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Abstract: Instruction level parallelism is a classic problem in the research of processor architecture. VLIW architecture is a common
architecture to enhance Instruction level parallelism in the field of digital signal processor. The instruction issue order is determined by the
compiler for VLIW architecture, so VLIW’s Instruction level parallelism performance strongly depends on the instruction scheduling of

compiler. In order to explore the performance poteneial of RISC-V VLIW architecture and enrich the RISC-V ecosystem, this paper
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studies the optimization of instruction scheduling algorithm of RISC-V VLIW architecture. For a single scheduling region, the integer
linear programming scheduling can obtain the optimal scheduling solution with high complexity, and the list scheduling, which has low
complexity, cannot obtain the optimal scheduling solution. In order to combine the advantages of the two scheduling algorithms, this
paper proposes an IPC theoretical model guided hybrid instruction scheduling algorithm. The scheduling region where the list scheduling
has not reached the optimal solution can be located with IPC theoretical model, and then the integer linear programming scheduling
algorithm further processes the located scheduling region. The theoretical model is based on data flow analysis and considers both
instruction dependency and hardware resources, and can give the theoretical upper bound of IPC in linear complexity. The core of hybrid
scheduling lies in the accuracy of IPC theoretical model, which is 95.74% in this paper. On the given benchmark, the IPC theoretical
model can identify that 94.62% of the scheduling region has reached the optimal solution under list scheduling, so only 5.38% of the
scheduling region needs to be further scheduled by integer linear programming. The hybrid scheduling algorithm can achieve the

scheduling effect of integer linear programming scheduling with the complexity close to that of list scheduling.
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T o IRl Ik I i 18 8% R 18 P 30U B SR AT R TR B o (R B SRR R AN 5 e Fe KR R
WINEE. WS, TwE e EIRIR S, AL RISC-V VLIW 284 (T AR R IR Rt 2, 3200 7 R
FRIRIE T I 3 A N H), AT 4 2 R B SRR R PR

MECEA R RN R RS T RS R IR E . HE SR, A B R SR AR S S
g G A PAT B Ia S BRE AT B R, LOAD HItRef 4T LOAD 54 Fl ALU $84, {H2 Rid kAL,
Bl ALU ST AEPAT ALU $8 4. X UL LOAD 84 HUATZ AR HIE L, KNI RSHEMET, MAHESZ
PRI B 2 1) LOAD 54 %4 HUSE 139 & “LOAD/STORE i+ 5 % JHtL ALU &5k 7 $AE g 1E 280y, =
TS — 5 AT AT B DA Rk, HA AR A B X 3 LOAD/STORE #5642 HAH 5 B I & i~
Anfe e HRAAER, Bk k2N — BB BRI Gl 308

DRLESKET- AR SC AR, AR B SR A R o5 D 3R R B Rk I g R xR

® HLN 1. fKsiHF LOAD. STORE %354 .

® B 2: G HERITES.

® B 3. fRGE RO RNt 4

PLE 3 9Bl fEm Mk . B 3 199584 DAG KT LA, 7EHEIREREEN, HTiES 0-4
H)H FE IR FEFRAR IR, 7R BR A 8 R A R I Se AR [R], DRt 4% B A6 48 2 IR 8 B2, B 3 i 6 538
ASWFTE I 4 MEASE, N 44 cycle AT, WEl 3(@)Finm. EEINT “H04:HE LOAD. STORE %3547
PE RN E, HTHEL 02 4 MRS EAHR, MmMiE4S 3. 4 W LOAD 84, 4 0. 1. 2 5 ALU
a4, A% LOAD fl STORE K8 454, TIEETF &4 {3,4,0,1,2}, B 3 1 6 FIEAITHA I A
B4, 4834 cycle AT, WIE 3(b)fim. ATLLEH, EMMT HMEREMMIG, AT cycle M 4
WA 3, IPC M 1.5 384 2.0,

(a) RIIn)E KR (b) H k=X

B3 AL R

5 IPCHEREREEENREHESIAERRX

5 4 TEg AU R BE RENE £ — R DR A SR A R EE S A A, (HELREBGR; RMESIERARERE
BUG, EEEWREIIRMM . v 7R BRI R A BRI, A=ELH T IPC BIBEIAIR SRS
RO WEREE. ZREHELSHEFENRERDE 4 Pos.

Tk RAR
X
IPC
By oy ui]

RNV Bk
K 4 REHRLS R RRER
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XHRFERH RS, BHRBEMARK IPC EAIFIEEB . Bat2il, T —MHEXEm S, WRE
YA EZ AT N (1 TPC 45 T BRIGBERY 45 (1 TPC, U W 2 M E A i P2 DX B AR 81 1 e fUid s (HR 2 A
S, HARRE R ERBI M — E AR R . MU, TRE R 55 2 1 AT R T 2 A 2 X
AR CL™R T RIUE.

5.1 ETHIERAIPCIEILIRE

ZIRA T EAZOTET IPC BRI AL . AR Y IPC HIR AT M FE 2 WO ) SRR AR BT IR R R
BT AR L MBI AT, FTRALL O(m) B A% Egs H— M REEIX I R W IPC 5. HHEE 4 H AT 40,
BT — N B Xk A B HE A R [ E B, SR—MABEX IR R 9 IPC I e AR 56 0 T SR W B2 X 3T cycle /s
B, BPE XX R (1 cycle THH T 7.

AT ADFRIEL x KA RBEEE d, >0 L2 ELES, M BRIRRES x KA KB &

d. >0 AR HES, pred[x]FnTE4 x FTA T URIR 4 054 o MARSE SO T 3R 48 ALx]F1 BLx] (6 2
EWSE
Alxl= J BIpIU d,,>02{p}: Q) )

pepred[x]

Blx]=AX]UU | (p} (&)

pepred[x]

—ANRE X R PR A T URR NES G kD, 7 5FE R R ALU. LOAD. STORE. JUMP JUfi2&
IS MEE. HTFARNPAT R IT L RRTE AR BORE, e 4738 4 U8 FE I & 0 75 B IR 2 R ik 4T
Z . B RSB E M A L EBIE S KSR, WEAGIASCRME DERREEXE S F18
A Bt 75 BB eycle 30 o, 7.k, D) BITHE A XN

i+j+k

3 2 Js kD) (6)

TE XARA T x BB/ RS eycle, R84 MIC[x], FRis4 x BIB/DKRES cycle, BIiZIE4 R E 808 %
FH cycle. NIARHE L ZF8 S S Alx]A B[x] AT BLit5 H MIC[x].

MIC[x] = max (MIC[p]+d, . . p(ALD*1 . p(BLx]) (7)

@i, j,k, 1) = max(

JE SL— AN BE X3 R /N R AT cycle il B XN %48 41 i /NS eycle R AE, B
MIC[R] = max MIC[x] (8)

BT REBAYELSANME-5F MIC A(6-8), AR T —FLMEEREN IPC BIRHA, ZH AL
o BN B XA N B eyele T8, B IPC EAR. WEEXKBEHT(E)RET)HA.
5.2 IPCIERIRBEITEH R

THIEZTE 513 Ml T4 HRIE L & IR S 55 4-5) K IRL R A K (6-8)iH 5 cycle T A MBI,

) ERARITH

B 5@ s 4 1 MIC E BT I E AT UK 2 2 AT 21 3 19 MIC {8, [RITT A5 4 1) MIC A 4.

Q)HTIENT R

B 5(b)sh A 3 B9 MIC R F AT E ardk48 4288 . T 0-2 9 3 44 LOAD 54, BRI E/DFE 3
ZIRA5EM 0-2, [RIILHT A 3 (1 MIC 2 4.

QG)EE T ARTE
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B 5P HTFAFER BT A, TERIETT S MIC H4 1 DAG EII MIC {f. F@Ed 5
RE AR Y AKX g A A AR R 75 3 DAG E R MIC 4. RIS A 0-2, AIEEEHGER H Y S5 MIC &
A 3o

(a) FEURA R H S (b) WA ALt Bl (o) HEBLIE 775 S
Bl 5 5471 s MIC H i 5HoR B

6 SKI

6.1 SLIGEAMEE

ASLHET LLVM 16.0 S23 7RG 182 0 B B K gm PR 4%, {81 A RISC-V GNU toolchain H 848, 2T
RISC-V 4% Spike ¥ /B 7 VLIW T, EFIKA R RS 1 GEVP I EEHE Coremark X T H AR 1T IR, %2
EHATHAEERWME 6 Fin. AN TIRIEZRAE DSP FMARD, FAIHE—L K DSP 4 i & Sz
AlexNet™ st T BLA&E HEAT T .

B3t HPAT A

WP — S
K 6 THEERAHATIREK

RS

B

6.2 TRVLIWHIRFS KR

B A SO T AR K VLIW afd, BIZwAS A 485 75 (1945 2 00 CAAE T AR RSB BLH T 4r |l %48 44,
AT AT EGEK VLIW —FFENFSMI NOP 454, XKW/ T 28w = it il se o iR .
Coremark 71 7% bR B AR RS AR R 75 A8 K 4 5 0 5 K ity o F 2 TR0t e dn B 7 B o 28 K g A A it g — 3t o) e d 5
2,855 %184, MUEAFA 11L.1SKB. @K VLIW fg4 s 3t fl b4 6,340 4354, REBEEA
24.77KB. ATLAVEH, HEK VLIW AL, ASCRBMIET RV32 184 et sk i 42K VLIW 42
MIFERIEHAERI RT3 T, AR AR B8N T 54.97%
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4.5 mAFKVLIW B 5E KVLIW

B 7 Coremark % bR 20 (AR AL A4 AR

6.3 FRFEMBLXARMMLL

PATRR G A SRR RS MAE, BIETM NRIEE, BRm EREE, Mahin 58K L
ARG A IRV FE AT T 0L, JRERIT T BATLE 4.2 W3R I 3 AN a RN AR . WE 8 aTLLEH, B
B, SETIMA FRBAEMLEAT 4.02%, SAKA ERFEMLEA T 4.62%, S5ETR TAE KR
ARG G RAEMLRT T 4.02%. B 8 FFWAH T 4.2 1F 3 ANE RNMU IR ol BUEH, M1
1) LOAD/STORE Ji &N REM 1R Tt 3.45%, FUN 2 Mok is 12 8 R BRI 42T 1.72%, M 3 1 3 8 R R
AT 0.57%, ATLAEH, #0 1 ) LOAD/STORE J& & 3\ AEUS 3R 15 5 N R4 Tt .

1.82
1.81

181
1.8
1.80
1.79
o 1.78 177
&7 .
1.76 75
1.75 1.74 1.74
N N
172 I

BT R ENRER ey R + R R +LOAD/STORE AR
8 - Fh i E 5L 7E Coremark H1 1 IPC

AT ENVEA IR R 8 R R R AR R, B 9 AT Coremark A RBTERTSIAN 4.2
FIH 1-3 {8 R IPC, @ 5l N g RN, TPC “FHIM 1.74 $27+ 3 1.80, -F T 3.09%.
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3.0
=IPC_ = IPCGRlEZN) |
2.5
2.0
g1
&
1.0
0.5
0.0
U R I N I - e OIPR O TR CIRN SM IRPN P - BN RO N SR R IR IR NP
FE S )‘ S S FE L FEF TS ST IS T T T E T
\v@%& R IO 0w SO SIS S O S S R S S S
] ) g
FF °° S ‘Q\@ P s I S O S o AR O
& RO ,@/\\ &/ & Lo S RS S @l FS & SRR
o Sl 3 % & & SIS FLe ©
a [N &7 & & > & @ o
Y B [S) &&e\/ &
& D
é(‘
&

& 9 Coremark "' % R ETE R ME ) IPC

6.4 IPCIRILIEE B REIT A

K 10 44 T Coremark i E XA TS E M 2 4igiil. ATCLEH, Coremark H LA 446 AN FE X 4,
Hodr 59.19% 0 & X Ik N 388/ T25 T 4, 88.12% M AE XA RS FUNTET 10, X AFIRATH 1/ 5 X 15

HIRUSEE T KB T R
100
%0 87
80
# 70 |61
< 60 57
X 50
[x] 39
M40
= 30 271924
20 I I128 8
10 I 4 45359212 422
Jgiv i gdo321 2104220010011 11
0
1 4 5 6 7 8 9 10 11 12 13 14 15 16 17 19 22 23 25 27 29 30 31 32 33 34 45 55 69 88 135
R X 5k P A 44

10 I 52 DX 48 P 45 4 Ko A g i

AR SCAH A U R SR A I B AL AR VR TPC BRI, B 114 1 T TPC BELGAEAL 50 R B Sk 1
AR MREXT BL) IPC I ZE A 50 A, T LUE HAE 446 N XIS, A 95.52% 1 B X I8 3 B B 45 th (1) IPC 3
RN IPC, A 4.48%M 10 B XA IPC SHRMHA/NTET 2 1 cycle FIZEHE.

T VLR G R B T SR RRC T 20 B R, BIE 20 TR B IX AN TR 2 U R ROk B s AR AR
Bl 11(b)gh T BRI R B FE 1) IPC I ZEE 010, 7T LG, 94.62% 18 5 XS R A 88 5 % I B2 1Y) IPC
A, 5.38 %A X 3K cycle B ZH/ N T55T 3. BITERLREI A4 5T, 94.62% 0 1 FE IX 37 2 18 B2 1 )
AN E IR B, U 5.38%0 A X 38 75 1 UGk A7 0 R B
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450 450
400 426 400 422
& 350 & 350
< 300 < 300
# 250 # 250
] 200 ] 200
= 150 = 150
E 100 E 100
50 19 1 50 22 1 1
0 0 .

0 1 2 0 1 2 3
(a) FRACAE AL SRR 2 25 R iR cycle 2 (b) ERRAE Y 55 R 45 R M cycle 2 H

B 11 M cycle B W E XA H 51t
F 3 IPC HBHIR 4y 2Rt 5

S S S
ISR SR (R S R A RLAR)

o ——

(PN TR P35 B A ) JUE TP=422 fEIE FP=0

0 1 A TN

(TN 3% 4 PR IE S AL i)

& 4 1PC FISHE T PEN 48 bR
P ers Bl
WERIZR  95.74%
FEME 100.00%
AEZE  95.69%
F1 {8 97.79%

b T HE B AE VR A R R S B B T 40 2 (B B e A R TS E — AU B XA A B T AR, R
AT DA 245 B 4 M TR 6 R 6 B SR TR A TPC BB REARY . % 3 454 T ELIE TP. {BIE FP. B4 FN. E %t TN
, ATER 4 b Renebs, BWEmSE. BHIE. ZHE%EMFLE.

HER 26 T AR R oy S v e, 95.74% 11 vHE B 2 Ut I B IR ASE B 49 SR M BB 0 o WG A 3 P T 1l S A 7Y
PR g TE A5 4 225 5 v Sz o 1E 481 £ EL A5, RS B 260 100.00% ENHIE T BEAS AR R A 52 A ot A0 AR A 195 100 — 5 e B 0
BT ] #0 95.69%, IXREURTE 95.69% I fe tfe Af #8 B8 0 4 AR Y g 7 i ok, RIUH 4.31%4 51 R &
BRI SN E AR, FEEIINETRREE. N TRAECEER TR, HikE
FEV R 8 FBE 5945 31 (0 A 5 2 VA E P AR 2 2 ML RD A FL (B VEE A SR R 4 [ SR A AT 48, A 97.79%

Bl 12 45 T Coremark H1 8-> R 2003 A FH A SCH HH 1 22 R 5 0 Ko 55 5 BV B Y = o g v i S I 4
[ IPC. H1%K 4. 5 T A1, TPC(E I ) <=TPCCHL K1 B )<=TPC(FE I B AL, bl K1) 8 5 1) 45 S5 T bA
VE N AR MR 2V B AR B . AP 12 FTLLE H, fER ML A 89.47% 1 5 i it % 15 B 0 %1
BT 8 B SR AU B X, BRI s O I G S R A 11 KON 4 RE A ST E L.

NTRE IPC BRI G584 MBC R, BATEBR TERFE RSB, 1PC HBBIA 1) e i
FIZb. WK SHalEY, HREXENESE/NTET SE, IPC BSHIAYSE Coremark F1 AlexNet -
HIHERZRIEE] T 100%F1 99.57%. X & KAHE 4 BRI, Hia A WBUR B2 IR AR 1 A B F 4D, BRI AR
Refg 15 B 45 R AETR 240y 6 B 15 2 18], HER 2R AHA T B, (HAT) &k 97.22%(Cormark) F1 92.68%(AlexNet).
MIRABKTET 16 0, #EFRFFL TR, (HEMAE SHaTLLEH, BAE/NTET 15 MIFEXE SN
92.16%(Coremark)#1 93.85%(AlexNet). Fil, HIRHTIER SN TEHT 15 R EHEREREGRE LMW, A
TN VEAN A H R X P 48 A Hont B SR [ AE R R IR, T 13T 13(b)Ar B4 H T 24 Cormark
H1 AlexNet {1 B X 38 P (¥ & BB A0, FEARAEALSS HE (1 TPC FIRLRITA B 45 ¥ TPC. W LLE 4484
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BUNTAET 150, BB 5MRIR B AP R LR mEE A .

4.0
IR T T
35
3.0
25
£20
&
1.5
1.0
0.5
0.0
& S - . SV N N DL
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HES e@z’;\‘o\‘c"xﬁ&éx@ FES o7& Bb/&\"@." ST ST SE A ‘q’/'&é%@Q S oo &
. .. N & D s
K s ST & 54 & &-+?.+> F 37 a7 T @/'@/é?/ N7 &P Q°¢
& S HIFPANF AN ) o Sl RS RGN S &
& & SNCYZER </ B F T H LY O &
S RIERE &7 S F& FTHFE T o &
< &7 & < >/ S
-\.§
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&

Kl 12 Coremark H % R EFER VA . BRI E L BB 2 R (1) IPC

* 5 1PC HISBIR PPN 45 b

. Coremark AlexNet

e MEEREE iR BEREE iR

MIESE X VAR e R X VR 2 v

AR D A e % Rk e e
[1,5] 303 67.94% 100.00% 4144 72.37% 99.57%
[6,15] 108 24.22% 97.22% 1230 21.48% 92.68%
[16,50] 31 6.95% 48.38% 333 5.82% 65.46%

>50 3 0.67% 75.00% 19 0.33% 47.37%

2.8 32

26 | [ —HeEAR — ki | 30 | [ —miekim — ikl |

24 2.8

22 %ﬁﬁ

020 022
EREY 20

1.6 1.8

14 s

1.2 1.2

1.0 1.0
1 35 7 9 11 13 15 17 22 25 29 31 33 45 69 135 1 10 100 1000

R I B 4l 45 RS X 4 4 2
(a) Coremark " A~ [E1 45 4 H 1) 1 £ X 45 (¥ IPC (b) AlexNet " AN [F] 52 B ¥ 1 2 X A5 RITPC (RS A BR e B )

K 13 Coremark il AlexNet H AN A 54 #1165 X 3811 IPC

6.5 YmIERTE 4R

BT AAEE AR RERE, HEREMRESRI S E XA SO TR RURIE R A A
FERI G BERTTE], W5 6 Fim. wILAE W, TRAG VAR e ) R G MRIRER 15.67%. SRR A R H)
ET 24 ANFERTHEIT IR, HEHTIX 24 MEE AT SE S B E N 26, KT coremark it
HiRERITTHFYE 2% 6.4, FTULRA 5.38% M B0 75 T AT MURIR S, (AR 15.67%M AR
EGRm BN . FEH, VRA R E N CUEE— SR A S gR BRI (8] & LI, R RT UAR Y B FH 3% S g B 18] 1R BR
1l 2 [ 3 30 TR K R P O R S DX, N T 5 A AT R R i 3 1] R i
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R 6 P S I 4 T A )6 B
WERY: O RWE O MRIEE RAWE
PRI (FY)  0.58 78.01 12.23

6.6 IPCIERBRBATH RIE DT
FERTHE S B R, A1 TR ERM VLIW M R8s B B Wk T 3 F A E, i)
P PR BLBCTE T R 1 BC B, 275 Hexagon ¥ 4 N IhRE S IC T 7 AR 2 Be B (R AT ST IS &), 2% Kalray
f1 6 ANThRE R IT BT T EAF 3 BCE, WK 7 PR, BAE B E T S EIeRRARE &, BLELIE
ASCHAR R AT R fk
R T =MIRe R oChc BT RRIE

Dhfie # 0 i 1 fig fF 2 g fF 3
FUO ALU. LOAD ALU ALU
FU1 ALU. STORE. JUMP ALU. LOAD ALU
FU2 / ALU. SOTRE ALU
FU3 / JUMP ALU. LOAD
FU4 / / ALU. STORE
FUS / / JUMP

£ 8 A H T Coremark /£ 7 I =Fh {4 NN FIHERIR, MR, HARXEM F1E. TUEH, 46
HARLLES, AR SCH) IPC BASHIBIAT SR RS B B VIR R o IXI0AE T BRATH IPC B A AR & A E T3
JEE

F 8 ZFEARALE T IPC BAS RPN Fa bR

EiEE D T 1 WEfE2 AR 3
WEWIE 89.91%  98.46%  95.51%
a2 100.00%  100.00%  100.00%
AEZ%E  89.66%  96.63%  95.46%
FIf§  94.73%  98.34%  97.68%

6.7 AlexNetHySLIG4ER

A ] DSP A AlexNet 1X — 28 S 28 ) 28 5 A SCHR HH 1 TPC B BEAY B A i Ze AT VR . &1 14
AT RIARE . R B AR AE AlexNet ERIRIL. FTEUEH, 7E AlexNet 3£ 5726 MR X+, H
95.93%[1 1 & X 3 BB ALY 25 Y TPC S5 T RURIREE 1) IPC, H 3.62% 1 R X I B iR 455 Y 55 A0 K o AN
1A~ cycle MIZERE . AT WHNRA A RVE P EIR BRI T 20 E 445, WA 2 /010 B X 380 7 R 10 B By
IER A, B 14 A H TR MR IPC MEM . LG H, AlexNet 5 94.72%K14
X A R R SRR ) IPC A, BRI 2.58% 11 1 J DX 38 75 T O dE A7 AR R %

6000

5493 5424
” 5000 m AR SRR 45 R W cycle ZMH
2 4000 m BB SR A R ) cycle ZEE
H 3000
x|
22000

1000

. 207 256 17 28 9 13 0 4 0 1

0 1 2 3 4 7
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K 14 AlexNet A [A cycle $ 22818 X IBA $ 4t
6.8 NlHT

(a) BURME AL R IE LR (b) LB AT _FHA
B 15 BSHE T RIA/ATIA IPC b FLoR )

A EIRERB IR IPC Ef(cycle TFY), MAE LB, Bl 15 28413 B 1 EIRARAY T61:45 31
IPC L#iF (cycle THIFHMZ MR . B 15(a)F(b) 7 BN B B X IR B, e R R — > cycle $
TR HELERE . 7TLLES, B 15()& cycle N 4, (HEGHERZS T cycle N 3. B 15(b) cycle
3, THEREALGHE cycle N 3. ZHE 15@)IHEEL HE cycle AR THIA . HRFEN: 84 1 MRS 3
¥4 LOAD 54, il TR ZERHE (A 14 LOAD #UTHT), 84 1 fIE4 3 ANRELER—/ cycle $h
17, WATLE 2 A cycle SEJa AT« ARSI /1T, 484 4 1ENSCIC AR, TEVERS 0 86 0 R 2% 1T 0K 2% AT RS
B IR PP . BITEA SCIY IPC BB B BRI 0 b, TBvEIX 43 B 15() R 15(b) B FIB i o R I T %o
B 15(a) i B % 42 AH TA7 7R IR ) 1B 0, RS B TR VAR B IPC BAf 5t

7 24

N =

AT T HET RISC-V R4 R A K VLIW 2844, FR3EH T 4%t AN FE X80 IPC BB B4R 5
MR ATE 2 EESVL . JRA VA BEE T TPC 3R 2 i A7 3 B mT R AT 19 300 U B S DR A 100 R BE IXC 38, 6 i%
W R X ek it — 25 SRR B . TR A IO FE T IPC BB R viER M, S SO IPC LS RE R MR O
95.74%, F11HN 97.79%. A IR IPC BB AT GBI\ T 94.62% 11 5 X3 7R W 5 T ik AL fig, [
WAL 5.38%A0 A B DX I 5 P AT FURIVE B o (R BRiZIR A 18 4 T B S0 A 1 DA BRI 35 R P A &0 2% BE TR B LR
W B B AR
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