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( Voltage-Frequency-Island Aware Energy Optimization Methodology
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Abstract

Due to high levels of integration and complexity, the Network-on-Chip (NoC) approach has emerged as a new design
paradigm to overcome on-chip communication issues and data bandwidth limits in conventional SoC(System-on-Chip)
design. In particular, exponentially growing of energy consumption caused by high frequency, synchronization and
distributing a single global clock signal throughout the chip have become major design bottlenecks. To deal with these
issues, a globally asynchronous, locally synchronous (GALS) design combined with low power techniques is considered.
Such a design style fits nicely with the concept of voltage-frequency-islands (VFI) which has been recently introduced for
achieving fine-grain system-level power management. In this paper, we propose an efficient design methodology that
minimizes energy consumption by VFI partitioning on an NoC architecture as well as assigning supply and threshold
voltage levels to each VFI. The proposed algorithm which find VFI and appropriate core (or processing element) supply
voltage consists of traffic-aware core graph partitioning, communication contention delay-aware tile mapping, power
variation-aware core dynamic voltage scaling (DVS), power efficient VFI merging and voltage update on the VFIs.
Simulation results show that average 10.3% improvement in energy consumption compared to other existing works.

Keywords : NoC, low power, voltage-frequency-island, dynamic voltage scaling, tile mapping

TEAEY, T A, T B, ATt

ARENFGR 1. 29 U 2R AT 58 4
(School of Information and Communication
Engineering, Sungkyunkwan University) WA 7]2d A&l Wz 24 A

£

o] =¥ AuudEne 2008%d: AFTEd . ﬁ . =
Tl Sfsted A7 *EM T e z:oj7t ¢ Hoz FHEHT
dxk 2000859159, £ 4R Y 20009893

(609)

oy
—Ho
o

X0

x

=

e}



2009 88 TAZE3 =X A 46 @ SD H

o, o8& 7|&
9 vz °1(Manycore) Al
o IP £ 7 $7bste o
T 72 4 149
A A W2 (shared bus)
-3 (System-on-Chip, SoC) dAHL o]
FENZ T gl A5 Foirt Hn g,
<-F eI 2849 SRS nEst 53
& N2 Hde] vEYI-2-3(Network-on-Chip,
NoC) 71%eltf™, o] 71¢e 72853 258d &
A MEYA AHHAE AT 2EIY] FHH
A AZd & dojg TN F2E /R gukxgl
SoC AN At ST nHAS
3HAl gtk NoC 7€

>
S
T
Je
om

herAle]
il

20
ﬁ—b‘rw:

0]51 Eaﬂ E@-s} A28 A A o
2% 4843 $PHe A3

I3 1@AM B%ol, NoC 71Wke] Axde dubs
°2 339 et S T 5 glov e
B2 plo]ARZ2AM, DSP £ A4 st=do] &
2 5o 2 4 g 2 Bde molst BeElz 7Y
of gow, Blse & MENA o8 45 A2
g9} gt 28 LIb)lA 2Eol, NoC el $EE
=8 F29 ¥, 2du A2 28Hcrossbar) 29X
02 749 5 gk

LS R = I = B A =S
Q29 Aol2el A AAE st2a

5L A4 Brbssbl A ol
ANFHoZE HZ7|Hol1 A
FEshe GALS #4¥e Agal
GALSel 7123 47 2eie
29 #EE AN A9 2 AgY FAEE A8d
A BEES FY TYlsland) 22 HAFE AY
-F 3=~ (Voltage-Frequency-Island, VFD)¢] 7§
3 Aol ottt VFIS Ol%é}?‘; o= Ao &3
AA w2 &2t dEdE Bsta, dAA 3
HE A-Y NoC HA HHEse 2 A4 gd A
4-28 =ridlow r&@wﬂ»}” W ofg Ao VI
= s T
g5l AFHA SoC ﬂi?}.i dd=] sl 7}
At o
AR NoC Al=ddA 27 35e 47kA a4

=24

z B33t o9
2 o]t
SRR ﬁaﬂ 2
o7E Zy|Aow
A FJ el

Al2El-F2 A

’\1‘%}

/\

\__

) 5
A

LA
-

\::

(610)

M8z

IGICi
, I// i

23

Legend: Processing element

Crossbar Switch

(a) An NoC with 9 tiles (b) Structure of a router

38 1. WEYI-2-F 7(HF A|lA-—e X
Fig. 1. Structure of NoC-based system,

Aoz FAHEH, B3 @F(task assignment),
Eld o (tile mapping), 8 AE 3 (routing
path allocation) 832 El23Z 2AEH(task
scheduling)e|t}. AA Akz(d, 18 2@ 2
Az e aea 74zt BaaEoe] 7 3o &
FHAS o HEAEe} APAHFH AHEIHEE T3]
o FF ¢ F7F FoA *W B g9 19 2(b)
S} 2ol Z+ Bj=3 g sojd] ¥dste Ao
o. UH%(mapping)% BRI
NoCAel £4 843 dXA7|e Ao, gted A=
T2 BUze A AE2E A3 Aol "
A 2AEEE o] Wl g2aEY AF <4
At A& gtk
GALS 7]4te] NoColl VFIZ H-43}7] YA+ VFI
g e WYste #Ao| UM st 1y
A& sty FHo 2 Wit zk +
A A Haslsle 744 35
14 H(threshold voltage) 18|31 F2& Fab4=
A 55 NoC Hyeo] 278z g

=0
2=

—t

=

l

l

=
=

itk

=
ARE

eadlme 170 E
,\!

eadline: 10

(a) Task Graph

(b) Core Graph

a2 2 A3 JejZel 3ol Jf=
Fig. 2. Task Graph and Core Graph.



24 BY-Foe-3AS 18 4z M3 YEAI-2

A4 dqyx dzk 2= st [12]9 UHE
& B 7 @Al vk AAME VFL 8§ #A o)
d gy g$d A2 g9 a8n gaa 2AEY
25 gusta 7 Fole] FFAS FYAY 1ex
T2 ForA BF AFE Fo o|FoAte Aol
o} o9 & HZ WS VFI ¥ F71¥ A
g 7138 ¥4 5 Ut F aﬂi VFI 78& S
483 T2 & Has & e AR A
grol sttt olgjd FAME sfFstr|s VFI &
g GAE g WEEg &4 Fsty VFIE 2%
B mfjPoz T&AQ F9BE st HHE0] A
5493\‘:}[13]'

[13]& 28 2@ 22 da3 ai=g 19 2(0b)
9 Zo] B2ar} @29 Zo] LR WA o)
Ztzte] sojEo] whtA|ZHdeadline)& Ztx gltha 7}
A3t ol 4% AY UL WEAFIEA HA <
qyz ARE
a8 g3 FITE 7 aA

S A "tk o] 2 wys
VFI £ 8 v 228z F$8e 7o s
a8 2b)et 2 FZolaHzy Z+ FojEo] wEAIRE

Mo Lo

o

& 23 ke e Add Brksa. s
4 (D7 ol ABYAolMAN e JUAE
g A7 AU FA dUAY Foz 74

=4, 84d g g9y HE 3o
7] wZo

R ERIED

A YA ge & 5 7] dEelth

ming, = Y BE(V,V)+ Y Y vlli,5)E,,G9) (1)
VieT

ViETYjET

B =8dAMe 9 979 BARE MAde AR
¥3hsto A Bod £&¥Q VFI 288 =
A

NZE NoC 47 HHES AN o2 8 52
Fe nld 2ol TAZ Yol AW F 1AL 1
goz FA-44 A%e 1@ gl g, 49 A

2% s

2old $4 A% 24 33 1
VFL 983 1 %9 VFL A% A 23¢ F88

A AAY NoC ¢dnglE&s 43ty H45x &
S A B JEHOE 5% g 7)1ES VFI 79
NoC A8 A+ ZAAe vustd FTAHoR 103%
of iz A7 T30t ke AS RodddnE B
3 B}

=59 74L& b3 2o D3AdAE A4 7leg
OEF3 MAGME Ae VEI A3 AA 2 A4g

-3 4A gye 423 o

%—}j—‘j’]%%o] H%%E} N’g'oﬂlx-]—t: Eﬂ’é@éﬂ;— L3
A Aoksts dmzel e P2 VIIA 2
o2 npFe gk

0. 2d 71
F9A oux HHE AN FAF ¥
FojEL Bl "WF o] Z& VFIZ FolFe 7}i°l
Hasith 4 5o 27 32 MGkl BdER

HE NoC 728 ioq%sz AT 2 BAEL x}ha
o 49} A3 wx D AN SawT
2 AReY. 29 3(a = 2A%e 2HHA 2 B
Wgeln 13 3 FAFS LA BY Yol

Eyir = Eyore T Eyeons + Btk gen (2)

a9 3¢9 3o} (Cl-C8 C3-C7, C4-C9 18z
C2-C5-C6& 747 B2 5413E z2ta gtk g o
VFI 8¢ o1% 27 3(b)# vlasix 28 3@9 v
A 227} A3 F Rolth Yustd FAFOl B2
FojEo| dojA glo] AtEstE Hstol THE EMdH} F
Ag 3 o "Bed v4e] MCMF(Mixed Clock/Mixed
FIFO)$} VIC(Voltage Level Converter)& %33}7]
Zoltt, oA Ta, 4 Q% 2L By AUAT F
7¥sk7] dEo)t.

dyn CL —él f ¢ Vu?d (3)
B =RAE I3 b)Y ol FAFE 1T
B tgo] HEE ;o] Y pwe 24 San
th ae nez B WP JAYshed od 7
B
A Voltage B Voitage C Voltage O Voltage MCMFVLC
—C1= C2 c3
ca c5 C6
c7 —Cc8—] c9
(@)

a2 3. VFl 7|4k NoCollMel Mok &gk of x|
Fig. 3. An example showing Voltage assignment in VFi
based NoC.



2009 8E X33 =X X 46 H SDEH X 8 & 25

FdojEe] Z& Y2E &2
NE Has) ste dueEol Z*%%E} 0eez
A QF ol&st Zt =ojEd Y W Fe
Y A% 22 & FYsta iAo '%X—ic’d VFI
B 3 olFo] VFI A A 2¥& X
& AT

A
A AA 258 iﬂ—i— .= e i‘i’él—% 371] 4

Bghgo] Mg 2 IR %Xd A 24 @
MCMF/VLC SHS=E Fo]7] 943 VFI ¥}
VFI ¥z 2% AF5A7E AAS Y] A% VFI
Ak A =4,

2 x=Ro

r
3
w
ol
=2

—
- W
9,
X
T2
rol
ol
hint
o
|
ACH

[ 1 2AEY
[14]7} AItst Earliest Deadline First(EDF)$t
Energy Aware Scheduling(EAS)S 2 o] &3FH )
NoC 243} €L LAstel VL 1% A 2971

ILW ARG} A AN B
M Ee A HUsa BEa

Tile mapping

Evaluation

a3 4 M VIS Ts YEYa-2-F MNHY
I:IH:HE

Fig. 4. The proposed VFi-Aware NoC Low Power
Methodology.

I

2 2 oy, B el d, T T v
T

1] °ﬂxl«l *‘EM‘:} T°ﬂ*1 ZFZH Fd oA e,
7)e 1o 1 Aol HgAAE L}E}‘Ht dl, 22 g
7F A FEZ Mol e a3 7b 4EH R S
omgte}, Blaa TAZ T9) F7)E period D E7)
o} Tl 9 "3 e 8 TPl A F
2Hal7) el AAX e & whgAIt 48 7 & 3l
th 4zt oA eE 7o b AR O Zojd %
HAS o, F B Atolo] HEEojol & FA dlo]
HES guate wley)d 22 Ao 189 238 2a)
7} A3 agEe] oF Bo Fa gl o)M=
38 la)9 2 9% 988 Agste A4 e
71%ke] 18 (mesh) ¥ NoC 72& 7143t VFI7t &
|48 NoC ZAE V198 948 2AEH= 19 20)
s} 7o) ztzhe] El2:v} Zhzbe] ol drE HAH <

Fo] =7t FAF e 7HASIA st

1. SAZS 128 70 J2= =g
o] gAY BEFE ux ARE Hidsl] HEH o]

A YA 2RE 4 @A Be A o] 4
(Dol of3l) 73 oAFAIAANAN AREE A e}
T2 (2o g8 T3 F2le] ﬁé&‘& 00
g AQE AHEEE Bl 9o MCMF$ VLCE
53 BAE ¥ 9 2ASE FHEQA B9 o=
o] Foj 7t} VFIY HUTE max{n(VFD}E Yl
5o} YT G=<C W>Z Yepdtin 71T o A%
quA ARE HasEl] A E VEIY AgeE
Uz o= MY dx EAlgo] B F|EL HLE 7
S VFUL 2 ¢ JES £3EHEE Yot

Brorat = Eypp + ;i]l Byl 4)

2. SM-FHY AN7te et efd i

o] dANME AT 4T AY & WSHUA
FA AUA 2BE Hashe] A3 4] 120E]
o el vy sHojof exg AR Aol BR
oy,  =&lM= 7|Ed oz [13]9] B wig &

g Fo 7]k T2

o
=2,

(o4

=

duFE SAlo] Bad



26 Int=k-l

o

e 0

ASIC
(10.13)

The 3]

%(rs,ﬁ) [

(b) Tile mapping considering
contention time

(a) Tile mapping without
considering contention time

a8 5 Et of= of |
Fig. 5. Tie mapping exampie.

DComputaﬁon delay and power Rouﬁng delay and power

[ﬂﬂpacket delay and powsr Conhention delay and power
«p Data communication(Edge) “Slack time
power
w
. 31111 24v
26V
9
3ov
a
il
y

¥ ¥ T L T L) T
100 110 120 1% 140 150 160 170 wo mm m m t

(a)

p
%IH!N l

2.4V
it |
w2 2 26V
b 3.0V
g
g 3.4V
4

LA S B N SRR BANS N S S A G S
TO 80 S0 100 110 120 X0 143 50‘%170\6019020021{)20 t

{b)

J8 6. EtY ofgol g oiFAIZE ol
Fig. 6. Slack time example for different tile mapping.

LA
010203(!10$60

23 go) OE gdd 9€ 3% 498 A2 ¥
A Aske $A-44 A%E 188K goBw ofF

o) o
M=

AR oo B4 2% 24 U BaAY 4
F 24E 7 £ o 2dM 0B ngets EA-
A4 AZHe TG FRARE 2T

a9 5 B ERA A B wwe d2
A% itk olRAe 7ol ;ojo] ¥R taz
U2 A3 vt v AL Aol
A et SAW A7) Badsel g

I

mlo

CHE PN

A3 HEYI-

(613)

2-F 43 YHE

oy
Ho
o

TAE & del] FA 2 I ARgafof ot
stte] FAdqA FAlY 9 Jﬁaé— AgE 4 glem
2 93 g AFr] A8 wAste A4 AdAE F
ZHEQL e qR] &H)7F wASA "ok 29 5 (@9 (b)
o] zol & ol3f3t7] AEE A7 ZELE Ve A
ol Ztzt 18 6 (@)% (b)olth XY-2+8 oz HR A

3=
as

5 & v 18 6(a)e w0-—r1d 1012 HFlEe] 2
2 HAE AMEE] dEd AR H3E JG3] A8l
B A AAIZre] wA3t vphAZkel] g o frA

ZHslack time)o] HAXA Ak & =FAAM A
dngFo] F8d 19 6b)= BHLY #B A& ¥
Ao 2N A= AIFE AA 3t wAIZe of
& AfA ] ARE B F Utk qFfAIZRe| Ate
Ae B W o3 gAd oA e 2o T3 A
4 24 IHE ¢4 F dde A& guE

a9 694 BHe A 2o HF 3eEY F I
L8 AN HA A QAL E F
B ANz 7 A2 i3 ZARE 7z
= A HA 79 I’:a(fht)ﬂ - A2 T4l
RAAA AAs= F g 7E7] 93 de

e E300)

032 >:\“_4

!

254 93 248 54
ERER wm SPS D RT
ECEIEEDIE: Roltt, 28 6olHE
Z2t9) EHAE@] Asaren W@ A opje

aElsE AYE P dehlz gev o)k 44 ()
g o g3 P 19 614 ¥ ¢ UFl A2t o

£gg0] 28 FFAGNA Ll

Ago| Eth=

power
b

L AN A S M R B A G S S B
0V)?ﬂ’\ﬂ00‘ﬂ’o(‘7060%190"0120(?51401‘50103175160|90?002|ﬂ?20 t

=2

= 5 =X A

(=T R

O 7 M HEHE 1F o & olX|
Fig. 7. Power Variation-Aware DVS example.



2009 8% FXIBEE ==X A 46 @ SD H

AE < F U

At dudFe 7|EHoR (159 B8 AY =
d S AR Hlaa g2 HHY Age =
M= AL VFIE 1283 NoC 724 AgsiA &
org & 2RdAE 2o U9E Ag W3lEs 1y
ste A& Addt). 1AM A9 Wil 2R 54
B)F& 7ol At WEFY AZHE WAYS o, oo ¥
ol Q' BEE HAAES T Ate] ¥AsY o
< Ao Hol7} 71 E SMURE AGS ¥FE A
o|t}.

E,.=E, (t)~E, (t+A;t) 5)

core core ‘core

4. VFI 983} VFI-5% ®Qt xF
HE oe A¢¢ A8se QHT (3, &, 2 9
BUEE 2 A%S ASAES VFI 3T wEA
R Hasake Aol of @AM BEol
) U, VI $YE 42 HE A Apoi
28 A4 AEHES shid VFIZ BE
AE A, o, o8 AN A5 A% 2
BEHAN A ARG Ha3} HEZ Azt
AT & e HH Al TP )
of VFI ¥l ool #4ol N 4% Aok
7 AN B AYE AR BYe
P
L 2FEE VEL 93 Sele 54 @9 2 wiA
1 iF Aol A5, LA, £
ol M2 e AL ASsE BaSe F4
& o "ad MCMF/VLCY AlgoE Zixoz
Azke NUA(E,)E AARS Z7ete o F A
891 ol 8 BLoE VR LA A o
a8 4 @9 AA AIA 28(5,,)E E1EA
85k, S SAS VL 9% Fo 49 g9
SREAZE BE elfA%E AARE Ao th @
V-4 A 238% s} ouA 2ee Fuin
o
a9 82 o WA olshg =T

=
ARE

ooy o g

e o
ffn
o

e BN
> “JIOE%

:L o

c

©

:?‘a

ru‘,% mlo rE

o
‘E‘

o rE

Aol 19

(614)

H8z

217

Wwer

GPPO

GEOEQEaIg

| L L T T
0 18 130 130 140 160 180 170 180 160 20 1D 220 {

O]

@
=S
3
B
& -4
z -
&
3«
]
2
B o

power

197V
[

3 227v
2 oo I Nifeios

2amv
1]

[Fraa] 3V
9 L] 1 ¥ E t T 1 1 1 L] R T T 1 L] i H 1] ¥

4 1 2030wﬁﬂﬁﬂ70&09(31501‘0!203”14&&5}2”IMII!JWDND?HJ?ZQ t

(b)

a2 8 VA gEhka VR-3H Mok =F oA
Fig. 8 VFi Merging and VFI-DVS example.

8@t VI 4% 942 29 794 BE 33 ol
GPP13} ASICE a2 Aol Zol7t A &o} VFI
W3 ol 27 dBANA oA (g, )7t AR
Fown SNFE Wop FOEE 5,9 uNF 2
=2 VFI Wil olRolAth 19 8b)E Atd J7
3 WYEe AT GAE BdFE o2 VF 3%
Fo B AHAE AR 9P VFI-5H A
= wAolt. o wAE Fa AZ9 AzE
SREEER EEIPN 27te] mole] W
T3ALH VEIE Farh

.
.

Z8&

L

o

=2 =]
= ©

Y Ho} AHE £, F
Bdufg, dEwsiEds 1y
2, £&7<Q VFI ¥33% VFI-%
A A 24 7zt gAY HA5} 7YY &3
E 348 2k AgA e A 274K Fejef WA
vt g ARESgiEd, shue FAAE A4E 7
Haa adzsed b stue &7
oitt. FAHAE A4E M) Y2 ST
a el A A w7k f-8eith 2

tlo



2

28 o

~FI4-FHE 128

oy
40
o

® OPT 00

= OPT,,

oo o oo o000
B S T N R L~ I = ) BV Y - B - )
1 i

Normalized Energy Consumption

Task Graph

a8 9 Zf MA cHHeMe] SXME o "2 Fof
Fg. 9. Accumulated energy saving effects in design steps

A2 YA Baa YT tgl~tgl2e] RSN o}
Fe HHz A9 oA BoF3 gl
Ade 529 2o B 729 B oy 74
T4 A 2AE AHESA VFL HEHE AFg3kA)
AAZIEA s TR qUA 2R A3 H
Atk dE o ARR3 aEst B2 M4 7}
o] T Zo|y] wjEe] AA A2" Aoi AFPA|
F7F Qerg quR AR e A dyx A
A3 Aol oy oA BdPd oyx] AR

AHE 3.

=
L2RE

o]

24

&

\

wo N @MY ox @ rlo rob -

gy 1T

ol

b S ES AR
P& W] AHRO|THOPTepicp). Al HA i A
Hsteks 18 §4 At Ao 12 AR HYLS
2] ZA#o]tHOPTepicpep). PRS2 Ul WA 2ty
= B =olA Ak RE 3 gugEso] Ae
HAE we] oA YEPATHOP Topcp«ppvrn.
47 OPTcp, OPTcpco, OPTcpicp-pn,
OPTcpscp-ppver GAIRE & FHWA 75%, 17.2%,
264%, A5%2 A&EHozm FAEAT U
i B agze A0, 94 Az A
2l 39 S A AAY e o)
, 29 FEHOPTp)E &L dy=x
|, 23 A7te] 7359 Falgo
HEolth o] 43 AFHZHEH o)
AdA HAsteofof 3= AL & & gtk
AME E3S™ Wixuia o) Za) Aol ae o] g}

¢

=
ARE

.
rRE

AR

23}

el

-

M

(o)

L

&

oy Do
kn)

S

L
ARE

)
X

A

td
A

gt

(615)

E 1. UHEZ-2-F odx &R H@
Table 1. Comparison ~ results of NoC  Energy
Consumption.
Normalized Total Energy Consumption
Benchmark | Algorithm
No-Merge | 4-VFI 3-VFI 2-VFI
[12] 1 0.83 069 0.63"
Consumer -
Ours 1 072 059 0.57
[12] 1 0.89 0.75" 0.76
Network N
Ours 1 0.86 0.73 0.64
Auto- [12] 1 084 0.79" 112
industry Ours 1 075 0.66" 091
[12] 1 074" 0.74" 117
Telecom
Ours 1 0.67 0.63" 092

of Ak NoC AA 7% [12]9] 4ugF v §
o}, E3S #wixlvla o] Z@ Aol AL consumer, network,
auto-industry L8] telecomO.E ©o|FoA Qu ztz}
12, 13, 24 28]2 30709 B3 8 EFe) o|AEL
247} 9,9, 16 283 25719 Fol2 Yoo AAZH
& 2AF doh T3, o|AEL 77 3x3, 3x3, 4x4
2]3 5x5 NoC A7 9ol et w3 "ok ¥ 12 F
dueZ9 iz AR BILE BAFT o VFI
HEs kAl @ 78 AuR] AR FA3l Hof
Atk A B =84 A VFIE 28d dus
Zo] VFI H3 9Awe vmstal s BF 103% oY
A AR Hek gt dvbe A& RoEt

=2
e

V.4 &

A= NoC 7]uk AlA"o| M GALS 2t}



2009H 83 TAZE3

dS 243 VFIY ZHE Fdgsty oyx|
A3 & ¢ e dndES Ayt

2YEFE VF-uHE 30 28 FA-H
23 B8 wig, 2+ 129 71E AY L‘
A A 1@_4 &2l VFI #
24 %
ﬁag & 3
T 345%2] NoC vz 74 &3E Hold 7]& [12]
9 A7 Axe HuwHNE H 103%9] Az d7
TS B

uA

g

1)
e

HO

International Technology
Semiconductors Report, 2006.
D. Wingard, “Micronetwork-based integration for
SoCs,” in  Proc. of Design Automation
Conference, pp. 673-677, Las Vegas, United
States, June 2001.

L. Benini, G. De Micheli. “Networks on chips: A
new SoC paradigm,” IEEE Computer, Vol. 35,
no. 1, pp. 70-78, January 2002.

W. Dally, B. Towles, “Route Packets, Not Wires:
On-Chip Interconnection Networks,” in Proc. of
Design Automation Conference, pp. 634-689, Las
Vegas, United States, June 2001.

A. Jantsch, H. Tenhunen (Eds.). Networks on
Chip. Kluwer, 2003.

H G Lee, N. Chang, U Y. Ogras and R.

Roadmap for

[2]

(3]

4]

(5]
[6]

Marculescy, “On-Chip Communication
Architecture  Explorationn A Quantitative
Evaluation of Point-to-Point, Bus, and

Network-on-Chip Approaches,” to appear ACM
TODAES, Vol. 12, no. 3, Article 23, August
2007.

M. Coppola, et al. “OCCN: A Network-On-Chip
Modeling and Simulation Framework,” in Proc.
of Design, Automation and Test in Europe, pp.
174-179, Paris, France, February, 2004.

(7]

[8] D. M. Chapiro, “Globally asynchronous locally
synchronous systems,” PhD thesis, Stanford
University, 1984.

[9] D. Bertozzi, et. al., “NoC Synthesis Flow for
Customized Domain Specific Multiprocessor
Systems-on-Chip,” IEEE  Transactions on
Parallel and Distributed Systems, Vol. 16, no. 2,
pp. 113-129, February 2005.

[101M. Millberg, E. Nilsson, R. Thid, and A.

3 =2X H 46 T SD H

(616)

H8= 29

Jantsch, “Guaranteed Bandwidth using Looped
Containers in Temporally Disjoint Networks
within the Nostrum Network on Chip,” in Proc.
of Design, Automation and Test in Europe, pp.
174-179, Paris, France, February, 2004.

[111Y. S. Dhillon, A. U. Diril, A. Chatterjee and H.
S. Lee, “Algorithm for achieving minimum
energy consumption in CMOS circuits using
multiple supply and threshold voltages at the
module level,” in Proc. of ICCAD, pp. 693-700,
San Jose, CA, USA, November 2003.

[12] U. Y. Ogras, R. Marcuescu, P. Choudhary and

D. Marculescu, “Voltage-Frequency Island
Partitioning  for  GALS-based  Networks-
on-Chip,” in Proc. of Design Automation

Conference, pp. 110-115, San Diego, CA, USA,
June 2007.

[13]W. Jang, D. Ding, and D. Z Pan, “A
Voltage-Frequency Island Aware  Energy
Optimization Framework for Networks-on-Chip,”
in Proc. of ICCAD, pp. 264-269, San Jose, CA,
USA, November 2008.

[141]. Hu and R. Marculescy, “Communication and
task scheduling of application—specific
networks-on—chip,” In IEE Proc. Comuters &
Digital Techniques, Vol. 152, no. 5, pp. 643-651,
September 2005.

[15] M. T. Schmitz, B. M. Al-Hashimi, “Considering
Power Variations of DVS Processing Elements
for Energy Minimisation in  Distributed
Systems,” in Proc. of International Symposium
on Systems Synthesis, pp. 250~255, Montreal,
Quebec, Canada, September 2001.

[16] Robert P. Dick, “Embedded System Synthesrs
Benchmarks Suite”,
http://ziyang.eecs.umich.edu/ dickrp/e3s/



30 HY-Fo4-T%48 13

(]

2 (A3

2008 d =7 S

W R} ek} ShAl
20083 3¥ ~# A Aok

<

71
=

AREATHR AT,
<FHARE 1 VLSI A 7%

W -y A" SoC
A7, drd = A aE>

M 2HIY
1994 M- Shal AL A sk
&AL

2000
o] 841 A}
2004 A &b 7 FE T

2004 ~20079 A AR 2EES AT 4
EDEEE

20074~ d A JF RN FRENFHE
ES

<ETAROE  GHTHE Azw, AAZE A2E

A4 A zE>

iR HE3 HESI-2-F HA YHE

S PN

(617)

o
o
o
o

2 &= Bl (&g

A A d g
AR}
: NoC/SoC A A, o
W A 2E>

st el sl(FAQEY) - A A}
19921 KAIST A7) %

A Apg- gk ghAl
KAIST #7] %
ARkt A AL
KAIST #7] 4

A A erg} HRAL

39 ~2006 8¢ 44 HA FAATA
A A7,

0¥ ~2008 29 d=aby] 7l ulEnl

} 1994

1999

19994

20061

2008\ 39 ~&A AFHASn AREANFER

A A 2 EE AT FAS
<FPAREr T IT SoC AA 2 HA e o
o4 Al2~" T §8 71e>



