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Abstract In this paper, we propose an energy-efficient ASIP synthesis method based on reducing instruction
memory access. Since an instruction memory is one of the main energy consumers in ASIP, reducing consumed
energy in instruction memory is an important problem. We propose a vertical combined instruction that stores
two or more instructions issued sequentially into a single instruction. Then we propose a method to synthesize
the vertical combined instructions from a scheduled CDFG. Since the number of instruction memory accesses is
reduced, the energy consumption can also be reduced. In experimental results, we confirm reducing approximately
41.9% energy consumption at a whole processor system including memories.
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LHL, BRIIVF—HEBOKEVRE, DEEEAH
R[LLUTBRALT EES8 () DRDXS SHFEIC (i) ad
AC, AD DEEEAMAERALTLES. FEITIX Gi) b
D ACA, BAC, ACE DEEESMHFORAMHEBLINF—
KB S AROMEtLY P THEDEN, BRLEBIIINF—
HigROAZ kRERSMS ACZA LT LICKD, ACA
BEORCHBIINVI—BIKELEHESHSZRAT
BT eHTER Eo D THS. T THEEBENSM
DEEBEFREPERT B0, H10DLS ICKBHESNS
i@ (priority) 2{$i0d 5. CS~(CS+i) DHEE/—FK
THEE N3 2HEEMAOBEEIX CS~(CS+i+1) £/=id
(CS-1)~(CS+i) NDEHEH/ — FTHRE N3 EEEFEMFOV
ThHAKEVES OB IVE—HIRR L 5. K10 OEE
EEMS AC DRIE L, DFG1 D CS0~1 icBi} % AC DEE
ElX CS0~2 D ACA DB X VF—HIKE 200, DFG2 ©
CS1~2 i<} 5 AC DESEEIX CS0~2 D BAC DHBRT X
JUE—HlER 200, DFG3 D CS1~2 ic 135 AC DBSEEIR
CS1~3 M ACE DB T 3 V¥ —Hla 200 £/25. CDFG
SETRThSDRITH S 600 b AC DEBEEL RS, DX
b, BEEEESHS AC ZRAT ST LT 300 DERTRIVF—
ZHIETE SN, ACHERINBHEE/— FTH®D ACA,

BARSVRACORER

g%
§°=§==§e§=§j

110 EERHAHPOMEE
MJ REMPBAEHT SV r—varFudS5L (CDFG), Jahe
|\

H:|7J Eﬁﬁ“ﬁ%ﬁﬁiﬁbﬁ‘ YV —vavFaf5 L (CDFG), £H
#afaty b

IR ?ﬁﬂlilb#—ﬂllﬁﬂﬁk

H#: MO THEATVEVEEFa— FOY > EERAHFEY MK

Step 0. AW7 SV = ary/ulsLhbEEEERFREREFR
T35, RREBE/HESMFORHE » BIUSEERSGREAROHRTINV
F—HRR E(v), BEE P(v) 2RD

Step 1. E(v) 2 P(v) D E(v) BAOEEKEMN v ZEERSAHN
v hTinx, BEEAEY v Z@ALR CDFG RT3

Step 2. FEHHEMARMONRLINF—HIHRRE L FBEEOFER
HEL, EEMESMIREREERY 5.

Step 8. EHMASMADOREIFEL, HOEIEKIL TS Stepl.
~R3. #3°R3NE, TSV r—varvTadsLLEEBEARSEY
FEHALTHET.

¥ 11 EEGANPERFE
#2 ﬁﬁ&htﬁ%o%m*;u#— (pd)

NOP TALU T MUL
NOP RS TAR SRR,
ALU ~ [ 219 201201 [ 2.2
| MUL - - | 280 [ 2.23 [ 2.3
| LS - - - [ 2. 25 2.4
CNT 1.98 ]
#3 ROM rﬁﬁ:‘-*w#—%o)ﬁﬁiﬁo)m

K2
Eread 6 60 2 78 | 1.14 x 10~2
Pregr | 3.03 x10-%[4.23x 1077 [ 4.78 x 10~9

# 4 SRAM rﬁﬁxmw\f—goﬁﬁﬂo)%&
Eyri 8.43 x 10-2
Eread 1.35
Plegax | 5.77x10~7
BAC, ACE 28H7 5% & T 600 OEBR T 3V F— 2Nl
TEATLRERLTVS. XoTEEEANT v DERTX
V¥—HRE% E(v), BEER P(v) LT3 EESEH
BREED D E(v) 2 P(v) b2 E(v) MEADEEGEANAE
BIRTZCLT, B100& 5 2HTLHEBTXVF—HIER
PERARLEZBEEFAMAIRERTILHNTES. K1l
BEERAVEEERAMNTRETERERT. FEOTAHN
BEAAHEED SRV, Step 1. IZBWT E(w) 2 P(v) b
D E(v) PRADEERKAGOEELRAL TV 3.

RETH7NVIV LR EEZENFOLTOMEEEEER
B, NRTA—ZL LTBEEEZRVTHBTXLVF—HIE
BOKZVEDONSRALTWL. Z0ORHE 11 OF7LTY
ALOFERE, Aoy Mk S, DFG /— FE% ny,, =
ERARMRORERE m, DY THEATVERNEESAR
I—FOEE c LT 3L O(Snigme) i3,

4. BHEBSRER

FEEHEENDHERTFER CoDaMa 7L—LT—% [7) L TH
BT TV r—vavicUTERLE. AhET37 75—
vavid7VI7r 7LV E, JPEG Tva—&TH%. JPEG
IYa—HORNNEE, BERESRE (YUV), /MFEta=y
FER (MCU) , B#ay < vEH (DCT), BFt (Q,
AEEFEL (VLC) TH3. 7SV r—v a v DAHES
&, 7NV 7 7L R 320x240[pixel], 8bitRGBA, JPEG
I a—4&7% 256x256[pixel], 8bitRGB & L7z.

oty yolRiz, 4 Xav bk, 5BRALTSAY, ALU
x 4, SIMD BIEHE x 2, "— KUz 7)—Fa=v 4,

3.16 x 10‘d
1.94 x 10~%
9.68 x 10~ °

7. o4 X 10-
5.01 x 101
3.60 x 10~ 7
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# 5 IXVF—HlIEHE LR

EPP[ICE“OII energy reduction exploraﬂon time
(%] [sec]
40.9 7.7
JPEG_ENC 42.1 184
DCT 47.3 28.9
MCU 44.0 20.7
YUV 31.4 22.7
VLC 47.7 46.8
40.4 112
xe ERER
app ASTP word bit v.op Tnst.Mem energy
length | width | num access J
VLIW -
ALPAH m[e& 31 65 - 1305612 589724402
BLEND 19 53 9 921605 530791214
MAmFH 19 53 8 844806 519042828
~ [ 255120308 |
JPEG m!s 570 92 - | 255205978 | 103548085053
ENC L 324 80 | 91 | 162170685 | 81245176894
WRFH 315 80 | 97| 161026023 | 81169838582
VLIW 128 -
DCT mm 92 67 228705794 | 77977958206
L 68 66 14 | 151190018 | 63211993649
BT 68 66 14 | 151190018 | 63211993649
128 - 407920 |
MCU | 3Z#(8 56 68 - 498944 212977319
lﬁﬁ L 44 65 7 302336 176214219
HRFHE 44 gg 7 302336 176214219
&0 T -
Yuv | %@ Bf.l: 64 78 - 2037248 1092709147
!9&& 43 66 15 1574912 1004647819
HRFE 42 66 14 1574656 1004579834
VLIW 188 T
vLC m[s 188 87 - | 15524438 7573776297
L 114 66| 22 5695339 5688872304
BRFE 111 66 22 5523090 5655816939
VLIW | 173 | 128 | =
Q i B’l 186 79 - 8700416 4719196674
ML L 110 87| 33 3887222 3781728677
WRFE 107 67| 38 3646529 3735117058

PRULw YV Tazv  E, 74x9—F4> 2=y bE, Y
F—EZRAEYEFL Lk 77./0Y54 75k STARC 90nm
@D WFEEEE 1.0V, BEREEIE 150MHz & L. Eidy
SAEVIZROM &L, BT VI — a VIEHER/NBOA
il XYF—ZAEVIZSRAM kL, AR#% 512KB,
¥ ME 32bit TEEE L. ERIXIVF—DORMEAEL
LT, RTL ##Hic VHDL, VDL B L UTREARI
Synopsys #t Design Compiler Z-2007.03-SP4, XA v F >
WL DBHIC Synopsys t VCS-MX, FO&ERERICUEE
J1BBHTIC Synopsys #t Prime Time 2. T O#RTO,
AEVERL Tuyy a7 HBI ANV —-RBEFRICEY
BR—RAIRNVF—aA M 31.5p), HEAOY FOMNEB
KBF3IRXNVF—DENRTA—RIEE2I1RT. SRAM B
& U ROM D35 A—& % STARC (CMOS90nm)ARM A€
Uz BANWTIMESEEB L, Enoaccess & 1pJ TEHEE L,
FEuwrites Ereads Pleak DEINTGA—RI3E 3, 4ixote.

MU ED & S 7524 T CPU: Intel Core Duo 1.86GHz, Mem-
ory: 1GB, OS: Debian GNU/Linux sarge DB THEER L 7=.
BT TV r—ya v OEBERERS, 6ITRT. ThThEH
OMYPLYA—RAER VLIW 7—FF 7 F v (VLIW) , &&
MR X BHHATY Cy MEBIBFETE CHR(8) . &%
BEEZAVTICHEBL IV —HEEPARENEOPSRA LR
FHEGEAHS BRERL), BEEEAVTRELLEES
and (BRFR) ThHs. BERFEI, EHO VLIW 7—F
FIF v LHART 31.4%~47.7% THH 41.9%, Xk 8] Fike
HAT 8.1%~25.3% T4 17.7%DIEE T X )V F—ZHIEK L
fe. BEEICOVWTHET L, BRFRERZBEEEZAVEL
BELUERTEL ALY 2%BEDOHB L XVF—ZHIRK L Iz

5. 5 ¢ U

ERTRAFATY 7 7L ABHIRICE TS BZXIVF—
ASIP BRFHEZREL 2. HEBERICHEWV T 41.9%0
MBI XVF RS L.

X [

[1] ARM7TDMI Technical Manual ARM,

http://www.arm.com/

[2] T. Glokler and H. Meyr, Design of energy-efficient

application-specific instruction set processors, Springer,
2004.
[3] J.L.Hennessy and D. A. Patterson, Computer architecture:

(#1) : STARC90nm 54 75V EHFRAEKRBUERIS R 7 LREHBEHR
Ly a—EEL, HKASHVLBHBTERE LY ¥— (STARC) LHASHE
# SoC HARHIBAR (ASPLA) DA THRENLLDTHS.

[
5]

16

(7l

@

[l

(10]

(11]

(12]

(23]

(14]

[15]
(16]

(17]

(18]

(19]

20]

[21]

-152 -

A gquantitation approach, Morgan-Kaufman, 1990.

IBM, “CodePack PowerPC code compression utility user’s
manual,” 1998.

SHIE®, 8O, BABH, REEH, AV T4 Fa257 -
Tuty YRR ASIP Meister,” {8%5#, VLD2006-5,
Vol. 106, No.31, pp.25-30, 2006.

M. Jayapala, F. Barat, T. Vander Aa, F. Catthoor, H. Cor-
poraal, and G. Deconinck, “Clustered loop buffer organi-
zation for low energy VLIW embedded processors,” IEEE
Trans. on Computers, Vol.54, No.6, pp.672-683, 2005.

S. Kohara, Y. Shi, N. Togawa, M. Yanagisawa, and T.
Ohtsuki, “CoDaMa: An XML-based framework to manip-
ulate control data flow graphs,” in Proc. of SASIMI 2007,
pp-545-549, 2007.

NEGRS, BXE, I, IBRE, KHRX, “@G8AEY
Yy MEHIRICED ET XNV F— ASIP BFH,” %54,
Vol.107, No. 506, VLD2007-141, pp. 25-30, 2008.

A. Krishnaswamy and R. Gupta, “Profile guided selection
of ARM and Thumb instruction,” in Proc. of ACM SIG-
PLAN, 2002.

MIPS Technologies, “MIPS32 architecture for programmers
volume IV-a: The MIPS16 application specific extension to
the MIPS32 architecture,” 2001.

P. Morgan and R. Taylor, “ASIP instruction encoding for
energy and area reduction,” in Proc. of DAC 2007, pp.797-
800, 2007.

M. Sami, D. Sciuto, C. Silvano, and V. Zaccaria, “An
instruction-level energy model for embedded VLIW archi-
tectures,” IEEE Trans. on Computer-Aided Design of In-
tegrated Circuits and Systems, Vol. 21, No.9, pp. 998-1010,
2002.

A. Shrivastava and N. Dutt, “Energy efficient code gen-
eration exploiting reduced bit-width instruction set archi-
tecture (rISA),” in Proc. of ASP-DAC 2004, pp. 475-477,
2004.

A. Shrivastava, P. Biswas, A. Halambi, N. Dutt, and A.
Nicolau, “Compilation framework for code size reduction
using reduced bit-width ISAs (rISAs),” ACM Tran. on De-
sign Automation of Electronic Systems, Vol. 11, No. 1, pp.
123-146, 2006.

Tensilica Inc. Xtensa Microprocessor,
http://www.tensilica.com/

Texas Instruments Incorporated, “TMS320C62xx CPU and
instruction set: Reference guide,” 1997.

N. Togawa, M. Yanagisawa, and T. Ohtsuki, “A hard-
ware/software cosynthesis system for digital signal proces-
sor cores,” IEICE Trans. on Fundamentals of Electron-
ics, Ci ications and Computer Sciences, Vol. E82-A,
No.11, pp.2325-2337, 1999.

N. Togawa, K. Tachikake, Y. Miyaoka, M. Yanagisawa,
and T. Ohtsuki, “A hardware/software partitioning al-
gorithm for processor cores with Packed SIMD-type in-
structions,” IEICE Trans. on Fundamentals of Electron-
ics, C icati and Computer Sciences, Vol. E86-A,
No.12, pp.3218-3224, 2003.

N. Togawa, K. Tachikake, Y. Miyaoka, M. Yanagisawa, and
T. Ohtsuki, “A SIMD instruction set and functional unit
synthesis algorithm with SIMD operation decomposition,”
IEICE Trans. on Information and Systems, Vol. E88-D,
No.7, pp.1340-1349, 2005.

Toshiba Semiconductor Company, Microcomputer: MeP,
http://www.mepcore.com/

A. Wolfe and A. Chanin, “Executing compressed programs
on an embedded risc architecture,” in Proc. of the 25 an-
nual International symposium on Microarchitecture, Vol.
13, No.7, pp.181-210, 1992.




