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Abstract With the development of Internet of things, cloud computing and Internet public opinion
analysis, big data applications are growing into the critical workloads in current data center. Directory
cache is used to guarantee cache coherence in chip multi-processor, which is massively deployed in data
centers. Previous researches proposed all kinds of innovation to improve the utilization of directory
cache capacity and scalability, making it more suitable for high-performance computing. Big data
workloads are timing sensitive, which is not satisfied by previous works. To meet the requirement of
big data workloads, master-salve directory is a novel directory cache design, which can optimize the
path of memory instruction. In the novel directory cache design, master directory picks up private
data accesses and provides services for them to reduce miss-latency, and slave directory provides cache
coherence for shared memory space to improve the utilization of cache capacity and the scalability of
chip multi-processor. Our experiment benchmark is CloudSuite-vl. 0, running on Simics + GEMS
simulator. Compared with sparse directory with 2 X capacity, the experimental results show that
master-slave directory can reduce hardware overhead by 24. 39%, and reduce miss-latency by 28. 45%,
and improve IPC by 3. 5%. Compared with in-cache directory, the results show that master-slave
directory sacrifices 5. 14 % miss-latency and 1. 1% IPC, but reduces hardware overhead by 42.59%.
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Fig. 1 Memory hierarchy of baseline system.

Bl 1 SRR G f )R DOR B

1.2 HEREREHE5HEERKIEIT
1.2.1 Fivi H 45

SCHRLO Jie P82t T i H 45 4. Wi H 02
HLA A N7 Z8000 B 23 0] 0 b A7 A DX, o aT i
B SECR AR RGBS TR e B kR
Z B& A AR5, B H SR AT R 3 A0l
P2 AR AL M S B AS ) . =i, A 28 Bl T R A

A ZEAT I A i R S R oA 1T SR B ) — Bk
A LT RIS ) 8 R0 5% 2 A7 BOHE B A A Ak BE R
B Z B o A B0 T 2 A5 b AR G A A
AR R A AE AU ¥ SRR IR B H SR A5 M BT
@, i L2 A B S N S Ab B AR AL A A
SRR AAA AT K W o s AR S5 44 A7 4T
ik o B, B R H SR S AA AT BB NX B,
RN XW L 2 AR B, SR T L 34 245 4 8 1 4L A K
JE v A PR IR L DR SE B B R SR AE TR R T8
IR AR B BRI A7 A o, A 2 X W, S 2H A
HRE5H .2 X N X B N ZAFAT.
2.2 H H 5080 Vs n) 8

M S 45 R 15 1 A R4 60 HCHE 7 ) AE R
a2 . s Bl 7R 124 R L AF A A RO R
ZA IR 5 T L S 45 R 1 152 R 1 0 1 TR R

Core < Core
3) @ Read request.
L1-I$ |L1k -D$ L1-I$ |L1k-D$ ® Forward request to LLC.
® LLC replies to requestor.
® @ 24 @ Forward request to L1
which includes shared copy.
LLC ® Direotory © L1 replies to requestor.

Fig. 2 Data path of read operation in sparse directory.
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Fig. 3 Data path of accessing private memory space.
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K5 FHAFHLE

T 2 A7 fith S AR ASE 2 v, B ASE B X LA I )
DXL A B, A2 BN H & Bt o T
DX 73 L B AN R AR SO T R TR B 1 3
5 BAE R 7305 1 - RIVAE— 7 04 B 1] 31 161 P9 o 2
s A Pe2 A Ak PRLERAZ I W AT DA 0 i K 3l e i
[ 77 1713 Bl Y AL 1) 5 75 U R i R g3t =2

A5 T I 1) 7 100 B 3 5 5 FA A B8 30 3 7 vk
HL AR S I SRS R S N 8] 6 itz B (a] 2
1524 I I 1) i A tE AR R e A7 T 4 » 31 B
TR B GAT g 1k 08— Bl WL iy i i) DX 3 e R

A HNZ B TE Z AR A G A AR TE BIA s AT 2
I8 Y BB A A P iR 2 A — D RIA.

T Ah AR A R R ke A RS VT R] L Y R R AE
S AR RIS I T IS Mkl AR S E] BT L O R X R KK
PRSI RAA RS, RGP R AT Xk A W57
Fr AT R4 i B A7 AT 45 RN ) 57 11 9 3 2R
3. I TA) 77 11 30 FBLIA & 68 A0 AT 85080 9 55 R A1 o
F ) — A Ak B g A2 1 1 45 1 A 2 B0 5080 A AR
A R LR B B R AR S 2 O M Y RS
Xt LA BOHE AT B AR HL R T7 5 R s )12 43
4 b B A8 A% AN ) 5 R B IR 25 A O L R
Xt I R AT B A el e Rz BRI H
TR L B B O O AL A IR

Enter Time Window
LLC Miss

@
Private Shared @
State State
LLC Replacement ®

Exit Time Window

@ Read hit in LLC, and the requestor is different from the one last time.

® Write hit in LLC or directory cache replacement.

® Read hit in LLC and the requestor is the same as the one last time,
or write hit.

@ Read hitin LLC.

Fig. 6 State transition model in a timing window.
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LR S0 8 SR 5 6 F a0 B S S R A R A L &R
etk e 5 Vs 0] Bl 2R SE IR 25 T VPG T3 A H SRS
D7 oy MR R AN H S R B S S AR SR R E
MH SRR LY.
3.1 XLBEE

ARSI T Simicst'? + GEMSH 1 4H 4 52 5
E AT B AL PE AL L, Simices & XU 2\ (Wind
River) JF & I 4 R G B4 A% . o] DLBEHLH B S
) SPARC F 5| &b B 2% . I RE 98 J5 3h) Solaris #24F &
4i. GEMS J& i jE =% K 2% (Wisconsin) F & [ B J§
RS, X SR AF 454 L R b R 4% DA Ry — B0 P s 45 1 £
TV ) AR

SHEET GEMS #7120 4% Ab AR (4 i 5 4
R BRI R A B R G5 R AE I AR A B IR
B4 RGBSR E UL Oracle # UltraSPARC T1 4b
HZE Ry w25 S T SOBE P T 2R B
(EPFL) % o] § &2 &b B £ (scale-out processor) fy #If
GRS A AEE M W 9 BT R . R G S H0 B
1R F1LH,0.25X,0.5X,1 X5 2X45FE

A I y
T oo
Memory Controller

L2$ | L2$ | L2$ | L2 | L2§$ | L2$ | L2$ [ L2$

LI$|L1S|L1$|L1$|L1$| L1S|L1S|L1$

\Co Ci| C| C| Cs| Cs| Cs C7/

Fig. 9 Architecture of chip multi-processor.

B9 AbBRES K LHLLLE R

|
v \
Memory Controller

Table 1 Parameters of System Configuration

x1 RGERESH

Modules Configurations
Processor 16 cores.
C SPARC instruction set, in-order-core, cache line
“ore

64 B.

. Private, 32 KB, 2-way set-association,2-cycle
L.1-Cache
access latency.

LLC Shared, 6 MB, 12-way set-association, 8-cycle
- access latency.
According to L1 capacity, the capacity of
. . directory cache is divided into four categories:
Directory Cache ~ _
0.25X, 0.5X, 1X, 2X, 5-cycle access

latency, 4-way set-association.
Cache Coherence Two-level MESI protocol, silent replacement.
Network Crossbar, out-of-order, 4-cycle link latency.

Memory 100-cycle access latency.

780,25 45%.0.5 M 1A 2 A, P BB T 16
AR FR A B A B LA 45 32 KB AL L1
Bl (36520 B A7, T A1 Ak PR 2R A2 4 13k = 6 MB
KRG GAT B B I R GG AT 70 4 Al Bk
(R 4 AR FRER R BE — D76 5O A F Z [
RSSO AR, A5 T5 IR SE 38 J7 T, L1 2y 2 A
BRI L2 O 8 ANl . SR GEAF 5 A I
JE 393 2 SUTF 5 S 4 A B 38, YA L 4 Ol 100
EMERZOEE R

A S 56 P A7 P ) 00 s e Sy R B Hhs P R
1% CloudSuite-vl. 0" iZ Ml 4R 2 1% SR HE T
e A VAl 5 B b O IR 55 4 BT T A 608 B
FRLFAE A N3k 2 BTk, CloudSuite W 1 4 10 2 7
K A B 2 B T T S i R S e A4
I ] 1 A S A ABL IR (8] L AR S8 R T 23 Be il
WO A 09 75 34 5 Ol BE 09 AT 1 7 20 83 A B
B 1) AR ST DN REBLALL 1 AC 5 AE 4 s 2 I P B 1
fCAAR 4 BT EAFRE S 13 GEit 1AL A48 41
PATER A Z U R 19 25 R B (AR O R &1
RGAT .

Table 2 Benchmark Cloudsuite-v1. 0
% 2 Cloudsuite-vl. 0 Uit 72 &

Programs Characters

Data serving application. The program is a No-
. SQL database implementation with Apache
Cassandra . . ) .

Cassandra. It simulates a 15GB database servicing

multiple clients.

Web searching application. The program simulates
Nutch the process of setting up Web index and searching
based on Apache Nutch.

Map-reducing application. The program uses
Classification Bayesian algorithm to set up label for 4. 5GB Web
pages from Wiki.

. . Media streaming application. The program
Streaming . . . .
simulates the server provide video for clients.

. Software testing application. The program
Cloud9 . . .
simulates the symbolic execution in Cloud9.

3.2 HEHFH

B RGE A N AL ZAFAT T E N L
TR S B AR C s (4R )
A A AL BEER  IE ER RO Cuc R R G AT
WK R G2 4 B R AEATERE A Biie = Cuie/L BT L1
GAFWMEAEATE RN Bu = (Crip +Cui) X NJL.

TEZAT N H RGBT b, R A= 2
RGGAT AR AR5 A 508 Bre X
Entry, cache vie- 36 H s Entryn, cone vie 8 — T 1) H 5%
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TR LR ARGERE T Entryn casen: — 18 b,
H SR AT 7 216 KB.

TERG G H sk G5 Bt O 1 b A 4 A IR o
KMBIA M2 I FE L 5, O BFE AR R 8
A Ao S AR B SR Bk — B 04 2% A7 A7 R T DL kE 4 [
— AT H NI TT I vh 58 JEH Mt H Sk 1 A7 4T
Bom WPl L1 A AT B 25Kk, al DR [R]— 22
R Ui A w5080 /N B 5 BT LN Ak 3 B
ARSORYEHG o H SR R A7 AT 5 L1 ZAr AT B i 1%
BOCR M BLH R T 0.25X,0.5X,1X 5
203X 4 BB I3 5 TS LA B B T 8. 2 L
R, #imi H R A=A N RX B, X Entryspurseic -
HA R W H i B ZAFAT S L1 A7 47 1 L Bl 5
Entrysyen: FUARAE SRR [ 7 50 3 #0 4
B AER 1 TR RGEBCE T Entryspen: 246 b.

Table 3  Capacity of Directory Cache in Different

Configurations

R3 FARALFGXETHEREFRE KB

Directory Capacity of Directory Cache
Cache Design 0.25X  0.5X 1X 2X
In-Cache Directory 216 216 216 216
Sparse Directory 20.5 41 82 164
Master 60 60 60 60
Master-Slave

Slave 8 16 32 64

Directory
Total 68 76 92 124

EENHAFEAAEM P, SR EZEAFN
FSREH 5 E H A A i 1 8 R R G A7 AT
FPRCE AR AR AT A XN Bue X Entrysae i »
Hrh Entryyeeen: =1b N+1. 3 1 fin i &2
BT Entrysmaen:=5b, F HEREZ &N 60 KB.
N sg R A BRAL bR 25 1 7 i H S 454 7E A8 (8] 1Y)
EEOCRT N H SR BB RX By X Entrysien »
Horb Entr ysae v A BRAZ B3R 25 L 225 A 0] 5 500K
&3 HRATHITER 1 PR B RSB E T A RO bR
AR PER 0 Entrysiven: = 18 by AN A BC & N 1
H sk G Ar ik 3 s,

WEgE AR d5 L e H S AE 2 X i 6 &
AT LK H SR 2 475 B0 M RE 40 FE 5 i 7R AR Y K
L AR 2K OC &R Ll 3 3 AT RLA N E
A HA BARRRE R TT 48 . 7R 52 TR A9 250 F Al
FEINTE 2X OISR T A A B sk 258 Bt i
RESHL.

3.3 HEHEER

W51 E BTk B U 1) SE 3R 2 A T 1] R A5
FRECE O M S EL AR T XS LT 3 R E SRk
T8 4 1) ~F- 22 55 U7 1) 28 3R 5 85 KA U7 [R) 3R

K10 J@os THE 2X I BIOC R T S AE N H ok,
M H s LA B N H SR A7 1Y L1 277 B2k 1 F- 3
Vilal &R . NE 10 AT LLFE Y 47 N B S F 3 48R
FEEH /0N s Wi H 5 09 7 B 8008 17 1) 228 38 f5 K, 184
T A6.94 Y0 By HEIR TR A L X4 AR B Rl T
IO = RN IR &yl A DN A S T
IR AR SCHRE R A 32 N H S 92 A7 DA B /DN B R 4 5
WA T 5ERANH R R PR U ER. 5
ZAENE M, ENEHREAFBERIEINT 5. 14%
AR B 7 T A 3R, {FLJR: B AIR T 42, 59 Y0 1 B 44 I 445 5
5Hei H A, N H SRR AR A UL 24. 39 %
) B 4 8 o TR B R ARG T 28, 45 %6 1 B0 5 1) FE R

160
| O In-Cache Directory
O Sparse Directory
120 I @ Master-Slave Directory
80

Average Access-Latency of
L1-Cache Miss/cycles

“{ b £

Cassandra  Nutch Streaming Classification Cloud9  Average

Program

Fig. 10 Average miss-latency of LL1-cache with 2X

capacity of directory cache.
10 7E 2XILBISCRT L1 G247 Bk 2% 9~ X B30 5 1)
FE R

T 10 H L JE 73 1 A 1 2 508 7 1) S 38 7
30~65 />t i ) = 1) o i 2 - Cloud9 - ¥ %%
ViR AR i T 100 AW p R . X R S T
Cloud9 #9 LLC 5 Ak 4 i i Al Y HiAlL 4 280
FAH LLC Bd R 7E 20 AR L1 Cloud9 Yy LLC
Bk R T 80%.

IR B H SR AT T T RO 5 O R
Vi) SE R B 4 b L AR SN B SR BAF IS N T
SR DL B S B B AR R, B BUCEE  H SR G A A i
A B0 T B 8080 17 1) SE R S8R T8 11 Jg 7R T AR 22X
NP ¥ RE N N E VDS N E RS
Y L1 22 A7 sk 2% 1 dg KRB VT A1 SE IR . AR 11 W] LA
B2 N H RGAT B e RS DU 2 T) 38 38 5 K
Oy G AE N S R F SR 2.3 A5 1.8 AL i
THIRE BT U5 A7 8 R AR, R N H sk Ar
SE R ANTE 5 A TG S IR 2 RS Y R
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o
o

O In-Cache Directory
2.5 O Sparse Directory
2.0 @ Master-Slave Directory

1.5

il dd_d

Cassandra  Nutch  Streaming Classification Cloud9  Average

1073 xMaximum Access-Latency
of L1-Cache Miss/cycles

Program
Fig. 11 Maxmium miss-latency of L1-cache with 2 X

capacity of directory cache.
11 78 2X LIS R T L1 G A7 B 2k ) 4 K B4l 1 )
HiEIR

UNTEL 11 BT 7« 7 i R B 15 18] SE 3R 5 AT . 3 il
ATV H i S5 R B TR A [ (4 0 AR 7 2 1) Jgg 3 1
A TR B9 728 A A 5 e RSB 7 1) 3 GR 24 Sy - 2 K
U5 [A) B JL A7 AT AR e R 30 7 1) 42 38 2 v
PN IE BN R F AT O S A A B 3L [
PR ZE 2R N e A A [R) 9 2 2 1) SR B 1 AN )
728 A HLAE

X Ak B A A% 22 8] ) e R R 5 ) G i 155
PR G T BN H SR E TN R
PR R] A TG 1 e SR 15 0 T R B s ) 4 BHL
FEIFI] IR T Fe RAE B0 T B0 9 28 1 2 L & Bl R0
WANIOE: €/ iRVl B FUSINDN

AR TN H SR S5 R L B U BT 4 B30 7 1) SiE
BB TR GG A7 D[] i v ) R D ) 2
FAAT B S R BRI 8000, Il 12 FiT 7R, [ i
TN 57 S5 R B - 35 K508 U5 ) 38 38 )N

LAl

Cassandra  Nutch

80 [

60 [

40

Ratio of Different Sharing Patterns /%

Streaming Classification Cloud9 Average

Program

M Private Read & Write Shared Write ™ Shared Read

Fig. 12 Different sharing patterns of hit accessings in

LLC.
P12 LLC iy v if A 7 26 215 7] 4 L 441

3.4 EFHITHRE
12X WA IO R TR 18] 13 Jd i 507 i b

JEIEA 9 B9 AT 38 4 %X (instruction per cycle, TPC)
XPH T 3 A H SR S5 BT AR ST AN [F) N Y
AE. Q& 13 FroR  LE AT T A I 0 AR e b L R A7 N
H 45 IR T i 19 TPC A, 2 X 25 4 (10 B
H S 250 1 U5 S IR B0 TPC B, 16 3047 1 2 5
Cassandra,Classification 55 Cloud9 i}, £ M H F 2%
AN E R —RBIS T HE&SH IPCE; fEHAT
B A )7 Nutch 5 Streaming i, M H A7 45
UG TR T 247N B sk iy TPC {A.

1.00 —
0.95 O In-Cache Directory —
: _ O Sparse Directory
0.90 F @ Master-Slave —
Directory
0.85
&)
£ 0.80
0.75 |
0.70
0.65 [
0. 60
Cassandra  Nutch Streaming Classification Cloud9  Average
Program
Fig. 13 IPC of programs with 2 X capacity of directory

cache.
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193 7 i i TPCAE  H 2 F A R 4 K H 2
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5 2 X e e AR s H S AR e AU T
24. 39 Yo R R HR T T 3. 5 20 R A T RE.
3.5 NEBRNBENHEESF

B 14 XF e T ASE Y HAE 4 B Ee 56 R A
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Fig. 14 Replacement ratio under different directory

cache capacity.
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(a) L1-cache miss ratio under different directory cache designs
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(b) IPC under different directory cache designs
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