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dlole] A74 7S o] & 245 FFT

PR A5HE WEs AL Asty] A A WMEYgE EAHeR o]gdtt Aol F/sh iR DFT AMeME stride
AN AE QE 74 —% Az Az ste] AA Aol 493 dojxA Ha °1i Qs HAH Aol AstatA €k B = FoAE o
7z A2 FzE 383 %3 Yol AwWE(Dynamic Data Layout) #HEE /HEsisch AAE WEE strided M At @A
(computatlon stage) Aloldl] HolHE FHoz ATFAE st A AF AAE z°h Aot} ®3 EF F& FFT At WA FFT 2

s} "olE stride AMAE 7122 st /h5e RE AR B oA i AYANRE A E FAHY df RHEE Fohlie B4
%}ia]%% stk A 8 G5t7] 9ste] AXE WEE 71E9 FFT ¢azlgel 38314 Pentium 4 Alpha 21264, Athlon™ 64,
UltraSPARC Mol A dstach 249 Ante thaw 7129 FFT H71A53 vlastet AAlg 9y 148 FFT7E #df 33749 45 34
< 45 F U

FI9E - £ HOIE HHY, AL Al HE AW, FFT, HZE HEFZE

High-Performance FFT Using Data Reorganization
Neungsoo Park” - Yungho Choi"

ABSTRACT

The efficient utilization of cache memories is a key factor in achieving high performance for computing large signal transforms.
Nonunit stride access in computation of large DFTs causes cache conflict misses, thereby resulting in poor cache performance. It leads to
a severe degradation in overall performance. In this paper, we propose a dynamic data layout approach considering the memory hierarchy
system. In our approach, data reorganization is performed between computation stages to reduce the number of cache misses. Also, we
develop an efficient search algorithm to determine the optimal tree with the minimum execution time among possible factorization trees
considering the size of DFTs and the data access stride. Our approach is applied to compute the fast Fourier Transform (FFT).
Experiments were performed on Pentium 4, Athlon™ 64, Alpha 21264, UltraSPARC III. Experiment results show that our FFT achieve
performance improvement of up to 3.37 times better than the previous FFT packages.

Key Words : Dynamic Data Layout, Cache, Cache Miss, FFT, Memory Hierarchy

1.M E W(CMU)S MITH 93} FFTE Edf +x2 Fdse +
de axESol 7|50 ML HUrHY, 6l T Ez
md Felo] Mg (FFT: Fast Fourier Transform)& % TE FFTE 229 We =t (eaf node) Atte 24 &
& AzAE S8 FoI AN @A Fol sholri8al 7}¥#(conditional branch)& AH&3HA] 92 HA L Z(straight
ole)3 FFTS &8M0oz AAar] st o ZaLo line unrolled code)E olFlA 4E3l 2 HHIE 43
A g EAd JlE Aol olFoid gnh tRE ol of AAF ez Ae Av|e FFTNE £ A% 4
@ gaelEe 22y ¥AE A% 348 2gonA FT Bol WS AL FET 2717E AR Aes A A
o AMEES wolgTh £F DFT AN 5439 af A= ° F49 ol olaiw e g 4FE A2
Aol Mme) TE 54E melstel AL 45 gANn Bl HRE pEel 2 dslel sid.
A wE8Se 93 g4, 5, 11]. Hzol= sh)7] =2 us do) AFE A2gdAE Z2AAMe mixel Ato]e A
$ &% Aot a4 T AL TEHE ded ek H1 3l
¥ o] EEE NMAE AZAL HEAEATI Ao] 08 £89 oh e A FHE) sfstel (27 D 2ol =24
- : ;ﬁﬂ e i:;ﬂ;j%'"ﬂi&(;;ﬁ) A ;lEﬂ Apoldll 7 Al(cache) MEHE Fof $& TR
=234 20058 39 8Y, AAMER 2006 49 7Y Fo] A Z(reference)ol] A Ee 74 H 4 (locality)
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On-Chip

L1 Cache

Off-chip
L2 Cache

Main Memory

(O™ 1) oiZ2] ASTZ Al2H

G ol&dte] uATE A itk dukHoR o e
FHA F2ZE= direct-mapped Ex 2H(2- Way EE 4- way
£ 9ugh) set-associative® o]FolA it} o3 x|
e ¢

A4 AYgE MHE dEH fﬂo]ﬂ KA 2
stride HAAE &89 FFoM FTH AAAE 2A 34
MA A5ES WFA €k 53 direct-mappedoltt &
set-associative 7AAIAE S8 A Aol B A1 dHlolH
7F AN oke] 22 @91e) ARMdHmapping)e] ol A7E F
£ A% Ad(conflict miss) W2 AFol FAHSA et
A FH2L o8 §k stride HAA7t ER]FE FFT At &
AstA Hol, & FFTY AXtellA AAle A% dHE F4
3] 57}/\]7] 3, A Al A5g FHEANA H Ao|t}

B mgdAE A 588 Eol7] 8t ARt F3
2 ot dlolEHE $Ho2 o FAste FA doH
A vl & (Dynamic Data Layout: DDL) ¥ Ajotsic}, dA
& AYE 7k v d43 dolE dAE AE5FH
olH AM=T AP dlojE] ATAHES FoEA $& Z
29 Z7+4 # oFA(spatial locality)& Z7FAA 7hA
A A s &4 F drh waA By FFT A4t
oA Fzkel o]y d doly ATAHE AHEste ZE A}
2 atole] AMAE FEHOE ol gsted HAAHRJA 4%
Kol
¢

1L
=

!

S _»,: oh:].. AR dolE AT AAE d R
= %&O]Ei ahfe] Ak enlE =
3t o v F = vt O*OV]E 015

Al s e 4e 7 %E}. g EYTX FFTAAE
o3 EFFxE Hest=upd wel 2 Aso] FEpih

faclorized
DFT

teat nede
DFT

A #H2 APAE 7R EdE Zeldie el 4%
FAS ded Fasit, 71Ee WA E ozid EYE
dejetd 7 wee azjte nesdrh AW B =
Foll A AN WAeE wEo AV|RY ol 72t k=
M stride AA2E F23 Shoity wEA EFTR
FEToA o= Aldel dlolelE Ajujdatel dolel Al
o WaE Zx AAsE A& AAHA 4F FEE 9
7] 95t 83kl B =EdAE dolH xﬂ?ﬂg 24
st A ElTz2E 27 989 dynamic program-
ming 71H& o] &% BN duEg AEsdct. A #F
AL golaly] 9lsted AAE DDL W 834 daelss
7129 FFT ¢ngZEd #gss FFT #7128 Mdstd
Alpha 21264, Pentium 4, Athlon™ 64, UltraSPARC TIIel| A
Agstgeh A¥S it AR FEY FFT H71A=R
t 337919 A5 S L2 F AMTh

B o=Fe ggd o] A Stk A2 3
DFT £3& dngEd dste] ddsta, A3 BTz
DFT stride dA27t 7l w1 2Fg dYart. A
4742 B =FoA AAIS FFTE % &34 T4
ol #@ale] 7l AL o AF AAE AAE
A5s grieta, Aete B =g ZEL Yyt

i

.0
o

Discrete Fourier Transform(DFT)9] <A1 divide-
and-conquer EA-E o|&3le], HE PHEL A P
(sparse matrix)? HO2 Q4 B3 sH ofF AAHLR
288 4+ ook = N 2538 (identity matrix:
IV)eh 2 A719) Hsedof ®lA # (tensor product)
oo st AR 58S ¥ Fob gtk @ dz
- Tukey DFTI10)Z vl 7o) @

DFT(N)=L(N,N,) « (I{IN)®DFT(N,))+» T{N,N )
- (DFT(N )®I(N })) 8]

B4, N=N xN, DFT(N)& 2717k NI DFT, ®
& ®A 9 @i"&x}, L(N,N )< stride permutation 3

|3, T(N,N,)< twiddle 2 vhebiri(14]. ¢
e A s %ﬂ gdo] MEHoT AL 47
olth. oA 39 9 HAE 97F &g st =g
el Edsa6], ]g‘ 4= &3 a] (factorization
tree)2t @tk Folx w ol Yol B8E A

ot

o,
£ e

bt

£ A %% LEZ Wiy webr Bl FE(root) x



N =N xN;

(32 3) Cooley-Tukey 12|E0| EHE HEE olf 2l Ed

=2 Fd¥E sy FFTE 2Z =29 A4 w=8 7}
e ZF7 w9 Zgto g "HAShE divide-and-conquer®
Hoz o & F ik

ol# & divide-and-conquer¥-& 14E-s) Egle =
w= #75 2 sl9 A4k working set Z71E A ¥
U aguz fZ s A B2 dolelst A ok
o g3 & 9l 1 AL A P =& Fvh MIT
o] FFTWI[4]9} CMU9Q] FFTI6] =}71A7} divide-and-con-
quer EAE ol &34t ojgjd FnFL AAlY A7

& mejaa AN Fxe SAS nYSA Ytk we
duelz Faol QoA EAe 2 we maeln volH
old 2 He meiahx) sk,

3. EB|FX DFTOl stride HMA2] HE

DFTe ~Eglo]l= dolg A7t 7|4
Fol HAE G olssty] A e FAHLE A
Hz, A (1%} Ze] N-point DFTZ Cooley-Tukey ¥17]
& ol&dtd N xN,E RBIEAL ojd AL WA N,
Mel N -point DFTE At oW N, -point DFTE

o

N, stride "lelE] M2 @t thof twidde 8-S &
Fol, N, 709 stride’t 190 N,-point DFTE AXtgct o
28 Cooley-Tukey ¢2FZEE A4 o wrEzoz 3

AL

£3t0 24 divide-and-conquer Y ET+Z AME 3
A B oldd EFTx AddMe gE wt A7 A
A ZopMA] Al ZrjHet 2A Hi (ZF et ol
I = Aol stride FA A7} X

914 239 DFTY stride AAl27F AAA] A5l wlx&=

e BAS 3] A3 AA 2-level WlEH AF &%
*3740}1}. C& AA 27] 2283 BE 74X 2kRl(cache line)
aziet 7k A2 HFEF direct-mapped £ 22

rl
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| Cache Line Size (B) ]
[ ! ]
B =
T 3rd
Cache Miss

3
b= Cache Hit
l 2nd () FirstDFT

el e (UINNs YT D Second DFT

Cache Lines (C/B)

= = Data Block

(2% 4) F 0 &=l 2|Z S DFTS FHA| SE
set-associative WAE 7 A R, 3 2ME& 7HEEHA 6
7} $18te] direct-mapped 7HAIEF 7HASEAL OB HAlA
£ A HF(cache hit) T+ AHF A (cache miss)E &
A7 AN AZE: Ade "4 ZFF A9 (compulsory
miss) =E & 3% AF(conflict miss)2 BEFH} B
e A A dolHrt dx A" Ho| glo Ae
A&E(fetch)d o LA FE HF Az oo A
of dgd HolH £E3 AR JdEH<T dolE EFo] A
] Well & goloz Aol Hol Mg E502 giA

g o HASHA ddh GRtH o g AA AF s HEd
°ﬂ HolE g AMAR AEstr] fste] AgAZro] 31 wKe
A o ® 3t anR® o sie JiA AF dile
A 45 Astg obr|g F S

N

(29 3)ellA Bz =29 stride’t AM stridexN > C7}
HiE A2 AR WA AA 27 C=32FAE o3
NA @2l B=4 TEQ direct-mapped AAE 7+ sHAL

e Ny =403 N,=16% 7FsHH, N -point DFTS]
Hlol8l7} (28 ol AHH Al f\}*&o}ﬂl gt ol A
Ak Al WA 2em oA ol AA sloleE 3
B doly E5o] Zhzh & AjA] Eelel Aol ddh 1
=2 3 DFTE Axtsted AA S5 435 Adrt 24
gk ool 7w DFT A4 A% | 3 dss +
HA dole B8 ohAl dazstA gnh ey o] 5
£ olm HF sl osA Al wAg vl WA FFoR
QA= A FE HF Adg dort og Zo] o
EH7t 383 AHEE7] dol AA gl qAEE AN 2
A (pollution)o] A == Aolrt[1] olHE A 24
3} 38 A% AdE tdd 9459 = =2 DFT ARt
of FFE FolA 4T 45 AstE oprdth

4. FFTE 918 S HI0JE H74Y

I

418N B4 dolH ATdel w3 dwsia, 424
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AME E4 dole A7 71Me 483 FFT = o
stod =aigich. el 43" FF doly A4 71
& AHES HAH3 FFT EE 2 B4 dagsd #a
of Atk

]
-

41 S5 djolgf 7Y
24olq =% AN, & DFTE A% 2alg wuHoz
Heste Qg £ Bz :ﬁi" & 3

= 74\}?} Alej el Eif‘& stride AM2E AN
EE 29 oMlsel, 45 AdE <

Ao
et wize] Qo] dlolE <l

e
NR ol & i

A3 dlole] AA A
Atolol Bglxlo) elale] ofrjE ¢ glrh 53| o|#g
= 2lZ w2 At oA stride HAA9 wR

el dloly widelA LAste] HAHA 4T AE
o7 Aotk webA olfRaidel o DFTAMY A
5% BN SEte], Alate dolE M sfdel o
FolA dolH wde FHoz AFAHT HArF Slrt o
23 WAe T4 deoly w4 Dynamic Data Layout
(DDL)) "rgiolz} gto)h axInh o)ef e &4 Aujd Lol
o) AL 3 T diojHE Tao) Wt B &M
15 dFe JANES Astoiol i)

o or m& oo = oox mx (M
i)

Direct-mapped _Cache 16-point DFT  Cache size
Cache ) Line Size I:"wizh stride 16 7
_ el o — »
[T e e f
o |
EE N
| o
T1T1E
mm = g
] e
i 16 point
(a) DDL #-§3}7] »
Direct-mapped Cache  16-point DFT
Cache Line Size with stride 1 CaChf" 828
- I / F
P
bl > 1
s = -1
S P 1

(b) DDL # &3+ &
(32 5) 16x16 5=sholl cist HIO|E| M~ THE

DDLYH e &35 49sl7] $l8ted, 256-point DFTY
7rE o2 BA ol Cooley-Tukey 22| E5S AHE-3
Bastant. (298 58 BH 16x16 HloJE X

E p=i
th A g Astel, AAY A7)= 64 EJEC]
i FjAL gele] =7)E 491 direct-mapped A E 7HAE
slxb, (2¥ 5) (@dlAAY stride”} 16%] 16-point DFTE
Azte BA 16-point DFTY of vl HA slo]g TUAEE
22 A FHRlel Aol Ho| A FE AHFT AHE LA
Az 28y (28 5) (WAMAR deld WEs ATA
3 Tole BE HoJE} AAl ghel] ARdo] wHol oju gk A
AN FE AYE opsix etk ayna At AAl
Z AdE Folx & 7h AN Hdg FEI ALY
Q) AEeas A& 7 A

I~
no

fn

bl
i
°
o
=
-

2
2
=

U
7
o
5
el
2L
m
n

Q188 EgoME <3 DDL ¥4
e A = ok a8 u dofE AT HR
2% Wee o] dEd A% P4 el E UE 2
# = (overhead)’t BT} 1822 BE %X do|E AT
A NS Heste AL ewsee F7tE Qe v g S A
olth, Wk HAHL A% TS AsiMe ATE S
2 7bsatd Hasgsjop gk ®3 EfTE FFTOAME
oA g Etxg AHsi-vhe uel 1 AJgol ZEhzivh
b Ha APAEE VM e EfE Zohde Aol 4
T Al Fasivh 7S 34
Adstsd 7 w=9 A7|vke n#sEsith 3FeA
3 AHY Y= T AV|ER ofE ZF wxsolA
stride GHAE Aol F83% dFE T )@t stride
= dely W wh WA HE
ojx AjHo] dolBE AuAste] dolE Aaze WE
Z7 AAsE A HAAHA AT FHE olF7] ¢y
Fasit, el deg FHdgsty] sl ofd
Eg)oA ofH =T AFAHE sHof T AGL
slct.
DDL 71¥lel e (28 3ol TAESo] 4= =8
w9 A7)9} stride’d o2 EHO] € vﬂMEﬂ
A HW =Eof dlog I = W
F 29 diaiM® Tyt dojE widol
o) wel o slolE R stridel=
2l FFT A4t Aeg Adigstr] fsiA
ZFoll A HiY APAEE A= A
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>
rir
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)
=
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e
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e
ol
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3o,

N
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e e S

ot
= = oo
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e, 1o =

How @,
B A 98 AE 1
ES 3)

2d(cost model) S A2

S 0}

N
kR
oo
N

4

point DET®]| © g
HA stride §$& 7FAE N-point DFTE 11ds
ol At ¥€S DFT(N, S)olet #AsAL F
T 237 N «NyolEhd dolE S 1

o
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/% To find an optimal factorization tree for a Zi—po'mt DFT #/
FindOptTree (int i, tree *OptTree)
{
minTime = Infinite
for j = 0 to i-1 /* i different factorizations */
for 1 = 0 to k-1 /* k different strides */
S, /* 1™ different stride of the left subtreex/
Tree = GenerateTree(OptTreeljl,OptTreeli-il, Si)
Time = FFT_Measure(Tree)
if (Time < minTime)
OptTreeli] = Tree
minTime = Time

end if
end for
end for
)

( 6) =& HlO|H HiEE 1e{s B L2[E
Foldn. codel B BRus oo EQh :zaau; A4
3 A gaeFe BREE okia?ol "B dubge
T [DAN, L5, L s )+ NoxDFT(N S ) 2 22 el DET AMelAE dofdl A7 vlgel 2
ne HE =7t HojA diold A7del gl Al WHes o
+DHN,Ls,Ls)+N<DFT(N,,S )] 2 = Qo] fasteh AW, 2 FR9 DFT A HE dlo]
B ATEE 28T Bl &3 HEE & 7 vk
A7M, % §;=1,2, 13, Lg(Lg)T NNy~ upzba 2 g obuEe oyt wHole ATA4dS e
point DFT9] A& ol stride?t s/() H=F sh= A APA S A= EFE AASA Bk (IF 62
dole WAL stk DN L, Ls)E Z77H NQ olf¢t &4 dloj8] T4 dynamic programmings ©]

! ! o)

delE Qe [ AN L, 2 ATdsed nE bgel 23 g4 gugES 7hekeb UeRd Aotk
thower [ -1 oo, dele AR we gA o

9. doleE Agse =i HgE 277 N Hold
AR Bl N Byl WEE AR MBS WA E oy pgq Aag DDL EE A8 A% 389
TSR el ki) BE stided RARHE K gy qa, RIS ARCMUAA AL FET
Adl e el WMFe BasA Anw, #4 @2 97 1% A1 Sedlat o5 FFT SDLOG.S Heds o2
st 82 o(khol o 3lell AN E FFT »H?W% 7122 s 2l FFT.
SDL #1710l DDL %#& #8883 o|% FFT_DDLe]

E,
\u

rlo

3 %M Eaf B 2LEE 2 wWalglth B AsldA RE DFTe dHlolH ¥E:
'Z'”Oix N-point DFT= ®2 < w3 E2 7M7) double*preaswn«] 4242 Yepdrh. DDL HHE o] 83
#d}. ujebd DFT At A58 HHggse 28 1 FEe A% &4e Jehdy] 93k FFTWS FET_SDLe A%
Ef FAA Az APNTE 7= HAHI EdgE #e o v wagnh. AAE DDL ¥do] E“j’}“\ o] AAgle] &
S Bzt "ol v1Ee g4 43S DFTY A7|% 288 woly] Sdte]  HAlo thka TUTA AFL
< 2 3 9y $THE 9(57/n PHolh mEbA Al APsrh. <E >3 <E DE Eaﬂoﬂ AHEE %—Bﬂ%oﬂ
Algt duelEe DFTY A7[ET ojye) == Al4ke] dlo] g3 oly|elal FA A AuA, a8 FHAHg 4 5
E A2 stride® s W] 1 gAZLE 7)|EY S Qg Aotk A7 AL all clockitg oz lock()
Aol wat o A H22 A5 F(exhaustive search) strs At AgoA Ase A8 A7 A7) 9
o7 FE AL HFAHY B =FqME o5 XA ato], AA AsA|ZHo] 12 ol4 9 UJ]?;}X] AL wrE 4
o2 27 $35t9 dynamic programming”]*& ©]&3stuAt st dA AsPAj7ho)| A loop overhead FE-2 wjs
3t} dynamic programming 7ol EZ& bottom-up 2 A Hg 7 ALY AgAReRE SR

wyes TEHL, 1 HGEE o(n)7h 95 RE B4
F5d stride® BAE A A k AR Afse] 2p e D 7% WS el A9 §A%22 Sadc Data Layou(SDL2A
[ .
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(B 1) ZHE 74 22

. AthlonTM | Alpha | UltraSPARC
Processor Pentium 4 64 2194 m
Clock (MHz) 2600 2000 500 750
L1 Size (KB) 16 64 64 64
Cache |Line (Bytes) 64 64 64 32
2 Size (KB) 512 1024 409 409%
Cache |Line (Bytes) 64 64 64 64
(E 2> Melo| ALSE ZHutdiet z|x5t gM
Processor Compiler Optimization Flags
Pentium 4 gec ver. 332 -06 A—fomltAframe*pomter —pedantic
-malign-double
-03 ~fomit-frame-pointer
™ ~fno-schedule-insns
Athlon ™ 64 gee ver. 322 ~fschedule-insns2 —fstrict-aliasing
—mcpu-pentiumpro -malign-double
Alpha 21264 gee ver. 2.96 |-06 —fomit-frame-pointer -pedantic
UltraSPARC T { gec ver. 28.1 |-06 —fomit-frame-pointer —pedantic

(2" 7~10& 449 2 EYENAM FFT_DDLY A%
7 FFT_SDL#% FFTWY A%-& Hmwstel bl gl
(29 7)& Alpha 21264 ZAEA FFT_SDL3 FFTWet
vlaste] FFT_DDLS %2 Yehdl Hla I Lotk N

o] 9By} Ze& FAAE FFT AXLE H8) 48 2
T dojg ERJAEZL A g 5 Utk ol B Hol

HE A7 ee Aol ewd=r) ol Aol Ha glA
FFT_SDLo] A%¢] Fof Xz £ 4
Fo A AMurst DDL ¥4 ¢ugZE2 FFT_SDLY EdE

AdRE AY 2o Ang W FFT 27

el
zagEe 12 ANGE dg & 3
Qzure] glA Ak ol@ Agol A ¥
AN Az Asdel £E 2d kel 4% PEE 4 5
A

ololtt, @Y FFTY Z7]7F 12 XY A&

sabe Aotk FRETWS vlRoHE SAMS A
4 ok, FFTWe vlwstel FFT_DDLo] #Hd 2
& 2% F Uudh
(2% Q)% (2% 9)%& Pentium 49} Athlon™ 64 ZHF
o] AFe e AAE DDL HHe] L2 AR & §
A A 71E R Hold d5s YEiE Holu
th olE 4l EREANE L2 AAE on-die A2 71E
o BjAld] HlEte] L2 AMA AF Asf vjgo] Atk whebA
FFT 2717F L1 ANl 2719 L2 A 27] Apelol M 4
Yoz 45 ol odel W axe kg el
1} 12 71A4] Boh 2 3 o] FFT_DDLo] FFT_SDL nt}
A 3378 28l FFTW% vlwsle] Ho 2238 714 A

=]
=]
A
Q
S

MFLOPs
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1
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OFFT_DDL
BFFTW
FFT_SDL

i

18 19 20 21 22

Problem Size (log2 N)

Alpha 2126401M FFT_DDLS| = Hlm

OFFT_DDL
BWFETW
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Problem Size (log2 N)

(32! 8) Pentium 40iAM FFT_DDLS) A5 Hixn
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(32! 9) Athlon™ &40ilM FFT_DDL M=

=
o [N
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BFFTW
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1
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Problem Size (log2 N)
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OFT_0D0L
BFFTW
FFT_SDL

MFLOPs

19 2 21 2 23
Problem Size (log2 N)

(3% 10) UltraSPARC IliofiM FFT_DDL s H|

TEEE A 7 AU (27 1002 UltraSPARC IOl A
o] DDL el o83t L2 Brp & B9 4% Fd=

® V64 ZUFN HH3 FFT EE
vehdlat ick BolA “sln]’& #E === 9n-point FFT
= AXN FHEZ(straight line unrolled code)o]t}.
“ctlslnl], sl2]]"& 2 "x2 22 QI3 @ FFTE 7]&9
dolg] uwjde W3yt gl FFT_SDL ¥yl Cooley-
Tukey €z Eolt} “ctddifsnl], s2]]"E 2 7xg 22 <l
F23 ° FFTE DDL W2l Cooley-Tukey &1z|Fol
t}. Athlon™ 64 Z#EN A= FFT 27|17 12 ARG 2
73‘?”"ﬂl“ dlolg] A7 ewF=rt dHo g AA 7]
9] SDL W4 EfHG A AFo] YolA AAHE A
za%—e— AEH o2 FFT_SDL E8E HAs Exjz A

e i orlo

(E 3) Athlon™ 64 SHZo|M X3} FFT E2| Him

Size
(log2 N)

10 |ctls[4]sl6]]

11 |ctlst5lsl6l]

12 ctlsl6]sl6l]

13 |ctlsl1]ctls[6],s[61]]

15 |ctls[4],ctls[4]s[6]]

15 | ctls[5lctls(4ls[611]

16 |ctlsl4lctlsi6),sl6]1]

17 |ctls[5l,ctlsI6],sl611]

18 |ctist4lctls(4],ctls(4],s[611]]
19 |ctlsBlctls{4] ctlsl4],s[6111]
20 |ctls[BletlsBletlsl4]sl611]
21 |ctlsl6lctls[5]ctls[4],s[61]1] ctddiletls[5],s[6]],ctls[4],s(611]
22 |ctlsl6lctls[4]ctls[6),s[611] ctddilctls(5],s[61]ctls(5],st6]1]
23 |ctlsl6)ctlsl4).ctls(1],ctls[6],s[6111] | ctddifct(s[5],s(6]1],ctls[6],s16]1]
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