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Abstract  The efficient support of cache coherence is extremely important to design and imple-
ment many-core processors. This paper proposes a synchronization-based coherence protocol to
efficiently support cache coherence for shared memory of many-core processors. The unique fea-
ture of the scheme is that it doesn’t use directory at all. Inspired by scope consistency memory
model, the protocol maintains coherence at synchronization point. Within critical section, process
cores record write sets (which lines have been written in critical sections) with bloom-filter func-
tions. When the core releases the lock, the write set is transferred to a synchronization manager.
When another core acquires the same lock, it gets the write set from the synchronization manager
and invalidates stale data in its local cache. The scheme is evaluated using programs from
SPLLASH-2 benchmark. The results show that synchronization-based protocol can achieve similar
performance in cost-effective way compared to a directory-based protocol that requires large

amount of hardware resources and huge design verification effort,
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6] 25 s AT — I TC & B 4 DCache JF AN 23 % 72 15
R P e R W S 5 e b Ah o E — 28 1] M 1T )
R FE N TR AT IR R A A g
KR AT IR I 77 28 W-set, 1 5 &b — 3 43 b BE 2% 4%
RAETR AP f AT 88 0 0 9 A 7 A2 Weset, 3 If I A
233 B W-notice . JL 7 ) 2 7 & SPLASH-2
1) LU 2 A5 A0 38 32 % 1 e B ey, A i
TILEHE P A B 28 A% 7 A Weset, HUB A B 2R B
A= W-set.
3.6 ZTHHRENRBTIRIE

SCHE [ 20 # A i% 2 A TR A SC B ) et
(1) il A XA E R R T R b SR i 8 44 6] 45
AR AR U AR FE 2 (2) il B IX kB R )
TRPE 0 — 2t B W-set I 4k & 5 4 32

ART7 G BT R AL AR DT A T K &R
SCHF 2 A4 Weset, 2 i) 25 48 A5 ik B R B2 R T U5 7 Uit
K W-set ASEm) il 5k 280 TLB g Bl
O E ) 202 B i B 2 A b h SCHp s I e e s TN
) Weset 25 N2 A 2528 Al . AR O b B
RO D B SCHE 2 AR B AR i i BRSO RR
2 XN umanager DA 22728 B2 % T SPLASH-2 )i FHF2 7
A R b SRR R R A ) 25 AR ) LA R oK

kR R P A i B AN I A X
T AR AR S A AT o A i AR B A S R A Ak K
SN Weset, SCRF I — B AL, 2 AT N 2
open_scope fi§ 4 I . W 4 Ak 4 J2 7] 28 A2 5 Y W-set
HAL AT close_scope $i§ 4 IO AR ) W-set
HIFHNIZE Woset, SCRPREI— SMERLAL I, Y 04T
N JZ open_scope 4§ 2 B, N B W-set 4% & 4h 2
W-set, 2447 close_scope 5§ 2B} . 5 A )2 ) W-set
G IFFSMZE W-set.
3.7 ZRUEH—BEFEEDR

AT A G DI RE  25 SRR  [) 25 D 8L B —
BUPE AT AR L I T 175 A 45V R[] 25 45 9 58 0K P
FR IR . 2 S I I — SO A A Y 0 R

250 SYN_SCC_1: 7EAL BRES % ¢ $hATopen_scope

synid #BAEFT, I A © AT R A XS T [7) 2622 i synid
() U A7 B A D6 250 AH X T AL BRESAZ @ $UAT 58 5

A SYN_SCC_2: 7E L A% ¢ AT VI #R1E
Z i JIFA P (program order) Z Fij [ open_scope
synid # € 4 58 5%

WAL 2 AR S SYN_SCC_1, (1) X 4b
PRSI G AT close_scope #EAE AT I, 78 Il F X
5 AR A7 )2 R TP o5 — O S 2 IR AT
SE. QNI 1 R s R A7 2 . DCache S FA AT 11
L2 Bfuim— BRI A EAE )2 K. T B AE close_scope
EEAE AT HTK DCache HARZS N DIRTY 1Y i i 42
AT 5 [ 5] L2, #E4F DCache 95 [m] 48 if . 1] LA
W-set Hp 4 BCH i 5 DX P 5 2ok IR 26 &g 38 5% A7 A7, T
AN i # A4~ DCache. X4 )\ DCache #%% DIRTY
R B AAAT S 1015 MBI DX 1 store #R4E
AERT B A B A% 0 R 58 B R Sk L Ak B AR
ff) DCache 45 ] REFEZE (M A HE. (2) 24 4b B 2% 4% 4h
T open_scope A M [F] 25 45 # &5 H2 00 B ack T 2
I b 3 g8 A% BN B 7E ack 14 L Y W-notice Hr 4
AR BT R B ) i G2 A AT N A i DCache Hrg
TS G AE AT IO A . X B, close_scope #AEZ
i Y store EEAEAHXT T Y BT H0AT open_scope #:4F Y
A 34 % 58 1

XFF 4 SYN_SCC_2, A LAl i 7 #1447 open_
scope #EAENBHZE VT AA46 2 B PAT L B 4. 1 1942
T — T HE D HAAT open_scope # A 5 B Ui 77 B AE Y
k.

Wt s Woset BYVE RITE L FIHA T b iy
B 3R AT LS BB ik — BOME A7 A 55 AL 0 B 00— B0k
A A 1 TR0 S At — SRR ply T e BRI AE AR S
HOR T 2.

TR

ARV S BUA T A C L 4.1 5
LR Al 6 L P FAAT Ak B 25 A% v A 4 DU PR A T I S X PR s
FEARAE 54, 2 35 18 303 B — B AE A B L Y R 4
8 4 R ) A5 4. 3 1 e TR LS )5 4. 4 45 )
P& T AT ] 2.
4.1 AFEBITRESRZPENHTERR AKH

HFIRIE

e BRI — S A7 BB R  E L, 4 open_scope
A 58 U T, B2 P (program order) 76 H 5 1Y 15
FEBRAEASBE T LR IAAT . T SR 42 e SORSE B, | T IR
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il T open_scope Z J5 [ V5 £ #AF FF 46 S0 AT 1 B AL
JC A F AL P BT I RE o BRI T U A7 B AR 1 1 g
ATy & HEN open_scope #:4E Z J5 1 load #AE A
FRETLT 3 4 3h#L: (1) open_scope $fF 75 %
Uy R) [ 2048 AR L SE R A 5 (2) I S X N A load 48
YEA P RETF A U 0] Z 1T $AAT close_scope #21E iy Ak
PR AZ 7 A TR X AR B load #5245 #E U $4 47
oA 25 O 4 1R 19 8040 5 (3) $AT open_scope 84
AT Z R close_scope 7] BB C 28 58 JL . 8 7™ 2
F R 28 T 21 3 =2 0 A7 it )23 O s SR B 4
AT load #EAE , ] LAIAS B {H.
SCHERC1A T 82 8 T 78 B S Er b 3l i Xt store
B AE BRI XS load 45 15 #E D P AT LA B2 155 U7 77 455 7Y
BRI vERE. A 7 R i % 1 ek 14 ]9y S8
1, BIFE open_scope 2 1E 1# oK 58 8 Z Hif » H 5 load
PRAE T LLIF 46 HE 0 AT« load BRAE i 25 S 7T LIS [,
PEARORS L (9 J5 SL B A Ak e 30 AT. TRl RE R A — 2

PE RS, BRI AP0 AT 1Y load #5432 B 1 IH AR, T LA
Wh AT EEAG ML) SR A T X A A 100 . AE SCHRL 14 I s 3k Fif
K2 A H S P33 H 1Y intervention 1 & 52 B
M. A5 &, store #24E R 7= 2E intervention JH B, »
— SOV I S ARG N 2 A Ao A 56 4 W PR AT Y load 24
(4 U7 A7 i hE 2 75 J8 T open _scope #:AF & [l Y
W-notice 3 SEHLAY. SHEM AT 1Y load #24E B Ui fF
Hu ik & F W-notice B, I & A= — B bk wh 58, X i) /7
BLE T PATHEIBAT B9 load B LA K 5 G4 4.
Xt F store /Y Bl B [7] 35 DCache., [F] #£ ] H
W-notice ki Il J& 75 A& A4 — Z Pk b 2.
4.2 H—HMHFHEERENRREMEDR

B — PR R R N DT A AR AE 58 OF L3R 55 T
G — S50 A 7R R i — SO B RS L T D X S
O E AT R A S P B R R 5 ]
AEANBE IEBA AT - W& 4 From.

Boss process
acquire(task_pool_lock );

find EMPTY task slot, here i,
in task pool;

// EMPTY—->DISPATCHING
task_pool[i].state = DISPATCHING;

release (task_pool_lock );

assign task
/1;151(71)0()1Lij.l;lski(l(\s(‘f... ; \

/,
/ // acquire(task_pool_lock); \\

\ \' task_pool[i].state = READY;
\

\

Arelease(task_pool_lock);

/ .
| XX //DISPATCHING —>READY %

Employee process

acquire(task_pool_lock);
find READY task in task pool, assume ;

// DISPATCHING—=>DISPATCHED
task_pool[i].state = DISPATCHED;

release (task_pool_lock );

- .
~A ... = task_pool[i].task_desc;

B4 AT IR AR QRN RATTENT K &R LR B RAATENT KR

4 AR s 1] 7 AT 55 IR A i 2ok A L 0 A R
boss Zk #24cT employee 2k 2 #0417, 2 ¥ H boss 2§
i AT 55 s vh BRAG 25 TR B AT 55 i iR °F » X 74T 55 4
IR AT AR B T Wi 5 IXC PN 56 G T 6 A 55 41 ik
NS BB R 32 I S R PR 3. DL AR Y A S B
P — SOPE Y &R S8 AT DL TE B AT 5 T 7E SRR B — 3K

PEAF AR R G b BT XTS5 5 R A 19 5 18] ASHE
HH [R5 #4619 — 20 X Bl P9, r LA employee 2%
R HUTE 55 5 R A7 N 220, R G IEARELRIIE boss
LA HOHE S R AT 1 5 R A © 48 56 L, 783X Bl i
LT employee 4k #2 7] HE 1% A 2| boss &K F 5
1.
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BEXF LT PR R Y AT LAA 3 R DT 1
(1) BEAFEEHE 53 » B S BURS L — SRR, DLIAT 5Ca).

X T 3L AE P release #:AFE Z )30 & W-set.
SPLASH-2 I 04 ) #2 R 3 8 LB Rt 48 A 2R 47

Boss process

acquire(task_pool_lock);

// assign task
task_pool[i].task_desc = ...;

//EMPTY—->READY;
release(task_pool_lock);

task_pool[ .istate = READY.

find EMPTY task slot, here i, in task pool;

Employee process

acquire(task_pool_lock);
find READY task in task pool, assume i;

// DISPATCHING—>DISPATCHED
task_pool[i].state = DISPATCHED;

release(task_pool_lock );

... = task_pool[i].task_desc;

Ca) A4y i

Boss process

acquire(task_pool_lock );

//EMPTY—->DISPATCHING

release(task_pool_lock );

/ /assign task

cpen_scope(scopel );
task_pool[i].task_desc=...;
close_scope(scopel );

acquire(task_pool_lock);

// DISPATCHING—>READY
task_pool[i].state = READY;

release(task_pool_lock );

find EMPTY task slot, here i, in task pool;

task_pool[i].state = DISPATCHING;

Employee process

acquire(task_pool_lock);

find READY task in task pool, assume ;
// DISPATCHING—>DISPATCHED
task_pool[i].state = DISPATCHED;
release(task_pool_lock);
open_scope(scopel );

... = task_pool[i].task_desc;
close_scope(scopel );

(b) Ak T5%

Boss process

acquire(task_pool_lock);

//EMPTY—>DISPATCHING
task_pool[i].state = DISPATCHING;

release(task_pool_lock);

//assign task

task_desc=...;
acquire(task_pool_lock);

// DISPATCHING—>READY
task_pool[i].state = READY;

release(task_pool_lock); \

find EMPTY task slot, here i, in task pool;

write-notice

\ acquire(task_pool_lock);

Employee process

find READY task in task pool, assume i;

// DISPATCHING—-=>DISPATCHED
task_pool[i].state = DISPATCHED;

release(task_pool_lock);

...—task_pool[i].task_desc;

() s g4 710

)

SR iE
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[F] 25 o % 3k ol 1 552 3006 TS — B0 A4S 0 A e — Bk
ABE T XTI FH R e 1) P fig 52 el AN KL 6 LA [R] 28 ok
FHF TEW A release #2E Z [0]9C 5% W-set, i T
R E R, IR Z R (2 gifm i
B BN K acquire/release BJEFE . WK 5(b) ff 7.
XFE S T BCE R Y Im A I8 R A T RGP RE.
) A5 5 0 J5 ik, W 5 (o). 76 2 P
X T task SR AT AR T state FRC 45
W7 HF AR T E b, —BUE R R A
FWE AL Y H T E R W S task FIARAF B N 2
IF A BE PR Ik 132 B2 BT (. F AT open _ scope/
close_scope$i§ & & S — 2k X 8] e f ik — k.
E 5(c) ff 7, i 35k open_scope/close_scope $§ 4 5t
FE—BPEIX R, Y 7 9% 3 B P L HL task R A B,
CIRYSsa: &I

B — SO A i 55 7Y 1) g R ) A AR I AE
L AP T o) L — S0 A A A5 T8 55 5 7 IR T 20K
O TAE AE AR R . BT — SR A
A5G T B0 s 45 o L ) 20 B 4 S B ) L A7 A A7
TR T ) G R B TR, 2 O SE I — SO A7 B TR 1) 3R
Giom'S IFAT T IR A WY S A G R R ) R
4.3 HBE=EH

A H 3, AT store #AER I A TG
R AR H B A B A% b [F] — i G AR AT B & s BT
PL— > i R 2 A7 A7 AT L[] S 8 P9 S AN T) 7 Ak B 8 A2
W] BB S . X T A B S8 4 (data race) B FE
JF s AN R[] — 1 B AE AT R AS [A]38 43 49 ) A ) Ak
MBS LETHEARBRUE XML IL =,
TEMRILZMEOL T A BE LA sl B AF AT N B
5 [ B A5 W 2 1 S S W i A AT R R IH
e w5 2 A0S (] AR B DU Y i D Ik R AR
A RMEEAAAT B — A0 T bR e
GAFAT TR WP e Bl L AR S Bl BT A )
PRyl i 8l . an i A T 1 AR HE
BS , W) DCache 75 2238 i AH X F £c4 1/8 1y £
. AR 4 DFEIH AR R
RS T T 5 T8 4 T store $8 4 (SW)
B 5 R BE & write back B, X T5 FE/NF 4 F
T H) store 154 (SH H1 SB) 19 5 % W J& write
through ). XIS N AE 66 FF 85 AT 1/32. SRR
TP o 38 B R B = DL 4 (B D BE R
TS T AR Z 8 store #:4F & write back [, M
D write through Jf 823 X5 P RE ™ A= W] 52 ).
4.4 KEIH

BARR BT L ARIE: (D) R ELEY)
Wit , B YT W-set ¥ DCache 7% DIRTY B9 75

G AFAT S [ B L2 Chn SR m] DURG & 42 R T U AT 4
A B3 A Ak #2854 W AT DLASE 1] DCache Hr (1 550
) 5 (2) ¥ Y AT Woset fRAFFIZ R T 3C.
HLFEAEINAT open_scope AT 1 R 32 U 2]
[] 2578 B 5 Rk 1Y ack B I AR R AR R AT S
X (1) SRR [R) 545 BE g ack T4 B &% BB T
B 2 1) b BE A8 A% 5 (2) X4 A0 B 28 A% $2 OB X 4 4
MIERAR I ack 11 BB ZERE PR UE G 30 11 A 2R AR R 08 7
e A5 kS AT . DL RE B S8 BN B0 7E S5 BR Y S5 3
rh LK SR AR AR AR R G P R A B v 5E

5 BEEFENMGFHEAHELS
B R XEI &

FHARXT A SCTT R 5 H R O 2 48 R
T TT 5 7 258 A S B Rl 7 58, A SO 12 3
AR PE AT BHOT 55 25 H UL AR X EE.

SR H 7 U 5 EE R UL A {ELR S B Y 52
B, i T RO B i N SO S BRAR R A O
(D 4 g7 H A B 19— B0k B {5 85 w2
A B SEPRR S A — ZU s 0. 7251 5 28 il
T RVE T IR 75 S P Y 52 B b A AL AR 2 it 26
AL A B 228 T W 22 g B b il TS 1T H
T I H R TGRS H SRS — EE R R 2R [F
A4 PR P B M A 2 B b SR R AR
Z. (2) SEBUREPAT A — SR B A R 1) A% L. 7
S BUHE — Ak B L ] L — T T 2025 JE AN [ Ak PR AR
R A A W SR U5 A7 48 A 22 8] B SR AT R o5 — T
T3 0 257 JEAE LR SIAT 1 Ak L 6 A% v ) 00 1A
VAR 75 i S — BOPEARE. A5 H SR P i X
BB il X intervention 4 B Y AL HEOR 45 I (9. 24
MR I H SRR 3K ) intervention {1 B 40 HH 4%
BB A7 BA S (LSQ) BB B S A7 75 vh 5 (19 5 A7 # R
T A BTG R, I HL PR E e e P AE s R Z
JE T 5E F H AT 19 U5 77 48 5 2 75 DL 0 Ak . X
S ] 12 R R o B Ak BT S BRI UE A A
A4 s TR]. A5 5 T[] 40 1 B 0 A7 A R ) S B2
A TR B B T A AR H SR P
Hgydlde CGEH S L2 6 &£ 80 5 LSQ #ik
RSB A AR R R AR A X AR A
L AT A Ak B8 85 A2 v S B T (R A5 19 Bl OIS AE
LSQ B [a] #f i B HEAT 8 5 — B AR AY A6, 3%
1177 % i bloom-filter BEAT 5 I (Y J5 3% 5 H % ¥
WO AT intervention i Sl 2E AT 46 I 14 J7 ¥k 18 12 48
HRE F 2R
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TEAFfift =5 6] T4 J7 10, AN [8) B BC ¥R X B A

R LT R AT 5% 1 3 B 9 B % B T o B 2ok
By bloom-filter M7 0% I FFAY. E H st = | Odir-1M

DS ef BT T Tull bit veetor Hat (R H = 1500000 By 20182
ST 7 5 T LA WEARA7 B % I JF B (LR IR T H % 5 doooooof SR
PRCHY A A0 IR EL M THERE). BT sooonof Do 10242
B S B B b AR AR A bloom: ! Bayn 10216

filter. DA 64 % A b Z 4% A0 PR 2% Jy 0] A1 35 A Ak 28
AT EEE IMB ) L2, L2 4717 K/N N 64B,
T H SR B PR, B A S B SR A A ab s
fa] 3t 1MB/64B X 64Bit = 1 MBit. { % bloom-filter 6 PEREITAE
(1) T BE S 2048 AV A Ak BB AZ 1 A5 S R A 1

B 6 H 0SS R 25 B SO T 55 3 L

- ~ _ SHe Ly D’,] '3‘_' n — 4 -
B, L7 2048Bit X 64 X 2 = 256 KBit, & H 3 B 19 FAHE ss-godson3 FEHL A i SL B T ] 2

) = T\ = I ’ -5 3 = ’ i LF_H ’ H 3
/4 BRI T RRRCE T H R s s TR py IS S AR AR A g b 3 3
N . " SR
WA BT B 0F 1L E SO

F4 RERBREFESHY
Core L2
Fetch, issue, commit width INT, FP, AGU ROQ, BRQ, L.SQ, MISSQ Size Line size Associativity
4,4.4 2,2,1 64.8,24,8 1MB 32B 4-way
DCache NOC
Size Line size Associativity W-set Pipeline Virtual Channel
64KB 32B 4-way 2KBit routing, arbitration, traverse REQ, INVN(dir) , WTBK, RESP

TR HeERE . R H PR SE B T b PR A — set fil W-notice. & 9 45 1 T Bloom-filter i i}l %
FHEAEAE LAY (processor consistency). Xf HR PP FFAE(TEJE N 2048-biv). 1L PFAl A FE /7, BRIR
MRS B S R B T g E IR ER T YEEIAE 0.85900 ~3. 1400, IR IR AR BLH] bloom-
FUSTAL S R R e R SE L T AL g — sk filter ZEJF S RO AL X Bloom-filter 5§ B 1T
B PEAE R T R H T SPLASH-2 iy LU, 2 IR E R A JG 8L TAEZ —.

FFT il RADIX 2 i A B4 R bR/ 1000000000
7 AP 8 il T R BV R GE RS s 00000l S
Ny — NV S N N A :E =
SR B X L. [ B R I b B S S Tt
—F : | SW*[alseposi(ive ‘ / | Sw ‘ >< 100% ) ;H;EP SWIEI‘I‘:IIEE B: Ij\] \1:\ 288888888 r
T i
B () cache line A HY B4 s S JRBEIL 2 200000000)
A HLHESE B 2 LN Swtatseposiie = (@ | @ € Swpioomiiter 100000000} T —
. _ 1 4 3 16 32
ﬂ a @ SW } ’ SW*blonmﬁllerjEEl u bloomifllter %/j—\‘ H"J llé:j‘ ﬁ ﬁﬂ%‘%&ﬁ
X WM E i i cache line Hilik £ &, BIAS SCH ) W- () LU
25 35000000 ——— ‘
——LU s 30000000 g;l;rnsig
20r -o=FFT TE 25000000 F
15 —— RADIX % 20000000}
ey r =
P & 15000000}
,:[ =
=10 1= 10000000
. 5000000}
O
0 1 4 3 16 32
0 1 4 8 16 32 JUSE RT3
Ak A% $ (b) FFT

7[R 2B SN A K8 PEREXS L
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35
[ BFET -
3.0 oLuU
25} ORADIX
®a0t
=
KLST
1ot
0.5F
0 1 8 16 32
b T B8 A% 5L
B9 R RERE
7 IE\ =A

AR SCHIFFE T 78 AAZ A B 25 v S 45 o T3 R A — B
PR T B TR A 5 AR S 1 R T IRD 2P 1 e R
GAE— BV IR A T A HZ I R E 2
AR, HE T R 2P 0 PO A0 VR R IR AT
TR I B[] 25 50T AN J2 DA i 3 92 A7 AT AR B S fey 3
G A7 — B0k s 3F BRI bloom filter i3RI/ T —
HHAE B Woset. JEF W25 1 P AE T LB K 56
WEE 24 b0 AR T H SRl EAE it 2 (Rl R4 I
TEAR R W& AT AR, [6) 25 Up i B bloom filter
JIT e L 0 A A S R T B SR AL ) & T A S ], B
bloom filter 75 [A] JF 85 AN Bl - 14 A& 12 1) 348 K T 34
K. AEPERE I 8] 25 B IS0 LA S DX A o B 4 — 3K
PE 5 H Sk UL 3 28 A7 AT S R BE 4k 47— Bk A
Fb s BEAIR T —BCHE A C I i 4575 8 AT 1 g
LT H SR [H 25 PR RO XS T H s B P
TESLBR ) R B2 A AR B i S b A B AR AR )
S —J5 B A R B BT 56 B R AR, 5 —
5 THT PR UL T 5 AR 8 i s ] AT A R AT OES A
ORI 0 A3 A SE BT T R
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Background

The cache coherence protocol is a first-order design con-
sideration in shared memory multicore design. Although dis-
tributed directory-based protocols have been proven with fair-
ly scalability, reaching up to hundreds of processors in multi-
processor CCNUMA DSM system, they have many weaknes-
ses preventing it from adapting in many-core architectures.
For examples, directory protocols are very difficult to com-
pletely debug and verify due to subtle corner cases and tre-
mendous state transitions. There are limited research results

related to cache coherence issue for many-core architectures.
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