=$;NO@J8 3,AX3J;R%\%j%e!<%‘%G!<%?$N2D;k2=<jK! ;XF36541 IYED bC<# 65<x 5~ETBg3XBg3X1!9)3X8&5f2J =$;N2]Dx>pJs9)3X@l96 F#86 2m9( J?@. 10 G/ 2 7n 13 F| i 3,AX3J;R%\%j%e!<%‘%G!<%?$N2D;k2=<jK! F#86 2m9( FbMF9<35 2J3X5;=Q7W;;7k2L$d0eNE7WB,5!4o$+$i$N=PNO$G$"$k%\%j%e!<%‘%G!<%?$N2D;k 2=$r9T$&<jK!$H$7$F%\%j%e!<%‘%l%s%@%j%s%0K!$,9M$($i$l$F$$$k!#%\%j%e!<%‘ %l%s%@%j%s%0K!$O7W;;NL$,Bg$-$/!"9bB.$J2hA|@8@.$K$O%O!<%I%&%’%"$KMj$i$6 $kIi$($J$$$N$,8=>u$G$"$k!#$=$N$?$a!"%\%j%e!<%‘%l%s%@%j%s%0$rBP>]$H$7$? @lMQ7W;;5!$,4v$D$+3+H/$5$l$F$$$k$,!"$=$l$i$O6Q0l$JN)J}BN$N=89g$GI=$5$l $?%\%j%e!<%‘%G!<%?$N2D;k2=$rL\E*$H$7$F$$$k!# $7$+$7$J$,$i!"2J3X5;=Q7W;;$KCeL\$9$k$H!"6u4VCf$N=EMW$J2U=j$H$=$&$G$J $$2U=j$GMQ$$$k7W;;3J;R$NL)EY$rE,1~E*$KJQ99$9$k$3$H$G!"$h$j9-$$HO0O$r$h $j9b$$@:EY$G7W;;$9$k<jK!$,IQHK$K:N$i$l$F$$$k!#0lJ}!"0eNE7WB,5!4o$NJ,Ln $G $O!"6a G/$N CT $d MRI $rBe I=$H $9$k 0e NE7W B,5! 4o$N ?J Jb$K $h$j!" 9b2r A| EY $N#3<!85%G!<%?$r<hF@$9$k$3$H$,2DG=$H$J$C$?!#2rA|EY$,A}$9$K$D$l%G!<%?%5 %$%:$,A}Bg$7!"$=$N8zN(E*$J<h$j07$$$,:$Fq$H$J$k!# $3$N$h$&$J$J$+!"%\%j%e!<%‘%G!<%?$N3JG<7ABV$H$7$F$N3,AX3J;R$,CmL\$5$l $F$$$k!# o ctree $KBeI=$5$l $k3,AX 3J;R$O!" 0lMM $J4V3V $r;}$D 6u4VJ, 2rG=$, 0[$J $kJ#?t$N3J;R7O$K$h$j9=@.$5$l$k$b$N$G!"2J3X5;=Q7W;;7k2L$d5-21G^BN>e$NJ] B87A<0$H$7$FM%$l$?FC@-$r;}$D$3$H$,CN$i$l$F$$$k!# $3$N9=B$$r8zN(E*$K2D;k2=$9$k$3$H$O!":#8e$N%\%j%e!<%‘%G!<%?$NHnBg2=$r 9MN8$9$k$H=EMW$J$3$H$G$"$k!#=>$C$F!"K\9F$G$O3,AX3J;R>e$G%5%s%W%j%s%0$5 $l$?%\%j%e!<%‘%G!<%?$rBP>]$H$7$?2D;k2=<jK!$K$D$$$F=R$Y$k!# K\8&5f$NL\E*$O!"%\%j%e!<%‘%G!<%?$r %\%j%e!<%‘%9%i%$%9 $H8F$P$l$k#2<!85 J?LL $K J, 3d $7 $F 4I M} $9 $k %\ %j%e!< %‘ %9 %i %$ %9 J, 3d 7? $N 7W ;; 5! $K $* $$ $F!" %l %$ %-%c %9%F%#%s%0K!$rMQ$$$?9bIJ0L$J2D;k2=2hA|$r@8@.$9$k$3$H$G$"$k!# J,3d$5$l$?%\%j%e!<%‘%9%i%$%9$rI=8=$9$k$?$a$N%G!<%?9=B$$H$7$F!"=>MhMQ $$ $i $l$F $$ $? #2 <! 85G[ Ns 9= B$ $K 2C $( %i %s %l%s %0 %9 9=B$ !" quad-tree 9= B$ $N E, MQ $r 8! F$ $7 $?!# %i %s %l %s %0 %9 9= B$ $* $h $S quad-tree 9= B$ $K $h $k I= 8= $G $O!" %\ %j%e!<%‘%9%i%$%9$r3JG<$9$k$?$a$KI,MW$J%a%b%j%5%$%:$N=L>.$,4|BT$G$-$k!# $7$+$7!"$3$l$i$N9=B$$+$i$O$=$N3JG<J}<0$KE,1~$7$?=g$G$N$_9bB.$K%G!<%?$N ii FI$_=P$7$,2DG=$G$"$k$?$a!"%l%$%-%c%9%F%#%s%0K!$N$h$&$JG$0U$N;k@~$KI,MW $J%G!<%?$r$3$l$i$N9=B$$+$i9bB.$K<hF@$9$k$3$H$O:$Fq$G$"$k!# =>$C$F!"K\8&5f$G$O%G!<%?$NFI$_=P$7J}<0$K%O!<%I%&%’%"$K$h$k<BAu$,2DG= $J5,LO$N%"%k%4%j%:%‘$r;HMQ$7$?$&$($G!";k@~$N%\%j%e!<%‘%9%i%$%9$X$NF~<M =g=x$rJQ49$9$k$3$H$K$h$j!"%\%j%e!<%‘%G!<%?$X$N9bB.$J%"%/%;%9$r2DG=$H$9 $k<jK!$r<($7$?!# $3$N<jK!$NI>2A$N$?$a$K!"#3$D$N9=B$$KBP$7%\%j%e!<%‘%G!<%?$r3JG<$9$k$? $a$KI,MW$J 5-21MFNL $H2D;k2=$KMW$9$k =hM};~4V $H$$$&4QE@$+$iJ,@O$r9T$$!"J? 6QE*$JG>2hA| (256 3 %\%/%;%k!"51EY 256 3,D4 ) $rMQ$$$FI>2A$r9T$C$?!# $3$N 7k2L!"%\%j%e!<%‘ %9%i%$%9 $N3JG<$K!"#2 <!85G[Ns 9=B$$G$O 65536byte !" %i%s %l%s%0 %99=B$$G $O 40450b yte !" quad-tree 9=B$$G$O 43228b yte MW $9$k$3$H $,L@$i$+$K$J$C$?!#$^$?!"%\%j%e!<%‘%9%i%$%9$NNt2=$r5vMF$9$k$3$H$K$h$j!" $h$jBg$-$J%\%j%e!<%‘%9%i%$%9$r3JG<$9$k$3$H$,2DG=$G$"$k$,!"%i%s%l%s%0%9 9=B$$N>l9g$OFCM-$NId9f2=J}8~$K1d$S$k%N%$%:$,L\N)$A!"<BMQLL$+$i9MN8$9$l $PNt2=$N5vMF$K$h$kBgI}$J%G!<%?%5%$%:$N:o8:$O:$Fq$G$"$k$3$H$,$o$+$C$?!# 0lJ}!"%\%j%e!<%‘%G!<%?$X$N%"%/%;%92s?t$O%\%j%e!<%‘%l%s%@%j%s%0$N=hM} B.EY$K1F6A$rM?$($k=EMW$JMWAG$G$"$k!##2<!85G[Ns9=B$$G3JG<$5$l$?%\%j%e!< %‘%G!<%?$N>l9g!"%\%j%e!<%‘%G!<%?$,3JG<$5$l$F$$$k%"%I%l%9$O7W;;$N$_$G7h Dj$5 $l!" %G!< %? $N FI $_ =P $7 $K I, MW $J %a %b %j $X $N %" %/ %; %9 2s ?t $O #1 EY $@ $1 $G $" $k!# $3$l $KBP$7!"%i %s%l%s%0 %99=B$$H quad-tree 9= B$$G$O!" ;kE@$H%\ %j%e!<%‘%9%i %$%9$N4X78$K$h$C$F0[$J$j!"K\9F$G<($9%"%/%;%9K!$rMQ$$$?>l9g!"%i%s%l%s%0 %99= B$$G$O%\ %j%e!<%‘%9%i %$%9$KF~ <M$9$k;k @~$N4V3V $KHfNc$7!" quad-tree 9= B$$G$OBP?tHfNc$9$k$3$H$,$o$+$C$?!# iii A Hierarc hical Grid V olume Data Visualization Metho d Masahiro FUJIHARA Abstract V olume rendering is an e�ectiv e metho d to visualize the result of the scienti�c computation and output of the medical scanner. It requires highly computation time, so it’s di�cult to generate images fast without addtional hardware comp onents. In the scienti�c computation it’s a common wa y to change the size of the computational grid in order to calculate wider region at high precision. On the other hand, recent adv ance of the medical equipmen ts suc h as the CT-scan and the MRI mak e it p ossible to provide high resolution three dimensional information. As the resolution increase , it b ecomes di�cult to treat the h uge v olume data. And it prev en ts the high-sp eed visualization. In these backgrounds, the hierarc hical grids for the sampling grid of the volume data receives muc h atten tion. The hierarc hical grid suc h as the o ctree structure is consist of grids which ha v e di�erent resolutions, and it has go o d characteristics for the storage structure of the result of computer and v olume data. T aking acount of increasing v olume size, it’s imp ortant to treat hierac hi- cal grid e�ciently . Th us this pap er describ es the visualization metho d of the hierarchical volume data. In this research our goal is to provide a metho d of hierarc hical volume rendering on the volume slice type mac hine which manages the v olume data as a set of tw o dimensional planes. I describ ed three data structures to express volume slices. They are run- length and quad-tree structure in addition to traditional tw o dimensional array . The size of the v olume data can b e exp ected to decrease with adapting Run-length and Quad-tree structure. It’s easy to read out vo xel data from these structures in their sp eci�c order. But random access caused by ray- casting metho d make it di�cult.

iv Thus this pap er describ ed fast volume data access metho d based on the ray p enetration ordering algorithm with simple data fetch algorithm for hard- ware. I analyzed these structures from the view of the data size and pro cessing time, and ev aluated it by the use of the actual human brain data, it had 256 3 vo xels and 256 levels. The result of the ev aluation sho ws memory size to hold tw o-dimensional array , run-length structure and quad-tree structure required 65563 b ytes, 40450bytes and 67056bytes , resp ectiv ely . And it’s able to preserve larger volume slice with p ermitting distor- tion.But in the case of run-length structure their characteristic noise, parallel with the scan-line, makes images dirty . Therefore it’s imp ossible to decrease muc h information in the practical use. Ab o v e all the num b er of memory acceess to get the v o xel data will make great e�ects on the pro cessing time, so it’s a notable factor also. In the case of tw o-dimensional array the address of the stored data can b e decided with calculation. Th us the n um ber of memory access to read out the vo xel data is only once. In run-length structure it’s prop ortion to the interv al of ray p enetration. And in quad-tree structure it’s prop ortion to binary logarithm of it.

3,AX3J;R%\%j%e!<%‘%G!<%?$N2D;k2=<jK! L\<! 1 $O$8$a$K 1 2 %\%j%e!<%‘%l%s%@%j%s%0K! 2 2.1 %\%j%e!<%‘%l%s%@%j%s%0K!$N86M} : : : : : : : : : : : : : : : : : : : 2 2.2 %5%s%W%j%s%03J;R : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 3 2.3 %\%j%e!<%‘%G!<%?$H$=$N9=B$ : : : : : : : : : : : : : : : : : : : : : : 4 2.3.1 #3<!85G[Ns9=B$ : : : : : : : : : : : : : : : : : : : : : : : : : : 4 2.3.2 %i%s%l%s%0%99=B$ : : : : : : : : : : : : : : : : : : : : : : : : 4 2.3.3 o ctree 9=B$ : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 5 2.4 %\%j%e!<%‘%9%i%$%9$N%G!<%?9=B$ : : : : : : : : : : : : : : : : : : : 6 2.4.1 #2<!85G[Ns9=B$ : : : : : : : : : : : : : : : : : : : : : : : : : : 6 2.4.2 %i%s%l%s%0%99=B$ : : : : : : : : : : : : : : : : : : : : : : : : 7 2.4.3 quad-tree 9=B$ : : : : : : : : : : : : : : : : : : : : : : : : : : 7 2.5 %\%j%e!<%‘%l%s%@%j%s%0@lMQJBNs7W;;5! ReV olv er /C40 : : : : 9 2.5.1 ReV olv er /C40 $NFCD’ : : : : : : : : : : : : : : : : : : : : : 9 2.5.2 ReV olv er /C40 %"!<%-%F%/%A%c : : : : : : : : : : : : : : : 9 2.5.3 ReV olv er /C40 $NA4BN9=@. : : : : : : : : : : : : : : : : : : 11 3 3,AX3J;R%\%j%e!<%‘%G!<%?$N2D;k2= 12 3.1 %\%j%e!<%‘%9%i%$%9$N@8@. : : : : : : : : : : : : : : : : : : : : : : : : 12 3.1.1 #2<!85G[Ns9=B$$N@8@. : : : : : : : : : : : : : : : : : : : : : 12 3.1.2 quad-tree 9=B$$N@8@. : : : : : : : : : : : : : : : : : : : : : : 14 3.1.3 %i%s%l%s%0%99=B$$N@8@. : : : : : : : : : : : : : : : : : : : : 14 3.2 ;k@~F~<M=g@)8f : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 16 3.2.1 J?9TEj1FK! : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 16 3.2.2 F);kEj1FK! : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 18 3.3 %\%/%;%k%G!<%?$X$N%"%/%;%9<jK! : : : : : : : : : : : : : : : : : : : 19 3.3.1 #2<!85G[Ns9=B$ : : : : : : : : : : : : : : : : : : : : : : : : : : 19 3.3.2 %i%s%l%s%0%99=B$ : : : : : : : : : : : : : : : : : : : : : : : : 20 3.3.3 quad-tree 9=B$ : : : : : : : : : : : : : : : : : : : : : : : : : : 22

3.4 ;k@~F~<M=g@)8f$N>ZL@ : : : : : : : : : : : : : : : : : : : : : : : : : : : 25 3.4.1 J?9TEj1FK! : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 25 3.4.2 F);kEj1FK! : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 26 4 %\%j%e!<%‘%9%i%$%99=B$$NI>2A 27 4.1 %G!<%?3JG<MFNL : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 27 4.1.1 #2<!85G[Ns9=B$ : : : : : : : : : : : : : : : : : : : : : : : : : : 27 4.1.2 %i%s%l%s%0%99=B$ : : : : : : : : : : : : : : : : : : : : : : : : 28 4.1.3 quad-tree 9=B$ : : : : : : : : : : : : : : : : : : : : : : : : : : 29 4.1.4 0eNE2hA|$K$h$k%\%j%e!<%‘%G!<%?%5%$%:$NI>2A : : : : 31 4.1.5 Nt2=$,5v $5$l$k 4D6-$K $*$1 $k%\%j%e!< %‘%G!<%? MFNLHf 3S 33 4.2 %a%b%j%"%/%;%92s?t : : : : : : : : : : : : : : : : : : : : : : : : : : : : 34 4.2.1 #2<!85G[Ns9=B$ : : : : : : : : : : : : : : : : : : : : : : : : : : 34 4.2.2 %i%s%l%s%0%99=B$ : : : : : : : : : : : : : : : : : : : : : : : : 35 4.2.3 quad-tree 9=B$ : : : : : : : : : : : : : : : : : : : : : : : : : : 36 4.2.4 %a%b%j%"%/%;%92s?t$NI>2A : : : : : : : : : : : : : : : : : : 38 4.2.5 Jd4V$K$h$k%a%b%j%"%/%;%9$NA}2C : : : : : : : : : : : : : : 40 5 $*$o$j$K 43 <U<- 44 ;29MJ88% 44 IUO? A-1 A.1 %\%j%e!<%‘%l%s%@%j%s%0=o<jK! : : : : : : : : : : : : : : : : : : : A-1 A.1.1 Ej1FJ}<0 : : : : : : : : : : : : : : : : : : : : : : : : : : : : A-1 A.1.2 Ej1FJ}8~ : : : : : : : : : : : : : : : : : : : : : : : : : : : : A-1

1 $O$8$a$K %\%j%e!<%‘%l%s%@%j%s%0K!$O!" 3 <!85%G!<%?$NFbIt9= B$$N2D;k2=$,2DG=$G$" $k$?$a!"0eNE2hA|$N@8@.$d2J3X5;=Q7W;;7k2L$N2r@O$N$?$a$NM-NO$J<jK!$H$7$F CmL\$5$l$F$$$k!# $7$+$7$J$,$i!"%\%j%e!<%‘%G!<%?$r3JG<$9$k$?$a$K$OG|Bg$J5-21MFNL$,I,MW $H$J$k!#$^$?!"2D;k2==hM}$KMW$9$k7W;;NL$OBg$-$/!"%\%j%e!<%‘%G!<%?$N9bB. $J2D ;k2= $O:$Fq $G$"$k!# $=$N$? $a!"=>Mh $+$i ReV olv er [1, 2] $d CUBE[3, 4] $J $I!"%\%j%e!<%‘%l%s%@%j%s%0$KFC2=$7$?!"$5$^$6$^$J@lMQ7W;;5!$N3+H/$,9T$o $l$F$-$?!#$3$l$i$N@lMQ7W;;5!$G$O!"N)J}BN3J;R9=B$$r;}$D%\%j%e!<%‘%G!<%? $rBP>]$H$7$?9bB.$J2D;k2==hM}$r<B8=$7$F$$$k!# 0lJ}$G2J3X5;=Q7W;;$G$O!"9-$$NN0h$KBP$7$F>.$5$J7W;;NL$G9b$$@:EY$N7W;; $r9T$&$?$a$K!"2rNN0h$N=EMWEY$K1~$8$FE,1~E*$K7W;;3J;R$NI}$rJQ$($k<jK!$, $H$i$l$k [5] !#$3$N $h$& $K!"7W ;; 3J;R $,0l MM$G $J$$ %\ %j%e!<%‘ %G!<%? $r!"=> Mh$N <jK!$G2D;k2=$9$k>l9g!"N)J}BN3J;R>e$NE@$K%G!<%?$r$H$jD>$9 %j%5%s%W%j%s%0 $K$h$k<B8=$,9M$($i$l$k$,!"$=$l$G$O%\%j%e!<%‘%G!<%?$,7cA}$7$F$7$^$$8=<B E*$G$O$J$$!# $^ $?!"6a G/$N CT $d MRI $J$I $KBe I=$5 $l $k#3 <!85 0eNE 7W B,5! 4o$N ?JJb $K $h $j!"9b2rA| EY%\ %j%e!< %‘%G!< %?$r <hF@ $9$k $3$H $,2D G=$K $J$j [6] !"2D;k 2=$9 $Y$- %\%j%e!<%‘%G!<%?$NBg$-$5$OA}Bg$9$k798~$K$"$j!"$=$l$KH<$$HnBg2=$7$?%G!< %?$N<h$j07$$$,:$Fq$K$J$j$D$D$"$k!# $3$N$h$&$J8=>u$K$*$$$F!"%\%j%e!<%‘6u4V$r=>Mh$NN)J}BN3J;R$G$O$J$/!"3J ;R$NL)EY$rE,1~E*$KJQ$($k$3$H$,2DG=$G$"$k3,AX3J;R9=B$$rMQ$$$FI=8=$9$k$3 $H$OM-8z$J<jK!$G$"$k$H8@$($k!# K\9F$G$O!"%\%j%e!<%‘6u4V$r %\%j%e!<%‘%9%i%$%9 $H8F$P$l$k#2<!85J?LL$N=8 9g$H$7$F07$&%\%j%e!<%‘%9%i%$%9J,3dJ}<0$N%\%j%e!<%‘%l%s%@%j%s%0@lMQJBNs 7W;;5!$K$*$1$k!"3,AX3J;R9=B$$N%\%j%e!<%‘%l%s%@%j%s%0K!$K$h$k2D;k2=<jK! $rDs0F$9$k!# 0J2<!"Bh 2 >O$G$O!"%\%j%e!<%‘%l%s%@%j%s%0$N 35MW$H%\%j%e!<%‘%G!<%?$r3, AXE*$K07$&<jK!$K$D$$$F=R$Y!"Bh 3 >O$G!"Ds0F$9$k3, AX3J;R$N2D;k2=<jK!$K$D $$$F=R$Y!"Bh 4 >O$K$*$$$F!" Bh 3 >O$G<($7$?<j K!$K $D$$$F I>2A$r 9T$$!"Bh 5 >O $G$^$H$a$r=R$Y$k!# 1

2 %\%j%e!<%‘%l%s%@%j%s%0K! K\>O$G$O!"K\8&5f$NGX7J$G$"$k%\%j%e!<%‘%l%s%@%j%s%0K!$N86M}$*$h$S!"3, AX3J;R9=B$$N%\%j%e!<%‘%G!<%?$K$D$$$F=R$Y$k!# 2.1 %\%j%e!<%‘%l%s%@%j%s%0K!$N86M} %\%j%e!<%‘%l%s%@%j%s%0K!$O!"H>F)L@J*<A$K$*$1$k8w$NF)2a%b%G%k$K4p$E$$ $F9M0F$5$l$?2D;k2=<jK!$G$"$k!#%\%j%e!<%‘%l%s%@%j%s%0K!$K$*$$$F!"J*<A$O ?’$H F) L@ EY $, 3d $j Ev $F $i $l $? %\ %/ %; %k $H 8F $P $l $k #3 <! 85 9= B$ BN $K CV $- 49 $( $i $l!" %\%/%;%k$N=89g$,%9%/%j!<%s>e$N %T%/%;%k $KM?$($k1F6A$r7W;;$9$k$3$H$K$h$j 2D;k2=$,9T$o$l$k!# K\9F$G$O!" %l%$%-%c%9%F%#%s%0K! $rMQ$$$F%\%j%e!<%‘%l%s%@%j%s%0$r9T$&!# %l %$%-%c %9 %F%#%s %0 K!$O!" ?^ 2.1 $N $h$& $K ;kE@ $+ $i%9 %/ %j!<%s >e $N3F %T %/%; %k $K 8~$1 $FH/ $7$? ;k@~ $,$D$i $L$/ %\%/ %;%k $N?’ $HF) L@EY $r<0 (2.1) $r MQ$$ $F=g <! 7W;;$7$F9T$/J}K!$G$"$k!# N)J}BN3J;R9=B$$r;}$D%\%j%e!<%‘6u4V$r$D$i$L$/;k@~>e$N%\%/%;%k$,;}$D?’ $H F)L@EY $r;k E@$K 6a$$=g $K$= $l$> $l c 0 ; c 1 ; : : : ; c n $* $h$S � 0 ; � 1 ; : : : ; � n $H $9$k $H$-!"%T%/%;%kCM C $O<0 (2.1) $K$h$j5a$a$k$3$H$,$G$-$k [7] !# C = n � 1 X i =0 c i � (1 � � i ) i � 1 Y j =0 � j (2.1) $^$? A22=<0$r MQ$$$F!" i HVL\ $N%\%/%; %k$r$D$i $L$$$?;~ $N?’$HF) L@EY$O<! $N $h$&$KI=$9$3$H$,$G$-$k!# 8 > < > : A i = A i � 1 � � i C i = C i � 1 + c i � (1 � � i ) � A i � 1 (2.2) $?$@$7!"=i4|CM$O A � 1 = 1 , C � 1 = 0 $G!" C = C n � 1 $G$"$k!# %l %$%-%c %9%F%# %s%0 K! $O!"9b IJ0L $J2D ;k2= 2hA| $r @8@. $9$k $3$H $,$G $-$k ( Bh A.1.2 @a;2 >H ) !#$7$+$7 $J$,$i!"%a %b%j>e$K3J G<$5$l$F $$$k%\%/ %;%k%G!<%? $,%5 %s %W%j %s%0 1) $5 $l$k =g=x $O!";k @~$NJ} 8~$K 0MB8 $9$k!# =>$C$F!"G$ 0U$N ;k@~ $KBP 1) %a%b%j>e$N%\%/%;%k%G!<%?$rFI$_=P$9=hM}$r%5%s%W%j%s%0$H8F$V!# 2

?^ 2.1: %l%$%-%c%9%F%#%s%0K! $7$F$O%\%/%;%k$N%5%s%W%j%s%0=g$O!"%\%j%e!<%‘%G!<%?$N3JG<=g$H$O0lCW$7$J $$!#$3$N$3$H$K$h$j<!$NLdBj$,@8$8$k!# � %"%I%l%97W;;$NI,MW@- ;k@~$,$D$i$L$/%\%/%;%k%G!<%?$,B8:_$9$k%"%I%l%9$r;;=P$9$k$?$a$N=hM} $,I,MW$H$J$k!# � O"B3FI$_=P$7$,IT2DG= 0lHL$K!"5-21AuCV>e$N%G!<%?$OO"B3E*$KFI$_=P$9$3$H$K$h$j!"9bB.$KFI$_ =P$9$3$H$,2DG=$G$"$k$,!"%l%$%-%c%9%F%#%s%0K!$G$O$3$NO"B3@-$,3NJ]$G $-$J$$!# $3$l$i$NLdBj$O!"%l%$%-%c%9%F%#%s%0K!$K$h$k%\%j%e!<%‘%l%s%@%j%s%0$N9b B.2=$rK8$2$kMW0x$H$J$k!# 2.2 %5%s%W%j%s%03J;R K\9F$G$O!"3,AX3J;R9=B$$r;}$D%\%j%e!<%‘%G!<%?$N2D;k2=$r9T$&!#3,AX3J;R 9=B$ $O!" 6u 4V J, 2r G= $, 0[ $J $k J# ?t $N N) J} BN 3J ;R 7O $K $h $j 9= @. $5 $l $? 3J ;R $G $" $j!" Be I=E*$J $b$N $K o ctree 9=B$ $,$" $k!#3,AX 3J;R 9=B$$O!" <!$N $h$&$J M%$l $?FCD’ $rM-$9$k!# � HFMQ@- LdBj$N@-<A$X$N0MB8$,>.$5$/!"2J3X5;=Q7W;;$N7k2L$d#3<!850eNE%G!<%?$N 4IM}$J$IHf3SE*9-$$J,Ln$X$N1~MQ$,2DG=$J9=B$$r;}$D!# � %G!<%?J]B87A<0$H$N?FOB@- 3

0lHL$K%\%j%e!<%‘%G!<%?$N5-21G^BN$+$i$NFI$_=P$7$K$O!"B?$/$N;~4V$rI, MW$H$9$k!#%\%j%e!<%‘%G!<%?$rNN0h$NJ#;($5$K1~$8$F3,AXE*$KJ]B8$9$k$3 $H$K$h$jCJ3,E*$K2D;k2=$9$k$3$H$,$G$-!"%7%9%F%‘$NMxMQ<T$OC;;~4V$K%\ %j%e!<%‘%G!<%?$N35MW$r4Q;!$9$k$3$H$,$G$-$k [5] !# 2.3 %\%j%e!<%‘%G!<%?$H$=$N9=B$ %\%j%e!<%‘%G!<%?$rI=8=$9$k$?$a$N%G!<%?9=B$$O!"$=$N2D;k2=%"%k%4%j%:%‘ $dLdBj$K6/$/0MB8$7!"%\%j%e!<%‘%G!<%?$N%5%$%:$d2D;k2=$KI,MW$J;~4V$KBg$- $J1F6A$rM?$($k$3$H$+$i!"MM!9$J%G!<%?9=B$$,Ds0F$5$l$F$$$k!#K\@a$G$O!"$= $N Cf$G$b IQHK $KMxMQ $5$l $k #3<! 85G[ Ns9=B$ !" %i%s %l%s%0 %99= B$ !" o ctree 9=B$ $K$D$$$F=R$Y$k!# 2.3.1 #3<!85G[Ns9=B$ %\%j%e!<%‘6u4V$rN)J}BN3J;R9=B$$r$H$k$H9M$(!"3J;RE@$N$H$kCM$r#3<!85G[ Ns$N3:Ev$9$kMWAG$K3JG<$9$kJ}<0$G$"$k!#C1=c$J%G!<%?9=B$$G$"$k$?$a%=%U%H %&%’%"$@$1$G$J$/!"%O!<%I%&%’%"$K$h$k%\%j%e!<%‘%l%s%@%j%s%0$K$b9-$/MQ$$ $i$l$F $* $j!"$3 $N 9= B$$r ;} $D CUBE4 $G$OBg $- $5$, 512 3 %\%/%; %k $N%\ %j%e!< %‘ %G!<%?$rJ?9TEj1FK!$rMQ$$$F 30frames/sec $G2D;k2=$G$-$k$H$5$l$F$$$k [4] !# $7$+$7$J$,$i!"%\%j%e!<%‘%G!<%?$r3JG<$9$k$?$a$KI,MW$J%G!<%?%5%$%:$O!" %\%j%e!<%‘6u4V$NBg$-$5$KHfNc$9$k!#=>$C$F!"3,AX3J;R9=B$$r;}$D%\%j%e!<%‘ %G!<%?$r#3<!85G[Ns9=B$$K3JG<$9$k>l9g$K$O!"%\%j%e!<%‘%G!<%?$NFbMF$K4X$o $j$J$/!" :GL)3J;R%5%$%: 1) $K1~$8$?%a%b%j%5%$%:$,I,MW$K$J$k!# 2.3.2 %i%s%l%s%0%99=B$ %\%j%e!<%‘%G!<%?$r %i%s%l%s%0%9K! 2) $K$h$jId9f2=$9$k$3$H$K$h $j!"%G!<%? %5%$%:$N:o8:$H2D;k2==hM}$N9bB.2=$r?^$k<jK!$,Ds0F$5$l$F$$$k!# BeI= E* $J $b $N $K!" %\ %j%e!< %‘ 6u 4V $r F1 0l $N %\ %/ %; %k %G!< %? $r ;} $D %\ %/ %; %k $G AH ?%2=$7!"%G!<%?%5%$%:$N@aLs$H7W;;;~4V$N C;=L$rA@$C$? STICKS [9] $,$"$k!# STICKS $G$O!" x , y , z $N3F :BI8 <4J} 8~$K F10l$N %\%/ %;%k CM$r ;}$D%\ %/%; %k $r#1$D$K$^ $H$a$k $3$H $K$h$j!" n 3 8D$N3J;R E@$r O ( k n 2 ) $GJ];} $9$k$3 $H$,$G $- 1) 3,AX3J;R$r9=@.$9$k3J;R7O$NCf$G!"6u4VJ,2rG=$,:G$b9b$$3J;R$NBg$-$5$rI=$9!# 2) O" B3 $7 $F F10l $N %G!< %? $,=P 8= $9 $k $H$-!" $= $N %G!<%? $N CM $H O"B3 $9 $k %G!< %??t $K $h $j >pJs $r I= 8= $9 $k J}K! $G $" $k!#%G!< %? $, O"B3 $9 $k 8D ?t$r %i %s D9 $H 8F $S!" %i%s D9 $H $= $NFb MF $+ $i$J $k #29‘AH$r %i%s $H8F$V!# 4

?^ 2.2: %\%j%e!<%‘%G!<%?$N STICKS I=8= $k!#$3$3$G k $OJ?6Q%i%s?t$r$" $i$o$7!":G0-$N>l 9g$K$O k $O n $H0lCW$7 O ( n 3 ) $H$J$k!# STICKS $GI= 8=$5 $l$? %\%j%e!<%‘ %G!<%? $NNc $r?^ 2.2 $K<( $9!#$3 $NNc $K$* $$ $F!"%\%j%e!<%‘%G!<%?$O Z <4J}8~$KId9f2=$5$l$k!#;k@~ $,$D$i$L$/%\%j%e!< %‘ %G!<%?$N<hF@$KI,MW$J%a%b%j$X$N%"%/%;%92s?t$dI,MW$J7W;;2s?t$O!"#3<!85G[ Ns$rMQ$$$?$b$N$h$j$b>/$J$/$F$9$‘$3$H$+$i9bB.2=$,4|BT$G$-$k!# 2.3.3 o ctree 9=B$ o ctree 9=B$$O%\%j%e!<%‘6u4V$N 8 EyJ,3d$r9T$$!"3FItJ,6u4V$rBeI=$9$k%\%/ %;%kCM$r@aE@$KJ];}$9$k$3$H$K$h$j9=@.$5$l$k!#$5$i$J$kJ,3d$,I,MW$JItJ,6u 4V$KBP$7$F$O 8 EyJ,3d$r7+$jJV$7!"J,3d$,@8$8$?It J,6u4V$rI=$9@aE@$N;R@aE@ $K3d$jEv$F$k$3$H$K$h$j!"%\%j%e!<%‘6u4V$rI=8=$9$k$3$H$,$G$-$k!# $3$N o ctree 9=B$$rMxMQ $7$F!"%\ %j%e!<%‘ 6u4VCf $N%\ %/%;%k %G!<%? $,$J$$ F)L@ $JNN0h$N>pJs$rJ];}$9$k$3$H$K$h$j7W;;;~4V$NC;=L$rA@$C$?%G!<%?9=B$$H$=$N %G!<%?9= B$ $r Mx MQ $7$? %l %$ %-%c %9 %F%#%s %0 K! VSPOT $,Ds0F $5 $l $F$$ $k [10] !# $3$N<jK!$G$O!" NY@\$9$k 8 $D$N%\%/%;%k$r o ctree $NMU@aE@ $K3JG<$9 $k!# 1 $D $N@aE@$NCf$N%\%/%;%k$,A4$FF)L@%\%/%;%k$G$"$l$P!"$=$N@aE@$N?F@aE@$K%G!< %?$,L5$$$3$H$rI=$9 0 $r3JG<$7!"#1$D$G$bF)L@$G$J $$%\%/%;%k$,B8:_$9$l$P!" 1 $r 3JG<$9 $k!#$3$N A‘:n$r 7+$jJV $9$3$H $K$h$j!" F)L@%\ %/%;%k $NB8:_ $rAa4| $K CN$k$3$H$,$G$-$k3,AX2=$5$l$?%\%j%e!<%‘%G!<%?$rF@$k$3$H$,$G$-$k!# ?^ 2.3 $K!"$3 $N$h$&$K $7$F$G$- $? o ctree >e$rDL 2a$9$k;k @~$N%T%/ %;%kCM$r7W ;;$9$k2aDx$r!"#2<!85J?LL$rMQ$$$FI=$7$?Nc$r<($9!# 5

?^ 2.3: o ctree 9=B$$rMQ$$$?F)L@%\%/%;%k$NI=8= VSPOT $G$O!"2D;k2==hM}$NBP>]$rBh n AX$N3J;R$H$7$F!";k@~$,DL2a$9$k%\ %/%;%k%G!<%?$rFI$_9~$‘!#$=$N%\%/ %;%k$,<($9CM$, 0 $N>l9g$O!"$=$N0LCV$KIT F)L@$J%\%/%;%k$OB8:_$7$J$$$N$G7W;;$NI,MW$OL5$$$HH=CG$7!";k@~$,$D$i$L$/ <!$N%\%/%;%k%G!<%?$K=hM}$r0\$9!# %\%/%;%k$,<($9CM$, 1 $N>l9g$O!"2D;k2==h M}$NBP>]$rBh n + 1 AX$N3J;R$H$7$F3:Ev2U=j$rF1$8J}K!$GD4$Y$k!# $3$NA‘:n$r7+$jJV$9$3$H$K$h$j!"ITF)L@$J%\%/%;%k%G!<%?$,B8:_$9$kNN0h$N $_$KBP$7$F1i;;$r9T$&$3$H$,2DG=$H$J$k!# 2.4 %\%j%e!<%‘%9%i%$%9$N%G!<%?9=B$ %\%j%e!<%‘%G!<%?$rFCDj$N:BI8<4$K?bD>$JJ?LL$GJ,3d$7$?J?LL$N=89g$H$7$F 07$&$3$H$GJ?LL4V$G$N=hM}$NJBNs@-$rCj=P$7!"9bB.2=$r?^$k<jK!$,Ds0F$5$l$F $$$k [1, 16] !#$3$NJ?LL$r %\%j%e!<%‘%9%i%$%9 $H8F$V!# K\@a$G$O!"%\%j%e!<%‘%9%i%$%9$rI=8=$9$k$?$a$N%G!<%?9=B$$H$7$F#2<!85G[ Ns9=B$!"%i%s%l%s%0%99=B$!" quad-tree 9=B$$K$D$$$F=R$Y$k!# 2.4.1 #2<!85G[Ns9=B$ #2<! 85 G[ Ns 9= B$ $O!" %\ %j%e!< %‘ %9 %i %$ %9 $r I= 8= $9 $k :G $b 4p K\ E* $J 9= B$ $G $" $k!# %\ %j%e!<%‘ %9 %i%$ %9 $r#2 <! 85G[ Ns 9=B$ $G I=8= $9 $k>l 9g!" ?^ 2.4 $N$h $& $K!":G L) 3J;R%5%$%:$G%\%j%e!<%‘%9%i%$%9$rJ,3d$7%a%b%j>e$NO"B3$7$?%"%I%l%96u4V$K 3JG<$9$k!# 0lHL$K!"G[Ns$NBg$-$5$,7h$^$l$P%\%/%;%k%G!<%?$N3JG<$5$l$F$$$k%a%b%j>e $N%"%I%l%9$r7W;;$K$h$jMF0W$K5a$a$k$3$H$,$G$-$k$?$a!"%\%/%;%k%G!<%?$X$N %i%s%@%‘%"%/%;%9$,2DG=$J9=B$$G$"$k!# 6

?^ 2.4: #2<!85G[Ns9=B$$X$NJ,3d ?^ 2.5: %\%/%;%k%9%-%c%s%i%$%s$X$NJ,3d 2.4.2 %i%s%l%s%0%99=B$ %i%s%l%s%0%99=B$$O!"%\%/%;%k%G!<%?$HF10l%\%/%;%k%G!<%?$,O"B3$7$F8=$l $kD9$5$G $"$k %i%sD9 $+$i$J$k %i %s $N=89g$G$"$k [9] !#K\9F$G$O?^ 2.5 $N$h$&$K%\ %j%e!<%‘ %9 %i %$ %9 $r :G L) 3J ;R %5 %$ %: $G x <4J} 8~ $K J, 3d $9 $k!# $3 $N J, 3d $5 $l $? %G!< %?$r %\%/%;%k%9%-%c%s%i%$%s [16] $H8F$S!"A4%\%/%;%k%9 %-%c%s%i%$%s$r%i %s%l %s%0%99=B$$GI=8=$9$k$3$H$G%\%j%e!<%‘%9%i%$%9$r9=@.$9$k ( ?^ 2.6) !# $3$N9=B$$K$*$$$F!"%\%/%;%kCM$X$N%"%/%;%9$O%\%/%;%k%9%-%c%s%i%$%sJ}8~ $X$N=g<!%"%/%;%9$,E,$7$F$*$j!"%\%/%;%k$KBP$9$k%i%s%@%‘%"%/%;%9$,9T$o$l $?>l9g$O!"%\%/%;%k$N x :BI8CM$KHfNc$7$??t$N%i%s$rFI$_Ht$P$9I,MW$,@8$8 $k $?$a!"%\%/%;%kFI$_9~$_$N%l%$%F%s%7$,Bg$-$/$J$k!# 2.4.3 quad-tree 9=B$ quad-tree 9=B$$O?^ 2.7 $N$h$&$K%\%j%e!< %‘%9%i %$%9$r 4 EyJ,3d$7!" %\%/%;%k %G!<%? $rLZ$N @aE@ $N3FMW AG$K3d $jEv$F!" $5$i$K J,3d$, I,MW$J NN0h$K 4X$7$F $O 4 EyJ,3d$r7+$jJV $9$3$H $K$h$jJ? LL$r9= @.$9$k [8] !#K\9F$G$O!" quad-tree 9=B$$K 7

?^ 2.6: %i%s%l%s%0%99=B$$K$h$k%\%j%e!<%‘%9%i%$%9$NI=8= ?^ 2.7: %\%j%e!<%‘%9%i%$%9$N quad-tree I=8= $*$$$F %9%i %$%9 $NJ, 3d 2s?t $r %l %Y %k $H 8F$S!" :G>e 0L AX$+ $i=g $K%l %Y %k 1, 2, : : : , N $HDj5A$9$k ( ?^ 2.7) !#$^$?3F@aE@$O 4 $D$NMWAG $r;}$A!"2<0L%l%Y%k$N@aE@$X $N%j%s%/$b$7$/$O%\%/%;%k%G!<%?$r3JG<$9$k!# quad-tree 9=B$ $K $h $j I= 8= $5 $l $? %\ %j%e!< %‘ %9 %i %$ %9 $X $N %" %/ %; %9 $O!" ?F ;R!$ 7;Do4X78$K$"$k@aE@$,I=$9%\%/%;%k$X$N%"%/%;%9$ODc%l%$%F%s%7$G9T$($k$,!" %i%s%@ %‘%" %/%; %9$K $OIT 8~ $-$G $"$j!" :G0- $N>l 9g!" LZ$N 9b$5 $G$" $k N 2s$N%a %b %j%"%/%;%9$rMW$9$k!# 8

2.5 %\%j%e!<%‘%l%s%@%j%s%0@lMQJBNs7W;;5! ReV olv er /C40 ReV olv er /C40 $O!"%l%$%-%c%9 %F%#%s%0K!$rMQ$$ $FN)J}BN3J;R 9=B$$r;}$D%\ %j%e!<%‘ %G!< %? $N 2D ;k 2= $r 9T $& %\ %j%e!< %‘ %l %s %@ %j %s %0 @l MQ JB Ns 7W ;; 5! $G $" $k!# %\%j%e!<%‘%G!<%?$r%\%j%e!<%‘%9%i%$%9$N=89g$H$7$F4IM}$9$k%\%j%e!<%‘%9 %i %$%9 J, 3dJ} <0 $NJB Ns7W ;; 5!$G $" $j!"?^ 2.8 $N $h $&$K 3F%\ %j%e!< %‘%9 %i %$%9 $K %W%m%;%C%5$r3d$jEv$F$k!# 2.5.1 ReV olv er /C40 $NFCD’ ReV olv er /C40 $,;}$DFCD’$r$"$2$k!# � F);kEj1FK!$K$h$k2hA|@8@. %\%j%e!<%‘%G!<%?$rF);kEj1FK!$G2D;k2=$9$k$3$H$K$h$j!"J*BN$N1s6a46$r @5$7$/I=8=$9$k$3$H$,$G$-$k ( Bh A.1.1 @a;2>H ) !# F);kEj1FK!$G$OG$0UJ}8~$N;k@~$,H/@8$9$k!#$=$N$?$a%a%b%j%"%/%;%9$,IT 5,B’$K$J$j!"%\%j%e!<%‘%G!<%?$N8zN(E*$JFI$_=P$7$,:$Fq$H$J$k!# � 9bIJ<A$J2hA|@8@. %l%$%-%c%9%F%#%s%0K!$K$h$k2hA|@8@.$r9T$&$?$a!"9bIJ<A$J2hA|$rF@$k$3 $H $,$G $-$k ( Bh A.1.2 @a ;2>H ) !# $^$?!" %7%’!<%G%# %s%0 =hM} $r9T $&$3 $H$K $h $j!"8w8;$r9MN8$7$?8=<B46$N$"$k2hA|$r@8@.$G$-$k!# � 9bB.IA2h 2D;k 2= BP >] $r M} 2r!" 2r @O $9 $k >e $G J* BN $N 2s E> $d 3H Bg =h M} $r <B ;~ 4V $G 9T $& $3 $H $O=EMW$G$"$k!#FC$K!"2J3X5;=Q7W;;$G$O2D;k2=7k2L$r;29M$K7W;;$KMQ$$$k %Q%i%a!<%?$rD4@0$9$k$3$H$,B?$/!"7W;;7k2L$N9bB.IA2h$K$h$j:n6H;~4V$N C;=L $r ?^ $k $3 $H $, $G $- $k!# ReV olv er /C40 $G $O!" 512 3 %\%/ %; %k $N %\ %j%e!< %‘%G!< %?$r F);kEj 1FK!$r MQ$$$F 94.4ms/frame $G2D;k 2=$9 $k$3$H $,$G$- $k [11] !# 2.5.2 ReV olv er /C40 %"!<%-%F%/%A%c ReV olv er /C40 $N%"!<%-%F%/%A%c$NFCD’$O<!$N$H$*$j$G$"$k!# 1. %5%s%W%j%s%0J}K!$NC1=c2= =>Mh $N %5 %s %W %j %s %0 J} K! $O!" ;k @~ $N J} 8~ $K BP $7 $F Ey 4V 3V $K %\ %/ %; %k $r %5 %s %W %j%s %0 $9 $k$b $N $G $"$C $?!# $7 $+ $7!" ?^ 2.8 (a) $N$h $& $J %P %s %/ 9= @. $G $3 $N%5 %s%W %j %s %0 K! $r MQ $$ $k $H %3 %s %U %j %/ %H $r @8 $8 $F $7 $^ $&!# $= $3 $G!" ReV olv er / C40 $G$O <g <4Ey 4V 3V %5%s %W %j %s%0 K! $r MQ$$ $F $$ $k [1] !#$3$N <j K!$K $* $$ $F$O 9

?^ 2.8: %\%/%;%k$N%5%s%W%j%s%0J}K! ?^ 2.9: %P%s%/%3%s%U%j%/%H%U%j!<$J%a%b%j9=@. ?^ 2.8 (b) $N$h$&$K <g<4 1) $NJ}8~$KEy4V3V$K%5%s%W%j%s%0$r9T$&!# 2. %P%s%/%3%s%U%j%/%H%U%j!<$J%a%b%j9=@. <g<4$K?bD>$JJ?LL$G%\%j%e!<%‘6u4V$rJ,3d$7$? %\%j%e!<%‘%9%i%$%9 $r0[$J $k%a%b%j%P%s%/$K3JG<$9$k$3$H$K$h$j!"$=$N<g<4$KBP$7$F %P%s%/%3%s%U%j %/%H%U%j!< $K%"%/%;%9$9$k$3$H$,$G$-$k!# $7 $+$7!"<g <4$O 1 $D $K$O Dj$^ $i$J $$$N$G!" ?^ 2.9 $N $h$& $K%\ %j%e!<%‘%G!< %?$r 3 =E2=$7 $F!"<g<4$, x, y , z <4$N$= $l$>$l$N>l 9g$KBP$7$F %P%s%/$r @_ $1$k!# $3$N9=@.$K$h$j!"G$0U$N;k@~$KBP$7$F$=$N<g<4$KBP1~$7$?%a%b%j%P%s%/$+ 1) ;k @~ %Y %/ %H %k $N @. J, $N Cf $G @d BP CM $, :G Bg $G $" $k $b $N $r A* $S!" $= $N :B I8 <4 $r <g <4 $H Dj 5A $9 $k!# 10

?^ 2.10: ReV olv er /C40 $NA4BN9=@. $i%\%/%;%k%G!<%?$rFI$_=P$9$3$H$,$G$-$k!# 2.5.3 ReV olv er /C40 $NA4BN9=@. ?^ 2.10 $K<($9 $h$& $K!" ReV olv er /C40 $O!"%l%$ %-%c%9 %F%#%s%0 %9%F!< %8!" %T%/%;%kCM7W;;%9%F!<%8!"%7%’!<%G%#%s%0%9%F!<%8$N#3$D$N%9%F!<%8$H!"A4BN $N@)8f$r9T$&%7%9%F%‘%3%s%H%m!<%k%f%K%C%H$+$i9=@.$5$l$k!#3F%9%F!<%8$,!" 2D;k2==hM}$r%Q%$%W%i%$%s$G9T$&$3$H$K$h$j!"9bB.2=$r?^$C$F$$$k!# � %7%9%F%‘%3%s%H%m!<%k%f%K%C%H!J System Con trol Unit : SCU !K ReV olv er /C40 A4BN$N@)8f $d3F%9%F!<%8$N>u BV$r4F;k$9$k %f%K%C%H$G$"$k [12] !# %[%9 %H %^%7 %s $+$i %3 %^%s %I!" %W%m %0%i %‘!" %\%j%e!< %‘ %G!<%? $r <u$1 <h$j!"E,@Z$J%9%F!<%8$KE>Aw$9$k$N$,<g$JLr3d$G$"$k!# � %l%$%-%c%9%F%#%s%0%9%F!<%8!J Ray Casting Stage : RCS !K %9%/%j!<%s>e$N$9$Y$F$N%T%/%;%k$K$D$$$F!";kE@$+$i%T%/%;%k$X8~$&;k@~ %Y%/%H%k$r@8@.$7!"%T%/%;%kCM7W;;%9%F!<%8$XE>Aw$9$k!#%9%/%j!<%s$r6Q Ey $KJ,3d $7!"3F %W%m%;%C %5%( %l%a %s%H (PE) $,$= $l$> $lJ,3d $5$l $?NN0h >e $N%T%/%;%k$KBP$9$k;k@~@8@.=hM}$r9T$&$3$H$G=hM}$NJBNs2=$r9T$& [13] !# � %T%/%;%kCM7W;;%9%F!<%8!J Pixel Calculation Stage : PCS !K PCS $N3F PE $O!"?^ 2.10 $N$h$&$K %Q%$ %W%i %$%s >u$K @\B3 $5$l $F$*$j!" J,3d $5$l$?%9%i%$%9$,3d$jEv$F$i$l$k!# RCS $G@8@.$5 $l$? ;k@~ $KBP $7!";k @~>e $N%\ %/%; %k$r %5%s %W%j %s%0 $7$F %\%/ %;%kCM$rFI$_=P$7!"$=$NCM$+$iB0@-%F!<%V%k$r;2>H$7$F?’$HF)L@EY$KJQ49 $7!"<0 2.2 $rMQ$$$F%T%/%;%kCM7W;;$r9T$& [14] !# 11

� %7%’!<%G%#%s%0%9%F!<%8!J Shading Stage : SS !K PCS $G7W ;; $5 $l $? %T %/ %; %k CM$K BP $7 $F!" depth gradient shading K!$rMQ $$ $F%7%’!< %G%#%s%0$r 9T$& [15] !#%9%/ %j!<%sJ,3d $r9T$&$3 $H$G!"%7%’!<%G%# %s%0=hM}$r 16 Bf$N PE $GJBNs<B9T$5$;$k!# 3 3,AX3J;R%\%j%e!<%‘%G!<%?$N2D;k2= K\>O$G$O!"%\%j%e!<%‘%9%i%$%9J,3dJ}<0$NJBNs7W;;5!$K$*$$$F!"3,AX3J;R9= B$$r;}$D%\%j%e!<%‘%G!<%?$r%l%$%-%c%9%F%#%s%0K!$K$h$j2D;k2=$9$k<jK!$K$D $$$FDs0F$9$k!# =>Mh$N$h$&$K!"3,AX3J;R9=B$$GI=8=$5$l$?%\%j%e!<%‘%9%i%$%9$r #2<!85G[Ns 9=B$ $G3JG<$9$k>l9g!"3JG<$9$k$?$a$KI,MW$H$J$k%a%b%j%5%$%:$,5pBg$K$J$j!" Bg$-$J3,AX3J;R9=B$$r07$&$3$H$O:$Fq$G$"$k!# $7 $? $,$C $F!" K\ 9F $G $O #2 <! 85 G[ Ns 9= B$ $N B> $K!" %i %s %l %s %0 %9 9= B$ !" quad- tree 9= B$ $N #3 <o $N %G!< %? 9= B$ $K $h $j %\ %j%e!< %‘ %9 %i %$ %9 $r I= 8= $9 $k $3 $H $K $h $j!"DcMFNL$G3JG<$9$k<jK!$rDs0F$9$k!# 3.1 %\%j%e!<%‘%9%i%$%9$N@8@. %\%j%e!<%‘%9%i%$%9J,3dJ}<0$r$H$k7W;;5!$K$*$$$F$O!"%\%j%e!<%‘%G!<%?$+ $i%\%j%e!<%‘%9 %i%$ %9$rCj =P$9$k I,MW $,$"$k!# K\@a$G $O!" o ctree $GI=8=$5 $l$l $?0lJU$N Bg $-$5 $, 2 n $N%\%j%e!< %‘6u 4V$r z <4$K?b D>$J J}8~ $KJ, 3d$7 $?>l 9g $K!" sl ice HVL\$N%\%j%e!<%‘%9%i%$%9$rF@$k$?$a$KI,MW$J<jB3$-$r5-=R$9$k!# $J$*!"3,AX3J;R$K$D$$$F$O%"%W%j%1!<%7%g%s$K$h$j%G!<%?9=B$$,Bg$-$/0[$J $k$N$G$3$3$G$O=R$Y$J$$!# 3.1.1 #2<!85G[Ns9=B$$N@8@. Octree 9= B$ $r ;} $D %\ %j%e!< %‘ %G!< %? $+ $i #2 <! 85 G[ Ns 9= B$ $G I= 8= $5 $l $? sl ice HV L\ $N %\ %j%e!< %‘ %9 %i %$ %9 $r <h F@ $9 $k <j =g $r <! $K <( $9!# $? $@ $7!" W riteMemory( adr , v al ue ) $O %a %b %j >e $N %" %I %l %9 adr $K CM v al ue $r 3J G< $9 $k 4X ?t $G $" $j!" Get3DAddress( x , y , z ) $O!" o ctree >e$N #3 <! 85:B I8 CM $r %"%I %l %9 $K JQ49 $9 $k 4X?t $G $" $j!" ?^ 3.1(a) $K <( $9 %5 %s %W %j %s %0 =g =x $G %G!< %? $, 3J G< $5 $l $F $$ $k >l 9g $O!" 2 2 � z +2 1 � y + 2 0 � x $H$J$k!# Algorithm 1 Octree 9=B$$+$i#2<!85G[Ns9=B$$N@8@. 12

?^ 3.1: %\%/%;%k%G!<%?3JG<=g=x ?^ 3.2: Octree $+$i$N quad-tree $NCj=P 1 function Generate2D Arra yfromOctree() 2 b egin 3 for y p = 1 to %9%/%j!<%s$N9b$5 4 for x p = 1 to %9%/%j!<%s$NI} b egin 5 ptr = C5:wBP>]$H$J$k Octree $N:,@aE@$X$N%]%$%s%? ; 6 i = n � 1; 7 while i � 0 do b egin 8 ptr = ReadMemory(ptr + Get3DAddress( slice i ; y i ; x i ); 9 if ptr $,%\%/%;%k%G!<%? then break ; 10 if ptr $,;R@aE@$X$N%j%s%/ then i = i � 1; 11 end 12 W riteMemory( Get 2 DAddr ess (2 n � y + x ) � S iz eof V oxel , ptr ); 13 end 14 end 13

3.1.2 quad-tree 9=B$$N@8@. o ctree 9=B$ $N:,@a E@$X $N%]%$ %s%? ptr $rF~ NO$H$7 $F$H$j!" quad-tree $N @8@. $r9T$$!"@8@.$5$l$? quad-tree $N:,@aE@$rJV$94X?t$O<!$N$h$&$KDj5A$G$-$k!# quad-tree 9= B$$O!" o ctree 9=B$$r $b$D%\ %j%e!<%‘%G!< %?$N z <4 J}8~$N C5:wHO 0O$rEv3:%9 %i%$%9$r<($9 sl ice= 2 lev el mo d 2 $K8BDj$7$? >e$G!" o ctree $r:F5"E* $KC5:w$9$k$3$H$K$h$C$F<hF@$9$k$3$H$,$G$-$k!# Algorithm 2 o ctree $+$i$N quad-tree $N@8@. 1 function GenerateQuadT reefromOctree( ptr , x , y , l ev el ) 2 f ptr : C5:w$r3+;O$9$k@aE@$r;X$9%]%$%s%? g 3 f x , y : C5:w$r9T$&NN0h$r;X$9!# x , y 2 f 0, 1 g g 4 f l ev el : C5:w$r9T$& quad-tree $N%l%Y%k g 5 b egin 6 ptr = ReadMemory(Get3DAddress( x; y ; sl ice= 2 lev el mo d 2)); 7 if ptr $,%\%/%;%kCM then 8 return ptr ; 9 return MakeQuadT ree( 10 GenerateQuadT reefromOctree( ptr , 0, 0, l ev el � 1), 11 GenerateQuadT reefromOctree( ptr , 1, 0, l ev el � 1), 12 GenerateQuadT reefromOctree( ptr , 0, 1, l ev el � 1), 13 GenerateQuadT reefromOctree( ptr , 1, 1, l ev el � 1) ); 14 end $3$3$G!" Mak eQuadT ree( a , b , c , d ) $O quad-tree $N@aE@$r@8@. $7!"@aE@$N #4 $D$NMWAG $K$= $l$> $l:8 $+$i a , b , c , d $r3JG<$7!" @8@. $7$? @aE@ $X$N %]%$ %s%? $rJV $94X?t$G$"$k!# $3$N <j =g $r E, MQ $9 $k $3 $H $K $h $j!" ?^ 3.2 $N$h $& $K o ctree 9=B$ $N %\ %j%e!< %‘ %G!< %?$+ $iG$0U$N %\%j%e!<%‘%9 %i%$%9$r quad-tree 9=B$ $H$7$FCj =P$9$k$3 $H$,$G$- $k!# 3.1.3 %i%s%l%s%0%99=B$$N@8@. o ctree 9=B$ $N %\ %j%e!< %‘ %G!< %? $r %" %k %4 %j %: %‘ 2 $rMQ $$ $F quad-tree 9=B$ $N %\ %j%e!<%‘%9%i%$%9$KJQ49$9$k!#$3$N%\%j%e!<%‘%9%i%$%9$r%9%-%c%s%i%$%s$4$H $K:F5"E*$KAv::$9$k$3$H$K$h$C$F%i%s%l%s%0%99=B$$r<hF@$9$k$3$H$,$G$-$k!# $3$3$G$O!" quad-tree $r x <4J}8~$KAv::$9$k>l9g$r9M$(!"%l%Y %k l $N@aE@$G 14

?^ 3.3: quad-tree $NNc ?^ 3.4: quad-tree 9=B$ F@$?%\%/%;%kCM$O!" x <4J}8~$K 2 l $ND9$5$r;}$D%\%/%;%k$H$7$F=PNO$9$k!# 0J>e $^$H$a$k $H!"<!$N%" %k%4%j%:%‘ $K$h$j quad-tree 9=B$ $+$i%i%s %l%s%0%9 9=B$$rCj=P$9$k$3$H$,2DG=$G$"$k!# Algorithm 3 quad-tree $+$i$N%i%s%l%s%0%9%G!<%?Cj=P 1 function T ra v erseQuadT ree( ptr , x , y , scanl ine , l ev el ) 2 f ptr : C5:w$r3+;O$9$k@aE@$r;X$9%]%$%s%? g 3 f x , y : C5:w$r9T$&NN0h$r;X$9!# x , y 2 f 0, 1 g g 4 f scanl ine : %i%s%l%s%0%9>pJs$r<hF@$9$k%9%-%c%s%i%$%sHV9f g 5 f l ev el : C5:w$r9T$& quad-tree $N%l%Y%k g 6 b egin 7 ptr = ReadMemory( x + y � 2); 8 if ptr $,%\%/%;%kCM then 9 return < ptr; l ev el > ; 10 FIFO T ra v erseQuadT ree( ptr , 0, scanl ine= 2 lev el mo d 2, scanl ine , l ev el � 1); 11 FIFO T ra v erseQuadT ree( ptr , 1, scanl ine= 2 lev el mo d 2, scanl ine , l ev el � 1); 12 end $3$N <B9T7k2L!" FIFO 1) $K$O ;XDj$5$l$? %9%-%c%s%i%$ %s$N%i%s%l%s %0%9>pJs $, 3JG< $5 $l$k!# ?^ 3.3 $N %\%j%e!< %‘ %9%i %$ %9$r >e 5-$N %" %k%4 %j %:%‘ $K $*$$ $F!" %9%-%c%s%i%$%s$4$H$K%i%s%l%s%0%9%G!<%?$rCj=P$7$?7k2L$rI= 3.1 $K<($9!# 1) First-in First-Out %a%b%j9=B$ 15

I= 3.1: FIFO $NFbMF %9%-%c%s%i%$%s 9‘L\ FIFO $NFbMF %l%Y%k 1 1 2 - 0 %\%/%;%kCM A B C - %l%Y%k 1 1 2 - 1 %\%/%;%kCM A B C - %l%Y%k 0 0 1 2 2 %\%/%;%kCM D E F C %l%Y%k 0 0 1 2 3 %\%/%;%kCM G H F C %9%-%c%s%i%$%s 9‘L\ FIFO $NFbMF %l%Y%k 1 1 2 - 4 %\%/%;%kCM I J K - %l%Y%k 1 1 2 - 5 %\%/%;%kCM I J K - %l%Y%k 1 1 2 - 6 %\%/%;%kCM L M K - %l%Y%k 1 1 2 - 7 %\%/%;%kCM L M K - 3.2 ;k@~F~<M=g@)8f %l%$%-%c%9%F%#%s%0K!$G%\%j%e!<%‘%l%s%@%j%s%0$r9T$&>l9g!"%9%/%j!<%s>e $N3F %T %/ %; %k $K BP $7 $F!" ;; =P $5 $l $? ;k @~ %Y %/ %H %k $, $D $i $L $/ %\ %/ %; %k %G!< %? $r 3F %\%j%e!<%‘%9%i %$%9 $+$iFI $_=P $9=hM} ( %5%s%W%j%s %0 $H 8F$V ) $,I,MW $G$"$k!# $7 $+$7$J$,$i!"%l%$%-%c%9%F%#%s%0K!$K$h$j@8$8$?;k@~%Y%/%H%k$O;kE@!"%T%/%; %k$* $h $S%\ %j%e!< %‘ 6u 4V $N 0L CV 4X78 $K $h $j JQ 2= $9 $k $?$a ?^ 3.5 $N$h$& $K %\ %j%e!< %‘%9%i%$%9>e$N3F%G!<%?9=B$$KBP$9$k%i%s%@%‘%"%/%;%9$,@8$8$k!# 2 <! 85G[Ns 9=B$$G $O!"%i %s%@%‘ %"%/%; %9$KBP $7$F$b 9bB.$J %\%/%; %k%G!<%? $X $N%" %/%;%9$, 2DG=$G$"$k $,!"%i%s%l %s%0%99= B$$*$h$S quad-tree 9=B$ $K$*$$$F $O!" Bh 2.4 @a$G =R $Y$? $h$& $K 3F%G!< %?9= B$ $KE, 1~$7 $? =g=x $G $N%" %/%; %9 $K4X $7 $F$N$_Dc%l%$%F%s%7$G$N%G!<%?<hF@$,2DG=$G$"$k!#$=$N$?$a!"%\%j%e!<%‘%9%i %$%9$KBP$9$k%i%s%@%‘%"%/%;%9$,I,MW$J%l%$%-%c%9%F%#%s%0K!$G$O=hM}B.EY$N Dc2<$,Hr$1$i$l$J$$!# K\>O$G$O!";k@~$N%\%j%e!<%‘%9%i%$%9$X$NF~<M=g=x$r@)8f$9$k$3$H$K$h$j!" %\%j%e!<%‘%9%i%$%9>e$r$D$i$L$/;k@~$,IA$/50@W$r>o$K%\%/%;%k%9%-%c%s%i%$ %s$KJ?9T$+$D0lDjJ}8~$K$9$k$3$H$G!"%G!<%?$N%"%/%;%9=g=x$r@)8B$9$k<jK!$r Ds0F$9$k!# 3.2.1 J?9TEj1FK! $3$3$G$O!"%\%j%e!<%‘%G!<%?$O?^ 3.6 $N$h$&$K x , y , z 6u4V$N3F<4$K?bD>$K0L CV$7!" z <4$K?bD>$JJ?LL$K$h$C $F%\%j%e!<%‘%9%i%$%9$K J,3d$5$l$F$$$k$b$N$H $9$k!#$^ $?!":B I8 86E@ $+ $i%9 %/%j!< %s $N:8 >e $X$N %Y%/ %H %k$r S b = ( b x ; b y ; b z ) !" 16

?^ 3.5: %\%/%;%k%G!<%?$X$N%i%s%@%‘%"%/%;%9 %9%/%j!<%s$N?eJ?J}8~$NC10L%Y%/%H %k$r S h = ( h x ; h y ; h z ) !"%9%/%j!<%s$N?bD> J}8~$NC10L%Y%/%H%k$r S v = ( v x ; v y ; v z ) $HDj5A$9$k!# $3$3$G!"<B%9%/%j!<%s$KBP$7<!$N <LA| f $GDj5A$5$l$k2>A[%9%/%j!< %s$rA[Dj $9$k!#2>A[%9%/%j!<%s>e$N:BI8 ( p , q ) $KBP$7$F q HVL\$N%9%-%c%s%i%$%s$+$i=P $5$l$k;k@~$OG$0U$N%\%j%e!<%‘%9%i%$%9>e$G x <4$KJ?9T$J50@W$r;}$D!# f : s x s y ! = 1 0 k z 1 ! p q ! (3.1) $3$3$G k z $O!" k z = � � � � � � h y h z n y n z � � � � � , � � � � � v y v z n y n z � � � � � (3.2) $G$"$k!# =>$C$F!"2>A[%9%/%j!<%s>e$N%9%-%c%s%i%$%s$KJ?9T$K;k@~$r@8@.$9$k$3$H$K $h$j!"G$0U$N%\%j%e!<%‘%9%i%$%9$KBP$7$F>o$K%\%/%;%k%9%-%c%s%i%$%sJ}8~$K ;k@~$rF~ <M$9 $k$3 $H$, $G$- $k!#$^ $?!"<! $N%9 %-%c%s J}8~ $NH= JL<0 D $NId9f $K$h $j!">o$K0lDjJ}8~$K;k@~$rF~<M$9$k$3$H$,$G$-$k!JBh 3.4.1 @a;2>H!K!# D = 1 n z � � � � � h x h z n x n z � � � � � + k z � � � � � v x v z n x n z � � � � � ! DL>o$N;k@~$NF~<M=g$H!"F~<M=g=x$,@)8f$5$l$?7k2L!"@8@.$5$l$k;k@~$NMM;R $r?^ 3.7 $K <($9!#$3$3$G %9%-%c%s%i %$%s$N79 $-$O � k $H $J$j!"J}8~ $O D $NId9f $K$h$j7hDj$9$k!# 17

?^ 3.6: J?9TEj1FK!$K$h$k%l%$%-%c%9%F%#%s%0 ?^ 3.7: ;k@~F~<M=g=x@)8f 3.2.2 F);kEj1FK! %\%j%e!<%‘%G!<%?$O!"J?9TEj1FK!$N>l9g$HF1MM$K3F:BI8<4$K?bD>$KCV$+$l$F $*$j!" z <4$K?bD>$JJ?LL$K$h$C $F%\%j%e!<%‘%9%i%$%9$K J,3d$5$l$F$$$k$H$9$k !J?^ 3.8 !K!#;kE@ $N 0LCV %Y %/%H %k $r E !";k E@ $+$i %9 %/%j!< %s $N:8 >e $X$N %Y %/%H %k $r S b = ( b x ; b y ; b z ) $H$7!" J? 9TEj 1FK! $HF1 MM $K<0 !J 3.1 !K$N <L A| f $G 2> A[%9 %/ %j!<%s$rDj5A$9$k!#$?$@$7 k z $O!" k z = � � � � � � h y h z b y b z � � � � � , � � � � � v y v z b y b z � � � � � (3.3) $H$9$k!# F);kEj1FK!$K$* $$$F%9%/ %j!<%s$r9= @.$9$k%Y %/%H%k$G $"$k S h $H S v $r<!$N$h $&$K@)8B$9$k$3$H$K$h$j!"2>A[%9%/%j!<%s>e$N%9%-%c%s%i%$%s$K1h$C$F;k@~$r @8@.$9$l$P!"G$0U$N%\%j%e!<%‘%9%i%$%9$KBP$7$F>o$K%\%/%;%k%9%-%c%s%i%$%s J}8~$K;k@~$rF~<M$9$k$3$H$,$G$-$k!# 18

?^ 3.8: F);kEj1FK!$K$h$k%l%$%-%c%9%F%#%s%0 � � � � � h y h z v y v z � � � � � = 0 (3.4) $^$?!"<!$N %9 %-%c%s J}8~ $NH= JL<0 D $NId9f $K$h $j!" 2>A[ %9%/ %j!<%s >e$G $N%9 %-%c%sJ}8~$r7h$a$k$3$H$K$h$j!"%\%j%e!<%‘%9%i%$%9$K>e$G>o$K0lDj$NJ}8~$K ;k@~$rF~<M$9$k$3$H$,$G$-$k!JBh 3.4.2 @a;2>H!K!# D = ( n � e z ) w 2 � � � � � h x h z b x b z � � � � � + k z � � � � � v x v z b x b z � � � � � ! $?$@$7 w = b z + p ( h z + k z v z ) + q v z $G$"$k!# 3.3 %\%/%;%k%G!<%?$X$N%"%/%;%9<jK! ;k@~ F~ <M =g @) 8f $r 9T $& $3 $H $K $h $j!" %\ %j%e!< %‘ %9 %i %$ %9 $K BP $9 $k %\ %/ %; %k %G!< %?$N%5%s%W%j%s%0J}8~$r x <4@5J}8~$K8BDj$9$k$3$H$,$G$-$k!#K\>O$G$O!"$3 $N O"B3@-$rMxMQ$7%W%m%;%C%5$H%\%j%e!<%‘%a%b%j$H$N4V$K!"%\%/%;%k%G!<%?%"%/ %;%95!9=$rIU2C$9$k$3$H$K$h$j!"9=B$2=$5$l$?%\%j%e!<%‘%9%i%$%9$+$i!"%\%/ %;%k%G!<%?$rDc%l%$%F%s%7$G%5%s%W%j%s%0$9$k<jK!$rDs0F$9$k!# 3.3.1 #2<!85G[Ns9=B$ #2<!85G[Ns9=B$$G$O!"%\%j%e!<%‘%9%i%$%9>e$N:BI8$H%a%b%j>e$N%\%j%e!<%‘ %G!<%?$H$NBP1~$,C1=c$G$"$j!"7W;;$K$h$j%"%I%l%9$r5a$a$k$3$H$,$G$-$k!#%\ %j%e!<%‘%9 %i %$%9 $N Bg $-$5 $r 2 n $H$7!" ;k @~$, %\ %j%e!< %‘%9 %i %$%9 $r DL 2a$9 $k :B 19

I8$r ( x , y ) 1) $H$9$k $H$-!"%\%/%;%k%G!<%?$r<hF@$9$k$K $O<!<0$,<($9%"%I%l%9 $K$"$k %a %b %j>e $N %G!< %?$r FI $‘ $@$1 $G $h $$!#$? $@ $7!" S iz eof V oxel $O 1 $D$N%\ %/%;%k%G!<%?$r3JG<$9$k$?$a$KI,MW$J%G!<%?%5%$%:$G$"$k!# ( y � 2 n + x ) � S iz eof V oxel (3.5) $3$N<j=g$O<!$N$h$&$K =q$-I=$;$k!#$? $@$7!" ReadMemory( adr ) $O%a%b%j>e $N%"%I%l%9 adr $K3JG<$5$l$F$$$kCM$rJV$94X?t$G$"$k!# Algorithm 4 #2<!85G[Ns$+$i$N%\%/%;%k%G!<%?<hF@K! 1 function GetV o xelV aluefrom2D Arra y( x , y ) 2 f x , y : %5%s%W%j%s%0$r9T$&%\%/%;%k$N:BI8 g 3 b egin 4 return ReadMemory(( y � 2 n + x ) � S iz eof V oxel ); 5 end 3.3.2 %i%s%l%s%0%99=B$ %\%j%e!< %‘%9%i %$%9$N Bg$-$5 $r 2 n $H$7!" %5%s%W %j%s%0 $9$k:B I8$r ( x; y ) $H $9$k$H$-!"3F%9%-%c%s%i%$%s$N%i%s%l%s%0%99=B$$N@hF,%"%I%l%9$r<hF@$7!"@h F,$N%i%s $+$i%i%sD9 L i $r=g<!2C;;$9$k$3$H$G!" X i � 1 � x < X i (0 < i < n ) $r K~$?$9 %i%s i $r 5a$a $k!#$? $@$7!" X � 1 = 0 $H Dj5A $9$k!# $3$N$H $-!" V i $,5a $a$k$Y$-%\%/%;%k%G!<%?$G$"$k!# $3$N <j=g$r$^$H $a$k$H<!$N $h$&$K$J$k!# $3$3$G GetRunLength( a , b ) $O%\ %/ %;%k%9%-%c %s%i%$%s a $N b HVL\$N%i%s$N%i%sD9 $r<hF@$9$k4X?t$G$" $k!#$^$?!" GetV o xelV alue( a , b ) $O %\%/ %; %k%9 %-%c %s%i %$ %s a $N b HV L\$N %i %s$N %\ %/%; %k %G!<%?$r<hF@$9$k4X?t$G$"$k!# Algorithm 5 %i%s%l%s%0%9Id9g$+$i$N%\%/%;%k%G!<%?<hF@K! ( #1 ) 1 function GetV o xelV aluefromRunlengthData1( x , y ) 2 f x , y : %5%s%W%j%s%0$r9T$&%\%/%;%k$N:BI8 g 3 b egin 4 X max = GetRunLength( y , 0); 5 i = 0; 1) $3$3$G$O!":BI8$N>.?tItJ,$O@Z$j<N$F$k!# 20

6 while x < X max do 7 i = i + 1; 8 X max = X max + GetRunLength( y , i ); 9 end 10 return GetV o xelV alue( y , i ); 11 end $3$N<j=g$G%\%/%;%k%G!<%?$rF@$k>l9g!"%5%s%W%j%s%0$r 9T$& x :BI8$,Bg$-$/ $J$l$P$J$k$[$I!"B?$/$N%a%b%j%"%/%;%9$rI,MW$H$7<BMQE*$G$O$J$$!# $7 $+ $7!"Bh 3.2 @a $N ;k@~ F~ <M=g $N @)8f $K $h$j!" %\ %j%e!<%‘ %9 %i%$ %9 $X$N %" %/ %;%9$O x <4J}8~$KBP$7$F>o$KA}2C$9$kJ}8~$K8BDj$9$k$3$H$,2DG=$G$"$k!# =>$C $F!"D>A0$N%5%s%W%j%s%0;~$K5a$a$?%i%s$N@dBP:BI8$r5-21$7$F$*$-!"?7$?$K%5 %s%W%j%s%0$9$k%G!<%?$N@dBP:BI8$HHf3S$9$k$3$H$K$h$j!"%\%/%;%k%G!<%?FI$_ =P$7$KMW$9$k%a%b%j%"%/%;%92s?t$N:o8:$,4|BT$G$-$k!# D>A0 $K%5 %s %W %j %s %0 $5 $l$? %\ %/ %; %k %G!< %?$r ;} $D %i %s $N 0L CV$r <( $9 X pos $H!" $=$N%i%s$,@j $a$kNN0h$rI=$9 x :BI8$N>e8BCM X max $r $=$l$>$l5-21$7$F$*$-!" ?7$? $K%5%s %W%j%s %0$9$k %\%/%;%k $N:BI8 $r ( X , Y ) $H$9$k $H$-!"<! $N$h$& $K%\ %/%;%k%G!<%?$N<hF@$r9T$&!# � X � X max $N$H$- X pos $N%i%s$,;}$D%\%/%;%k%G!<%?$,5a$a$k%\%/%;%k%G!<%?$G$"$k!# � X > X max $N$H$- X pos $r<! $N %i %s $N 0L CV $K 0\ F0 8e!" ?7 $? $J %i %s $r %a %b %j $+ $i FI $_ =P $7!" X max $K?7$? $K FI$_ =P $7$? %i %sD9 $r 2C$(!" X � X max $H$J$k $^$G >e 5-$N =h M}$r 7+ $jJV$79T$&!# $3$N%"%k%4%j%:%‘$O<!$N$h$&$K<B8=$5$l$k!# Algorithm 6 %i%s%l%s%0%9Id9g$+$i$N%\%/%;%k%G!<%?<hF@K! ( #2 ) 1 function GetV o xelV aluefromRunlength2( x , y ) 2 f x , y : %5%s%W%j%s%0$r9T$&%\%/%;%k$N:BI8 g 3 b egin 4 while x < X max do 5 X max = X max + GetRunLength(y , X pos ); 6 X pos = X pos + 1; 7 end 21

8 return GetV o xelV alue(y , X pos � 1); 9 end $3$N%"%k%4%j%:%‘$r%O!<%I%&%’%"$G<BAu$9$k>l9g!" X pos , X max $N4IM}NN0h $, 2 n 8D I,MW $H $J$k $3 $H$, Ld Bj$H $J $k$,!" ;k @~$N F~ <M=g =x $r@) 8f $9$k $3 $H$K $h $j!"#1$D$KM^$($k$3$H$,2DG=$G$"$k!# 3.3.3 quad-tree 9=B$ %\ %j%e!< %‘%9 %i %$ %9$N 0l JU$N Bg $- $5$r 2 n $H$9 $k!# %5 %s%W %j %s%0 $9 $k :BI8 $r ( x; y ) $H$9$k$H$-!"%\%/%;%k%G!<%?$O<!$N<j=g$GF@$k$3$H$,$G$- $k [8] !#$J$*!" $3$3$G K i $O K $N i bit L\$NCM$r0UL#$9$k!# Algorithm 7 quad-tree $+$i$N%\%/%;%k%G!<%?<hF@K! 1 function GetV o xelV aluefromQuadT ree1( x , y ) 2 f x , y : %5%s%W%j%s%0$r9T$&%\%/%;%k$N:BI8 g 3 b egin 4 ptr = C5:wBP>]$H$J$k quad-tree $N:,@aE@$X$N%]%$%s%? ; 5 i = n � 1; 6 while i � 0 do 7 ptr = ReadMemory( ptr + 2 � y i + x i ); 8 if ptr $,%\%/%;%k%G!<%? then return ptr ; 9 if ptr $,;R@aE@$X$N%j%s%/ then i = i � 1; 10 end 11 end $3$N <j =g $G $O!" >o $K quad-tree $N:, @a E@ $+ $i %\ %/ %; %k %G!< %? $N C5 :w $r 9T $J$C $F $$$k!#=>$C$F!"#1$D$N%\%/%;%k%G!<%?$r%5%s%W%j%s%0$9$k$?$S$K!"$=$N%\%/%; %k%G!<%?$,B0$9$k@aE@$N9b$5$KHfNc$9$k2s?t$N%a%b%j%"%/%;%9$,I,MW$H$J$j!" %\%/%;%k%G!<%?<hF@=hM}$NB.EY8~>e$rK8$2$F$$$k!# $7$+$7$J$,$i!"A0=R$N$H$*$j%\%j%e!<%‘%G!<%?$KBP$9$k%"%/%;%9$N6u4VE*$J O"B3@-$r9MN8$7!"D>A0$N%5%s%W%j%s%0$N:]$K3F%l%Y%k$GK,$l$?@aE@$N%]%$%s%? $+$i!"?7$?$K%5%s%W%k$9$k:BI8$N%"%I%l%9$r5a$a$k$3$H$K$h$j%a%b%j%"%/%;%9 $N2s?t$r8:$i$9$3$H$,$G$-$k$H;W$o$l$k!#$h$C$F!"K\9F$G$O<!$N<jK!$K$h$k%\ %/%;%k%G!<%?<hF@$r9T$&!# $3$3 $G!"D>A0$K %5%s%W%j %s%0$7$? %\%/%;%k $N%l%Y%k $r L !" :BI8$r ( x , y ) !"?7 $?$K%5 %s %W %j%s %0 $9$k %\ %/ %;%k $N :B I8$r ( X , Y ) !"%\%j%e!< %‘ %9 %i%$ %9 $N Bg$- $5 22

$r 2 n $H$9$k$H!" X $H x $K$D$$$F!" (n-1) bit $+$i L bit Hf3S$r9T $J$$!"$H $b$K k bit(0 � k � L ) O"B3$7$F0lCW$7$?>l9g!"<!$N$3$H$,9M$($i$l$k!# � ( k = L ) $N>l9g A02s%5%s%W%j%s%0$7$?E@$H!"?7$?$K%5%s%W%j%s%0$9$kE@$O!"F1$8%\%/%;%k %G!<%?$r;}$D$N$G!"?7$?$K%a%b%j$+$i%\%/%;%k%G!<%?$rFI$_=P$9I,MW$O$J $$!# � ( k < L ) $N>l9g A02s $NC5:w ;~$KJ] B8$7$F $$$?%l %Y%k k + 1 $N @aE@$X $N%]%$ %s%?$+ $i quad- tree $rC5:w$9$k$3$H$G!"?7$7$$%5%s%W%j%s%0%]%$%s%H$N%\%/%;%k%G!<%?$r F@$k$3$H$,$G$-$k!# $3$N<j=g$O<!$N$h$&$K=q$-I=$;$k!# Algorithm 8 quad-tree $+$i$N%\%/%;%k%G!<%?<hF@K! ( #2 ) 1 function GetV o xelV aluefromQuadT ree2( L , x , y , X , Y ) 2 f L : D>A0$K%5%s%W%j%s%0$7$?%\%/%;%k$N%l%Y%k g 3 f x , y : D>A0$K%5%s%W%j%s%0$7$?%\%/%;%k$N:BI8 g 4 f X , Y : ?7$?$K%5%s%W%j%s%0$9$k%\%/%;%k$N:BI8 g 5 f "($3$3$G K i $O K $N i bit L\$NCM$r0UL#$9$k!# g 6 b egin 7 k = 0; 8 while k < L and x n � k � 1 = X n � k � 1 do 9 k = k + 1; 10 f F10l%\%/%;%k$KBP$9$k%"%/%;%9$J$i!"A02s$HF1$8%\%/%;%k%G!<%?$rJV$9!# g 11 if k = L then return P r ev iousP ointer [ k + 1]; 12 ptr = P r ev iousP ointer [ k + 1]; 13 while true do b egin 14 ptr = ReadMemory( ptr + 2 � y n � k � 1 + x n � k � 1 ); 15 k = k + 1; 16 P r ev iousP ointer [ k + 1] = ptr ; 17 if ptr $,%\%/%;%k%G!<%? then return ptr ; 18 end 19 end quad-tree $+$i $N %\ %/ %; %k %G!< %? <h F@ Nc $H $7 $F!" D> A0 $N %5 %s %W %j %s %0 :B I8 E $r x = 1(001 2 ) ; y = 2(010 2 ) !"?7$?$J %5%s%W %j%s%0:B I8 F $r X = 1(010 2 ) ; Y = 23

?^ 3.9: quad-tree 9=B$$+$i$N%5%s%W%j%s%0 2(010 2 ) $N>l9g$r9M $($k ( ?^ 3.9) !#D>A0$N%5%s %W%j%s %0$K$* $$$F!"3F %l%Y%k $N%] %$%s%?$O ?^ 3.9(a) $N$h$&$K@_Dj $5$l$k!#$3$3$G%"%k%4 %j%:%‘ 8 $r E,MQ$9$k$H0J 2<$N$h$&$K?7$?$J%\%/%;%k%G!<%?$rF@$k$3$H$,$G$-$k!# 1. D>A0$N%5%s%W%j%s%0:BI8$H?7$?$J%5%s%W%j%s%0:BI8$rHf3S$9$k!# $3$N7k2L!" bit1 $G x 1 6 = X 1 1) $H$J$jAj0c$,@8$8$k!# 2. D>A0$N%5%s%W %j%s%0$G F@$?%l %Y%k 2 $N%]%$%s%? ptr [2] ( ?^ 3.9(a)) $r<hF@$9 $k!# ptr = P r ev iousP ointer [2] 3. 0J2<F1MM$K!"%\%/%;%k%G!<%?$,<hF@$G$-$k$^$G7+$jJV$9!# ptr = P r ev iousP ointer [3] = ReadM emor y ( ptr + 2 � y 1 + x 1 ); 4. ptr = R eadM emor y ( ptr + 2 � y 0 + x 0 ); 5. =*N; $3 $N;~ E@$G!" ?7$? $J %5%s %W%j %s%0 $N7k 2L!"<h F@ $7$? %\%/ %;%k %G!<%? $O ptr $H$J$k!#$^$?!" 3F%l%Y %k$N%] %$%s%? $O?^ 3.9(b) $N$h$& $KIU$1 BX$($i $l$F$$ $k!# 1) K i $O K $N i bit L\$NCM$r0UL#$9$k!# 24

3.4 ;k@~F~<M=g@)8f$N>ZL@ 3.4.1 J?9TEj1FK! %9%/%j!<%s>e$N:BI8$, ( x , y ) $NE@$r<($9%Y%/%H%k R $O<!<0$GI=$5$l$k!# R = S b + x S h + y S v $3 $N E@ R $r %\ %j%e!< %‘ 6u 4V Cf $N J? LL z = n $X J? 9T Ej 1F $7 $? E@ $r <( $9 %Y %/ %H %k R’ $O<!<0$GI=$5$l$k!# R’ = R + s ( x; y ; n ) S n $3$3$G s ( � ; � ; ) $O!" s ( � ; � ; ) = � ( b z + �h z + � v z ) n z =>$C$F!"2>A[%9%/%j!<%s>e$NE@ ( p , q ) $O<LA| f $h$j<!$N:BI8$r;}$D!# R’ = S b + p S h + ( q + pk z ) S v + s ( p; q + pk z ; n ) S n R’ $r p $GHyJ,$9$k$H0J2<$N$h$&$K$J$k!# d R ’ dp = S h + k z S v � h z + k z v z n z S n $3$3$G q $rDj?t$H $7$? $H$-!"%Y %/%H %k d R ’ =dp $N y @.J, d R y ’ =dp $, 0 $J$i!" $3$N<LA|$O%\%/%;%kJ?LL z = n >e$G x <4$KJ?9T$J50@W$rIA$/!# d R y ’ dp = h y + k z v y � n y n z ( h z + k z v z ) = 1 n z � � � � � � h y h z n y n z � � � � � + k z � � � � � v y v z n y n z � � � � � � = 1 n z � � � � � � h y h z n y n z � � � � � � � � � � � h y h z n y n z � � � � � � = 0 $h$C $F!" 2> A[ %9 %/ %j!< %s >e $N G$ 0U $N %9 %-%c %s %i %$ %s q >e $N E@ $O!" G$ 0U $N %\ %j%e!<%‘%9%i%$%9 n >e$K x <4$KJ?9T$J50@W$rIA$/$3$H$,>ZL@$5$l$?!# 25

0lJ}!"%5%s%W%j%s%0J}8~$O d R x ’ =dp $NId9f$K$h$j7h$^$k!# d R x ’ dp = h x + k z v x � n x n z ( h z + k z v z ) = 1 n z � � � � � � h x h z n x n z � � � � � + k z � � � � � v x v z n x n z � � � � � � 3.4.2 F);kEj1FK! %9%/%j!<%s>e$N:BI8$, ( x , y ) $NE@$r<($9%Y%/%H%k R $O<!<0$GI=$5$l$k!# R = E + S b + x S h + y S v $3$NE@ R $r!"%\%j%e!<%‘6u4VCf$N%9%i%$%9J?LL z = n $XF);kEj1F$7$?E@$r<( $9%Y%/%H%k R’ $O<!<0$GI=$5$l$k!# R’ = E + ( S b + x S h + y S v ) s ( x; y ; n ) $3$3$G s ( � , � , ) $O!" s ( �; � ; ) = � e z b z + � h z + � v z =>$C$F!"2>A[%9%/%j!<%s>e$NE@ ( p , q ) $O<LA| f $h$j<!$N:BI8$r;}$D!# R’ = E + s ( p; q + pk z ; n ) f S b + p S h + ( q + pk z ) S v g R’ $r p $GHyJ,$9$k$H0J2<$N$h$&$K$J$k!# d R ’ dp = ( n � e z ) w 2 ( q ( v z S h � h z S v ) + k z ( b z S v � v z S b ) + ( b z S h � h z S b ) ) $?$@$7!" w = b z + p ( h z + k z v z ) + q v z $G$"$k!# $3$3$G q $rDj?t$H $7$?$H $-!"%Y %/%H%k d R ’ =dp $N y @.J, d R y ’ =dp $, 0 $J$i$3 $N<LA|$O%\%/%;%kJ?LL z = n >e$G x <4$KJ?9T$J50@W$rIA$/!# d R y ’ dp = ( n � e z ) w 2 q � � � � � h y h z v y v z � � � � � + k z � � � � � v y v z b y b z � � � � � + � � � � � h y h z b y b z � � � � � ! $3$3$G k z $K<0 3.3 $rBeF~$7!"<0 3.4 $G<($5$l$k@)Ls$r9MN8$9$k$H!" 26 d R y ’ dp = ( n � e z ) w 2 � � � � � h y h z b y b z � � � � � � � � � � � h y h z b y b z � � � � � ! = 0 $3$N<LA|$O%\%/%;%kJ?LL z = n >e$G x <4$KJ?9T$JD>@~$r IA$/!#=>$C$F!"2>A[ %9%/ %j!<%s$NG$ 0U$N%9%-%c %s%i%$%s q >e$N E@$O!"G$0U $N%\%j%e!<%‘ %9%i%$%9 n >e$K x <4$KJ?9T$J50@W$rIA$/$3$H$,>ZL@$5$l$?!# $^$?!"%5%s%W%j%s%0J}8~$O d R x ’ =dp $NId9f$K$h$j7h$^$k!# d R x ’ dp = ( n � e z ) w 2 q � � � � � h x h z v x v z � � � � � + k z � � � � � v x v z b x b z � � � � � + � � � � � h x h z b x b z � � � � � ! = ( n � e z ) w 2 k z � � � � � v x v z b x b z � � � � � + � � � � � h x h z b x b z � � � � � ! 4 %\%j%e!<%‘%9%i%$%99=B$$NI>2A K\ >O $G $O!" Bh 2.5.3 >O $G =R $Y $? %\ %j%e!<%‘ %9 %i %$ %9 $r I= 8= $9 $k #2 <! 85 G[ Ns 9= B$ !" %i %s %l %s %0 %9 9= B$ !" quad-tree 9= B$ $N #3 $D $N %G!< %? 9= B$ $K $D $$ $F!" %\ %j%e!< %‘ %G!< %? $r 3J G< $9 $k $? $a $K I, MW $J 5- 21 MF NL !" 2D ;k 2= $K MW $9 $k =h M} ;~ 4V $H$$$&4QE@$+$i!"$=$NM}O@E*$J8B3&$r<($7!"<B:]$N0eNE2hA|$rMQ$$$?I>2A$r9T $&$3$H$K$h$j$=$NM-8z@-$r3N$+$a$k!# 4.1 %G!<%?3JG<MFNL 0lJU$, 2 n $N%\%j%e!< %‘ 6u 4V$N 2D ;k 2=$r 9T $J $$!"<g <4 J} 8~$K %\ %j%e!< %‘6u 4V $r %9%i%$%9$KJ,3d$7$?>l9g$N#1%9%i %$%9$N3JG<$KMW$9$kMFNL$rHf3S$9$k!# 1 %\%/ %;%k$r 3JG< $9$k $?$a $K I,MW $JMF NL$r Size ofV oxel !" %] %$%s %?$r 3JG< $9 $k$? $a$N %5 %$%: $r Size ofPointer !" %i %s D9 $r3J G< $9 $k $? $a$N %5 %$ %: $r Size ofR unL ength $H$9 $k!# 4.1.1 #2<!85G[Ns9=B$ #2<!85G[Ns$G$O!"#1%9%i%$%9J,$N%G!<%?$r3JG<$9$k$?$a$KI,MW$J%G!<%?%5%$ %:$O<!<0$N$H$*$j$G$"$k!# 2 2 n � S iz eof V oxel (4.1) 27

4.1.2 %i%s%l%s%0%99=B$ � %G!<%?%5%$%: %i%s%l%s%0%99=B$$G$O!"3F%9%-%c%s%i%$%s$N%i%s%l%s%0%9>pJs$rJ];}$9$k NN0h$H!"$=$NNN0h$X$N%]%$%s%?$r3JG<$9$kG[Ns$,!"%\%j%e!<%‘%9%i%$%9$r I=8=$9$k$?$a$KI,MW$JMFNL$r7h$a$k ( ?^ 2.6) !# G[ Ns $r3J G< $9 $k$? $a $KI, MW $J MFNL $O!" %\ %/%; %k %9%-%c %s %i %$%s ?t $, 2 n $J $N $G 2 n � S iz eof P ointer $H $J $k!# 0l J}!" %i %s %l %s %0 %9 >p Js $r 3J G< $9 $k $? $a $K I, MW $J MF NL $O!" J? 6Q %i %s D9 L $r MQ $$ $F 2 n =L � ( S iz eof V oxel + S iz eof RunLeng th ) $H$J$k!# =>$C$F!"<!$N5-21MFNL$,I,MW$H$J$k!# 2 n � f S iz eof P ointer + 2 n =L � ( S iz eof V oxel + S iz eof R unLeng th ) g (4.2) � 05=LN( #2<!85G[Ns9=B$$H%i%s%l%s%0%99=B$$KI,MW$J%a%b%jMFNL$rHf3S$9$k$H<!$N $h$&$K $J $k!#<0 (4.1), (4.2) $h$j!"%i %s%l %s %0 %99= B$ $rMQ $$ $F#2 <! 85 G[Ns 9= B$$r05=L$7$F3JG<$7$?>l9g$N05=LN( 1) $O!"<!<0$G<($5$l$k!# 2 � n � S iz eof P ointer S iz eof V oxel + 1 L � (1 + S iz eof RunLeng th S iz eof V oxel ) (4.3) $3 $3$G <0 (4.3) $, 1 0J2< $N$H $-!"%i %s%l %s %0%9 9=B$ $GI= 8=$5 $l$? %\ %j%e!< %‘%9%i%$%9$O#2<!85G[Ns9=B$$N$b$N$h$j>.$5$$MFNL$G3JG<$9$k$3$H$,$G$- $k!#$3$N$h$&$J L $r5a$a$k$H L > S iz eof RunLeng th + S iz eof V oxel S iz eof V oxel � 2 � n � S iz eof P ointer n $,Bg$-$$$H$- L > S iz eof RunLeng th + S iz eof V oxel S iz eof V oxel = 1 + S iz eof RunLeng th S iz eof V oxel 1) 05=LN( = 05=L8e$N%G!<%?%5%$%: 05=LA0$N%G!<%?%5%$%: 28

$3 $3$G S iz eof RunLeng th $H S iz eof V oxel $r 1 by te $H Dj5A $9$k $H!" n $, ==J,Bg$-$$$H$-!"J?6Q%i%sD9$, 2 0J>e$N$H$-$K%i %s%l%s%0%99=B$$K$h$k%\ %j%e!<%‘%9%i%$%905=L$OM-8z$J05=LK!$H$J$k$3$H$,<($5$l$?!#$3$l$O0eNE 2hA|$N$h$&$J6u4V<~GH?t$,Dc$$2U=j$,B?$$%G!<%?$G$OM-8z$G$"$k$3$H$r<( $7$F$$$k!# � :G0-$N>l9g$N%a%b%jMFNL %i%s%l%s%0%99=B$$K$h$j%\%j%e!<%‘%9%i%$%9$r3JG<$9$k>l9g!":G0-$N>l9g $OJ?6Q%i%sD9$,#1$N$H$-$G$"$k!#$3$N$H$-!"I,MW$H$J$k%G!<%?%5%$%:$O<! $N$H$*$j$G$"$k!# 2 n � S iz eof P ointer + 2 2 n ( S iz eof V oxel + S iz eof R unLeng th ) $3$l$O!"#2<!85G[Ns9=B$$N 2 � n � S iz eof P ointer + S iz eof R unLeng th S iz eof V oxel G\ $G$"$j n $,== J,Bg $- $$$H $-!" #2<! 85 G[Ns 9= B$ $N S iz eof RunLeng th S iz eof V oxel G\$N%a %b%jMFNL$,I,MW$H$J$k!# 4.1.3 quad-tree 9=B$ � %G!<%?%5%$%: quad-tree 9= B$ $G$O!" %\ %j%e!<%‘ %9 %i%$ %9 $rI= 8= $9$k $? $a$K I, MW$J @a E@?t $,3JG<$9$k$? $a$N%G!< %?%5%$%: $r7h$a $k!#$3$3 $G!"%l%Y%k L (1 � L < N ) $N%\%/%;%k$,%\%j%e!<%‘%9%i%$%9$N R L ( n X i =1 R i = 1) $r@j$a$k$H$-!" %l%Y%k L $N%\%/%;%k?t V L $O!" V L = 2 2 L � R L (1 � L < n ) (4.4) $H$J $k!#=>$C$F!"%l %Y%k L $N%9 %i%$%9$r 3JG<$9$k $?$a$KI, MW$J@a E@?t N L $O!"2<0L%l%Y%k$X$N%j%s%/$r9MN8$9$k$H<!<0$GI=$5$l$k!# N L = n � L X i =0 V n � i 4 n � L � i +1 V i $rBeF~$7$F N L = n � L X i =0 4 L � 1 � R n � i 29

$h$C$F!"9g7W@aE@?t S $O!" S = n X j =1 N j = n X j =1 n � j X i =0 4 j � 1 � R n � i $H$J$k!# 1 @a E@$K $O 4 $D $N%] %$%s %? $r3J G<$9 $kI, MW $,$" $k$? $a!" quad-tree $r 3J G< $9$k$?$a$KI,MW$J%G!<%?%5%$%:$O!"<!$N$H$*$j$G$"$k!# S iz eof P ointer � n � 1 X j =0 j X i =0 4 j � R i (4.5) � 05=LN( #2<! 85G[Ns9= B$$*$h$S quad-tree 9= B$$GI=8= $5$l$?%\ %j%e!<%‘%9 %i%$%9$r 3J G<$9 $k$?$a $KI, MW$J %a%b %jMFNL $rHf 3S$9 $k$H <!$N $h$&$K $J$k!# <0 (4.1), (4.5) $h$j!" quad-tree 9=B$ $K$h $k05 =LN( r $O!"%l%Y %k L $N%\%/ %; %k$, @j$a $kLL@QHf R L ( n X i =1 R i = 1) $rMQ$$$F<!<0$GI=$5$l$k!# r = S iz eof P ointer S iz eof V oxel � n X j =1 4 j � n n � j X i =0 R n � i $3$3$G j X i =1 R n � 1 $J$N$G r � S iz eof P ointer S iz eof V oxel � n X j =1 4 j � n = 4 3 � S iz eof P ointer S iz eof V oxel � (1 � 4 � n � 1 ) $3$3$G n $,==J,Bg$-$$$H$- = 4 3 � S iz eof P ointer S iz eof V oxel $3$l $O B( $A!" >p Js NL $r J] B8 $7 $J $, $i quad-tree $K$h $j 9= B$ 2= $7 $? >l 9g $K $O!" $=$N05=LN($, 4 � S iz eof P ointer 3 � S iz eof V oxel $r1[$($k$3$H$O$J$$$3$H$r<($9!# 30

I= 4.1: %\%j%e!<%‘%9%i%$%93JG<$KMW$7$?%G!<%?%5%$%: %\%j%e!<%‘ MWAG?t MWAG$"$?$j$N 4IM}NN0h 9g7W%G!<%? %G!<%?$N %G!<%?9=B$ %G!<%?%5%$%: %5%$%: %5%$%: L)EY ( 8D ) ( by te / 8D ) ( by te ) ( by te ) 2 <!85G[Ns9=B$ 65536 1 2 65538 (a) 9bL)EY %i%s%l%s%0%99=B$ 19201 2 514 38916 quad-tree 9=B$ 8382 8 � 2 43228 2 <!85G[Ns9=B$ 65536 1 2 65538 (b) CfL)EY %i%s%l%s%0%99=B$ 11725 2 514 23964 quad-tree 9=B$ 4956 8 � 2 25392 2 <!85G[Ns9=B$ 65536 1 2 65538 (c) DcL)EY %i%s%l%s%0%99=B$ 2937 2 514 6388 quad-tree 9=B$ 1162 8 � 2 6056 � :GL)3J;R%5%$%:$N%\%/%;%k%G!<%?$r3JG<$9$k$?$a$N%G!<%?%5%$%:$O 4 by te $G;;=P!# � :G0-$N>l9g$N%a%b%jMFNL quad-tree 9= B$ $K$h $j %\%j%e!< %‘ %9%i %$ %9$r 3J G<$9 $k $H$-!" 3J G<$K I, MW$J %a%b%jMFNL$,:GBg$K$J$k$N$O!"%\%j%e!<%‘%9%i%$%9$,A4$F:G2<AX$N%\%/%; %k $K $h $j @j $a $i $l $k $H $- $G $" $j!" <0 (4.5) $K $* $$ $F R n = 1 ; R i = 0( i 2 f 1 ; 2 ; : : : ; n � 1 g ) $N$H$-$G$"$k!#=>$C $F!" quad-tree $r3JG<$9$k$?$a$KI, MW$J%a%b%jMFNL$O!"<!$N$H$*$j$G$"$k!# S iz eof P ointer � n X j =1 4 j � 1 � R n = 1 3 � (4 n � 1) � S iz eof P ointer 4.1.4 0eNE2hA|$K$h$k%\%j%e!<%‘%G!<%?%5%$%:$NI>2A 2 <! 85 G[ Ns 9=B$ !" %i %s %l %s %0 %9 9= B$ !" quad-tree 9= B$ $N 3 $D$N %G!< %? 9= B$ $K$D$$$F!"%\%j%e!<%‘%9%i%$%9$rI=8=$9$k$?$a$KI,MW$J %G!<%?%5%$%: $rCN$k$? $a!"?M 4V $N F, It $N %\ %j%e!< %‘ %G!< %? 1) $rMQ $$ $? I> 2A $r 9T $&!# I> 2A $K $O!" %\ %j%e!< %‘ %G!<%? $K@j $a$k J*BN $N3d 9g$, 0[$J $k 3 $D $N%\ %j%e!<%‘ %9%i %$%9 $rMQ $$$? ( ?^ 4.1) !# 1) 256 3 %\%/%;%k , 1 %\%/%;%k$"$?$j 8bit 31

(a) 9bL)EY (b) CfL)EY (c) DcL)EY ?^ 4.1: %\%j%e!<%‘%5%$%:$NI>2A$KMQ$$$?%\%j%e!<%‘%9%i%$%9 ?^ 4.2: quad-tree %l%Y%kJL@aE@?t %G!<%? FC@- %\ %j%e!<%‘%G!<%?$K $D$$$F quad-tree $r9=@.$7!"%l%Y %kJL$N@aE@ ?t ( ?^ 4.2) $H!"%l%Y%kJL$NLL@QHf ( ?^ 4.3) $r5a$a$?!# %l%Y%kJL$NLL@Q Hf$K$*$$$F!" Dc%l%Y%k AX (Level 2) $H9b%l%Y%kAX (Level 8) $K %T!<%/$,8+<u$1$i$l$k!#9b$$%l%Y%kAX$N%T!<%/$O!"%\%j%e!<%‘%9%i%$%9$N6u4V <~GH?t$,9b$$ItJ,$rL)EY$N9b$$3J;R$G%5%s%W%j%s%0$7$F$$$k$3$H$r<($9!#Dc$$ %l%Y%kAX$N%T!<%/$OJ*BN<~JU$N6uGrItJ,$,>/$J$$@aE@$G8zN(NI$/3JG<$5$l$F$$ $k$3$H$r<($7$F$$$k!# 32

?^ 4.3: quad-tree %l%Y%kJLLL@QHf 3J G<MF NL ?^ 4.1 $K <( $9%\ %j%e!<%‘ %9 %i%$ %9$r!" 3F9= B$ $GI= 8=$9 $k $?$a $KMW $7 $?%G!<%?%5%$%:$rI= 4.2 1) $K<($9!# %i %s %l %s %0 %9 9= B$ $K $h $k 05 =L $N 7k 2L!" 2 <! 85 G[ Ns 9= B$ $K BP $7 $F L) EY $K $h $j 9.7% !A 59.4% $N%G!<%? %5 %$ %: $G 3JG< $5 $l $?!# 0lJ}!" quad-tree 9=B$ $N MWAG $" $? $j$N%G!< %?%5 %$%: $O 8byte $@$,?^ 4.2 $K<($9 $h$& $K quad-tree 9=B$$N @aE@ $NBg It J,$O:GBg%l%Y%k$N%\%/%;%k%G!<%?$G$"$j!"$=$l$i$O$b$O$dJ,3d$9$kI,MW$,$J$$ $N$G!" %] %$ %s%? $r 3J G< $9 $k $? $a $N NN 0h$O I, MW $J $/!" MW AG $" $? $j $N %5%$ %: $r 4 by te $K$9 $k$3$H$, $G$-$k!#$3$N E@$r9MN8 $9$k$H quad-tree 9=B$$r 3JG<$9$k $?$a$KI, MW$J%G!<%?%5%$%:$O!"$=$l$>$l 43228, 25392, 6056 by te $H$J$j 2 <!85G[Ns9=B$ $KBP$7$F 9.2% !A 66.0% $N%G!<%?%5%$%:$G3JG<$5$l$?!# 4.1.5 Nt2=$,5v$5$l$k4D6-$K$*$1$k%\%j%e!<%‘%G!<%?MFNLHf3S #3<!857WB,5!4o$+$i=PNO$5$l$k%\%j%e!<%‘%G!<%?$N$"$k%\%/%;%k$K$O!"$=$N NY@\ %\ %/ %; %k$H $N 6/ $$ Aj 4X $, $" $k!# $= $3 $G!" %i %s %l %s %0 %99= B$ $^ $? $O quad-tree 9=B$ $G 5v MF $5 $l $? HO 0O Fb $N <+ >h 8m :9 $r ;} $D 6a K5 %\ %/ %; %k $r 0l $D $K $^ $H $a $F 3J G< $9 1) I= Cf $N MW AG$" $? $j $N %G!< %?%5 %$ %: $O!" %\%/ %; %k %G!< %? 3JG< %5 %$ %:!" %i%s D9 3J G< %5 %$%:!" %] %$%s%?3JG<%5%$%:$r$=$l$>$l 1, 1, 2 by te $H$7$F;;=P$7$?!# 33

I= 4.2: %\%j%e!<%‘%9%i%$%9$N SN Hf$H%G!<%?MFNL %\%j%e!<%‘ S N Hf MWAG?t MWAG$"$?$j$N 4IM}NN0h 9g7W%G!<%? %9%i%$%9 %G!<%?%5%$%: %5%$%: %5%$%: %G!<%?9=B$ (dB) ( 8D ) ( by te / 8D ) ( by te ) ( by te ) #2<!85G[Ns9=B$ 58dB 65536 1 2 65538 58dB 19201 2 514 38916 %i%s%l%s%0%99=B$ 46dB 19160 2 514 38834 34dB 8712 2 514 17938 58dB 8382 8 � 2 43228 quad-tree 9=B$ 46dB 7240 8 � 2 38400 34dB 1931 8 � 2 11808 � :GL)3J;R%5%$%:$N%\%/%;%k%G!<%?$r3JG<$9$k$?$a$N%G!<%?%5%$%:$O 4 by te $G;;=P!# $k$3$H$K$h$j!"$h$jBg$-$$%\%j%e!<%‘%9%i%$%9$r3JG<$9$k$3$H$,2DG=$G$"$k!# $^$?!"5U$K%\%j%e!<%‘%9%i%$%9$r3JG<$9$k$N$K==J,$J%a%b%j$r;}$?$J$$4D6- $K$*$$$F$b!"%\%j%e!<%‘%9%i%$%9$rNt2=$5$;$k$3$H$K$h$jA4BNA|$r2D;k2=$9$k $3$H$,$G$-$k!# 2h<A$H %\%j%e!< %‘ %G!<%? NL $N4X 78 $rI= 4.2 $K<( $9!#$^ $?!" 3F SN Hf$K$* $1$k 2h A|$NMM;R$r?^ 4.4, 4.5 $K<($9!# $3$N7k2L!"%G!<%?%5%$%:$rBgI}$K=L$a$k$?$a$K$O!"?M4V$K$h$j;k3P$G$-$kDx $N%\%j%e!<%‘%9%i%$%9$NNt2=$r5v$5$J$1$l$P$J$i$J$$$3$H$,L@$i$H$J$C$?!#$7 $+$7$J$,$i!"Bg5,LO$J%\%j%e!<%‘%G!<%?$NA4BNA|$rGD0.$7$?$$>l9g$J$I$K$O:Y It$N2hA|$NNt2=$O5vMF$5$l$k$N$G$3$N<jK!$OM-MQ$G$"$k!# 4.2 %a%b%j%"%/%;%92s?t %\%/%;%k%G!<%?$r<hF@$9$k$?$a$KI,MW$J%a%b%j%"%/%;%9$N2s?t$O%O!<%I%&%’ %"$G2D;k2=$r9T$&:]$KBg$-$J1F6A$rM?$($k!#$3$3$G$O!"%\%/%;%k%G!<%?$r%5%s %W%j%s%0$9$k$?$a$KI,MW$J%a%b%j$X$N%"%/%;%92s?t$K$D$$$F=R$Y$k!# 4.2.1 #2<!85G[Ns9=B$ %\%/%;%k%G!<%?$r<hF@$9$k$?$a$K%a%b%j$KBP$7$F%"%/%;%9$7$J$1$l$P$J$i$J $$2s?t$O 1 2s$@$1$G$"$k!# 34

(a) SN Hf : 58dB (b) SN Hf : 46dB (c) SN Hf : 34dB ?^ 4.4: %i%s%l%s%0%99=B$$GJ];}$5$l$?%\%j%e!<%‘%9%i%$%9 (a) SN Hf : 58dB (b) SN Hf : 46dB (c) SN Hf : 34dB ?^ 4.5: quad-tree 9=B$$GJ];}$5$l$?%\%j%e!<%‘%9%i%$%9 4.2.2 %i%s%l%s%0%99=B$ 3F%9%-%c%s%i%$%s$G:G=i$K%\%/%;%k%G!<%?$r<hF@$9$k :]$K!" x :BI8CM$KHfNc $7$?2s?t$N%a%b%j%"%/%;%9$,I,MW$G$"$k!# 2 EY L\0J9_ $O!" 1 EYL\ $N%5%s %W%j%s %0;~$K F@$?>p Js$r4p $KAjBP E*$K%\ %/%;%k %G!<%?$,8!:w$5$l$k!#$3$N$H$-!"%\%j%e!<%‘%a%b%j$X$N%"%/%;%9$O!" ;k@~$NF~ <M4V3V $r � R !":GL)3J;R%5%$%:$r � g !" J?6Q%i%sD9$r L $H$9$k$H 1 EY$N%5%s%W %j%s%0$GJ?6Q � R= � g L 2s$N%a%b%j%"%/%;%9$,I,MW$H$J$k!# ;k@~$NF~<M4V3V$O!"%\%j%e!<%‘%9%i%$%9$KF~<M$9$k;k@~$N4V3V$r%\%/%;%kC1 0L$GI=$7$?$b$N$G$"$j!"J?9TEj1FK!$N>l9g$O%\%j%e!<%‘%G!<%?$N3HBg$7$F4QB, $9$k$H$-!"F);kEj1FK!$G$O%\%j%e!<%‘%G!<%?$K@\6a$9$k$3$H$K$h$j>.$5$/$J$k ( ?^ 4.6) !# � ;k@~$NF~<M4V3V � R � :GL)3J;R%5%$%: � g $N$H$- ;kE@$,%\%j%e!<%‘6u4V$K6aIU$$$F$$$k$H$-!"B($A%\%j%e!<%‘$r3HBg$7$F4Q 35

?^ 4.6: ;k@~$NF~<M4V3V ?^ 4.7: %\%/%;%k%G!<%?<hF@$N:G0-$J>l9g B,$7$F$$$k$H$-$d!"%T%/%;%k$N2rA|EY$,%\%/%;%k$N2rA|EY$KHf$Y$F9b$$$H $-$K@8$8$k!#J?9TEj1F$N >l9g$O!"%\%/%; %k$N%5%s%W %j%s%0$O � g = � R 2s$K #1EY%a%b%j$X$N%"%/%;%9$rI,MW$H$9$k!# � ;k@~$NF~<M4V3V � R > :GL)3J;R%5%$%: � g $N$H$- %\%j%e!<%‘6u4V$r1sJ}$+$iD/$a$F$$$k$H$-$d!"%\%/%;%k$N2rA|EY$,%T%/%; %k$K BP$7$F9b$$$H $-$K@8$8$k!##1 EY$N%5%s%W %j%s%0$G%i%s $rJ?6Q � R= � g 8D$N%\%/%;%k$r FI$_Ht$P $9I,MW$, $"$k!#=>$C$F!" J?6Q%i%s D9$r L $H$9$k$H $-!" � R= � g L 2s$N%a%b%j%"%/%;%9$,I,MW$H$J$k!# 4.2.3 quad-tree 9=B$ K\<jK!$G%\%/%;%k%G!<%?$r<hF@$9$k>l9g!"<!$N%a%b%j%"%/%;%92s?t$G!"%\%/ %;%k%G!<%?$r<hF@$9$k$3$H$,$G$-$k!# 36 max ( ( %G!<%?$N%l%Y%k � O"B3$7$?0lCW bit ?t ), 0) 2s $3 $3 $G %G!< %? $N %l %Y %k $O!" ?7 $? $K %5 %s %W %j %s %0 $9 $k %G!< %? $, 3J G< $5 $l $F $$ $k quad-tree >e$G$N%l%Y%k$G$"$k!# %"%/%; %9 2s ?t $N :o8: %\%j%e!<%‘ %9 %i %$ %9$N Bg $- $5 $, 2 n $G$" $k $H $-!"%" %k %4 %j %: %‘ 7 $G%\%/ %;%k%G!< %?$r <hF@$9 $k>l9g $O!"<!$N 2s?t$N %a%b%j %"%/%; %9$,I, MW $G$"$k!# ( n � %G!<%?$N%l%Y%k ) 2s 0l J}!"%"%k %4%j%: %‘ 8 $G%\ %/%; %k%G!<%? $r<hF@ $9$k$3 $H$K $h$j!"<! $N2s?t $N %a%b%j%"%/%;%9$K$h$j%\%/%;%k%G!<%?$r<hF@$9$k$3$H$,$G$-$k!# ( n � %G!<%?$N%l%Y%k � 0lCW bit ?t ) 2s $3$3$G%G!<%?$N%l%Y%k$O!"?7$?$K%5%s%W%j%s%0$7$h$&$H$7$F$$$k%G!<%?$,3J G<$5$l$F$$$k@aE@$N%l%Y%k$G $"$k!#$^$?!" 0lCW bit ?t$OA02s$N%5%s%W%j%s%0:B I8$H!"?7 $?$J %5 %s%W %j %s%0 E@$N :B I8$H $G 0lCW $7$F $$ $k bit ?t$r:G>e 0L bit $+$i?t $( $"$2$? $b$N$G $"$k!#%" %k%4 %j%:%‘ 8 $K$*$$ $F!"%\%j%e!< %‘%9 %i%$%9 $NCf1{ $K :GL)3J;R%5%$%:$,B8:_$9$k$H$-$K$O!"%"%k%4%j%:%‘ 7 $HF1$8 (n - %G!<%?$N%l%Y%k ) 2s $N%a%b%j%"%/%;%9$,I,MW$H$J$k!#?^ 4.7 $NE@ A $+$iE@ B $K0\F0$9$k>l9g$,$=$N Nc$G$"$k!#$7$+$7$J$,$i!"J?6QE*$J0eNE2hA|$K$*$$$F2hLLA4BN$rIA2h$9$k:]$N J? 6Q%" %/%; %9 ?t$r 8+$k $H?^ 4.8 $N $h$& $K BP?t E*$J A}2C $r $9$k $N$G Bg $-$J LdBj $H $O$J$i$J$$!# 9b B.2= <jK! quad-tree 9=B$ $N>l 9g $O!"<! $K<( $9<j K!$r $H$k $3 $H$K $h$j!" $5$i $K%\%/%;%k%G!<%?$r9bB.$K<hF@$9$k$3$H$,$G$-$k!# � 2D;k2=3,AX$N@)8B quad-tree $N3F @a E@ $K!" $= $N ;R @a E@ $, ;} $D %\ %/ %; %k %G!< %? $N Be I= CM $r J] ;} $9 $k$3 $H$K$h $j!" quad-tree 9=B$$NCJ 3,E*$J 2D;k2=$, 2DG=$H$J $k!#=>$C$F!" quad-tree $r $? $I$k LZ $N%l %Y %k$r @) 8B$9 $k $3$H $G!" %\%j%e!< %‘ %a%b %j $X$N %"%/%;%9 2s?t$r:o8:$9$k$3$H$,2D G=$G$"$k!#$7$+$7!"$3$N>l9g ?^ 4.7 $NCf ?4It$J$I%a%b%j%"%/%;%9$,B?H/$9$k2U=j$GA|$,$\$d$1$F$7$^$&$H$$$&LdBj $,@8$8$k!# $7$+$7$J$,$i!"<B:]$K2D;k2=$,9T$o$l$k4D6-$K$*$$$F$O!"A|$N35MW$r8+$J $,$iBg$^$+$KCmL\$9$k0LCV$r7hDj$7$?8e!">\:Y>pJs$N2D;k2=$r9T$&>l9g$, B?$$!#=>$C$F!"2D;k2=3,AX$N@)8B$O2D;k2=AuCV$N1?MQ<BBV$+$i8+$l$PBEEv 37

?^ 4.8: J?6Q%a%b%j%"%/%;%92s?t $J@)8B$G$"$k!# � %9%/%j!<%sJ,3d %9%/ %j!<%s$r4v $D$+$N@5 J}NN0h$K J,3d$7!"3F J,3d$KBP $7$F quad-tree $r3d $jEv$F$k$3$H$K$h$jLZ$N9b$5$r:o8:$9$k$3$H$,$G$-$k!# � %F!<%V%k$NMxMQ 2 i 8D $N MW AG $r ;} $D %F!< %V %k $r MQ 0U $9 $k $3 $H $K $h $j!" quad-tree $N %l %Y %k ( n � i ) $+$i $NC5:w$, 2DG=$G$" $k!#$7$+$7 $J$,$i!" i $,Bg $-$/$J$k $H$3$N<j K!$O 8=<BE*$G$O$J$/$J$k!# 4.2.4 %a%b%j%"%/%;%92s?t$NI>2A ?^ 4.1(a) $N%\%j%e!<%‘ %9%i%$ %9>e$N 3F%\%/ %;%k$KBP $7!" x <4J}8~$K =g<!%G!< %?$r%5%s%W%j%s%0$7$?>l9g$KMW$9$k%a%b%j%"%/%;%92s?t$NB,Dj$r9T$C$?7k2L$r ?^ 4.8 $K <($9!# $3 $N?^ $O!";k @~ $NF~ <M4V 3V $K$h $k%5 %s %W%j %s %0$K I,MW $J J?6Q %a %b%j%"%/%;%9$N2s?t$NJQ2=$r<($7$F$$$k!# ;k@~$NF~<M4V3V $OJ?9TEj 1FK!$K $*$$$F$O!" %\%/%;%k $N3J;R4V 3V � V $H%T%/%; %k $N 3J;R 4V 3V � P $K $h $j7h $^ $j!" � V = � P $H$J $k!# $^ $?!"F) ;k Ej 1FK! $G $O ;k E@!"%9%/%j!<%s!"%\%j%e!<%‘6u4V$N0LCV4X78$K$h$j0[$J$k!# #2<! 85G[Ns 9=B$ (a) $G$O!"F~ <M4V3V $K$h$i$: #1EY$N%a %b%j%"%/ %;%9$G %G!<%? $r<h F@$9$k$3$H$, $G$-$k!#$^$?!" %i%s%l%s%0%9 9=B$ (b) $G $OF~<M4V3V $KHfNc$9 38

?^ 4.9: L)EYJLJ?6Q%a%b%j%"%/%;%92s?t ( %i%s%l%s%0%99=B$ ) $k2s?t$G%"%/%;%9$,=*N;$9$kMM;R$,$o$+$k!# 0l J}!"%" %k %4%j %:%‘ 7 $G quad-tree 9= B$$+ $i %\%/ %;%k %G!< %?$r %5%s %W %j%s %0 $9$k>l9g (c) !"J?6Q%"%/%;%92s ?t$OLs 6.2 2s$G$"$k!#$3$l $O quad-tree $N9b$5$K 0M B8$7 $F $$$k!# $^$?!" %" %k%4 %j%: %‘ 8 $G quad-tree 9=B$ $+ $i%\ %/%; %k %G!<%? $r %5 %s%W %j%s %0$9 $k>l 9g (d) !" $=$N %"%/ %;%9 2s?t $O BP?t 4X?t E*$K A}2C $7$F $$$k!# $3 $N$3$H $O!"%"%k %4%j%: %‘ 8 $,!"=g <!F~<M $7$F$/ $k;k@~ $N6u4V E*$J6I =j@-$r Mx MQ$7$F$$$k$3$H$r<($7$F$$$k!# %9%/%j!<%s$H%\%j%e!<%‘%G!<%?$N2rA| EY$N%P%i%s%9$,$H$l$k;k@~4V3V 1 $N$H $-$N3,AX3J ;R$X$N %"%/ %;%92s ?t$O!"%i %s%l %s%0%9 9=B$ ( ?^ 4.8(b)) $K$*$$$F $OJ? 6Q 0.3 2s$H $J $j!" #2 <! 85 G[ Ns 9= B$ ( ?^ 4.8(a)) $h$j $b 9b B. 2= $5 $l $?!# $^ $?!" quad- tree 9=B$ ( ?^ 4.8(d)) $N>l9g$OJ?6Q 1.3 2s$H$J$k!#$3$l$O!"0lHLE*$J1?MQ >u67$K $*$$$F=>Mh$N#2<!85G[Ns$rMQ$$$?<B;~4V2D;k2=%7%9%F%‘$KK\9F$,Ds0F$9$k<jK! $rMQ$$$F3,AX3J;R%\%j%e!<%‘%G!<%?$N2D;k2=$r9T$C$?>l9g!"==J,$J2D;k2=B.EY $rF@$k$3$H$,$G$-$k$3$H$r<($7$F$$$k!# =>$C$F!" � V � P � L > n $,@.$jN)$D$H$-%i%s%l%s%0%9 9=B$$K$h$kJ?6Q%a%b%j%" %/%; %92s?t$O!" quad-tree 9= B$$K$h$k $b$N$h$j B?$/$J$k!# B($A!"%T%/ %;%k$KBP $7$F%\%j%e!<%‘%G!<%?$N2rA|EY$,9b$$$H$-$d!"J*BN$NFbIt9=B$$,J#;($GJ?6Q%i %sD9$,C;$/$J$C$?>l9g$,$=$l$K$"$?$k!# 39

?^ 4.10: L)EYJLJ?6Q%a%b%j%"%/%;%92s?t (quad-tree 9=B$ ) 4.2.5 Jd4V$K$h$k%a%b%j%"%/%;%9$NA}2C ?^ 4.11 $N$h$&$K!"%\%j%e!<%‘$r9=@. $9$kC10LN) J}BN$ND:E@$K %\%/%;%k%G!< %? $,B8 :_ $9 $k $H 9M $(!" C1 0L N) J} BN $N Fb It $N CM $O %5 %s %W %j %s %0 E@ $N :B I8 $r 0O $‘ 4 D:E@ $N%\%/%;%k%G!<%?$+$i@~7A Jd4V$K$h$j<! $N$h$&$K5a$a $k$3$H$K$h$j!" ?^ 4.12 $K <($9%\%j%e!<%‘%9%i%$%9$+ $i?^ 4.13 $N$h$&$J@::Y$J%\%j%e!<%‘ %9%i%$%9$rF@ $k $3$H$,$G$-$k [1] !# $3$3$G!"%5%s%W%j%s%0E@$N>.?tIt$, ( x i , y i ) $G$"$k$H$-$O!"<!<0$K$h$j?’ c i $HF)L@EY � i $r5a$a$k$3$H$,$G$-$k!# c i = (1 � x i ) � (1 � y i ) � c ( i; 0) + x i � (1 � y i ) � c ( i; 1) + (1 � x i ) � y i � c ( i; 2) + x i � y i � c ( i; 3) � i = (1 � x i ) � (1 � y i ) � � ( i; 0) + x i � (1 � y i ) � � ( i; 1) + (1 � x i ) � y i � � ( i; 2) + x i � y i � � ( i; 3) %\%j%e!<%‘%9%i%$%9$NJd4V$O!"%\%j%e!<%‘%G!<%?$N2rA|EY$,Dc$$$H$-$d!"J* BN$r3HBg$7$F4QB,$9$k:]$K$OFC$KM-8z$G$"$k!#$7$+$7$J$,$i!"Jd4V$r9T$&>l9g $N$? $a $K I, MW $J %5 %s %W %j %s %0 E@ $N ?t $, #4 G\ $K $J $k $N $G!" %a %b %j %" %/ %; %9 2s ?t $, 2D ;k2==hM};~4V$K5Z$\$91F6A$,Bg$-$/$J$k!#=>$C$FK\@a$G$O!"Jd4V$K$h$k3F%G!< %?9=B$$N%"%/%;%92s?t$NA}2C$K$D$$$F=R$Y$k!# 40

?^ 4.11: O"B3%b%G%k$N%\%/%;%k$NJd4V ?^ 4.12: Jd4V =h M} $r 9T $o $J $$ %\ %j%e!< %‘ %9%i%$%9 ?^ 4.13: Jd4V =h M} $r ;\ $7 $? %\ %j%e!< %‘ %9 %i%$%9 O"B3%b%G%k$K$*$1$k%\%/%;%k$X$N%"%/%;%9<jK! � #2<!85G[Ns9=B$ O" B3%b %G%k$G $O!"%5 %s%W %j%s %0E@ ( x , y ) $r 4^$‘ #4$D $N%\ %/%;%k %G!<%? ( x , y ) , ( x � 1, y ) , ( x , y � 1), ( x � 1, y � 1) $rFI$_=P $9I,MW$, $"$k!#$3$l $O!"%\%/%;%k%G!<%?$NFI$_=P$7=hM}$r#4EY9T$&$3$H$K$h$j<B8=$5$l!"N%;6 %b%G%k$KBP$7$FLs#4G\$N;~4V$rI,MW$H$9$k 1) !# 1) DRAM $N F ast Page Mo de $rMQ$$$k$H#3G\DxEY$KM^$($k$3$H$,$G$-$k!# 41

?^ 4.14: quad-tree N%;6%b%G%k$N%5%s%W%j%s%0E@ � %i%s%l%s%0%99=B$ O"B3 %b %G %k $G $O!" %5 %s %W %j %s %0 E@ $N #1 $D >e $N %9 %-%c %s %i %$ %s $N %\ %/ %; %k %G!< %?$, I, MW $H $J $k!# $3 $N $? $a :G 0- $N >l 9g 1) !"%a %b %j $+ $i #4 2s %i %s %l %s %0 %9 %G!< %?$rFI$_=P$9I,MW$,$"$k!# � quad-tree 9=B$ quad-tree $N >l 9g!" %" %k %4 %j %: %‘ 8 $K $h $j O" B3 %b %G %k $K ;H MQ $9 $k %\ %/ %; %k %G!<%?$N%a%b%j$+$i$NFI$_=P$7J}K!$,7hDj$5$l$k!# (a) %5%s%W%j%s%0E@$,0l$D$N%\%/%;%k$K<}$^$k$H$- ?7$?$K%a%b%j$+$i%\%/%;%k%G!<%?$rFI$_9~$‘I,MW$O$J$$!# (b) A4$F$N%5%s%W%j%s%0E@$,F10l@aE@$K<}$^$k$H$- %\%/%;%k%G!<%?$,B8:_$9$k@aE@$O$9$G$KH=L@$7$F$$$k$N$G!"#1EY$N%a %b%j%"%/%;%9$G%\%/%;%k%G!<%?$rFI$_=P$9$3$H$,$G$-$k!# (c) Ev3:@aE@0J30$N@aE@$K%5%s%W%j%s%0E@$,B8:_$9$k$H$-!# $3$N>l9g!"<!$N#3$D$N%1!<%9$,9M$($i$l$k!# 1. quad-tree $N:82<NN0h$K;k@~$,DL2a$7$?$H$- 4pK\0LCV$N:8$N@aE@$rFI$‘I,MW$,$"$k!# 2. quad-tree $N:8>eNN0h$K;k@~$,DL2a$7$?$H$- 4pK\0LCV$N:8!">e!":8>e$N@aE@$rFI$‘I,MW$,$"$k!# 3. quad-tree $N1&>eNN0h$K;k@~$,DL2a$7$?$H$- 4pK\0LCV$N>e$N%\%/%;%k$rFI$‘I,MW$,$"$k!# $3$N$?$a:G0-$N>l9g 2) !"#3@aE@J,$N%G!<%?$rFI$_=P$9I,MW$,$"$k!# 1) Ev 3:%9%-%c%s%i %$%s$H!"#1$D >e$N%9%-%c%s %i%$%s$N%5%s %W%j%s%0E@ ( x , y ) , ( x , y � 1) $, $H$b$K%i%s$N:G=i$K$"$j!"$+$D%i%sD9$,:G>.3J;R%5%$%:$N$H$-!# 2) %1!<%9 (3) $GNY@\%\%/%;%k$,$9$Y$F:G>.3J;R%5%$%:$N$H$- 42

5 $*$o$j$K K\9F$G$O!"3,AX3J;R%\%j%e!<%‘%G!<%?$N2D;k2=<jK!$K$D$$$F=R$Y$?!# 3,AX3J ;R%\%j%e!<%‘%G!<%? $r%\%j%e!<%‘%9 %i%$%9$KJ,3d $7!"3F PE $K3d $jEv $F$k$3$H$K$h$j!"%U%l!<%‘4V$GJBNs=hM}$r9T$&$3$H$,$G$-$k!#%\%j%e!<%‘%9%i %$%9 $N3JG<K! $H$7$F#2 <!85G[Ns9= B$!"%i%s%l %s%0%99= B$!" quad-tree 9=B$$N#3 $D$N9=B$$K$D$$$F%\%j%e!<%‘%G!<%?$r3JG<$9$k$?$a$KI,MW$J5-21MFNL!"2D;k2= $KMW$9$k=hM};~4V$H$$$&4QE@$+$iI>2A$r9T$C$?!# 3J G< $K MW $9 $k %a %b %j %5 %$ %: $O!" %\ %j%e!< %‘ %G!< %? $, ;} $D E} 7W E* $J JP $j $H 2r A| EY $K $h$C$F JQ 2= $9$k!# 256 3 %\ %/ %;%k $N Bg $-$5 $N G> 2h A|$N %\ %j%e!< %‘ %9%i %$ %9$r 3JG<$9$k$?$a $K!"#2<!85G[ Ns9=B$$G$O 65538byte !"%i%s%l%s%0%99=B$ $G$O 38916byte !" quad-tree 9=B$$G$O 43228byte $,I,MW$G$"$C$?!# $^$? quad-tree 9=B$$G$O!"$=$N05=LN($,M}O@E*$K 4 3 � S iz eof P ointer S iz eof V oxel $r1[$( $J$$$3 $H $r<( $7 $?!#$3 $3 $G!" S iz eof P ointer $O%] %$%s %? $r3J G< $9 $k$? $a $N%a %b %j%5%$ %: $G $"$j!" S iz eof V oxel $O%\ %/ %; %kCM $r 3J G<$9 $k $? $a $N%a %b %j %5%$ %: $r I=$7!"8=>u$G$O$=$l $>$l 4byte $H 1b yte $,0lHLE*$G$"$k!#=>$C$F!"$=$N$h$&$J 4D6- $G$OK\9F $K=R$Y$F$$ $k%a%b%j 4IM}J}<0 $r:N$C$? quad-tree 9=@.$G $O05=LN( $O:G0-$G$b 4 G\$r1[$($J$$$3$H$,L@$i$+$H$J$C$?!# 0lJ}!"%i%s%l%s%0%99=B$$G $O:G0-$J>l9g S iz eof RunLeng th S iz eof V oxel $H$J$k$3$H$,<($5$l$?!# $^$? %\ %j%e!< %‘ %G!< %? $r 3J G< $9 $k %a %b %j $, == J, $K $J $$ 4D 6- $K $* $$ $F!" %\ %j%e!< %‘%9 %i%$%9$N Nt2=$r5v MF$9$k$3$H $K$h$j!"%i %s%l%s%0 %99=B$!" quad-tree 9=B$ $G$O!"$h$j0J>e$NBg$-$5$N%\%j%e!<%‘%9%i%$%9$rJ];}$9$k$3$H$,$G$-$k$,!"%i %s%l%s%0%99=B$$N>l9g$OFCM-$NId9f2=J}8~$K1d$S$k%N%$%:$,L\N)$A!"<BMQLL$r 9MN8$9$l$PBgI}$J:o8:$O:$Fq$G$"$k$3$H$,$o$+$C$?!# 0lJ}!"%a%b%j%"%/%;%9$K$+$+$k;~4V$O2D;k2=$KMW$9$k;~4V$KBg$-$J1F6A$rM? $($k!#%\%/%;%k%9%-%c%s%i%$%s>e$K=g=xIU$1$i$l$FF~<M$9$k;k@~$KBP$7$F!"%i %s%l%s%0%99=B$$+$i$N%\%/%;%kFI$_=P$7;~4V$O!"%\%j%e!<%‘%G!<%?>e$N;kE@$N F~<M 4V3V$KHf Nc$9$k!#$^ $?!" quad-tree 9= B$$X$N%" %/%;%92s ?t$O%5%s %W%j%s%0 $7$h$&$H$7$F$$$k%\%/%;%k$N3J;R$NI}$H!"A02s$N%5%s%W%j%s%0$N0LCV$H$K$h$j JQ2=$9$k!# =>$C$F!"%i%s%l%s%0%99=B$$G%\%j%e!<%‘%9%i%$%9$rJ];}$7$?>l9g!"$=$N2D;k 2=B.EY$O;k@~4V3V$N1F6A$r<u$1$d$9$$!#$=$N$?$a!"%\%j%e!<%‘%G!<%?$N69$$HO 43

0O$r=EE@E*$K4QB,$9$k>l9g$K$O9bB.$J2D;k2=$,9T$($kH?LL!"Bg0hE*$J4QB,$r9T $&>l 9g$K$OBg I}$JB.EY Dc2<$rH<$&!# 0lJ}!" quad-tree 9=B$$O ;k@~4V3V $K$h$k1F 6A$r<u$1$K$/$/!"9-$$HO0O$N4QB,$K$*$$$F<BMQE*$J2D;k2=@-G=$rF@$k$3$H$,$G $-$?!# <U<- K\8&5f$N5!2q$rM?$($F2<$5$C$?!"IYEDbC<#65<x$K?<$/46<U$N0U$rI=$7$^$9!# ?t!9$N8f;XF3!"8f=u8@$rD:$$$??9bC0lO:=u65<x$K?4$+$i46<U$$$?$7$^$9!# $^$?F|:"8fF$O@$$$?$@$/!"5HC+D><y;a!"=EEDBg=u;a$r$O$8$a!"7W;;5!9)3X9V :B$N=t;a$K46<U$$$?$7$^$9!# ;29MJ88% [1] Ut GOM: <!$[ $+ : %\%j%e!< %‘%l %s%@ %j%s %0@l MQJB Ns7W ;; 5! R eV olver $N%"!< %-%F%/%A%c , >pJs=hM}3X2qO@J8;o , V ol. 36, pp. 1709{1718 (1995). [2] L@@P 1Q Li : %\%j%e!< %‘!& %l %s %@ %j %s %0 8~ $- JB Ns 7W ;; 5! $N %"!< %- %F %/ %A%c , =$ ;NO@J8 , 5~ETBg3X (1992). [3] P�ster, H., Kaufman, A. and Chiueh, T.: Cub e-3: A Real-Time Arc hi- tecture for High-Resolution V olume Visualization, In 1994 Workshop on V olume Visualization , pp. 75{83 (1994). [4] P�ster, H., Kaufman, A. and W essels, F.: T o w ards a Scalable Archi- tecture for Real-Time V olume Rendering, In Pr o c e e dings of the 10th Eur o gr aphics Workshop on Gr aphics Har dwar e , pp. 123{130 (1995). [5] Nielson, G. et al.: Scienti�c Visualization , IEEE Computer So ciet y Press (1997). [6] BOER, M. et al.: Ev aluation of a Real-time Direct V olume Rendering System, Computer & Gr aphics , V ol. 21, No. 2, pp. 189{198 (1997). [7] Levo y , M.: Displa y of Surfaces from V olume Data, IEEE Computer Gr aphics & Applic ations , V ol. 8, No. 5, pp. 29{37 (1988). [8] Samet, H. and W ebb er, R.: Hierarc hical Data Structures and Algo- rithms for Computer Graphics, IEEE Computer Gr aphics & Applic a- tions , pp. 48{68 (1988). [9] Montani, C. and Scopigno, R.: Rendering V olumetric Data using the 44

STICKS Represen tation Scheme, SIGGRAPH ’90 , V ol. 24, No. 5, pp. 87{93 (1990). [10] ED;3E5CK , @6?eB’L@ , <?4VJ8=S : 2DJQJbI} DDA $K$h$k 3 <!85%a%b%j6u 4V$G $N9bB.$J%\%/%;%kDI@W , >pJs=hM} , V ol. 32, pp. 581{589 (1991). [11] 5H C+ D> <y $[ $+ : R eV olver /C40 $N @_ 7W 5Z $S <B Au , >p Js =h M} 3X 2q 8& 5f Js 9p , 97{AR C{125, V ol. 36, pp. 25{30 (1997). [12] =EEDBg =u : R eV olver /C40 $N%7%9%F %‘%3 %s%H %m!<%k %f%K%C %H , 5~ETBg3X FCJL 8&5fJs9p=q (1998). [13] LZCf 0l Gn : R eV olver /C40 $N%l %$%-%c %9 %F%# %s%0 %9 %F!< %8$N <B Au $HI> 2A , 5~ ETBg3XFCJL8&5fJs9p=q (1997). [14] Cf;3L@B’ : %\%j%e!<%‘%l%s%@%j%s%0@lMQJBNs7W;;5! R eV olver /C40 $N%T%/ %;%kCM7W;;%9%F!<%8$N@_7W , =$;NO@J8 , 5~ETBg3X (1996). [15] 5HC+ D><y : ReV olv er /C40 $N%7%’!<%G%# %s %0%9 %F!< %8$N @_ 7W$H <BAu , 5~ET Bg 3XFCJL8&5fJs9p=q (1996). [16] Lacroute, P . and Lev o y , M.: F ast volume rendering using a shear-w arp factorization of the viewing transformation, SIGGRAPH ’94 , ACM, pp. 451{458 (1987). [17] Reynolds, R. et al.: A dynamic screen technique for shaded graphics displa y of slice-represen ted ob jects, Computer Vision, Gr aphics, and Image Pr o c essing , V ol. 38, No. 3, pp. 275{298 (1987). [18] Lacroute, P .: F ast volume rendering using a shear-warp factorization of the viewing transformation, T ec hnical rep ort, CSL-TR-95-678 , Stan- ford Univ ersit y (1995). [19] W esto v er, L.: F ootprint Ev aluation for V olume Rendering, SIGGRAPH ’90 , V ol. 24, No. 4, pp. 367{376 (1990). [20] @>>> 8& , @%8MKc M3 ;R , 2OLnMN 0l , J!@9 =(M: , B<2, MN 0l : Hs9= B$ 3J;R $r BP >] $H$7 $?%\ %j%e!< %‘%l %s %@%j %s %0 K!$N JBNs 2= , >pJs=h M}3X 2q 8& 5fJs 9p , 97{HPC{ 65, pp. 45{50 (1997). 45

IUO? A.1 %\%j%e!<%‘%l%s%@%j%s%0=o<jK! A.1.1 Ej1FJ}<0 3 <! 85$N %\%j%e!<%‘ %G!<%?$r 2 <!85 J?LL>e $GI=8= $9$k:] $NEj 1FJ}<0 $K$O!" J? 9TEj1FK! $H F);kEj1FK! $N 2 $D$,$"$k ( ?^ A.1) !# � J?9TEj1FK! J*BNCf$N3FE@$r%9%/%j!<%s$KBP$7$F?bD>$K0\F0$9$k$3$H$K$h$j!"2hA|$r@8 @.$9$kJ}<0$G$"$k!#2D;k2=$5$l$?2hA|$O!"8=<B$NJ*BN$ND9$5$r@5$7$/I=$7 $F$*$j%9%/%j!<%s>e$G$NJ*BN$N7WB,$,2DG=$G$"$k!# � F);kEj1FK! J*BN$r1s6aK!$rMQ$$$F%9%/%j!<%s>e$K2D;k2=$r9T$&!#$3$NJ}<0$K$h$j!"?M 4V$N;k3P$H9gCW$7$?<+A3$J2hA|$r@8@.$9$k$3$H$,$G$-$k!# $3$l$i$NJ}<0$O$H$b$K=EMW$G$"$k$,!"B?$/$N%\%j%e!<%‘%l%s%@%j%s%0@lMQ7W ;;5! $d %= %U %H %&%’ %" $O =h M} $N 9b B. 2= $r ?^ $k $? $a!" J? 9T Ej 1F K! $K $h $k 2D ;k 2= $r 9T$C $F$$$k [3, 4, 6] !# $7$+ $7 $J $, $i!" 2D ;k 2= BP >] $H $J $k %\ %j%e!< %‘ %G!< %? $, Bg $- $/ $J $l $P $J $k $[ $I!" J?9TEj1FK!$HF);kEj1FK!$K$h$j@8@.$5$l$?2hA|$N:9$O9-$,$j!"2D;k2=7k2L$K1F 6A$rM?$($k$3$H$K$J$k!# =>$C$F!"F);kEj1FK!$K$h$k2D;k2=$,$G$-$k$3$H$,K>$^$7$$!# A.1.2 Ej1FJ}8~ %\%j%e!<%‘%l%s%@%j%s%0$K$*$$$F!"2D;k2=$O#2$D$NJ}<0$KBgJL$9$k$3$H$,$G $-$k!#%T%/%;%k$r%\%/%;%k$KEj1F$9$k8eJ}Ej1F7?$H!"%\%/%;%k$r%T%/%;%k$KEj 1F$9$kA0J}Ej1F7?$G$"$k!# $3$3$G$O!"$=$l$>$l$NBeI=E*$JNc$G$"$k%l%$%-%c%9%F%#%s%0K!$H!"%9%W%i%C %F%#%s%0K!$K$D$$$F=R$Y$k!# %l %$%-%c %9 %F%#%s %0 K! %l %$ %-%c%9 %F%# %s%0 K! $O!"Bh 2.1 @a $G =R$Y $? $h$& $K!" ;kE@$+$i%9%/%j!<%s$N3F%T%/%;%k$K8~$1$FH/$7$?;k@~$,DL$k%\%/%;%k$N?’$HF) L@EY$r<0 (2.1) $rMQ$$$F=g<!7W;;$7$F$$$/J}K!$G$"$k!# 0lHLE*$K<!$N%"%k%4%j%:%‘$GI=$9$3$H$,$G$-!"%9%/%j!<%s>e$N3F2hAG$rAv:: $9$k y p , x p %k!<%W $NCf$K!" %\%j%e!<%‘ %G!<%?$rAv ::$9$k $?$a$N z p %k!<%W $,4^ A-1

?^ A.1: J?9TEj1FK!$HF);kEj1FK! $^$l$F$$$k [18] !#$3$3$G!" ResamplingV o xel( x , y , z ) $O!"%9%/%j!<%s>e $N%T%/ %; %k ( x , y ) $r $D $i $L $/ ;k @~ $, z HV L\ $K 8r :9 $9 $k %\ %/ %; %k $H!" Jd 4V $N $? $a $K I, MW $J%\ %/%;%k $N=8 9g$r JV$9 4X?t $G$" $k!#$^ $?!" AddContriubution( v x , v y , v z , x p , y p ) $O!":BI8 ( v x , v y , v z ) $K 0LCV$9$k %\%/%;%k $N1F6A$r!" %9%/%j!<%s >e$N:B I8 ( x p , y p ) $XM?$($k4X?t$G$"$k!# Algorithm 9 %l%$%-%c%9%F%#%s%0K! 1 for y p = 1 to %9%/%j!<%s$N9b$5 2 for x p = 1 to %9%/%j!<%s$NI} 3 for z p = 1 to ;k@~>e$N%\%/%;%k?t 4 foreach v in ResamplingV o xel( x p , y p , z p ) 5 AddContriubution( v x , v y , v z , x p , y p ); %9%W%i%C%F%#%s%0K! %\%j%e!<%‘6u4V$rDL2a$9$k;k@~$KBP$9$k1i;;$r 9T$&8eJ} Ej1FK!$KBP$7$F!"A0J}Ej1FK!$O3F%\%/%;%k$r%T%/%;%k$KEj1F$9$k$3$H$K$h$j!" %\%j%e!<%‘%G!<%?$r2D;k2=$9$kJ}K!$G$"$k!# BeI=E*$J$b$N$K%9%W%i%C%F%#%s%0K!$,$"$j!"%\%/%;%k$,;}$D?’$HF)L@EY$r%\ %/%;%k$,1F6A$rM?$($k3F%T%/%;%k$KBP$7$F!"=g<!Ej1F$9$k<jK!$G$"$k!# %9%W%i%C%F%#%s%0K!$O!"<!$N%"%k%4%j%:%‘$GI=$9$3$H$,$G$-!"%\%j%e!<%‘6u 4V $rAv:: $9$k#3 =E%k!<%W z v , y v , x v $N Cf$K!"$= $N%\%j%e!< %‘%G!<%? $,1F6A $rM? $($kJ#?t$N%T%/%;%k$rAv::$9$k#2=E%k!<%W x p , y p $,4^$^$l$k!# $3 $3$G!" DistributePixel( x , y , z ) $O!" %\%/%; %k ( x , y , z ) $,1F 6A$r M?$($k %9 %/%j!<%s>e$N%T%/%;%k$N=89g$rJV$94X?t$G$"$k!# Algorithm 10 %9%W%i%C%F%#%s%0K! A-2

?^ A.2: A0J}Ej1F$K$*$1$k=E$_IU$1LdBj 1 for z v = 1 to V olumeDepth 2 for y v = 1 to V olumeHeigh t 3 for x v = 1 to V olumeWidth 4 foreach p in DistributePixel( x v , y v , z v ) 5 AddContriubution( v x , v y , v z , x p , y p ); $3 $N <j K! $G $O!" %\ %j%e!< %‘ %G!< %? $X $N %" %/ %; %9 $, %G!< %? $N 3J G< =g $H $J $j %\ %j%e!< %‘ %G!< %? $K BP $7 $F 9b B. $K %" %/ %; %9 $9 $k $3 $H $, 2D G= $H $J $k $,!" #1 $D $N %\ %/%;%k$O!"Ej1F$5$l$?%9%/%j!<%s>e$NJ#?t$N%T%/%;%k$KBP$7$F1F6A$rM?$($k!# $3$N1F 6A$r @5$7 $/ M?$( $k$? $a $K!"?^ A.2(a) $N$h$& $K%, %&%9 J, I[$J $I$N E}7W >p Js $K=>$C$?=E$_IU$1$,I,MW$H$J$k$,!"$3$N=E$_$O%\%/%;%k$H%9%/%j!<%s$N0LCV$K 0MB8$9$k!# =E$_$, >. $5$J >l 9g $O!"?^ A.2(b) $N$h $& $K%9 %/ %j!<%s >e $K Ej1F $5 $l $?%\ %/ %;%k $N4V$K7d4V$,6u$$$F$7$^$&!#$^$?!"5U$KBg$-$$>l9g$O!"%\%/%;%kF1;N$,=E$J$j 9g$&$h$&$K8+$(!"<B:]$h$j$bL@$k$/8+$($F$7$^$&!# =>$C$F!"9bIJ<A$J2hA|$r@8@.$9$k$?$a$K$O!"E,Ev$J=E$_$r5a$a$k$3$H$,=EMW $H$J $k $,!" $3 $N =E $_ $r 9b B. $K 5a $a $k $3 $H $O :$ Fq $G $" $k!# FC $K F) ;k Ej 1F $N >l 9g $O!" %\%j%e!<%‘Kh$K0[$J$k=E$_$r;;=P$9$kI,MW$,$"$k!#$^$?!"M}O@E*$K$OA0J}Ej1F K!$b8eJ}Ej1FK!$HF1$82h<A$N1GA|$r@8@.$9$k$3$H$,2DG=$G$"$k$,!"$=$N$?$a$K $+$+$k;~4V$OHs>o$KBg$-$$ [19] !# Shear-warp factorization K! $3$N <j K!$O!" 6a G/ Cm L\$r =8 $a $F$$ $k %* %V%8%’ %/ %H =g %l %s %@ %j %s %0 %" %k %4 %j %: %‘ $N 1 $D $G $" $k [16, 18] !# $3 $N <j K! $G $O!" ?^ A.3 $N $h$&$K 3 $D$N<j=g$r7P$F%\%j%e!<%‘%G!<%?$N2D;k2=$r9T$&!# A-3

?^ A.3: Shear-w arp factorization 1. Shear 2aDx ;k@~$,%\%j%e!<%‘%9%i%$%9$K?bD>$K$J$k$h$&$K!"3F%9%i%$%9Fb$G%\%j%e!< %‘%G!<%?$N%j%5%s%W%j%s%0$r9T$&!# 2. Pro ject 2aDx A0J}Ej1F$r9T$&!#%9%i%$%9$O%j%5%s%W%j%s%0$5$l$F$$$k$N$G!"$3$N=hM}$O C1$K%9%i%$%9$r!"<0 (2.2) $K$h$j9g@.$9$k$N$_$G$"$k!# 3. W arp 2aDx Pro ject 2aDx $G F@ $i $l $? 2h A| $O!" Shear $K$h $j OD $a $i $l $? 2h A| $G $" $k $N $G!" 2 <!85$N4v2?JQ49$K$h$j!"OD$_$N$J$$2hA|$r@8@.$9$k!# Shear-warp factorization K! $G $O!"%\ %j%e!< %‘ %9%i %$ %9 $H%9 %-%c %s %i %$%s $N BP1~$rC1=c$J$b$N$K$9$k$3$H$G!"<!$NMxE@$rM-$9$k!# � =E$_7W;;$N>JN, ;k@~$H%\%/%;%k%9%-%c%s%i%$%s$N0LCV4X78$,>o$K0lDj$G$"$k$N$G!"A0J}Ej 1FK!$GLdBj$H$J$k!"%\%/%;%kCMJ,G[$N$?$a$N=E$_$r7W;;$9$k<j4V$r>J$$$F $$$k!# � JBNs@-$N8~>e %9%-%c%s%i%$%sKh$KJBNs2=$,2DG=$H$J$k!# � %"%I%l%97W;;$N>JN, %j%5 %s %W %j %s %0 $N 7k 2L!" A0 J} Ej 1F ;~ $K $O %" %I %l %9 7W ;; $, IT MW $H $J $k!# $^ $?!" %\%j%e!<%‘%G!<%?$KBP$7$F$=$N3JG<=g$K%"%/%;%9$9$k$3$H$,2DG=$H$J$k!# � L50UL#$J1i;;$N:o8: L5?’!&F)L@$J%\%/%;%k$KBP$9$k1i;;$J$I!":G=*@8@.2hA|$K1F6A$rM?$($J$$ L5BL$J1i;;$rMF0W$K>J$/$3$H$,$G$-$k!# A-4

Shear-warp factorization K! $K $h $j!" A0 J} Ej 1F K! $G $N =E Bg $J Ld Bj $G $" $k %\ %/ %; %k$,%T%/%;%k$XM?$($k1F6A$N=E$_IU$1$K$+$+$k7W;;;~4V$rC;=L$9$k$3$H$,$G$- $k!#$7 $+ $7 $J $, $i!" %j %5 %s %W %j %s %0 $K MW $9 $k ;~ 4V $O L5 ;k $G $- $J $$!# $^ $?!" W arp 2aDx$G9T$&2hA|$N2sE>=hM}$K$h$j!"2hA|$NNt2=$,@8$8$k!# 0lJ}!"%l%$%-%c%9%F%#%s%0K!$O=E$_IU$1$K4X$9$kLdBj$r9M$($k$3$H$J$/!"9b IJ<A$J2hA|$rF@$k$3$H$,$G$-$k$,!"%\%j%e!<%‘%G!<%?$N3JG<=g=x$H%"%/%;%9J} K!$,9gCW$;$:!"IA2hB.EY$K1F6A$rM?$($k!# A-5