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1 o@

1.1 \@8NXJZS\*

W;!KhCFn05lkiNG#9Wl$uV, 1950 /K MIT K*

$FB=5l?#Whirlwind I H>U1il?3NY/Hkv:?NG#9

Wl$uVOW;!KPC*J=(=Or?(k3HK.y7?#=Ne"

G#9Wl$uVO"=(*NtKeBN"kY/Hk?+ii9??XH

/87"==O,tv*K~e7?#33K3sTe<?0iU#/9H$

&,n,B89k#

i|N3sTe<?0iU#/9O^:s!5N*Nr=(9k3HKE

@,*+lF$?,"d,F0!5*NN==!XHJ=7F$/#0!5*

NN=(K*$FOGiOo$d<Ul<‘H$&~N==,gG"C?,"

d,FLrQ$F*Nr==9kh&KJC?#1980 /K~CF Whitted i

Khjl$Hl<7s0!,/=5lkH*NVNwNj_nQrM87?

h|,8.5lkh&KJj"W;!Khk=B$&NwN7_el<7g

srT&3H,D=KJC?#wX=]NrOj!O33KjCF"}@*"

B3*JrOKD$G"W;!7_el<7gsH$&h 3 Nj!rN)9

k#<*K@(Pz[HOB]Kz*rzF:Hbz[*N\YJH@_W

rT(kh&KJC?NG"k#=_"=N~Q,nOz[*NG6$s"H

@NG6$s")H=JNG6$sJI"G6$sN,n+i"]Q"2<

‘"‘D1}N?aN7_el<?"+3D-]nN?aNkD-Nv0>

AN?aN7_el<7gsJI-OOKZsG$k#

e-Nh&J~Q,nK*$FO"MHW;!,(O7FnHrJaF$

/?aK"PC-H$&bN,EWHJk#3NPC-H7F"==ONb

5Hb.J=(=O,aailk#CK#|GO"W;!Nn.9k7<s

KP7F=B$&HhLrD1q$[IN==OHB~VNh|8.=Or

Wa5lk#3l^GK8% [1, 12] K+ilkh&Kb.Jh|8.N?a

NO<I&’",sF5l"xQ5lF$k#3liNO<I&’"O"5<

U’$9bGkH7FjA5l?0!5*NrIjH@bGkrQ$F[\

B~VG=(9k3H,D=G"k#

7+7J,iIjH@bGkO*NVNwNj_nQrM87J$H@b

GkG"j"~Q,nKhCFO==O,T=,H5lk#H@7_el<

7gsGO"?H(PqfFDOqfKINh&KH@oqr[V9kHz

L*JiP,D=G"k+d""k$Oz[HG"lPz[*KP7INh

&KH@oqr[V9lPhj/J$(Mk.G=,JH@,@ilk+"

H$&3HJIKX4,"k#IjH@bGkGO3Nh&J3Hr7_e

l<H9k3HOTD=G"k#3lKP7"ghH@bGkO*NVNw

Nj_nQr7&3HNG-kH@bGkG"j"e-Nh&JWaKz(

k3H,G-k#3l^GKsF5l?ghH@bGkKpE/h|8."
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k4j:‘N&A"GbLB*Jh|r8.D=J"k4j:‘O^kAQ

9ls@js0! [4, 25] HFPlF$k#

^kAQ9ls@js0!Ol$Hl<7s0! [24]Hi8*7F#! [5, 7]

HFPlk 2 DNLB*h|8.!rH_go;?h|8.!G"k#3N

h|8.!O8.5lkh|NAH$&@GO">Nj!KIorv5J$

[I%lF$kbNG"k,"DgJW;~VrW9kH$&g@,8_9

k#IjH@bGkG"lP"k 1 DN*NN@k5NW;O=N*NHw

;N_GhjG-k,"ghH@bGkGO"k 1 DN*NN@k5O~O

K"k*N4F+iFAru1kD=-,"k?a"=NW;,DgKJk

NG"k#D^jPC-K*1k==OKD$FOrh9k"k4j:‘,

8_9k,"PC-K*1kb&lDNEWJ@"b.-rb1~K~?9

h|8.!KD$FO3l^G$rhG"k#^kAQ9ls@js0!O

3Nc.G"kH$&g@N?a"b$==Or-7F$kKb++oi:"

=_^G[HsIQ$ilF$J$#=N?a"==OHb.-rgo;}

Dh|8.!,?/N,nGi>5lF$k#\@8O3NW>KP9k 1

DNrzr?(kbNG"k#

l}"a/ VLSI ;QN/8Ox7/">hGOTD=G"C?t|DN

^$/mWm;C5rBu9kBsW;!rB=D=KJCF-?#^kA

Q9ls@js0!O"ghH@bGkrB=9k?a"wNAEr*}*

KHi("7_el<H9k"k4j:‘H$&&Lb}D#+3=]H7

FNwNAEOuVbN"ifkt,GBsK/87F$kHM(ilk#

hCF"^kAQ9ls@js0!rb.=9k?aK"=3Kb_9k+

3JBs-rBsW;!KhCFxQ9kH$&NO+3JM(G"m&#

3NBs-r7&W;bGkKOINh&JbN,8_9kG"m&+#

>hN‘!h}rp\H9kW;!O"RAM [18] HFPlkW;bGk

rp\H7F$k#3N RAM O/OG1cJW;bGkG"j"3lrB

s=7? P-RAM [18] bGk,BsW;K*$FOxQ5lk3H,?$#

7+7"P-RAM bGkO&-abj?NBsW;bGkG"j"&-ab

jKP9k"/;9N39HO RAM H18/ljKhi:ljG"k#=

BN6BsW;!K*$FO3Nh&J>jO.);:"=3KOL.39

HNdjd"#tNW;WGKhk"/;9%gH$&dj,Y[*G"k#

D^j"P-RAM Nh&JW;bGkrQ$?6BsW;!N_WO"*}

*JW;!H+1OJl?bNHJk#3Nh&JbGkr0,K*$Fn

.5l?"k4j:‘O"B]NBsW;!eG0n5;?lgKbGkH

Og-/[Jks0r(9G"m&#7?,CFB]N*}*JbGkrM

87?W;bGkr=[9k,W,"k#3Nh&JW;bGkKO"w%

Khk39Hd",WJiP(Mk.N]8JIH$&3HbM8K~l?

*}*KEvJ>j,3~5lJ1lPJiJ$#\@8GO3Nh&K*

}*JbGkrM87?W;bGkNlDH7F"*V8’/HuV,d?
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BsW;bGkr3~9k#uV*K%l?t,rW;!K*$Fb%l?

LVKV/3HKhCFB]N*}=]KP~9kH)-rhQ7?BsW

;rT&3H,D=G"k#^?""k=]OhjclYkJ=]rp\H

7F/89kHHi(kH"BsW;!N=.O=lK>C?,X*J=.

HJk#

\@8N\*O^kAQ9ls@js0!r6BsW;KhCFb.=9

k3HG"k#=N?aKLB*h|8."k4j:‘G"k^kAQ9l

s@js0!r*}*JwNAE=]N7_el<7gsH7FHi("3

N"k4j:‘Kb_9k+3NBs-Ke\9k#3NBs-rjP9k

?aNBsW;bGkH7F*V8’/HuV,d?BsW;bGkrsF

9k#3lO8% [28] K*$Fl$Hl<7s0!NBs=NpCH7Fs

F5lF$kbNG"\@8GO3NBsW;bGkrhjlL*KHi("

^kAQ9ls@js0!K,Q7"^kAQ9ls@js0!rBs=9

k#!KBs=5l?^kAQ9ls@js0!N"k4j:‘rz(I/

BT9kW;!"<-F/AcH7F,X*JBsh}rT& (Mπ)2 rs

F9k#^?"6Bsh|8.K*1kUl<‘PCU!XN"/;9%g

rr1k?aN-cC7eIUl<‘PCU!79F‘rsF9k#=7F"

3lisF7?^kAQ9ls@js0!NBs=j!r (Mπ)2 eGBT

7?]N-=>ArTJ$"^kAQ9ls@js0!N6BsW;Khk

b.=,D=G"k3Hr(9#

1.2 \@8NbF

\@8OJ<Nh&J=.KJCF$k#

h 2 OO\@8NBs=NP]HJCF$k^kAQ9ls@js0!N

Bs=j!KD$FRYk#^:"3l^GNLB*h|8.!KD$F5

Q7"h|8.NpC0G"kls@js0}x0H=NGINawH5l

F$k^kAQ9ls@js0!KD$FRYk#=7F3Nls@js0

}x0rBs=9k?aN*V8’/HuV,d?BsW;bGkKD$F

@Z9k#GeK3N*V8’/HuV,d?BsW;bGkKpE$F^

kAQ9ls@js0!rBs=7"Bs=^kAQ9ls@js0!N"

k4j:‘rsF9k#

h 3 OO"h 2 OGRY?Bs^kAQ9ls@js0!rz(I/BT

9k?aN"<-F/Ac (Mπ)2 rsF9k#(Mπ)2 O"*V8’/Hu

V,d?BsW;bGkKpE$FjP5l?Bsh}1L,,X*J=.

r}D3HKe\7"W;!=NbN,,X*J=$r}D#GiK3N,

X=5l? (Mπ)2 N"<-F/AcKD$FRY"!K6Bsh|8.~

K/89kUl<‘PCU!XN"/;9%grrh9k?aN-cC7eI

Ul<‘PCU!79F‘rsF9k#=7F-cC7eIUl<‘PCU!
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79F‘N)f!r(7"TATs}@rQ$F}@*JrOrT&#Ge

K (Mπ)2 N=Or=,Kz-P9?aNiY,6!KD$FE*JLH0

*JL+i@Z9k#

h 4 OGO3l^GKRY?Bs^kAQ9ls@js0!N-z-r>

A9k#O8aK=UH&’"7_el<7gsKhjBs=5l?^kAQ

9ls@js0!r (Mπ)2 eG0n5;?lgN>ArTJ&#!K-cC

7eIUl<‘PCU!79F‘r^s@ (Mπ)2 N0nKD$FN>Ar

TJ&#

h 5 OOk@G"k#
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2 ^kAQ9ls@js0!N?aN*V8’/H

uV,d?BsW;bGk

2.1 o@

\OGO"=_GbLB*Jh|8.!H7FNilF*j"\@8Gm

\9k^kAQ9ls@js0!H=NBs=j!KD$FRYk#^:"

LB*h|8.!H7FN^kAQ9ls@js0!r5Q7"=NbtK

8_9kBs-KD$FRYk#=7F3l^GKTJolF-?LB*h

|8.!NBs=j!H=NB&rRYk#!K3l^GNBs=j!HO

[JC?Bs=N?aN77$BsW;bGkG"k*V8’/HuV,d

?BsW;bGkKD$FRYk#GeK*V8’/HuV,d?BsW;

bGkrQ$FBs=7?^kAQ9ls@js0!N"k4j:‘KD$

FRYk#

2.2 LB*h|8.!

2.2.1 ls@js0}x0HH@bGk

3sTe<?0iU#/9,8^lF+iLB*J 3!5h|r8.9k?

aK?tNh|8.bGkN&f,J5lF-?,"1986 /K J.Kajiya K

hCFls@js0}x0 [13] ,/=5l"3NdjKke,D$?#ls

@js0}x0O*NVNwNj_nQr*}*KbGk=7?}x0G"

k#LB-HO?+H$&d$KP9k\@8NraO"VwNAE=]r*

}*KiBKbGk=7?h|8.!3=,LB*Jh|8.!G"kWH

$&bNG"k#bAms3Nls@js0}x0KbB&O"j"?H(P

LROX*JzLJIO^^lF$J$#7+7"ls@js0}x0OL

oNh|8.K*$FO=,Jrrs!9kbNG"j"=_N3sTe<

?0iU#/9K*1kh|8.NpCHJCF$k#ls@js0}x0

r0 (1) K(9#3N0N*}*JU#r^ 1 K(9#

I(x, x′) = g(x, x′) [ ε(x, x′) +

∫

Ω

ρ(x, x′, x′′) g(x′, x′′) I(x′, x′′) dx′′] (1)

33G"

I(x, x′) : @ x′

+i x XAE9kwL

g(x, x′) : @ x′

+i x KP9kv?*‘#x′

+i x XNDk-rU#9k#

DkNlgKO 1 G"j"TDkG"lP 0 HJk#

ε(x, x′) : @ x′

+i x XN|MwL

ρ(x, x′, x′′) : @ x′′

+i x′

rPF x XAE9kwNdg (P}~?MH6Xt)
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x x’’

I(x’,x’’)

x’ (x,x’,x’’)

I(x,x’)

ρ

^ 1: ls@js0}x0NU#

G"k#^ 1 fN x +i x′

XNwL I(x, x′) rW;9kKO"^: x′

,

x +i+(k+I&+G"k g(x, x′) rW;9k#=7FDkNlgKO"x′

N@k5raak#3N x′

N@k5O"x′

,+J|M9kw ε H~ON>

*N+iNwK+JN?M(rh8?bNNBG"k#3N~O+iNwr

3sTe<?0iU#/9N,nGOD-wHFV# x′

KP9kD-wN

@k5O">*N x′′

+i x′

XNw I(x′, x′′) K x′

eN?M( ρ rh8?

bNrD-4NKP7FQ,7?bNG"k#*NKhCFO~M"|M}

~,[JkH?M(,[Jk3H,"k?a"ρ O x, x′, x′′

NXtHJCF

$k#

3l^GKsF5lF$kh|8.!O""k*NN1YrM(k]K~

ON*NVNwNj_nQrM89k+7J$+Khj"IjH@bGk K

pE/bNHghH@bGkKpE/bNK,‘5lF$?#IjH@bG

kO"0 (1) fG x rk@H7"x′

N@k5raak]KQ,‘r5k9k

+""k$Ow;N_rP]KQ,rT&#^?"IjH@bGkGO>*

NNFAG"kD-wrljMH7Faw9k#7?,CF"3NbGkG

O"m\9k*N=NbNN@k5H=N*N,Dk+I&+KhCFh|

8.,TJolk#Lo"IjH@bGkK*$FO*N=NbNN@k5

rhj9k?aKw;r2H9k,"w;J0N*NrM89k3HOJ$#

IjH@bGkKpE/h|8."k4j:‘Ne=*JbNH7F9-c

si$s!d z-buffer ! [9] JI,"k#9-csi$s!b z-buffer !b

k@KP7Gba$*Nr=(9k3HGDk-N=jrT&#?H(P"

12



z-buffer !GO"z-buffer HFPlk9/j<sNFhG (pixel) +i*N^

GNw%r(9PCU!rQU9k#=7F=(5;?$4FN*NKP7"

=N*NHk@^GNw%rhG4HKaa"PCU!NbFHfS9k#

PCU!NbFKhjfS7F$k*NNw%N},k@Ka$lgKOm

\9k*NHk@HNw%GPCU!r977"=N*Nr=(NudH7

F]}9k#3N‘nKhj4FNhGNbFOk@+iGba$*NHJ

j"z-buffer NbFODkN*N^GNw%Gdailk3HKJk#3N

h}O n DN*N,"klgKO 1 DNhGKP7 n DN*NrlsEDf

S9k3HG#.5lk?a"hGt, N G"lP"O(Nn) NW;LGI

$#^?Dk-N=jKOD9N*NHk@5(hj7F$lP*NVNX

8rNk,W,J$?aKO<I&’"=,FWG"j"B]?/Nh|8

.QW;!GxQ5lF$k#5iK9-csi$s!d z-buffer !O*N

NlS- (coherence) rxQ7?},W;rQ$k3HG"9Kb.=,D

=G"k#?H(P"*N,?LG=.5lF$lP?LeN 2 @+i=N

Vr},W;Khj~AdV9k3H,D=G"k#3Nh&J-AbO<

I&’"=K~$F*j"IjH@bGkKpE/h|8.!O"=_"{

KBQKQ(kb.-r}DKjCF$k#

H3m,"IjH@bGkGO"0 (1) NQ,‘r5k7??aK"*N

VNwNj_nQr==G-J$H$&g@,8_9k#?@7"IjH@

bGkK*$Fb"7cI&]j4sd^CTs0j!rQ$F<w*KF

d?MJIr==9k3H,D=G"k#7+7J,i"=Nh&J}!O

*}*JbGkKhk"U1r}?J$&(K"h|8.rT&MVK"k

oN&M]*J=Or,WH9k#7?,CF"3liNj!OwX=]N

7_el<7gsH$&~Q,n"c(P"z[*G6$s"H@G6$s"

kD-7_el<7gsJIK,Q9k3H,G-J$#k@H7FIjH

@bGkOh|8.Nb.-N?aK5N-r>7K7?H@bGkG"k#

3lKP7"0 (1) NQ,‘rM87?H@bGk,ghH@bGkG"

k#3NH@bGkGO">N*NHNwNj_nQrM(k?a"?Md"

~^")a"FJINwX*=]r==9k3H,D=G"k#ghH@bG

kKpE/h|8."k4j:‘Ne=*JbN,"l$Hl<7s0! [24]

Hi8*7F#! [5, 7] G"k#3liN"k4j:‘O"*NVNwNA

ErM89k?a"n DN*NKP7"O(n2) Nj_nQNW;r,WH9

k#l$Hl<7s0!GO3lrhG4HKT&?aK"hGt N KP

7"O(Nn2) NW;L,,WHJk#5iKl$Hl<7s0!GO"*N

=LGNwNj_nQ,?MH~^r<&NG"B]NW;LO O(Nn2) K

HI^i:XtXt*K}g9k#^?"i8*7F#!O"F*N,=l

>l>N*NKINxYNFAr*h\9+rhj9k?aKD-KP7F

5sWjs0rTJ&#3N?a"5sWjs0tr M H7"*Ntr n

H9lP"O(Mn2) NW;LHJk#3liOhNIjH@bGkN"k4

13



j:‘,}DW;LN*<@KfY"O(n) \g-$#5iK"3ligh

H@bGkKpE/ls@js0"k4j:‘O"*NeK8_9kFJI

N?aK*NNlS-rxQ7?},W;Khk1YW;Nb.=,$qG

"k#

JeNh&KLB*Jh|8.N?aKOls@js0}x0H7Fj0

=5l?ghH@bGkKpE/h|8.!,TDgG"k#7+7J,i"

ghH@bGkKpE/h|8."k4j:‘O"W;L,g-$H$&g

@,8_9k#!aJ_GOghH@bGkKpE/h|8."k4j:‘

KD$F5iK\7/!$7F$-"3NW;L,g-$H$&djNrh

!rM(F$/3HK9k#

2.2.2 ^kAQ9ls@js0!

ghH@bGkKpE/h|8."k4j:‘KO!NbN,"k#

• l$Hl<7s0! [24]

• i8*7F#! [5, 7]

• ^kAQ9ls@js0! [25]

3N&A^kAQ9ls@js0!Ol$Hl<7s0!Hi8*7F#!

N‘!*JH_go;G"k#l$Hl<7s0!Hi8*7F#!Nh|

8.N"k4j:‘Ol+4/[Jk}0Nh&KWolk,"=liNp

C0N9Ols@js0}x0NP}~H6?MXtNaw}!N_G"k#

0 (1) N ρ(x, x′, x′′) O"@ x′′

+i x′

rPF x XHAE9kwNdgr

(9‘G"j"*N=LNwX*-Ar(9#3sTe<?0iU#/9N

,nGO0 (2) K(9h&K"3N‘rgH7F@L?M‘HH6?M‘N

2 DNWGK,1FM(F-?#

ρ(x, x′, x′′) = ksρs(x, x′, x′′)
︸ ︷︷ ︸

@L?M‘

+ kdρd
︸︷︷︸

H6?M‘

(2)

33G"

ρs : @L?M(

ρd : H6L?M(

ks : @LN?M/YNdg

kd : H6LN?M/YNdg

?@7"kd + ks = 1 G"k

G"k#
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@L?MHO"@KP9k?MNh&Kw~N~M}~KP7"MP}~

,lUKh^kbNG"j"-/O)ad~^H$&=]b^^lk#l}"

H6?MHO"MPw~,~M}~K++ojJ/"ifk}~K6p9k

?MG"k#l$Hl<7s0!HO@L?M‘rM87?h|8."k4

j:‘G"j"i8*7F#!HO"H6?M‘rM87?h|8."k4

j:‘G"k#=7Fl$Hl<7s0!Hi8*7F#!rH_go;"

@L?M‘HH6?M‘r&K7&h|8.!,^kAQ9ls@js0!

G"k#^kAQ9ls@js0!,=_GbLB*Jh|r8.D=G"

k}!H5lkNO3Nh&Kls@js0}x0riBKB=7??aG

"k#J<=l>l\7/!$7F$/3HK9k#

l$Hl<7s0! l$Hl<7s0! [24] OghH@bGkKpE/e

=*Jh|8."k4j:‘NlDG"k# l$Hl<7s0!N5Wr"

^ 2 K(9#3Nh|8.!O9/j<seNFhG4HKDkN*Nrk

@+i5w7"DkG"kH=@7?*NNwX*C-K>CFF"*Kw

~rIW9k}!G"k#l$Hl<7s0!N7&3HNG-k*NNw

X*C-H7FO"?M"~^")aJI,"k#3Nh|8."k4j:

‘O"ls@js0}x0 (0 (1)) NP}~?MH6Xtrl$NIW,D

=J@L?MH7FbGk=7?bNG"k#3N"k4j:‘O"W;N

]K,:k@r,WH9k?a"k@M8NghH@"k4j:‘HbFP

lF$k#

l$Hl<7s0!*1kFhGN1YO!0KhCFaailk#

I = G + ksS + ktT (3)

33G

G : H6?M1Y

ks : @L?M(

S : @L?M}~+i~M9k1Y

kt : )a(

T : )a}~+i~M9k1Y

G"k#?@7"G O"k*N=L4HKIj*KN_aak#J<Ji"

~MwKP7FlMJ?Mr9kH6?MwOwNLa7F-?zrr:J

&?a"l$Hl<7s0!GOIWG-J$?aG"k#3N"k4j:

‘GO)awO@L?MrTJCF-?wH7FIW9k#

i8*7F#! i8*7F#! [5] O*NVNwNAEr.(Mk.NA

EHHi("*NVN.|MN?UuVrW;9k3HKhCF*NN@k

5rW;9kh|8.!G"k#3N"k4j:‘O*NN=Lr}[*J

15



Pixel(i,j)

Screen

View 
Point

Object 1

Object 2

Object 3

Light Source 1

Light Source 2

Light Source3

Object Space

Ray

^ 2: l$Hl<7s0!

H6LG"kH>j7F*j"ls@js0}x0NP}~H6?MXtN

H6‘r7&3H,G-k#^?"i8*7F#!GO*NO.5JLK,

d5lF*j"3lrQCAHFV#3N"k4j:‘OW;N]KOk@

r,WH7J$?aKk@H)NghH@"k4j:‘HFPlk#^ 3 O

i8*7F#!N50^G"j"#tNQCAVGi8*7F#,r95l

kMRr(7F$k#

i8*7F#!K*1kFQCAN1YO!0KhCFaailk#33

G:(z i, j O=l>l i V\"j V\NQCAr(7F$k#

Bi = Ei + ρi

∫

env

BjFij (4)

B:(i8*7F#M) QCA+i|M5lk(Mk.MNmW (energy/unit

time/unit area)

E:(|MM) QCA+i+J|M5lk(Mk. (energy/unit time/unit

area)

ρ: (?M() ~M9kwKP9k|M9kwNdg

Fij : (U)<‘U!/?) QCA i KP7FQCA j ,FA9kdg

^kAQ9ls@js0! 3l^GKRY?h&K"3sTe<?0iU#

/9N,nGOP}~H6?MXtr@L?M‘HH6?M‘K,r7FM

(F$k#uVfKH6L,8_9kH=3K~M9kwOlMJ}~K?

16



Patch
Patch

Patch

exchanging radiosity
between patches

i

j

k

^ 3: i8*7F#!

M5l"3l^GKAE7F-?zrr:&#7?,CF"3Nzrr57

/7&3HrM(kH"*NHwNj_nQ,@L?MHH6?MN 2 o‘

G"CFb"=liNH_go;G"k 4 o‘NwNAErM(k,W,"

k#3N 4 o‘NwNAEa+K:‘r^ 4 K(9#l$Hl<7s0!O

^ 4 K*1k (a) Nh&J@LVrAE7F-?wr7&3H,G-k,"

RH?S=3KH6L,p_9kHH6LG?M7?wr7&3H,G-J

/Jk?a"^ 4 K*1k (b),(c),(d) Nh&JwNAEr7(J$#i8*

7F#!O^ 4 K*1k (d) Nh&JAEr7&3H,D=G"k,"=N

>NAEr7&3H,G-J$#D^j"l$Hl<7s0!bi8*7F#

!b=l>l1HGOls@js0}x0NP}~H6?MXtNH6‘H

@L‘r57/7&3H,G-J$#=3G=l>lNx@rgo;?h|

8.!,^kAQ9ls@js0! [4, 25] H7FsF5lF$k#

^kAQ9ls@js0!O"^:P}~H6?MXtNH6‘ri8*

7F#!KhCFaak#3N~"H6LVKp_7F$k@L‘r7&3

H,D=Jh&KH%5l?i8*7F#!rQ$k#=7F=NkLrx

Q7Fl$Hl<7s0!Khjh|r8.9k#3Nh&J 2 J,Nh|

8.!Khj"@L?MHH6?MrP? 4 o‘NwNAEr4F7&3H

,D=KJk#H3m,"l$Hl<7s0!bi8*7F#!bDgJW

;~Vr,WH9kLB*h|8.!G"j"3lr‘!*KH_go;?

^kAQ9ls@js0!O5iKDgJh}~Vr,WH9k#=N?a"

IjH@bGkKhkh|8.!Nh&KB~VGNh|8.O3l^GT

D=G"C?#=3G\@8GO3N^kAQ9ls@js0!N}DDg

Jh}~VrBsW;KhCF;L9k3HrM(?#!aGO^:"^k
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(a) specular to specular  (b) specular to diffuse

(c) diffuse to specular  (d) diffuse to diffuse

diffuse  reflection

specular reflection

light source

view point

^ 4: 4 o‘NwNAEAV
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AQ9ls@js0!NfK^^lkBs-KD$F!$9k3HK9k#

2.2.3 ^kAQ9ls@js0!N{8NBs=j!

3l^GNH3m"^kAQ9ls@js0!=NbNrBs=NP]H

7FHi(?bNO_"?i:"^kAQ9ls@js0!NF9F<8r

DLKBs=7?bN [3, 6, 8, 21, 22, 26] ,8_7F$k#=3G\aGO

^kAQ9ls@js0!NF9F<8rDLKBs=9kj!H=Ndj

@KD$FM(F$/3HK9k#

l$Hl<7s0!N3l^GNBs=j! l$Hl<7s0!K*1k

[HsINW;~VOl$H*NNr9=jW;Kqd5lF$k3H,s

p5lF$k [24]#7?,CF"3l^GNl$Hl<7s0!Nb.=O

$+Kl$H*NNr9=jr/J/9k+H$&3HH"$+Kr9=j

rb.KT&+H$&3HKE@,V+lF$?#

l$H*NNr9=jr:i9GbNBJ}!O*NNtr:i93HG

"k,"3lOLB-HO}~r[K9krh}!G"j"LB*h|8.

!N~Q,nG"kH@7_el<7gsJIKOxQG-J$#=3G*

NruVLVKhCF0k<W=7"r9=j,FWJ-&)NGOsG=

N-&)NHNr9=jrTJ&3H,M(il?#3NuVr,d9k?

aN}!H7F Octree ! [10] dy,d! [2] ,MF5lF$k#

Octree !KhkuV,dGO"uVr,~,d9k?aK*NN8_K~

8?5LN/J$,d,D=G"k,"=N?L",dNh}K~V,++k

3Hdl$,uVrAE9k]K"kt,uV+i=lKY\9kt,uV

raak]N*<PXCI,g-$H$&C’,"k#y,d!GO*NN8

_K,~7?,dOG-J$,"uV,dNh},1cGZ$3Hd"!uV

5wN*<PXCI,/J$H$&C’,"k#CK!uV5wK 3DDDA

! [2] H$&},W;!rQ$k3HG3N*<PXCIrZ:G-k#

^?"l$H*NNr9=jNW;rb.=9k}!H7Fr9=jW;

N,’-rxQ7?lQO<I&’"rQ$kbN [26] HBsW;,"k#

l$Hl<7s0!K*$FOfS*a$~|+ihGN1YW;NH)-

,NilF*j"3lrxQ7?hGBs?NW;! [3, 8, 22] ,$/D+=

n5lF$k#

3N&AlQNO<I&’"rQ$kbNO 1 DN1YNW;rY3YN

Bsh}KhCFb.=9kbNG"j"hGNW;NH)-[INBs-

rxQ9k3HOG-:".Y~e(bBil?bNHJk#

hGN1YW;NBs-rxQ7?3l^GNhGBsW;!H7FOl

fN[9H+iFW;WGXk~psrdjvF"*NpsrVm<I-c

9H7FBsh}rT&^9?<9l<V?NBsh}}! [8] d",6&
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-abj?NBsW;!rQ$"FW;WGKhG4HNW;rBsKTo

;k}! [3, 22] y,sF5lF$k#

ghH@bGkKpE/h|8.K*$F""khGKs?9kl$O"

uVfN*NH?M"~^rTJ&?a"jAuVNINt,XAE7F$

/N+r"i+8aNk3HOG-J$#3N?aKFW;WGOFhGN

1YNW;K]7FjAuVN"ifkljK"/;99kD=-,"k#

7?,CF"jAuVbN*NpsOFW;WGN4F+i+(J/FOJ

iJ$#3N~"jAuVbNpsrVm<I-c9H9k}! [8] GOV

m<I-c9H9k[9H3sTe<?N-=GB&,h^j"W;WGN

ftr}C5;?~K"kjG-=N0B,/3k#l}"8% [3, 22] N

}!OjAuVbN*Nr&-abjeKV/}!G"k#l$,k@+i

/C;ilFls\N?MrTJ&~KO"a/NhGr4v9kl$O1

lN*NHr99kD=-,b$#G#l/Hj-cC7e}0N,6&-

?NBsW;!KhkBsl$Hl<7s0!O3N2HNIj-rxQ7

F&-abjXN"/;9%grKB7F$k#7+7"p\*KlY*N

H?M"~^rTJC?l$OjAuVKP7FT,’J"/;9rT&?

a"3liNl$N2HNIj-O^cKc<7"&-abjXN"/;9

%g,/89k#=NkL79F‘-=,c<9k#

JeNh&Kl$Hl<7s0!K*1khGBsh}KO*Npsr@

}*K&-7J/FOJiJ$3HH"*NpsXN"/;9Q?<s,T

,’G"kH$&-A,"j"3N 2 DN-A,-=N~er5^?2F$

k#8% [22] GO 48 f^GNW;WGGl$Hl<7s0!rBT7?k

L"soKI$91<iSjF#r@F$k,"W;WGNft,fS*/

J$BsW;!G"k3HH"FW;WG,fS*g-J-cC7e5$:r

}A"+Dh|8.KQ$?G<?;CH,fS*.5$H$&ro,"C

?#3Nh&JlgKO*NpsO4F-cC7eK}^CF7^$"kL

H7F4FNW;WG,*Npsr3T<Khj]}9k3HH1yKJk#

=N?aKsoKI$91<iSjF#,@ilF$kHd!5lk#hC

F"BsW;,?K,WHJkg,OJh|8.djr7C?lgKO&-

abjXN"/;9N%gd-cC7eN_9(,}g7-=,c<9k3

H,=[5lk#

i8*7F#!N3l^GNBs=j! i8*7F#!NBs=KD$F

O"3l^G$/D+Nj!,sF5lF$k [6, 21, 22]#

8% [22] O,X*i8*7F#! [11] rG#l/Hj-cC7erw(?

,6&-abj?NBsW;!rQ$FBsh}7F$k#,X*i8*7

F#!O"*NVNi8*7F#MNr9rY+/,d5l?QCAlYk

GT&NGOJ/"$/D+NQCAr^HaFlDNQCAH_J7Fi

8*7F#MNr9rT&?aKLoNi8*7F#!hjbb.JBT,

D=G"k#33GBs=5l?,X*i8*7F#!GO"0k<W=5
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l?QCAVNU)<‘U!/?W;NH)-rxQ7F$k#

8% [6] N}0O^9?<9l$V?NW;!rQ$?}!G"k#3NB

sW;!O^9?<Wm;C5,H)KW;D=JU)<‘U!/?^Hj

/9Nltr1LH7F9l<VWm;C5K,[7"F9l<VWm;C

5,=NW;rBsBT9k}!G"k#3N}!O9l<VWm;C5N

ft,}C9kH^9?<Wm;C5Nh},0B7"=lJe79F‘N

-=,~e7J$H$&g@,8_9k#

8% [21] GO,6abj?NBsW;!rQ$Fi8*7F#!rBs=

7F$k#3N}!GOQCANps,FW;WGNm<+kabjK,6

7F_(il"FW;WGOU)<‘U!/?NW;rH)7FT&#3N

~"FW;WGO+JN]}9kQCAH>NQCAHNU)<‘U!/?

W;N?aK>NW;WGN}D*NpsK"/;99k,W,"k#3N

"/;9.Yr~e5;k?aK8% [21] GO AMP HFPlk.5J>

Br}DClJ=.NMCHo</rQ$FFW;WGr\37F$k#

JeNh&K"i8*7F#!NBs=KOp\*KU)<‘U!/?W

;NH)-,xQ5lF$k#U)<‘U!/? Fij HO"QCA i +iQC

A j ,v?*KIl@1+(k+(9MG"j"QCA i HQCA j @1G

hj9kbNGOJ$#?H(P"k 2 DNQCAVKlgNQCA,8_

9k3HKhj"2 DNQCAV,Wil"U)<‘U!/?M,:/9kD

=-,"k#7?,CF"U)<‘U!/?W;N?aKOD-fK"k4

FNQCApsK"/;9D=GJ/FO$1J$#3Nh&K"U)<‘

U!/?W;NH)-rxQ7?BsW;Nlgbl$Hl<7s0!K*

1khGBs-rxQ9klgH18G<?&-Ndj,88k#8% [22]

GO91<iSjF#N"kkLr(7F$k,"3lOfS*g-J-cC

7er}DW;WG2KP7fS*.5Jh|8.djr?(?daK&-

ps,4FNW;WGN-cC7eK~CF7^C??aHM(ilk#=

N?ag-Jh|8.djG"lP"&-abjXN*NpsN"/;9%

gNdj,/89k@m&Hd,5lk#^?"8% [21] GO,67?*

NpsXN"/;9N?aKL.L,}g7"W;WGNt, 20 fxYK

JkH-=N~e,_ilJ/JCF$k#

2.3 *V8’/HuV,d?BsW;bGk

3l^GK+?h&KhGBs-rxQ7?l$Hl<7s0!NBs=

d"U)<‘U!/?W;NH)-rxQ7?i8*7F#!NBs=KO

J<Ns@NC’,"k#

• FW;WGO*NpsN4FK"/;9D=GJ/FO$1J$

• FW;WGN*NpsXN"/;9Q?<sOT,’G"k
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3liNC’N?aKBsW;!O*NpsrJ<N$:l+N}!G}D

,W,"k#

• &-abj?NBsW;!Nlg

– *Npsr&-abjK]}9k

• ,6abj?NBsW;!Nlg

– FW;WGNm<+kabjK*Npsr,65;k

– 4FNW;WG,*NpsrFm<+kabjK3T<7F}D

– *NpsO 1 DNW;WG,l57FI}7"Vm<I-c9H

KhCFFW;WGKO9

&-abj?NBsW;!rQ$F*Npsr&-abjK]}7?lg

KO"&-abjXN"/;9%g,/87"-=~eN?aKW;WGN

ftr}C5;Fb"k@+iO-=N~e,_ilJ/Jk#\@8GO"

&-abj?NBsW;!KO&-abjXN"/;9%gdj,\A*K

8_7"g,OJBsW;!r=[7FftK_"C?-=rP93H,$

qG"kHM("3lhjeGO,6abj?N6BsW;!KG@r7\C

F!$9k#

,6abj?NBsW;!rQ$F*NpsrFW;WGK,65;?l

gKO",WJ*Npsr}DW;WGHL.rTJ$*NpsK"/;9

7J/FOJiJ$#3NlgKO,WJ*NpsX"/;99k?aNL

.L,}g7"L.N0BKhCF79F‘N-=,c<9k#

,6abj?NBsW;!K*$F4FNW;WGKjAuVfN*Np

sr3T<7F}?;k}!GO"W;WGtKfc7?abjL,,WH

Jk#lLK6BsW;!KOW;WG,?t"k?a"mabjLOfS

*g-$,"FW;WGKU09kabjO.FLG"k3H+i"Bsh

}r,Q7J$H=B*Kr1J$g,OJdjKP7F3T<}0O-z

GJ$#

3l^GKsF5lF$ki8*7F#!"l$Hl<7s0!KP9k

Bs=j!OdjN}DBs-rjP9kbNGO"k,"=NdjrBT

9kBsW;!KD$FO"^jM87F$J$#^?"3l^GKsF5

l?j!Op\*KG<?r&-9kr!G"j"P-RAM [18] HFPlk

BsW;bGkKpE$F$k#1lW;WGNW;!d.,OJBsW;

!G"lP P-RAM Nabj"/;939H,w%Khi:QlG"kH$

&>jOI$awHJk,"=_Ng,OJBsW;!GO3Nh&J>j

ObOd.)7J$#D^j""k4j:‘rBs=9k]NW;bGkH

=lrBT9kBsW;!N"<-F/AcNVK.cCW,8_9k#3

N.cCWOg,OJBsW;!KJlPhj2xKJj"BT~N*<P

XCIH7F=ol"kL*K-=c<rR-*39#
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\@8GOh|8.djHOuVfG/89k*NVNwNj_nQNd

jG"kHHi("3NM(rpCH7?BsW;bGkG"k*V8’/

HuV,d?BsW;bGkrsF9k [15–17, 28–30]#wO"*NeG?

M"~^")a"H6JIN=]r+jV7J,iuVrAE7F$/#D

^j"*NVNwNj_nQO"w,"kRHDN*NeG*NHj_nQ

9k3HHuVrAE7F$/H$&3HN+jV7G"k#3NwH*N

Nj_nQ3=,Bsh}N1LHJkY-G"k#J<Ji3NwH*N

Nj_nQOjAuVbK8_9k*NeGIj*KBsK/89k?a"

>N*NpsKP9kgh*J"/;9rTJ&,W,J$+iG"k#g

,OJBsW;!G"lP&-t,XN"/;9d"%l?W;WGXN"

/;9KO39H,++k3HO@rG"j""/;99kt,rBjG-

kH$&3N*V8’/HuV,d?BsW;bGkO=BNBsW;!N

B]r?G7?BsW;bGkG"kH$(k#

3NBsW;bGkKpE$?Bs=Khj"hGBsW;dU)<‘U!

/?NH)-KpE/BsW;NdjG"k*NpsN&-H$&dj,J

/Jk#3NwH*NNj_nQrBsW;NWGH9kH"F*NKD-

1 DNW;WGrdjvF"j_nQrT&*Nr4v9kW;WGVr\

39k3H,M(ilk#=7F\35l?W;WGVGwNpsrdjH

j7J,ih|r8.9k3H,M(ilk#3N}!O*NN&-H$&

djrrh9k3HOG-k,"IN*NVGj_nQ,/89k+OdO

jW;7F_J$Ho+iJ$?a""i+8aW;WGVr\39k3H

OG-J$#^?"W;WGVNkgOO<I&’"eN)s+i5BK+

3H$&bNGOJ$#5iKg,OJh|8.djG7&*NpsODg

JbNKJk?a"6BsW;!H$(Ib 1 DNW;WGr 1 DN*NK

dvFk3HO=B*GOJ$#

=3G"*N=NbNrW;WGKdjvFkNGOJ/"*NN8_9

kuVNltrW;WGKdjvFk#1DNuVfK#tN*NN8_rv

F9lP*NtKfS7FW;WGtr/J/9k3H,G-k#3Nh&

Kh|8.djOjAuVr,d9k3HGH)-Nb${djXH,r5

l"Ft,uV,W;WGKdvFilk3HKJk#wOuVfr"37

F>J9k-A,"k?a"wNAEOuV*JlS-r}D#=3G"W

;WGKt,uVrdvFk~KOYg&t,uVr*}*KY\7?W;

WGKdvFk#3lKhCFL.O,:Y\7?W;WGVGIj*K/

87"gh*JL.,T,WKJk#=7FFW;WGO+JN4v9ku

VbN*NpsN_r]}9lPI$?aK*NpsN&-H$&djbr

h5lk#3l,*V8’/HuV,d?BsW;bGkNpCHJkM(

G"k#D^j"*V8’/HuV,d?BsW;bGkHOhGdU)<

‘U!/?NW;NH)-rBsW;NpCK9kNGOJ/"*NNjA

5l?uV=NbNr,d7",d5l?t,uVrBsW;N1LH9k
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BsW;bGkG"k#

*V8’/HuV,d?BsW;bGkOghH@h|8.dj=NbN

rBs=9k?aNBsW;bGkG"j"CjNh|8."k4j:‘N

Bs=rT&bNGOJ$#=N?a"18ghH@bGkrpCH7?l

$Hl<7s0!Hi8*7F#!NIAirb}l7FBs=D=G"k#

3l^GOl$Hl<7s0!Hi8*7F#!NBs=O=l>lLNd

jHM(ilF$?,"3NBsW;bGkKhj>"k4j:‘r}l=

7FBs=9k3H,D=KJk#>"k4j:‘r}l7FBs=D=G

"kH$&3HO3l^G,d7FM(ilF$?=l>lN"k4j:‘

rBT9kBsW;!N"<-F/Acr*V8’/HuV,d?BsW;

bGkKhCF}l7F7&3H,D=KJkH$&3HrU#9k#

2.4 Bs^kAQ9ls@js0!

\aGO^kAQ9ls@js0!r*V8’/HuV,d?BsW;b

GkKpE$FBs=9k#^kAQ9ls@js0!O"i8*7F#!

Hl$Hl<7s0!r‘!*K\37?h|8.!G"k#^:"i8*

7F#!KhjH6?MWGVN1Y,W;5lk#=NkLrl$Hl<

7s0!GxQ7DDh|r8.9k#i8*7F#!Ok@r,WH7J

$k@H)Nh|8.!G"j"l$Hl<7s0!Ok@r,WH9kk

@M8Nh|8.!G"k#k@OBsl$Hl<7s0!N9F<8GO

8aFj^k?a"k@NQ9N_G"lP"Bsi8*7F#!N9F<

8rFW;9k,WOJ$#J<F9F<8NBs=KD$FRYk#3N

2 DN9F<8r>sKBT9lPBs^kAQ9ls@js0!HJk#

2.4.1 *V8’/HuV,d?BsW;bGkKpE/Bsi8*7F#!

i8*7F#!NpC0O 2.2.2 aN0 (4) K(5lF$k#3N0Oi

8*7F#!K*1k.c6js0}x0HFPlF$kbNG"j""k

QCANi8*7F#MO+JN|Mi8*7F#MH^ojNQCANi

8*7F#MNQ,MK+JN?M(rh8?bNNBG"k3Hr(7F

$k#7?,CF".c6js0}x0GO"k*NN1Yraak?aK

D-fN>N*N4FN1YX"/;99kD=-,"k#3N}x0O=

N^^GO*NVNj_nQNW;G"k#=N?a"*NH=lKj_n

Q9kwNW;rBsW;N1LH9k*V8’/HuV,d?BsW;b

GkK>C?Bs=,q7$#

2a*i8*7F#! [7] O"3l^GN.c6js0}x0rpCH7

?i8*7F#!NW;GO"fS*1YNc$QCA+ibwr8akH

$&5LJW;K~Vrqd7F$k@Ke\7"1YNb$QCAr%h
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*KM89k3HrM(?i8*7F#!G"k#=N]"1YNb$QC

Ar*r7F.c6js0rT&NGOJ/"1YNb$QCA,>NQC

AKINxYFAr?(k+H$&M(r3~7?t,KEW-,"k#1

YNb$QCA,wr|M9k?aK2a*i8*7F#!NpC0O.c

6js0}x0KP77gCF#s0}x0HFPlF$k#

.c6js0!,"kQCAN1Yrhj9k?aKD-4NNQCAK

"/;99k3HKP7"2a*i8*7F#!GO1YNb$QCA,D

-fKwr|P7"D-fNQCAK1Yr,[9k#\@8GO3NwN

|PN]KD-fNQCAr>\*r9kNGOJ/"wrB]KD-K,

[9k3HrM(?#3N3HKhCF"*NVNwNj_nQNW;,"

*N+iNwN|PH*N,wru1kH$&h}K,r5lk#3N 2 D

Nh}O=l>lN*NeGIj*K/89k#D^j"*V8’/HuV

,d?BsW;bGkNpCG"k*NHwNj_nQXHh}1Lr,d

D=G"k#=3G\@8GOi8*7F#!NBs=K"?CF"3N2

a*i8*7F#!Ke\7?#

.c6js0}x0r2a*i8*7F#!N7gCF#s0}x0KQ

99k?aKO"0 (5) K(5lkU)<‘U!/?Nj_X80rQ$k#

3N0r.c6js0}x0K,Q9kH0 (6) Nh&K"kQCAN1Y

,>ND-fK?(kFAr(90KQA9k3H,G-k#3N0Oi8

*7F#M Bi ,QCA i +iD-fK|M7?FAKhCFQCA j Ni8

*7F#M Bj ,INxYFAru1k+r(7F$k#33G"Ai OQC

A i NLQr(7F$k#

FijAi = FjiAj (5)

Bj due to Bi = ρjBiFijAi/Aj for all j (6)

U)<‘U!/? Fij raak?aK\@8GOX_-e<V! [5] r

Q$?#X_-e<V!GOQCAe+i|M5lki8*7F#MOX_

-e<VeNhGNr|YKhj%6=5lk#%6=5l?i8*7F#

MrGk?i8*7F#MHFV#=7F=NGk?i8*7F#Mr?V

wrW;!eKbGk=7?bNrGk?i8*7F#l$HFV#3N*

NHGk?i8*7F#l$Nj_nQO"*V8’/HuV,d?BsW

;bGkGBsh}Np\1LH7?wH*NNIj*Jj_nQG"k#

=3G"3lrBsW;N1LH7F2a*i8*7F#!rBs=9k#

X_-e<VeNFhGrLa9kGk?i8*7F#l$NW;,H)G

"k3HrxQ9kH"Gk?i8*7F#l$rQCA+iD-fXHB

sK|M5;k3H,D=KJk#3NMRr^ 5 K(9#

Bs=7?2a*i8*7F#!N"k4j:‘O!Nh&KJk#

1. 0h}H7FJ<Nh}rT&#

• uVrt,uVXy,d9k#*Npsb18JRG,d5lk#

25



^ 5: X_-e<Ve+iNGk?i8*7F#l$NBs|M
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• *NpsrW;WGXH,[9k#

2. 4vuVbKf<6Nja?|M1YJeN1Yr}DQCA,8_9

klgKOGg1YNQCAr*r7"=NQCA+iGk?i8*7

F#l$r8.9k#

3. h}7J/FOJiJ$l$,t,uVbK8_9klgKOGk?

i8*7F#l$HuVfN*NHNr9=jrT&#r9=jNkL

Khj!N$:l+Nh}rT&#

• *NHGk?i8*7F#l$,r97?lgKOr97?*N

Ni8*7F#Mr}C5;k#

• *NHGk?i8*7F#l$,r97J+C?lgKO"!u

VXHGk?i8*7F#l$rAE5;k#!uVNW;KO

3DDDA [2] !rQ$k#!uVr4v9kW;WG,+JGJ$

lgKOL.KhjGk?i8*7F#l$r!uVr4v9k

W;WGXwj"Gk?i8*7F#l$r!uVXAE5;k#

jAuVr0l?lgKOGk?i8*7F#l$OCG9k#

4. 79F‘4N+iGk?i8*7F#l$,J/JC?iW;*;#

3NBs2a*i8*7F#!GO"s!JLNh&Jji+J@LWG

r7&?aK@LWGOQCAK,r5lJ$G]}5lk#Gk?i8*

7F#l$O@LWGeGO"?M"~^")arT$"uVfrAE7F

$/#

Gk?i8*7F#l$N8.HuVbN*NHwNj_nQOFW;W

GeGBsKBT5lk#3NMRr^ 6 K(9#

Specular
Surface

Diffuse
Surface

Diffuse
Surface

Refractive
Surface

^ 6: Bs2a*i8*7F#!
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2.4.2 *V8’/HuV,d?BsW;bGkKpE/Bsl$Hl<7

s0!

Bs2a*i8*7F#!KhjH6WGNW;*;e"k@H9/j<

srhj7"Bsl$Hl<7s0!Khjh|r8.9k#h 2.2.2 aN

0 (3) Nl$Hl<7s0!NpC0OBsl$Hl<7s0!Gb=N^

^Q$k3H,D=G"k#3l^GNhGBsl$Hl<7s0!GOh

Gr1LH7"#tN*NHNr9=j"1YW;r^s@h},Bsh}

N1LG"C?,"*V8’/HuV,d?BsW;bGkKpE/Bsl

$Hl<7s0!GOlDNl$,lDNuVbrLa9k3HrBsh}

N1LH9k#3NM(K>CFBs=5l?l$Hl<7s0!N"k4

j:‘O!Nh&KJk#

1. 0h}H7FJ<Nh}rT&#3lOBs2a*i8*7F#!H&

LG"kNG"Bs2a*i8*7F#!N>eKBsl$Hl<7s

0!rT&NG"lP,WJ$#

• uVrt,uVXy,d9k#*Npsb18JRG,d5lk#

• t,uVH*NpsrW;WGXH,[9k#

2. k@H9/j<sNpsr4FNW;WGK,[9k#

3. k@+i/C;ilkl$,GiKLa9kuV,+JN4v9kuV

G"k+I&+FW;WG,BsKW;7"+JN4v9kuV,G

iNLauVG"lPi|l$r/85;k#

4. h}7J/FOJiJ$l$,8_9klgKOl$H=Nl$,8

_9kuVbN*NHNr9=jrT&#r9=jNkLKhj!N$

:l+Nh}rT&#

• *NHl$,r97?lgKO"?M"~^")aJIN1YW

;rT$"?Ml$JINs!l$,/89klgKOs!l$

r/85;k#?@7"l$N?M"~^st,f<6Nja?

stJeNlgKOs!l$O/85;J$#

• *NHl$,r97J+C?lgKO"!uVXHl$rAE5

;k#!uVNW;KO 3DDDA [2] !rQ$k#!uVr4v9

kW;WG,+JGJ$lgKOL.rQ$Fl$r!uVr4

v9kW;WGXwj"l$r!uVXAE5;k#jAuVr

0l?lgKOl$OCG9k#

5. 79F‘4N+il$,J/JC?iW;*;#

s!l$O?M"~^NzrH7F?M8tr]}9k#?M8tOl$

/8~KO 1 Ki|=5lF*j"?MJIrT&YK*NN?M8t,h
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<ilF$/#3N?M8tKhCF#tN?MNFAr==7F$k#3

NBsl$Hl<7s0!,BT5lkMRr^ 7 K(9#9/j<seN

#tNT/;krLa9kl$,*NNjAuVbGBsKIW5lF$k#

Specular
Surface

Diffuse
Surface

Refractive
Surface

Screen

View 
Point

Diffuse
Surface

^ 7: Bsl$Hl<7s0!

2.5 k@

\OGO"^kAQ9ls@js0!rBs=9k?aN*V8’/Hu

V,d?BsW;bGkrsF7"Bs=7?^kAQ9ls@js0!N

"k4j:‘r(7?#

GiKghH@djNpC0G"kls@js0}x0rHj"2"=_

LB*h|8.!H7FHj"2ilF$kl$Hl<7s0!Hi8*7

F#!O3Nls@js0}x0NawG"k3HrRY?#!K3l^G

sF5lF$kl$Hl<7s0!Hi8*7F#!r5Q7"3l^GN

Bsh}j!H=Ng@KD$FX&7?#3l^GNBs=j!Ol$H

l<7s0!Hi8*7F#!NG-NBs-Ke\7?bNG"j"uV

NlS-d">TK&L9kBsh}1Lr5k7F$k3HKdj,"k#

\@8GOl$Hl<7s0!Hi8*7F#!K&L9kBs-H7Fl

s@js0}x0K8_9k*NHwNj_nQKe\7"=liNj_n

Q,uVfGIj*K/89k3HrX&7?#=7F3lirU^(?B

sW;bGkH7F*V8’/HuV,d?BsW;bGkrsF7?#3

N*V8’/HuV,d?BsW;bGkOls@js0}x0rBs=D

=JBsW;bGkG"j"^kAQ9ls@js0!N=.WGG"kl

$Hl<7s0!Hi8*7F#!r}l7FBs=D=G"k#GeK*
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V8’/HuV,d?BsW;bGkKpE$F^kAQ9ls@js0!

rBs=7"=N"k4j:‘r(7?#
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3 6Bsh|8.79F‘ (Mπ)2

3.1 o@

\OGO 2 OGb@7?*V8’/HuV,d?BsW;bGkKpE

/Bs^kAQ9ls@js0!rz(I/BT9k?aN"<-F/Ac

(Mπ)2 KD$FRYk#(Mπ)2 N>O"^kAQ9ls@js0!N?a

N6Bsh|8.79F‘ (Massively Parallel Image system for Multi-Pass

Image synthesis methods) K3h9k#(Mπ)2 O?tNW;WG (Processing

Element : PE) rH<i9uK\37?,6abj?N6BsW;!79F

‘G"k#3N79F‘O"3YK~8?Bsh}rTJ&?aK,X=5

l?=.KJCF$k#

GiK (Mπ)2 Np\*J"<-F/AcKD$FRY",X*JBsh}

,INh&KTJolk+KD$FRYk#!K (Mπ)2 NBsl$Hl<

7s0!K*$FUl<‘PCU!"/;9XN%gKhk-=c<rr1

k?aN,X=Ul<‘PCU!79F‘rsF9k#3N79F‘Ns0

,-cC7e79F‘K‘w9k3H+i\79F‘r-cC7eIUl<‘

PCU!79F‘HFV#GeK (Mπ)2 N-=r=,/x5;k?aNiY

,6!KD$FRYk#

3.2 *V8’/HuV,d?BsW;bGkKpE/,X?6

BsW;!"<-F/Ac (Mπ)2

\aGO*V8’/HuV,d?BsW;bGkKpE/Bs^kAQ9

ls@js0!rz(I/BT9k?aN6Bsh|8."<-F/AcH

7F (Mπ)2 rsF9k#

3l^GNBsW;!N?/O"Bsh}N3YK~8?,X=KD$F

[HsIM85lF$J+C?#=N?aKg-J3Y+i.5J3Y^G

lg7F18W;WG,h}7F*j"Bs-rz(I/xQG-J$3H

,?+C?#.5J3Yrh}9k?aNW;WGKg-J3YN?9/,

j~5l?lgKOBs-r=,KhQG-:"g-J3Yrh}9k?a

NW;WGK.5J3YN?9/,j~5l?lgKO"h}WGVNL.

N*<PXCI,jP*Kb/JjBsh}NzL,|TG-J$#(Mπ)2

Oh|8.K*1kBsh}N3YKe\7"=l>lN3YKG,JBs

h}AVr,Q5;F$kH$&C’r-9k#

^kAQ9ls@js0!O*V8’/HuV,d?BsW;bGkKh

j"t,uVbN*NHw~Nj_nQrh}1LH7FBs=5lk#3

Nt,uVbKO1~K#tN*NHwNj_nQ,8_9k3H,D=G

"k#3N#tN*NHwHNVNFj_nQOH)7?h}G"j 1 DN

wH 1 DN*NNj_nQr1LH7F5iKBs=5lk#3N 1 DN*
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NHwNj_nQb5iK*NHwNr9=j"!uV5wh}"?M&~

^wN8.JINh}K,d5l"Bsh}D=G"k#3Nh&KBsh

}+N,3YN[Jk,X*JBsh} +i.CF$k?a"(Mπ)2 b=

lKgo;F,X=5lF$kNG"k#qN*KOGb3YNF$t,u

V4HNBs-KO,6abj?NBsh}r,Q7"t,uVbK#t8

_9kl$Nh}K&-abj?NBsh}r,Q7"5iKFl$Nh}

r$/D+K,13lKQ$Wi$sh}r,Q9k#

3YNX8Hh}bFr= 1 K^Ha?#3N=G,XlYkHO (Mπ)2

K*1kO<I&’"N=.NlYkG"k#h}NbFO=N,XGNB

sh}N1LHJkbNG"j"?H(P"PE lYkO#tNl$Wm;C

7s0VmC/+i=.5lF*j"Fl$Wm;C7s0VmC/, 1 D

NwH*NNj_nQrBs7FBT9k#\aGO (Mπ)2 K*1k79

F‘lYkNW;WGr PE G=o93HK9k#(Mπ)2 HOH)7?lL

*JW;WGO3l^GLjW;WGHFV#

= 1: ,X*Bsh}

,XlYk ,XN=.WG h}bF 3Y h}AV

79F‘lYk PE t,uVbNwH*NNj

_nQ (wH*NO#tD)

F ,6abj?N^kAW

m;C579F‘

PE lYk l$Wm;C7s

0VmC/

1 DNwH*NNj_nQ f &-abj?N^kAW

m;C579F‘

l$Wm;C7s

0VmC/lYk

fKCH r9=j&!uV5w&1

YW;JI

Y Q$Wi$sh}

J<"F,X4HN"<-F/AcKD$Fb@9k#

3.2.1 79F‘lYkN=.

2 !5N (Mπ)2 N79F‘=.N5Wr^ 8 K(9#(Mπ)2 O,6ab

j?N6BsW;!G"j"?tN PE ,H<i9uKkg5lF$k#PE

NkgAVH7FO^ 9 K(9h&K 1 A 3 !5uK PE r[V7?AV

,M(ilk#

(Mπ)2 O[9H3sTe<?"?tN PE"-cC7eIUl<‘PCU!

79F‘ (CFBS: Cached Frame Buffer System)"0m<PkUl<‘PC

U!(GFB: Global Frame Buffer) =7FG#9Wl$+i=.5lF$k#

[9H3sTe<?H PE O79F‘P9 (SB: System Bus) rp7F*N

psd)fpsrdjHj9k#wOl$Npsr}Dl$Q1CHH7F

PE VNMCHo</ (IPN: Inter-PE Network) rAE9k#3Nl$Q1C
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HOBsl$Hl<7s0!GOl$Npsr}A"Bs2a*i8*7F#

!GOGk?i8*7F#l$Npsr}CF$k#wNAEW;NkLH7

F8:k1YpsO1YQ1CHH7F PE +im<+kUl<‘PCU!P

9 (LFBB: Local Frame Buffer Bus) rp7F-cC7eIUl<‘PCU!

79F‘Xw.5lk#-cC7eIUl<‘PCU!79F‘O0m<P

kUl<‘PCU!XN"/;9rKB7DD0m<PkUl<‘PCU!

XHW;kLr"-e‘l<H7F$/#0m<PkUl<‘PCU!K_

(il?h|,G**KG#9Wl$K=(5lk#-cC7eIUl<‘

PCU!79F‘KD$FOh 3.4 aGFSHj"2k#

PE PE PE FBC

PE PE PE FBC

PE PE PE FBC

Display

Global
Frame
Buffer

Host Computer

SB

IPN

LFBB

S
B

IP
N

: Frame Buffer Cache
: Inter-PE Network

PE
SB
LFBB

FBC
IPN

: Processing Element
: System Bus
: Local Frame Buffer Bus

Cached Frame Buffer System

^ 8: (Mπ)2 N"<-F/Ac

3.2.2 PE lYkN=.

^ 10 K PE lYkN=.r(9#PE Ol$Wm;C7s0VmC/rW

;WGH9k&-abj?NBsW;!G"k#PE NbtKOi|l$Q

1CHr/89k?aNi|l$/8fKCH (FRGU: First Ray Generation

Unit) Hl$Q1CHNl$psHt,uVbN*NNj_nQrW;9kl

$Wm;C7s0VmC/ (RP block: Ray Processing Block)"l$Q1C

Hrl$Wm;C7s0VmC/K,[9kl$G#9HjSe<? (RD:

Ray Distributor)"!uVXHl$Q1CHrAE5;k?aNMCHo</

$s?<U’<9fKCH (NIU: Network Interface Unit)"PE N4v9k
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^ 9: Wm;C7s0(lasHNkgAV
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uVN*Npsr]}9km<+kabj,8_9k#

PE O"kuVfNwH*NNj_nQrW;9k1LG"k#3NuV

NbtKO1~K#tNl$Q1CHH#tN*N,8_9kD=-,"k#

l$Wm;C7s0VmC/O 1 DNl$Q1CHHuVfN#tN*NH

Nj_nQrW;9k1LG"k#PE btGO"?+b9<Q9+iWm

;C5,i;oK0*Ki;r,[9kh&K"l$G#9HjSe<?,

ciYNl$Wm;C7s0VmC/r*r7=NVmC/XH0*Jl$

Q1CHN,[rT&#3Nh&K7F#tNl$Wm;C7s0VmC/

,Bs0n9k#

^?"MCHo</$s?U’<9fKCHHi|l$/8fKCH"l$

G#9HjSe<?"l$Wm;C7s0VmC/O=l>lH)7?h}

1LG"j"?H(Pi|l$/8fKCH+il$G#9HjSe<?"l

$Wm;C7s0VmC/r_kHQ$Wi$s=.KJCF$k3H,o

+k#FQ$Wi$s9F<8N0n~V,ljGJ$?aK3NQ$Wi

$sOJt,N.Y~e(r@k3HOq7$,"Q$Wi$sh}KhC

F"kxYN.Y~e,|T5lk#

3.2.3 l$Wm;C7s0VmC/lYkN=.

^ 11 Kl$Wm;C7s0VmC/lYkN=.r(9#l$Wm;C7s

0VmC/O 4DNfKCH+i=.5lF$k#9JoA"r9=jfKC

H (ROIU : Ray-Object Intersection Calculation Unit)"!uV5wfKCH

(DDU : Direction Decision Unit)"s!l$/8fKCH (SRGU : Secondary

Ray Generation Unit)"1YW;fKCH (ICU : Intensity Calculation Unit)

G"k#l$Wm;C7s0VmC/O 1 DNl$Q1CHHuVbN#t

N*NHNj_nQrW;9kW;WGG"k#3Nj_nQNW;O"r

9=j"!uV5w"s!l$/8"1YW;H$&8:T— CqTX8K

"kWGK,dD=G"j"Fl$Q1CHKD$F3lr‘!*Kh}9

k#3Nh&JX8OQ$Wi$sh}KhCFb.=9k3H,D=G"

j"l$Wm;C7s0VmC/bGOB]KQ$Wi$sh},TJol

k#3NFfKCH, (Mπ)2 K*1kp\*Jh}1LG"k#

l$Wm;C7s0VmC/K*1kQ$Wi$sh}O"l$G#9H

jSe<?KhCFl$Wm;C7s0VmC/Kl$Q1CH,~O5l

kj+iO8^k#l$Wm;C7s0VmC/K~O5l?l$Q1CH

Or9=jfKCHK~O5l"r9=jfKCH,&-m<+kabjf

N*NpsK"/;97J,i~Ol$Q1CHHj_nQ9k*Nr5w

9k#r9=jNkL"l$Q1CHN8_9kuVbKr9*N,8_7

J$3H,=@7?lgKO=Nl$Q1CHO!uV5wfKCHXHw

.5lk#!uV5wfKCHOl$Q1CH,!KINuVXHJ‘+r
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Ray Distributor

From neighboring PEs

Local
Memory

Processing Element (R Engine)3

First Ray Generation Unit

Network Interface Unit (out)

To neighboring PEs

To
 L

oc
al

 F
ra

m
e 

B
uf

fe
r 

B
us

Network Interface Unit (in)

Ray Processing
 Block

^ 10: PE lYkN=.
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3DDDA! [2]rQ$FW;7=NkLrl$Q1CHK-?7FMCHo<

/$s?U’<9fKCHXHw.9k#b7buVfK~O5l?l$Q

1CHHr99k*N,8_9kJiP"=Nl$Q1CHO1YW;fKC

HHs!l$/8fKCHN 2 DNfKCHX1~Kw.5lk#s!l$

/8fKCHO"@L?M"~^")aN=]KhCFL+i7?K/89

kl$Q1CHr8.7"l$G#9HjSe<?Kw.9k#1YW;f

KCHO=N>NLj*N=LN1YrW;9kfKCHG"k,"Bsl

$Hl<7s0!N9F<8HBs2a*i8*7F#!N9F<8GN0

n,c3[Jk#Bsl$Hl<7s0!N9F<8GO"r97?*N=

LN1YrW;7"1YNpsr1YQ1CHH7F-cC7eIUl<‘

PCU!79F‘XHw.9k#3N~",WJiP1~K7’<G#s0

h}yrTJ&#Bs2a*i8*7F#!N9F<8K*$FOi8*7

F#MrW;7"QCAN$|Mi8*7F#Mr}C5;k#3N~"QC

AN$|Mi8*7F#M,f<6Njak|MMhjbg-$lgKO=

NQCANpsri|l$/8fKCHXHL#9k#

3NQ$Wi$sh}OuVbN*Ntdl$Q1CHN}Dl$/Gk?

i8*7F#l$NpsKhCF!uV5wfKCH+^?Os!l$/8&

1YW;fKCHN$:l+N_r0n5;k?aKQ$Wi$s9F<8

,Nb.=O>aJ$,""kxYN.Y~e,|TG-k#

3.3 (Mπ)2
K*1kiY,6!

3.3.1 (Mπ)2 K*1kiYTQUdj

\aGO (Mπ)2 K*1kiY,6!KD$FE*J}!H0*J}!K

D$FRYk#

lLKBsW;!GO"W;fKiYNTQU,/89kH=NBsW;

!N-=Og}K:/9k#?H(P"100 NW;WG,8_7FbiYN

TQUKhCF 1 DNW;WG7+/+J1lP"=NBsW;!N-=O

GgMN 100 ,N 1 7+/x5lJ$3HKJk#=N?a"iY,6!O

BsW;!N=Orz-P9?aNEWJ]jG"k#

\@8GO"*V8’/HuV,d?BsW;bGkKpE$F^kAQ

9ls@js0!rBs=7?#*V8’/HuV,d?BsW;bGkG

O"FW;WGKt,uVrdjvF"=Nt,uV4HNwH*NNj_

nQrBsh}N1LH7F$k#7?,CF"t,uVfK^^lk*N

N?IKhj"Bsh}1LG"kt,uVN}DiY,8&5lk#lL

K*NOjAuVfKlMK8_9kHOBiJ$NG"Ft,uVN}D

iYO[Jj"3l,79F‘fNiYNTQUHJCF=olk#?H(

*Nt,QlG"CFbjAuVfK8_9kw~t,QlGJ$lgKO

dOj79F‘fNiYKTQU,/89k#
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To/From Ray Distributor

Lo
ca

l M
em

or
y

To Network Interface Unit (out)

Ray Processing Block

To
 C

ac
he

d 
Fr

am
e 

B
uf

fe
r S

ys
te

m
Intensity

Calculation
Unit

Ray-Object
Intersection
Calculation

Unit

Secondary
Ray

Generation
Unit

Direction
Decision 

Unit

^ 11: l$Wm;C7s0VmC/lYkN=.
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\@8GO3NiYNTQUdjrrh9k?aKt,uVN PE XNd

jvFr)W7FiY,6r^k}!H"PE btN#tNl$Wm;C7s

0VmC/rxQ7?iY,6!rsF9k#t,uVN PE XNdjvF

r)W7FiY,6r^k}!GO"W;fK PE VG*NpsNdjvF

NQ9dl$NdU1NQ9,/-J$?a"3lrE*JiY,6!HF

V#l$Wm;C7s0VmC/rxQ9k}!O"W;fKl$Wm;C

7s0VmC/NiYK~8Fl$NdU1rhj9k3HGiYN,6r

^k?a"3lr0*iY,6!HFV#J<"3li 2 DNiY,6!K

D$FRYk#

3.3.2 E*iY,6!

0aGRY?h&K"iY,6NTQUNhlN6xO"t,uVfN*

Nt,uV4NGOQlGJ$?aK/89k#7?,CF"3lrQlK

9k3H,G-lPiYNTQU,rC5lk#

33G"*V8’/HuV,d?BsW;bGkKhkBs=GO"t,

uVNtO PE NtH,:7blW5;k,W,J$3HrxQ9k#*V

8’/HuV,d?BsW;bGkK*$FOt,uVO"/^GBsh}

N1LG"j"1 DN PE ,#tNt,uVr4v9k3H,D=G"k#=

3G"t,uVt, PE thjbg-/Jkh&KjAuVr,d7"%l

?t,uVr1lN PE KdU1k#*NOuV*Ij-r}A"$/D+

Nt,uVrjak3H,?$NGF PE ,%l?uVru1}D3H,G

-lP"=l>lN PE KO[Jk*N,dU1ilk3H,|T5lk#

3lrxQ7FiY,6rT&#3N}!O"i+8aE*K*NN[Vr

hj9k3HGiY,6r^k}!JNG3lrE*iY,6!HFV#

Gb1cJuVN PE KP9kdU!O"^ 12 K(9h&K"kOON

t,uVrF PE ,4v9k}!G"k#3lrVmC/?Nt,uVdU

!HFV#3NlgNt,uVH PE VfNP~r0 (7) K(9#33G"

x, y, z O PE N x, y, z }~NX8G"j"3N}!OuV,dr99a?K

b++oi:"a/NuVr PE ,]}9k}!G"k#=N?a"uV,

dKhCFjP7?Bs-r79F‘4NK,69k3HKOJiJ$#

PE No(x, y, z) of Subspace (X,Y, Z) = (b
X

dSx/Nxe
c, b

Y

dSy/Nye
c, b

Y

dSy/Nye
c)

(7)

33G"
x, y, z · · · PE N x, y, z }~NX8

X,Y, Z · · · t,uVNX8

Sx, Sy, Sz · · · uVN x, y, z }~N,dt

Nx, Ny, Nz · · · x, y, z }~N PE t

39



G"k#hCF"79F‘Nm PE tO Nx ×Ny ×Nz G"k#c(P 1 !

5N (Mπ)2 GO"Ny = Nz = 1 G"j"2 !5N (Mπ)2 GO"Nz = 1 H

Jk#

0,0 0,0 1,0 1,0 2,0 2,0 3,0 3,0

0,0 0,0 1,0 1,0

0,2 0,2 1,2 1,2 2,2 2,2 3,2 3,2

0,2 0,2 1,2 1,2 2,2 2,2 3,2 3,2

0,1 0,1 1,1 1,1

0,3 0,3 1,3 1,3 2,3 2,3 3,3 3,3

2,1 2,1 3,1 3,1

2,0 2,0 3,0 3,0

0,3 0,3 1,3 1,3 2,3 2,3 3,3 3,3

0,1 0,1 1,1 1,1 2,1 2,1 3,1 3,1

^ 12: VmC/?Nt,uVdU! (PE !5 = 2)

3lr,65;F}?;k}!,"^ 13 K(7?,6?Nt,uVdU

!G"k#3NlgNt,uVH PE VfNP~r0 (8) K(9#*V8’/

HuV,d?BsW;bGkKpE-"uV*KYgC?t,uVOYg&

PE KdU1J1lPJiJ$#,6?dU!O3NWAr~?7J,it

,uVr PE 4NK,65;k3H,G-k}!G"k#PE Vf,b8e

mi;G(5lF$kh&K"*}*J PE N\3K<,/87J$h&"

(Mπ)2 OH<i9uNH]m8r}C?=.HJCF$k#

PE No(x, y, z) of Subspace (X,Y, Z) = (XmodNx, Y modNy, ZmodNz)(8)

,6?NdU!O"3 !5N (Mπ)2 KP7"Gb-zG"k#7+7"B

]NBsW;!O!t,?$[I39H,++k?a"hjc!N=.Gb

1xYN-=,/xG-kHI$#=3G"hjc!N (Mπ)2 Gb-=,~

e9kh&JdU!H7F"9-e<=,6?dU! rsF9k#^ 14 K

9-e<=,6?Nt,uVdU!r(9#3NlgNt,uVH PE Vf
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0,0 1,0 2,0 3,0 0,0 1,0 2,0 3,0

0,1 1,1 2,1 3,1

0,0 1,0 2,0 3,0 0,0 1,0 2,0 3,0

0,1 1,1 2,1 3,1 0,1 1,1 2,1 3,1

0,2 1,2 2,2 3,2

0,3 1,3 2,3 3,3 0,3 1,3 2,3 3,3

0,2 1,2 2,2 3,2

0,1 1,1 2,1 3,1

0,2 1,2 2,2 3,2 0,2 1,2 2,2 3,2

0,3 1,3 2,3 3,3 0,3 1,3 2,3 3,3

^ 13: ,6?Nt,uVdU! (PE !5 = 2)
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NP~r0 (9), (10) K(9#3liN0GO PE ,=l>l x }~K8_9

klgH"x, y ?LK8_9k3Hr>j7F$k#9-e<=,6?Nt

,uVdU!b*V8’/HuV,d?BsW;bGkNWAKz("Yg

&t,uVrYg& PE KdU1k3H,D=G"k#3N9-e<=,6

?NdU!O"*N,}D4}~N3R<ls9rc!N (Mπ)2 Gb,69

k3H,D=KJkh&MF5l?#?/N=BN*NOEON8_N?a

Kb>4}~K3R<ls9r}CF$k#?H(P"IOb>K)A"l

bZb3jG"k#3lr,6?NdU!Khj 3 !5N=.r}D (Mπ)2

K^CTs07?lgKO"4FN!5}~N3R<ls9r,65;k3

H,D=G"k,"hjc!N (Mπ)2 K,6?NdU!r,Q7?lgK

O"*NN}D3R<ls9r,6G-J$}~,8_9k#3lOuVN

!5t (3 !5) r 1,2 !5N=.N (Mπ)2 K^CTs07??aK/89

k#=N?a"jAuVN4}~K3R<ls9r}C?*NN8_KhC

F1lN PE ,1lN*Nr^‘t,uVr4v9k9~K"k#9-e<

=,6?dU!O3N PE N8_7J$4}~N4v PE r:i7F$/3

HG*NN}D3R<ls9KhjiYNTQU,/89k3Hrr1k3

H,D=G"k#

For the one-dimensional (Mπ)2 system:

PE No(x) of Subspace (X,Y, Z) = (X + Y + Z) mod Nx (9)

For the two-dimensional (Mπ)2 system:

PE No(x, y) of Subspace (X,Y, Z) = ((X + Z) mod Nx, Y mod Ny)(10)

3.3.3 0*iY,6!

0aG(7?E*JiY,6!OW;0K"i+8aINh&KFt,u

Vr PE K^CTs09k+rhj9kbNG"j"B]NW;fKO3l

@1GOrhG-J$iYNPj,8_9kD=-,"k#=3G"W;f

K0*KiYN,6rT&3HrM(k#

iYNTQUOF PE KdU1ilk*Nt,TQlG"k3H,hlN

6xHM(ilk,"3lOE*iY,6!KhCF"kxYKB5lk#

33G PE XN*NtNTQl,DC?lgK"*Nr\09k3HKhC

F3NTQlrrC7"-=~er^k3HO$qG"k#J<Ji"W;

~N*N\0O79F‘fNK*1k*NN5w"*NpsNL.Khk\

0H$C?g-J*<PXCIr}DD=-,"j"3N?aKUK79F

‘-=,c<9kD=-,"k?aG"k#5iK3lOuVfN*NNL

V,]?lkH$&*V8’/HuV,d?BsW;bGkK?7?}!G
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^ 14-a: 1 !5N (Mπ)2 N9-e<=,6?dU1!

^ 14-b: 2 !5N (Mπ)2 N9-e<=,6?dU1!

^ 14: 9-e<=,6?Nt,uVdU!
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"k#7?,CF"iYrQU5;k?aN*NpsN\0OE*Kb0*

KbT&3H,G-J$#

33G"E*iY,6!KhCF"F PE ,#tNuVr4v9kh&K

JC?3HrM(k#*V8’/HuV,d?BsW;bGkN\hNM(

GOlDN*NKlDNW;WGrdU1kH$&bNG"C?,"7&*

Nt,=B*GJ$[I?tG"k?aK*NGJ/uVKW;WGrdU

1?NG"C?#=N?a"1 DNt,uVbK=l>l#tNl$H*N

,8_9kD=-,"j"PE bK#tNl$Wm;C7s0VmC/r_

1"#tNl$rBsKh}9kH$&M(r 3.2.2 GRY?#

7+7"PE btGl$Wm;C7s0VmC/r}C5;kNGOJ/"

=N+ojK5iK PE r}C9Y-GOJ$+H$&M(,GF/kG"

m&#H3m,1tNl$Wm;C7s0VmC/rxQ9kNG"lP"

PE tN_r}C5;Fl$Wm;C7s0VmC/tr^(khjb"k

xY^GOl$Wm;C7s0VmC/tr}C5;k},zL*G"kH

=[5lk#^ 15 r_F_h&#3N^GO PE t, 2 KP7"uVt, 4

"j"E*iY,6KhCFF PE , 2 D:DuVr4v7F$k#3N^

GO"E*iY,6!KhCFjAuVbK*NNPj,8_7F$kKb

++oi:iY,F PE XH,67F$k#3N79F‘N-=r~e5;

h&H PE tr}C5;kH"^ 16 Nh&KiYNTQUrF PE VG,

65;k3H,G-J/JCF7^&#=3G"PE tr}C5;kNGOJ

/"PE btNl$Wm;C7s0VmC/r}C5;F_?N,^ 17 G"

k#^ 16 H^ 17 O1tNl$Wm;C7s0VmC/r}CF$k#=N

?a79F‘H7FO1xYNx_*=Or}CF$kHM(ilk#7+

7"^ 16 NlgKO?b*N,8_7J$t,uVr4v9k PE H"*

NN8_9kt,uVr4v9k PE ,8_9k?aKiYNTQU,/8

7F$k,"^ 17 GOF PE ,E*iY,6!NzLr=N^^xQ7F

4v9k*NtrQU5;F$k#3Nh&K"1lNl$Wm;C7s0

VmC/tN79F‘rM(?lgKO"PE tr^("l$Wm;C7s

0VmC/r}C5;F0*Jl$djvFrTJ&3HGiY,6,TJ

olk3H,o+k#3NiY,6!OE*iY,6NzL,"lPhjz

L*KJk#7+7J,iF PE btNl$Wm;C7s0VmC/VGO

Fl$Wm;C7s0VmC/,#tNuVbN*NpsK"/;99k,

W,"k?a"l$Wm;C7s0VmC/VG*NpsN&-rToJ1

lPJiJ$#=N?a"l$Wm;C7s0VmC/tr}g5;kKO

B&,"k#7?,CF"l$Wm;C7s0VmC/t,ljN~rM(

kH"PE tH PE btNl$Wm;C7s0VmC/tNVKOHl<I

*U,8_9k#

3l,l$Wm;C7s0VmC/rQ$?0*iY,6!G"k#3N

0*iY,6!O*NN\0dl$N\0r PE r[(FTJ&,W,J$
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?aK"0*JiY,6K<J& PE VNL.H$&*<PXCI,/87

J$}!G"k3HbC’*G"k#3lOBsh}K"?CF*}*KU

#N"kW;bGkrQ$?3HH"=3+i3+lk3YrM87?,X

?NBsW;! (Mπ)2 G"k+i3=D=G"kH$(k#5^6^J3

Yr1lK7&3l^GNBsW;!GO"Y$3YrBs=7FbIj*

K7&3H,G-:"g-J*<PXCIr/$ilkHWolk#

PE0

RP
Block

PE1

RP
Block

^ 15: 0*iY,6! (1) E*iY,6,.y7F$kc
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PE3

RP
Block

PE2

RP
Block

PE1

RP
Block

PE0

RP
Block

^ 16: 0*iY,6! (2) PE t}CN?aE*iY,6K:T7?c

PE0

RP
Block
RP
Block

RD PE1

RP
Block
RP
Block

RD

^ 17: 0*iY,6! (3) RD Khk0*iY,6!
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3.4 -cC7eIUl<‘PCU!79F‘

3.4.1 (Mπ)2 K*1kUl<‘PCU!"/;9dj

*V8’/HuV,d?BsW;bGkK>C?Bs^kAQ9ls@j

s0!GO"h|8.N?aN*Npsr&-9k,W,J$#hCF"*

Npsr&-7??aK/89k"/;9%gd"*NpsN3T<Khk

abjLN}gH$C?djOrh5l"91<iSjF#N"kBsW;

!N=[,D=KJk#H3m,"h|rB]K8.9k?aKOFW;W

GG@?1Ypsr}g9kh},,WG"k#Lo"h|psOUl<‘

PCU!HFPlkabjeK_(ilk#\79F‘GO"h|8.K]

7"FW;WGG/87?1Ypsr1YpsQ1CHH7FUl<‘PC

U!XHw.9k#1YpsQ1CHOwH*NHNlsNj_nQKhC

F88?1YpsH"=N1Yps,X?9k9/j<seNhGNLVr

]}7F$k#lDNhGN1YO#tNwH*NNj_nQNkL,X?

9kD=-,"k?a"G**KhGhK1Ypsr"-e‘l<H7FU

l<‘PCU!eK]}9k,W,"k#(Mπ)2 Nh&JBsW;!K*$

FO3NUl<‘PCU!O&-q;G"j"PE t""k$Ol$Wm;C

7s0VmC/tN}gK<JCFUl<‘PCU!eG"/;9%g,/

89kD=-,"k#^?"a/Wm;C5.YHabj.YN9,}g9

k9~,"j"abjG"kUl<‘PCU!, PE N.YK=,P~G-

J/JkD=-,"j"3NlgN"/;9%gO<sJdjHJkD=-

,"k#

a/N&-abj?NW;!79F‘K*$FO"&-abjXN"/;

9%grKB9k?aK"&-abj+Nr,65;k}!d"-cC7e

abjrQ$k}!JI,"k [27]#Ul<‘PCU!rF PE X,65;

klgKO"Ul<‘PCU!rINh&K,65;"}g9k+H$&d

j,8_9k#iYN,6N?aKO"F PE XUl<‘PCU!rQlK

djvFk3H,>^7$#7+7"\@8NBsW;}0GOk@JIN

Qia<?,Q=9k3HKhjF PE N4v9kT/;ktd"h}WG

N4v9kUl<‘PCU!bNT/;kLV,Q=9k#=N?aUl<

‘PCU!Nt,8grF PE eKGj7?O<I&’"H7FdjvFk

3HO$qG"k#l}4FNW;WG,G**KxQ5lkUl<‘PC

U!H18g-5NUl<‘PCU!N3T<r}D}0bM(ilk#3

N}0G"lPUl<‘PCU!N,6NdjOJ$,"39HNL+iN

Tx,"k#-h39HNL,rh5l?lgKb79F‘4NKT,’K

,69kUl<‘PCU!eN1Ypsr}g""-e‘l<H9k]Kd

Oj"/;98fNdj,/89k#

l}-cC7eabjrQ$k}!OI&G"m&+#-cC7eabj

O"Wm;C5Habj79F‘N.Y9rdakEWJ;QG"j",6
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?NBsW;!K*$FO",6-cC7eabj,2HNIj-rxQ7

F&-abjXN"/;9%grKB9k3H,D=G"k [27]# =3G\

@8GOUl<‘PCU!N_WK]7"FQN^kAWm;C579F‘

N,X=$rxQ7?-cC7eIUl<‘PCU!79F‘rsF9k#3

l^GKUl<‘PCU!KP9k-cC7ea+K:‘,$/D+sF5

lF$k [20, 23]#7+7J,i"p\*K=liOIjH@bGkKpE/

z-buffer "k4j:‘rQ$?b.]j4sALN?aK_W5lF$k#=

N?aKghH@bGkKpE/*V8’/HuV,d?BsW;XN,Q

,$qG"k#^kAQ9ls@js0!Nh 2 9F<8G"kl$Hl<

7s0!NW;K*$FO"Yg&T/;k+i/C;ilkl$O1lN

*NKr97d9$9~r}CF$k#3lO PE ,a/Nl$r4v9k

9~,"k3Hr(7F*j"Ul<‘PCU!XN"/;9K?/NIj

-r-7F$k3HrU#7F$k#3lirU^("f9O9/j<sN

hGr,’*J-cC7eVmC/K,r7"$/D+N PE KP7FUl<

‘PCU!-cC7erQU7?#^ 18 O-cC7eIUl<‘PCU!7

9F‘N5Wr(7F$k#-cC7eIUl<‘PCU!79F‘OZ=$

N=.r}CF*j"^ 18 O 2-ary Z (binary-tree) N=.N-cC7eIU

l<‘PCU!79F‘r(7F$k#lLK-cC7eIUl<‘PCU!

79F‘GO m ,ZN=.rM(k3H,G-k#^ 8 b^? (Mπ)2 K*

1k-cC7eIUl<‘PCU!79F‘r(7F$k#33GO"$/D

+N PE ,m<+kUl<‘PCU!P9rp7FUl<‘PCU!-cC

7e(FBC: Frame Buffer Cache) K\35lF*j"Ul<‘PCU!-cC

7e,Ul<‘PCU!r&-7F$k#33GOUl<‘PCU!-cC

7eHUl<‘PCU!r@NKhL9k?a"Je"Ul<‘PCU!r

0m<PkUl<‘PCU!HFV#^?"^ 8 GOW;WGN0k<W

r 1 DNi$sH7F$k,"uV*Ij-rxQ9k?aKuV*K^H

^C?-e<VuN0k<WrQ$k3HbM(ilk#1YpsO0m<

PkUl<‘PCU!Kw.5lkSfK8_9k$/D+NUl<‘PC

U!-cC7eKhj-cC7e""-e‘l<H5lF$/3HG0m<P

kUl<‘PCU!XN>\"/;9rKB9k#

3.4.2 -cC7eIUl<‘PCU!79F‘N)f!

!KINh&K1Ypsr-cC7e9k+KD$Fb@9k#^ 19 K(

9h&KUl<‘PCU!O$/D+NVmC/K,d5lF$k#3NV

mC/O#tNhG+i.CF$k#1 DNW;WGO9/j<sNlt,r

VmC/uK4v9k9~,"kNG"-cC7eNI}1Lr5}A+9

}ANVmC/H7F$k#FW;WGO"1Yraa"=lr1YpsQ

1CHH7Fm<+kUl<‘PCU!P9rp7FUl<‘PCU!-cC
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.

GFB

FBC

FBC

LFBB

PE
FBC
GFB
LFBB

: Processing Element
: Frame Buffer Cache
: Global Frame Buffer
: Local Frame Buffer Bus

FBC

PEPE

FBC

FBC

PEPE FBC

PEPE

FBC

FBC

PEPE

^ 18: m ,ZN-cC7eIUl<‘PCU!79F‘ (m = 2)

7eXHw.9k##tNW;WG,1~KQ1CHrw.7?lgKO4

d,TJolk#1YpsQ1CHKO1YKC(F9/j<seNINT

/;kN1Y+H$&ps,^^lF$k#1YpsQ1CH,Ul<‘PC

U!-cC7eK~#9kH"J<N$:l+N‘n,Tolk#

• Cache miss

1YpsQ1CHN(9T/;kr^‘VmC/,Ul<‘PCU!

-cC7efK8_7J$lg#

– Ul<‘PCU!-cC7eeKdjvFilF$J$Nh,"l

P=lrdjvF"1Ypsr-cC7e9k#

– Ul<‘PCU!-cC7e,4FxQ5lF$klgKO"LRU

}0KhCF 1 DNVmC/r0m<PkUl<‘PCU!Kq

-P7"=NNhrr|9k#NAKu$?Nhr7?Kdjv

F"1Ypsr-cC7e9k#

• Cache hit

1YpsQ1CHN(9T/;kr^‘VmC/,Ul<‘PCU!

-cC7efK8_9klgKO"w.5lF-?1YpsrUl<‘

PCU!-cC7efN1YpsKC;9k#

1YO0m<PkUl<‘PCU!eKC;5lF$/@1G"k?a"F

W;WGHUl<‘PCU!-cC7eO0m<PkUl<‘PCU!Nb

Fr2H9k,W,J$#7?,CF"-cC7eVN3R<ls9r]D

!=O,WJ$%W;*;~KO-cC7eeN-zJ1YMr4F0m<

PkUl<‘PCU!K"-e‘l<H9k#

49



Frame Buffer Cache
(Local Accumulation)

Global Frame Buffer = Screen
(Global Accumulation)

cache block

Pixel

.....

allocated cache block

FBC

FBC

FBC

1

n

2

^ 19: -cC7eIUl<‘PCU!79F‘

3.4.3 -cC7eIUl<‘PCU!79F‘N}@rO

\aGO"0aN-cC7eIUl<‘PCU!79F‘N-=rrO*

K>A7?# ^ 20 O"-cC7eIUl<‘PCU!79F‘N-=rT

ATs}@ [14] KhjrO*K-=9k?aNbGkr(7F$k#FW;

WG (PE) OL.fKCH (C1) rp7Ul<‘PCU!-cC7e (FBC1)

K\35lF*j"F i J\N (FBCi) O i + 1 J\N (Ci+1) XH\35l

F$k#^?"F i J\N (Ci) O i J\N (FBCi) XH\35lF$k#F

W;WGO0m<PkUl<‘PCU! XN1Ypsr?Q/8( λPE N

]"=s,[G/89kH>j9k#L.fKCHNh}u7OTATs}

@N M/D/1 r>j7"Ul<‘PCU!-cC7eO M/M/1 Gh}rT

&H>j9k#M/M/1 NTATsK]"=s,[VVG~O,"C?lg

KO"Burke Nj} [14] Khj‘nKP7Fb]"=s,[VV,]Z5

lF$k,"M/D/1 NlgN~OVV,]"=s,[G"CFb‘nVV

O]"=s,[KJkHOBiJ$#7+7"W;WGN1Y/8VV,;

$lgKOW;fKCH+iN‘nVVr]"=s,[H_J93H,D=

G"kNG"33GO M/D/1 N‘nNVVr]"=s,[H>j9k#3

N5v-KD$FO!aG7_el<7gsKhj!$9k#Ul<‘PC

U!-cC7eO_97?lgKN_!JXL.9k?a"_9(rp\H7

?#33GrOKQ$?-fO= 2 K^Ha?#33GO0m<PkUl<

‘PCU!Ns0OUl<‘PCU!-cC7eH1yH7?#?@7"0

m<PkUl<‘PCU!eGO,:1YpsORCH9k#F FBCi H Ci

NbtO^ 21 Nh&KbGk=5lF$k#

L.fKCHGO"PE N1Y/8(,iJN~OHJk#SfUl<‘
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PE

PE

PE

PE

PE

C1

C1

C1

C1

C1

FBC 1

FBC 1

.

2C2FBC 1

2C2

2C2

GFB

FBC
n-1

FBC
n-1

2Cn

2C n

PE
Ci
FBCi
GFB

: Processing Element
: i-th stage Communication Unit
: i-th stage Frame Buffer Cache
: Global Frame Buffer

n (=log  N ) stage (N: total number of C unit)m

^ 20: -cC7eIUl<‘PCU!79F‘N}@rObGk (m-ary (m

= 2) logmn stage)

PCU!-cC7e,RCH9k3HKhCF3N?Q~e(,:/9k?

a"i JXN?Q~e( λCi O"

λCi
= mi−1P i−1

M λPE (11)

HJk#^?"?Q5<S9VV µCi"xQ( ρCi O"

µCi
=

1

TCi

(12)

ρCi
= mi−1P i−1

M λPETCi
(13)

HJk#FBC N i JXN?Q~e( λFBCi"?Q5<S9VV µFBCi"x

Q( ρFBCi KD$FO"=l>l!Nh&KJk#

λFBCi
= miP i−1

M λPE (14)

µFBCi
=

1

Tmp

(15)

ρFBCi
= miP i−1

M λPETmp (16)

?@7"Tmp OUl<‘PCU!-cC7eN?Qh}~VG"

Tmp = PMTM + (1 − PM )TH (17)

G"k#

M/M/1 H M/D/1 KP9k Pollaczek-Khinchin N?QMx0 [14] hj"

3liN-e<GN?QTA~VOJ<Nh&KJk#

WCi
=

ρCi

2(1 − ρCi
)
TCi
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FBC i

Cache Miss

Cache Hit1-PM

End

PM
TM

HT

state

^ 21-a: Ul<‘PCU!-cC7efKCHN0n

C i

Communication

TC

state

^ 21-b: L.fKCHN0n

^ 21: Ul<‘PCU!-cC7eWGHL.WGNrObGk
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=
mi−1P i−1

M λPETCi

2

2(1 − mi−1P i−1

M λPETCi
)

(18)

WFBCi
=

ρFBCi

(1 − ρFBCi
)
Tmp

=
miP i−1

M λPETmp
2

1 − miP i−1

M λPETmp

(19)

i J^GNl$Fs7O"i − 1 J^GNUl<‘PCU!-cC7e,_9

7F*j"i JGRCH9kbNH7FaailkNG"

Li =

i∑

k=1

(WCk
+ WFBCk

) + iTCi
+ (i − 1)TM + TH (20)

HJk#F Li N/8N(r Pi H7F=N|TMrUl<‘PCU!-cC

7e79F‘NZNJt n J^GHkH

Lmean =

n∑

i=1

PiLi

=

n∑

i=1

P i−1

M Li (21)

HJk#

^ 22: CFBS K*1k-cC7eN_9(H?Ql$Fs7NX8&}@r

O (4-ary 5-stage)

3N1Y,-cC7eIUl<‘PCU!79F‘X~O5lF+i0m<

PkUl<‘PCU!XH~#9k^GN?Ql$Fs7 Lmean r-cC7e

IUl<‘PCU!79F‘N-=>ANX8H7FQ$k#33GO 1024
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= 2: CFBS N}@rOK*1k-fNU#
PE Processing Element

FBC Frame Buffer Cache

C Communication unit

λPE(= λC1
) mean arrival rate at the first C from

PE

λFBCi
mean arrival rate at the i-th FBC

λCi
(i 6= 1) mean arrival rate at the i-th C

µFBCi
mean service rate at the i-th FBC

µCi
mean service rate at the i-th C

ρFBCi
utilization of the i-th FBC

ρCi
utilization of the i-th C

PM probability of FBC Miss

PH(= 1 − PM ) probability of FBC Hit

TM processing time of an FBC when

FBC Misses

TH processing time of an FBC when

FBC Hits

Tmp mean processing Time of an FBC

TCi
processing time of the i-th C

m m-ary tree of CFBS

N total number of C units

n number of stages of the m-ary tree

(= logmN)

WCi
queue waiting time of the i-th C

WFBCi
queue waiting time of the i-th FBC

Li total latency of cache access at the

i-th stages of the CFBS

Lmean mean latency of the CFBS
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= 3: CFBS N}@rON?aNQia<?

parameter
time (normalized by 1 byte

sending time as 1 clock)

TC1
8

TCi
(i 6= 1) 64

TH 12

TM 71 (4x4 pixel/cache block)

10- 7 10- 6 10- 5 10- 4 10- 3 10- 2 10- 1

Mean Intensity Generation Ratio (λPE)

0

500

1000

1500

2000

M
ea

n 
L

at
en

cy

10- 7 10- 6 10- 5 10- 4 10- 3 10- 2 10- 1

Mean Intensity Generation Ratio (λPE)

0

500

1000

1500

2000

M
ea

n 
L

at
en

cy

PM = 0.5
 m = 2
 m = 4
 m = 32
 m = 1024

(no CFBS)

^ 23: CFBS N=.H?Ql$Fs7NX8&}@rO (_9( = 0.5)

55



0 0.5 1

Frame Buffer Cache Miss Ratio (PM)

10- 7

10- 6

10- 5

10- 4

10- 3

10- 2

10- 1

λ P
E

0 0.5 1

Frame Buffer Cache Miss Ratio (PM)

10- 7

10- 6

10- 5

10- 4

10- 3

10- 2

10- 1

λ P
E

 m = 2
 m = 4
 m = 32
 m = 1024 (no CFBS)

^ 24: CFBS N-=0B@HUl<‘PCU!-cC7eN_9(NX8&

}@rO

PE ,-cC7eIUl<‘PCU!79F‘K\35lF$kH>j7?#

^ 22 O 4-ary 5-stage N-cC7eIUl<‘PCU!79F‘N}@rO

Khks0r(7F$k#33GO= 3 K(9Qia<?rQ$?#3NQ

ia<?O"1 byte rw.9k~VG5,=7?~Vrp‘K7F$k#1

DN1YpsQ1CHO"9/j<seNT/;kLV x, y H7F 4bytes"

RGB NMr=l>l 1 byte ED"W 7 bytes Npsr]}9kH>j7?#

33GO"-cC7eVmC/Ng-5r 4×4 pixel K>j7F*j"Gi

NJO1Y, 1 Q1CHEDw.5l"!J+iO-cC7eVmC/NV

-9( (block size 7× 4× 4 = 112 bytes) KhkL.,/89kH7F$k#

1YN?Q/8(,}g9kKDl""kO@G^cK?Ql$Fs7,0

B7F7^&MR,o+k#!K"_9(rljK7"-cC7eIUl<‘

PCU!79F‘N=.rQ=5;?lgr+F_k#^ 23 O_9(, 0.5

N~N-cC7eIUl<‘PCU!79F‘N?Q1Y/8(H?QZ_

~VNX8r-cC7eIUl<‘PCU!79F‘N=.rQ=5;F(

7F$k#-cC7eIUl<‘PCU!79F‘NZNb5,b$"D^j

m ,ZN m ,.5$[Ib$?Q1Y/8(KP7F-=,0B7K/$

3H,o+k#7+7"Z,b$lgKO-cC7eIUl<‘PCU!7

9F‘N39H,}g7"+D?QZ_~V,g-/JkH$&Hl<I*

U,8_9k#33G m = 1024 NlgO-cC7eIUl<‘PCU!7

9F‘,8_;:"1024 PE ,=N^^0m<PkUl<‘PCU!K\3

5lF$k3Hr(7F$k#-cC7eIUl<‘PCU!79F‘J7

Nlg (m = 1024) KfY"2-ary 10-stage N-cC7eIUl<‘PCU!
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79F‘Ot4\NiYKQ(k3H,o+k#

Je+i-cC7eIUl<‘PCU!79F‘r=.9k3HG0m<

PkUl<‘PCU!XN"/;9,KB5lk3H,o+k#^?"-cC

7eIUl<‘PCU!79F‘r=.9klgKO m ,.5$bNr=.

9kH-=,I$3H,o+k#7+7"m ,.5$lgKO-cC7eI

Ul<‘PCU!79F‘N?aN39HN}gH?QZ_~VN}C,"

j"3NHl<I*UrM8K~lk,W,"k

3.5 k@

\OGO"*V8’/HuV,d?BsW;bGkKpE/Bs^kAQ

9ls@js0!rb.KBT9k?aNBsW;!"<-F/Ac (Mπ)2

rsF7?#

^:lLKBsh}OUiCHJ=$r}CF$kNGOJ/"3YKhC

F,‘5lk$/D+N,Xr}D3HrRY"3N,XrM87?Bsh

},zL*G"k3HrRY?#*V8’/HuV,d?BsW;bGkK

pE/Bsh}GO"=N,XOt,uVr1LH9kh}"t,uVbN

1 DNwH*NNj_nQNh}"=7FwH*NNj_nQW;rQ$W

i$s*K,d7?Fh}XH,X=5lk#3li3YN[Jkh}rz

(I/7&?aK (Mπ)2 O,X*J=.r}C?BsW;!HJCF$k#

=N,XO,6abj?N6BsW;!G"k79F‘lYk"&-abj

?NBsW;!G"k PE lYk"=7FQ$Wi$sh}rTJ&l$W

m;C7s0VmC/lYkK,1ilk#

^?"Bsh}K*$Fr1FLk3HNG-J$iY,6!KD$FE

*J}!H0*J}!KD$FM!7?#E*J}!O*NNjAuVr PE

tKP7FhjY/,d7",6?NdU!KhCFF PE KdU1ilk

*NtrQlK]D}!G"k#3N}!Oc!N (Mπ)2 K*$FOT=

,JL,8_9k?a"5iKc!N79F‘K*$F-zJ9-e<=,

6dU!rsF7?#E*JiY,6!@1GOrhG-J$iYNTQU

rrh9k?a"E*iY,6!HH_go;kHzL*J0*JiY,6

!KD$FbsF7?#

GeK"(Mπ)2 Nh&J6Bsh|8.79F‘GO"h|8.N]NU

l<‘PCU!XN"/;9%gKhk-=c<,M(ilk?a"Ul<

‘PCU!XN"/;9%grKB9k-cC7eIUl<‘PCU!79

F‘rsF7"=N-=KD$FN}@rOrTJC?#
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4 -=>A

4.1 o@

\OGO"3 OGsF7? (Mπ)2 N-=>ArTJ&#-=>AK*$F

OB]K79F‘rn.9k3H,>^7$,"|gJ+/|VrW7"5

iK=[eKO_WQia<?NQ9,FWGJ$H$&dj,"k#=3

G\@8GO"=UH&’"7_el<7gsKhj (Mπ)2 N-=>Ar

TC?#

O8aK7_el<7gsNbGkr(7"!K7_el<7gsNkL

r(7"GeKM!rT&#

4.2 (Mπ)2
N7_el<7gsKhk-=>A

4.2.1 7_el<7gsbGk

\@8GO"(Mπ)2 NFfKCHO Sparc Chip(40MHz) H1yN-=r

}DH>j7?#=7F"=l>lNfKCHNh}r C++ @lKhj-

R7"=NBT~Vr,j9k3HKhCFFfKCHNh}~Vraa?#

BTO"Sparc Chip(40MHz) r CPU K}D Sun Sparc station IPX (Sun

OS 4.1.3) eGTJC?#,jKO getrusage 79F‘3<krQ$"Fh

}r 10000 sFSP9NKW7?~VN?QrfKCHN0n~VH7FN

Q7?#C++ 3sQ$iH7FO FSF N g++ Ver. 2.4.5 rHQ7?#^

?"F PE VNL.)O"40MBytes/sec NPsI}r}DH>j7?#7

_el<7gsK"?CFO"1 byte NG<?r3NL.)Gw.9k~V

25 nsec r 1 7_el<7gs/mC/H7?#3liKp$Faa?Ff

KCHN7_el<7gs/mC/tr= 4 K(9#^?7_el<7gs

KQ$?7<sNh|r^ 25 K"3N7<sNQia<?r= 6 K(9#7

_el<7gsKOB]KBs=^kAQ9ls@js0!Khkh|r8

.7DD (Mπ)2 N0nr7_el<H9k%6~VBTn0?7_el<

7gs}0rQ$?#%6~VBTn0?7_el<7gs}0GO"B]

Kh|r8.7J,i"Bs0nr7_el<7gs9k#

4.2.2 7_el<7gskL

*V8’/HuV,d?BsW;bGkK>C?Bs=^kAQ9ls@

js0!r (Mπ)2 G0n5;?lgN-=>Ar7_el<7gsKhj

TJC?#GiKBsi8*7F#!K*1k-=>AKD$F(7"!K

Bsl$Hl<7s0!KD$FN-=>ANkLr(9#
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= 4: FfKCHN0n~V
Simulation clocks

Generation time of an initial ray with Hemi-cube initialization 1053 ×103

Generation time of an initial ray 4379

Ray-object intersection calculation time 1028 ∼ 2446

Intensity calculation time 349

Next subspace calculation time by 3DDDA with initializing 3151

Next subspace calculation time by 3DDDA 1106

Secondary ray generation time 1818

Ray-packet generation time 164

Transmission time of a packet 164

= 5: -cC7eIUl<‘PCU!79F‘N7_el<7gsQia<?

Accessing time to an FBC (Hit) 12 clocks

Accessing time to an FBC (Miss) 7+4×(# of dirty pixels)

Accessing time to the GFB without FBCs 14 clocks

Each FBC size 1/128 of Total GFB size

Cache associativity 2

Cache block size 4×4 pixels

= 6: 7<sQia<?

Number of total patches 18859

Number of subspaces 32768

Screen size 512×512

Number of pixels on a hemi-cube 1200

Maximum number of reflections of each ray 3
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^ 25: F9H7<s
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Bsi8*7F#9F<8!N-=>A ^ 26, 27, 28 K=l>l 1,2,3 !

5N (Mπ)2 GNBsi8*7F#!K*1k PE tH.Y~e(ZSBT

z(NX8r(9#33G".Y~e(H79F‘NBzT/(O=l>l

0 (22), (23) GjA5lk#

.Y~e( =
1l PE Khkh|8.~V

79F‘Nh|8.~V
(22)

BzT/( =
1l PE Khkh|8.~V

79F‘Nh|8.~V×79F‘N PE t
(23)

E*iY,6OjAuVr PE tKfY?/,d7"%l?LVK"k#

tNt,uVrF PE KdU1k3HKhCFTJolk#E*iY,6N

zLN_r+k?aK^ 26,27,28 GOl$Wm;C7s0VmC/tr 1 K

Gj7?#3liN^,(9h&K PE t,}C9kK>$"-=N~e,

+il"F!5N (Mπ)2 O=l>lI$91<iSjF#r-9k3H,o

+k#hCF"\@8GsF7?*V8’/HuV,d?BsW;bGkK

pE/^kAQ9ls@js0!Ni8*7F#!NBs=,-zG"k3

H,(5l?#=89k6BsW;!K*$FO79F‘NT/(,tQ<

;sHKJk3HbA7/J$,"E*iY,6NzLKhj PE r 256 }

D 2 !5N (Mπ)2 O 6 dr[(kBzT/(r(7F$k#VmC/?N

t,uVdU!KhCFE*iY,6rToJ$lgN1,ON (Mπ)2 NB

zT/(, 2 dxYG"k3HrM(kHsoKb$BzT/(G"k#

^?"E*iY,6N}0LK+kHVmC/?NdU!hjb,6?N

dU!N},oKI$-=r}aF*j"+D^?,6?NdU!hjb9

-e<=,6dU!N},oK-=,I$3H,o+k#hCF"\@8G

sF7?9-e=E*iY,6!N-z-,(5l?#

F!5GN.Y~e(HBzT/(r+kH"PE t,/J$},.Y~

e(,}[Ka/"z(,b$3H,o+k#3lOuV,dtrGj7?

?aK PE t,}g9kKDlFE*iY,6NzL,c<7F$k?aG

"kHWolk#

5iK"3 !5N (Mπ)2 K*1k,6?NdU!H 2 !5N (Mπ)2 K

*1k9-e<=,6?NdU!r^ 29 K*$FfS7F_?#2 !5N

(Mπ)2 K*$F9-e<=,6?dU!r,Q7?lgN-=, 3 !5N

(Mπ)2 K*1k,6?dU!hjbI$3HOm\KM9k#!tNc$7

9F‘Ob$!tN79F‘KfS7Fc39HGBuD=G"k3HrM

(kH3N9-e<=,6?dU!N-z-O5iKb$#3lO9-e<

=,6?dU!N},,6?NdU!hjb@p-,b$3H,WxG"k

HM(ilk#J<Ji"3 !5N,6?NdU!GO"PE N4v9kt,

uV,4}~KGj5lF7^&9~,"k,"9-e<=,6?NdU!

GO PE N4v9kt,uV,4}~KOGj5l:",[5lk+iG"

k#?/N*N,4}~N3R<ls9r}D3HrM(kH"9-e<=
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KhCF PE N4v9kt,uVr4}~KP7,65;k3HO-zJE

*iY,6!G"kHM(ilk#

!KBsi8*7F#!K*1k0*iY,6NzLr_k3HK9k#^

30 K9-e<=,6?dU!r,Q~N0*iY,6NzLr(9#0*iY

,6!r,Q7?lgN.Y~e(HBTz(NjAr=l>l0 (24),(25)

K(9#

.Y~e( =
1ll$Wm;C7s0VmC/Khkh|8.~V

79F‘Nh|8.~V
(24)

BzT/( =
1ll$Wm;C7s0VmC/Khkh|8.~V

79F‘Nh|8.~V×79F‘4NGNl$Wm;C7s0VmC/t
(25)

0*iY,6O"PE tr}C5;keojKl$Wm;C7s0VmC

/r 1 DN PE fK#t}?;"Fl$Wm;C7s0VmC/Kl$r0

*KdjvFk3HKhCF#.5lk#3.3.3 aGRY?h&K0*iY,

6NzLOE*iY,6NzL,"klgK/x5lkHM(ilk#=N

?a33GOGbE*iY,6NzLN"C? 2 !5N (Mπ)2 K9-e<

=,6?dU!r,Q7?lgN-=KD$F(7?#

PE trljK7?lg"l$Wm;C7s0VmC/tr}C5;kH"

l$Wm;C7s0VmC/tN}CKDlF-=,~e7F$/3H,o

+k#3lKhj"l$Wm;C7s0VmC/tr}C5;?3HKhk-

=~e!OzL,"k3H,o+k#?@7"IN PE tNlgGbl$W

m;C7s0VmC/t, 8 r[(k"?j+i-=N~e,_ilJ/J

k#3lO PE ,l$Wm;C7s0VmC/rW;WGH7FbD&-a

bj?NW;!G"j"*Nps,J<5lk&-abjXN"/;9%g

dl$N0*djvFrT&l$G#9HjSe<?N-=,l$Wm;C

7s0VmC/tN}gKhCF0B7F7^&3HKhkHM(ilk#

l$Wm;C7s0VmC/tr}C5;?lgK-=~e,"kH$&

3H@1GO0*JiY,6,TJol?+r=L9k3HOq7$?a"

!K0*iY,6NzLr+k3HK9k#^ 30-b KO"l$Wm;C7s

0VmC/t, 1024 NLVKK~rUC7F"k#3lO1tNl$Wm

;C7s0VmC/r}D79F‘VG-=,INh&K,[9k+r+k

?aG"k#3N~eKm\9kH"-=0B,/-F$J$OOGOPEt

,.5$},-=,I$3H,o+k#D^j1ltNl$Wm;C7s0

VmC/N79F‘G"CFb PE tr*5(Fl$Wm;C7s0VmC

/tr}C5;?lgK-=,I/Jk3H,o+k#3l,0*iY,6

NzLG"k#3N~eN"64 PE × 16 l$Wm;C7s0VmC/N~K

O 6 dJeNBzT/(r#.7"256 PE × 4 l$Wm;C7s0VmC

/NlgKb 5 dr[(kBzT/(r#.7F$k#3lOE*iY,6

!@1GO#.9k3HNG-J$T/(G"k#JeKhjE*iY,6
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!H0*iY,6!OH_go;FxQ9k3HGjh*JzLr8‘3H

,o+k#
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^ 26-a: PE tH.Y~e(NX8
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^ 27-a: PE tH.Y~e(NX8
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^ 28-a: PE tH.Y~e(NX8
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^ 29-a: PE tH.Y~e(NX8
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^ 30-a: l$Wm;C7s0VmC/tH.Y~e(NX8
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,6NzL (Bsi8*7F#!)
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Bsl$Hl<7s0!N-=>A ^ 31, 32, 33 K=l>l 1, 2, 3 !5

N (Mπ)2 GNBsl$Hl<7s0!K*1k PE tH.Y~e(ZSB

Tz(NX8r(9#3liN^GOE*iY,6!NzLr+k?aKl

$Wm;C7s0VmC/tr 1 KGj7F"k#Bsi8*7F#!H1

M"PE t,}g9kK>CF-=N~e,_il"F!5N (Mπ)2 O=l

>lI$91<iSjF#r-9k3H,o+k#Bsi8*7F#!H1

M"2 !5N=.N 256 PE N (Mπ)2 NT/(O 6 dr[7F$k#^?"

^ 31, 32, 33 r=l>l^ 26, 27, 28 HfS9kH[\1MN9~,_(k

3H,o+k#3lO"*V8’/HuV,d?BsW;bGkKpE/B

s=}0O"i8*7F#!"l$Hl<7s0!Khi:"ghH@bG

kKpE/h|8."k4j:‘rzL*KBs=D=G"k3Hr(7F

$k#

E*iY,6!Nc$r_kH"Bsl$Hl<7s0!GOBsi8*

7F#![HVmC/?NdU!H,6?NdU!K2xJ9O_ilJ$

,"Bsi8*7F#!1MK"VmC/?NdU!",6?NdU!"9

-e<=,6dU!NgKI$-=r(7F$k3H,o+k#Bsl$H

l<7s0!O"Bsi8*7F#!KfYkHI$-=r(99~,"k

,"3lOBsl$Hl<7s0!GOBsi8*7F#!KfY"l!l$

,l@+i|M5lk?a"i|l$K/$3R<ls9,8_7=NFA

,GF$kbNHWolk#?H(Pk@+i/C;il?l$Oi8*7

F#!H[Jj"GiOuVKP7[\1l}~KAE7F$/#PE ,w~

NAE}~KP7b>KBYilF$?lgKO"VmC/?H,6?Nd

U!GO4v9kw~,F PE K,67d9$H$&x@,"k#D^j[

VKhCFw~NiY,,65ld9$#3lO4v9k*NNiY,6G

OJ$3HHk@KM89k?aKI$-ANiY,6GOJ$,"l!l

$N}D3R<ls9rxQ7?iY,6HJCF$k##sN7_el<

7gsGO PE rhLH1}~N[VKJkh&"D^jl$NAE}~H

Ob>KJkh&KBY??a"3Nh&JFA,VmC/?NdU!H,

6?NdU!KP7F=ol"I$-=r(7?HM(ilk#^?"3N

h&K PE ,w~NAE}~KP7b>KBYilF$?lgKOVmC/

?NdU!H,6?NdU!O"Fl$NAENMRr_kH[HsIc$

,J$?a"Bsi8*7F#!KfYFsTN9,=lK//"1 !5N

79F‘K*$FltVmC/?,,6?re^okkLr@?HM(il

k#7+7"9-e<=,6}0GO3Nh&J PE N[VHhLNLVK

hkFA,/J$?a"?^?^8_7?l!l$NiY,6K"9-e<

=,6?NdU1!KhkiY,6NzL,=l"9-e<=,6?dU}

0OoK,6?HVmC/?NdU!rOC-jH?o9k-=r(7F$

k#D^j"9-e<=,6?dU!Ok@NLVJINFAru1K/$

mP9HJE*iY,6!G"kH@(k#Je+i9-e<=,6dU!
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,*V8’/HuV,d?BsW;bGkKpE/BsW;K*1kE*i

Y,6!H7F-zG"kH$&3H,@(k#

^?"Bsi8*7F#!H1M"3 !5N (Mπ)2 K*1k,6?NdU

!H 2 !5N (Mπ)2 K*1k9-e<=,6?NdU!r^ 34 K*$Ff

S7?#dOj"2 !5N (Mπ)2 K*$F9-e<=,6?dU!r,Q7

?lgN-=, 3 !5N (Mπ)2 K*1k,6?dU!hjbI$3H,o

+k#3lKhj"l$Hl<7s0!K*$Fb,6?NdU!hj"9

-e<=,6?dU!,%lF$k3H,(5l?#

^ 35 K 2 !5N (Mπ)2 K*$F9-e<=,6?NdU!K0*iY

,6!r,Q7?lgNBsl$Hl<7s0!N-=r(9#256 PE G

8 l$Wm;C7s0VmC/N~"D^j 4096 l$Wm;C7s0VmC

/Nt,G"CFbBzT/(, 5 dJer]}7F*jsoKI$kLr

@F$k#

^ 30 H^ 35 OBsi8*7F#!HBsl$Hl<7s0!H$&9O

"k,"18 2 !5N (Mπ)2 K*1k9-e<=,6?NdU!,Q<K*

1k0*iY,6N7_el<7gskLr(7?^G"k#3N 2 DN^

rfS9kH.Y~e(HBzT/(KD$FBsi8*7F#!HBsl

$Hl<7s0!GO"[\189~,+ilk3H,o+k#3lO"*

V8’/HuV,d?BsW;bGkKpE/Bs=j!,l$Hl<7s

0!Hi8*7F#!H$&[Jkh|8."k4j:‘r}l*KBs=

D=G"k3Hr(7F$kHM(ilk#^?"3N^ 30 H^ 35 r\Y

KfS9kHl$Wm;C7s0VmC/t,g-$t,GBsl$Hl<

7s0!N.Y~e(N},Bsi8*7F#!NbNhjo:+KesC

F$k3H,o+k#3lOhxRY?h&KBsl$Hl<7s0!GO

l!l$N3R<ls9NxQKhCFBsi8*7F#!resk-=r

@?H=,5lk#
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^ 31-a: PE tH.Y~e(NX8
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^ 32-a: PE tH.Y~e(NX8
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^ 33-a: PE tH.Y~e(NX8
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^ 34-a: PE tH.Y~e(NX8
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^ 34-b: PE tHBzT/(NX8

^ 34: 2 !5N (Mπ)2 K*1k9-e<=,6?dU!H 3 !5N (Mπ)2

K*1k,6?dU!NfS (Bsl$Hl<7s0!)

74



100 101 102 103 104

Number of Total RP Blocks

100

101

102

103

104

Sp
ee

du
p 

R
at

io

1 PE

4 PEs

16 PEs

64 PEs

256 PEs

1024 PEs

ideal  1 RP Block
  2 RP Blocks
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^ 35-a: l$Wm;C7s0VmC/tH.Y~e(NX8
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^ 35-b: l$Wm;C7s0VmC/tHBzT/(NX8

^ 35: 2 !5N (Mπ)2 K*1k9-e<=,6?dU!,Q~N0*iY

,6NzL (Bsl$Hl<7s0!)
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4.3 -cC7eIUl<‘PCU!79F‘N-=>A

4.3.1 -cC7eIUl<‘PCU!79F‘Nis@‘7_el<7gs

Khk-=>A

3.4 aK*$F"-cC7eIUl<‘PCU!79F‘Ns0rTAT

s}@KhCFrO7?#=N]"PE +iN1YpsN/8VVr]"=

s,[H>j7?#^?"Ul<‘PCU!-cC7eWGO M/M/1"L.

WGO M/D/1 NUk^$r7"M/D/1 XN~O,]"=s,[G"kl

gN‘naxr]"=s,[GawG-kH>j7?#7+7J,i"\h

M/D/1 GO"]"=s,[VVN~O,"CFb‘nVVO]"=s,[H

OJiJ$JI"3NbGkKO>jKdj,8_9kD=-,"k#=3

G3N>jrQ$FNrO,INxY.jG-k+"%6~V$YsHIj

Vs [19] N7_el<?r=[7"7_el<7gsrTJC?#HQ7?

Qia<?O 3.4.3 aN= 3 H18G"k#1Y/8OptrQ$FXt,

[K>&h&KTJC?#ptN/8KO"GNU N libg++N Random /

i9 (ACG, NegativeExpntl) rQ$?#

^ 36 O 4-ary 5-stage N-cC7eIUl<‘PCU!79F‘N?Ql

$Fs7r7_el<7gsKhjaa?kLG"k#7_el<7gsK

*$FO 1000×1000 N5$:Nh|N8.r[j7"l$r 100 |\/8

5;?#3NroKhj"7_el<7gs+O~NaO*JuVNFAJ

IO[\5kG-kHM(ilk#}@rONkLG"k^ 22, 23 KP~9

kis@‘7_el<7gsNkL,^ 36, 37 K(5lF$k#^?"}@

rOH1MK"_9(NQ=H?QZ_~VNX8r^ 38 K(9#3lir

fS9kH"}@MH7_el<7gskL,1MN9~r(7F$k3H

,o+k#?QZ_~V,0B@K#9k?Q1Y/8(b}@MH7_e

l<7gsN9O*h=lexYK*5^CF$k#3lO"L.WGN‘

nVVr]"=s,[Kaw9kH$&>jr7Fb9~r+kKO=,G

"kH$&3Hr(7F$kHM(ilk#^?"7_el<7gsNkL

GO-cC7eIUl<‘PCU!79F‘N-=,0B@KX7FOle

xYI/"0B7J$OOGN?Q-=bI$kLHJCF$k3H,o+

k#hCF"TATs}@Khk-cC7eIUl<‘PCU!79F‘N

}@rOO-cC7eIUl<‘PCU!79F‘N_WK*1kpC*J

G<?H7FNQ9k3H,D=G"kHM(ilk#
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^ 36: is@‘7_el<7gsKhk-cC7eIUl<‘PCU!79

F‘N-cC7e_9(H?Ql$Fs7NX8 (4-ary 5-stage)
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PM = 0.5
 m = 2
 m = 4
 m = 32
 m = 1024 (no CFBS)

^ 37: is@‘7_el<7gsKhk-cC7eIUl<‘PCU!79

F‘N=.H?Ql$Fs7NX8 (_9( = 0.5)
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 m = 2
 m = 4
 m = 32 
 m = 1024 (no CFBS)

^ 38: is@‘7_el<7gsKhk-cC7eIUl<‘PCU!79

F‘N_9(H-=0B@NX8

4.3.2 -cC7eIUl<‘PCU!79F‘r^a? (Mπ)2 N-=>A

h 3.4 aG-cC7eIUl<‘PCU!79F‘N-=rTATs}@K

hj}@*KrO7"0aGOis@‘7_el<7gsKhj-cC7eI

Ul<‘PCU!79F‘N-=r>A7?#33GO-cC7eIUl<‘

PCU!79F‘r (Mπ)2 HH_go;"Bsl$Hl<7s0!N9F<

8GB]Kh|r8.7J,iNBTn0?7_el<7gsKhj-cC

7eIUl<‘PCU!79F‘N>ArT&#

^ 39,40 KUl<‘PCU!XN"/;9%grM87? (Mπ)2 N7_e

l<7gskLr(9#PE t, 256 NlgKO 16-ary 2-stage N-cC7e

IUl<‘PCU!79F‘rQ$"PEt, 1024 NlgKO 32-ary 2-stage

N-cC7eIUl<‘PCU!79F‘rQ$?#=l>l"l$Wm;C

7sVmC/t, 1 NlgN.Yrp‘K7Fl$Wm;C7s0VmC/

tr}C5;?~N.Y~e(r"Ul<‘PCU!"j"57"Ul<‘

PCU!NeojKi$HPCU!rQ$?lgGfS7?#^ 39 hj PE

t, 256 N~KOUl<‘PCU!-cC7eNzL,[HsIJ$3H,

o+k#7+7"^ 40 G PE t, 1024 NlgKl$Wm;C7s0VmC

/t,}C7?~@G-cC7eIUl<‘PCU!79F‘NzL,"k

3H,o+k#^?i$HPCU!Nlghjb-cC7eIUl<‘PC

U!79F‘N},zL,"k3H+i-cC7eGN"-e‘l<H,T
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JoolF$k3H,o+k#

}@rOK*$Fbis@‘7_el<7gsK*$Fb-cC7eIU

l<‘PCU!79F‘N>AK]7FEWJQia<?H7F1YN/8

N(,"C?#B]K (Mπ)2 GINxYN1YN/8N(,"k+r,j7

F_kH"1024 PE G 1 l$Wm;C7s0VmC/N~KOs 5.9× 10−6

G"j"1024 PE G 32 l$Wm;C7s0VmC/N~KO 8.3 × 10−5
G

"C?#^?#sNroGOUl<‘PCU!-cC7eXNRCH(O 6

dxYG"C?#}@rOHis@‘7_el<7gsNkL+iO"Hl

exYg-J1Y/8(GJ$H-cC7eIUl<‘PCU!79F‘,

T,WG"kH$&k@KJk#7+7"B]KO PE t, 1024 NlgK

l$Wm;C7s0VmC/t, 16 "?jG-cC7eIUl<‘PCU!

79F‘NzL,+ilk#3lO}@rOHis@‘7_el<7gsG

1YN/8O]"=s,[G"kH$&>jHB]N/8,[K:l,"k

?aHM(ilk#B]N1YN/8VVN,6O?QMKfYF 100 +i

1000 \Ng-5r}CF*j"B]KO/J/Hb]"=s,[HO[JC

?,[G1YO/87F$kHM(ilk#

GO"-cC7eIUl<‘PCU!79F‘O5QN8_JNG"m&

+#a/N^$/mWm;C5N.YN~eO\r_OkbN,"j"=l

K<JCF"l$Wm;C7s0VmC/N.Y,#e^.K~e7F$/

bNHM(ilk#=lKfY"Ul<‘PCU!Nh&Jabjd"MCH

o</N.YN~e(Oc/^(ilF$k#^?"#s>j7?fKCH

N.YNp‘HJk Sparc Chip 40MHz O{K=_"Y$t‘NWm;C5

HJCF$k#=3G"Wm;C5N.YHUl<‘PCU!yNabjW

GHN.YNfrWm;C5abj5$/kf (PMCR : Processor Memory

Cycle Ratio) H7"3lrQia<?H7FQ=5;?lgN (Mπ)2 N-

=>ArTJCF_?#=NkL,^ 41 G"k#3N^KO"1024 PE N

(Mπ)2 K*$F"Wm;C5N.Yr~e5;?"D^jWm;C5abj

5$/kfr}g5;?lgN-=>ArTJC?#3lr+kH"Wm;C

5abj5$/kf,~e7?~@G-cC7eIUl<‘PCU!79F‘

NzL,_ilkh&KJk#^?"l$Hl<7s0!KG#9HjSe<

FCIl$Hl<7s0!rNQ9lP"lDNT/;kK#tNl$r/

9k?aIj-,}C7"5iK-=~e,+ilkH=[5lk#Je+

i-cC7eIUl<‘PCU!79F‘O#e-zKJCF$/;QG"

kHM(ilk##eN6Bsh|8.W;!N_WKO3Nh&J,X*

JUl<‘PCU!rM87?bNKJkG"k3H,=[G-k#
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^ 39-a: .Y~e(
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^ 39-b: Bzz(

^ 39: -cC7eIUl<‘PCU!79F‘rM87?lgN (Mπ)2 N-

= (PE t 256)
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^ 40-a: .Y~e(
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 without the CFBS
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^ 40-b: Bzz(

^ 40: -cC7eIUl<‘PCU!79F‘rM87?lgN (Mπ)2 N-

= (PE t 1024)
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 ideal

^ 41: -cC7eIUl<‘PCU!79F‘rM87? (Mπ)2 K*$F

Wm;C5abj5$/kfrQ=5;?lgN-=>A (PE t 1024)
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4.4 k@

\OGO3l^GKsF7F-?*V8’/HuV,d?BsW;bGk

KpE/Bs^kAQ9ls@js0!N (Mπ)2 eGN-=KD$FM!

7?#

^:O"=UH&’"7_el<7gsKhjBs^kAQ9ls@js

0!r (Mπ)2 eGBT7?]N-=>ArTJC?#GiK7_el<7g

sNbGkr(7"!KE*iY,6!H0*iY,6!,^kAQ9ls

@js0!NBsi8*7F#!HBsl$Hl<7s0!G-zK//3

HrN’7"*V8’/HuV,d?BsW;bGkKpE/^kAQ9l

s@js0!NBs=,-zG"k3Hr(7?#Bsi8*7F#!K*

$FOE*JiY,6!H0*JiY,6!rH_go;?~K 1024 l$

Wm;C7s0VmC/G 6 dr[(kBzT/(r#.7?#1MKBs

l$Hl<7s0!K*$FO 4096 l$Wm;C7s0VmC/G 6 dr

[(kT/(r#.7"BsW;Khj 2500 \a/Nb.=r#.7?#^

?"9-e<=,6?NdU!O 2 !5N79F‘K*$F 3 !5N,6

?dU!hjbzL*G"k3Hr(7?#hjc!N79F‘N},79

F‘=[N39H,c$3HrM(kH"9-e<=,6?dU!OE*i

Y,6KP7-zJj!G"kH@(k#3liNkLO=_i>5lF$

kLB*h|8.Nb.=KP9klDNrr?(kbNG"k#^?"i

s@‘K1Yr/85;?lgN-cC7eIUl<‘PCU!79F‘N

Uk^$r%6~V7_el<7gsKhj4:7?#%6~V7_el<

7gsKhk-cC7eIUl<‘PCU!79F‘N0nO}@rOKa

$bNG"j"3N}@rO,-cC7eIUl<‘PCU!79F‘N_

WK-zG"k3H,o+C?#

!K-cC7eIUl<‘PCU!79F‘r^a? (Mπ)2 NBsl$H

l<7s0!Nmg*J-=>Ar=UH&’"7_el<7gsKhjT

JC?#=NkL PE t, 1000 r[(kjG-cC7eIUl<‘PCU!

79F‘rQ$?lgN_K-cC7eIUl<‘PCU!79F‘NzL,

+il?#4N*K"\-=>AGQ$?F9Hh|GO" (Mπ)2 +iN1

YpsN/8VV,9$3H,=@7"-cC7eIUl<‘PCU!79F

‘NzL,"^j_ilJ+C?#7+7J,i"#eN6BsW;!N,

ON}CHa/NWm;C5.YHabj.YN9N-,jrM(kH"U

l<‘PCU!KP9kiY,hjE/Jk3H,M(ilk#3lirM8

7FW;WGN.Yr~e5;?7_el<7gsrTJC?H3m"-cC

7eIUl<‘PCU!79F‘NzL,_il?#hCF"-cC7eIU

l<‘PCU!79F‘O-hEWKJk;QG"kHM(ilk##e6

Bsh|8.79F‘K*$FO3Nh&J,X*JUl<‘PCU!79

F‘,NQ5lkHM(ilk#
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5 k@

\@8OLB*h|8.!G"k^kAQ9ls@js0!r*V8’/

HuV,d?BsW;bGkKpE$FBs=7"Bs=7?^kAQ9l

s@js0!rz(I/BT9k?aN6Bsh|8.79F‘ (Mπ)2 r

sF7"=N>ArTJC?#J<K=NbFrmg9k#

h 2 OGO"\@8Ge\7?LB*h|8.!G"k^kAQ9ls@

js0!H=NBs=j!KD$FRY?#^kAQ9ls@js0!Oi

8*7F#!Hl$Hl<7s0!N‘!*JHg;G"j"=_GbLB

*Jh|r8.D=G"kHM(ilF$k#3Nh|8.!O"8.9k

h|NAO=,HM(ilk,"=N?LDgJW;~VrW9kH$&g

@,"k#\@8O3NDgJW;~Vr6Bsh}KhCF;L7h&H

9kbNG"k#^:"3l^GNBs=j!,djNBs=K4%9k"

^j"B]N*}*JBsW;!+i+1OJl?BsW;bGkrxQ7

F$k3HrX&7?#=7Fl$Hl<7s0!Hi8*7F#!K&L

7F8_9kBs-H7F*NHwNj_nQr1LH9kh}Ke\7?#

3Nh}1LO*}*JbGkKpE/bNG"j"3lrpCH7F=B

NBsW;!rM87?BsW;bGkr=[D=G"k#\@8GsF7

?*V8’/HuV,d?BsW;bGkO3N*NHwNj_nQrBs

h}N1LH9kBsW;bGkG"j"l$Hl<7s0!Hi8*7F#

!H$& 2 DN[Jkh|8.!+i=.5lF$k^kAQ9ls@js

0!r}l*KBs=D=JBsW;bGkG"k#33GO5iK3N*

V8’/HuV,d?BsW;bGkKpE$F^kAQ9ls@js0!

rBs=7"=N"k4j:‘r(7?#

h 3OGO"h 2OGsF7?*V8’/HuV,d?BsW;bGkKp

E/Bs^kAQ9ls@js0!rb.KBT9k?aNBsW;!"<

-F/Ac (Mπ)2 rsF7"=N\YKD$FRY?#LoNBsh}}0

GORH?SBsh}1Lrhj9kH=lrp‘KBsh},TJolk#

7+7"jP5l?Bsh}1LbKb5iKBsh}D=J1L,8_7"

Bsh}1L+H,,X=$r}D3H,"k#3N=$r-zKxQ9k

?aK"Bsh}1LN3YK~8?Bsh}rT&3H,M(ilk#^

kAQ9ls@js0!KO"t,uV4HNwNAEH$&Bsh}1L

fK"wH*NNj_nQH$&5iKY$Bsh}1L,8_7"=Nh

}1Lb^?hjY$Bsh}1LXH,r5lk#3Nh&J,X*JB

sh}1Lrz(I/h}9k?a"\@8GO,X*=$r}C?6Bs

h|8.79F‘ (Mπ)2 rsF7?#(Mπ)2 O,6abj?N6BsW;

!G"k79F‘lYk"&-abj?NBsW;!G"k PE lYk"=

7FQ$Wi$sh}rTJ&l$Wm;C7s0VmC/lYkH$& 3

oN,Xr}D6Bsh|8.79F‘G"k#^?"(Mπ)2 Nh&J6B

sh|8.79F‘GO"h|8.N]NUl<‘PCU!XN"/;9%
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gKhk-=c<,M(ilk?a"Ul<‘PCU!XN"/;9%gr

KB9k-cC7eIUl<‘PCU!79F‘rsF7"=N-=KD$

FN}@rOrTJC?#=7F"BsW;!N-=r=,Kz-P9?a

NiY,6!H7FE*J}!H0*J}!rsF7?#E*JiY,6!

O*NNjAuVr PE tKP7FhjY/,d7",6?NdU!Khj

F PE KdjvFilk*NtrQlK]D}!G"k#3N}!Oc!N

(Mπ)2 K*$FOT=,JL,"k?a"c!N79F‘K*$Fhj-z

J9-e<=,6dU!rsF7?#7+7J,iE*JiY,6@1GO

rhG-J$iYNTQUb8_9k#3lrrh9k?a"0*JiY,

6!rsF7?#3N0*iY,6!O"(Mπ)2 N,X*J=$rxQ7"

E*iY,6!HH_"o;k3HGIj*KiY,6rrh9kbNG"

j"L.N39H,,WJ$@HW;WGN}CJIKhCF*<PXCI

,}g9k3H,J$H$&@,h|*J0*iY,6}!G"k##eO

(Mπ)2 Nh&J,X*JBsh}rTJ&6BsW;!,?/+/5lkH

=[5lk#

h 4 OGO3l^GKsF7?*V8’/HuV,d?BsW;bGkK

pE/Bs^kAQ9ls@js0!N (Mπ)2 eN-=r4Yk?aK"%

6~VBTn0}0N=UH&’"7_el<7gsKhk-=>ArTJC

?#GiK=UH&’"7_el<7gsKhCFBsi8*7F#!HB

sl$Hl<7s0!N=l>lKD$FE*iY,6r,Q7?lgH0

*iY,6rH_go;?lgKD$FN>ArTJC?#=NkL"Bs

i8*7F#!GOE*JiY,6!H0*JiY,6!rH_go;?l

gK 1024 l$Wm;C7s0VmC/GBK 6 dr[(kT/(r#.7

?#1MKBsl$Hl<7s0!K*$FO 4096 l$Wm;C7s0V

mC/N79F‘G 6 dr[(kT/(r#.7"BsW;r,Q9k3H

KhCF^kAQ9ls@js0!Khkh|8.,Gg 2500 \a/b.=

5lk3Hr(7?#^?"9-e<=,6?NdU!KhkE*iY,6

!r 2 !5N (Mπ)2 K,Q7?lgN-=O"3 !5N79F‘K,6?

NdU!r,Q7?lgre^ok3H,o+C?#79F‘N=[N39

HOhjc!N79F‘},c$3HrM(kH"9-e<=,6?NdU

!,-zG"k3H,o+k#!K"-cC7eIUl<‘PCU!79F

‘rM87? (Mπ)2 KD$FN>ArTJC?#-cC7eIUl<‘PC

U!79F‘KD$FOh 3 OK*$F}@*JrOrTJCF$k,"^

:O}@rONEv-r!Z9k?a"1Yris@‘K/89k}!Kh

k%6~V$YsHIjVs?N7_el<7gsrTJC?#=NkL"

}@rOH1MN9~r@k3H,G-"bGkNEv-,(5l?#5i

K (Mπ)2 NBsl$Hl<7s0!NBTn0A0N7_el<?K-cC

7eIUl<‘PCU!79F‘rH_~sG7_el<7gsrT$"7

9F‘N6q$r4Y?#=NkL PE t,GgNt,"D^jGbBsW
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;!Nx_*J-=,b$t,G-cC7eIUl<‘PCU!79F‘K

hk-=~e,"k3H,o+C?#=3G#eNW;WGN-=~ed6

Bs79F‘N,ON}gr_37FW;WGN.YrsU*K~e5;?

7_el<7gsrTJC?kL"-cC7eIUl<‘PCU!79F‘N

zL,hj2xK_il?#>CF"#eN6Bsh|8.W;!N_WK

O3Nh&J,X*JUl<‘PCU!r,WH7?bNKJkHWolk#
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