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Register Allocation Frameworks for Slide-Window Architecture

ToMOHIRO HARAIKAWA,t MOTOHIDE SOENO,*
YOSHIYUKI YAMASHITAT and IKUO NAKATAtt

Software-pipelining is widely applied as an effective method to hide main memory access
latency. Using SlideWindow Architecture, pipelined code can be represented straightly and
executed efficiently. However, it is difficult to apply the conventional framework of register
allocation as is to this architecture. This paper proposes following two register allocation
method for Slide-Window Architecture: (A) a framework consisting of Slide-Register Inter-
ference Graph and Slide Coloring Algorithm, (B) a framework consisting of Spiral Graph
and Short Bridge Algorithm, and reports their experimental results. In the register allocation
experiment using Livermore Fortran Kernel, both frameworks gave the optimal solution to
more than 90% of examples. Furthermore, two methods were investigated using 10,000 loop
programs that were generated automatically. The result indicates that the framework (B) is
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more effective.
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Fig. 1 Slide-Window Architecture.
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do {
load v
add Vg, U1 —=> Uy
mult vy, Vs> Us
add Us, V1 —> V2
mult v, V2> U3
add Vg, Vg => Vg
store v
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2 Register Interference Graph
Fig. 2 Register Interference Graph.
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Fig. 3 Register allocation via COLORING.
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do {
load v
add  vg, U1 > Uy
mult vy, vs->Us
add  vs, v1 => V2
mult vy, V2 -> U3
add V2, Vs => Vg
store v2
slide +1
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4 Slide-Register Interference Graph
Fig. 4 Slide-Register Interference Graph.
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do { 0123456
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2: mult v, Vs> Us
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4: mult v, v2->vs =
5: add V2, U3 —> Vs = s -
6: store v» <l pﬁ,—:
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Fig. 6 Loop representation in Cyclic Interval Graph.

0123456 0123456
Rk el el PP B =
ool i) < 'UZ‘ &:>
ot o S o
< voe T o )
e -3 < el
o ol < o
0123456 0123456
w0 @&F;._Ws - -
SR1 (_-_-‘)71 2 o )
SR2 < v PO )
. [ .
= o < e
< e Lo e

7 Fat Cover Algorithm KX B VYV AFEND LI ¥
Fig. 7 Register allocation via Fat Cover Algorithm.

o width (G,S) = Wmaz(G) ’C“fo)%}ﬁ‘i“/ ‘7’ siZB

Wi, F OBREFEFLTVS. u

4.2 Fat Cover Algorithm

Cyclic Interval Graph LTG5 TR S W EKDOR)
BHZ VYA TERFRE LTRESRAT LT XA
% Fat Cover Algorithm T#% 5%,

FITY XL 3 (Fat Cover Algorithm)
(1) Cyclic Interval Graph G {28, cyclic in-

terval ® 1 DICEET A, The v LT5.

(2) v K3 5 fat cover R LHL, #hb a2

LT BR L.

(3) Cyclic interval %< %5 T (1), (2) z#
DiET.

(4) 79 7%E»SH—FL, BRAIEREHELTH
DB <.

(5) ZI7HEILAET(4) 2BV RT. |

ZOTNT)AAMIE > TV VRAY 2HNMFIF T D
I97%, EMEBEROER, GHzRBROEKRE
LCHE 7 2R

4.3 REFE —Spiral Graph

Spiral Graph Hfit Cyclic Interval Graph &

LR

Sep. 1998

do { 01234586

load v
add Vg, Uy => Vg
mult vy, V4> U5
add Vs, V1 => V2
mult v, v2 > U3
add V2, U3 => Vg
store v2
slide +1
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8 Spiral Graph
Fig. 8 Spiral Graph.
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Fig. 9 Concept of Spiral Graph.
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Fig. 12 Dead spaces in K-Spiral Graph.
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Ai2id, SR(-2),SR(-3),... #O— FRE&FTHITX
W, —fEIC, FRWTILALATFIVR L, A5 L—
vayi%tﬁﬂﬁéllkTét SR(—[L/II) iz

—FFRELI W5 hb. preload iFFTT 4 ¥
Fﬁ@%ﬁ“k — RTEABZ&ILLoT, MERDOER

Sep. 1998
do { do {
0: load SRO 0: preload SR(-1)
1: add SR1, SRO -> SR1 1: add SR1, SRO->SR1
2: mult SR1, SR1->SRO 2: mult SR1, SR1->SRO
3: add SR1, SRO->SR1 3: add SR1, SRO->SR1
4: mult SRO, SR1 ->SRO 4: mult SRO, SR1->SRO
5: add SR1, SRO -> SRO 5: add SR1, SRO->SRO
6: store SR1 6: store SR1
slide +1 slide +1

13 preload BV ERET 72 A VAT v U DEER
Fig. 13 Latency hiding with preload instruction.

SR(-3) ~
~. SR(-2) -,
~4' SR(-1) \e

14 preload @G5 OMEEXER LIV IR EHY
Fig. 14 Register allocation for preload instruction.

LCH—FLII LD ERLVIVAIEI R LiER
2N

U— FHROERYS K Bd 554100, H14 0k
12, slide K S 2HWVWTAIAL FE2 KIZTAhAZ L
THRCTESL, 0L &Y, u— Fitgo K B0kt
SR((—K[L/IT])+0) ~SR((—K[L/II)+ (K —1))
= FIhd &k, TRICE-oTT 1 v FYRICER
2L EDVIAIFHFFIZSRO ~ SR(K — 1) 2% 5.
preload G5 % ZEBLIATA FLIVRIRBET VT
YA, BFToLHicks,

73 X4 2" (Slide Coloring Algorithm)
(1) preload RO K HOEHKE, BROBEEOK
EWEIZ SRO ~ SR(K — 1) TEETA.
(2)~(6) 4, 7ATYRXL2D (1)~ (5) LEKT
»H5b. ]

—7, Short Bridge Algorithm i, preload fv% %
ZRLI-EROETFHB OE#E % Spiral Graph 052
5ZkiCd o7, preload HEOEHEHFHHTH k
ZHERICRE BTV TY ALk B,

EHS8 (EEA, EEXEXTvY) EROEHREH
B v = [si,e5) %, ROFHBT3IEILOLDRH
v = [di, 85, e5) CHERT 5.

siHb#l -7z, preload fyF OFEATHRZ
di= (v; % preload WRDEKD L &)
s; (v; *preload HEDERTEWVWE &)

di B v OFERBRE L. F72, dimod Il %
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do {

preload v

add v, U1 ~> Uy
mult vy, U3 > U
add Vs, U1 => V2
mult v, V2 > U3
add v, V3> g
store v»

slide +1

SUR W -=O

15 preload TH— FE&RALLED LN
Fig. 15 Live range of preloaded variables.

DS (v;) LEE, v, DEBA T v TL LA, [ ]

0<si<IT &, d;y <s; &V, EHSIL, preload
MEOEZTH—RICADHE, £ TrVWERICONT
BHREDER LB, 7221, 13 ED &S T preload
WEEACT v % 1 EFHOKREL T — FT 254,
0<s1 <I &Y, v =[-71,4) L&ed. vy it
v2 = [3,3,6) LEEL (B15). LAtoT, BHM
DINEWEEH S BOHBITHIRIC preload R Db D
DEICBREINL S, BRTLTVITY XL 5 FOF)E
(1) #FEE$ 5753 T, preload &S IcHm Lz 7T
Y XLDPEET 5.

EET (EHEORE) 2% v & v KBWT,
{DS (v;) —ES (v;)} mod II % v; 5 v; F TORME
v, gap (vi,v5) EEFLS. ]

PdYXL 5 (Short Bridge Algorithm)
(1) Z% v,...,on OFH»5H, EBFBADOSS W

i K BoE#BEES, Z2hEh oy 2
Te(1<k<K)ICEEHFT5.
(2)~(5)1E, 7TVITIXL5 LEKTHE. [}

EHS, EET 1LY, T XA5 i, preload
MREOEBHEZVBECLZDOEIHHTES,

6. X 8’

Bk, A54Fy 4 FyB X preload &4 2 EE
L7z LV Y X ¥ EiftiE L LT Slide Coloring Algorithm
& Short Bridge Algorithm ##2F L7275, 20220
FLT) XA DHBERY T 72,

6.1 Livermore Fortan Kernel |C & 5 5%

SRR D 723 1C, EERA Fortran 2 ¥ 234 S B &
CLIAy 82 BELL. EBRFa V81 514,
BEZoNv—A70 S50 ETRBN-TR VT
P27 - A TFA4 =V Tk TR bV
L, A7V a—=) Y 7 OKBREONEBOEFIR %
v; = [di, si,ei) OBRTI7ANET Y T LTRTT
5. %/, #If+23iL, Slide Coloring Algorithm 3 &
UF Short Bridge Algorithm #EE LD TH Y, =

A4 FT4 v FOREFERLIEVIY R EH 2691

OFBHBDEADELTVIAYEFRITIDDTH
5.

Livermore Fortran Kernel (LFK) ®» vV — &%,
UBEOH—AINVBLTERSETHWAS TV —F VP
Lb, ZOV-ARERBa L SIPTES
%, slidetsFEHVTCAYr Va—y v rshiv—7
W55 ROz, /BH5NA 55 EMOBIEIZDOWT Slide
Coloring Algorithm 3 & Tf Short Bridge Algorithm
IZE > T LI R T EMN 2T, B4 FBIC L - TE2
REBL ORI o7, FRTALIRY IS5
LNIZATA T4 Y FODBICEE 2o TV BLEND
5, HBUIEMICER L YA ST biFicidw
RV, 72BNV TAEEL IR
WA THAHETA, ZHDLE, EEVIYAFHEIZK12
DEIBREVIAIVHIGEIE, B0 DY 4V F
TCPWDHBZLIETERY, Lo, 7VITY XA
DFFMEZ T 57201008, FEVIASBOEEL IR
BEELZDDELT, EFEV4 Y FURORBICT S
VEFEH .

EBRBERARL AT, BRI Winee E2HTL
TWwAHERIBICE<S. 72, (CP-PACS) i3,
CP-PACS THEHE @ Fortran 2 /84 512X %
VIRASENERERLAZDDTH S, CP-PACS »
TUYNL T EERBA I N IR EREDN D 572
O—HIIBEL LT A LIETELZ WS, CP-PACS
D234 7 % Slide Coloring Algorithm ##RH LT
a7, BEEITIHELTHAS.

2D0ODTNITY XA nkWET B L, Slide Coloring
Algorithm 3B EBE 5-2 725 OOHEIEINEI VD, &
DO DEFIINS MR 5N TS, Short Bridge
Algorithm 32 DI, REREGZI2dDOHAH
KREVE, REBRPODOEFFREL Lo LB ALR
5. LFK TOERIIBL ) ETRER L RS 218
EOH Yy TVETHY, MEOBEMML BT AICIZE
BIZZLWAS, 22070 aT) XLH7E H1290% Lk
OEETREBEYSITVAE I LEFHEARNS.

6.2 N—T7O75LBERERY - & B

EDEL OV YTV THENEFNL 720, Fit OFF
RETIER LNV —7 70750 EAERY —VIZL o
T 10,000 BlON—FEAER L. Bo5hizH > it
K16 &) ZMBEELAIFEELZELIOTHY, 50F
BE17T L) ThHoto.

K17 o7 Z 71k, 10,000 O PN EERD
BTHELZIDTHAE. 2, EEEY60HEE
£ %% 7Nt 10,000 BT 9 oK SR TWS, &
F7LEDH o ik, BEOKY Wnaer OV—FHTO
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®1 VYR EMAER (LFK)
Table 1 Experimental Result (LFK).
R L OES —2 -1 £0 +1 +2 +3
Wmaz | 2 ( 3.64%) 8 (14.55%) | 45 (81.81%)
Slide Coloring 51 (92.73%) 3 ( 5.45%) 1 ( 1.82%)
Short Bridge 53 (96.36%) 1(1.82%) 1( 1.82%)
(CP-PACS) 46 (83.63%) 8 (14.55%) 1 ( 1.82%)
tmpl_1 = tmpl_0;
tmp101_1 = tmp101_0; 6000
tmp201_1 = tmp201_0; 5000
tmp301_1 = tmp301_0; 9 3
tmpd01_1 = tmp401_0; B 4000 |7 L
tmpl_0 = (array2[il)+((array3(il)*(tmp1_1)); g ; B
tmp101_0 = (array102[il)+((array103[i])*(tmp101_1)); @ 3000
tmp201_0 = (array202(il)+((array203[i])*(tmp201_1)); °
tmp301_0 = (array302{i])+((array303[i])*(tmp301_1)); &
tmp401_0 = (array402[il)+((array403[i])*(tmp401_1)); g 2000
arrayO[i] = tmp1_0; 4
array100[i] = tmp101_0; 1000 <
array200[i] = tmp201_0; S IBRAE 00000 0
array300[i] = tmp301_0; 0 —
0 2 4 6 8 10 12 14 16 18 20 22 24

array400[i] = tmp401_0;

16 HEHREhLV—-TTarTa (FKK) OF)
Fig. 16 An example of generated loop program
{body part).

%0 : I osazaa]|
. . Ly =0.5323:
800 : T =007 | Y0
g 700 : 35
S 600 : i " 30
g r | =<
& 500 ’ 2 8
% Lece® g
5 400 R 20
g 300 5 I, B 815
Z 200 | 10
100 o i i E —
0 ‘..EKEEQEE 1 1 e L o 443 1 gEI mfaaim o
0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60

Number of Variables

17 EREOKE Wmaer OBE
Fig. 17 Relation between number of variables and W qz-

FEBEFERORAE LOMEBEERLTWS, L&
z¥E, H(60,16.7) iF, EEE 0B LY > TViCB
Wi, Wmaz OFH Wineg 25167 ThHofzZ bk
RLTWA, 7575100 (&% 7 V10,000 D
1%) #BLTWVWALDIZOVWTIRETERYOHEL, 1
KRERET- 7. BAREROR y = 0.5323z (= 2/2)
2, Wiz P"BBL22EBOFFOETHHLE
RLTWA,

INL0Y Uy IVEEBRRAOESE Cavf 5T
VRRAN L, ToavResdh 5z oniy—RT
OS5 ACEENBEN-TEVT I 2T - LT T4
UL TR YN PVLL, ATV TD
BRBONLEBOEFHBE 77 A MY TLT
BTTH, ZHLTCHELRALFEERDEEL, 2200
AR FREFNRBERA L, BTV TY) XA O

(Required Window Width) — Wmaz

18 Slide Coloring Algorithm
Fig. 18 Experimental result (via Slide Coloring
Algorithm).

5000 |

Number of Samples
ISR TN
8 8 8
o (=] (=1

1000

8 10 12 14 16 18 20 22 24
(Required Window Width) ~ Wmaz

19 Short Bridge Algorithm
Fig. 19 Experimental result (via Short Bridge
Algorithm).

i, ARTHNITREREDEFLTHEVLOFKE
ThHH, 10,000 FOF Y FVOTRTIH LTHRE
AL DV ETRDLORBEN TR, £2T,
A DY TNVD Wiz X EE T4V FI7ROTHR
ELTHW, 22605 TiEfiziTof. D&
&, Wz, 5H7 1 ¥ FUROR/ME UUTF, Bl
LER), BELAZTVIY XL L BEMEE OB
1 Wiee < B8R < EUHE OBRBRISH225, dL
max = PR ThhE, BEAILOEHRICLY 3
DOEF KL, EMRORBELIRETES. —A,
Winas # TR TH5H & &1, BUT VT XAHTT
EREfE LTwEd, Whee PFTHRE U CE/NHE
ThHEDPOVTRAITH S,
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OJOIOIOCLLE

(Req’d Window Width) - Winaz

Number of Variables

20 Slide Coloring Algorithm
Fig. 20 Experimental result (via Slide Coloring
Algorithm).

(Req'd Window Width) - Wimaz

Number of Variables

21 Short Bridge Algorithm
Fig. 21 Experimental result (via Short Bridge
Algorithm).

HEEZE18 BLUR19 12777, Slide Coloring
Algorithm TiZ4 72 { & % 42%, Short Bridge Algo-
rithm T3 55% »"§&&ETH5H &z, Short Bridge
Algorithm O F BHREGICEFTE TS Z L35
5. BEBOEEYT LFK TOBEICHRThEWI ED
FERELTRE, B1 208955510, Whee HEE
BEIDINSER LB LN HBD, TRELTHE
NHMETH B LEZ OIS,

BEITE, @YV IVCBIAERNE~ETES X
L7z D%, E20 BLUE21 THbH. ChbHD
7571, x BRRICEBROR, y EECEEY4 VR
TED S Winae ZREZMEZED, ¥ T AELHD
HETRLTWAS., LB L72& )1 Winge 721 ClEE
BHOHEEITI ZEBFTELVY, Whas 5 DE
TENSTNTRERED? S DESBNSRL, 797
DLERICE L DEFBIL VT EHRGLEINTHB &
w2 5,

Short Bridge Algorithm @ J5 5% 2% 55 % 43 4%

ATART AL I EHER LIV YA 5 EIY 2693

TETVWAEBEE LT, EHE) LEFHETE/LE
VWO2EDARRETALIAITHII 7LD D, B
B LOBBE %R 5 Spiral Graph DA HHE
#B%\wZ &, $7:, Short Bridge Algorithm #F Spiral
Graph DB OBRHEOBEREEH TS L ) CHBHE IR T
WBIENEZLNS,

7% & 08

KL THE, AFGA P4 VY Fo%ZEBLIEZLVIAY
EFHELLT, (A)AFIALFLYRSFHII 7B
Slide Coloring Algorithm 2267% %57 bV — A7~ 7,
(B) Spiral Graph 3 & UF Short Bridge Algorithm 7%
bBTV—bT—7 RREL. LFKICX BEERT
BEESICIFEU DY IV L CRBEREE L
Lo F, v=TFTUar S AEBERY - VI HER
Ti&, %< Ed (A) »542%, (B) 2°55% ¥ 7
L CREB RS2 TCOAI LGl V—TF
UJ7AHBAERY - VICBIT A REREDOEESH LFK
CHARTNSVERE LCiE, FEECHVETR Winas
FEANFHETH D I LHFEXZOND, DI LIZDVT
BRBHRETLFECTH 5.

Spiral Graph & Short Bridge Algorithm 2% 7% %
TL—baU—-7, BEHOBHRLESL, Z0BHRES
ErELTNITY X LTHEI L, BIU, V—71
BOEBEATALA FEDAIIEBT AL TITIVI L,
preload Z# % b BRICBRZ ATV IV XLTHAHZ L
DEHKMELEDS, BRELTHHLEZLNDL, 20
TV—aT7—-21%, BfE, CP-PACSD I V{5~
DHEAANPRET SN TVEERTH S,

BEE, BRORLEAOBEIES, ALESDH b
T OBERREETIFICED TR, ZALD
HAYED, 5%, BELBOLL00FER, 20
VA LDTELMHELTRERDIT A0,
AL FVIRYOUEZDIDIZONTELITEKRL
TWFETHS., T, FO—FT, LIAFAENL
REMGSIE, FO—-NIVL IR LOFERELE, B
EMLBEREARLTTAVT)XLIIL T b EL
VAN

HEE HITEEHE CP-PACS oB%, 8EICHH
WREWTWwD (BF) B BEFICHELRL W,
CP-PACS 7u ¥ = 7 MIUHARFHEE®WEIE (8
BLBYFEBERTFE) OTNPO0401 12 & 5
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BRIl RE (#4£&R)

1970 4. 1995 FERPWERFE 1
EHBERFHEEE. BERKFRE
bt Te#RFZER A ZE.

8 xF BEKE)

1971 S 4. 1994 EEHFERESE 3
SREREHEEE FERAKERE
B TEAER A, 1996 R KZ
KERTEFFRAREA.

WT #&1T (E&B)

1959 £ 4. 1982 £ KB K% HF
RyyEeRxg HYvAfroav
Va—% -y J=7) vy (%)
A*E. 1986 fE:Btt. 1987 EHPE K
FREGELBET AN ET - 1§
WITHHEMAZF, 1989 482, HElkFE AR ER L
vy —BhF. 1992 ERPBEKRFEET - HRTERHM.
1995 £~ FABi#d%. TH¥EL. Furs 3 v 755,
avV¥a—% . F5 742 AORRICHEE. ALKV T+
7 x THEALEA.

B BE (E4£E)

1935 4. 1958 R KFIEE
MR, 1960 ERRFRERE
TEREBT. 1960 ~ 19794 (#k)
A BEFT R RFFRET Y AT 2 BE
. 1979 ~ 1997 50k K
FET - BWMITEREKIE. 1997 £~ REHIFHRAZER
HIEERETSIE. Bt SuryL5E, SB
BR, VI o T7IELRECERYH-oTWE, BE
[avisg 5] (EERE), [E#EFORTRAN] (&K
EE), [av45] (F—a#). BAV 7 by 27
s, BEFEREEES, ACM, IEEE £2E8.




