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Volume Visualization System Using an Analytical Ray Casting
Hyun-Woo Park' - Doo-Won Paik'" - Moon-Ryul Jung''!

ABSTRACT

When volume data is visualized by the ray casting method, the color value of each pixe! in the image is obtained by
composing the color contributions of the sample points that lie on the ray cast from the pixel point. In most ray tracing
methods including Levoy’s classical method, the color composition is formulated as a summation of the color
contributions of the discrete sample points. However, the more precise color composition is formulated as differential
equations over the color contributions of the continuous sample points. The discrete formulation is used, because
analytical solutions to the continuous formulations are hard to find. In this paper, however, we have discovered a
semi-analytical solution to the continuous formulation of a typical ray tracing of volume data. We have applied both
Levoy’s method and ours to the same set of data, and compared the visual quality of both results. The comparison
shows that our method produces a more fine-grained visualization of volume data.
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FUNCTION NAME GrowRegion(x, y, z, Image, Data)
INPUT seed point X, ¥, 2

imagelZmax][Ymax}{Xmax]

DatalZmaxl{Ymax|[Xmax]

(0<x<Xmax, 0<y<Ymax, 0<z<Zmax, integer vaiue)
OUTPUT Reglon Information Data

step 1 if Dalalz] y}[x] is CHECKED then return.

step 2 if Imagelzllylx] is not the region then return.

step 3 Datalzliylix] := CHECKED.

step 4 if x>0 then GrowRegion(x-1, y, z, image, Data).

step 5 if y>0 then GrowRegion(x, y-1, z, Image, Data).

stap 6 if 220 then GrowRegion(x, v, z-1, image, Data).

step 7 if x<Xmax-1 then GrowRegion(x+1, y, z, Image, Data).
step 8 if y<Ymax-1 then GrowRegionl, y+1, z, image, Data).
step 9 if z<Zmax-1 then GrowRegion(x, y, z+1, image, Data).
step 10 STOP
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step 1

step 2:

step 3:

step 4:
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FUNCTION NAME GrowRegionly, z, Data)
INPUT vy, 2z

current scan line information Data
OUTPUT all scan line Information Data

step 1 sl = Data.GetScanLinely, z)

step 2 if sl is empty then return

step 3 if y > 0 and MergeScanLinely-1, z, sl) =
GrowRegionly-1, z, Data).

if z > 0 and MergeScanLinely, z-1, sl = true then
GrowRegionly, z-1, Data).

jf y <Ymax-1 and MergeScanLinely+1, z, s} = true
then GrowRegionly+1, z, Data).

if z <Zmax-1 and MergeScanLinely,
then GrowRegionly, z+1, Data).

STOP

true then
step 5
step 6
step 7 z+1, sl = true
step 8

FUNCTION NAME GrowRegionly, z, SL)
OUTPUT it new region is found then retum true

step | DbFlag = false
step 2 LS = SLgefFirstLS(
step 3 while LS is not empty do begin
X = LSJeft
step 4 loop
jump = sCheckedix, y, 2)
/I acceleration
X = X+ump
if x > LS.right then exit loop
newlS := MakelineSegmentix, v, Z):
if newlLS is not empty then
bFlag == true
/I acceleration
X = newl.S.right
X = X+1
end loop
LS = SLgetNext.S()
end while
step 5 retum bFlag
step 6 STOP

(38 5) Mt QY &3 ¢nals



487 stx NSy =R H/A M2=(20002)

(a) 23 99 £ b) 32t 49 2%

(02 6) 29 28 -8 2y

3. Levoye] ofAtx M FXHY

31 B4 F8Y(ray casting)

34 A (ray casting)o] & Yol FYofA Fsl

Ao dair ALl Wte] Re A
g ABYold 3t Wolth HAR AdddAAE
utap(olmla)e] 3k Hol| mEdls W FAdAM 22
3 s we o o] Rad g A A A

of mestel 7 el SAol meh wAlske 247] te

wako 2 Re £gste FigAnz o A4S Ag
3 AlgdolA st AL Brigsith geld o de
3 wdo] Fgdy H% FA FHYPAME ofvA
Aol 7t " (F A pixelol EojoE 9 F o 3 BF
Weke me el 2ga EE Ao tis] ojv[A] Hd
Aol Egsle We Fisy owz FWIY 5L
o) &}l 714§ cthorthograpic parallel projection). &,
oju]x| el z+ Aol MG AAT W o 2L
nkEeh= Wk ne il FddAM e 4 o] 7}
Aol M el %E‘ 49 ¢ Ao =Edd 1 A
oMo BAe AAd utel WAl o]F A E

goz whatg ditte] A4 Eo] 4 A4 IF

e Ao B gges wia ge

A 0%t E Atoldl sle HtF
=7 ¥ate] Eol @A, % R A e 999
Aol A o] Fe Adste] ZE R ’891 3 O°ll thste]
oz Eo| Mol AAAHIY 7).

238 BHsA 2

32 £5¥ 5o HY

Sisk o] Bl ¥ Hol P Mo MAE- 4F
& AdE o 2 F3t F4 Aole) ¥ £REE 2
Aalojopnt &a o]E sl 7t AH Aho] BFEH
TE g9 Folob 3l EF o] FAE AMRAE B
A & AL A4y fgd AR dad EFH
£E zAd#ot sng d$ 8% FAo|ch od £
Aol BEYEE 1 Y2 Sol2 Yo I EFAE F
Aol wel deb FEiA =t A UG EF
Wxe Av|E Yol UnivtEeY EAE Bt
% Ed9 “dol"d ue} AA A} mets ofH £F
o “gig] do] BEYE"E A& & glo}. Fol &
HolA BAe] XY WaFon g Holel FAo] A
94 gvtn @ W 2 FolMe g do] EFHEE
ol I theg] Zol9 EAE T o I3 E vE
2 Rodn AMgat B UxE JHAE AA
AT 278 9 9 g3 249 ¥UE 1 W
22L& wiF Aol B4F7] M EAE U=E
7HE AH 4o ERYEE A ¥9sta 1 Y
59 o7} € UL E 7HAE A g R B
EHr g d9se(F FHsida A 2 Foln
959 s YEE HAE A didd detdA =
a1 F #e 2Fshe $EE AHEEth Levoys o
A 7HAe 71Fe dABY F BRHEE 7
sk AA, A 949 Uxsh FojA UE gelA
dolgol wlaldtd 2 AW Y49 EFFEI Foly
. E4, A3 940 A E(gradient)d] Hohzk
o wh)Ed AH Yie BFEREIL FHepXth I
A 949 4k ¥3p7l §48 E5RHEE g2
oA, MM, Yse ¥ F9o BaR st v
o] £AE AHEATE A 1 FART da WolH
g AF Y42 BHA @ 22z AF 4471
ohd the AHelAe BFYEE 1 WL d9%T 3
= dg A AH 9289 E5HEEZRE 33 43
ZALA © 2 (trilinear interpolation) AA#H 1 ),

do



Ayl

D
viewing ray ,
tr-linear
y ; ! interpolation
N i
[ T ) # sample location
voxel with color | ’ with color and

and opacity

(3% 8) 4 Aue &Y

33 & gfY o Makel A

3 Ao A walg BFHLE FHMoluE dele| W
w2 iAE F Aok & #Q 4o geld He 2
H4x 1 g9 A 49 F5E FNG F Ut
whebd ui e e A A ¢ HE deldY e (w)
g YAz 34 A9 H u Aol ¥H BEYEe
31 gud AF f94e BFEIEE AYsted AE
H 99 dolgtxn & HAdA FH w749 FHE
' l-e w2 Jehlojdr, og Fdor H u+
dutAN el F8E 1 -alut e wu utdu Aol
o BHwel 1-aw)dust wtAe FH9% 1-a2w)
o §og YehfAatiadg 9).

BEyw a (U a ) du
=l -
suwg 1-addy - alu)du
= - aglu+ du)
FYE

g Au

Ray

ay |e Celu) Clu) a (u) du
3 1-acu)
Y%
o 4 Clut 4u)

24 AN FHYE 0I8S MEAZD ALE 483

% 1—alu+tdwy=(1-a(w)dw)(l—alu)E YE
YAy &1 g fAE 48 F ok

1—elu+du)=(1-a ())(1— alu)du)

au+ du)=alw)+ (w1l — aluw)du

ot@7bA 2 ¥3 472 C(wx Phong Lighting
model A183te] thga o] AdE & vk (w)
' wlMe) d4d wirozo Moln H 4E EFH
e wyl dol Ede wedold EFYEI} a(w)
o2 H yoli AAz M wgon wirieE A
9 AxE Awe(wdw?t 8o o] €& u 4
Atol& BHsiuiA GHuR ofH #2 At A
Aol

Clutdu)=CLw) +(1—alu)C(u)a(w) 4() (2}

Levoyl4le] ol db&Ql w2 o) 48 18 & ZAotery

4. 2MH M F3Y

41 BAX g o[B8 293

4 ERREe} A AXEls HE PEAe &
st e o JEArE AtHL 2,6,7,8,10,12], ¥
=7 e, LevoyldlZh AQtd oAl dyoz R
B g 934 FERG YA 73 4 (1), ()
A a9l Hdol 4uE FEEA FA Feod ), =
Ag74ze olabd #AZE obd A%H AL Hrh
FAT ojme ‘T Hol ERUE" olwse OE
N2 EFFEE 95 #57 o Hojof @t Fof
AT A WE ¥ AL FHMY EREE 2
= 5 Bt 2o A B EstEM FFHe A

£ Tk ole vl ¥57 =(differential opacity)
gt Fel7le sedlizl, a9 Bis)gel BAE 43
Aol A" ZAojd. guE 533 A FIAIE
A1), QZRH g #AE ded

}Ii"rgo[—aé—zii%zz—_—q-‘(—z—‘l] = o)1 — alw)

[ Clutdw)—CLw)1_ .
zlvl;r}o du ]—‘(1

a(2)) C(u)(al )

de) Aoz ¥ new 2e A4 F4E Axwh



484 St SR MR =2X HTHE M2=12000.2)

da (w)/du=pBuX1- a.(w) (3)

dC ()] du=T—e ())w)B(w) @y

alw)=1—e (5)
¢ grh shaARE 69 vlewg el HE o
W ugd 2o 48 A
Cw)= [ Clu)BuX(1~ a(u)) du ®)
4 @A 1-al= e Moz tee 3
@+ sl
cw=["cos e P w @

}‘\% }‘1 C(u)“’]’ ﬂ(u)\__ u{a Oﬂ‘ﬂ“}'—y 9\1‘:‘ 0:1
G 79-4 AH drg9 BEYE2ZEE 33 AYIAL
21 0 2 (trilinear interpolation) ZAA3Th wWabA C(w)

b fuwe w®l 33 the] "t gle wA HEe

Sel A FeA g FrE dep A4 gonw

Poegdie o Mg dases ez
‘f““E(S)

i

of A C(whu) e
o] 7}58HA ¥t

T O@4e] Haz

42 BME oy
oA whatd Fde 2 48 Fash=d Aw)
= 2 wh Fd v 4g B dn e oAHA A
A 849 g gl 9t 32 AFoatgnh meby
e FME F¥EY HEED [0, wl, [ug, wl,
lueoyu, g AGE - Jded, o714 7 AR

[y, w0 &3k a8 [“g9ds =

3 aoaz e e ol g9 ot
uzfl"ﬂ” w, Atolol] Mg o oz g dojMgk He
#oh pgE 1 AdA 33 dadez YehlejAleg
24 Apel EARA H 0 R AEe TE A

of Wkl UAHI HelE 7‘”3} uEtA olE) Aatd
A HEo AFLE ol&dy A AL = Utk
F, B (=1, 2, -8)& 1 WA Aol AHE 87] voxel

o] & EFEELT 31, Sixy2E | WA AUy
BRI SE- Sy YR o s
Bo(xyz) & th3# o] THAY,

A=)(1=(1-2)8 1 +x(1-»(1~2)8 5+
(Q=x)y(1-2)8 3+ 21 —2)8 14+

Q=200 —»28 15+ x(1—zh 16+
(1—x)yzB 1 +tavzB (5

wepd, [ poast Buge goz EAY 4 A

=

1

f:lll?(s)ds =f0u/~m 1/Et’org(s)ds = S;B’?B’:i

oltt. 471 BA 7, (), Ww), 2()) = (pr+ ug,,
pat ugs, pytugx) E EEHIL B p, q, 2Ly -
wrd FrE 28 £ vk e & FH o W
AN @7t TRHL B pl s} w-wE o148t 4
Al AAE S Qlvh @ HAoM UAE FAM yit B

Bebe EesA @ npAe BE gola & W, 2
H49 vl
Clu) = fou"C(wﬂ(u)e*J" B

otk AHoZ Cluol A BH Fyel HE 7
B gens fat aed 2 ddes and
o SE THAL FH BEH o RE HEL of
g3tol Mg s san.

Clup= —Clue
283 )8 Hu)= ’“*'31 At Ao mpzt
7_3[

1 02A 4Haz ol§ el 2w thgel

=4 ,#r,],
= = .

v

fu’:" C'(we ) f“".ﬁ(s)dsdu

- Z:1 f:, C'(we I .ﬁ(s)dsdu

- g1 f:il C'(we . g'f"“ B As)as J' 5/—1(s)dsdu
- gl ev ;"'J B,"%S>¢€fujllc '(u)e_fu B l(s)dsdu



B 0a)ds

q7M e b8 2 Taylor expansion®& (u,_,+
. . u " g (9ds

w)/2 FHAN AR [T C e T du

o &g 78 F Atk

43 0|f SRHETol AL
P ERIEG 44 AU AR 95 9y

& ARgstEld Fojzl HelAe] mE BEHEY da
sttt e 2 Hexe v EREE f(wWE HE
A AAE77E A gk B =R NE vE R
%’E (WE 99 Zol BEEHE o(u)ZHH A (1)
g o|gdA T a(ww 0MARE utxe F3
%—‘%%‘E"]ﬂ al0;) 2 BAE Sl 00] obd A
Hogie Al#tehs ¥g dded g 22 A4S
dg 7 Utk

a(u—0.5u+0.5) = 1—¢ 10
1N 1 @9 AolE SuBT Sl BT
99 Lol BEWE 400 o5l

alu—0.5u+0.5)=olw)

gt & F vt b AM w(w) =
& 4 9ok Fojz g @9 do] EFHE a(w)
of dAME o A& wEde FRE 1R BE5Y
T R2E 5 Awrt EATY AN o(w) AAZE
Blwoll e oj| AHEE F2 RIh adM Aw)
7k 34 [u-05u+05]8 4 WAAME 45 89 2
o g £ Aok 13 9H

dw=1—e¢ oo _ 1—e "9,
s € [#—0.5,24+0.5]

2 FE¥ + %x

B(s)=log 1 , s €lu—0.5, u+0.5]

1
—a(w)
S 9ok ged F wold Fold B 2ol
a(WE 49 [«—0.5 «+0.5]94 AHH

FEEE A)E TE 5 Ak

e ome
£
i1 ﬂﬂ

B-3
e
ftnd

5.

1

o

cEdA AdE WHE Levoyd W A

ST BM EMUS 018D HIRAIZE AILHE 8

dste) ulwstsll +d ¢3S e 200 MHz CPU
9} 64M RAME AM&8h Windows 95870l 44
of AME-3 dlolE = Abg W& MRIZ #93 256x
256x109x8bit =719l #Agojth. B =EoAE M9

a) AH 427 509 BE (b) AN 4473 2709 &

(© AR L2 14e 52 (d) B24H 9

(2! 10) 942 &

(@) A4 447 5749 & b) AY Y49 209 B2

() AH 443 ie 2E

@ 44 Py
(28 1) thed T



186 SR yENelEe =2X HTH H2%20002)

AE —‘?—-ET{ i wF REg 2de] WHer 49 o olabA el AA dolHelE o]t HynoRy
g ¥ %ﬂﬂ 1S shden, Levov91 WydME & 257 gEol). olz AHAR AA dojedME
B 32 358 oA g 23E 4 (¥ EAHQ Wyo] o st FFol H5HS 2
10), (2@ 11) «1 (a), (b), (0)= Levoyd WHE AR A ut 9o FHEL 1 YL ojEH AL YT
sl A Aol AZ #4570, 270, 1A gtil ol 5o A FAolr}

olty, 2E|x (d)e & =AM AT £43 PHo

2 Adys Aol Levoy’t FRARIE], AH HF 1323

i Aol 374 ol HE FEL ovFd W&
AT F4e P4 A R Levoyel B ¥
A B B £x7b =goy $rt 44
o g A& Ao ofxn A Holn of Ay
oA B 4 %ol Levoydl oA ¢ Wrge
HAQ WS ARG Aoy ojvAst BYE d
F@E

wore

6.8 £

2 =RolMde A A4s #AHE olEHeR 1
sted A|Zbat RdL AAsly 1 RER FEE A

ZRE u WS olgste BNFH A A7
#AHg ek aEa JFFAYE e @
E8AQ 33 A BF Mdete e BHAHY
g o] g3ty 33 H A dolEg AAE A A
2% FEFAL Levoyd] oA #H¥d £4%

o

o op 1k
o

Ze doleld didl 33449 49 £E 9
Hgstel vlmatgeh. Agode £430 el
AHel o HlE o F& ojnjAE AAEHAt 2
olfr= Levoyd WydlME #8 MY % HEd
thaf ojaHel #Hy gEY oz FE wE 44
9l e oAbyl Wyl FEANe F& HE A
£3 A gdst aAg zZl gFelzt A€o
Levoy:= Ei Zzx upd ZE3d AA Y94 2ol
2 370 o) e AEHS oWAd dE Fuh't $4E
7R 2 A %6“43’- FAsd e el 48 e 3
2& do ojFle Ay 243N AY A%
o B ol & oyt WA AL ofurt A#H
o2¢ ¢S g HEE 32 } o L 287 v
& Felgta FAsE o] FAsTh et o]
wol ] Fgle] BES AHse A2 E7bss)
ILH-E%OH B E=EA Agksls A we] d
&4 ok E=E 4¥d Agd 334U AH
dlolE 7h A& H oA ke AR FEE

%z
3 I“‘O

o 9 o o

[1} James Kajiva and Brian P. Von Herzen, “Ray
Tracing Volume Densities,” Computer graphics,
Vol.10, No.3, pp.165-174, July 1984.

[2] “The Rendering Equation,” Computer Graphics,
Vol.20, No.4, pp.143-150, August 1986.

{3] Marc Levoy, “Display of surfaces from volume
data,” IEEE Computer Graphics and Applications,
8(3):29-37, March 1988.

[4] Marc Levoy, “Efficient Ray Tracing of Volume
Data,” ACM Transactions on Graphics, Vol.9 No.3,
pp.245-261, July 1990.

[5]) Marc Levoy, “Ray Tracing of Volume Data,’
Course Notes, SIGGRAPH 1991,

[6] Nelson Max, “Light Diffusion through Clouds and
Haze,” Computer Vision, Graphics, and Image Pro-
cessing, 33:280-292, 1986.

[7] Nelson Max, “Optical Models for Direct Volume
Rendering,” IEEE Transactions on Visualization
and Computer Graphics, Vol.l, No.2, pp.99-108,
June 1995,

[8] Tomoyuki Nishita, Yasuhiro Miyajaki, and Eihachiro
Nakame, “A Shading Model for Atmospheric Sca-
ttering considering Luminous Intensity Distribution
of Light Sources,” Computer Graphics, Vol.21, No.4,
pp.303-310, July 1937.

[9] Thomas Porter and Tom Duff, “Compositing Digital
Images" Computer Graphics, 18(3):253-260, July 1984.

[10] Paolo Sabella, “A Rendering Algorithm for Visu-
alizing 3D Scalar Fields,” Compuer Graphics, 22(4):
51-58, July 1983.

[11] Craig Upson and Michael Keeler, “ The V-buffer:
Visible Volume Rendering,” Computer Graphics,
22(4)L59-64, July 1988.

{12] Jane Wilhelms and Allen V. Gelder, :A Coherent
Projection Approach for Direct Volume Rendering:,
Computer Graphics, Vol.15, No.4, pp.275-284, July
1991.



SME FM EZHHS 0183 MHAIZIS A2 48/

TR

=
7 e

e-mail : gusn@multi.soongsil.ac.kr

19974 @29\ Folojst Beak)

e-mail : moon@family.sogang.ac.kr

1980 A& AEAS &4

EQ(8Ah
2000 Ay HFE T (8hal)
Z(MAh ) o N
19821 St ered  Hatehd
EFH(HAD
HY £ oJ
T = 1992 1= Univ. of Pennsylvania AAtsts} Z](dkA})
e-mail:d:aik@computing.soongsﬂ.ac.kr 19824 ~ 19864 W AT L ALY
1983 Algdl 34 E4(3AD
3~ § Rz } oz
1990 ©] 2 University of Min- 199214 ~ 1994 AR+ FF PN
nesota A4 EQ(AAD 19949 ~19999 A istm AEE SR Has
19913 ® = University of Min- 20006 ~ S A MZFE T 3 Aulstel vlx e o petat

nesota AAHetE EJ(2HAD
19923 ~ 19943 AT&T Bell €14 d+¢ )
1953 ~dA $AgetE AZHSE 2 A B s chuofold, ditu 7 FE

AP} AFH 22hm2, ofunold, dmel Z, CAD 4548, AR

H oA
7} 3L
w T



