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( A Cache buffer and Read Request-aware Request Scheduling Method
for NAND flash-based Solid-state Disks )
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Abstract

Solid-state disks (SSDs) have been widely used by high-performance personal computers or servers due to its good
characteristics and performance. The NAND flash-based SSDs, which take large portion of the whole NAND flash market,
are the major type of SSDs. They usually integrate a cache buffer which is built from DRAM and uses the write-back
policy for better performance. Unfortunately, the policy makes existing scheduling methods less effective at the I/F level of
SSDs Therefore, in this paper, we propose a scheduling method for the I/F with consideration of the cache buffer. The
proposed method considers the hit/miss status of cache buffer and gives higher priority to the read requests. As a result,
the requests whose data is hit on the cache buffer can be handled in advance and the read requests which have larger
effects on the whole system performance than write requests experience shorter latency. The experimental results show
that the proposed scheduling method improves read latency by 26%.

Keywords : 1= Z#A] w52, solid-state disk, 2AZ, 714 WH
CAsle, T s, At I.M &

(Department of  Electrical and Electronic

Engineering, Yonsei University)

A, st
(Department of Computer Science and Engineering,
Sogang University)

© Corresponding Author(E-mail: hyukjunl@sogang.ac kr)

# o] e sholus, Agusta wul AT
€ (No. 201210057) 2 20129 % AP (539487 =

%‘—)94 APz if}i‘?j%lxﬁlr_u 291 wro} 423
¥ A9 (2012- 047670)
A4k 201394€19, FAGEY: 2013379224

(2071)

£2= AHoE Y23 (SSD)+= 7€ = g3
=oln (HDD)Y] AFWAD A7) txzs} opd
DRAMOIU} H= ZeAsh e vlwe] 248 383
o] HDDE tjAlgl24 s tjzzelt) SSDE HDD
o F71A RRES BE A g ] o}
om FAzen ofe 71 4He Jnew 1A%

O AT =

|= ==
T = o JL4=



144 WAl HIESt 87] RFE u2fet HE JefAl J|E E2|E AHOIE AF9 2F AHET

MA@ FatolA g8y 3 gl vk DRAMO.2
TAE SSDE AU =L 743 A f4 A=
B AFEA Fele] dubrogE Y= ZgA s @

S
% 12 kARl SSDe| WiF- F2E HojFErh <
2 (UF)E &3 SSD Wi= 5o HeolHe
HE DRAMO® 4% Al ¥ael] A=,
W= S Wz Ak dh= dolert wAst
A flash translation layer (FTL)E AX = =
A wlEE]ol] A7dastAl Hrtk
a7 19 EEES BF SSD AT Il 7]ofskx
B F v dE FYA vEgR FAS)
multi-channel/way TZ% SSDoll HEA S H-ofslo
2 Qs ads /A gg 13‘:'01 ol

rr

z9 &84S SUsAIIY] flete Be dAEe] ¥
dAs &&at7] A% oy HEt é?ﬂ%%% A <t
3]_91 q_ [31141[5]

9ot 22 2AEHS 19 19 FILY 7 234
o= &84 & oy o A= AAZ o Ul
A= AlRbE vz ATk whep ojm] dAgtE AAIEE 7
Hol vtZ IF ol A84d 2 1 g3+ e ¢
A=, o= Al wH e UF 7] WA o Qlate

AA W Az Fo H Felo] dEkx7] ol
Az oz AN BlHe AeA wEd A=
ZastA €k

kA B Ao s dE SYA] vme] A AR
B oofuzt A HH ] FEE adete 2AEY 7Y

I'F
LTl
Cache buffer
q (DRAM) )
) T .
Flash Translation Layer

NAND Flash
Memory

o 1. k™ol SSD WE 7=
Fig. 1. Generic architecture of SSDs.

NAND Flash
Memory

(2072)

% Xﬂ?l"é]—_TJ_X]— ?l—];]_ xﬂ?l__s]_\__

=50z SSDe
w3 ghel 718e) 54 gle] Hgol s, 97 &
Q3 A W A%

QA AANZE

26%, 227] A AA 3t
EEERE

Al i3
21%, 227] 8%%5 ZaAFTh

17 ek ThekE
ol A WH o} 2FHAUS T
a7 29 7t ' gQld ¢ ok BE 8K
7] 8FHOR JHgeH #S =,
Jo] HQR 3= channel?} way ﬂ g %719t
oF 0¥ channel, 01 way2] Wl

e @

SEE DES

A 2AE 5

CZ1E AAIEY 719 FHA

%W AFe U= ZHA mRg
=

ez skotElof IF gl A l

7 axel B4
A dlzele] 24

ZHAL ol 1

AeEA g Aol wet A

71"
gl

H
=

ox
=]

HH I

ol A 1] HFo] wAlse] HolHE W=

g2 &7 WA wEe] 3 SEsof g &7

of sh= dlo[Ei= A Hufe) #el 7)Mol weh

ot

o

A RN J Y | VR

X

& WA v ek
AL B oF AfA

s

sojd Zlolal, o] HlolE 9] F47F 78k= channel

_________

=

§ write | 120 O g

=

2 {0, 1} z

% ] =

& Eviction| %

3.2} <

o z
I’F Cache Buffer

=
Fig.

2. Al HEE 123X L
2. Scheduling method without consideration of a
cache buffer.

* {channel, way}

2AEE 1Y



20134 88 MXZ=t3 =&
cs Engineers of Korea Vol. 50, NO. 8, August 2013

Journal of The Institute of Electronics

7 wayt 1@ 2049 2ol IFolA ol 8o
278} channel, way9} tHe & Utk A= I/F o
A et #HHo] ~AEY o3t 8 FATE AA
W #e] 7Yl osf w4l HER, IF gl
2AEYLS A B S whEA] ok dh
Ao},

2. A HIH ST AAHZY

a9 38 & =wolA Aststaat sk A HEE
a8 E 2AEYY a29A 42 2AEY e 1"
39 (a9} 22 request queue (RQ)9F 714 ¥ (CB)

XN Hs0HHS8= 145

AR FA o=z 71 A
7] &2 (NAND write)

gato] 27] 8 H S A5 F Ak
Atole] ¥ F& o]&3dt ol& =
Al CBS} v = Al A7]9hS

2 919 2 Mg dAdAoleta wekdt

a7 39 (b= CBY Aejel gk 1

A7 eAYE 8FS WERYE 2SS
CBe= 19 3@ek 2ol 7H5 Ak
2742 CBolA AFo] WAsA] gkerz CBY
eviction FAs=9lol wet vlolBE W= ZAld By

Agbol| A wlalskal itk RQSF CBote] 3| A Adxp= 1 Zo] 7|23/ Wt} AEHow CBEZ THHS %=
Effjolzl R HELS QEZOR U4E S eviction et 27 85 Agsted W FHAle ="
A9 ARe e 7 AR Qe 2Ase BAS vk e Aot ts dE e o
fAo] AR e FAE A RE 2HS 44 &85 Fato] o] Alks EY F Joy, =84
Tk 7] 9o = HeTh 3 17 19 SSD9k T TR QT A% o] aHE AAAIZIH.
2e F2E 7MY, CBoA M2 dHeoleE $¢ A9l deb= vga2A a1 39 (0)9] 45 CBe g
3 81 (CB eviction) & YaidE 28 39 (a9 £ 1#dle] CBolA ZEH o] wE A7 ol A=
2 LA wtA HolHE W= ZA] wWRe T AE 8Ho] e AF A7 Aok #Agle] WA
2 BuFolol 33 Jgsisith A% CB HFol By A Atk WE Fa 4o dF 2do] A WA
SHA] %= A9 ' 39 (b2 A WAl 8 (4 4 RQol A7F= Ao, UmA] =4 1737-4]= CB A 50]
o] ofje} o] Ay sl=dl CBol 7|&3}= (CB write) WSl F4o|B R uliol 4o ¥A 173714 & WA
Request Queue (RQ) Cache Buifer (CB)
@  2]BE]e]—lo]l1]2]3]
" Olderrequests ““Eviction priotity.
RQ —CB i
[4]  (WAND write3))(CB write )
® | (NAND write(2)) CB write )
g ; (NAND wrlte(IXCB wrlte)
RQ—CB I
| ( CB write
(©) |
10
v
4] (NAND write(0))(CB write )
a3 3. (a) FOIZ&l Request queue 2t cache buffere| AE{OlA (o) FHAl HI MEHE 125X L2 AHEY 7|H T}
(€ WAl HIH AEfE Te{st AAHEZ T|H
Fig. 3. Comparison of scheduling methods (b) without consideration of cache buffer and

(c) with consideration of cache buffer for (a) the given state of request queue and cache buffer.

(2073)



o1 T RE NN YN TR T oW o) B o | - ] l
o STIIEERTNIR EERTELE HogE® FTERRL TTITT WE
5| 1@D4Pkﬁgﬁ ﬁ% op P N = m o oo K] _— & MO T - T ok
* TogwL g win wm X WM DU eEe ®EOR e BBY o ge B
SR NET L Ee RRRTETHZ oo o omoe PN T
%i%ﬂ‘imoghyazﬁ M&&@%Mﬁ Aﬁ_ﬂd.&&dr.ﬁqorﬂﬂ],% T5 Y e X o
Jo| iy "o T or ]Ur "o — = — ey = o Yo B = P o T _~
bl =) S 2 N - 5 o m B XX B = o ~ o AN
ol ﬂ%%7mw_o.£Wﬂ% wrmoa@%go@ __ﬂm@&%ﬁr%mrsm%% wm%q.ﬂc mﬂmm
o %MW%#wrﬂ T e S T I . N e, FE =~ N T
p ﬂooﬂ{%oﬁ%%é@wwzfm%%m% N zrmradsT D o0 HF g T =
el — o - — f f = o o5 I —~ =< 5
5 gmo%wam.%ﬁ%{%%EE%HMMW QE%NQW%%HWﬂﬂﬁ Lcun%@mﬂoﬁf.mm_ﬂ
~ w K o T T = T % X o F K = N o= ok ok T T oy N ox MN B
& i io_a%m%mmﬁpﬂf%ﬁo&uﬂ Rianmaﬂ L&m%%wrua M.Eﬁﬂﬂxﬁmm%P
o s T T D gt B2 e PR 45 R HL#LHTC_LN_M%%%%MAW.ﬂ%%olsgv
— f "o _— T —_ = = 0 0 K N~
m T T BB L B E Ty T I Lok ol B DT gy BN
< e A TR Bl Tw T I R KN ES TR % g
o S N e o e P ST ST A" KW " %0 PE R E o R g Ry B
2E et 2 Py T EREA RO R N P N R N .
wl T s W < = Moy ¥ T XS N o ® oW -3 TR N AR o
s D T M By W P g A e T TR T S e LRl B L
= T2 Do e PR NN g < B F R _ XM Rm o F oo
<l < eﬁa] Xy ol N Wat o " o K ~ o 1 MMOCJI& ﬂ]ﬂﬂ]lﬂil]ﬂ_l ﬂLWJ.A oF o) 7
7 HM%%M%&%EHUﬁaﬁd_%ﬁﬂ%dr. N I T BN TR .
T 0 o of Lo = o I = = = do T = oS _ - AKX SO " =< J) D M oen
b ° TRPEPT O W R X NTWxBLT XTT®D M
uUI_
~ = om s
< ®ogl U o = B m RT3 o T e = o -
< = ¥ e o 0 ° N B mw, = R A w ol oy -
o M]dl.,mﬂ A:Mﬂ.rmﬂﬂmﬂm mﬂ%%%ﬂ%ﬂ%wﬁw Mdﬂﬁuwﬂ FAT TR Y £
\Mq‘ﬂl orﬂlﬂ%,,ﬂ\lﬂl_#o OEL.L._ LCATO# O@Z]X 0 = & 2 < 2
ul k) UT._ ‘Mﬂ }W [ —— N = T AO ol ‘ ™ ™ ‘UI A =<
= 2 B 2 B8 o] Ry, N = e T o~y 2o o & o K- ) T
S ®F W < of w oo .o = w WO W o T = >, o 5 =
W S = WMW ur%@uwdr. W%H%%%%@%@@W%iﬂo wv.m(_m % 2
E N =< o — .. B oy =~ — o0 o ! o T ‘e W0 O
; ERa N I A IR A T E SR J(F w0 g
o — A © X0~ o o T W oS v N j - o 8
RO o) Xy R on_mlﬁlﬂemﬂiLf%mwﬂgemﬂﬁ%ﬂ%ﬂd%mﬁ < p W E
of A gAY % 4 o] B B ome W B o= = B — 7o o = a 5 83
- o om XM |S&%J15mﬂfxﬂ5d;&ﬂm ~ 2 ,AMLLEJ om << FA ==
o &L&%Mﬂn mﬁ_v%%@@WoﬁvwgﬂﬂﬂlﬂgO_Lﬂ%%%%m«wﬁmw 7 ] NEE
. JU =) o A~ — ol © = N o= " K RO 4 — = O
M ™ o oF ok B0 " WE = = B oy oo ok 2 m_t of %0 o M = W AN < >~ . __M._Iwmmv
= © P ol o 4 __o%guj%aff#ﬂam@g@w%laﬁol_ﬁoﬂaﬂ#ﬁg T elglt T o8
— L _ o — o Lo = ™ N oo — - w5 3
< Do oy Mo%aﬁHfmﬂ%%ﬂwﬁﬂg1v&%ﬂ&Ao%;%ﬂﬂ <z <] Yo%
= o N N ...RWﬂﬂoﬂ;,_ﬁﬂo}mM S Jo = gy o o NG & s ®
R _%HA&%éﬂ%ﬁo&zwﬂ7m%% PewE e o SN e 5
’ o = —_— s = e ] il ] X =
gl m R gy Fa ymtw @Mlﬁﬂﬂﬁﬂuoﬂzﬂﬁ 5 (4 s18) =°9%
f=2g% Ruedriivigbaen, Z= . bx2q8 +207> EXl, 5 R
=T < WY oEﬂ%ﬂgﬁ_dﬂﬁﬂW%@%_t¢ar% oo R Y = N P (N e
Hp T AR i o X ~m T 2o oo <=0z s g |2 g |2 < <
3 MDHEMMMM} SOEﬁﬂn,lboo#‘_EmrﬂaﬂLHaum%Amto#ehoiﬁrﬂ%wﬁ:% mm m..w h
T X K o N X E I N NN T M T o N T W W W K S Rf.L\ Rrb E:m.u

(2074)



20134 88 TXASety
Journal of The Institute of Electronics

L

Table 1.

A2 E traceo| E4
Characteristics of used traces.

=l
i)
o,

&,
i,
)

871 g (%)
40.8
83.3
85.5
53.7
214
38.2

B 9]

o]

1

244
1649
88.46
14.64
12.96

fin2

genl

gen?

gen3

AEIEIEIEE
AEIEIEIEIE

ftp

Request RequestScheduling()

{
Request req[QUEUE_SIZE];
int req_prior[QUEUE_SIZE];

for( 1=0; Youtstanding requests ; i++)
req_prior[i] = ComputePriority();

WO~ BEWN =

for( i=0; Youtstanding requests ; i++)
for( j=0; Youtstanding requests ; Jj++)
if(reqg[i] depends on req[j])
req_prior[i] req_prior[jl+1;

return reqlval] s.t. argmin(req_prior[val])

15: }
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Fig. 5. Algorithm of the proposed scheduling method

Hdo & rr
>
i)
S

W X2 channel® way S
lofof ak=tl o]& flaf [8]ellA A|QHet
g F2 7% A4 channel, way &3S 713

Arste 2AEY 7IHe Aot 2 7
9 59 e daglFel o8 Al L
HA =3 vz = A RQol &8k
=l date] & 19 7S A 83t ¢4
gt 1 5 tlolE o HEAES fste] oA

e ek AYdE 9~120A Sl 3

©

N

X,
O b

o)l
o
%
N

jgmﬁ
ol

= 5
fo  rn

o X fo

i N o

}

N

¢

LI

tlo
o
r?ﬂ
£
o

o

|
En

==X M 50 # H 8 =

147

gineers of Korea Vol. 50, NO. 8, August 2013

(2075)

i

|
tjo

HlaLsto] of| 2
| RQell xsjstslen ¢

el
Ay

O:

ol W
o

X

Z
E4E

T
2

fo 4o do T yr fo
ot

o

U
_-

N
= 12 o o
Rapyee)
N I
» 1o ]:J J}i OQ
i
o
Lmlo

IR
~

N = =2 fy X9 N o o
_N‘_ll
lo

4 FFel EHo}Cﬂ o] A7} }
AAYE J2HE = Ao

Im 4 &

Al
.=

1. 4"
Al &
=

7
2 glate] 1Y
Adlsh szedos
SystemCE &

E"ﬂo% Cz 24 oPoi

o

}Xli SSD¢] st=
F=go]=
Al A
] TLM 2] ZZAA
Edlo] F W= EHHA
Zotlon A WH =
—‘3- 7}><1L DDR2 Wl®2 = 7}4 3}
% 3GhzE 7HAaL ZEAA 9 1
/\]/\EU% 5001\/[112/] }\]}\Eﬂ EEO
2AEYL UFd 7
A D A=Y T
= Al H ek FHA] B
¥ AZAEo] 9t
29} 2& EA4E VL
APst=r Al
ShA Awe whok 2
o HlolElE 7]53td
de]g 7t SSD 9]+
= 7Hgskia, A
oA s A
s2kstm dlolEl o]
o #o|x] A7]e} T
A=

b
ook
oy T

fu

)
_0|L
e
pu
b
g
_0|L
1

) o
¥Q
o
4 H
[Eaf m[o

& 4
3 2o

ox Hi
=
et

hyA
at

>

o
o

s
ot
jat}
o
@D

=
=
[e)

>
v
ol
o

sl

o,
%
~
o

o,
i
rot
¥2 |o

o=
| o
LGS

Al

I
=

. 7jA] W= LRU

7 @9e dE ZA] we

4KB= AAstth npA o2 WE FeA uﬂﬂ

&5 $% FTL2 DFTL [10]S AHE314 [8]¢] *

2 multi-channel/way T-Z° <A sk
A=Y daEFe 4 HuE st 2714 H]

E
Ho

=
A=



148 A HEHS 97 RHS 123t HE B2A 7l S2|S AE0|E CJATS RF AHEY J1Y e
wag FHH R Fdstglon, WA o aAds Oproposed @IDLE HEIFO
HA EE FIFO 443 @A fF AEe 12
channel/way = sl 8HS 7P WA RUFE s 1
IDLE #4¢ 78, wwsksich IDLE #4¢ FIL 4 o8-
FoA AHgEE 2AEY IEE 2AR RolA T ¢ £ 06 |
A3 BAF FFE o Zoa |
E 02
Al AT =
2. &8 2 e Ea Caml ged  gms By wveme
Trace
7h 947 XA Al .
=¥ 62 FIFO ¥4e] fEshd = du2e] 2] ij ;: @Etoeotgtjlglgrﬁmﬁildxtljj thglt?if FIFO.
AA AREE HojErh Algbele W ojlel ¢4
A5 T wF drld E A Tl F AR V) ©om IDLE®] 45 5% A= 27] A ARkl S7bst
o= =l FIFO vl oF 26%9] ¢17] 2% Ak 2t o &7l A ARE skgef e == wighe gle sle
2% Holt: A& & F Atk ol Ha AN wmg  ® A A/
e ax] & IDLE 71HS FIFO Bube of 2% A% IDLE "ol 75 ¢l7] A Alzket 7 = RQ
vzl 97] A ARk Hele A o F Sl oA WEWE 245 A B = EA] b
T3 gen? traced| A9 Aotk ~AZE 7|He 73} RelE HUA= 959 channel/wayol]l 3ol ¢l
7} mu] sk AL o] traced] W Q7] L3¢ o7} wj ouv R &9 tracedl4 FIFO Hut® W Ho&
$ A7 Wzl Aew BAESIh  AeA AL Bl et
g SSD= A A<l channel/way W3S F3 d&H F AQbE = el A 27] 842 9] A HY &
A2 78 2o g s oju] WE Zeja] v e s 7%%174] Heg g A9 flole
glo] P TR FE Huw 2AEY 9 FIFO Bt} vhe 227] A ARk 7hd 4 it abA
3 ggfo] AL Aol W AA ME S arEete] 9 39 22 WA R 4T
FE Aoyl wEel A2 oAt HHow
Lt #7] x| Al FIFO ti¥] $17], 227]eA B A5 g2 dofd
29 7S FIFO Wl 73t 72+ 27129 7|¥s AAE Aoz darert o)i= trace & & A9l 7t
o] #7] NAANZHE BeyFa Qi) AokelE whHe & =2 finl genl tracedl A 7Hg o] Y= A
FIFO t]H] oF 29 Awmo] »7] o A|7F 7Aas 1Y e BoE Aow ST 4 vk &l fin2 trace
o AS AG4E =4 du JuHoR B 9] &
Uil SIELE WERD A& 7K glo] o] eAS $AHeE Hestr] 9
' a 227 @70l 4% RE AdE Ao Bl
5 L
L .
3 v.d 8
: 0.6 -
S - B owge 4 Wsleh ) 248 1w SSDe)
L& 24 2% 19e Adeien, of 2% Ay
° finl I fin2 I genl I gen2 ‘ gen3 ‘ fip IAveraEE = 7]% SSD% ‘(Hﬁ]— }\?ﬂ ﬂo 7]%34— ﬂﬂ] “% 7}11 7%]
Trace =] Aol E Rk A MARE vE 2AEY 7
“20 6 FIFOOl EEsiE 27| Kot AlZt ME2 e ZeA] vine] At 248 s w
Fig. 6. Read latency normalized to that of FIFO. A A W ek 2AEES sk et el A

(2076)



20134 88 MASse ==X H 50 # A 8 =

149

Journal of The Institute of Electronics Engineers of Korea Vol. 50, NO. 8, August 2013

Atk weks] AF offte mE 2AEHS 7HeA St
of FTL ©@A % ofve} I/F FFol Ao AMES Ha=
s}, & HAIZE 97] 24 $AEYE Fo KUt
=2 97 Ass gt s
Z 6719 9 tracest TLM 59 AlEdolEE
AHES AEATNE SEA At 2AEY Ve
& FIFO 719 i) 4% s Aurgton ¢7] o
A AAAZRo] Hit 26%, 7] % A|AA|ZFe] Hyf
2% A% 74 AE 8l & 4 Ak ok E =
M= Al MH e #A denks agEon A
HE ot WE SgA] Wz #AE 3 = A
2 FAAE HolHE 1A et ol a#st
A ET 52 e YA vy S8EE 94T
T A& Aolgt 7ldE
REFERENCES
[1] =8d 2%+, “Solid State DiskE ¢33k 4 wj
3 7R AR R A274E, 3%, 271-280%,
20104 3¢
[2] J. U. Kang, J.-S. Kim, C. Park, H. Park, J. Lee,
“A multi-channel architecture for
high-performance NAND flash-based storage

(3]

(4]

(5]

[6]

[7]

system,” Journal of Systems Architecture, vol.
53, no. 9, pp. 644-658, Sep. 2007.

Y.-B. Chang, L. P. Chang. “A self-balancing
striping scheme for NAND-flash storage
systems,” In Proceedings of the 2008 ACM
symposium on Applied computing (SAC 08),
2008.

Y. Liu, L Cheng, X. Wang, “Commands
scheduling optimized flash controller for high
bandwidth SSD  application,” IEEE  1lth
International Conference on Solid-State and
Integrated Circuit Technology (ICSICT), 2012.
C. Park, E. Seo, J.-Y. Shin, S. Maeng, J. Lee,
“Exploiting Internal Parallelism of Flash-based
SSDs,” Computer Architecture Letters , vol9,
no.l, pp.9,12, Jan. 2010.

MK. Qureshi, MM. Franceschini, “Improving
read performance of Phase Change Memories via
Write Cancellation and Write Pausing,” /EEE
16th  International  Symposium on  High
Pertormance Computer Architecture (HPCA)
2010.

Daniel Pierre Bovet, et al, “Understanding the

(2077)

Linux Kernel”, Chapter 14.2, 2003.

S.-H. Park, S.-H. Ha, K. Bang, E.-Y. Chung,
“Design and analysis of flash translation layers
for multi-channel NAND flash-based storage

[8]

devices,” Consumer  Electronics, IEEE
Transactions on, vol55, no.3, pp.1392-1400,
August 2009.

[9] HY27UHOSAGSM, Hynix Semiconductor Inc.,
www.hynix.com.

[10] A. Gupta, Y. Kim, and B. Urgaonkar, “Dftl: a
flash translation layer employing demand-based

selective  caching of page-level address
mappings,” SIGPLAN Not, vol. 44, pp. 229 -
240, March 2009.



150 WAl BT 97| RS D W

4 EREE
C<FEARCr ¢ AAY AA%,

ZHPA Ry &, "ol &
&>

ub A =)

2009 AA T AL E
2009 ~& A A A st

oAl 78 £2[= ABO[E 239 RF

(2078)

2AEY 7Y 2|

0%
=l
ol

YSIPN AR
g 2 = ("3 of & &(H3IY)
2006 AA st A =4 19934 University of Southern
2008 AA g A £ California A} &4
2008 ~d A AMdgu - 22 1995 Standford Unversity A}

=0]
= H

Stanford University 2FA}

| £3)

<FIA ROk QHITE A zE, vhol e Y
A A, e P>

’

o (A3

1988\ ar# o gtal SHAF &4

19904z o gtal AAF &4

2002d Stanford University
Al £

<FHA Fof Al 2~

VLSI A, Ad= dA>

T,



