Vol. 40 No. 4

THHALIE 2 25 SRS

ARIREICED K RBEHEERILT 5
JY—=2ZANA T 1 > TF&

oot
KW OR K

H

=~

AN R
WoE B AT

RRLTIE, TAVINVEBFREN-—F T2 7DOF — ¥ NRAREEHREL LYV —ANA VT 1
YT FEERETS. REFHRISGBREECLY, BHaA 2 RMET2 L7~y 7u—7
STHDEE R EERIC, HERRT— VRV I AP, F—yEdh T — Y EERICE ) 4TS,
BREFHEIERE, SEREEL VY —ANAYFA Y 7BBECERL-DOTH S, fEROLH Y
Ve ANA YT 4 B EESRENT, LYRAYENT, T ELRREN I SET AT L
, 1DOOMBEL TR S EXTREE 20, RENLHBCREREBLII LI TES, 5124
ARREEE BT A, AL L CRANTFEC L VAEMZERL SR ERERE EHY 5
ZENTES, FHEBERICLY, VY —ANAY T4 v 7 OBBNRFBIHL TEHIS 4 HE
BECREETELZ & AL

An Optimal Binding Algorithm in High-level Synthesis System

for Digital Signal Processing

SHINJI NAKAMOTO,F NOZOMU TOGAWA,! MASAO YANAGISAWA'
and TATSUO OHTSUKI

This paper proposes an optimal resource binding algorithm in the high-level synthesis sys-
tem for digital signal processing. The algorithm is based on the branch-and-bound method
and assigns operations, variables and data transfers in given data-flow graph to functional
units, registers and data path so as to minimize the costs for interconnections. Since the
branch-and-bound method is directly applied to a resource binding problem, the proposed
algorithm can provide an optimal solution without dividing the resource binding problem
into three subtasks, such as functional unit, register and data path binding. Moreover, before
applying the branch-and-bound method, the algorithm reduces the design space by using a
heuristic algorithm, and obtains near-optimal solutions. Experimental results demonstrate
effectiveness and efficiency of the algorithm.
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ops HIHHELE M1, M2 CFNETNEETERET S
ZEHTES (H5(b)).

3.2.2 FTHOMREIHT
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DIEEXLAERTLZOIEBOTEEVIAY-L
VAYRF - Y EESDLEIC R S, FITEFRKER
BITEDbKRER ory DXIBRERT IT LV LE
WAEEXHEL BT vre, vrs IIOHEIL, vrs %
vre ERBRDBVIASTIIREL, FOLVIVAS-LY
AT — Y AR EAET A LI L o TE#D
SEEEBRTS. 0L EEEOSEERIEEED
2 LN 5D, BHOZOEFRBE IT Z 128
EREIT 5.

ERTEOBRICERODPELTET S, BRDOH
gL Tid, () BV ATCERCELEYSTS
NTwiwZ LR FIHAL -OE% T, Gi) 2EEdE
WMCHEER LI RAIB 1 OOKRTHLI L ZFBL
ERELTH D B,

(i) 3.2.1 EOER & FMIC CSG) (1 <i<IN) i
BOWTAERBOFIET A RELTERDEEE VR,
CLEZONEVIVRASEEE RETDH. COLE
|VR;| BBk L % 2REUTEREGOEE R, %
NEN1DDL Y AFIZEBTCERET 5.

(il) CSG) KBWTERCHEASR TV EREWVWL Y X
Y #E5% R;, CS(i) BV TAEFRBOFIET % kK&

SRR RS REREFRET L)V —ANL VT4V T FE 1571

Control Step vr;vry R1 R2 R3 R1 R2 R3

VI | VI vr; | vr
1 VI3 1 2 1 2
VI § VI | VI VI | VI | VI
2 VIS VI ’ 1 2 3 * 1 2 3
VI VI
3 Vi 3 3
4 vry

() ®) ©

7 ZEHROWHENET. (a) RROEFRME. (b) BRI
FBT (1), (c) BROWHF YT (ii)
Fig.7 Initial assignment of variables. (a) Lifetime table
of variables. (b) Initial assignment of variables (i).
(c) Initial assignment of variables (ii}.

LTEHERR VR, £T5. TOLE R =|VRi|
D, VR, DTV Y A% ry € R (ZEISTHHEER
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LB TR R vrg DHTHBDT (i) & W EH
vrg VYA RIWCEILTERETAHILNTES
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3.3 KREMTHEE - TEEIRAZE (Step 2)
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WAENPE IPERNUT IV LR Hop(fu) 13
KK (4) TkRE 5.
Hop(fu) = Wop, (fu) + Wop,. (fu) + Wop, (fu)
@
AYARD

Wop, (fu) = (5)

Opr fu) - {
fu BB r, IHEREELL
Wop, (fu)= - s (7)
0 TTI fudS r, RS D

op L TWRERHEIRTRTIIDVTID Hop(fu)
PEHTL. Sl opk fullEHINBTHILIZES
THLPICE LT RET 2HE (3.5 HTHHET )
WX o THIMT 28GR RELS. 2F0 op % fu
CEIN S TR LI Lo THRET HHE op, DEHE
8 fus “OHEBTIC L 2 EBROEING Hop, (Fus)
?H@UMKﬂM6 ETHMT 2 EHRO R
Hop(fu) ZEHL, op DEIS TR IHE ST
'\‘Tb:ﬁLTCODEiFE‘O@%ﬁﬁT%. FORIPTE
KDL DY op DFENCTHE (BH) zBIRT
52 COFMEM H L35 (X (8), (9). 7L
FU,, 13 op FEISCHRAHERESET 5.

1 7 25 fu lTHEHRELL
FTTI r 25 fu CEHEEDD

o

.y

re D5 fu lCHER#RE L
FTTI 7 b fu lCEREDD

(6)

o

Hlozu(fu) = Hop(fu) + Hop, (fus) (8)
=, g, W10 ©

EROBEDFEEL R L THEINT 28H#E0R
BROME H, (r) 2BHTES. EH or ¢ VR Y
THRZLV I AS re€ Ry 2L T, BHEEID Y
THZ LI Lo TEBRICHINT 2 B58E He (r) %
KB, B or 2LV A5 r KON THE, &
Bor 2T 5HE op, PENLETOLNTVLREE
& fuo BPODTF—yEEL, B vr FANETH
BEREDOEE opin, BEYLTONTWEEHDESE
5 fuin, 1OF— S EESLEL 55, EoT Honlr)
KR (10) TR E 2.

Hor(r) = Worg (1) + > War,,, (1) (10)
72770 ‘

1 fuo 25 r ICEHREL
ero (7‘) = (11)
0 fu, BS r IlESEDY
1 PO fuin, WCHEBMEL
Worgn (1) = 777 Ftims U (12)
: 0 r 25 fuin; ICHEFEDY

D Hy(r) RS THREL VAT LIZANT

Apr. 1999

5. SHIZHBOGALFERIERELV Y AFI2HE
DEUTHILTHYTHFRET S (3.5 HiThit) 2
Bors (LIRS rg \CEIST) OEHEEEENS %
Hyo(r) KM CREVME H.(r) L, SIS TTEE
LIZAFDOHRTRAD S DEEH vr OKREIYTHE
() 28RS 592 CTOMEME H L5 (X(13),
(14)).

H'yp(r) = Hyp(r) + Z Hyp, (7s) (13)

H = max H' U,(r) (14)

TERyr

TRTOKRESTHEE, EROFME H (X (9),
(14)) % lEL TRAD b O & A EEIC & o TER
ENBHE (B &7 5.

3.4 ERNTATRERHES - L ¥ X2 DELIBRE

(Step 3)

Step 2 DREF L THE - BEBRNFETHERL 2R
MOME Hyp(fu), H.(r) 2HWT, BIRSKZHE
HH5VIEEEC L CTRLFEERD LIV TR Y
DEFNN 2 RET S, BREMITBRIN-EE T
R EBOREYE H,,(fu), H,.(r) ®RKEVHD
PERET S,

3.5 HEFEHR-TH-L Y X2ELT (Step 4)

Step 4 Tl Step 2 TEIRSN-HE - % Step
STHRESNIEER - LI AFIZERICE YT,
HE - ERPEER - LVASICEIYTHRI LIS
TREUTOHE - BEIIOVWTHES TR RET S
CEISTEDLEEND 5.

BIRSNT-HE op ZIHEIRICE Y BTRHAIIE
BIRSNTHE op 0FEFEN B3IV O— VAT Y
TIZBWT op ETHBEY AT DL WREISTHE
EL TR HERN 1 DDADBEITIE, FO%KE
LBUHBELZE U CREERCHLTCERET S L
WTEL. 8 IZBWTHE op VBRI HES
M1 ICEI ) BCRBEITIE, HE opy LHESY AT

Control Step M1 M2 M1 M2
1 @ (&)
2 > b

8 WE*L RWHZE M1 ITHY LTI L TRETIRENLT
WHE*2 O WiiE M2 ~0gYT
Fig.8 If the operation *1 is assigned to the functional unit
M1, the operation *2 must be assigned to the func-
tional unit M2.
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Control Step vrp vr3 Rl R2 R1 R2 R1 R2 R1 R2
1 vr Iy Iy | VI3 Vi | VI3 VI | VI3
1
2 vr = - vry | vry | vrs e vr | vis
4

3

A

I VI | vy

M9 ZHovry xVIVRY RLICHID S TEI L TRET HREYTEE vry, vrg DL Y

A% R1, R2 ~OEYT
Fig. 9

If the variable vry is assigned to the register R1, the variables vr; and

vrg must be assigned to the registers R1 and R2, respectively.
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PEL TGV VAT 1 DDADBEE, F0OKE
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WTFELTORIC, F—FiniREETET 5. 7
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3.7 E&HIXMTHREHEHFE (Step 6)
BERIAFOTRMELXBEHT 5. 7Y EXAERD
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ROEERE L7z,
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Apr. 1999

DFG (#3536 /) 23T 5 & FELYRAY,
ARYL?, SPLICER”, HAL?, BINET!,
STAR'®, AF (Oursl) & DEFTHER & Befr
WM, ~VFTL RO B,

F83 AFi (Oursl) & 3.8 HiTHR-FHRNE
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NS DEERNS, VY —ANA VT 4 BB
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ERIDERPOLRANBHRC L 2 98E4 T2 T
BT ET, RANEERCIAOHPEUTE L b o7
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L RMERL /2. EHEEEICOWT L EROERENES
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#1 SA, ILP L KFEOLE
Table 1 Comparison of SA, ILP and ours.
Input Data ILP SA Oursl
DFG  #nodes CT 11 #(adds,muls,regs) | #wires Time | #wires Time | #wires Time
IIR3 16 10 5 (2,2,7) 22 2.5 min 24 5 min 22 2sec
16 10 6 1, 2, 6) 20 2.3sec 22 6 min 20 0.1sec
16 10 7 (2,2,7) 22 1 min 24 5 min 22 0.3 sec
16 11 6 (1, 2, 6) 20 2.4sec 22 6 min 20 0.1sec
IIR5 25 14 9 (2,2,9) 32 11.5 hours 36 35 min 32 32 min
25 14 12 (1, 2,9) 28 9 min 31 48 min 28 ° 4.5min
25 15 8 (2, 2,9) 32 4 hours 35  30.5min 32 1 min
25 16 9 (2,2, 8) 29 41 hours 31 32 min 29 17 min
®2 EWF OFBHE
Table 2 Synthesis results for EWF,
System CT II #(adds,muls,regs) | #MUXs  #wires Time
LYRA? 21 21 (2, 1, 10) 23 47 3sec
ARYL? 21 21 (2, 1, 10) 22 46 1sec
SPLICER™ | 21 21 (2, 1, 24) 14 43 > 50sec
HAL® 19 19 (2,1, 12) 20 45 6 min
BINET D) 17 17 (2, 1, 10) N.A. 40 9 sec
STAR ¥ 17 17 (2, 1, 10) 21 43 10 sec
Oursl 21 21 (2, 1, 10) 20 36 6 hours
19 19 (2, 1, 10) 21 37  3.5hours
17 17 (2,1, 10) 21 37 87.5 hours
}®3 RAMBEC L) WHEIY L L 25 EOREM OIS
Table 3 Comparison of solution space.
Input Data Oursl Ours2
DFG CT 1 #PPT  gwires Time | #PP!  #wires Time Ratiot
1IR3 10 5 477 22 0.9sec 346 22 0.7 sec 72.5%
10 6 51 20 0.1sec 18 20 0.1sec 35.3%
10 7 55 22 0.1sec 17 23 0.1sec 30.9%
11 6 51 20 0.1 sec 18 20 0.1sec 35.3%
IIR5 14 9 200803 32 32 min 34595 32 1.5 min 17.2%
14 12 7486 28 30.5 sec 167 28 1sec 2.23%
15 8 8371 32 35.0 6104 33 25 sec 72.9%
16 9 45757 29 4 min 5151 29 24 sec 11.3%
EWF 21 21 1272459 36 6 hours 95163 37 32 min 7.5%
19 19 65805 37 3.5 hours 8334 40 9.5 min 1.21%
17 17 10766738 37 87.5 hours 56010 38 44 min 0.52%
FIR40 44 44 79 86 19.1sec 1 86 0.6 sec 1.26%
FIR50 53 53 39325881 108 127 hours 100 108 4.9 sec 0.001%

T BRI X o TSN 2 S TIEOR.
1 Ours1 & Ours2 DHAHEORED .
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