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An Exact Algorithm of Slide-Register Allocation Problem

TOMOHIRO HARAIKAWA,* YOSHIYUKI YAMASHITA't
and IKUO NAKATAf®tt

Assume a processor with an instruction which renames registers #0, #1, ... respectively to
#(K+0), #(K+1), ... all at once is given, and call these registers slide-registers. CP-PACS
in the University of Tsukuba is one of the computers that utilize such a processor. For con-
ventional registers, it is known that the register allocation problem of a loop program can be
formulated as the coloring problem of Cyclic Arc Graph. However, for the slide-registers, this
allocation problem has not been studied in detail. This paper shows an exact algorithm of this
problem by formulating it as a variation of Traveling Salesman Problem. Moreover, based on
the solution time obtained by solving problems with this exact algorithm, this paper presents
a practical application method of this formulation. Furthermore, this exact algorithm is ap-
plied to the evaluation of approximation algorithms. In our recent work, an approximation
algorithm was proposed, but our evaluation method there could only assure its optimality
as 55%. The new evaluation using the optimal solutions revealed that the approximation
algorithm proposed formerly was giving the optimal solution to more than 85% of examples.
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Fig.1 Slide-Window Architecture.
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do {
load w1
add v, U1 > 14
mult 4, V4> Us
add Vs, V1 —> V2
mult v, V9> Vs
add Vg, U3 => Vs
store v
slide +1
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Fig.2 Spiral Graph.
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Fig.3 The concept of Spiral Graph.

YOGS AT Yy THERBL THAENL, RFLTIR
VT AOEEATy THE I ZEA—-HT5H. 77
TOFBIE, BRTHEIN, ATFTAFGFICLBL
VAYEB BTN EFEL TWwh. Spiral Graph FIZ
BWTE, H40EKLL <3—Rg (BT, BICE
BEVD) OFATL Y VRBATERATS. L x
I, 1 ionTiE, XAF v 7 0D load S THAL
NIEN AT v 7 4O mult &5 ETRESAZITN
Xhbhwv, £22C, 1 =[0,4) &#FL. /2, K
LEFRSIATL YD, $ELOLTNICERAIZA
FU—varyUb LR I 2R TRETHHD
LB, 2 2IE, v l2oWTIE, AF Y7 5D add
W THEREINIESROBEEL DR T v 1 TR
BEN2FERL R0, v =[5,8) EKT.
Spiral Graph iX, V=7 1 DA ATAFE, ¥
Gbbt, HELTAIIRDOEERL T 2%DOHFS
KhDDPDORERELIZT T 7THS, kL -8
HPLEEATAFGHFRINV—-TOXKRBICEIN, &K
RXOHEFBREDZD L) BN —T%WHIOTH D,
Spiral Graph B{Ki¥, X b —f&8Ic, EHEDAT 1
Fﬁ%%Abw TIHRH)ZENTEL, BHORAT
F&EEELL—-TIZBVWT, VLY XA¥FBFOEL
@l?T%iﬁk BREDS R TP IR AT - 72
797 (A3 &E) Khb., ZOBTRV-T 1ED
BEIATAPEN I THEH,L, SELEAMELR
2 3-Spiral Graph & L TX7$ (3 Hif). L&,
K-Spiral Graph ® K KO LA %, EH L, Lo
Lbro9 271, v99v72,..., 8797 KLE&.
Spiral Graph # fiv2 s &, LY AFEIfHE, 2o

a4 A7V IHEOBRE

Fig.4 ‘gap’ between live ranges.

KADNI7 9 7 DOLIEBDIATV Y VR4 L
EEXFTTOCHBEERLTIENTES (K3 PR
). TRCEEFTI RS, AFAFGFEERL
T I 7OBREFELTIE IV (K3 &A).

Spiral Graph IZ B 5\ { 2h DL EHT 5.

EFEL (R, BR) REOFATVYY vy =
[85, €) WKCBWT, 5 (0< s; < IT) % v; DIARR, e;
(si < &) BEREVI. |

EE2 (Bl BTX7v7) EBROI7ATVY
Vv = [si,€) ICBWVT, s;mod I, e; mod I %
FNEN v, ORBIATv T, BTXATyT v,
SS(v;), ES(v;) & &< *, (]
- EES (FATLVDRE) BBEOTATLY
Do = [8i,6) BV, ei—s; & vy DRZIEV,
length(v;) & &<, |

EFEL (FATLoDHOKBRE) EBDF7AT7L
Y v &y WBWT, {SS(v;) — ES(v:)} mod II
v b v; TTORBE VW, gap(v;,v;) &
<. [ |
B4 OERNS S 505 & 510, BEIIIESRR, T4
b gap(vi,vs) # gap(vi,v:) TH 5.

23 EAXF st

PFT, A9AF LY A5 HE% Spiral
Graph % VW TERILT 5. 23— F &R, K5I
LTHFAT I 2= 0T 2ffoThb LY X5 &I
EA)FELVIRAYERET o THhO AT a—Y
YT RTIHENDHD D, BRAIHELZRAL Y
b, 2hiE, AyVa—) U IBEEIATRAEN)
AFAR T4V FIORBEERL TWAEI LE,
FPa— VI EELENVELIRAIDY A= 3
TEEFEELT, LY AFETE LT ) DICEE
BedbhIZLIZLD.

AKBXTE, FATT 2=V T7HBO II AT
AFBEZEOHERED LIOERLV Y A HEB/MET
rIlrEz, BREVIRYENSRNIRLLE, &
DERPRBETCHHE V) EILT S, Thid, 5F

* SO kD72, BIZ 8 £¥T, s; mod II & LTHL



Vol. 40 No. 9 AT AF VT A5 E RO BT RE 3527
N N
minimize Z Z (Cij EZJ) (11)
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N
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ILP 1 Formulation of Traveling Salesman Problem.
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Fig.5 Optimal solution for a Traveling Salesman
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Fig.6 Optimal solution for an Assignment Problem.
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Fig.7 Cost definition according to s; (L) and e; (R).
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Fig.8 In case a track ends with v; s.t. ES(v;) = 0.
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Fig.9 MinSUM (L) and MinMAX (R) solution.
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K N N
minimize Z (Z Z (cij &'jk)) (2.1)
k=0 \i=0 j=0
K N
subject to Zzﬁijk =1, j=1,...,N, (2.2)
k=1 i=0
N N
Y k= & k=1,...,K, p=0,...,N, (2.32)
i=0 j=0
N
D k=1, k=1,.. K, (2.3b)
i=1
/ K
wow<N{(1=3 b ] £l (2.4
k=1
&k € {0,1}, Vi, 5.k, (2.5)
y; arbitrary. (2.6)
H#HFH 2 MinSUM BKE+E— L X F— AREOEBEEETHOERD
ILP 2 Formulation of MinSUM Multiple Traveling Salesmen Problem.
minimize 2o (3.1a)
N N
subject to Z Z (cij 6”10) <z, k=1,... ,K, (3.1b)

i=0 j=0
(2.2)~(2.6) ICHL

$#%F 3 MinMAX BKEt— VA F— AMEO EHETHETORA
ILP 3 Formulation of MinMAX Multiple Traveling Salesmen Problem.
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RIZFOEESHBERL L5 LERT. R (2.3b) i
1 ADE—V A2 H 2 DL EORKERE i #- %
W EERRET 5. K (24) IS KABKBRED 20
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BT 5. K (2.5) RBEHEHTHS.
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N N
z = max {Z Z (&sjk cij)
LwIiika A M/MEo BRBEEERT. &Y Ofl
HROBERIIHGR 2 LEKRTH 5.

i=0 j=0

01234586
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Fig. 10 Dead spaces in K-Spiral Graph.
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minimize

K
> (a1 = M- 6)
k=1

subject to
i=0 j=0
2 < 2p-1, k=2,...,K,
(2.2)~(2.6) IZHL
k=1,...,K,
k=1,...,K.

5k < 21— 2k,
o € {0,1},

N N
ZZ(Cijfijk)sz, k=1,...,K,

AF ANV YRy EIEDORE R 3531

(4.1a)

(4.1b)

(4.1¢c)
(4.2)~(4.6)
(4.7a)
(4.7b)

Rk 4 XAV YR EARMEOBHETEECORE
ILP 4 Formulation of Slide-Register Allocation Problem.
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® 2 =2
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BFoT, G H1KHEESh S,
UEEY, iz <2 DEE, OFDOL XIZHR
D12%50-1EBTH S LIRET:.
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5, HAEMICE, BEIv DI AR h BERHE
T3 X9, FHR3DL Y% MinMAX Bl B
B ETIZ LV, HIWRATIIBORXL XY
EEOLEAETAVFVENRETELL LTS
5. K (4le) 2o, HIOADLICETy ZidT A
FOKEVIEREATHS, FFS59 70X} 2
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DEE 21— W2H 525, K (4.1a) Z2HR/METH
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K
minimize Z(zi — 0) (5.1a)
k=1
N N
subject to 3 D> _(Cis&ux) —I1- 2 =0, k=1, K, (5.1b)
i=0 j=0,%#j
Zh1— 220, k=2,...,K, (5.1c)
K N
E:E:%*zL j=1,...,N, (5.2)
k=1 =0, i£j
N N
Stk =Y Gk =0, k=1,...,K, p=0,...,N, (5.30)
$=0, i#p =0, j#£p
N
D bos=1, k=1,...K, (5.3b)
Jj=1
K
yz'—yj‘*'NZﬁz'ijN—l, i#j=1...,N, 64
k=1 .
tik € {0,1}, Vi, j,k, (5.5)
y; arbitrary, (5.6)
A—z2,—0r>0, k=1,...,K, (5.7a)
0<6 <1, k=1,... K. (5.7b)

FHFR 5 EBCAOLHINA
ILP 5 Formulation used for the experiments.

BOEREEC X o> TEROFIEEL R . TTRIER
MBI X L C, Livermore Fortran Kernel (LFK)
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AR TR B Y72 BRI AT BT LB/ N 2 T
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FREDORRE L AL 720, BEHL b LIRS
ERRET 5 )X CORBEBEIFATHL. £EO
12332 4) 128V T Slide Coloring Algorithm 3 X T°
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wd, 4E, KEFERELFIHL CREORERE
FRFNRRD, WX 4) OELFEL BT 5 £
bFFor. KEOBETEIOBERIIOVTHRET 5.
51 RBR&EH

%£B%1%, IBM RS/6000 (Power2 160 MHz, FiClE
512MB) T, #H#EEE/ Sy 7 —Y CPLEX 6.0 %
FAWTATo7:. CPLEX REABHGIHEIES SR

FETEBLZENTE S,

EBRICHEAL -HI#RIE, SR THDL. K (5.%)
AR (4.%) HIEL TV, K (5.1a), (5.1b), (5.7b)
PEFSRTWED, ZhPDAHIHIRR 4 oXEH
BEEEOERICI R ) LI ICHICERL 26 DTH
5. K (5.7b) TIE, BEHEREDRTHIDC 5
DEHE 0-1 BEP L EHREBICEEL TWEAF, Z
DT LBIFHHROEREBICIIEEL RIT SRV, 2
OHEBIIHAS P LDTHEET 5. K (5.1a), (5.1b) T
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.z 3 I OBELIELEVED, 2 B O
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- BWBEES I CEHoTHEAY 1 Y FUiEE kD
T, 2, KL AERTIIORMEIRETHS.

5.2 LFK |IZ$\) 3 @A DKZISE

RETH, X 4) CTHEL/ZLFKO7 471V Y
VHEE S FEHCT, REREORBREE RS,
L 4) TRV FEEBRH 3> /%1 J13 preload fif %
WHT 570, F4RT preload TEEL /22 A b
EHEFHV, 55 WOBIEDO FREFNICHL THIFR S
DRI ci; ZPEL T CPLEX IZ&RAL 7.
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Fig.11 Problem size and solution time.
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1 BREROKRFREE
Table 1 Solution time by the exact method.
Number of Solution time [sec.] [min.]

Liveranges ~ 0.1 ~ 0.5 ~1 ~5 ~ 10 ~ 30 ~ 1 ~ 3 ~5 ~ 10 ~ o0
1~15 2,500 1,125 55 58 19 2 2 3 5 52
16 ~ 30 82 354 655 1,558 292 75 76 24 39 333
31 ~ 45 0 32 11 15 697 399 209 18 20 296
46 ~ 60 0 0 0 2 1 25 118 51 25 43
Solved 2,582 1,511 721 1,633 1,009 501 405 96 89 724
examples 2,582 4,093 4,814 6,447 7,176 8,185 8,686 9,091 9,187 9,276 10,000

10000 [ Ho2 Go0e . 10000 (582 2 o0-0-0 ©
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B12 294 FBETIVTY)XLORENE
Fig.12 Optimality of Slide Coloring Algorithm.
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13 Short Bridge Algorithm D&M
Fig.13 Optimality of Short Bridge Algorithm.

+2 ERTATY X LORENE
Table 2 Optimality of approximation algorithms.

Lower bound Algorithm
for the evaluation | Slide Coloring | Short Bridge
Winaz 42% ~ 55% ~

Optimal solution 64~ 72% 85~ 93%
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