W2 1M it A HL =5 Eire Vol. 32 No. 1
2009 4F 1 A CHINESE JOURNAL OF COMPUTERS Jan. 2009

BRAEEN SR ERAEHR
%% K B AAW HEE RS

(P EBEBE B ARBIS A dbat 100190)

OE AT S T BRI Ak R T R A A R L R U A ) AL 24 T Ak R R
B ik — 25 R J . AR load-to-use SiEIR 2§ oy AL B U5 A7 1 AR B DG B L 70 A 2% PR S 1 DL R L B9 D A58
7 98 AR load-to-use HE IR 1) foe A R AR » AHLI Y 58 T8 WR 35 39 0 77 7 30 B 1) 6 7 22 0 O 2% BE B 2 3
A B D RE. SCHP Y DA SE R T O BT R I BT AT B9 U5 A R L IR R T 98 U A TR K R Y BETE R G AL 2 ) 2 B R
VIAEAT 9 B9 B JF AR 4 0k 86 WL 2 o8 w8 1Y 9 U5 17 D K R IR A2 2% 2 AR S GR IR T B AR e 7 8. SC R B AR
KRR T w53 8 V5 A7 K L BT B AR 1 S B B A% 1) I A8 FDDIFE B T4 = Godsonx AL HR 48 9 5 fr i 1. 78
Ak 325 A AT BRI 1. 70 B BL T R U A7 K R A SRR T AL PR Y R IR PERE P I HR A T 8. 64,

KW ®WIE VIR B %A TLB
hEESES TP302 DOI 5. 10.3724/SP. J. 1016. 2009. 00142

High-Bandwidth Memory Accessing Pipeline of General Purpose Processor
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(Institute of Computing Technology . Chinese Academy of Sciences, Beijing 100190)

Abstract  There is a near-exponential increase in processor speed and memory capacity. Howev-
er, memory latencies have not improved as dramatically, and access times are increasingly limit-
ing system performance. Low load-to-use latency is a key to approach high memory performance,
and increasing the bandwidth of memory pipeline always works. But high bandwidth brings more
complexity and needs more power. The authors’ work was based on the analysis of the applica-
tions, and intend to find the head room of the performance of the memory pipeline. The authors
find some useful characters of memory operations was found and give an optimized design of high
bandwidth memory pipeline, which has low complexity, low latency and low power. The deci-
sions are used to instruct the design Godsonx processor, although the bandwidth of memory ac-
cess is doubled and the performance is increased by 8. 6%, the extra area is only 1. 7% of the

original design.
Keywords high bandwidth; memory pipeline; cache; TLB

26 J6 2 JFOR 9 — . DG AT Ak IR R 3 D5 AT
JER VLR AF 5 A% R K. AL 1986 4F ] 2000
A Qb B L A AR R 5504 T A A b i T

R B IR S R (ol B g Y 3 AR K Y AR 3 A AN 1000, i I3 Al gl 52 4 55 7T 0 Ak
A7 VAL 1 H AT A 4 (DRAMD (9 U5 A7 i (B 40 e BRRR 5577 i A LA Lcod A 1 8 b iy 22 B A W7 384

1 5]

i3

Wk H 3 - 2006-11-27 5 fe 25 SR WC R H W :2008-07-17. ARG 2 [E 5K B AR P4 34 (60736012) ([ 8 Ju-b =" 1 5 Sk il BF 52 4 e L
R H FE 42 (2005CB321600) BE B). 3% i .25 . 1980 4R AL ik, ESERF 7 1) N R R S50 B I 2% 330 %y 45 E-mail: zhanghao@ict.
ac.en. W 5. 55,1979 AFA L BE AR L BE TS 1) A RO AT IR R 454 S b B G SCBN. Sk, 3, 1981 AR AR T BT ST A L BIE ST 1)
A ERg B A R G RO TR FTEAAZ AL B E Ao A, I SEE . 55 . 1981 4R 4 T L BF S A P58 O Wl 46 O v P RETE B LI
R BTSN ERE . H 1979 A L BIOESE 51 BF 5T )2 s P AR T SRR 2 S it A BE AR R R 254



1 4 K AR AL B Y

TR P VA I K 2R B 5 143

T TR GEAS M SR A OE BT BEL B PR BE AR T Y
CNAERETULOH 25 IR 1Y U A7 o B IR IE TE AR R
5006 A0 3 28 B A O S0, ™ R £ 1 A 3 R R Y
ik —2P K.

FEAIK load-to-use ZER & 2 & 4k B 2% U5 77 1
[ e, S 22 A7 Cache G AR T E X —
[ 0 3 A A6 T A B T I K R RN A i =2 T 1
X R R AL B 4 AT DLTE R 2 8016 o0 1 3t e H
VTR AL B T TR PERE  IESE T N A )
. HHETLFFrA /Y 3 38 FH Ak 21 8% #0078 i K £
WEEEEAAEE I H SRS B WAER
ST AT K G A A S5 R E N DL T BG I £E
T I AT T S PR AR load-to-use FEIR 1Y B A B2
EL3E ity T 2R 4 G0 U A T8 B Y 2 A Ok L O
H U f738 B% ) RAM AR #0242 A0 1. X 28
SR b B3 n A 2 BN U5 A B 1Y) I A AN FE.

A SCHY TTAE SE T 43 B FR e 1A 08 U5 77 R
PR Rl S8 U AT /K 26 0 BT E AR Ak 2 ). 38 3t 43
BT G5 R P DS AEAT O 0 R P S O AR 8 ok 26 R A
PR 25 H 5 U DT AE T K AR A A% 3 IR AE R IR 2
FE 1 Rl SE VT AE R U 7 B8 AR SO TAE R KAk T
[ R VAR T K 2 B BT s BEAIR T G B B A 1Y B A
I #E, ¥ T158 % Godsonx b P8 28 () 17 77 % 3T
(Godsonx &3 F Godson-2" #3119 X86 AbFHHL),
AR AR & A 58 Ui AE BT a s AR R RS I SE O 1
(A7 T K 4R AR B35 1 8 R T FR A 1 1. 7%
AbFRES T B HERE AR & T 8. 624,

A SCE JE A A S8 VAT K 26 B A S iR
SRIG A 4 BB 3 i 45 i Cache \ TLB #9141k
WS VR T ek S B R REAR T L g5 fe 04 S AR
1«? 7k

SN .

2 HEXHR

Aib 328 T X R Y BEOROZ JC AR BE Y L 4 4R
A BIFATHE R B R AR 245 1k i R B ARG R G
SO 48 A FEATETT & 0 Sl R X i B AR R 4
PEREM ZoR ML MIF P RAH =2 —14E
LRV 2 B W LU ERES X T 4 RS
R o A B O 5 B A ST 4 g A1) A L 2% 7 A R
VE R RE 7 2 205 14 T SRR A 5 5K 78 A 245 v R
A S Ui AE T K AR L2 X ZE SRR 2
gi; F ) Cache. Cache i T3 7K £k 1 G 5 B% 42 b JF
HIB A 2 WA 058 — Fh & 1k 19 22 85 1

Cache, [A] B 3% J& % Cache 7 55 F K.

H T, 20 1 Cache M TT 7 ik EEA 4 FpH
L4 1% 52 2% (¥ FRAE £ 3t 11 Cache 43 B )7 [9] (1) 22 3
F Cache, Z iy & il 19 835 11 Cache ZH 5 1) 2 I
Cache DL M2k H 2 1K 3¢ U3 W& 1) 2 % 0 Cache.
DEC Alpha 21264 & H 19243} 235 11 Cache %3t
AR, Cache 1 T4 451 38 I oAb 32 7K 0531 2% (1)
5 FE KA — 41 P9 AT LA 5 e Ak 3 2% U A7 45
P o A I S 30 Ry T ) 28R . B o A 3L 8 500 ) A W
$E 1 SRAM 28 1k Uit 7K 2 1) 428 1) 0% B 8 A2 3X
FhoEms O i k. DEC Alpha 211647 % FI ) /2
Z Ay & H) 1 B 11 Cache 2H 19 22 35 10 Cache, fifi
FATGAS N 25 58 42 A ) /Y B o 11 Cache S8 1 X3 H
Cache. MIPS R10000 R I T XU ) DCache ™. P
A [7) B A 3R 1) 7 A B A a0 29008 I AS (] 8 44 %o T
OB 18 AN B2 R4 1 U A7 R A 3T, X A SR g ) LA
P R U7 A 5T AT M A R R S H 0 2R U5 A
AR I AS A7 000 AR ) 1R o 580 ™ R ) 1
TERYPERE. BRI £ 0 11 Cache BT H AR A H
B s 2RSS SUH AR AT AR o LA AN W B2 8 4 98 4 2
FEAT R A G BE J 3 » H AT 3 I A9 Ak 2R 2 0 ) T
SR FH R e

TE F2 U 04 b B g 1) BT v PR S B A R A
TLB(Translation Look aside Buffer) {f k15 758 43
A A 0 B A+ J2 T 7K 2 v AS AT SR A — R0y
T AR VIAFIER L F IR AL PR — ks Cache fil TLB
T AR [R) A T 7K 9% o R FH R ik &R 51 Y Cache, U5 £
B AERIIF 5] Cache A1 TLB0, BF DL 4 98 149 15
FET KRBT AL 2 X TLB [ i A 5 .

W& 22 i 1 TLB 78 96 2 a8 FH 40 385 v i i
H 13 7 B B U7 AF U 7K i 2R 14 KE S Ml ik A 5 T 0 A5
EINES 3 R ETWNAPIR Ry i AR - &
Z i 11 TLB Bt el . SCR16 145 1 1 —Fib
LO TLB pyBcitsms 84> Lo TLB HAy —5i, # H]
L VIAFERAE I T SR ERE L AT FRL A TLB 4544 7] LA
[Fi) i Ak 5 22 A U5 A7 45 4 19 ] S 3t il e 48, SR (17
AT AL B, SCIRLI8 TP A 41 T selec-
tive filter-bank TLB, fifi A JL ™% /N 19 28w X 3 4b
R ZHM Ui, LR TLB A 4ER. Yeager
Kenneth /it 7 55 —FF TLB %54, TLB H i —Til
P IUAS % SE 1 T 23 F S X A s i S8 g A0 MIPS b
HEAE A, Interleaved TLB i ] 1. 7% 45 ¥4 , R 4
AN [R] B i hE ¥ 22 A~ fiE 52 b b B 6 9 SR 4 BE B 2 A4

bank!"’,



144 it "

Hl

2y e 2009 4

Cache  TLB &8 F 4k B %5 U5 77 i K £ e
B I PSR F 33X S8 R 9 BT B4 B W U5 A7
KRR BE » Ja T2 70 5 A SRS S 1 B i
Vi VAT T K B AL BEAT BT 5T

3 RWIRIERE

A SCHIBFSE TAE L Godsonx B 284 R F 4.
Godsonx f&—3K 4 K4 1) br it X86 AL ¥R, N
X86 45 4 fE i = 25 #) 5 f 4 X86 R IR £
ek Fof 50 H0 10 7 75 2 B N AR A7 i, O B 2 5% i
R AR R 52 K X 26 5 80 X86 Ab HHL R 1) 1 A7 45
VEAE R % 4£ L Godsonx Y JF 8H BE T D5 774 98
L I LA Al e B U A7 8 X Godsonx R 1
o L

Godsonx & 8 #§ J& #& F Godson2 5 #] #% 52 8L
M e R A2 IS EN LR R ES R
BLADLES PR A0 B0 T 30 S Ah B 2% Y T A 45 R 4
AILLEB RTL AU i S B 5 A, R LAHT
Godsonx 4L &5 1) T 4H i .

% 1 Godsonx &I SR B B

ae A 2ASE AR 2 AIF R 2 AU LR
VI 2379173 12 %

i 17 BA 3 Store 16 T, Load 12 I

Reorder Buffer 32 1

e n 16 5 ALU, 16 i i} {7

TLB DTLB 64 5, ITLB 32 Ji

154 Cache 32KB, 8-way. 32Byte/line

¥4 Cache 64KB, 4-way. 32Byte/line

A b L2 Cache 512K, 4way, 32byte/line

ViffIE IR L1: l-cycle, L2: 6-cycle, Memory: 100-cycle

A ] SPEC CPU 2000 2 ¥ A Jy 43 #r %
%. SPEC CPU 2000 J& Ik i CPU 1 R 1) 4% v
IR P 20 A (BRI Ay 2 A A A PR R RE Y —
ANARUEH AR ST A B AE | T R B R T
GodsonX ) RTL {15, fii A Synopsys fJ Design
Compiler(2006. 06 for amd64) {4 5¢ Ji%.

4 BFERIFRKEHMRL

AR IR T LI gk 3 5 A U 7K 2R 4 B BE R T B
T Qb B8 g X T 05 A7 BB A R L (H — DR 38 5 A7
UL 7K 2R 4 58 S8 I AN RE fo 15 40 P45 9 1 7B £ 4 1 .
XFF— A 4 S 1 b AR BRLAS L 72 DCache K/
oy 32Kbytes BTE AL T S INER 2 AV A7 3 11 AT LK

Ab B PR RS- X 4 R 25 0. REEEHG i 1 JF R g
153 B AR L A PERESR TH L 582 3 ASFNEE 4 A 1 2
BB A FEL 25 1) M B 43 04 R 4 00 R 1060
4.1 FEHZiHO Cache &t

Ry T BRAR R AT A Y 3 T 2 AR SRS Y 2 i
[ Cache, AT T fi% Cache FF W3 Vit 4T N
MR, FEA T b FAT 40 0 1 AR ¥ U5 AR AT R
B TE MR ER S T RATR B IR T AT
A7 BAF L F5 32 58 10 2 AR . A BT I A % b HE 28 Y

PR 7= A B B R .
4.1.1 % %F Cache WVTFEAT NEFE 20 ¥

FEIF B AT 1 48 4 K 2 3806 J2 Vi 17 48
S EBEW XE S mE 1 iR, T SPEC
CPU2000 J M FE FE » Vif7 98 4 18 B4R 58 i 16 4
AR K — 4. R B, e AL R AR TR Tz R
2 % S EL R T K 4R R B SR R £ 05 11 Cache

Bt

S

A=
]

=l
]
]
]
I

c oS L3R ELES
164.gzip F————"
[T T 1
[T T T 1
[T T T 1
I

meminst/allinst/%

A e L T T
ST BEXSSYETITOL $2 44T
CEEwQEuO‘*"‘*QﬂC“ﬁmﬁEUNWE‘
S 5SS T EEE YESSS 83 EEE
N A B e gl auasocscsT E RS
- 74 9 SIT—- ST g~ 0= 22 T 2o
— o~ I o~ B DB — E >
> = LES SIS oI ED 2
Z g TgmesTs EzfTas
a3 < x
T B A B A -
Bl1 o Ui 48 2 748 2 7 51 e i i 19 L 4

M 2 7] LU s load #l store #4F [8] /Y Lt 1]
S H A [ A2 1) 5 load #2AE 19 80 H KA /& store #21E
MRS . A% I8 Cache BB B TE B0 . 55 2% store #21E
TS E MY A] Cache, 55 1 IR & At
52 WA EHIEB8E F A Cache, i & &% load #:4E

[0 Committed store uops 2 Committed load uops]|

100
=X
~
7z SOHHHHHHHAHHHHHHHHHAHHHHHHH
5
5 gol LA H B FEE I HF R R
S
= | I L H
% 40 HH1 HAHHAAHHA A HEH
= M M M
E H
520 AR HAAHH =izl
17
0
QL e Q= v < PEEENZE] o
=8 umgxa'—wg.—giv;_xawﬂm%—fﬁ
SHELCERSEEHEEYNSSEEEE T
s . 7 = D =1 ]
S g2 2L EEER 2 CEZE S S
TS xae e S S i gmfES SR xo
< = AN S ER A XT S T0 0= Em
- B 00X — o
— Pl %) — —~ — —
[fe] o — — o
N — N

Bl 2 $84 75 load 454 Fl store $§ 4 i e 441]



1 4 K AR AL B Y

TR P VA I K 2R B 5 145

HHATE i n] — K Cache. L. F AT 0T LS H 45
it s store FEAE Vi ] Cache B IR BT load #:4E i
[7] Cache A UCEL.
4.1.2 fa i) £ 56 0 Cache 451

DCache & I Z 1R S50 , 4540 15 PR AR Ui A7 1R AE
() BN 37 15 & 3K P 2% U7 A7 #2/E 0] LU flE load il store fT:
B G AHHT B2 X P A% U AE B A AS R X R AH R Y
A 3K — 2 U A A BRI 1)

PR Sy St i e P BB AL 388 R FH B B A B R 7 2L
Z i Cache, 3 H KT 2 #9 Cache i HEUF A fE
R W A PERE 4R T FRATHE 40 A Y A AR
¥ 11 34 Cache. B T load 1 store i [A] Cache K
Br—rEZ, B4k i X 0 Cache 4% AW load #l store
3Tk Ak B % Cache $2 8L P AN 35 1, — S8 load
] — Ak store ffi ], load F store £ H ffi i H
& Y Cache ¥ 10 AT, Load Fll store k£
A LSQ b, B4 W] i) 2 Bt — 2% load Fl— 4% store.

L tag RAM  Multi data RAM bank
‘*: | | | | |way0
1 tag RAM 7I\/Iulti dataﬁRAM bﬂ(
L |
] L e L L | |wayl
1 tag RAM 7Mu1ti da@AM bﬂ(
R
1 | | | | |wayn
Store| |Load
index' 'index

Load, first time store

K 3 45 T fifk S 0 Cache BT AO40 7. 24
store NG A Z A P MeH 1 Ik Vila] Cache i, HAF
Tag SRAM #§ 1Ji [7] , F A 15 ] Data SRAM; A )2
2 store A ECHE T 25 2 Vi lA] Cache I, HA
Data SRAM %% ijj [a]. Load # 1k [a] i} 3/ 8] Tag
SRAM #1 Data SRAM. F 7R F i M 4 Tag
SRAM I 35 I /) 2 1 Data SRAM 4 5 W % 11
Cache, [a] i 4b #f — 4% load Fil— 4% store. {13 1L.SQ
HP I R 38 A Y 0 — 2% load FI— %5 1 WU
[5] Cache ffy store, 33X W 45 B AE AT LA 43 3 9 K 3% 31 45
H 1) Cache %t [T 5 415 — 2% load F1— 2556 2 Wi [a)
Cache 1y store [A] I} 8 LSQ 3% Hv , JJ 2 250 A6 ] 2 75
KA TR MGE s WUR R R R 5E L store SO L A0 2R
WA R AR D TE 33 W Z5 B AEATY SR WT LA 43 ) K %
#%& A 1 Cache i . T4 ol 2 #6500 (%) 22 48 67 T
WEEHZ G X EWRE B ek — 4% load fil— 2%
store, SR J5 FI W7 2 15 A A= 1A pj 28

1tag RAM  Multi data RAM bank

0 878 C

Multi data RAM bank

way 0

way 1

B BrEE

Multi (1&1I£ZAM baik

way n

o -

Load, second time store

Store| |Load
index' 'index

B 3 ik Y B 1 Cache

4.1.3  LSQ #EFEZ i iy il i

XFF LSQ kit i T 43 i 3 B — 2% load il —
% store, A] LU 143 25 1) Load BRI 1 store BAFI HX
G — 1) LSQ, X i LSQ 19 & It %k % % %5 1% 15
b, 35X — s AT LN LSQ 3E #5832 1 18R A k.
F 24T LSQ MBI 0 AR X L A A R bR
T LSQ 3 £ 32 45 09 4E 3R DL KSR A7 4k R 11
Cache %115 LSQ & FZ MM IEIR. LSQ H & — i
HBALEE 64 1 A EE 64 7 Hu ik DL K KT 20 £ Y
HoAth Az 5 B LSQ ¥EFE BB A B ZE M 1. 24ns T
R 1. 03ns, /0 T 16. 9%. LSQ i F ifii K £k #1956
gt b B LARE AR LSQ MY i ZE AF 4 2, R
LSQ — 1 JE 3R J& i /K 26 4% G b fc K 1 L 7 FARL

DU AL AR (4R AT LLAR 3] 20. 4 00 i $R T,

R 2 LSQRHEFEERILIR

LSQ i #%:Z8 # FER 1 6] /ns
JR IR B 1.24
fii L1531 1.03

4.2 HBEmOR TLB i&it

FEARTT R JRATT T S B 0] 2B X A — A [ . Ry AT
AL S8 VA T K 26 b a] DL B 11 TLB R MR
RZuH TLB? K ATE & X 75 B Ui f£ 17 N # 47
GIHT s T A7 7K 2k v & B B 1Y) R BE 25 R T U AF
70 W R A . 3 3 3K S A3 A R DAAIE B E = i B U
TEFK L PR F s 11 TLB 25 & UifE 47 0 e



146 it "

Hl

AL
-

i 2009 4F

TR R A A 480 B e o 1 TLB B KAt fe
BoAR.
4.2.1  FFXF TLB W UAAT AL A

B e B U A7 AT O 0 BT T SR PR O A
Godsonx B ML 25 PRI 1 G814 454 BT 19 42 17 1)
PR AR 4 Fros. ] RUAR B8 & Y . U5 77 52
VEAE T — PR A ARG B SR i 0 1 AC AR i 2k
AT 452 P33 — A T BT 1] 60700 U, He b i
YRR A U BT 13242 L B2 AR
J ¥ 24 A4 DU IR 1R) 98577 K.

< 100000—— —
= 90000 L
& 80000 H H n =
K 70000— HHH—H
< 60000 HHH—H -
$ 50000— HH M H 1
T 40000 HHHFH HH
R 30000 HHH—H HH
2 20000 H i H 1 H H H
E 10000W nininininln HH
& Oaaytkgﬂx%*“:ﬁg—s:;ﬁ“:”59‘7:61*4'7
§ERES PQERESSE iRl wSEEES T
PSR EEGSE I EREEEYEETS S EESEES
< REC S ERTT eSS RavER T R et ERd
© ==X g = S N R I R R =S
— =N SOSEENENR SSgF ST
8 < N}
B4 BT 3BT A TR K

BRI DR B DA AT O AT AR G 1) DT )
R L AELE 2 1 1 A7 48 VR 7 51 5 S B I 1 T
ik, 5 25 T X I — 1 OO TR A BT 2 R
PR AERE R R L 1 2575 17) [R] — 5T 84 15 47 B4 19
BH on KT8 MO0 T B U5 A7 48 A5 05 U5 A7 R AF
B 400 A

[0 n>=8 ®m4<n<8 pl<n—4]

100

N ieininizinizisisizizizizizizizinizizizisinizizinls
8OHHHHHHHHHHHHHHHHHHHHHHHHHH
7o HHHHHHHHHHHAHHHHHHHHHHHHHHH
g60’******4******************‘
s R EEEEEE R
B L0
30HHHHHHHHHHHHHHHHHHHHHHHHHHH
i ieininizinisisisisinisinininininisinisinininin s s
WHAHAAAHAAHAAAAAAAAAAAAAAAAA A
0:.‘3-4:)~—-;>\L<:,_*<2«><c\]‘-0”’u:3~~~mo',;Z'U,_m:"
SEg S EglociEE RS G52 EEsaLd
M>Mg§§méuéségég%57& ggggég\,

il b} > o= Nl

jsh 2 @

5 FRFPIUR I 3 25 15 R 58 — BT A 3

FeATar LA B 6 A i B ok ] R B A
6 i AR A B A R S R )

unsigned char array_src[4096] _attribute__((aligned(4096)));
unsigned char array_dst[4096] _attribute__((aligned(4096)));

for (int i=0; 1<<4096; i+-+) {
array_dst[i]=array_src[i];

}

6 Bl ST R B

Unsigned char 48 25 % i) K /N A 1Byte, I 51
LA H AR B AR A 4096 DITER  K/NER S 4KByte,
1 BUI R /Ay 4KByte B LT 3 P4 E 2 #6 2
A TAT 3 B 55 1 (_attribute__ ((aligned (4096)))),
JIT AT AN B2 23 990 20 ST o 408 PR S S [ A T 7 A2
il i 3t B v AR RIS b PR A B2 X o '
AR BCHE e S E U 18) » Hy T A O o A [ Y DT
T SO SV [ AR R SO R Ui A RAE AT 1A
R ULTERZH S ny e B b o G 20 10 B AT LA
H 2 PF A EAT R 2R R I OL AL » B T A7 A7 A S RO R
il s X R SLAT SR AFTE.

SR o 3X Bl O AE L PhAT 10 8 AR B AL B 48
KA T AL, TR bR AL B AR T A AT LSQ,
FF1E ROB Z 5%t Vs A7 £ A1 b 47 4 240 12, &
ZHE LR U K 6 B U5 A7 48 2 #0E LSQ b i 4 —
RIS B R VW R B ST NG R U DNE R - IR
RAGA L IEATIEALP) , LSQ Ay 75 o 1 AH R 15 K, 7T
LR s 447 22 25 U7 A7 48 AF . 49 1, Godson2E fy LSQ
£ 16 Wi, AMD Opteron /) LSQ £ 36 i, IBM
1 Powerd [ LSQ 4 64 15",

AH L TEFR e U b 356 B 22 A 17 ) AH [] D2 THT Y i
SEVTAF AR AR LSQ Hh e 45 224> Xof 1o AH [R] 5L 1T 119 77
FRAEM A SR 2. T 4 KA VT IR K 58
JEO 2 R b i AL B R, X T A O 24 U
LSQ. 7 H b A 2 T WAl K5 55 1 19 U A 4 A
o DA H B BIL 328 350 A U5 A7 B A S DUk 7 A R A X
(] — T TET A AR 38 AN T 7 PO s 33X A 48 236 X B g
FE7 R LR R I 95 %0 . - ¥ 3k ) 96. 300, A X
AR DA SR W E i T X — R .

96.60
96.40 -
96.20
= 96.00
- 95.80
£ 95.60
95.40
95.20
95.00

gzip
vpr L
gCC
mef
crafty[
parser
eonf
perlbmk
gap
vortex [
bzip2F
twollF
wupwise
swimf
mgridf
appluf
mesa -
galgel
artf
equakef
facereck
ammp
lucasf
fma3dF
sixtrack [
apsi

[ 7 75 LSQ H Rl AL 5 1 P A U5 A7 AT
X 07 A T BT THT £ A 5

SEPLZ v 1 TLB X i 4 98 U A7 it 7K 48 2 b L
(187 o (L2 — oA b 8 01 7 77 9 K 2 1) B 188 5 AN g 1 4k 1
AT AR S R P3G s SR P L T /K 1 v P R 1
P fe Ab ¥R T 2 2w 0 TLB(H A0 2w D42 T 2,
HRREAS 2B M BB T, IR FE B T ok 1T e



144 S

T 4« 0 T Ak T 0% ) 85 T 9 U5 A I K R T 5T 147

Hh L FRATTHE I 5 B A BOAE A Y TLB %3
4.2.2 fESH M H TLB #1)

TEAT A 1 HE S b Rk % 4 3 s 22 Jin AR T
T AL G A 11 TLB 1 4544 A5z 54 . 5 A%
i) TLB A5G — A~ Bt 11/ CAM #1145 g 1
1) RAM. W& 8 Fir 7. 753X B 25 44 v, B3 A I 5
W de 2 A BRPTAS T AE AR AE L X P A Vi AR B A PT D) 2
B R R B 45 R 11 load Al store #RAE AL A
XA VAEERAE 62 T CAM Z i LSQ i 1
BBk L AR CAM 83X 9 A4S 15 A7 384 I 47 Ui
7] o 38 3 4% [ Y 6 00 Bk A 1) CAM, 15 21 5 4~ A
MR 51 AR Ja AR5 X AR 51 43 51 %5 7 4~ RAM i
AT U5 0] 45 204 B O R Py 3 bk, X P4~ RAM Y
WA T2 —8 .76 &% TLB it , TLB [F3H
R T 1 K S Bk W OC R W BB AT RAM
FR AR RS2 B A IE S RAM (1 P 28 I 220 4 45—
XL PR bR — Rl R T 2 R ok S8 B 2 e 1
RAM [ 5 0. ph ot ] 41, CAM B9 352 31 11 4 451 2 5
A AR g 1 T E A

| LsQ |

Selecting logic
Virtual
address 1

Virtual
address 2

) Dual-poted CAM .
To virtually To virtually
addressed cache addressed cache
index 1 index 2
Single-poted Single-poted
RAM 1 RAM 2
Physical Physical
address 1 address 2

B 8 &gy Xm0 TLB it

R L GE 1 X0 1T TLB B3+ 52 B0 MR 2, OF By
rh R R L JE AT 22 Y A TR 1 B 1 TLB ke s
£ TLB A 455 TLB #4& (bank) w7,
A3 52 23 5 Sf ) 6 T B OF A L X O IR BT
(4 S B A, AL 0 1 TLB Ay 4% 3843 1 AR 43 7
9 JIr 7R FEAS B0 5 2245 1 T, R B Al o A5
AL /> TLB Ay i BURN35 77 5% B A% 1 1 2E R .
4.2.3  FI R DT Ry FRA U8/ T AR

T A 6 5 S 1 TLB [ AR 43 B vl
WRFLATH — A i #sg 11 CAM A — 4> 33 1
RAM £ i B s g TLB SR B i a8 vt H
TLB, TLB /1A AT DLk K 9 20, #R 45 3 — s A]
PAXT LSQ Y & 5 16 £ 2 55 E 4T 18 04 2 721 2 &

Control
logic, 19%

Single-ported
RAMI, 26%

Dual-ported
CAM, 29%

Single-ported
RAMZ2, 26%

B9 JEAR X A TLB B v iy 25 5 43 1 AR L 41

S % 1 U A 8 A 3o BV S X A [ O T 0 4
AE S A FH 3 7 45 1 R AT 38— A 114 B 400 0 1 5 X
Uit 1 TLB EA7 K 2R . 15 2 i 9 22 00T 5 Bk 3 75 4> 1
AR L Sk B th 2w 1 TLB f 3T B g, 3
gER A 10 B, |11 45 T sk e B XS 1
TLB 1) 5 41 BB 43 11 1 R 43 A

| £5Q
Low bits of
virtual address 1

4—{ Modified selecting logic

Low bits of
virtual address 2

Shared virtual
page number

\ 4
’ Single-ported CAM

To virtually
addressed cache

To virtually
addressed cache

Single-ported
RAM

Shared physical
page number

K10 s e TLB Bt

Single-ported
RAM, 26%

Reduced area,
53%
Single-ported
CAM, 13%

Control logic,
8%
B11 B O TLB 9436 43 1 LU i

LSQ My £ 32 %5 M T A il 2 K 5 45 140 1 U7 A
2 v 5 9 A 10 A ()R UL DT TR A A4 L 8 X
— 7] 4 5 LT B CAM R 4T 2 A AS 22, M
AR E T Ui RAM & 51, 8% )5 X A~ & 5
M RAM H R H 3 > U5 A7 #4E S8 19 4 38 D0 1
S AL E I LSQ A Ve 52 B TR K AU T S 1
F CAM (1 [a] B P A4S 7 A7 45 A 04 R 400 3 1k 1) 5 7y
P # [] B a6t 37 0] B4 Cache. By T R 55 00



148 it "

Hl

2y e 2009 4

THT 114 2 i 0 A2 A T 300 AL 6F 55+ B 40 Bk 1) BT D i B
AN RAM s BUE] (9 4 #1001 5 PF 42 19 B &5 Ui 17
e (SPOPAIE7/BLIE: i

AT bR Tk AT R A B S H Ry TLB
W T a8 0 TLB AU & m 7 LSQ &
SR R 32 0 B 0% BE LR R AG Y X 1 TLB & it
L LSQ 1 & 5 ok 532 8 A5 22 AT A ks 2 R 5 4%
PE DT A7 B4R vh 26 AT R AN S T8 1Y LSQ & 5 ik
P8 58 v BN T X VA7 5T R R 36O T V5 A %
BB AR B IE IR . B RS TLB A R > T 53 %,
Bl 11 .
4.2.4 ) FH BE B B R s R AIK AL 3R

AR R S B > T TLB i 1E AR H
LSQ & 5 BB L AH LU R IR 9 AR R A 2%
LSQ B iy ZE3R M 1. 03ns N F| 1. 24ns, W3R 3
iR, 530 LSQ B E 38 38 () J R R 56 2 Ui AF
PR R IR PR T 18 0 5R 1 DUTEERAE R A
2 DUIFRAE R U BT 26 1 A U A7 45 7E A W] 1
FESATUIE 5 B 12 25 1 T X Fh LSQ & 4 vE #3245
FOTE AN 45 F o T X B A 5 A7 B R G ok B L AF
FEARH . 3 B0 LSQ 1 138 45 K, 1 LSQ 4% 2k il &
VA7 T 7K 28 11 S B % A%, 3 6 Ak B2 1) 32 05 A AR

AN

Low bits of
virtual address 1
Co

~Low bits of
virtual address 2| [g
<

¢Shared virtual

page number

12 BHUG B LSQ % %2

®3 B LSQAHFBEHME

LSQ#&it % HEIR B A] /ns
&l 8 ik it 1.03
& 12 et 1.26
13 Wik it 1.04
\ LSQ |
Low bits of & A Low bits of

Select ti)e second | |virtual address 1
Se > se g

virtual address 2
< memory access

Select the first
rnemOry access|

Virtual pjge
number (1

Virtual page 4
number 2

Matching logick———— .
Stall operati

Shared virtual
vy page number

K13 fefe)a ) LSQ ik i2 H

n2

h T REAR LSQ & B 58 AR, FATR
FET KR SR FEAT T 3 — 2D R4k ek A Ak i 4R
2 T TED X R Y I U AR AT O AT WS T AR B 50
RPAE LSQ v B Bk 45 R N 0l e K 9 4% 14 1 1 A7 45
A 33 PR A B A X 1 A [R] R 00 0T T A A R AR L
TR B, LSQ ¥k % AT LLKE L R R
SR VTR P e A SRR RS 1 A
FEBRAERIE RS 2 > U A7 3 A 22 TRD 0% M58 48 11 %
AT DL ST Mk e

HARAE LSQ H Bl ALk H 1) 5 A 3l 2 & I 2% 1
8 U7 A7 B A ) IO A [) T T ) MR 3R AR R A 3 ) i
AN [) TR R AT BE R AR A AE. S TR R BT I S AR
PELTE LSQ AN ST 1 & G BE B B 2 ) L 36
T UL TH 5 VC BC 2 L X A DG D B T B T A B
1877 745 A X8 IO 19 400 T TR 5 0 SR A [ D) e ] £
R A0 U TS % B B 10 T LB K6 2 AR B A4 By 2 T
1455 W] MV BGIE 55 2 S Ui AE 44 AL 358
1 ANVIFEBRAE XA B BO 1 Ui AR VE I SR 7E 1LSQ.
A LA LSQ 1 & 49 3 £ 3% 45 F R L. £E LSQ
R RS FA VI BAEA Z LT R HA
— AU FEERAE B R O 2 £ 08 i L D T TS D G
BT 1 AU ERAE R A S TR AT
AT AL 3. LSQ & 5 16 532 i 0F — 20 Bleatk J5 1 45 44
g 13 k.

M 13 i n] DL Y, 7 DCC 2 85X A U5 A 4
VE B R 40 0018 5 R A7 X6 LU B TR B 28 1 A U A R AR
(14 K 51 0T T 5 e A O R A U A7 B A S A L
A7 5 26 ) HE R b BT LA LSQ A5 S50 Hh A FE R AT
RS 1 D UIAERAE R I, X 5 516 1 LSQ 1
oL [l B AR B T A B IF R S 1 LSQ & 4t ik 5 3% 4
fEEIR L HNEE 3 .

WAt R B AR A BT LR R IR 1
TPRRW AT TLB L, If H LSQ &k 4 it £ :%
B HE R IRV A I R R A R R R
ATTR TR R P U5 AEAT 2 00 43 B o BV AE 19 Bl i A8 25
HH 52 A BRSO MR AR 8 T ORBRATIT e X A
X Ak 3 1 R 1 5 )

5 HROW

WHERT S I Godsonx PiAFE /K LS5/ tn | 14,
Bl 15 PR,



T 4« 0 T Ak T 0% ) 85 T 9 U5 A I K R T 5T 149

11 ik
Issue bus
AGU
Q
a <—ﬁ LSQ ‘
5 E e —"
3 | 1B | | DCache |
3 v v
i TagCmp ‘
: e
Lower Memory Level Result bus

eg. .2 Cache or out-chip

K 14 BaERTH Godsonx Vi fF i /K £k

Issue bus

*—l—V

Q

B

5 > LSQ

%Z *—2|0p—V

5 ’ TLB ‘ ’ DCache ‘
g i 2op i 20p
ii 4—{ TagCmp ‘

'

Lower Memory Level Result bus
eg. 1.2 Cache or out-chip 2 op: 1 store op and 1 load op

15
B R ERGERKENEREE
BT I B TR AR A BRI AE R A B U A
T [ 7L B | T 1S 0 R B S A 2 R iR A
Vi 38 B AR S5 A2 58, O SR AT AT A B 8
H Cache # 1t fUAH Tag SRAM A 22k AT X H %
FHIT R T A 5 4 Cache 48 A3 43 T FLAY Data
SRAM HIJ5 4K J& B vty F1 1Y 5 BT LA #E A~ DCache 1) 1
AR A AN K. B T AT S Godson2 ib B 5 A 17 A
XFLCANEL 16 BT 7 . AT LA 38 U A7 8 # A T
Jei o AR 1 T AR A A B R AR A (& 16).

k5 B Godsonx P77 7K £k

5.1

SRt i RIS
Fetch Fetch
11% 11%
Rege ROQ Rege.ROQ
8% 8%
Fi Scache : Scache
7 uy 13
Float Float
11% 11%
Memory Memory
19% 20%

DAL T i 2% A5 e ) T AR O3 A1

& 16

TER ST TERE Ty 2 VTR K Ze b, TLB 588 5%
FHH0 523 A LSQ 3 hn 1 WA Ui AR AR 1Y
Hb b UC C 32 45, OF B AT W O S R R A E A
T AH.

B TR X H Tag RAM DL s 5851 A
(45 1) 12 58, i Cache 343 14 T B D 4 1) B2 0 11
VAR T 6%, MXFF &G TEEE R 1 KL 1
WA REZ G AR E R A L7
.

5.2 HEMBERBERKAKEZNERREA

iz PR T B 40 BT L 7E LSQ AR B ST b e T —
% load Fll— 2% store AJ g R EUA WS, LI R,
XA BLAR A B A vh 5 g B an & 17 B R P
Y85 2k A3 10000 41 4. 5 K.

T~ 14
Rang —
=12
(=3
S 10
=
c 8 —
6 —
;LS
<
@_
.
GO .
S S S EEFEEEEIRELEEEEREE
S PELEPerEE IS8 E5EE S
#ﬁﬂ'iﬁ%ﬁgeavzeg%& ZgEZE 2
BN ENS IR NS T ST 278
0 PR S R o P~ 3
S 0 — - — —
Lo ey — — <o
[N] = N
N b 2 5 322
Bl 17 3E$E— 4% load Fll— 4% store B {4 i G M 4

[Fi] 7% 5 v 7 5 VA7 T 7K S AH L s BOAR FRATT 87 Ak
T LSQ k2 i A PR AR R IR R I A 2
. /18 451 T SPEC CPU2000 7 %
faj A X F Cache 52k A% Ge 58T 2 AR B 9 X
F Cache i) TPC Xt 1 . FATTA] LA 3] TPC 1) 742 fk
A . REAFEF I TPC BEARAR 2 0. 5%, 73
TR 0.3%.

oWl L L L LT L
— — — ) e
w FESEFEEE DTS S S ESEE <
< — = 35 2 e %n g o ows og g o=

>~ o 0 B oo 5 S ¥R oy = K
C =R 808 g atw " 2835 E3
— & S EE N D b B XD 4

o oo T~ — © oo = 9 o

e = — — oS

[aN] — [N}

o L e = L -
Bl 18 ikl e & it e B IPC A5 4k



150 02 M S VI R - ¢ 2009 4
e ME VT A MR S PR RE R BN IR 19 FioR, R K [5] Hu Wei-Wu, Zhang Fu-Xin, Li Zu-Song. Microarchitecture
bﬂ%ﬁﬁﬁ*ﬁ . B?ﬁ*%’? H/J‘ﬁ ﬁﬁﬁjﬁ Eﬁ i%—% 1PC of the Godson-2 processor. Journal of Computer Science and
(U ’ M )| GIK)
—TF‘i/;J%%%T 8. 6%,;&:*%%[@]@ galgcl %%T 11 7%’ Technology, 2005, 20(2):243-249
owec ack. Intel smart memory access: inimizing laten-
o . . [6] D k Jack. Intel Minimizing |
/00 fma3d 3 E T 6. 2%. A WA GodsonX 19 J5 . A
cy on Intel core microarchitecture. Intel Technology Maga-
o " o S
it A0 R R AL B — SR U A BRAE B E U A zine, 2006
E%%KE%HE‘@ ﬁg E/‘J ?’é%ﬁ % A Zﬁﬁ%%lﬁﬁﬁ% [7] Agarwal Amit, Roy Kaushik, Vijaykumar T N. Exploring
M)A T ,quﬁj%%/\ﬂ\fi%%[ﬂ@ﬁif high bandwidth pipelined Cache architecture for scaled tech-
14.0 nology//Proceedings of the Design, Automation and Test in
12.0 Europe Conference and Exhibition-2003 (DATE” 03). Mu-
=<
‘@10,0 _ nich, Germany, 2003. 778-783
ES 8.0 [8] Rivers Jude A, Tyson Gary S et al. On high-bandwidth data
2 6.0 [ Cache design for multi-issue processors//Proceedings of the
o 4.0 -
& 20 || 30th International Symposium on Microarchitecture ( MI-
oL L L L L CRO-30). Research Triangle Park, North Carolina, USA,
o 0w g X o9 9 T 990 E 8 g2 2T %y
§0§ué’8§‘€a§é§§u§§@;§%§%°§§% 1997, 46-56
< SN T= s 2 a s T e RS E R
§ = xg 28 g ; S < S o "E c; B — ; 2 [9] Kessler R E. The Alpha 21264 microprocessor. IEEE Micro,
. o A = — — 2 — 2 Ny
2 53 == g 1999, 19(2); 24-36
19 et )s IPC fy3e s [10] Edmondson John H et al. Internal organization of the Alpha
=] X =]
21164 A 300-MHz&.1-bit quad-issue CMOS RISC micropro-
cessor. Digital Technical Journal, Special 10th Anniversary
6 BEFMAREKIE Issue, 1995, 7(1): 119-135
[11] Keltcher Chetana N, McGrath Kevin J et al. The AMD
. Y teron processor for multiprocessor servers. IEEE Micro,
AR SR AR SE R T4 A AR I AR U AR v
bt e r e s / . . | . 2003, 23(2): 66-76
SRR VA 17 0 6 B P 9 AR 9035 46 I M 20 e
_ee Chih-Chieh, ig Richard A, Mudge Trevor N. A case
i s . T [12] Lee Chih-Chich, Uhlig Richard A, Mudge T N. A
=) T N S i N T
tlj ﬁﬂ?m‘lﬁﬁ (1”‘7J(/£ EI/J,ﬂEEE*rL‘ ‘ﬁELJB"{E‘E jjﬁﬁg study of a hardware-managed TLB in a multi-tasking envi-
y%ﬁ?é ’ F%'ﬂi% T load-to-use %R, */TE'E = T4k 2R E/‘J ronment. University of Michigan, Ann Arbor, MI, USA.
BARMERE , N —E P2 [ S i 52 i A P25 M BE 19 1 Technical Report, CSE-TR-341-97 1997
ﬁjﬂiéﬁ ZISjCE’fJ Ifﬁf%ﬁﬁﬁ ﬂ:j"é‘gji Godsonx ALINIE%% E]/\] [13] Chen J Bradley. Borg Anita, Jouppi Norman P. A simulation
U‘j‘ﬁ-&i‘[‘ , YIE%IE%&%MSE*H i i.”] 1.7 % E"J ‘%%—F , based study of TLB performance//Proceedings of the 19th In-
> S o ternational Symposium on Computer Architecture (ISCA-19).
B UTAE T K T e 4 e T — A o A I g ) R A
¥ © 1 "o = ZIK Gold Coast, Australia, 1992; 114-1
B 4R T 8. 60 = W o S 45
Hb:F /jfl:ﬂilﬁj T A' ZlngE/JE'*I,ﬁE /I%/[&( ﬁ% [14] Cekleov Michel, Dubois Michel. Virtual-address caches,
; BE e Py A 2w e g e s L -
it FH Ak PR A 1Y = A S Ui ;(? it 7J< éjz i VI‘ il /ﬁl: /ﬂf‘ Part 1. Problems and solutions in uniprocessors. IEEE
75 [8]. Micro, 1997, 17(5); 64-71
[15] Hennessy John L, Patterson David A. Computer Architec-
;5 % I ﬁjk ture: A Quantitative Approach. 3rd Edition. Amsterdam,
Netherlands: Elsevier Science Pte Ltd, 2003
(1] Saulsbury A, Pong F. Nowatzyk A. Missing the memory [16] Fan Dong-Rui, Tang Zhi-Min et al. An energy efficient TLB
wall; The case for processor/memory integration//Proceed- design methodology//Proceedings of the International Sym-
G 8 - fos T ,
ings of the 23rd Annual International Symposium on Comput- posium on Low Power Electronics and Design-2005 (ISLPED
er Architecture (ISCA”96). Philadelphia, PA, USA, 1996, 05). San Diego. California, 2005: 351-356
90-101 [17] Min Jung-Hi, Lee Jung-Hoon et al. A Selectively Accessing
[2] Wulf Wm A. McKee Sally A. Hitting the memory wall; Im- TLB for High Performance and Lower Power Consumption//
plications of the obvious. ACM SIGARCH Computer Archi- Proceedings of the APASIC’02. Taipei, China, 2002 45-48
tecture News, 1995, 23(1): 20-24 [18] Lee Jung-Hoon, Park Gi-Ho et al. A selective filter-bank
[3] Yeager Kenneth C. The MIPS R10000 superscalar micropro- TLB system//Proceedings of the ISLPED’03. Seoul, Korea,
cessor. IEEE Micro, 1996, 16(2) . 28-41 2003 312-317
[4] Compaq Corp. Alpha 21264 Microprocessor Hardware Refer- [19] Heinrich Joe. MIPS R4000 Microprocessor User’s Manual.

1999

ence Manual.

Mountain View, CA ,USA: MIPS Technologies, Inc. , 1994



1 4 S

T 4« 0 T Ak T 0% ) 85 T 9 U5 A I K R T 5T 151

[20] Austin Todd M, Sohi Gurindar S. High-bandwidth address
translation for multiple-issue processors//Proceedings of the
23rd Annual International Symposium on Computer Architec-
ture (ISCA-23). Philadelphia, USA, 1996. 158-167

[21] Intel Corp. IA-32 Intel Architecture Software Developer’ s
Manual, Vol. 1: Basic Architecture. Silicon Valley, USA.:
Intel Corp. , 2003

[22] Henning John L. SPEC CPU2000; Measuring CPU perform-

ance in the new millennium. TEEE Computer, 2000, 33(7) .

ZHANG Hao, Ph. D. , associate re-
searcher. His research interests include
design, analysis, implementation, and
benchmarking of processor architec-

tures; switching and routing of on chip

networks; and high throughput memory

system.
LIN Wei, born in 1979, Ph. D. candidate. His research
focus on the architecture using massively parallel approach

and the implementation of processor.

Background

There is a near-exponential increase in processor speed
and memory capacity. However, memory latencies have not
improved as dramatically, and access times are increasingly
limiting system performance. Low load-to-use latency is a
key to approach high memory performance, and many re-
searchers have devoted much time to increase cache hit ratio,
but the pain is always much greater than the gain. Increasing
the bandwidth of memory pipeline always works, but high

bandwidth needs more ports for cache. Although a multi-por-
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ted cache design provides an excellent bandwidth at each cy-
cle, its latency, area and power dissipation increase sharply
as the number of ports increases. For memory access, there
should be some tradeoff between performance and complexi-
ty/latency, which is more close to the performance side.
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