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Dynamic Pipeline Stage Unification Adoption

Depending on Execution Characteristic of Program

Hidetaka Nakayama
Abstract

Rrecent mobile processors are required to exhibit low-energy consumption
as well as high performance. To satisfy these requirements a method called
Dynamic voltage scaling or DVS is currently employed. DVS redudes supply
voltage when a proceessor runs at a low clock frequency. This saves energy
consumption for program exection. Although DVS is an effective method for
reducing energy consumption, its effectiveness will be limited in future process
generations because the variable supply voltage range will become small. As
a alternative, a method called pipeline stage unification or PSU is proposed.
PSU reduces power consumption by inactivating and bypassing pipeline register
and using a shallow pipeline during the program exection. PSU saves power
consumption in the folowing ways. Firstly, PSU saves power consumption by
stopping the clock signal to bypassed pipeline registers. Secondly, PSU reduces
the program exection times by reducing penalthies and latencies with shallow
pipeline.

There are some researches about PSU control for reducing Enegy Delay
Product or EDP. According to previous reaserch, it is shown that programs can
be divided into several phases in which program would have similar behaviors
including cache miss, IPC and power consumption.Based on this assumption,
there are two PSU control methods.One method uses phase detection hardware
and the other method uses a history tabel. They detect similar phases by using a
hardware called signature and use the same degree of PSU for the similar phases.
The method with history table stores signature data and suitable unificationo
degree into a entry.When the processor execute same phase ,the processor use
this imformation to minimize EDP.

However, this method uses the same pipeline stage unifcation degree during
the instruction interval. This method cannot change unification degree imme-
diately when the branch misprediction rate or cache miss rate increases.The

increase of branch misprediction rate causes the increase of exection cycles and



v

EDP.

The increase of EDP can be prevented by using a shallow pipeline, because
a shallow pipeline will have lower CPI due to decreased branch misprediction
penalties compared to the deep pipeline.Therefore,there is a possibility that
using a shaollow pipeline for high branch misprediction reduce EDP efficiently.

Based on this assumption, this research described in this paper is foucus-
ing on a method of controling PSU degree according to branch misprediction
rate. Two thresholds are prepared for changing PSU degree. One is used for
switching from PSU degree 1 called Ul to U2 when branch misprediction rate
becomes larger than the threshold, or switching from U2 to Ul when branch
misprediction becomes lower than the threshold.The other is used for switching
from U2 to U4 in the same way.The advantaeges of this method over the method
with phase detection hardware as mentioned above are as follow:

1. The method with phase detection hardware cannot change PSU degree
during the instruction interval like 100K instruction.The method propsed
in this paper can choose vourious length as the instruction interval length
, according to branch misprediction rate.

2. The hardware of the method proposed in this paper is smaller than the
hardware of the phase detection method.

Before evaluating EDP of this method, I estimated two best threshold val-
ues for reducing EDP.The results show that the average EDP for SPECint95
benchmarks is minimized when the threshold used for switching from U1 to U2
is more than 20% and the threshold used for U2 and U4 is more than 20%.This
range is very large.Therefore, I searched for the reason why EDP is minimized
in this large range.I found that branch misprediction rate is less than 20%, dur-
ing 80% of the program execution time. Therefore, EDP change little when two

thresholds are chnaged in the range.
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72T, BIEONMETHII AKOMICIEL T, H-RfaEIcEE T 55
AR TCIHHERT L. Tar I LK rhoGEofll 2 M 8 1xd. T
v, YA 7V, BITON T I AEOEICIE U 72 I THI S A2 HHTT
LN EGL, HH L2 TR R AROEISIE U EMERICIEA T,
ROV A 7 NNEFED, EFT L2018, HEEUL L U2, U2& U421
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I
I
u2 l uL w w
PETH) A < threshol d1 A THI 2% > threshol d2
A TFH 2% = 5.5% VArd
in —> 1 0 0 0 1 —> out

1289k FIFO
M 8 MM THII 2% N e LI arE ol

5% 7= OER{E threshold1, threshold2 % i) 5

Py iaiei | NS VAR

e thresholdl Kl CTHIIIHEE 1

e thresholdl ') I, threshold2 L CTHIIFHEE 2

e threshold2 LV REFNITHGTE 4

ICEREERUEAL 2 21cT 5, &b, BFO 7075 LAoFETHR % HL
MCHLE T OIEFUC IR S 2 729, [BEITD 128 {[H D 7l T-HI O #558 % v T
SHHEL TV, B THOMEE, FIFOICER, EILOME TR0 2%
fHTES L1 ->Tnd, ZOFIFOICOWTE 33 TR,

3.2 ERMEDAAMT
3AATCHIARIHEEL OUIEA Z FHWT, DI THI I AEMNE AR BEORIC
GEERUEA L &, WHEZINA 2 Z &3TE 502 uﬁfa%é.
HEES O M & L, EDP(Z %)X —EEE) 5, EDP DI TO
ATREINSG,

EDP = P x Top x Thy (9)

2T, PIHBES, T, 3ETHMTHL. P, T 3 ToNTHEZS
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nas.

P:axfxC’xVQX(l—Uglxm> (10)
N
T = Tpey 0

S2C, flEzay ZREREE, Cl3AAL v FTEH ) —RoeRE, ali7T
FTAET 4 - Ty, NFETaHR, [PCIE1Y A2 )VHI20 oF Tans
WoOFEITH 5.

£72, N (10) 1R &N PSU OHEE O HEIFLI T oy Th 5. /3
LTI7A4 2 AT =VEMET DL, "ATITA42 - LIAFZANDT Ay I o)
B S, yay 2 - ky b= 7 OWEEINKAT L. MEEUICE
WCEIET AL T T4 - LY RFFOEEIE (U -1)/UThHbD. mEk 7o
vy oelBENNTEayr - 2y NIV OWBEENETHE, T
G U THEIET 2 PSU O EE /1T (10) o LD ickaen .

2 (10). (11) Z (9) ISR AL, IPC OB TH S CPIICE SRR 5 &,

EDP:axvaﬂx<1—

cRING.
51, CPLIZOWTE, il THIR AL 5 CPIoMR% 25X 5 &,

Xm)xNQxCPﬂx% (12)

CPI - CP]ideal + Pmisprediction X penaltymisprediction X Fbranch (13)

LRIND.

22T, METHIR A, Fry o I ANRWIARRIET D CPI % CPIjeq
&L, Prisprediction M TR 23, penaltymisprediction VE M THII A+ X5
VT4, Fyranen I OLBUFE & T 5, 7od, KL TlE, CPLICHELY
AHENE LT, BIKTHI AKOLEZEZ, L1, 12F% vy vah o i
FRORREZ UE L T2,

TR R AROZAUCIE L T, MEEZ UL, U2, Udod&h%EiENE, EDP
WS A SENLPEIRARL . BT H I AR NSWHEITHE, (13) &
B2 e, YOMEGETYH CPLOMEMA e, LT, :N(12) kb rmay
7 A OTE UL O /A%, U2X U4 L0 EERRAVNS <, EDP{EZIA S

12



ZEMTEDLLEERALND.

—7, TR I AR EL b e, N (13) &Y, BETHII A - X)L
FAMU2R U4 LD KRSV ULIZCPIAMEMT S, 2%, 3\ (12) @ CPL{EA®
WHIL C, UL®EDPEAU2X U4 EDP ik W K& 7b. LEN-T, o
T I ZARNWKREL DI L5, Ul 2 U2 U4t A 72548, EDP
/N NS<MADZEMTELEEZOND.

M TH I A EDP O BRE AR L 27T 7%, H9ITRY. Fi
MR THI I 2K T, /S EDP ILTH 5. Nk THIS ZENHZ Hi1coh,
EDP Z/N& LT 2HEFEE, UL2s U2, U205 U4NEDDLZ enbnd
SMETHI I AFROZEIEL T, HEHE UL, U2, U4 TR d 0% EAT
EDP %z /hN&<MAx v, Z£2C, Ul®EDP {in U2 @ EDP iz #lzx 2% &
TG THIR AL, U20 EDP {EAU4 @ EDP %A 5D I AR %Z KD
L. F9, MEE UL & U21CB1F 5 EDP 1L < b ERHEN (12) L0,

1—-1 1
axCxV2><<1— - Xm)XNQXCPIZXf—
1

2—-1 1
:axCxV2><<1— 5 xm)xNQXCPIQXT (14)
2

Z2C, a, C,V, NIFWATHUMEE L Tnb, miECHt e @03 &
REL/=. CPL, fil3MEE 1 DR, CPL, f l3ME%2 0o CPI &7
Oy ZEETHL, i=1T2L, L=05ThH5o.

A\ (14) ICfEEZ AL TR 5 &

72, N(13) 2R AT S &,

CPIideal + Pmisprediction X penaltyUl X Fbranch

=13 x (CPIideal + Pmisprediction X penaltyU2 X Fbranch) (16>

ZZC, 8] £V Frranen 12 0.2 EIET 5. penaltyy,. penaltyyis, penaltyyy
i3, ML UL U2, U4 TR TR X - XF LT THY, ThTh
20, 10, 5 &7 5.
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EDP

0 I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6

branch misprediction

X 9: il THI S 2K & EDP @ B4

L7228 TR (16) 25 Ul @ EDP 28 U2 @ EDP %2 % o 2l T I %
Eths
3

Pmisprediction = ﬁ X CP[ideal (17>

LA, HEEU2 L U41CB13 5 EDP ML L e A& Y EfE o FIE T
Kb L,

7
Pmisprediction = 1_3 X CP[ideal (18>

2135,

PLED &5 75500, MRS 2505 (17), (18) Rofio L 512, fE
JEEUEA S &, EDPHAVNE KA D Z LW TE L2 bbb,
ICHAE CPI o fEAY, 1, 0.5, 0.33, 0.25 D4 D DEEDORO I TH I A
HORROBIEBEZR1OL I RIS, 2121, R (17) TRO L (EA
Plonisprediction C® Y, R (18) TRD 72 lA% P2uisprediction T8 5.

R1OT —F I, FEEEZUEASHEE thresholdl, threshold2 DAY 1
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721t CPLige V23 2 B8 (%)

CPligeal 0.25 103305 1
P1 maisprediction 3 7 11| 21
P2misprediction 13 18 27 | b4

DN D" & % & X1, EDPENE D LD fliz & 2 FNL 720N,

3.3 AT AXZHAWPSUHRESENZEADN—FKH7
31 HICIRARZHET, Al TH I AKITEIT D 128 oK% FHv T/,
Z D% FIFO THRIFT 2. 72720, I AKRZRLEL T LIS, FIFO o H
AT L2, BEFMoR»OHEL {RneEX, I ALREER
ToHENT 2 ERET D, ho o 2Ehit £ T 5, FIFO XA SN (il (in)
r, HASNLIH (out) TEH SRS, B o ¥ OFEFIIRO@YICRD, 2
B, Mk THIPey NLEBEEZ 1, SETHIR ALEESEEZ 0L T 5.

e in=0, out=0H L5 W Fin=1, out=1 DHEIEL, HT U ZIFEDLS R,

o in=0, out=1 DHFHEIL, H T FIEFT IV A NEND,

o in=1, out=0 DHFHEIL, HVFIEFA 7YX NSNS,

FIFO & h v Z CHRENL 20, v 7V=F v 2HWLHELD, N—F
T =7 - AANEIPR,

3.4 ADEFHIAXREFA-PSURSETEADH S

2.3 fli TRz 7 = — XM & v 72 PSU ol idci LT, il

23 % 7z PSU ol 55 TRD 2 DO RSN S 5.

o 33fTHANL LIS, AlETHII 2K E /2 PSUBSEEHIEIE, 128bit
D FIFO &, Thit O h T 2 EHNTEY, N"—=R7 =7« T XIS
v, —7, 23007 = — XM Es B -G I, 1024bit 9 >
=F ¥ BRO LR T =F v BT 20, BLO, EET—T
FHOWTWS 0, N—=KRo=7 - 2 "AEMNT 5.

o — X 2 2 ETHE, I PSU oG A 2 draA
B—=N)VEAITCIT>Tn5, Zok®d), SIETHIR 2% 0BT, CPI
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ML T, FATREAR 2V, HERE/ L 25512, [
GETIITLIT 2 2 812 b. —TJ5, Tl 22 G5 /7T,
BEERTIER L, DTS 2AEOZ(LSHICL T, aJEROA 7 =1
NCHEERUZEA L Z W TEL, £, 72— EZHWHED
EOICRDEREGTE L2 RET D200 > T o 7 RAT D DLELZR 0,
F4E FHH
4.1 FPERE
411 Y2alb—23aViREE
SimpleScalar Tool Set[9] H1® out-of-order FEAT73 I = L —# 12 3.1 ffi Cik N7z
PSU ol f57k %2 K2 L ¢, EDP ZHI'EL 7. it v M SimpleScalarPISA
THhd., R2IRT IRy Fv—2 - I /I Le LT, SPECnt95 O 8
Kz =,
£33, YIal—yariZBOWTHWEZT oy Yoz 7. £H56
o7ty HIMFEO TRy H L[S, WS TSIV EFROEUEL
fz. 51, 32ffiox\ (13) ITRL 72 & D1S, CPINOFEL, vy akl
HERNT, BHLEL CTNETHIR RSO EORE BB L T0D, v Ialb—
TarTlE, Frvia, ATY, TLBZTLICL THEZITHY 2107 5.

T"2x RNF—7

RyF~<—7 AT] FAram L
compress95 | bigtest.in 95M
gce genoutput.i 84M
go 2stone9.in 75M
ijpeg specmun.ppm 450M
li train.lsp 183M
m&8ksim ctlin 100M
perl scrabbl.in SOM
vortex vortex.in S8OM

16



F 3. Taty Yok

FAT 8
RUU 64> KV
LSQ 32T kY
AEVUHR—b 8
BIALU 8
=y b |  BEREEMRE 4
SE N ALU 8
SR N E 4
THIT5N gshare
i ik 6ty b
gl 2Ty I A 13y b
BTB 2048 = bV /4-way
RAS 16> hV
Tryvva 564 (100% e v )

Fed: PSUICBWUIRETHFEITLAT VY, DETHIR A - XF )T 4

o 1 2 4
7y 7 R 100% | 50% | 25%
BRERER 3 2 1

KTV ATy | BV NS ALU | 2 1
E NS TRER 4 2
AETFHII A« XF VT o 20 10

G| = | =

4.1.2 NATS54 VORE

X110, 11, 12ISHETEL, 2, 4DNA T T4 VR d. FKdl, ZNHDNA
T3 NCBILma0FEIT VAT vy, AMETHNF VT ¢ 2R EE
1, 2, 4 AT =V EMELIZEGG, TAZTNRKY Ty 7 BEEO 100%, 50%,
5% CHNET 5. Zb, B/ NGRRRE & FARGERIC W, [/
THEBVBELFHL LR A T4 bESnhTEH T, 25 —VEIET
ERVWENELE. VAT TN, 12, 240 A7)V e L=,
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writeback \eyipc | Fetch Fetch Drivel Alloc | Rename | Rename | Queue | Schedule | Schedule | Schedule
Dispatch | Dispatch | Register| Register ALU Exec Flags | Writeback] Commit
Branch Exec Flags | BrnChk | Drive2
Load Cache | Cache | Cache | Cache | Writebackl Commit
Store Cache | Cache | Cache | Cache
X 10: N—A
NextPC NextPC | Fetch Fetch Drivel Alloc Rename Rename | Queue Schedule | Schedule Schedule
Dispatch Dispatch | Register Register ALU Exec Flags | Writeback Commit
Branch Exec Flags | BrnChk  Drive2
Load Cache  Cache | Cache  Cache |Writeback Commit
Store Cache  Cache | Cache  Cache
11: HEEHE 2
NextPC  NextPC  Fetch Fetch Drivel Alloc Rename Rename | Queue Schedule Schedule Schedule
Dispatch Dispatch  Register Register ALU Exec Flags | Writeback Commit
Branch Exec Flags  BrnChk  Drive2
Load Cache Cache Cache Cache | Writeback Commit
Store Cache  Cache  Cache  Cache

12: HLoT%E 4
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4.1.3 70y I DHEEENHDEEORE

Taky S OMEBENTT S0y 7 oEBEOEIG kL, Taky Y
DFFH F > THER L, Sk (7, 10, 11, 12] 1 LiE, 7 o#EIFIE 18%~40% T
HbH., TZT, FHHICBWTUL, N DEDIFITHRETH 5 30% & TUEL
Iz. Flz, 78w - RIANDNEBERTL2EINE, B#do 47514 L
VALRUCHNT 5 L IUEL, BMICHEZ U IS T2 & Lz, ZoE
WEBEBENTIEH LD, DToMEB T oiHicBWTUIZYTHLEERS.
— S, 7ay 7FERO Ry NT—=2ICK DT AN, say s - Ko
NOYBEIDOIFE ALV, FEBEO RIANTHBEINS (722 214, Intel
Itanium 2 DREELZ Ty 7 - 2y hU =27 OBE, S8UEIEAAED KT A /)8
HEL TS [10D. £, BREKEDO RIANOARL, BLZ, Z0o77 07
TRTHEINALTITA 2 - LIAZORICHMT B2 6N 5.

\

15¢ /A TT——
IERR1E 1 O1-15
EDP m0.5-1
' 0 |d0-0.5
O5HANAI R YU G§ T L :
(VL 35
sl 70 th2(%)
S 2 o &
— co ©w 8 o
th1(%)

M 13: R t1,62 2B S/ D EXR L F < — 7 0P EDP
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4.2 FHEGER

%9, SPECintd5 O &Ny F<—2I12>0C, MEEL 2, 4ICEELT,
EDP #HI/EL 7z, KiZ, &RV F <=7 - T r I LiZO0WT, 3ETHIK
THI I 2K L CTREE 2 VB A 5 7212 ED 2Rl thresholdl %2 0% 5
100% % C, threshold2 % threshold1%>& 100% £ T 5%ME CE{L S/ & & o,
EDP iz fEL/z. &RV F V=2 DF—2 &2 FHLTr I 7Lz b Dy,
13 &7 5.

7570z IREE 1 DL XD EDP CIE#{LL 72 EDP 2% L Tw5. 3.1
TR A7z k212, M THI R 231250 L C, B¥E thresholdl, threshold2 % 2%
F T 5. thresholdl T, PSUDHGE 1 & 2 Z & A, threshold2 T, PSU @
MEE2 L A%FAL 28125, (13T 7OT, xR thl i,
AR A D7z DITEAL S ¥ HBR{E thresholdl TH V), yHiliGm o th2 1%, B
{# thresholld2 23k L T2 5. zihoR T DI, BRE thl, th2 2% HHICKE
SNEHEIC, MEEZUBATHEITLZE &0, EHLEZRT. yilio
IEH & WD e 7T 7KL T,

ks, FHEHMEE, BV FY—7 BN TH I AR LY EEETEA S
FFECFITLEHEDEDP &, [HUNRVFv—2 2MEEL CEITLIZGED
EDP CIEfULT 5 2 ik - TT .

13H41C, (thl,th2)=(0,0), (0,100), (100,100) DfFITIL, ThZhT a7 L
G4, 2, T CHEEL TETLIGGLEL Z &12%b. flAlE, (thl,th2)=(0,0)
T, BRENEE 6L 0 THLD, FEITHic a2 2280 DL kg
LEGICMERE 4 TEITT A, i, BICHEE4ATETTLZ L LHLET
Hb.

RICHIER RO 13 12> TR Z R X2, 3.2ffiC, fTIC k> TRk
EDPHZ (RS T 2720 OB TH D, Pliispredictions P2misprediction P T
1%, BLAEFEAVIS K 2 aE R &Nz, thl % L2 OTECH D Ploisprediction
KIS T 5L, 2%0, 10%~20%DATISIT SV % & EDP 23K < 72 % {tm) i
BEohd, &51Cthl # K& Lce A, EDP OEICIZITFE A EELR S
higes, £7z, th2i>0nTh, 20%[17TEDP &< 2 SRR & N 5703,
TP ERESth2 Z2EATHIT e A EEMA SN,

F 7z, BCHRAR/Z & H1S, (thl,th2)=(0,0), (0,100), (100,100) fIT Tl Z
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NENFREE4, 2, 1EETHEZITI) 2L THILA, HHHE L CREEL 25
GV EDP 2 & 0, MLEFE 2, 4 TREUEL & E v EDP 27k L
7=, WEE L, 2, 4DIAICEDP ofEil, 1, 1.08, 1.36 TH -7z MHT{HD
EDP 28 1.01 A TH - 72720, MEFE1OHELV b, @O EDP
MEL 75T b,

13 D75 7 OFGHR T EDP BN ELL RWENB LN Z NV F <=7 D
ST I A DM &P L 72 14 2 -G TR 5.
SPECint95 @ 8 KON > F < — 7 FH Dl THI I ZAEKDO MM % X 14 19R-T
ST ZAEOHFZ, 10% 847 T 10 ({ofHEICHET L. &XvF~v—7 -
Ta s Lk FE LGSO, JHEO ST ARV A 7 VD%
HWELZ, K141, SXvF~x =2 ooz FLIE 2 75 7{Lizb
DTHALH, B, MDD, MEELICEEL CEITLEHEEo Tak v
THIEZAT - 72,

fefill S, TR S A2 10% B0 THEIL Z2HHZ R L Thd, BAE%T
B 5. fthhs, FUHEIH O il THI I AED, FITHICE oRE ORI EH - -
MERVFI—=7TIHLIZb0THL, M14% R 5 e, FHMSHETH L
ZHED, ARNMEICE E > THML T0E 2 bbb, A, 0%~20%0%
80%% o Tvd, I THI I AN 20% L 11, 15% &k L, 30% D oI 1
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HI< HIEE AL D,
32%@%WT TR R ARNFL R bICOoN, MEFE 1ML 2, 20
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