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A Low-Power Virtual Reorder Buffer Scheme
through Selective Pre-Execution

RiNa KaTo! and HipEKI ANDOT!

In recent computers, there is a large speed discrepancy between processors
and main memory, and this significantly limits the performance. Data prefetch
is one of methods for solving this problem. While basic prefetch schemes are
effective only for regular memory access patterns, instruction pre-execution is
a scheme that are effective for irregular access patterns as well. We previ-
ously proposed a pre-execution scheme in a single threaded environment, called
virtual reorder buffer (VROB). Although the previous VROB improves the per-
formance significantly by prefetch, even instructions that do not contribute to
the performance improvement ware pre-executed, because it attempted to pre-
execute instructions as much as possible. This turns out to be a waste of power.

This paper applies a selective pre-execution to the VROB, which pre-executes
only loads that often cause L2 cache misses and instructions on which the loads
depend directly or indirectly. Our evaluation results using SPECfp2000 bench-
mark show that our scheme reduces the number of dispatched instructions to
the issue queue, which are to be pre-executed and cause extra large power con-
sumption, by 72% with even slightly better performance, compared with the
original VROB.
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Z ZTAHLTIE, VROB HRIC delinquent O — RIZ# H U -8R0 175247 15 RS
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VAN FELTD) D%, ABOBHO—RIZE-STIHSEIINTHWD Z 06N
TW33, 20 &> %818 — K% delinquent @— R EIER, ZOMWEZFHLT, delinquent
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AL THWS VROB AR, BITEMFICEIKEDTHIM, INETILEL DA
TEIFZRHALETY 729 FFREMREINTHEDY, UL, ZhH6DOFHEDLLIZ
ALY REERUTHITEITTEL NI EDT, YIVLFALY REREZBRELT 5.

B2y RBREBIZBWTHRfFET 27D Fike UT, Mutlu 5% runahead 517 % 2
FUEY, ZOFHRF L2 Fyyya IAMNELDR L, Oy REEZF oy IHRA Vb
U, I ADMAERT S F T runahead T— R EESEEHOE— RIZKED. TOT—RTIE, =
AL Z@mBIEEL TORNRREETT D, O, O—RMEFyyva- IARREIY
X, T—ANTY 7y FIND. TOFEDOXREIE, runahead EfFHIZIZ T O W IR
BEEHT D2AROMBETELTUTITABRNE VWD HTHD.

2.2 ETERTARCHITZIEENL

FATEITEAT O BHAETOBHDERHFIZOWT, Mutlu 513 runahead EI7HRITEH
FBEBHEFEZEELTVED. ZHUBBZED runahead FIT72FB L, FIRDNI N
MEDRITEFTEINNHT 2 2 & TREROETHHREHIRT 5.

3. REBIVA—%4 - Ny 7 7ARICELBBDDEITERT

B 112 VROB ARZEELZT Oy YOk ERT. BHEOEMKRERZIINZ, OF
7 v FH PC (RPC: refetch PC) , @7« ANV F « A7 —IYM"5 RPC ~NH7zvF
ORI - Bk 2R T 2155, @OROB 25 &TFETAKITF2—~ROBIZEITY MY
PEUEIEEERADEE, RU@ERTEMHD FIFO F7F a—»2NEMINTW5.

3.1 FATET - AET

DTy P TIE, @I ROB 2E ) LTSI ENTIRVGES, GFEA N
5. ZHUIxL, VROB AR TIE ROB WAL TWSEHE1IE, ROB KUWHIL ¥ A
AEEY)BTRNEEFMRERTIT2—ATFATE. INERTT1 RNy FLER, KfT
FA AR FINEMANE, V=R - ARV RBRAIERTIN, BTEGTETD

HATETIIWHL I 2AXZ2E) Y TENTVRNWZD, BERZHERFTEZZLIITEI AN
P, NA NI ERHE U TEEGIICZIETIEIETES. 2L, N8 AwAUC
FBHERDOZIIEVIEETH LY 2V UEHTRY. ZOFNERENTL/201, 74
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Fig.1 Organization of processor with VROB.
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Fig.2 Organization of instruction fetch.

J—F 427 - Ny 77 (FB: forwarding buffer)? 2H\%. FBIZARS VK - X JT
AR ATRE NI BNy 7 7 TH Y, BIEDORATETOFREMFEL TS, N S 25w
HUZ X B HATRERDZ T UICERKR U ZSATY, FBIZEDREENHNE, BREOMKEN
SERBTETTES. FBROLEMRMEEBONENSGEE, INLOMFIIRITTE
T, BICAHIOEHETRULAZGEEOICLE > THRITFa—20HRINS (3.2 fiTih) .
WADEITT 4 ANy FR2FELED, EBIZZENODOGADE 7 oy F 2B L, KE
TR S, B7 Y FiE, H7zyFHD PC THD RPC ZHWTITD. 1@ILRT L
Y, RPCIEETT 1 A F 2R LB, FOBRMDEITT 14 A8y Fai4 D PC T
b s, By oy FLAzaaE, B2I0RTEEVE7oVF - Fa— (RFQ: refetch
queue) EIER—HENY 7 7 AKINT . —F, PCILE>T 7y FINLGalE, 7y
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RFQ 25 DfAHUE, FARRICKESEITTS. £9 RFQ OEEHOMAIZDOWT, AFRE
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AREFTHREL D720, BIFPRITIEITETD BEIXAR.

(2) 7NANSZAGER O FBIZ L 2 BT ETREROZITEUITERL 254, 20L&, &
BOWGERFIEFRITAREARY, RiTFFa— T EIND.

(1) OBEITRIET 2728, RO X SIZUTEFROFHAREN % F17F 2 —NOMIZ
FZET 5. ROBLOMANIIY MXNESTY MNIPAELAESL, ZOZV MO ID F
5 B3MTRABKEMLY NV ES) 2RKITXa—~BoETD. HfTFa——7TIE, L7+
AN FINZHHFIZDONT, TOTY MM, $ LU ROBIZESELHILAGHE Y 4T
LNZETDOIY MNUNESnEHWNT S, £ LEITHNE, TOMTERITTFa2—05
HIBRT 5. HIBRI NGB IHBRERE2E ) Y TON~Z ET, RFQ »5HfTFa—~H
TAANYFINDG., BB, BEIZIE ROB BWHHARETH>TE, TOMODEFRIE Y
THEETHD LIKRST, EHICHT 4 ANV FHETH D Z LIIEIEI L. UL,
FTRTOBFDNG VAR NEZEIZBEVTE, RIERVEREZRTEEZOND.
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Fig.3 Virtual reorder buffer (M = 4) .
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W 2 MR U SBAT AT R TREL T 5.

B 3 IT{RARICHER I 72 ROB OBE&R 2 RY. ZOMTIE, ETY MV N © ROB
M =4FHERUAGE2HIRLTVWS. MIZBEWT, ROB O _EEOHF ISR
BRI N/ ROB 2RO MY FEEE2RL, FHOHFIE ROB 258Ny 77 THE
FUZBOYETY M) BEESERLTVWD. (KT MU ES mod N) MWLy M) &
FER5. HoT, 1 20WEITY NI 1 D2OEZY MY & (M — 1) fADFEMET Y k
VY Y TEING. D, REKIZEER I 2 ROB 6% k%8 ROB, %D ROB
%32 ROB &3,

I ROB DAEHEE RKEZE, TNZFN head, tail N1V ZHHET. —JF, % ROB DXk
1354 ROB &£ [H—Td 4 head "1V ZDMETH, KEIXIR r-tail (real tail) ZIER
BAVEAPET (INHDORS VAR ETHRBT Y NV EEEED). Ur—4L - A7 =Y
IZBWT ROB WM OGS, MR Y MY 2EY) BT, tail K1 VX DA% FEH
T3, ZNPAHR U ETED S TTHD.

B 412, K174 AN FINDRBDOFATHF 2 —~DOFHFARCHIROKT 2 RKT. @d
&, BATED Y TINZROB Y M) DEBETY M) FELILIIHTFa—~FAIND
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Fig.4 Insert and removal of instructions in issue queue.

(@). AETY M FSEEFT 72012, BITFa—DKLY MVIZPRE (pre-allocated
ROB entry) 7« —J)VRZBMNT 5. EFEORHTEEMEZ(ZET 5720, ROB »Sirah
IV RINED, TO (RKIETY MU ES + N) mod (N x M)) BFTHF 2 — kX
Nnd (@, M1®EL2|) . ZOMEIE, MHRINAZYETY MY ABRIZE D ¥ TH5hB -
TV M)DFEFERLTND. FBITFa—TlE, BfFT4 ANV FINEZGHIIONT, T
D PRE 74 —J)VRBMERFL T LY P BBLBEINTELZI Y N FEEL R
Be5, —HITNE, TOY MVIZEN) YT HNAMmSITTE) Y TIh~Z ROBDT
VRNUDBHHTREE B0/l L 2 EKT D, ZOHE, TOMTERTFI -1 EHIRT S
(®). &b, 3A1HiThRZEDIZ, BIFT 1+ ANV FINAGFITAEIIHEY oy F3I N
5720, HIRINZam13% < OEBE, §TIZ RFQ OEHETHLEDETWS

SIE#mOHE

AREITIE, SEATETRAERHOME HED [T OWTEHIHT 2. AFEICB T 2 575 7H%
i&, delinquent 0 — R & ZNNERE, &2 WIZMBMIKGET 244 (TP 4% transitive
producer) DAL T 5. TNZTNOMEDHRIZDOWTIEIZFHEAT 3.

4.1 delinquent O0— K DRH

HF1HTHENZEEY, delinquent I— K&, SHEIZ L2 FvyyYa- I A2 EITO—R
THhd. TD/®, O— KA delinquent & 5 D&MW 2121E, —EHMTO L2 Fvv
Yo I AEEEFHITIEEI V. delinquent T — REREDZO, O—RDGHT KL A
4T AL d 2 MCT (miss count table) LIEREZHAETS. ZORDZETY MY
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id, UNOWNAEERIFTS :

o« XYY N (VIZY)

o [2F vy ¥a- IARBEKRRD AV VX
e O—R@MHD PCH—H (X))

o 42HITHRRSE TP EN T TIZIFONIZNE S ZERTEY b (CT7FY)

L2Fyyya- IAZRULAZO—REIIY FINDE, MCT O RT2TY M) %25
B35, TV My MUEDL, TOIVNVDADVRETY T$5. I ADEHE, H
JVAE LY ML, CT7I 7%V Y MTD. L2F vy ia- S ADHHEEHS 20D
12, —EMETceasey N2 2V 7L, MCT 2V %y h95. O—RAEAD VA28
IR, AV VRERDH SN UDEDZBUEICEREL, C 7770y hXhTWaRTh
¥, 2010 — K% delinquent ¥ ¥EF 3. delinquent I — Kk, XEIFEFEIZ, 4.2 HiT
HRARZ TP HRZEET S, TPEEMRTUEZL, C75 7%k L, Mg, BEDAT
VAR=IVVZBWTIE, HO TP BRELANESHI#HTS.

4.2 TP D OEMIRE

delinquent 11— R D TP @5 DERED 728, delinquent 10— RIZHEIT U TEFI NS4
TS S, DD, 23y MINzaaEIEIZEZ S RIB (retired instruction buffer)
CIER FIFO DAY 7 7% H&E T 5. RIBIZIE, @40 PC L#MBlT AT 32—V 3y -

VIZABZRBEB LMY —A - LIYAXEFSE2EFKTS. RIBIEI I Y M InAEIC6H
HRBFET 2720, TOU T AETHA IS,

TP i OERIL 2 B TirbNng. 51 EREIE, RIB Z2&EFHL, I3y hINnAma
NS OB THD. RIBIE, @, EELE—RF (BEBEE NS L IXBFEEHRE
k) ZhY, MIARBEIZEVEHL, 33y bIhAGaziEmlL T, ZLUT, %2
BtFED TP AR T U S EENE—RIZEB TS, ZDLDITHEIZE L TES)
TZZ Ik RIBIZKDMEKAE HEZMZ 5.

%7, MCT (Z2& > T delinquent I — R INAZS, TOmaE MY HeLTvy—
75, ZhE, eFryyvallysy (TG 75%7) 2ZHELCHETS. 20, b
DH@MANT7 2y FINES MCT 2235, C 77708y hIhTwaiFhE, TP
BRiXfTbhToay, M) A@a0T 31— REFIZ RIB 281U, Mg, MY Faadia
IVRINBET, BITLTIIY PINS@m4% RIB ICHE ;A?t}.

F2BRMEE, MAMENIIY NINDZA I VT THRY . ZOERETIE, RIB
EBREDORBEIAP > THALL, T—& 70— 2470, TPﬁ TS, 20
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1: LIV E := sreg of delinquent load;

2: foreach inst € RIB (from tail to head) {
3. if (LIVE = ¢) break

4 if (dreg o inst € LIVE) {

5: mark inst as “TP”;

6 LIVE := LIVE — dreg of inst;

7 LIVE := LIVE U sreg(s) of inst;

8

9

}
}

5 TP itk 7 L3y XA

Fig.5 TP instruction extraction Igorithm.

RIB
PC | dreg |sreg1|sreg2 LIVE

0x1 1 2 3

TP<Z| ox5 | 4, 1 5 |[=(15)
: NG : % LIVE
x8| 7 | 4 | — |[=(Ca)

6 TP frdrflithii OB

Fig.6 Example of TP instruction extraction.

BT, T—& 70—+ 75 7% delinquent @— R (~) H&d) 2R LTy Y
EWAMICHMY, BEok /) —RIZHET A% TP mae LTy —295. BARRIZIE,
B5ISRTTNITV ALATERT D, /2, ZOROEHEEZR 6 IZRT

9, M6DOOIRT &DIZ delinquent I— RDY—RA - LY AR (sreg) #H4E LIVED
EEE §% (K 5,147H) . KRIZ, RIB Z2RKEH» 5 EHIZAMN > TIHEFIGEAML L, LIVE
MEIZBRDET, UFOHEEER1TD. QIIRT LD ICHARLAZGEDT AT 2 —Y 3
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V- VYRR (dreg) WS LIVEIZRBLTWA8 5, QILRTLIICZDME%E TP L LT
¥—2%2% (547H). TUT, LIVEDS dreg #%% (6 17H), ®OIZRT LD sreg %
LIVEIZMZ% (747H) .

H£A LIVEIZEY b - RZATHRT., 2FV, VIAX i N LIVEIZELTOIE, 64
FZBHOEY h& 1295, Z5FhiE, £AHEEIZCY MEOGREHEE L WD §iflig N —
RO TIFOIENTES. F/2, TP LTOY—7IF, @fF vy v allTnefis
TH5EY N (TP 735%) #MELUTCEETS. DED TP FERMWKTT2 L, MCT O C
Yy hadty b5, F/2, RIBEZEENE—REUELHEEZMNZ 5.

g, 7z FINZ@EN TG e E/d TP @i v —27 XN T\ 55, ThbHD
MAEETETONRLASD. ROBBWALRL, BfTFET2TOREBIIR 725, TG £
& TP DA% FATT + ANV F§ 5.

& % delinquent 01— R RIB Z&ZH) L 72T, D delinquent B — R (F72 TP %R
INTVWRNED) AT v FINAZEE, RIBIXBEICEE T THS. TP HRIE, RIB %
HHEX /2 delinquent 10— RAFTHRITNIER SRV DT, $%HD delinquent I — Rk
RIB 2892 Z LA TER. ZD LD RGEITIE TP BRIFFTHT, REDETAR
IZHEHI I B,

TP 75 78&UTG 7571, MCT kY hOBIZ, £T2V) 735, ZhiE, 78
TS5 ADEFTDT 2 — ABITIER T 22D TH 5. BRLATNE, TP MIeEELRb
FZREARY, REREFETIVELD. £/2, TWE6DT7 71, @aFyy Yol
92720, FywyanEFIMmIohdBIEEINDED, MaFyy o I AN
I LIFMTHY, MEINBIIHELEL R WHREIMBNEDOEEZILND.

4.3 FEIRWHKTEITO VROB AXADEik

VROB AR Tl ROB AR L TWz4, ROB MUWHL YA X &2 H ) YTV E
¥, MRERTTAANYFTE. ZORGTTA ANV FIND@ma%E, TP HRIZE>T
TP 75 70y XN EOMMIREET D Z & T, #RWETHEITE VROB HRUHE
BB, L, TP 7570y hXNTH LT, BITT 1 AN FNRAFY TSI
FIZDOWVWTE, BIZRFQ OB 7 v FIN, REFINDBENDHD.

RIB #2842 %1 I V7%, delinquent B— RZ2KRFEFTT 4 ANV F T3
95, ZITAREFT A ANV F LI, @Il ROB YL YA X3 ERED BTk,
REFEITD DT A ANV F T2 2RT. ZOGE, TP BEE2TI aail, &
RKTEEROBODOTY ML ABOGMADHAL RS,
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x®1 Fyvy¥ad MPKI RUAEY - TR AK
Table 1 Statistics of cache and memory accesses.

MPKI memory memory
program L1 data L2 access rate intensive?

ammp 21.8 0.7 0.3 no
applu 24.0 17.0 6.1 yes
apsi 4.0 1.0 0.4 no
art 108.3 10.1 5.1 yes
equake 70.1 26.4 6.4 yes
facerec 3.8 1.6 0.7 no
fma3d 15.6 12.1 4.3 yes
galgel 19.0 1.1 0.3 no
lucas 26.3 21.9 9.4 yes
mesa 1.3 0.6 0.2 no

mgrid 19.4 6.6 2.1 moderately
sixtrack 0.9 0.3 0.2 no
swim 39.7 20.1 9.4 yes

wupwise 4.6 2.3 1.2 moderately

5. & {if

5.1 FF i iR &
#1213, SimpleScalar Tool Set Version 3.0a!?) & N— ZIZEEFHEEFEE LAYV I 2
L—&%&HW/. @41y Mk Compaq Alpha ISA 2 W/, Ry Fv—2r - oy
AL LT, BB 7005 A 572 SPECH2000 Z{H AL 72, R 1LICHEH LAY
FI—=2 - TR IALAKRCT—ROLL 7—4& - Fyy¥a- I AR (MPKI: misses per
kilo-instructions) , L2 Fvyv ¥ a- I AK, FERT 7 AKERY. /N1 F V1L, Compaq
C KU Fortran I V81 2\ T-fast -O4 DA T a > TaA VAN Uz, AN ref
AN%EAW, SimPoint® (Z& > TREIRL 7 100M @4 27U fHIICB 2 R—2A -
Tty O ERK 2 1ITRT.
FAMTIEPAT D 2 DE T DWW TFAM 217 o 7=,
e full: M =8 IZ{RAM ROB ZHiA L7z VROB ARIZEWNT, AREAZRY A TOMS
DFATETRITIET N

e low-power: M = 8 (Z{kA ROB %L AL 7~ VROB ARIZEWT, #EIRMEITEST
EIFOETINV

full %O low-power ETFIVEAD 0¥y S k%R 3 IORT. KU TIE, RfrsEefT
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K2 R—A - SOy YoOREk
Table 2 Configration of base processor.

Pipeline width

Real ROB

Fetch queue
Issue queue
LSQ

Physical regsiter
Function unit

L1 I-cache
L1 D-cache

L2 cache

Main memory

Branch prediction

4-instruction wide for each of
fetch, decode, issue, and commit
128 entries

16 entries

128 entries

128 entries

128 for int and fp

4 iALU, 2 iMULT/DIV, 2 Ld/St,
4 fpALU, 2 f{pMULT/DIV/SQRT
64KB, 2-way, 32B line

64KB, 2-way, 32B line, 2 ports,
2-cycle hit latency, non-blocking
2MB, 4-way, 64B line,

12-cycle hit latency

300-cycle min. latency,

2B/cycle bandwidth

16-bit history gshare,

64K-entry PHT,

2048-entry 4-way set associative BTB,
10-cycle misprediction penalty

2011/7/28

FHOD FIFO FiTF 2 — 2 AEITHKITF 2 —IZHEL, 1 20 CAM OFRfTFa—r U/,
FITFa— RO LSQ X +AIZHFETREEL, TV MVHEHE ROB TV ML

—e U/ &7, ZO22DFEFTIVIIBVTIES TV MU D FB %AV /-.
R T B 728, TV M) DEHKY ¥ & LT non-bypass caching® % i\ 7z,
VYT, N SZRATHAL I R 2 fEROA%Z FBIZE . 2 FEL

FBOREYH

Z DR

ZHIND

EZN

FRG Y RIZDBNZD, HRABINDEILDBRNART Y RIZLD FB OFEDRE i

H#HTE%.
5.2 SFEITRITRTHEIRE

B7i2, 33V MRSBIINTBETT 1 AN FaaBROE&2RT. 757132
DD DOPNT NS, [HATHET] IZEBRICEF I NZGHTH Y, THIR] 130T T 1 A
Iy FXNSD, FTFa—HNTHIRIN-GEOEEZERL TV, TETEF] & TH
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Fig.7 Ratio of pre-dispatched instructions to commited instructions.
% 3 full, low-power €7 VDML 3
Table 3 Configrations of full and low-power models.
1024-entry LSQ
common 1024-entry issue queue
8-entry forwarding buffer, non-bypass caching
1024-entry MCT o B base
Y B full
low-power | 128-entry RIB O low-power
model Threshold of miss count to identify load is 8.
Reset interval of MCT and TP, TG flags is 1M cycles.
TP search penalty is 1 cycle per each RIB entry.
2 3 5 = @ 9 o 3 @ o k< & I3 @ =
g = g ~ S id o < 5 N N >
§ 08 F 7 F s & 5 & & ¢ N I

ko TEILT S, HfFT+ ANy FINdiald, BITFFa—OHEBELEHNIES. £
FRATHEITINZ AL, BiELI=Y P OF vy YV aDHEEBNEZBEINIES. KM 500
&1, BRGATETZITOIET, BLAEDTOTIAIBNT, BITT 1 A8y
FaAE, BTERTGIEERE AT LN TEITNS.

I3y MaRBICNT 277 1 AR FaaBOE A& full E7 VTR 81%THh >
7273, low-power €T IIVTIX T 22% & KESHIMTE~. £33y basBucid 5548
TEITHFOEEL full T IVTIEFEE 20%TH 57223, low-power E TV TIX T 5% &
RESHBRT S 2. F72, BITT « ANy Findy L AT ETRBOHIRED L, TNT
n, 2%, TT%TH5.
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Fig.8 IPC.
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low-power E 7V TlE, 477 1 A3 F % delinquent I — R, TP @ IZBREL TS
720, full EFNVEN LT 7oy FEARMEAL, —RICLA T VIIETRENT T
HMIN., ZOOMEEERTTE L FHEINZ., UL, FEEIZIE low-power ET LD
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Fig.9 Load latency.

ZOFR, HREETARTOT YT ATRE» B[S &S24, FHT3%H ELTHS.
HEHEUTRD 2 8AAHIF5N5: 1) delinquent I — RABMFIFETARTO L2 I A% A3 —
LTWaElbND. 2) BITEGTIT2@BEHIML 22 LIZ&oT, ETITBIT2EEH
EVHAL, FAITF 2 —TO/RLELERENFESL, TORE, TV T FORA IV
IRWEINZEEONS. HRES full EF NV IRIER%S T, M7 IRTE Y ETETR
AVHIPETEDT, KXREOFEIIRNTHDLERD.
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TR T T oy FEREHT L HECRRORITIEITNH D, B—A Ly REEICENT
FATFEFTE2ITOFIELUT, BxEINFETIZEM ROB (VROB : virtual reorder buffer)
FHRZRELZ, UL UKD VROB R TIE, BITEAPESTROmSELITETL,
EKARENZMEB LTV, TITARI T, HBIZFyy Yo IA%2BITO— Ry
B TNNEED S WIFHERIKRIET 2 MDA %LITHITTSH 2 LT, BRBRIITEST
DHAZEAT D ERNWTI4T A %E VROB ARUCHEH L, §Hliz17>72. SPECp2000 NV
F—2 & HWTIM 247> 68, BH D VROB 0w ¥ %% EEZMERT, KT
T A ANy FaniE 2%HIRTED Z L 2R L 7.
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