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Abstract Large-scale CC-NUMA system usually employs two-tier architecture to reduce the overhead
of cache coherence and enhance the performance of system. In a two-tier system, various processors
and a coherence chip are located in an intra-clump cache coherency domain, and various coherence
chips are interconnected by a system interconnection network so as to form an inter-clump cache
coherency domain. Since every processor occupies at least one processor ID number in the cache
coherency domain, and the number of processor ID numbers that can be distinguished by every
processor is limited, CC-NUMA system expands the scale only by increasing the number of clumps,
not by increasing the scale of clump. This leads to the over-large number of clumps and complicated
topology structure in a multi-processor system, thereby increasing the bandwidth and latency of cross-
clump memory access. To solve this problem, we propose a new method to construct multi-processor
system, called MPD, in which a clump has multiple parallel cache coherency domains. This method
solves the problem of limited clump scale brought about by limited number of processor supportable
by a processor in a domain. Compared with traditional CC-NUMA system, MPD system not only
significantly reduces the system topological complexity, but also effectively improves the system
performance. Theoretical analysis and simulation results show: compared with 32-way CC-NUMA
system, MPD system constructed by same processors can achieve 75% reduction in the number of
nodes, more than 40% savings in consistency directory storage, 27. 9% average reduction in access

latency and about 14. 4% improvement in system performance.

Key words CC-NUMA (cache coherence non-uniform memory access) system; two-tier architecture;

multiple parallel cache coherency domain (MPD); coherence chip (CC); system scalability

H OE AMBESZREAHR MY 4 A4 35 9 (cache coherence non-uniform memory access, CC-
NUMA) 2 i@ % R A BR — MR FT ik kBRE A — BBy T4 R R4k BA— &k
BMALT SAREEEIE BREEA BB AN LHE, BRESA —HHEB. Kw, 2R TL
HEAERNEAEETAMN DK ZAANLLE ENBEATR, FANBEAYT R R RIRE I md 55
R FEIAAFRKAARL CCNUMA R Guay 28 500 2 E F & & LIF, 354 50 PR ST AmaE iR & B3 K% e

Wi EHHE.2016-03-11;1&E HHA:2016-05-25

EE TR 6 R\ =70 SR & Rk & 51 H (2013AA011701)
This work was supported by the National High Technology Research and Development Program of China (863 Program)
(2013AA011701).

B 1EH . R HEfE (zhaoyaqian@inspur. com)



776

HENMR S kB 2017, 54(40)

TARARABENAEKXT R MPD A48 ELSAMBESANAITES —HBRR. ZRTAEEAER

5T 5] ID o xF 3 25 S AAL B TR B AR 45 K08 v 45 535 R 30 5 4 B 0 35 P AL h 45 5 A e,
FIHRGBEOARYT R BN EREREAN . RARNRALEEN 2R AE P . EEN 1A
AT A — R MPD 22 TERLEEHKBRY 5% —H%HB ZHEMFHT H 400k L F35

Pl 3t R AR Y 27. 9% L A G AR AR AR I 28 14. 4%,

¥4 CC-NUMA A4 ;A — MG AT F -8R — "R RY A AATY BB

hEESES TP303

GEAf— B b 2 5 ) e 2R A7 — B AR )
174 )i [7] (cache coherence non-uniform memory
access, CC-NUMA) & %t 1 BB 1) ¢ 5 [ 2% 5 01 19
CC-NUMA Z 4i Hr, b B 8% %5 i 5 /0, 45 4k 3L 25 (6]
HIEEH®E, RGR B9 — SO 1 B ATl 2 &R
Gitkre s oK. (A B E RGP I R — P B
F G0 Ak PR L% 2 R OR B e  TH B A R PE AR
F 51 % () 4 2% BHL 9K SIE 3R B R 8ROk, 98 A — BhE 4k
AR, EE RGeS Y R Hk.,
S I LL By CC-NUMA % 4t 38 & % F P % — B i
BT A7 — B dE D T B L B 2 A A PR
A AR IR RS R — B B, 24 45 05 %
N R GG I UG ) — SOV S, P 2 — S0Pk 1]
(A IR IS 2 8 38 3ok — o P [ 08S | (coherence chip,
COVSEI %y 1 A — SO 2t b 45 7 S 2 B 1l
TE Jay F8 DX 38 DA 3 B — B0PE I B 1Y 2 SR AB 4 L kR T
B — BRI B R G BT A A A A L s A B R
Vilal Bk 20 80 £ | 4T BHZE A8 R 20 1 K A M
R T 2R Gt B AR B AT R

32 BT 4 P A% B 3% BE 7 AL 3R A AT RO Y
ID %, CC-NUMA F %t JUr fig #4) & (1 B 245 3 AR A
B, R G i HORE i Aok 3 hn g B H R . (H 2
S5 B H MRS N2 5 80— B0k B SR A T A BT
5 45 35 U7 1) Bk 25 B0ORN S8 3R 3G K | R 48 AR G 12 g —
AR . HXF LR R, 4 EHT CC-NUMA R4

R E SRS R AN B AR RS B A B
- £ 371 318 I A 7 d I S Py
U DA S ok 2> — B0 T4

SR s 3R Ak Ty 12k 0 S 3 3k 9 /0 5 435 i Vi (1)
1R T) 2 ek 20 SF- 34 177 [R) 98GR L X R G P S5 A I
A OAR VAT G I 5 U ) B AR Rk A B X%
B R, A SCHR T — Fo AT AT G TG 4 A P A B
B CC-NUMA % 4t Z I AT GE A7 — Bk B
(multiple parallel cache coherency domain, MPD).
%R G0 AR A5 N R 2 AT S A — B Ok
PR G SSORAT (i AN 1557 FR T Ak 3 4% 3% e
FAL RS TR ID £, AT 2> R G 45 B e
b R G TN 4 5 [n) I A8 Rk 20 85, T B 2D
RGO Vi I G R L [RIE) . B T 45 RN 2 A fF—
HVEBZ BEIFAT R R LA — B RS
h e [E A S RN — B i DL 5L g8 CC-
NUMA R4 L, MPD & 4t Jf 4 38 Jin 2% 17 — 8ok
B ZE 9.

1 AL —EHMEE CC-NUMA Z4%

R G AT G2 i 15 TR) AR AR G A7 — B 4
PITE . CC-NUMA £ 583l K 22 A7 55 I & 70 o
2 > —E PR [R] A5 S8 T 9 B2 A7 — BOPE B UK 4%
— AT — B A L R 1R AN A £ 5

Clump, Clump, Clump -y Clump
v ¥ v ¥ v v ¥ ¥
] cc, ] cc, T ] CCya | ] CCy T
Interconnection Network
Fig. 1 CC-NUMA system with multiple clumps

Bl 1 %458 CC-NUMA &%



PRk R 4% . MPD. 45 5 B A 24 I T A — St CC-NUMA R4 777

B CC-NUMA R4, 405 45 55 N — S0 B 45 5 )
— B0 R ) T 2 2B AT — P 4.
) ZE SN —Etk. o MBS 1 A~—EE

P R)ES e B R S R — PR A R AR
R A AR AR ) 1 92 A — B0k

2) &5 g R — B . M A S5 0 i — v IR
O HL A% AR S R ) — B L 4 R RSN A
45 w8 1 G A7 — Bk

W — S R g, — Bk U R v T4
PP G — B DRI B e R AE B %00 ol AL
L3 A B (remote proxy, RP) il A< #1183 (local
proxy, LP) M4k 3§,

1) RP. 25 5 —Bvk B W08 R (9 32 o 9 A7 AR B
A7 275 it b 1k 5080 A A i 5 A5 P Ak B2 A — SOk R
A5 WEHEAS 1l A 38 25 6T 37 o b ik 1) 8 K L AT 5 AR b AR
PR S v 4 i3 — B PMRLE B ) LP BTk AT (s,

2) LP. 25 g — MU R0 e (4 st 9 A7 AR
it A 4t bl 1) A0 A A S 24 8 — B AR
A W98 7 v 235 s 6 A M b ik R SR, AT S AR AR H
SR S v S — B U RS i RP BT ATl {5 .

Wi 5 H SRR A —BMEAE B0 2 Fh b3 Ty
L BT B AT R 22, BT LA, CC-NUMA
ARG R MNEET B # WA — B . 45 5 — 3
PEVRRLE I 8 A7 — BhE H il 3¢ T & G AR AT I —
FHHR A (State) | I =51 % (Share List) F1 5 AR
P4 # (Owner) . 4% 22 47 8048 b 1k (09 A 8] 43 531 i
RP 5 LP Hou4E 5 5.

RP H A7t 130 s B0 72 A< 45 50 1) — Zopk AR
BIEE, HmnE 2 Fis

State | | Share _]T_ISI | Owner
I {CPU,}
{(CPU,}
{CPU}

Fig. 2 RP directory entry in CC-NUMA system
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Fig. 4 MPD system with multiple clumps
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Table 1 Comparison of Power and Cost Among

Different Systems
x1 AEREZDESHER L

Item CC-NUMA MPD1  MPD2
Capability of Glueless Connection 8-way 4-way  2-way
Price of CPU/(10° X USD) 2.5 2 1.5
Power of CPU/W 130 115 100
Number of CCDs in Each Clump 1 2 4
Total Power/kW 4.16 3.68 3.2
Total Cost/(10% X USD) 81 65 49
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Table 2 Parameters of System Configuration

x2 RESYEE

Ttem Value
Number of CPUs 16,32,64
Number of Cores 32,64
Number of CCDs in Each Clump 1,2,4,8

Cache Coherence Protocol Two-tier MESI

Frequency of CPU/ GHz 1
CPU Model Timing
Memory Size/GB®Y 1
Size of Cache Line 64
Set Associativity in 1.1 Cache 4
Set Associativity in 1.2 Cache 8
L1 Cache Size/KB 32(D+64(D)
L2 Cache Size/KB 256
Topology of Network 2D mesh
Ratio of Access Latency 1:3:7

Table 3 Benchmark SPLASH2 and PARSEC
* 3 it & SPLASH2 5 PARSEC

Benchmark Problem Size
1024 X 1024 matrix
LU
16 X16 blocks
OCEAN_1
. . 258 X258
(Non_continuous Partitions)
SPLLASH2
OCEAN_2 258% 258
(Continuous Partitions) ? 7
16 384 particles,
BARNES _ particies
time-step is 0. 025
256 queries,
ferret .
34973 images
S 4 frames,
PARSEC bodytrack rames

4000 particles

blackscholes 65536 options
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Fig. 11 Comparison of the access ratio among different 32-way systems
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Fig. 12 Comparison of the average access latency among different 32-way systems
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Fig. 13 Comparison of CPI among different 32-way systems
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Fig. 14 Comparison of CPI among 8 clumps 32-way systems built by different processors
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