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Abstract Cache coherence protocols serve as a critical foundation for ensuring data correctness in
heterogeneous computing systems. Their correctness underpins not only functional reliability but
also significantly influences overall system performance. The divergent storage architectures and
memory access patterns across different computing units pose dual challenges for both the design
and verification of protocols. Existing hierarchical protocol translation frameworks often rely on
logically complex proxy caches or translators to construct composite coherence protocols.

However, these approaches increase the complexity of protocol design and verification due to the
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frequent need for message analysis, decision-making, and transformation. They also introduce
additional performance overhead, resulting in limited scalability and compatibility. To address
these issues, we propose a cache coherence maintenance method that employs a unified state
representation. It consists of two key components: protocol design and formal verification. The
former supports consistent data access across heterogeneous computing units, reducing the
number of message exchanges and lowering latency. The latter employs symbolic theorem
proving to provide theoretical validation for properties such as deadlock freedom and the Single-
Writer-Multiple-Reader (SWMR) invariant within the state machine. For performance evaluation, we
implement the protocol in the gem5 simulator and test its transaction coverage and latency under
various access paths. Furthermore, comparative tests are conducted using benchmarks from the
SPLLASH-2. Experimental results show that the proposed protocol facilitates efficient data access
across heterogeneous units, while introducing only a minimal 2% ~4% runtime overhead compared to
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the classic MESI protocol.
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M DDCARZ R S 1

T8 2. HCCARZES N S(ME—) , HDC ARZE M S,
M DDCARZE R SE 1,

T 3: HCCARZE A E,HDCIRZA N E, U DDC
RAEHBEN L.

1 4: HCC R A& 4 M, HDC IR 25 S8 M,
DDCRAEHAGERN I,

DI O 4 SR 161, A 23 24T 53 A7 0T 1) 3R 45 42
PR ERL L R  nE 9 PR

Hi%3. ReplacementifsR T —F kIR IT
AR

A AL B A R HCCL & Replacement 353K .

it : Replacement i 3K W — B 2R S AZ A I o

HItHAk . HCC1 5 HDC #I Rk A& ML HCC2.DDC J
DCCHIIHIREN T

AL FHHCCLA N H ARSI s il 5 B ek
A M. U HCCT ¥ 17 HDC & 2% PutM T [B] N A73 2R HL P B
REHBREMIEEPREMIA;

Hg2. HDC7E MOREIOE R G 32 T At a5
L R T AT A I 5 A L 3% ) DDC & 3% #5705 50 dis
) MemWrSnp i# 3K (HDC /95 $05 18K - B 25 80 5
145 4% 3t PO A & ] B 1) HCC 13 71 PutAck 5 A 157 » R
A M EZEMLW;

BE3. HCCL 40 PutAck i 1 5 57 Bl H0AT S5 17 4T
JRERNE RS MT_A BRI L 5

H9E4. DDCTE | RAALHE MemWrSnp 83K i . 8 5



2002 it (=2 IN

¥R 2026 4F

H ERE j

(DReplacement

S ™

i ‘&?ﬁ- 47 Dev Mem.

@MemAck | | &MemWrite

: — 5
;Egﬁ%} ég&fﬁ”fé @PutM S e | OMemWISTD | s i L BERG R
2 - HDC DDC DCC
L HEC2 JI_HCCl ) @putAck @Cmp L e
HCC LR BT # HDCHEIL DDCHEITE DCCIRAILFE
RS BRERPIRE B E R IRE] | 80 R anE e ] eSS | BERTE [ BMEEIRE] [iie s SR EnnRE R E R RE
Hiik M = LR M - Withitk I = ik 1 -
@ M MI_A &) M MI_W ® I M _m
@ MI_A I @ MI_W I ® I _m 1

K19 Replacement it K 251 F 4= 8RS T K

MemWrite 46 2K 58 e 5 A4 9878 WAF R3S i T #e i
FEAL m;

RS, NAFEE T & 58 OB AR ) 3l 1 MemAck
Wi i filk % DDCARZS H Il _m & £ 1, I 1) HDC & % Cmp
{55 (DDC {5 [ AR 1, 28 B 2 115 & 4 19850 5 Il ok
B IEHAEHD 5

LPE6. L HDCHL Cmp (595 58 MW &
T RS At S B — B 8

AW A SCE P T B OB Rl S R HCC
o1 MR K S8R S [l 4 093 & U7, DDC £ 1T

L
CPU HCC1 HCC2 HDC
1 M M
Snplnv
o ) M=l — [M-=>MI_SD
Store GetM RsplFwdM =
- Stall
1-=>IM_D :

IM_D->M i

—
k MI_
GO-M
MI_D>T IM_GD->IM_D
i_...|.\..1__snm* W
\ IM_D->M IM_D->M

RsplFwdM "’Jl‘gg,/
IM S[:)--‘[M_[) ‘./T;l:l’/l
IM_D->MM_m / MI_D->1
/ Mem
Data m‘

PIAE R BRAE  FE O RS T S 04 [RIB  Bpe RO BE
Al T B AP E I R G AR .
4.4 —EHEINE S PSR R R

Ry g Xk G A BOPE DRSS 55 10 v 58, AR /N 4
HH T BH ZE A B 5 R BH ZE =X P S SRS

(1) R FHBH ZE BRI 1) 7 X fg e vh 52 D[] . 141 10
A3 A5 BT L B T 7 E VLGS 35 A% v H)
it % 2 Store B IR i 4 4R IR] 197 B A5 185 5 R4S
AR R . Y BRI R AR 5 RV
[EIRLIE

% b

DDC DCC Device
| |

Store
it [
RdOwn — [I>IMD

I->IM_GD

SD->MI_D

Data
Data

M->MI_SD Snplnv
MI_SD->MI_I RsplFwdM M->1

B0 SRHHBHZEBNS N J7 2Cfigp e w5 0 ) 1) 75 451

RIS AR SCHR SR FH BH ZE BA A ML LA DR it 2
o, fExG s B e e & Store 1K L B
Je EMLG CPU L IR & Y Store 12K o 1545 i K
2:DCC 5 DDC AR . % 5EHGA HDC . JEiT HDC
46 R 2 R M, 3R B 32 0L 0 A7 7E — AR A7 (A

HCC2) 7 A 1z B8 1) A &4 Bl A< . HDC B R )
HCC2 & % W Wr JCAL SnpIny 14 B, [a] i H [ Bk 24
e Rk ZE MI_SD. b5, L CPU &0 &
Y Store i R 7E HCC1 &b A iy o, i ) HDC &
% GetM iR . I HDC B 4k T i 15 #5315 oK fi
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RIMI_SDARA . Nyl G i — 25 58, GetM il 5K
TEMAH A —> B ZE BA S Hh H A HoAR T45 1% (Stall)
AR S M5 8 o AL IR TR R TR M AR 22 AT o iR
AR A T o B  HDC AR FE AR e RS T
Z T 4% BH ZE 1 GetM i >R 15 LA bR BH 28, I 4 220
BEE B A2 GIE e di SO AT . S, E0LNG 5 1% 5% v
PR 7 1 9 Ak 3L I R AR b ST AT, B R SR
I o AR ST R FH 1 BEL 2 BA S AL ] fi 808 A 300k B 0T A&
Store 12K T8 1 wh ] # ,

(2) % JHAEBL ZE A 7 ofg ke s . &1 11 53531
2T FHLE CPUL S CPU2 Fh g A% .0 [ I & 2
Replacement 153K (BB 4,17 3 ) 5 Load i 3K (i (4 57
SO £ A A] BT B AR 8 5 RS e a2

Lo
CPUI CPU2 HCCI HCC2 HDC

E 1 E
Replacement
T ] E->EI_A
— -
“‘*-LL‘E‘EL__ Putk .
I-=1S_D
E->S
EI_A>SL Al —— 3
\\""l-;-.:!.‘_i_l_.
S5-=5
PutAck
Sl Aslfe— | e

BT SR AR ZE T7 At i 57 ) 1) 75 451

FL&IMF . CPUL B 5t fi & Replacement 353K
2 2R B S HRIE HCCL, A f# H ) HDC & i% PwtE
HE s S FEE L HCCLIR At E 7 0 BE AP IR &
EI_A. 7EMCIE] , CPU2 X} Al —Hbhl & & T Load
K. K 4 HCC2 5 HDC 4b B 5 . A il iy
FwdGetS 7 & 3k [ HDC 9% & i3k . H 1952
owner Zb FRHUIL ZZE PO IR 9L % & 2 HCCL. AT,
HCC1 2 B CPUL iR ik A ETL AR .
HA R GRS . FwdGetS 4 B E LI R BEBHZE . &
HraR W, FwdGetS & 7 3K B 08 - 1 HCC1 4
HIEALF EL AR, FEOE RIAS v R 880 5 A
RORA . WL, HCCL 7 #2108 ] FwdGetS J& , 1] &
PR BE Kk EHCC2, IR H A RS H ELA %
Sy ST A. BiJ5, >4 CPUL By i K i #2 M HDC 3% [1]
PutAck #iiAiH B Z HCC1 i}, HCC1 T SI_ARE
ST B 2 AR AE S Ak TRRIR S T8 R 1, AT 56
JIR:2ENTINT PO

Zi b B ZE T vk DAPE R A 3R S AR 4 B T3
T A fRT P Al BH ZE ST 3k D DR v 1) S AR 2%

WL T PERESR . SR T, AR RE L A S Sk
MIE# .
4.5 IN 2

AT LA F ML 15 [0 15 55 Ui 46 1 TN I U A
127 R ) o T 4 ) AR ML L D RO A oK i Lz 3
FRBETE T 48, O H A R 2% 4 i 4 A AP A L — 3k
e g 55 RSB E OL o 38 3 S Ak 53 By, 1
T M U RO A

5 —HMEHREEERMREIE

g g o S ¥ AT — B B IR A Bk AT
P2 — P & T AR 0 i #8 & 48 (Labelled Transition
System, LTS) {48 & AL HESE . 1% HE S8 30 14
MY E R A ShHLAE AL, 3 T AR AL f S
RN 2 SO0 UE L SR 5 DT A DMLY IE
PSR HELRIE o
5.1 —HMMUERERSEE

Ge At — B I 4 5 B TR Al
RUE X, BIEE S BF A5 iR 7 = R AF
— B PR BE T 5 UE A A 38 A
G A — BHE P UM R0 AT AR R 5 55 IR Bl 1
REHRE . RET A4 CH RSS2
AT 4% ) 78 AE ] B 220 5 4 T A7 BRAS W4 2 LY
REZ — 2R3 H CR 2%/ BB0H BOAE
Sk S TR T 55 s B AR RS aff b ok & 2 A2 AR
BRI T —RE. XFMORE-IE-Frks”
M) e KR ShRICER RGN BCEAER W)
Ho PG R LTS X PpisCEsE , NS B 7 ff 4 4
AN BAT R A Re N I 22 R DB A58 E T 243
BT 1 B A o Ak i AR . TR T4 P
BT B S e

E XA (AL LTS BRI E Kb e ). 22
AF— ST A LR 7S04 M

M=(S,>, =>,s0, AP, L),

H , OSERZGEHA RN SR EES.
—AN G E AL T T A CH 3BT N N
S5 TED 7E L — I 2 P

QX FoR ARG PTA AT e &AM 55 s s e
h . XEH S RRET B I il & SR .

Q>CSX T XSE-ANZTLRAMES E
T RGN — AR B o — AR . )
a3 (s, 008" ) € WHEAE s—>5's RR R s
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GES) FTREMMESRF %S ola . ZRG 0 LIT R 3 ARG IEFEI T AR TE A — B 55 . IDC Y
RS T 2R AT

s, € SERRGIHRPAT IR 4h 42 JrpIRAS

QAP 2R RGRE TP FAE A Fe AR 1
A, R A, BT A2 kb B
THE MRS, AN, 10w H S il 2% i 54~
GAFHPIRES A M

©L: S—> 2" FIRIRAREL . Z PR B IR
Bsp—MESGL(s) SAP, XM ESE THEIR
A s N RHEM A R Fhrd.

EX 20CREZ M SHIEX b E L), RE 4R
R se S ST 1Lt

s =(Chpc»> Cones Crces Coee, Mem, Net, Tran )o
Hrfr, O Cupe: A= Dupe 278 FE ALY B 5245 i 25k
DR AFRRGEYHMIEAFRES . D N
FRHDC PREES . B EMERE LT HAR N
Dy = Stable U Transient,pe X Infoypc. FHT,

Stable&{ M, E, S, I } 1 Transient,nc 73 3l % 7~
PR e RS LA LS F 0L B Sr A i 8 A SC ) B
IREES . Infoune ={owner: O,,,, sharers: 20}
Mgk 5 8. 9F B O, ={CPU,, ..., CPU,}
J E ML AL g KRS . B, Mk e ATE
HDC 1 CPU Bt 5 TR -

Cipc(a)= (E, (owner = null, sharers ={ CPU, }) >o

@ Crpe: A—> Dppe RN BEA Ui H S35 il 4IRS
PR, HAE M 5 Crpe 581 (HBERPIR S A G S BN
MRS B S B A Al G .

@ Cuce = Clice, +++, Clice | 7% HCC 4R 745 1]
o Clicc: A=>Coge HC,,="StableU Transient . »
FORFEMATEG AP AR . B0 Cliec(a)=(S)s
R CPU, bk a € AFTTEZAFIRZE ] S

DCrec = Clec, =+, Chee | TR UHZATTE R
R, KA S Cuec 2510

OMem: A—>VERNIFREREL VRS
EES . i Mem (a)=v, FRNIEHIEaE A
PHE A vE V.

©®Net :{ QReq, Qrvas QResp } PN 45 GE . H:
RN B BB X I Sh VR B 55 i AR 5 T HLIEA
SEESE R RN . 37 K A S Qe H T A7 HCE K 2 H
B GetS . GetM) o 5% % NI Qroo I T A7 ES K
THE. (4N SnpData) o Wi 37 BAF Qe FH T AF 0 L7 T
E (i Data.Cmp)

@ Tran FoR G BRF FARRATE S T E—45

E X 3EMEES S BB ). shifEES
> B 53 R BN FAAE B I SR AR AE e 7 4 A DL S e
RIRAE Y = ZReq U ZR“P UD e
Hrp »@ERM%JT%Q‘?@JVE SHIER T Esh ki, B
ARBCEAE VT AR s A TR # . 10 GetS(a, @)
R FHLum AL LR (€ O, 5 2K VLI EEABR S 15 [1]
Hitikae A,

@ZRW Sk v 1 AR 5 2 X R B0 A TH B
MG E . Wi, Ack(a, sre) Fm WA sre (AN
HCC . HDC S8 Y HfIATH &, .

@D, W R ENE oo H S ) 4104k i
PR R AR B B R R . B, FwdGet (a, 2gt)
TR MR IL T 03 SR % 2 YA gt

EX AT RR > e ). TR
3 o — 2 AN R A S o B AR AR AE (T R 2%
R RG] AT HA S EIFE R BN . ML
WER A LM A K

Pre(s, o)
I €S:(s, 0,5 )€ APost (s, 5, a)o
Horp Mgk B RO B RS EAET
AR s IRF AT BIE o SR PF B B A Y47
A AT ELI X SR A AT RN ] . BT Oy
ERAFRA LS WS WA L IS AFETE—A
Ja SRS s AR = e (5, o, .s")E TEBLR—,
JEH s AR o AR A IRGE#R ),
RN .
S (TR A A T H HDCARZS N D).
Cihec(a)=INCype(a).stab=1
A\ —3¢€ Tran: conflict (z, a)\ o= GetS(a, 7)
Els';(s, o, S,>69
NClinc(a)= ( IS_D, (owner = null, sharers = @))
AQkey = Qr.q-MemRdSnpData (a)
ATran'= Tran U{ £, } .

L RTTHE S AT R IR UL B AR 1 HCC Xt i
Mokt a PIRZS SN 1,97 HLHDC hitihl o 1 H sk 2 H 1Y
T RS I8 AT RIB KBNS Y i
SKHbHE @ M2 0I5 BRER 55 ¢, HLF LT B S R
GetS.

e P PI AT 2k U HDC iz ik gtk
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AR RBERRRAS TS D3 5 =47 3R B LB HIFETE K
T 8BNS Jin— 2% & 45 DDC ) MemRdSnpData i3
B R B S 00 A Ul A il — AR i =R
FIREAEIFINATEBRFE SRS .
5.2 —EMEMCKEBMEIIE

A S AR SRR I T 2 AE 55 UE A4 1
B RGGAE— B PPUAATE R BRI . X 265
P — W A 57 50 B 1 4 SRy B R S T A g 1 L X
HIERECTRES R ER B, BT AR LTS HE
AU ASCfd TR 2 5 (Computation Tree Logics
CTL) XS 075 1 & PR A7 00 57 1 I8 XA B ik
T PRI ™ VA 119 ) B A R A AP 0 A2 A%

N SEI R HAR A SO BT A T 1 T AR
B 2 5 A TG LM SCE 3 M Je A o 5 e A% O 1Y)
LIRS o GE A7 — B PRS0 TR P o R o A 4
SIS A R R B FAE KR AN 2
KA G E P GIE dF S s A s R . A
SCIR IR DA B S Ve, TCAE B e T R AR AR 1Y
TG PEJE Pk B O R oA 23 DR A 3 IR A5 e T B A 42
JritsEt s H o — 80 RS 2 EUE AR & T
Wl B2 A @ M s e AT 3 W] DR B 1 50 Vs ) 1 1 1
PEo B, B IR DA Ja Pk B 2 Tk Y H A
2 A PRSI S Hr  AE

EE1 S —BEPUR AR D

M,.soIZAG( \/ enabled(a,s) |.
cEY;

Ho | =3RRI LR . M, 5| = ¢ FRAERA M
o, NI IR S s TR . S B A X g HE .
AG(*)FRCTLIMEEAR RN SHERT. AGHE
KETA AT ARE L AKX g, V&
IR EAT S . R REME CRI AT D I
4 enabled (o, s) =35 €S: (5, 0,5 )€, B LEAR A 5
FRECY BACYEME o fE s TR

FEFR 1 W7 AR IRES s TP IR B RSV AT
ol AT RE AT B AR Ak AE R — AT R AR 2 D
B — A BUE SR EIAE GR e K s 0D 2 RE A%
T BIPAT Y . e mp il R AL AL i A —1
i SRR IO AT “ 4 S (50 RS . AT 5
B ARSCE ST AT = A5

SIEEL. SR 2 REE B

Vs€S: sAQrey(s)# D= %/ enabled (s, s) |
4 Rew

G 1 LW XHE T AR 5 o HUEE W R BA ST

Qrey N R O B AAFAE— A0 R 2 B E o 1E
R s T RAMEERY . (5138 1UERH LR 5% 5)

SI1¥2. R SMEW EMRerE:, B

Vs€S: s AQrey(s) =N Qrua(s)#A D

=> V
TED

51 HR 2 R BB XA AT IR s o a0 SR e 1z BA 3]
Qrey N2 O I H % K BB Quua AR 2 D
B D R EINE o RS s T RLRERY .
(5 38 2 o UE B DL 5% 6)

SI33. WERShER L RN 1
Vs€S: s A\ Qresy($) =N Qruu(s) =

enabled (s, s) |

:>( v enabled(a,s))\/Idle(s)o
JGZRH‘

5| B 3 2 A XA AT PR A s, An R 7 A 571
Qres FIHE KNI Qroa ¥ R 25 45 O, B2 & /D AEHE
—MNERBEIEEs T RMEN . BARSLA T
— D RIRES Idle (5)o (513 3 BUERH LR % 7, 2 #E 1
AR IIE B UL Rf 5% 8)

EE2.,  Hp&HRA MG IR, B

M, 5o =AG (Ya € A: DirCy,.(a) ADirC,.(a) )
H, DirC,,(a)= Cupc. stab(a) = Aggi..(a) I H.
DirC.(a)= Cppe. stab(a) = Agg.(a)o

X btk a € Al B EMSGR T E AT H S —
HIEIRZS DirC,.(a) & X HAE HDC g E R A
Crpe. stab(a). Tz R A 28 i F WL R A o
AL VAR R A PRELAZg o« ) RE T
A REAEATPREHEFIF AN . Aggia(+) 5
Aggun( ) IIE XXTFR . T LA Aggi( «) R A
I EAARTE A A -

M, % (F €O,z Chrec(a)=M)
\/( Cope(a).stab=M
ACrpc( @) Info.owner =HDC );

S, #(3i,j €Oy i 7
Cice(a)=SAClicc(a)=S5)
V(Cope(a).stab=S
ACpoe(a).Info.owner # () );

E, 3! i€O0,: Cicc(a)=E
AYGE O Checla)€{S, M

I &0,

Aggmn( ° )Z
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Hp RS NERRAHEE—. bk CRAES 5.3 /v &

A s HDC Hic s AR AR AL 200AE 1 1 i il HLAS A
TN A G A I BSOS R A AR i, a0
R —A F WL HCC h ZAEAT A F MRS TR 4
HDC iz itk AR A28 M WRA 240574 T
b T SARAS I HDC A 2528 S ARZS o GE B 2 A9k
DLBFSR 9)
EE3.  PH R RS 2 SWMR 5, B
M, 5| =AG(Ya€ A: SWMR(a,s) ).
Hp, FE L5 SWMR (a, s)E XANT
SWMR (a,s)= WCount(a,s)<1
AN WCount (a, s)=1->RCount(a,s)=0)
ARCount(a, s)=1—>WCount(a,s)=0).
Hdr, WCount (a, s ) Frn 5 FiTHEAR . Bk e
WCount(a,s)=|i€ 0,,|Ciicc(a) =M |
+5(C,),)C(a).sz‘ab =M>o
i RCount (a, s ) F/R L H LA, BARE LR
RCount (a, s) :‘ i€0,.Clicc(a)=S ‘
+‘j€O[/<m|Cf)(t(i(a):S‘o
BTG 0 (expr) Fntgnm B, R KR expr
R EEHE 1, AR 00 GE PR 3 AUk B UL 5% 10)
FE PR 3FE X TAE B hE . R G AE AR ] e 2 #0
i R 2R AR BREAELLT = — &
—WZRZ A ARr—A5#H: AR S # (AL
T 5 A ORAS MDA AR VR AR AR AT AT 5235 (R A
TR S) s =R AR S FIAF AL WA i
FFIEEH .
4. PUGHREAEEAZIEDVD, A
M, s|=AG(Ya€ A: DVI(a,s)),IFH
data(Ciec(a)), #53: Clec(a)=M;
DVI(a,s)=data(Cicc(a)), #Fj: Chec(a)=M;
Mem (a), 50,
Hrp data( « ) Fos RBUNZAEATAIRE 32 UL A7
fitt AR
FE T4 R X T AT AT N AF M kb  FE AT AR 2
G0 R AL i MRk Y Y TR IR AR IR .
5 2 WERAAAE — b Tk B2 MRS B 2247
RIAS IR 232 B AS T RE AT 0508 02 BT (B s 2R AN
FEAEXFE Y EIAS I8 2 FAF Mem (a) Hh A7t AR 50
JEEHTE - CGEH 4 B UERH WL 5 11)

AT E A5 S AL A I AIE S UE I T S A — K
PR bR S P 0 TE R P S e e . 7EIE i
i, & RS e CE S U DAt iEE R S
T pRBOKS B il A8 5 T8 B, S PSR B IR P i
Y.

JRBR AT - A SO XA 50 E 76 35 P & 1 1 7
% FA T, RVAE A iE . N R RS is
T B FEART B ——35 R G0 v] e s, L ) PR 3
P RS SR 1B M B SRS A A R,
TC VR R SR 5 2 0] 58 B 3 28 1 R AT X
FETERA . BN, @t & o s T, BB A il a4
TR A RE RS gde 7 R IR AR IR S5 .« A Hh
TR T oA S G 4L IO 285 308 S A% v 5 Ak L 5 W C AL
4 AN TE—EFREE LG T SR ANE SRS L 0
AR HEBR YLK T BE . BE b, PR SUFE R AE S e
()6 (B SRR T B & S BUE R S ) R R
AN B0 AIE T 3 S R T BRSSP A R X
RAGE R — 2.

Ko TAENG AT Wy T - — AR5 6 1
% A UE 7 2 Canffi A CTL/LTL 38 JE YLk
PEIF A TRAAG I s — BRI T 55
R IGIPN i NS I 2 D o NS
S PMSUAE SEBR R G T ] S

6 SCIOSHR

A SCHE gemS BLALL A5 Al 1 1 BT B2 L IR AL 1) 2
FF— B RS @ B IR AT — £ 51 Ruby Tester
DI A SCRF BT B T DRSS B BMSGHEAT 1%
F s N 4E FE BRAIE BRSO 50l L U oK oS3 8 A
s EE BB E R 9 s .

K9 gemSHEIBSHEE

fbypgs X86TimingSimpleCPU
CPU E45(GHz) 1
FAHL/ B A NAE(MB) 512
ZEAF(KB) 4~128
6.1 #HIEE

I 00 SR FH 4 $H A R 2 1 8 I I A7 R R 42
SPLLASH-2 (Stanford Parallel Applications for Shared
Memory) #E A7 . 1% %4 5 145 CHOLESKY .
FFT.RADIX I LU S0 . 32 1045 T %8l
EXT N TR S B o
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F10 {FEHIESESPLASH-2

YIS BRI O JH 453
CHOLESKY Tk18. 0O L G i
FFT 256 <1024 Points P B
RADIX 1048576 key, 1024 radix BRIk
LU 1024 X 1024 matrix, 16X 16 block LI - fi

(1) CHOLESKY 1™ i i 55 [ 53 figt- ol — 1>
T AR S A 1S

(2) FFT M T P Ad 5L AR 46 5

(3) RADIX &R 7331 5

(4) LU —A i i 6 B4R o0 i — AN = AR
M5 —A b = R L

X BB AR P HA AR B B 7 n) A58 2R AR R
PE , BE8 4 T M I i 22 A7 — B PR A [A] 3 53¢
HEREFR . PR, FaRmRR Y )iz TR
Y6 SR AT— SR PSR T 0 IE A M S A s
6.2 EMIEREITEE T E

WM bR 46 F 55 3 5 R SIS e s, 2
e LR

(1) F 58 5 5 A8 bn g R 52 bR 5 B
A5 B SEMCP A BE F S BUR A L. D7
BT T 20 F ) i 28 £ — BCHE DR iSUFEAS 7]
Vi AR T 13558 55 5, U IR VL 5 &S e
[7) = B 15 4% it PR A7 B 1T 247 52 A — B0 L I g
% 1E A b A PR 1 4R A

(2) 1525 B4k - B T A g 5 R Ui
BRI AE , DAPEAS 52 MBS BE 26 R A0 OB N 2 L 41
WA R AP R4,

BEAN AR SR BT 2 H PR 4 i MEST B AE
LRI TR A LA T T SO FEAS TR PR
SER AR R R E AT . a5 2 P L
B, P LATE WA SCRT B MRS A 250k
6.3 SLIAHE

X 35 557 55 R AR A 08 WO W] U7 A7 AR
B4 T R AR B AR TR A L A A

SRS AR O B A

BEXT RS I SEFE AR, A SCHE e E 2 Mg A
Y5 IR T ARV B AR B PSS S I AV fig
Sto FW A I T R G £ i Hh FE LA S G A7 R
BN B2 5 1 SR P RE A2

EEXTIFA TN P SR8 A T 845 » 7E gem5 42
RGBIRET , 73 B A SCHRS MEST HrY
247 CHOLESKY .FFT.RADIX L\ & LU H:4 7
YA MRS IE R Lo Hris A TG . Ak, S5
MZZEE T U B AL BRE R DL K2 A (] A AN (]
175 o} JE 35 6] 5 55 B T B 52 )

P S 35 AR 5 S8 R A L 78 3R B -
https://github. com/chancezhw/hetero_mesi.
6.4 LWHERSHMH

SO 1. R RRAR T =5 55 5 1 R K

SR R VT REAR T 3555 w2 2R AE O0  f FL o3
SMISE T ML/ B Ui E L N A GE R R —)
B/ B VIR B A8 v N AE GEA B D I AR
VIFE IR T 1355 2 55 5 DG S8 8L iR U A7 i
T RS K E S . A R
Ruby Tester 45t AT, JF HLAG 3 & A R 2
# Checks_to_complete Lk }2 Wakeup _frequency. H:
H1 24§ Checks_to_complete 7 {5 F i H AR K
1B BB p B 8 O 10000, 24 Wakeup
frequency F7~ N AF U7 0] 3 2K fih & JEUI o 48] 1z
Wakeup _frequency=2 tick, B 55 2 tick fisl & —~ P
AV R o AN, tick 378 AN BEER T & 37 =K 1 4
RO E SR Ttick=1 ns(BFD) . ANEEFIA
[F] Wakeup _frequency & & J7 XX 235 e 35 557 55 %
A5 HA Wakeup _frequency 13 # 4 1 tick 2 10 tick.

P ES RN 1 R, Hrp o T ik —" 5
“BAR 7 %A F HCCLHDC . DDC K& DCC g B i
FEEHE (T A 1 355 ) LI 55
B CSE BRI AT 1 3 45 ) DA RO N 1 7
TR AR~ DCCE SRR BH T
88.89% . DDC # i % 62.96 %5 £ X 42—,

x11 ARGERETESBEEXRLR

. Brie— =
HiE T B Wi 55 B FIE T 55 4 Wik W%
HCC 54 44 81.48% 66 63 95.45%
HDC 152 110 72.37% 139 98 70.50%
DDC 54 34 62.96% 84 67 77.01%
DCC 27 24 88.89% 36 34 94.44%

212/287=13.87%

262/328=179. 88%
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5 iR M fih & Replacement Fé B SE T L . 415 ELZE
W12 5% 13.
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Load Store Replacement
HCC iy (BAERZS Sy VD 1 1 68
HCC i b (BAFRE N E) HCC e it 1 1 10
HCC g (BAFIRE N S) 1 62 10
HCC Ay, HDC fir b CRAFIRA N MD 16 16
HCC AAirth , HDC firth (BARR SN E) HDC H¢fih 16 16
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HCC 5 HDC A1, DDC i/ CEARIR S MDYy 31 43
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HCC 5 HDC kit . DDC £ (BAER AR D 77 77
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BT, H.HCCHARSMmH ., Hk,. #HCC

BE o

HDC iy, W 23 45 25 DDC/DCC & 75 i .
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41 ns; 2 HDC H il i o B M/ERZS I
WAF T 137 R 0] DL L N BV A s A D
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Replacement i 3K » H 4 & A7 P8 E 5 S #) , $h A7
PutE/PutS 1y 4 L7 5 [0 ]9 A7, N 0L i 48 4 H Ry
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i GetrARAr T H st b (GRS MD 16 16
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P 55 FLIE U7 [0) N DRt P 4 FE I 4 , P-Load/
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SR RNAEM R ZAE R BT A G
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R 8 17 I 2 3 B B AR A 0 o 91
MESIPMLAE FFT 445121 THHK o 1. 0032 KB)
B 22 0. 85(128 KB) » A SCHE HE HIMAE CHOLESKY
BARAE B Kl 5. 91(32 KB EIEE 5. 16
(64 KB). 2RI, 5 fF45 it 0 64 KB {7 HL45
L SBAEZS & 0 128 KB B4 EL Ak B IF R i 5 4
Fto HUILAE G AF— B M S PRI T R AF 2
EAES K.

S2I6 6. AN[E P BR— St T BRCR X H

ARSI AR T L U P) 15 4 i PN A7 R U FE B AR
AT L LA L ns R lE B LE T & 1000 K Store (51
ROFEA L BN G IE X b T AR SR A LS
MEST WA H s 42 1] 25 Fir b 38 Y — BobE i 2 4K
i, HARME, 2 EMLmALBLEY T & Store Hig=K LA
Vi )35 8 Vg N AR IS o E S48 o 4% i Ah BB A — B0PE
BB AU HE 2 T oA (MemRdSnpIny) 5 Wiy 6
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W5 MESTUMSAE LR JU2R— 8o BACR: st

ek
L1000} o
= 800 7
= 600
% 400 |
" 200 5
: L .

0.
At MESIHX
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B T TR AL MBI . WIFSY SR A %07 R AR
At 45 PCle FEAIR 33 %6 o fHE A FRAE D — 25 8 1
TNT 2 32% BIRFHEE™ . Gen-Z DL INAE R Ly, 2R
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VORI TN & — Bk SR, Bk By
B UEA AR T /0 i ik A IR 7] L AT e Gk 7
TR RS ST .

WS 2 UM 2 1 . MEMGLUE BRsUEr %
S RE U 5 HE B [B) SR AN [R]— S0t DS n) A, 1% 1
T TR A 5 4 SR — SO R OS2 284
PISEE R Gevu ) — Bt ey, SR %A ]
S| T MU S R . Ak R
AL - MEMGLUE R 4 5 8 B #& 19 Jr
X SFHHERGE Y EEZE R . HeteroGen I
K H R G AL AR OE S NS — N E A
NI S ORI N SRR S e vk L VAL SR v Sy c o
MAETE A TV AR B A B L AR B 2R A7 AR 4L
LT B I SR AF 18 i A ) X R H S & i R L AT
ERAWKER BT, RZINVR . RE
HeteroGen i 3 H 5 4589 4 2B % T MEMGLUE
H R TE A o AH LR A o RO T A 1)
PHESR 5 T, PR AR BT BE SRR DMLY - A7 7
JaBR . CXL. cache il it 49—~ 4 Jay H Sk s S ER
BT AN I S AFATIRAS A R B 5
AT BRI, H SEon B s T 5 0 S
AT ARG BT R S0



84 NG ST R G SAT— B IR U Sk 2013

5 FIR T AN AR SCHE ) — S5 BT )
SR RS &I T4 HCC.HDC.DDC 5
DCC 7€ N I DU O 2L A T ML 5 1 45 o
PME A 43 A 20 H 450 . i O MEST MY S A
SRR I R A AR T 55 2R BRI RS
T, 75 5 14— SOk i TR S H5 22 RE 40 00 D5 17 3%
o BEAM  ZEMSCR S — RS R Tk, DI ik
B T PS4 S BT R 0 5 A e M )
7.2 EANIGIERARER

DML 36 UE 32 A H5 A AL 55 i AR Ak 55 TE
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Ko HEE R e BER K E G T R T Z
22 2 BRAIE AR Tsabelle™ s DL B v ] ]
FAG B TF & 1 Coq™ . x4 T B 2wk = P 4
SEHRHIA R . AR bt R T ZE 3 4% A
BATE Coq & FRUF B B0 IE T #24E RGN AL RE VT
[i) 2 ] 9 DE A T o b A R K 2R B AR OF- 4
AT Tsabelle JTERAL T L4 BN T RS TR
IEHf M DIRE L A A B 4 =y @ e, IR T
FIT 4 A A IR JE PR 28 BTA s FEAIE
B 5 e 5 1 B 4 B DU R A7 0 E B L AR E T
G UF R R 0 7V , TR U T RE A AT AR D
WS SR RS H Bl AR TIE B T R A B A
WEWY, E A R G R UEA 7 AN 1. A sh ik B
AHBR.

(2) F TR ARG I B A ) 96 UF 7 38 5 A sh
FOARAS A ], FN WM R S AE BT A T iR IR AR AT 5
AT MR Z Tt S ], et N B AT 4 it
AT RS R IR R A& IE B BOR . i TE O T

SPIN'"/ \UPPAAL"™ . NuSMV " 24 46 T H. .
1) 40, Dill 25 A# A Murphi 36 3F 7 Sun 7] §7 i 4t
FAEME AR R G D A AR S
McMillan %5 G i3 NuSMV B631E T 45 2 8 47— 25k
P, SPIN E ) 32 i T S e Uhisl  JRydul o 4
il % S 2 A s A e RSk . A, h E R
Be R F TR R B 58 A TP R T — 3T — P2
P AR AR 0 T L, I X LA ) GERMAN2004 #3iX
AT T3, BRI 1 IR A s — Bt O T AR
(A (] S, 3 1A L VG 22 fL R R 2 B iR A2 A BA T
KT — i AR R A0 AL 1 I R P A
K T H CDGACP V™, SLB0 R BIZ T L PR R R R
BEOFHIFEAL91. 38% . m A2 il K K2 i i Bk
TBA$E 1 2 28 SO kAR > I e R A R 5
P TR B AL B R G A R SR ) A
i LT Ok A s R R RS T
ARASZS (B BRI S ML, HLREE PMSOIAREIE A IR
A2 R FENE H 85 035 . I BRI $E T
S 5RO A AR LA A S0 AR A 23 (B

ST 1) 22 B AL B 1 A7 — B DM
TF I ZAF AR X S50 TR 2R B 10 AR DGR 98 A X A
b G AF— SR AL B IR 78 35 A
Friff— &
7.3 ZE—HEHAEXLEIERRHEE

GAF— B E ML IE LB R IR 2% R S
EER S M ENTNR NSl [IF 0 N =S )
22 IIERCRAL T i 2 kAR . AR AR T2
WA T RE Tk

FERSHA AL A B UE 7 10T &1 X S48 P9 A — Sk
RREHY GO IF G 2 A HAE SRR ]33, RealityCheck ™ B
ALY UE T HL R s Ak . 12 T2 SR 5 2R FH 2 Ak
U AR ARG N 29 3R, I3 3k 422 11 b 4 S 45
Hp Sz BE S T Y R AL A RE . ST TSO
(Total Store Order) 5 RVWMO (RISC-V Weak
Memory Order) 8 BUH A7 1 39Uk , M4 FH 491 45 S 3%
L 3 G e Ak f v AT AR 32 %6 A SAIE T ] . 3% 7 3%
A TN A L PR R, 27 T 3k v §
PE AN R ZANE T8 T S UE , ok 55 T A %
¥ » HLAE Ui it 22 VI IERE AT A o eah  BE X
TileLink PrSUBE AL IEIE rh 42 J5 WA HE T B SRR
SCE DA AS b 56 31F 119 7] 3851, SCRRL 42 148 3 T 525 4
S5 EAMB B IE AR . % TAEFRIH vy
T AR AT R AR, IR Es S AR S
BEHAL 2 R FEAIL IR A TS0 UE . SEde 45 SRR WL %



2014 it A

Pl

L
&

Eitd 2026 4F:

T AE T A7 H R S & - B IE T
25 Ab B4R IR . % TAE MR L 2Z A 7E F 24 1F 50
WIS N T A Bh AR SR iy T AR,
I B 2 AR AR 2 1

FEPMZ 5 H 3 2 038 UK UE 7 T, W 95 24
P T BEE T H ADVOCAT ™ il s il 4 1/0
RES B EhHLE XMAS R DL 2 R85 )2 345, I H o8
e P UMSCIRAS 5 78 38 B0 18] 1) SC RS AR o, SE B
5 2B B SR 5 RHIE .

TE I UERCR AL J5 1 S £ X% CXLL. cache HpS3CER
U AETE BRSO 5 0 A% ()8, SCk[ 44 1R A Tsabelle
TIE B Bl T4 I AR AR A, R0 1 5 Ak Bl T 42
WBE . % TAE M S 50 5 LA AL U BA
PRAIIAT S50 L TIE BH L 2 S 2 e O BT &
T auto_sketch T. H DUEE T+ R BB UE BT 19 A 20 1k
&

X G AF — SO PR S T)A 56 30F o A P K
PHATRE I B4 [ B0, SCRR[ 45 T4 H — ol A Gl o Al
RE5YReE %N B 2 B AR B8 5 9 HE
JPAA o 20T Al A A S R R B P
HE R i v B A e fb 7 4 . 7F 64 2% Ab PR I
(14 S 36 22 B L AXERAT 40 %6 19 FH 481 D G 00 4 55 B
B . 80 %0 1) I RIS 23T 100 %6 I T REFE 35 %

SCHk (46 15 [8] My ik T PE 4 R e B, 3T
RVWMO A /A 5 R0 o [ b bk 5 A7 5 1 4
S A BRARES A SL, I I IR T 12
FEAR P H AR 2 B 13 o =2 48 114 TE A 2 e 2
JERALIEUE T H Coq 78 B UE . 5250 2% B RHIERCR
T 400 %, HLAE 4k Litmus 358 #0415 1 )
SE o AHZEUE B W AR T 55 T P AR R, FE R 2 i 5
TP A AL

UEAh s FERT IR 5 I8 AL B TR A 45 6 7 1, 3
RGBT X gemS BEAULE T B AF — B DRI
S UG UF R R LA () B $E T S ARG 5 T
H Rubyphi. %77 %60 H 2428 gem5 1 Ruby &
SR B PMSGE B, IR L 4k Murphi RS 56
T AT SE BT B 21 JE 210 56 U 1) JC 4% fi
. S0 3% B Rubyphi T A7 8% 58 A B B 5L 5 56
UE S BRI Y gem5 Hr MI PRSP AS15 T H 45 3%
B PRAR T A A S R A . B AT RS
25 ()RR LR, HL SR AN 55 SR A BR e mT
JePE 55 5 55 7 i R A R — 2Rk

gi bk, ik TAEIL[FEHES) T B A Ak
SSE M B S AR SRR B A A T )

KR B A SR L A SRR BT —
JRIFR

8 4 it

AR SO —Fp G — RS TR 1 G A — B
W VAP S5 4 22 5 T I B4 PS8 3T 5 S0 TE k5
e, %1 T HCC . HDC.DDC . DCC PUM %0
I — SO A5 2080, AR T — Bt el R
W R PPIRAS R 45 A AR . Hok L
SR T H sEEHI 28 HDC 5 DDC 25443 5 TAE
JRHER ., EFXEASRI VI AR WS TS iR = 55
T Ab B o i rp — BOME 2 A% O 2 R RS B G
F .o A RIS B A BT X 5 325 XY
G WL N EREE A5 PNE ¢ N R R T
UE o APPSR L 78 gemb 1 EHAw PR35 Hh il 2
F55 3 55 IS RHE P HR bR L OF 5 2 MEST P
WHAT TR B . 7 B R 4 i i D e I
AR AR |5 2 8 MESI P 1938 17 PR RE A
MBI TF2%~4%) .

A, B E TAE EEARE S HIER S
gemb 1 B, Wi AT A N7 . KRBT IR R I T
BRI 5 gem AHZE A 14 b 7] 56 UE 5% s . — 5 18
FI PSSR KG I T HL (40 SPIN . Murphi) H 348 & B
BORZS 23 18], S0 R 16 VE I8 1 X B 24T K 5 T I IE
W1 L )RR s BEE B A [ Sh b I AS 2 5 55 —TF
AT & B A5 TR S 00 & B0 1) s 461 s 0 B A% R A Ak
gem5 {5 ELIM X 71, 247 8l A PR B AL 5 50 00E .
X AL 5 57 ) R B0 IE A e — 4
PRI URSC T B TSR PR AR, R it 3
fEH S s S

OB AGHE R E ST X A B (2024YFE021
0800) % 87 .

O

% x

[1] Shen S, Yao Z W, Li C Y, et al. Scaling vision-language
models with sparse mixture of experts//Proceedings of the 61st
Annual Meeting of the Association for Computational Linguistics.
Toronto, Canada, 2023: 11329-11344

[2] Chen Y M, LiuS L, Chen Y J, et al. A scheduling algorithm

for heterogeneous computing systems by edge cover queue.

Knowledge-Based Systems. 2023, (265): 110369

[3] Wang X, Huang L. N, Zhu Y X, et al. Addressing memory wall

problem of graph computation in reconfigurable system//



84 PRI SR R G EAT—EE M IR A5 E

2015

[4]

[5]

[6]

[7]

[8]

9]

[10]

[11]

[12]

[13]

[14]

Proceedings of the 17th IEEE International Conference on High
Performance Computing and Communications. New York,
USA, 2015: 302-307

Chen Zhi-Qiang, Zhou Hong-Wei, Feng Quan-You, et al.
Design and implementation of configurable cache coherence
protocol for multicore processor. Journal of Computer Research
and Development. 2021, 58(6): 1166-1175 (in Chinese)
(BRsg, FZAR . TR S | T ) 2 4% A0 #1404 T e ¥ 2% 47—
HE PR BOT S S H . AL & L 2021, 58(6): 1166-
1175)

Menezo 1. G, Puente V, Gregorio J A. Flask coherence: a
morphable hybrid coherence protocol to balance energy,
performance and scalability//Proceedings of the 21st IEEE
International Symposium on High Performance Computer
Architecture. San Francisco, USA, 2015: 198-209

Wilkins M, Westrick S, Kandiah V, et al. Warden: specializing
cache coherence for high-level parallel languages//Proceedings
of the 21st ACM/IEEE International Symposium on Code
Generation and Optimization. Montreal , Canada, 2023: 122-135
Zhu M C, Shahab A, Katsarakis A, et al. Invalidate or update?
revisiting coherence for tomorrow's cache hierarchies//Proceedings
of the 30th International Conference on Parallel Architectures
and Compilation Techniques. Atlanta, USA, 2021: 226-241
Egger S J, Katz R H. Evaluating the performance of four
snooping cache eggers coherency protocol. ACM SIGARCH
Computer Architecture News. 1989, 17(3): 2-15

Moshovos A. Regionscout: exploiting coarse grain sharing in
snoop-based coherence//Proceedings of the 32nd International
Symposium on Computer Architecture. Madison, USA, 2005:
234-245

Sorin D, Hill M, Wood D. A primer on memory consistency
and cache coherence. Cham, Switzerland: Morgan &. Claypool
Publishers, 2011

Cleaveland R, Trippel C. Memory consistency model-aware
cache coherence for heterogeneous hardware//Proceedings of
the 24th Conference on Formal Methods in Computer-Aided
Design. Trondheim, Norway, 2024: 163-174

Duan Zhuo-Hui, Kiu Hai-Kun, Zhao Jin-Wei, et al. A
reconfigurable cache consistency mechanism for distributed
memory pool. Journal of Computer Research and Development.
2023, 60(9): 1960-1972 (in Chinese)

CBnif, XM, X4 B4 . —Fh ol ShaS B0 & 0 53 A 20N A7 it
GeAT— SRR AT & e . 2023, 60(9): 1960-1972)
Oswald N, Nagarajan V, Sorin D J, et al. Heterogen: automatic
synthesis  of heterogeneous cache coherence protocols//
Proceedings of the 28th IEEE International Symposium on
High-Performance Computer Architecture. Seoul, Republic of
Korea, 2022: 756-771

He Xi-Ming, Ma Sheng, Huang Li-Bo, et al. A simple and
efficient cache coherence protocol based on self-updating.
Journal of Computer Research and Development. 2019, 56(4):
719-729 (in Chinese)

CTBHIT . Ehfe, BENL PSS . —FPEET A SR 1R 2L Cache —
AP HREHLITE S AR . 2019, 56(4): 719-729)

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[26]

[27]

[28]

[29]

Zheng Y, Ru K, Feng X, et al. The overview of spin in
software model checking//Proceedings of the 6th International
Conference on Data Science Melbourne,

Australia, 2021: 654-661

in  Cyberspace.

Bengtsson J, Larsen K, Larsson F, et al. Uppaal: a tool suite

for automatic verification of real-time systems. Berlin,

Germany: Springer Berlin Heidelberg, 1996

Manerkar Y A, Lustig D, Martonosi M. Realitycheck: bringing
modularity, hierarchy, and abstraction to automated microarchitectural
memory verification.  arXiv arXiv:
2003.04892, 2020

AL-Waisi Z, Agyeman M O. An overview of on-chip cache

consistency preprint

coherence protocols//Proceedings of the 4th IEEE Intelligent
Systems Conference. London, UK, 2017: 304-309

Caheny P, Alvarez L, Valero M, et al. Runtime-assisted cache
coherence deactivation in task parallel programs//Proceedings
of the 30th International Conference for High Performance
Computing, Networking, Storage and Analysis. Dallas, USA,
2018: 454-465

Koenen D, Defilippi J. Ccix: a new coherent multichip interconnect
for accelerated use cases http://www. armtechforum. com. cn/
attached/article/C7_CCIX20171226161955.pdf

Hong S, Kwon W O, Oh M H. Hardware implementation and
analysis of gen-z protocol for memory-centric architecture.
TIEEE Access. 2020, 8: 127244-127253

Stuecheli J, Starke W J, Irish J D, et al. Ibm power9 opens up a
new era of acceleration enablement: opencapi. IBM Journal of
Research and Development. 2018, 62(4/5): 8-1

Tamimi S, Stock F, Koch A, et al. An evaluation of using ccix
for cache-coherent host-fpga interfacing//Proceedings of the
30th IEEE Annual International Symposium on Field-Programmable
Custom Computing Machines. New York, USA, 2022: 1-9

Das S D, Blankenship R, Berger D. An introduction to the
compute express link (cxl) interconnect. ACM  Computing
Surveys. 2024, 56(11): 1-37

Nagarajan V, Sorin D J, Hill M D, et al. A primer on memory
consistency and cache coherence, 2nd edition. Synthesis Lectures
on Computer Architecture. Cham, Switzerland:
Nature, 2020

Hower D R, Hechtman B A, Beckmann B M, et al

Springer

Heterogeneous-race-free memory models//Proceedings of the
19th International Conference on Architectural Support for
Programming Languages and Operating Systems. Salt Lake
City, USA, 2014: 427-440

Iorga D, Donaldson A F, Sorensen T, et al. The semantics of
shared memory in intel cpu/fpga systems. Proceedings of the
ACM on Programming Languages. 2021, 5(120): 1-28

Olson L E, Hill M D, Wood D A. Crossing guard: mediating
host-accelerator ACM  SIGARCH
Computer Architecture News. 2017, 45(1): 163-176

coherence interactions.
Wang Ji, Zhan Nai-Jun, Feng Xin-Yu, et al. Overview of
formal methods. Journal of Software. 2019, 30(1): 33-61 (in
Chinese)

CEsk, BT, W55 B RS . k223t . 2019,



2016 it

Eitd 2026 4F:

[30]

[31]

[32]

[33]

[34]

[36]

[37]

[38]

[39]

30(1): 33-61)

Huffman B, Kuncar O. Lifting and transfer: a modular design
for quotients in isabelle/hol//Proceedings of the 3rd International
Conference on Certified Programs and Proofs. Melbourne,
Australia, 2013: 131-146

Benzmiiller C, Woltzenlogel P B. Interacting with modal logics

in the coq proof assistant//Proceedings of the 10th International

Computer Science Symposium. Listvyanka, Russia, 2015:
398-411
Xu Jia-Le, Wang Shu-Ling, Li Li-Ming, et al. Formal

verification of capability-based access control in operating
system kernel. Journal of Software. 2025, 36(8): 3570-3586 (in
Chinese)

R IR, R, ZFRIIAE | R 2R 50 AL RE U Im) 22 1 1 8
IGUE . PF24R . 2025, 36(8): 3570-3586)

Zhang Le-Ping, Zhao Yong-Wang, Wang Bu-Yang, et al.
Formal verification of virtual memory subsystem in 14. Journal
of Software. 2023, 34(8): 3527-3548 (in Chinese)

(AR R, AT . L4 BN AT R G M IE b5
JE. B PR . 2023, 34(8): 3527-3548)

Manerkar Y A, Lustig D, Martonosi M, et al. Rtlcheck:
verifying the memory consistency of rtl designs//Proceedings of
the 50th Annual IEEE/ACM International Symposium on
Microarchitecture. Boston, USA, 2017: 463-476

Kova M, Bentahar J, Maamar Z, et al. A formal verification
approach of conversations in composite web services using
nusmv. New Trends in Software Methodologies, Tools and
Techniques. 2013, 199(1): 245-261

Dill D L, Drexler A J, Hu A J, et al. Protocol verification as a
hardware design aid//Proceedings of the 10th International
Conference on Computer Design: VLSI in Computers and
Processors. Cambridge, USA, 1992: 522-525

McMillan K L, Schwalbe J. Formal verification of the encore
3rd

International Symposium on Shared Memory Multiprocessor.

gigamax  cache consistency//Proceedings of  the
Sapporo, Japan, 1991: 1-5

Pan H, Lin H M, Lv Y. Model checking data consistency for
cache coherence protocols. Journal of Computer Science and
Technology. 2006, 21(5): 765-775

Su Jie, Yang Zu-Chao, Tian Cong, et al. Model checking tool
for concurrent program based on constrained dependency graph.

Journal of Software. 2023, 34(7): 3067-3079 (in Chinese)

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

CIRAS s T . RS | T 24 S0 181 1 91 2 A A 7RG )
T B . 2023, 34(7): 3067-3079)

Fang Bing-Wu, Huang Zhi-Qiu, Xie Jian. Statistical model
checking for verification of rare properties of stochastic hybrid
system. Journal of Software. 2022, 33(10): 3717-3731 (in
Chinese)

CHRA, BERRER, . VLR R GEM AT Mk A e TR A
M5 AR . 2022, 33(10): 3717-3731)

Delzanno G. Constraint-based verification of parameterized
cache coherence protocols. Formal Methods in System Design.
2003, 23(3): 257-301

McMillan K. Modular specification and verification of a cache-
coherent interface//Proceedings of the 16th Formal Methods in
Computer-Aided Design. Mountain View, USA, 2016:
109-116

Verbeek F, Yaghini P M, Eghbal A, et al. Advocat: automated
deadlock verification for on-chip cache coherence and
interconnects//Proceedings of the 19th Design, Automation,
Test in Europe Conference, Exhibition. Dresden, Germany,
2016: 1640-1645

Tan C, Donaldson A F, Wickerson J. Formalising CXL cache
coherence//Proceedings  of the 30th ACM International
Conference on Architectural Support for Programming Languages
and Operating Systems. San Jose, USA, 2016: 1640-1645

Luo L, Zhang Y, He H, et al. Multi-objective optimization
regression verification for multi-core cache coherence protocol//
Proceedings of the 23rd International Conference on High
Performance Computing and Communications. Haikou, China,
2021: 2011-2018

Xu Xue-Zheng, Yan De-Heng, Wang Lu, et al. Sequential
consistency per location theorem proving in risc-v memory
consistency model. Journal of Software. 2025, 36(9): 3919-3936
(in Chinese)

(R, M, TBES: . RISC-V N AF— SRR A4 (] itk 5t
JF SR E IR . AR . 2025, 36(6): 3919-3936)

Xu Xue-Zheng, Fang Jian, Liang Shao-Jie, et al. Rubyphi:
automated model checking for cache coherence protocols in
gem5. Computer Engineering and Science. 2025, 47(7): 1141-
1151 (in Chinese)

(2B, Jifde, J2/078% | Rubyphi: [ [7] gem5 Y cache — &
P A S BEARLRG B TS AL AR R L 2025, 47(7): 1141~
1151



84 PRI SR R G EAT—EE M IR A5 E 2017

Mix 1. £l E R HDC Bt K B £ AR RTR 2R (R 2)

*2 FEHHBEFREHFHDCH KM EHMBAIRE(371)

FF5 WRIIR S [ERE P

1 IS.D IR R T BARIRAS Ty S 1 8 Data
2 IM_D IR R T FARARAS Sl ML S5 R 5008 Data
3 SS_D WIEIRAE R S BARIRE R S 18 Data
4 SI.A WIURIRA R S s FARIRE R T 5 0 AT B InvAck
5 MS_DW  #IERA g M, BFRIRES S S, S5 5 $icdlit Data FIiR i B Cmp
6 MS_ W BIERARES 9 ML HFRIRZS 0 S SR N B Cmp
7 MIW  BIERARES g ML FRRARZS o T, S5 ¢ 2 31 2. Cmp
8 W BHRARAS ]y 1o FARARAS o T, S5 R 0 231 8, Cmp
9 SS.W WA S, BRI S AFRm T B Cmp
10 SIS WIRIRA S S« BARIRAS S 1, A5 I W7 i) 17 i 8, RspIHItSE
11 ES_S WIRIRAS E, BFRIRA N S SE R MEIT IR R T B RspSHItSE
12 EL S WIEIRAS S E, HFRIRZS ) T, 55 F B T i N2 8. RspIHitSE
13 MS_SD  WIHRARE R M, BFRIRA N S, SRR AL T B RspSFwdM FIEHE Data
14 MS D #IRAS M. HARIRE R S 1555 Data
15 MS_S IIRZS 9 ML HARIRZS A S o A1 W IR 197 7 2 RspSFwdM
16 MI_SD  WARE M, BFRIRES A T S5 75 I Wi 7 3 8. RspSFwdM/RspIFwdM FI&fE Data
17 MI_D WIRIRA S M BFRIRES R T, S5 R Data
18 MI_S WILRIRES g M HARCIRES g 1. 45457 Ma T i 137 31 8. RspSFwdM/RspIFwdM
19 IS SD  WIAIRA R T, BARIRA S, A MW iR 13 71 8. RspIHitl/RspSHitSE/RspSFwdM F1%df Data
20 IS_S IR 1 HARARS Ty S 5545 W w137 7 L RspSFwdM
21 IM_SD  WRAREA T, BFRRES S M SR I Wi 7§ 5, RspIHitl/RspIHitSE/RspIFwdM F1i 4 Data
22 IM_S WIRIRAS S T HARRE 9 ML S5 AR H T i 7 3 8, RspIF wdM
23 SS_m WILRIRES S BARIRAS A S S5 R5 Aiima 714 B MemData 50 B i & MemAck
24 SM_AS  WIHVIRA R Sy HARIRA Jy M SR IO AN B8 InvAck AT 314 B RspIHitl/RspIHitSE
25 SM_S BIARIRES g S HARIRZS S M, 35 R7 MW7 i )i 3 8. RspIHitl/RspIHitSE
26 SM_A  WIHEIREN S, HARIRAS S M AR JER0 AT B InvAck
27 MM.m  BIERARES Sy M, FRRARZS o M, S5 5000 0 137 3 S8, MemData s i 137 7 2, Mem Ack
28 MI_m WIS R M HARIRZS y T, AR50 374 B MemAck
29 II_m WIARIRAS A T BARIRAS Ky T, AR5 4500 i 137 314 . MemData S0 514 8 MemAck
30 DSS m  WIHIRAE N S, AARIRAN S, SR E Bl i 71 5 MemData B R I H MemAck Gl (18 £ 3 U 0] 7 2 A BRIRDIR D
31 SILSD IR S, HARIRAS A T S0 1 31 5, RspIHitSE R Data
32 SI.D FIERARAS Jy S« BARIRAS oy 1, S5 75 41 Data
33 ES Sm  #IGEWREN E, HARIRE N S, S R5 W w1 I 5 RspSHItSE FI%E w7 7 . MemData
34 ES.m WILEIRZS R E. BARIRAS N S SRR 0 137 71 5. MemData
35 ELSD ¥R E, HARIRZS A L AR Wi 1 i & RspIHItSE FIdi Data
36 ELD PIHEARA R B, BFRIRA N 1 5 R800E Data

37 DMS D #I#aARA D M HARIRAS 'S » S5 Kl Data Ok [ BE# i ] R A B RPREED

M2, A BER HDC g R EEMES (R 3I)
o, dev ZoRTFI I RS U (7 EATAK T B4 AT T _host 2R 55 IR i) Bl R i 7 A7 T EHLINAT



2018 12 N A/ A= S 2026 4F
£3 FHmBFRIEHBFBHDCHRMNLEHES(564)
e $ 55 HH T Sl A
1 GetS_dev RS A HCC Msdaissk , B Ras kAU T S/E RS M EUE b
) GetMFromlS dev %*A%Qmr%ﬁﬁﬁ%*dﬁﬁ%ﬁ?&%&ﬂimﬁﬂﬁé¢ﬁ?Sﬁﬁ%%ﬁﬁﬁﬁ,
) H IR R FREAL T MRS 19 st
3 GetM _dev R ok A HCC WS BAEKR - B BRI T MRS B9 B e
y PUtSNoLast dev _— K F HCC i Putbi R R EHIR UL A 240 T SR WA, H Aok # g 47 h
) AT S ARFS 0 H AR B R e
. PuSLast dev _— %QHgﬂ@hﬁ%*ﬁ&%%ﬁ%*%%%@%%ﬁﬁ#ﬁﬂ%sﬁﬁmﬁﬁ%E%%%
R B GATH AL T SIRZS 1 H AR P b Joak
6 PutEOwner_dev iR ok H HCCON owner) [ PutE 152K s B BJE 7R & G A7 i Ak T E RS s HeE o Josk
7 PutENonOwner_dev ik ok HCCHE owner) B9 PutE 13K o F K01 R 8 B A7 b F EARAS 8t e il TEak
o PUENonOwner oS dev _— ok B HCC (AE owner) (1) PutE 32K o H #9285 35 R 4 G5 A7 T Ak EARZS 4 H bR Bt B v Sy 8
. Ao WRE A AR SIR P IR RO T 1 HDORZS BN S
9 PutMOwner dev - K H HCCCH owner) (1) PutM TR H ISR R A7 DAL T MORZS (9 H AR B S 10145
i F AT RIS R A v () FRR O B iR ek
0 PuMNonOwner dev %*5%9mxﬁhmmo%mqmﬁtH%%ﬁ%ﬁ%%ﬁ*ﬂ?M%ﬁ%Hﬁﬁﬁ&ﬁ%k
. AR At oR 3 A2 owner s BT ATE T PRI 247 P AUIR DL IRl 8245 94D
I PuMNonOwnerTos dev  Hik ok [ HCC Gl ownen) g PutM 3R » H #2453k # S A7 v b T MUR S 1) H AR e i Sk Jc
. Ao WREHEIER SR P IR A BORT 1 W HDCORZS B S
12 Data_dev WAL K H HCCCH owner) B i 1
13 IeAck dev -~ 2K F HOC (¥ JERACH AT R« 32 HH 22 28 4747 ) 22 AT aAe 380 1) JEAYHR R L 2 B E A A AE 2L
; Ui A A PR S E JEARAC R A 2B A4 ) 0 A3 ) TS DA R 75 Ak 2 A
u LastInvAck dev umﬁ%émx%%%@M@%ﬁ%ﬁ%ﬁ%@%Z?W@%%ﬁ%%a%ﬁmﬁﬁﬁﬁim
S T A3 JE AT SR (1 G 742 T 4 14 2 3% ] JE S8 oA g i
15 MemDataCmpE _dev WAL K H DDC REER N R  $275 HDC i SUIR A28 0 E/M
16 MemDataCmpS_dev MR 1 DDC AR AL, 4278 HDC s AR SeR S 254 S
17 Cmp_dev MR K H DDC 95 1A MR R . 26 BH 22 i 4 R 00 5 ] SR © bl i f b 22
18 RdAny_dev R ok F DDC WG K - H 2R T M/E/S RIS M E e
19 RdOwnNoData_dev TR 2k H DDC RYBEE KR » H A2 R SO e i i 5 Bir A AL CE/MD | 1 JE 1 3R BOCR A B
20 RdOwn_dev K kA DDC MR . H A= R HUL T M/E RS M5
21 RspSHItSE _dev MARE S H HCC BINR 2 IR BAE i HCC thah T S/E RS mE gy b, IF LI C BRI SAIRES
22 RspIHitSE _dev Wi A HCC PN , F W BE A HCC b T S/EARAS I Bl fir b L 9 HLILE B 2N LIRS
03 ReplHItSELast dev m%i%ﬁHawwm%ﬁ%ﬁﬁmﬁﬁmr$ﬁ?&@%&ﬁﬁ@ﬂﬂﬁ%£ﬂ%ﬁﬁ*¢
Wb S/EREMEFERIE I BT YO DIRES
o RspSFwdM_ dev -~ 7165 HCC BYIRIRE , & AR EAE 2% HCC b+ MARZS B e b B C B SRS IF HL.E
R L 2 HDC
95 RsplFwdM _dev WMAKQHgﬁmmﬁ%%ﬁ%ﬂﬁﬁimx*ﬁ?M%ﬁﬁﬁﬁ¢ﬂmﬂﬁﬁ%pW&ﬁ
HE A HR P i 45 HDC
26 GetS_host ROk A HCC MBEWRE R . H BRI F S/E RS B B
27 GetM _host WK ok HCC M5 BU R . FA SRR I T MRS i A e
28 GetMFrom1S_host . k| HCC g@%ﬁ%iﬁﬁ‘z,%ﬁ%%ﬁm?sﬂ}tﬁ,ﬂimfﬁﬂﬁéﬁ\&i?SW&E@?)‘E??%%IJ%%,
FI 23R DAL T MR A A S b
. PutSNofLast_host - oK H HCC (89 PutS 33K, LI A A 1k — A4 T SRS I EAE . H A1l oRk & 247

AL TS IR A FI AR D ol oAk




81 BRI TR RE A — BT B A B e 2019
(8:3%)
hass $ 55 Al 7 Atk
0 PuSLast host - ok E HCC 9 PutS 12K - S iR # e EHLR ARG — A0 T SRS M ZEAE . H AR IR
. HRAETAET SARZS 19 B FREUR & R I3k

31 PutEOwner_host R 2k A HCCON ownen) 1 PutE 13K » F MK R A7 b T E RS M B B JEsk

32 PutENonOwner_host R 2k H HCCEE ownen) i PutE 13K » H MK R 5 A7 b T E RS A B B JEsk

2 PuMOwner host _— %k A HCCCH owner) 1 PutM 3R o B IR 3R & A7 b+ MORZS 14 AR s ]

. HUAE TR R b i B AR e e
» PuMNonOwner host _— ok F HCC CIE owner) 19 PutM 33K, H E@%ﬂ%iﬁﬁ‘z%%ﬁ*&i? MRS I H AR AR P e
i AR At R A owner s BT LAJE T PRI 2247 P I AUIRELSS Rl AL AR
35 Data_host MR 2R H HCC Gl owner) (4108 i 1
" IvAck host -~ oK 1 HCC 1 JEROI AN B, 36 W2 8 A7 P 45 2 O8I i R0 Rk 2 2 W E i b 2 L HL 3241
. St AT HA SR TEAH SR 119 % A7 ) ¢ 108 AR ] TCR3 A B 5 AR S 5 1
. LastnoAck host -~ 2K F HCC (¥ JERAC A0 R 32 W 0 28 4747 ) i 22 AT aAC 380 1) JEA0R R L 2 B A b HL 2L
. i T AT H2 M TR R 19 5% A4 ) 2 42 T 3R ] TE A5 A ) i

38 RdAny_host K & B DDC R KR B B2 REUE T M/E/S IR A4 S

39 RdOwnNoData_host TR 2k [ DDC R BZEKR » H AR AR SO S il o i AL CE/ VD S AN 223K U S

40 RAOwn_host Wk 2k A DDC M BEEK . B AEFRIAL F M/ERZS 1 B e

41 RspSHitSE _host WA o A HCC RN , 2 W BHEHAE I HCC Hhib T S/EARS I b O B2 Ml SRS

42 RspIHitSE _host WA ok EHCC iy R, 2 IR ITE L HCC rhib T S/E RS I gl , IF HILC FEGOh TIRES

13 RspIHitSELast_host - 2k FHCC [ ] 26 BT BAE 12 HOC AL T S/E RS I v CHLI O Lo e — A4
SbF S/EARE M AR ED I LI E MO TIRES

m RepSFwdM host i 3 A HCC fyma R , 26 WA A2 HCC b T MRS B e b RE BRSO SRS IR HE
e RHR UL 45 HDC

i RepIFwdM _host i 2k 1 DCC M , 2 PR A 2% HCC kb T MARAS I g dir v BRE BESCH DIRS IR HE
TR YL 45 HDC

46 MemData_host WA, ke WL R P A S A o i

4 MemAck host - * %ITR%@EBE PIAERY A A B 17, 26 B 2 i R 3 AR 0 5 A AT R O 2 e i
E.Xh)

48 RspIHitl_host Wik DDC BN » 2 BB B /e DDC b T DIRAS IS By, 3F BB N DIRAS

49 RspSHItSE _host(from DDC) WAL 3 H DDC fma R 2R HAE DDC H b T S/E RIS g fir . 0F HILE Bl SRS

50 RspIHitSE _host(from DDC) W) & H DDC iy I , R S e DDC ihAb T S/E ARSI dn eh , JF HILE RGO DIRES

51  RspIEitSELast, host(from DDC) WAz & A DDC (IR, 2 IR PAE DDC AL T S/E R B i vh CEL A i R — M Ab TS/
R4 B HE I LEE Yo DRSS

52 RepSFwdM_hostCfrom DDC) Wil sﬁ‘a DDC [ , FZBIBAEIAE DDC b T MARZS BBl A, JF HILC FEGOh SRS BE
KRR YL 4 HDC

53 RsplFwdM_hostCfrom DDC) WA Sk A DDC [, 80 HeAE DDC sk F MORZS BB p I HBLE 40k TIRE , HE
BRIk 43 HDC

- CleanEvictNoData_host _— Sk A DDC IR 2550 HDC B 2o AL+ E/SARFS I BHR PN & i 35 FHLm A&
Ui A B 3 4

55 DirtyEvict_host R 2k A DDC MR ¥ b T MOR S B e A B g th RS Ik L 1018 o8 5 ] 4L P A7

DataFromDDC _host

W [

>k A DDC F£d i iz




2020

it A ML 2% Eitd 2026 4F:

PSR 3. % & in B RI2H2E DDC i K i £ ARBE RS (R 4)

F4 EEIHBREFEDDCHRNEEEREIIRA(394)

i RS B SR
1 II_m IR T BARIRAS SRy 1o AR5 A58 w137 314 . MemData S0 3 14 8 MemAck
2 SS_m FIHRARAS Ty S BARIRAS Ty S A1 B w137 74 5. MemData
3 SI_Sm WHRIRE S, BARRAA 1, FE1F W VT ma 7 31 5. RspIHItSE TG ma 7 71 & MemData
4 SIS WIGIRZS Sy S HARIRZS oy 1. A5 WaWir mi 17 1 2, RspIHItSE
5 SI.m WIUIRASA S s FARIRAA T, ZR 5 50dii i 157 71 5. MemData
6 ES Sm WA R E, HARRAS N S 45 W W i 7 1 1. RspSHIitSE FIACHE R 137 71 5. MemData
7 ES_m WHAARZE 9 B, BFRIRS N S S5 R 5 i B B MemData
8 ES.S IR R B, BFRIRA N S, S5 Rp MW i B2 71 5. RspSHitSE
9 EI_Sm HHGERE R E, HARRE N L A5 R5 MW e 5 34 8 RspIHitSE AU i 57 34 5 MemData
10 EL.S WIHGRES R E, HARRES R 1, S 75 Wi 13 78 B RspIHitSE
11 El.m WILEARAS R By HARIRAS R 1, 2575 a1 57314 B MemData
12 MS _Sm  #IHGEIRES R M, HARIRZS Jy S, S5 R5 MW7 i )i 1 B, RspSFwdM/RspIF wd M Al Ji i1 B MemAck
13 MS_m FHGERA R M, BFRRA R S, SERFM R 7 5 MemAck
14 MI_S WIEIRA S M, HARIRAS A T, 46 5 W ma 1 34 8. RspIFwdM
15 IS_FD WIIRES Ty 1 HARIRES Sy S S5 75 & 11 . MemRdF wdl/MemRdF wdS FI% )i Data
16 IS FDm  WIUEIRA N 1 HARIRA S, 2755 & 1 K. MemRdF wdl/MemRdF wdS 1 137 7 S, MemData/MemA ck FI##E Data
17 ISD BIEIRAR T BFRIRE S SR8 Data
18 IE.D WHERE R L BFRIRZES R E, SR Data
19 IM_FD  #IEaAIRER T BRI ML SRR %01 8 MemRdF wdl FI4HE Data
20 IM_FDm  #IRIREE N T, BARIRES S M, SR % 1 B MemRAF wd L 1 137 71 B, MemAck Fiif Data
21 IM_D IR R T BFRIRES S ML S5 R Data
22 IM_Dm  #IHRARE N T, HERIRZE A M, %5 B 505 Data FiR L 75 8 MemAck
23 MM.m  #IIRZS g M. BARIRZS g ML R8RS MemData
24 SM_F IR R S BARIRAE R M, 51555 % 15 B MemRdFwdl
25 SM_Fm IR S, HARIRAS M, S5 4% K08 B MemRdF wd LRI W 137 1 £, MemData
26 MI_m IR R M B FRIRZS Ry T, S50 82 T4 . MemAck
27 MS_SD  HIIRAS gy M. HARIRZS g S 5 7 M U7 e 137 31 8. RspIFwd M A&l Data
28 MS_D BIGEIRA M BFRIRAS y S 5 88 Data
29 MS_S WHERA R M, BFRIRAS R S, SE1F MW 17 7 S RspIFwdM
30 MI_SD WHRIRA Sy M, BARIRAS S T, 55 W W 1 74 2. RsplF wd AR Data
31 MI_D BIEIRZS g ML HARRES oy 1. AR5 Data
32 IS_GD WIRIRZS 9 1 HARIRZS 7 S S R R L GO-S/GO-E A Data
33 IS.G IR R T BARARE R S AR IR R H B GO-S/GO-E
34 IM_GD  PIIRES A T, HARIRES S ML AR5 TH B GO-E/GO-M M Data
35 IM_G FIEEARAS Jy 1o FFRARES g ML SRR IRV 8. GO-E/GO-M
36 SM_G WIRIRAS S s BARIRA S M. AR50 1 75 B GO-M
37 EIG FIRARAS T E s FARAS S T S0 13 31 8, GO-T
38 SI.G WIRRIRA A S BARIRAS A 1, SR W 1 8 GO-1
39 MI_G B EARAS Ty ML FFRARAS T, S5 RE e 01 S8 GO-WritePull




811 WA . TR R GG AE— BUE DMLY 5 TE 2021
R4, &&HmEREFEDDCHFRHNEEES(KRS)
K5 EFHERIEFFDDCHEHNEIHBES(371)
s % FH G &iipu
o RAHDC MEERER , B0 Wi R R &b T E/MCARES M i YOS
1 MemRdSnpData_dev R s
) MemRdSnplny dev ik Sk A HDC 1 B2 FIC A 2R o H 02 A3 A i 3R OO DRI A i i A T M/E/SIRES
) B POIR S S JER T
MemWrSnp _dev iR Ok A HDC WS EH R, B ek 8 S R4 5 405 N7
RspSHitSE _dev MR K H DCC R » 2 BRI A B B A AL F S/E RIS I B, LT RRZh SAIRTE
RspIHitSE _dev MR E DCC AR R » 2 W EE S AR B % A7 AL T S/E RAS I Bl o, ELELEL BEZh TIRES
] RspSFwdM. dev - & 1 DCC i 7, 72 WA JAE B8 G2 A7 D A T MOIRAS I gl b BRE B 9OR SRS R HL
) TR B AL 45 DDC
. RspIFwdM_dev - kA DCC 7 , 28 A e 15 45 B A7 P AL F MCIRAS B Bl i b BE Bl DIRS R HLE
) W EdEYUE 45 DDC
8 MemData_dev WEIRE R A A AR T A 1 A5 i 7
9 MemAck_dev MR R A N AR IR 0 S TR DA R 2 B N AR 2% 2 25 A S S AN
10 GetS _dev iR Ok A DCC MSEdEER . B IR I T S/E RS I Bt b
11 GetM _dev Wk Ok A DCCMEEERE R, B IR F MRS 19 £t
b PutSLast dev ok Sk H DCC [ PutS 2R , MK & I WA im0 o — M A SRS TR, H iR s
) AR LT SARZS I H ARSI e JEAL
13 PutEOwner_dev iR SR A DCCCH owner) 1Y) PutE 5K o B 2RI K A7 DAL T ERES 0 B ARBUE P S Josk
14 PutENonOwner_dev iR 2K A DCCEE owner) ) PutE 382K » B AR R & AP AL T EARZSAY BARE B B R TERL
. PuMOwner dev sk K H DCCCH owner) i PutM i K » H #9245 18 2R 4 7 A MORZS (18 H ARSI B 5 8115 4 Y
) A2 IEHG R F R AEN B bR E Ry Tk
s PuMNonOwner dev sk K H DCCHE owner) [ PutM i 3K » H 124518 K 35 P A2 AL T MRS 18 B bR Bt e iy
) TR MG R F AL owner . I LA TG T FRE G247 P W B IS [MTAE 48 N AR
" MemRdEwdl dev . K H HDC 155 K35 8., 26 U124 i 80 B e ALk A o T, Bodie B mT DL 42 IR 45 46 502 AT
) ok S B AS GR AT WG 1) AL 25 AT AT 5 Jl 3 241
18 MemRdFwdS dev . Sk A HDC (%% %71 8. W24 580 Hede LIRS R S Bis HenT LU 48 R 45 4852 N 77
) e S IR A GR AT » 1 TG 1) B ML 32 AT 5 piaes
19 RspSHitSE _host MR K H DCC A R » B IAE A B AE AL F S/E RIS I g fin . LI ELBRZh SARES
20 RspIHitSE _host MR 3K F DCC R 3 BB HAE A A AL T S/E RIS B gl . LI B ZON TIRES
)l RspSFwdM_host e S H DCC M 1z o 2 W B e 5 £ 2 A7 TP b T MOIRZS B Bl v R BRSOk SRS OF L
) SR PUER 45 DDC
. EA DCC yma R 3R B IAE R & A7 P AL T MORAS I v RO e TIRES R HE
22 RspIFwdM _host M 37 N
H YL 45 DDC
23 GetS _host Wk ok A DCC BB ER . B IR IR F S/EIRZS i B e
24 GetM _host Wk Ok DCC MG ERTER . H 5 R AL T MRS 19 5 He
. SnpData_host - e H HDC WV EE 7R . B A 5 A A T E/ MRS R BIR o8 S, R B4 1754
) B R » WA 250K AR (R 45 4L
26 Snplnv_host iR R A HDC M MWF IR K » H 923 i i A T M/E/S AR B JOIR S B9 R ek 1
27 Data_host MR 2 H DCC A i o7
28 PutS_host iHR K H DCC B PutS R, H B9 R P Aab T SRAS BBt b 8k ok
29 PutE_host Wk R A DCC Y PUtE K » H IG5 R AL T ERAS 19 Bt b g ek
% ut host . kA DCC /Y PutM i 2K 5 B 25 3ok 3 Pk T MRS (0 850 5 11 EHLNAE IR R
- R E BRI Btk 4 ok Tk
31 Gol _host MR >k F HDC 8 GO MR, 4878 T EdEHAE DDC i 8 T DIRES
32 GoS _host MRE & H HDC 8 GO WL, 4878 T HHEHAE DDC i & T SR
33 GoE _host MR 3 F HDC B GO MR, f678 T8 EAE DDC h 8 T ERES
34 GoM _host MR K E HDC 8 GO MR, 4878 T EdEHAE DDC Hh i 8 1 MoARE
) . REHDC 1 GO 5 WritePull 4141 5 , & B EE U 7E DDC w8 T DIRZS , ) Bf 3R [ 5 2
35 GoWritePull host A
i HDC
36 DataFromHDC _host ma Ry o 3 HDC RYEE i
37  ExclusiveDataFromHDC host MLy 3 H HDC B2t 5 55040 i 7




2022 it A

Pl

L
&

Eitd 2026 4F:

B3RS, 5132 1 HYIERA
W qo=head Qe (5)) AN AT E TS . HiE
ML X AR R B g€ Y], - AP TE LI R, 4 g =

head ( Qg (s)) HHU%EPV@,(&)EEJ‘_,}”Uenabled(o V)Xﬁ‘ﬁff
Mo EER JRST o FR O ES AR Se T R B T A
AR T H A A 58 1T B B pre, (s) o8RBT . TR L

( g enabled (o, s))ﬁii B o )i BA B JE 25 WA SR IR R &

AN R SR SR AT RE A (TR AR )
B3R 6. 5[3E 2 HYIERR

W qo= head ( Qi (5)) i K IANIIBNE TH B . FFLERL
R, S 3ME 0, €N e, FHT R4 M pre, (s) L,
enabled(a V)ﬁij 5 pre, (s) AN BT S ) 28 S0 A B AF 15 4%
PERA . PG e R A PR AR e 23 HLI
SERPRE BRI A o R A LE RS s R AT BRIT
JE 5 s~ oo D s 45 pre, (s,) WUSE  ELIZJT 90 oh B A5 80
TEX M RE T2 AARE . Rl 01 o, RS s TIfRE, B
GED ]UER o€ g g OE . #
01€ D, WU HT AR 25 PREIR 2SR A7 6 B RE TSR 3 B A

V'  enabled (o,s) | . BUAEARAT 3R 4RAS s, 2R 0

I BRI Sy 23 {EL % e BA B AR 25

fFRERY

PR 7. 513 3HYIERA
SE R G5 RS Tdle (5)=(Qpen(5) =N Qroa(5) =

N, a: Chec(a) ZINY, a: Chee(a) FD o 5 R GALTAESS I

R —Tdle (), WAFAE FEA A7 P 2% (HCC 5, DCC) X

N @R TCRATH) . IR RN, 245 i 45 1T 57 B &

I E AR — A R KB

TR BIE (U GetS . GetM) , Eﬂl( \4 enabled (o, s) )EEE . Bp

AR AT RIRAS s T, ﬂﬂ%”ﬂf[ﬂﬂ*ﬂ%?’i[y\ﬁﬂi@ﬁ
DA — AT RIS SNVE R RERY
Bk 8. EIE 1 HIERA

AR AT ARARAS 5o th R AT E RS s, BB LU =
P& -

(1)« TSR BRI K28 s Bl Qe (5) 7 O, FRARF 51 R
1 m] % Gi/‘ enabled (o,s) W 57 » I L FH DL/\‘ enabled (o, s)

yUES

BT 5

(2) G 2w 5z BA %) Sk 25 OF B & BB g 25, R
chsp(s)ig/\QFwd(~)¢®7 ﬁ *E *E gl o2 T %ﬂ .
7 V enabled (o, s )AL FIGA \r/v enabled (o, s)NAT

(3) hn 5 e iy BA B O 7S HL i e BB Al R A, DUAR 4
S HE 3] 5 \é enabled (o, s ) AL . RILA \/Zenabled(a,s)

AT

i b oRpT ak .o A OW R . M, s|=

AG| V enabled (o, s) |1EFTA W iBARE s T L7 BIER AN

FEAEFESN .
Bf% 9. TEFE 2 HIIERA

(D AR BT IRAS R 500 XA HoTE @ Je Ab RS
5 j A LU R RBAOT

Cupe(a).stab=1,Cic(a)=1,Cppe(a).stab=1,

Chec(a)=1.

BB FARA RS REUS T3 Aggila)=13F H.
Aé,gw(a)—l I, DirC..(a)5 DirC .. a) 1 s A ST

(2) AL AR B T 5 AR AR 5 X BT AT ik a
Hsg—Breior. B

Ya€ A: Cipe(a).stab=
Aggi(a)N\Cppe(a).stab=Agg..(a )

) HA LI ZIEEE - INREs B EWT

A SRR 5 RS sy B S — et i A

o !
S—>S§ s/

Hudk a 38R . DU s T X B 0 3 2HHE .
RAfRALUE , 1A 0 = GetM (a, i) MHISEFFUERH o
FH *&%LmUESJkKT ﬁ 'ﬁ:cn((( )*Iﬁ]

Civcla). stab=ITM>7. . PWITEE o= GetM (a, i) )5 IR S
Wi R 2 : Cliec(@) = ML YEF i Clioc(a) =LYz Clec(a)=
I. Clipe(a). stab=MCowner=1),3tH. Clpc(a). stab=1.,

R A& REGTE T, Aggi ,(a s) M., XS N Hi
Cliec(a)=M. %4b.Agga(a,s)=LHRY): Clecla)=1
FHH Clipe(a). stab=MCGEFE MRS AW 35 B A R B
A HMD

(4) G538 BT EIRER, Clpc(a) = Aggila, s') i 2
DirC,,.(a ) [Fl B Chpe(a)=Aggu. (a S)J@,%EDir(‘ J(a).
A BIAER 2 A L THIE . I 9E T 45 Vs — DirC (),
B2 B 2 AT
Bt % 10. EIE 3 HIIUERR

(D) GEuE—:, BRI E L o 15 WCount (a, 5) >
1, DA DAR PR -

@: Fi# k: Ciiec(@) =M Cfec(a) =M;

@: iz Ciec(a)=MNCppe(a). stab=M.,

H1E B 2 (1 H 5t — 3tk DirC (s) 71T, Cupe(a). stab =
Agginla,s)o MR Case 1L W Aggy(a, s) =M, HEE
PREICE SLEER MG B 2 A — D MRS P G . 2R
Case 2 i3 » W Cype(a). stab=M, It B A &H I HE 4
CPU; [A] B Cope(a). stab=M. fH R & ok B0E X, 4
Cope(a). stab=M HIAA # 3k DDC B, Agg.(a. s) i h
BT S, 5 Cipe(a). stab=MFJ& . HURBA ST, B
WCount(a,s)<1.

Q) EEHFR., WH WCount(a,s)=1.0 Cype(a). stab=
M Crpe(a). stab=M. BI5GB, LIS F] EA 247
TPRE R SCEMREEE R RS it RCount (a, s)=0. 405



84 PRI SR R G EAT—EE M IR A5 E 2023

RCount(a, s)=1. W Agg,..(a,s)=S 2 Agg..(a,s)=S. &
Cune(a). stab#M
H.Cppela). stab 7 M, Bl WCount (a, s) =0,
i FRriR . i1 DirC (s)—>VYa: SWMR (a,s). #E—#£H,
AG(Ya€ A: SWMR (a,s) ) 3T .
PSR 11. EIE 4 BYIERR
(1) AAEE LATF
Datalnv(s )=
Ya€ A: (3! w: IWriter (w, a,s)Ndata(w, a,s)= Vi),
\/(ﬁElw: IsWriter (w, a, .s‘)/\(Mem(a)Z 'v,m,)>,
/\( Vr: IsReader (r, a,s)—>data(r,a,s)= v,,,,m) ,

NV, + data(as)=vu).

St IsWriter (w0, a, s ATRAL col A7 F ) LML 0 O
—HHCRENM) . LReader (r, a, s) Fnd 4 r &1l a (352
Hoo D) TR

R — R R A — 1S E R
FLAENAE s ZRITA S (SARBOFA B E 2 1% mor
{8 5 = AT SR 2SI I BB J2 1% RoBT (

(AN EERD LR LGRS 5o BHIE TS 2, T 133 (D) 8L
I 5 WA —E0, Datalno (o) BOT .

LI Ren—-Gang, Ph. D., professor-
level senior engineer. His research
interests include computer architecture

design and artificial intelligence.

YAN Rui-Dong, Ph. D., senior engineer. His research

interests include computer architecture design and the
optimization algorithms of the distributed training system.
GUO Zhen-Hua, Ph. D.,

engineer. His main research interest includes computer

professor—level senior

architecture design.

Background

In recent years, deep learning applications, particularly in
natural language processing and computer vision, have achieved
remarkable progress. The dramatic expansion of data scales and
model complexity has led to an exponential growth in
computational demands. Against this backdrop, heterogeneous
computing systems have gradually emerged as the mainstream

computing architecture, owing to their efficiency in collaborative
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computing and favorable scalability. However, the integration of
diverse heterogeneous computing units and memory components
in such systems has given rise to the “memory wall” effect. To
address this challenge, researchers from both academia and
industry have conducted extensive studies on the design and
verification of cache coherence protocols, achieving incremental

breakthroughs. Existing hierarchical protocol conversion and
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translation frameworks employ logically complex proxy caches or
translators to construct various novel composite coherence
Nevertheless, involve frequent

protocols. these protocols

operations such as message parsing, decision-making, and
transformation, thereby increasing the complexity of protocol
design and verification while introducing additional performance
overhead. Their scalability and compatibility are considerably
constrained.

Specifically, heterogeneous computing systems face the
following three technical challenges:

(D

Heterogeneous computing units are equipped with their own

Challenges in cache coherence protocol design.
spectfic cache coherence protocols, and their divergent communication
paradigms exacerbate the complexity of protocol design. For
instance, the classic MESI protocol employs an invalidation
mechanism initiated by readers and writers to enforce the Single-
Writer-Multiple-Reader (SWMR) invariant. This mechanism is
suitable for CPUs but not for GPUs.

(2) Challenges in directory controller design. As system
scale continues to expand, data interaction among heterogeneous
computing units becomes increasingly frequent, leading to a
growth in shared cache information. Consequently, employing a
directory structure to maintain coherence has become an inevitable
choice. However, divergent protocols result in differing internal
directory structures and stored contents across computing units,

which in turn leads to variations in the processing flows of

coherence requests and responses.

(3) Challenges in cache coherence protocol verification.
Factors such as the increasing scale of systems, the diversity of
coherence protocols, and the complexity of interconnection
networks pose significant challenges to verifying the correctness
and completeness of these protocols.

To address the aforementioned challenges, this paper
proposes a cache coherence maintenance method for heterogeneous
computing systems based on a unified state representation, which
comprises two key components: protocol design and formal
verification. The former supports efficient memory access among
heterogeneous computing units: reducing latency and bandwidth
overhead; the latter employs a symbolic theorem proving approach
to theoretically verify critical properties such as deadlock—freedom
of the system state machine and the SWMR invariant. To

evaluate the effectiveness of the proposed protocol, we
implemented it in the gem5 simulator and tested its transaction
coverage and latency performance under various memory access
paths. Furthermore, comparative experiments were conducted on
multiple SPLASH-2 benchmark datasets. Experimental results
demonstrate that the proposed protocol can effectively support
data access among heterogeneous computing units, with its
runtime performance differing from that of the classic MESI
protocol by only 2% to 4%.
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