk 2T L i IMRR J5 28 chunk %245 51 ff A
Ab PR AR AZ K chunk-end 11 25 A RELKZE [m) 7T $0UFT.

& Bh A 1 JE A (DAG) o AR SO I & A5 51 5
A58 0 S RS 1Y) T Y B E AT E — A0 b e BT X
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T CPMRR sk 9 N A7 38 4 H 5, AT LB SR B 1 A~
DAG : BT AR 6 H R A0 s A, B e & A O 5
Ja RAETT T 2 AT M AUE =R 2 AT
[N A7 B AE R 2 A H. X T IMRR, B 58 1
DAG AT S %R H & g %19 chunk, B 5
2k chunk T2 EF| I — B 8 T A chunk #FHAT
SEUE A REFF IR AT R L E BT ST A9 DAG b,
AHTF B LAY chunk AT DL 56 30 ] — > T00 A5 5 3% 4% 2
AT B AL EE 7R chunk 9 K/, B chunk
ERNAFBRAESRR 2 ECE. ., o7 Rl o k5
DAG 1) 5 5 % 4% Ol He A 9 5 1) B 3 o J3E , S Al I 12
e RV R R D 5 4G TR AR SE g HOR
WS DAG 1 AR . Rl R gk £
AT 30 kWA ERAE TR 25 B/ 5 () AT 5 (b)) X i
CPMRR. & 5Cc) Fl 5 (d) % % IMRR ; 78 e 5} J5 79
DAG o S38m 1 AN AE THAT s F 1 S5 TIA e.
CPMRR H, ZF2 i, 5,k Srollids% 17 10,12,5 3 3 4>
SRR 1 RIZRE ORI b Z B AE A S8 I T 56
#. IMRR A2 FE A e ¢ T HFECHY 1(LC=1)
M 2(LC=2)1 2 4 chunk,3 M LC=1 1
chunk 23514 10,12,5 2 NAFEAETS 4. i DAG &
ATRATEEE 2 Fid Si OR I 1) 5% B B AR K B ) I
35 fi1 37,CPMRR ) G4 % 42 24 T IMRR.

B m 4 FE, CPMRR i 4 J5 & A4 7 #
IR BEAE R 1AM B S R PAT R —id %
ST B )43 0 2 st s oo st |0 SRR T
e SR AR Y R sk S B R] R B A (s st s e
L b WIFE CPMRR w1, DAG 1) BRI R 0 T2
Hrpi,;€{1,2,,m},M IMRR X%} i DAG ) 3%
FEBRAZ N max {11 s tor s *or
Lo b BIG A B IMRR, 32 9 & 3K 8 05 N FE 58 4
T 57 F VAR A Y B S R Y B[] B R 7
R 7 1H 2L T IMRR.

sl f T max{t1ystyys ey
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10 "i\m c
b b 5
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(a) CPMRR dependencies
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(¢) IMRR dependencies (d) DAG extracted from IMRR

Fig. 5 An example of DAG extracted from memory race log.
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(Type,1b) EHAREFAFEH 1 A (Rflag,1b). H
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Fig. 6 The hardware configuration.

K6 ff fFS5 M AE K



1246

HENMR S kB 2016, 53(6)

5 EER

AR GEMS ! 3% 91 & 28 N 77 58 4 id o
L (CPMRR) ##47 T B, IF S5 Al — F & T 2T
chunk ic 5% 5 W& () IMRR™™ () {5 B 25 R b 47 Tt
B AR g T AE B R TS #E 7 il CPMIRR [R] £
A B A SRR B He R g . LR B A 1
e I B 28 1 B e AL 1) R T 2 AR R
i) SPLASH2M"

Table 1 Key Parameters in GEMS Configuration
®1 GEMS X##RESH

Item Description

Cores 8 cores,in-order,3 GHz

. . Split 1&.D, private, 64 KB 4-way set associative,
Private L1 Cache . .
write-back, 64 B lines, LRU replacement

. Unified, shared,inclusive, 16 MB 4-way set
Shared L2 Cache o K
associative, write-back, LRU replacement

4GB DRAM
Snoop-based MOSI

Memory
Coherence

Consistency Model Sequential consistency

T TE 45t CPMRR 76 8 44 7R 45 . H 20 S F e
S FF A 7 TP B R

D) B JF 85 . CPMRR F5 5k 4 4~ 4b B 48 4% U5
1 XHES 4 T 8 K CMP &R 48, AU 2
171 B {4 8 4 5% U, A 4 F 5 [7] IMRR A6 4. 4K i
FHHCEL A R 25 44 52 810 50 31 A 9 A7 58 i s L
il B A T R BRI, LR AR T 8626, T HL,
CPMRR 44> b 28 A% 78 0 1) 58 4 8 IR AN 1 5 &R
G b Rb PR AR AZ B E A DG FLRE {4 T8 R 2 Bl % Ak
B ESAZECE A 1 n i G 3 .

2) HEidsk. W7 41 7 CPMRR [A] IMRR 2
[i] PN A 5 4 10 SR R BSORIT P A7 5 4 H A L A L.
ME 7Ca) AT LU Y, B9k CPMRR BT 5% K 501
2352 IMRR 9 2 f5, (HHAE SR H B Bk B4 S
IMRR #1200 & 7(b) 7R, i J& 4 : IMRR R
IEE 5% chunk (RN, O T S IF A7 5 V04 75 2
iC 5% chunk B i CPMRR SR FH 43 A =2 4w %)
H AR PEAT 7RG A0SR T ol 28 U7 1Y 48 4 11 40(A
ZAHBUE A Y T IMRR ' chunk K /).

3) W EE R4S, & 8(a) i s , CPMRR 7E 0 5%
By BOB G I record T BAL &7 8 — B g R 1 B
M 2. 7% . Bk 8 B CMP 2 4t i A% ] B 5k %)
26317 2k B T JF B R/ IR 8 (b) T L F H A
eI ANE] 1. 5%, X & P Ry 9F & XN 77 50 4 id

BLA LA U 2 A7 vh 5 5 AL 3 record T8 %
T 2 PN 2 1] BR L IO 5 TR 0 48 4 IR

(S

O CPMRR
H IMRR

S

3t
2+

i1
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(a) Logentries in CPMRR
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Fig. 7 Memory race recording performance in CPMRR.
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(a) The fraction of record messages in total
coherence request messages
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(b) Bandwidth overhead in CPMRR

Fig. 8 The coherence overhead in CPMRR.
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HE I, CPMRR KR T 385 = i AL
ALESRAT B 5 A D7 b )™ R e TR 2, HLZOl R R
1 H X IO 4 56 A 7 i 4 IR A R 1 A S8 T Y
[AliC S B Be A 2, 292 IMRR 5 38 [ Be Ay 5 I 84 14
20% . P 9 R, K fE CPMRR v, B Je B AR
TTPAT SRR AT % wakeuwp I B J5 K A2 T W)
XF IV wakewp T4 B 5 J5 0] 4k £ 1) B 44047 . 10 IMRR
TEFTA I & chunk $047 58 52 J5 #8 %)™ #% chunk-end
HE  HZKAALRER chunk-end I B K555
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Fig. 9 The number of replay messages in CPMRR.
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