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:gghlZpby

>ZggZy klZlvy ihk\ys_gZ Ze]hjblfm ^bkdj_lghc
ljZkkbjh\db emq_c/ bkihevamxs_fm b_jZjobq_kdb_
kljmdlmju ^Zgguo ^ey ij_^klZ\e_gby \hdk_evgh]h
ijhkljZgkl\Z1 Bkihevah\Zgb_ hdlZglguo ^_j_\v_\
agZqbl_evgh mf_gvrZ_l h[t_f iZfylb/ g_h[oh^bfuc
^ey ojZg_gby lj_of_jguo fh^_e_c1 Kj_^gb_ agZq_gby
dhwnnbpb_glZ k`Zlby \hdk_evguo fh^_e_c gZoh^ylky \
^bZiZahg_ hl 4=57 ^h 4=83 ^ey fh^_e_c ihemq_gguo ba
kdZg_jh\ h[t_fZ/ gZijbf_j/ dhfivxl_jguo lhfh]jZnh\
beb fZ]gblgh0j_ahgZgkguo kdZg_jh\1 JZajZ[hlZggu_
f_lh^u iha\heyxl \bamZebabjh\Zlv 5893 b 8453 h[t_fu
ijZdlbq_kdb \ j_Zevghf fZkrlZ[_ \j_f_gb gZ h[uqghf
ID +Intel Pentium-133,1 Bkihevah\Zgb_ h^ghjh^gh]h
\hdk_evgh]h ijhkljZgkl\Z iha\hey_l dhfihgh\Zlv
fh^_eb ba jZaebqguo bklhqgbdh\= [bhf_^bpbgkdbo
kdZg_jh\/ baf_jbl_evguo mkljhckl\/ fh^_e_c
dhgkljmdlb\ghc h[t_fghc ]_hf_ljbb +CSG, b
iheb]hgZevguo fh^_e_c1

Dexq_\u_ keh\Z= <bamZebaZpby h[t_fh\/ ^bkdj_lgZy
ljZkkbjh\dZ emq_c/ hdlZglgh_ ^_j_\h1

1. <<?>?GB?

< ihke_^gb_ ]h^u hlf_qZ_lky agZqbl_evguc jhkl
dhebq_kl\Z ijbeh`_gbc \ h[eZklb \bamZebaZpbb
h[t_fh\1 Wlhl ijhp_kk gZihfbgZ_l j_\hexpbx
dhfivxl_jghc ]jZnbdb/ ijhbahr_^rmx \ dhgp_ 930o
]h^h\ ijb i_j_oh^_ hl \_dlhjghc 5D d jZkljh\hc 5'
]jZnbd_1 :gZeh]bqgZy dZjlbgZ pZjbl k_cqZk b \
g_dhlhjuo h[eZklyo lj_of_jghc ]jZnbdb/ \ hkgh\ghf
lZf/ ]^_ aZgbfZxlky \bamZebaZpb_c gZ[hjh\ ^Zgguo
bagZqZevgh hj]Zgbah\Zgguo dZd lj_of_jgu_ fZkkb\u
agZq_gbc dZdh]h0eb[h iZjZf_ljZ1 QZs_ \k_]h lZdZy
bgnhjfZpby ijboh^bl k jZaebqguo kdZgbjmxsbo
mkljhckl\ +gZij1/ f_^bpbgZ, beb \ j_amevlZl_
qbke_ggh]h wdki_jbf_glZ +gZij1/ ^bgZfbdZ `b^dbo
kj_^,1[3, 8]
LZdb_ baf_g_gby/ ]eZ\guf h[jZahf/ h[mkeh\e_gu

^hklb`_gbyfb dhfivxl_jguo l_ogheh]bc \ h[eZklb
ZiiZjZlgh]h h[_ki_q_gby 0 [uklju_ ijhp_kkhju/ [he__
h[t_fgZy/ ^_r_\Zy b [ukljZy hi_jZlb\gZy b \g_rgyy
iZfylv b l1^1 H^gZdh/ ^Z`_ ijb lZdhf agZqbl_evghf
ijh]j_kk_ \bamZebaZpby h[t_fh\ [ueZ g_^hklmigZ ^ey
kj_^g_klZlbklbq_kdbo ID ^h kZfh]h g_^Z\g_]h
\j_f_gb1
>ZggZy klZlvy ihk\ys_gZ h^ghfm ba f_lh^h\

ij_^klZ\e_gby b \bamZebaZpbb \hdk_evgh]h
ijhkljZgkl\Z/ dhlhjuc fh`_l ijh^mdlb\gh

bkihevah\Zlvky ^Z`_ gZ g_^hjh]bo ID kh kj_^gbfb
jZaf_jZfb HAM b \g_rg_c iZfylb1

2. KLJMDLMJU >:GGUO

Hibku\Z_fuc Ze]hjblf bkihevam_l hdlZglgu_ ^_j_\vy
^ey k`Zlby h^ghjh^gh]h \hdk_evgh]h ijhkljZgkl\Z1
Fh^_ev kljhblky ba lj_of_jgh]h fZkkb\Z we_f_glh\
h[t_fZ 0 \hdk_e_c +voxels,1 <k_ \hdk_eb bf_xl nhjfm
dm[Z b h^bgZdh\uc jZaf_j ih lj_f dhhj^bgZlguf hkyf1
HdlZglgh_ ^_j_\h hj]Zgbam_l b_jZjobq_kdmx kljmdlmjm
]jmiibjh\db \hdk_e_c= <_kv h[t_dl ojZgblky \ [hdk_1
Wlhl [hdk ^_eblky gZ \hk_fv jZ\guo ih^[hdkh\
iehkdhklyfb/ i_ji_g^bdmeyjgufb hkyf dhhj^bgZl1 Wlb
ih^[hdku/ \ k\hx hq_j_^v/ kgh\Z ^_eylky gZ ih^0
ih^[hdku b l1^1 Wlhl ijhp_kk aZdZgqb\Z_lky gZ mjh\g_
\hdk_e_c 0 we_f_glZjguo g_^_ebfuo _^bgbp h[t_fZ1
Ijb lZdhc ko_f_ dh^bjh\Zgby \hdk_evgh]h
ijhkljZgkl\Z hdlZglgh_ ^_j_\h fh`_l ij_^klZ\eylv
dm[bq_kdbc h[t_f ijhkljZgkl\Z ba +5N)3 \hdk_e_c/ ]^_
N - ]em[bgZ ^_j_\Z1
DZ`^uc \hdk_ev \gmljb fh^_eb fh`_l [ulv= eb[h

ijhajZqguf +©\ha^moª, eb[h ijbgZ^e_`Zlv
ih\_joghklb h[t_dlZ +©dh`Zª,1 <hdk_eb ©\ha^moZª 0 wlh
ijhajZqgu_ h[eZklb ijhkljZgkl\Z/ hgb g_ gm`gu ^ey
ij_^klZ\e_gby fh^_eb1 KljmdlmjZ hdlZglgh]h ^_j_\Z
iha\hey_l ba[_`Zlv ojZg_gby ©\ha^mrguoª ih^[hdkh\
gZ dZ`^hf mjh\g_ b_jZjobb/ \ j_amevlZl_ q_]h
kms_kl\_gguf h[jZahf mf_gvrZ_lky h[t_f iZfylb/
lj_[m_fuc ^ey ojZg_gby fh^_e_c1
<hdk_eb ©dh`bª kh^_j`Zl bgnhjfZpbx h k\hckl\Zo

ih\_joghklb \ lhqd_ 0 p\_l/ \g_rgyy ghjfZev/
dhwnnbpb_gl hljZ`_gby/ij_ehfe_gby b l1^1 ^ey
ijh\_^_gby g_h[oh^bfuo \uqbke_gbc \h \j_fy
ihkljh_gby bah[jZ`_gby1
LZdZy fh^_ev ^Zgguo g_ iha\hey_l wnn_dlb\gh

ij_^klZ\eylv lj_of_jgu_ iehlghklgu_ fh^_eb +3D
density fields, \ g_h[jZ[hlZgghf \b^_1 H^gZdh/ ihke_
ij_^h[jZ[hldb +gZau\Z_fhc lZd`_ ^\hbqghc
d\ZglbaZpb_c [7]) \bamZebabjh\Zlv lZdb_ ^Zggu_
+dhfivxl_jgZy lhfh]jZnby b fZ]gblgh0j_ahgZgkgh_
kdZgbjh\Zgb_, g_ ij_^klZ\ey_l [hevrhc keh`ghklb1 <
gZklhys__ \j_fy jZajZ[hlZgh fgh`_kl\h f_lh^h\
j_dhgkljmdpbb bahih\_joghkl_c ba lj_of_jguo
fZkkb\h\ agZq_gbc iehlghklb beb dZdh]h0eb[h ^jm]h]h
iZjZf_ljZ1 [6, 7, 9]
>ey lh]h/ qlh[u ojZgblv bgnhjfZpbx lhevdh h

ih\_joghklb h[t_dlZ dZ`^uc g_imklhc ih^[hdk bf__l
h^bg [Zcl ki_pbZevghc bgnhjfZpbb +bgnh[Zcl,1
DZ`^uc [bl wlh]h [ZclZ ]h\hjbl kh^_j`bl eb
khhl\_lkl\mxsbc _fm ih^[hdk \hdk_eb ih\_joghklb
beb g_l1 Lhevdh l_ ih^[hdku/ dhlhju_ kh^_j`Zl
ih\_joghklv/ [m^ml bf_lv ihlhfdh\ gZ gb`gbo mjh\gyo
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b_jZjobb1 Ih^[hdku ©\ha^moZª g_ hlke_`b\Zxlky \gba
ih ^_j_\m1
< kjZ\g_gbb k h[uqguf h^ghjh^guf

ij_^klZ\e_gb_f lj_of_jgh]h ijhkljZgkl\Z [3, 10]/ ]^_
dZ`^uc \hdk_ev kh^_j`bl bgnhjfZpbx, Z ^ey ojZg_gby
\k_]h ijhkljZgkl\Z lj_[mxlky ]b]Zglkdb_ h[t_fu
iZfylb/ hdlZglgu_ ^_j_\vy y\eyxlky kms_kl\_gguf
f_g__ lj_[h\Zl_evgufb1 GZijbf_j/ ^ey ojZg_gby
h[t_dlh\ khklhysbo ba 5893 \hdk_e_c  lj_[m_lky ^h <;
F[Zcl= dZ`^uc \hdk_ev kh^_j`bl 6 [ZclZ ^ey ojZg_gby
p\_lZ ih\_joghklb . 6 [ZclZ ^ey ojZg_gby ghjfZeb .
1/8 [ZclZ gZ lbi \hdk_ey +©\ha^moª0©dh`Zª,/ blh]h
91458 [Zcl/\hdk_ev1 Ijyfh_ i_j_fgh`_gb_ 5893 gZ
91458 ^Z_l <; F[Zcl bgnhjfZpbb1 Ijbf_g_gb_
hdlZglguo ^_j_\v_\ iha\hey_l khdjZlblv wlhl h[t_f ^h
40518F[Zcl +kf1 ijbf_ju \ lZ[e1 4,1

Fh^_ev JZaj_r_gb_ ih x,y b z
+\hdk_ev,

JZaf_j fh^_eb
+[Zcl,

Dice 128 128 128 533,298
Molecule 451 315 450 2,539,356
Teapot 512 324 258 1,596,509
Mrbrain 190 175 156 1,034,480
3Dhead 199 187 156 1,483,655
Cthead 172 220 223 1,259,417

LZ[ebpZ 4= H[t_fu iZfylb ^ey lbibqguo fh^_e_c1

3. :E=HJBLF <BAM:EBA:PBB

614 H[sZy b^_y

KljmdlmjZ hdlZglguo ^_j_\v_\ g_ iha\hey_l gZijyfmx
bkihevah\Zlv f_lh^u hlke_`b\Zgby emqZ \ h^ghjh^ghf
lj_of_jghf ijhkljZgkl\_ +lbiZ 3D Ze]hjblfZ
;j_a_go_fZ beb lj_of_jgh]h Pbnjh\h]h
>bnn_j_gpbZevgh]h :gZebaZlhjZ [1],1 >ey j_r_gby
wlhc aZ^Zqb [ueb jZajZ[hlZgu ki_pbZevgu_ f_lh^u/
hjb_glbjh\Zggu_ gZ jZ[hlm \ b_jZjobq_kdbo
kljmdlmjZo ^Zgguo1
Jbk 41 beexkljbjm_l hkgh\ghc ijbgpbi f_lh^Z= emq

hlke_`b\Z_lky ba lhqdb gZ[ex^_gby/ i_j_k_dZ_l
iehkdhklv wdjZgZ \ lhqd_ +xs,ys, b m^Zjy_lky \ [hdk/
kh^_j`Zsbc ^bkdj_lgmx bgnhjfZpbx h[ h[t_dl_1 ;hdk
jZa^_e_g gZ ih^[hdku/ ijhgmf_jh\Zggu_ hl 50 ^h 57,
dhlhju_ ^Ze__ j_dmjkb\gh ^_eylky gZ [he__ f_edb_
ih^[hdku/ nhjfbjmy hdlZglgh_ ^_j_\h1 +< ^Zgghc
klZlv_ \k_ yq_cdb ijhkljZgkl\Z/ hlebqgu_ hl \hdk_ey
bf_gmxlky ©ih^[hdkZfbª beb ©[hdkZfbª b lhevdh
we_f_glZjgu_ g_^_ebfu_ we_f_glu h[t_fZ gZau\Zxlky
\hdk_eyfb1,

Jbkmghd 4= Hkgh\gZy b^_y f_lh^Z

< hkgh\ghf/ Ze]hjblf jZ[hlZ_l dZd fgh]b_ f_lh^u
h[jZlghc ljZkkbjh\db emq_c +backward raytracing).
Emqb bkimkdZxlky ba lhqdb gZ[ex^_gby q_j_a ibdk_eb
gZ wdjZg_ b hlke_`b\Zxlky ^h fhf_glZ i_j_k_q_gby k
h[t_dlhf1 < wlhc lhqd_ \uqbkey_lky p\_l ibdk_ey beb
ihjh`^Zxlky \lhjbqgu_ hljZ`_ggu_ beb
ij_ehfe_ggu_ emqb/ _keb lZdh\u_ bf_xlky1 =eZ\guc
\hijhk ljZkkbjh\db emq_c= ©DZd gZclb lhqdm
i_j_k_q_gby emqZ b h[t_dlZ"ª1 :e]hjblf j_rZ_l wlm
aZ^Zqm ke_^mxsbf h[jZahf=

• GZoh^bl lhqdm i_j_k_q_gby emqZ b [hdkZ/
kh^_j`Zs_]h h[t_dlZ +\uqbkeyxlky lhqdb \oh^Z b
\uoh^Z emqZ ba [hdkZ,

• Bkihevamy bgnhjfZpbx h lhqdZo i_j_k_q_gby/
Ze]hjblf hlke_`b\Z_l emq \gmljb [hdkZ b gZoh^bl
i_j\uc i_j_k_q_gguc \hdk_ev ih\_joghklb ih oh^m
emqZ

• Bkihevamy bgnhjfZpbx h k\hckl\Zo ih\_joghklb/
kh^_j`Zsmxky \ \hdk_e_ +p\_l/ ghjfZev b l1^1,/
\uqbkey_l p\_l ibdk_ey beb bkimkdZ_l \lhjbqgu_
emqb

3.2 Ihbkd lhqdb i_j_k_q_gby emqZ b
fh^_eb

GZ jbk15 b jbk16 ijhbeexkljbjh\Zg f_lh^ ihbkdZ
lhqdb i_j_k_q_gby1
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Jbkmghd 5= Ihbkd \hdk_ey i_j_k_q_gby

Emq \oh^bl \ [hdk \ lhqd_ ©iheZª 30/ ijhoh^bl q_j_a
kj_^gxx lhqdm 31 b ihdb^Z_l [hdk \ lhqd_ ©ihlhedZª
P21 <Z`gh/ qlh[u wlb ljb lhqdb jZkiheZ]Zebkv gZ lj_o
iZjZee_evguo iehkdhklyo/ ^\_ ba dhlhjuo 0 iehkdhklb/
kh^_j`Zsb_ ijhlb\hiheh`gu_ ]jZgb [hdkZ/ Z lj_lvy 0
^_ebl [hdk gZ ^\_ jZ\guo iheh\bgu1 Kh\_jr_ggh
hq_\b^gh/ qlh lhqdb P0 b P2 g_ h[yaZl_evgh [m^ml
ijbgZ^e_`Zlv ]jZgyf [hdkZ/ \ lh \j_fy dZd kj_^gyy
lhqdZ P1 h[yaZl_evgh [m^_l gZoh^blvky \gmljb [hdkZ1
<k_]h fh`_l [ulv ljb \ZjbZglZ \u[hjZ ^ey

iehkdhkl_c/ kh^_j`Zsbo lhqdb ©iheZª b ©ihlhedZ»:
iehkdhklb fh]ml [ulv i_ji_g^bdmeyjgu h^ghc ba lj_o
dhhj^bgZlguo hk_c X, Y beb Z1 Imklv lhqdZ gZ emq_
hibku\Z_lky \ kbkl_f_ dhhj^bgZl [hdkZ ke_^mxsbf
mjZ\g_gb_f=

P = S0 + t ⋅ (dx,dy,dz) (1)

]^_= S0 - gZqZevgZy lhqdZ emqZ
(dx, dy, dz) 0 \_dlhj gZijZ\e_gby emqZ
t - kdZeyjguc iZjZf_lj

Lh]^Z hkvx ]eZ\gh]h gZijZ\e_gby emqZ +H=GE,
gZau\Z_lky hkv/ khklZ\eyxsZy dhlhjhc \ \_dlhj_
gZijZ\e_gby emqZ ij_h[eZ^Z_l gZ^ ^jm]bfb1 Lh _klv=

F_lh^bdZ \u[hjZ ]eZ\gh]h gZijZ\e_gby kh\iZ^Z_l k
bkihevah\Zgghc \ p_ehqbke_gghf Ze]hjblf_
;j_a_go_fZ [1] b kem`bl l_f `_ p_eyf= ba[_`Zlv
ihy\e_gby jZaju\h\ \h \j_fy ^bkdj_lbaZpbb ijyfhc
emqZ1
Iehkdhklb ©iheZª b ©ihlhedZª \u[bjZxlky

i_ji_g^bdmeyjgufb hkb ]eZ\gh]h gZijZ\e_gby emqZ1

Jbkmghd 6= <b^ [hdkZ \ ijh_dpbb gZ iehkdhklv xy

GZ jbk16 fh`gh \b^_lv ijh_dpbx [hdkZ gZ
iehkdhklv/ i_ji_g^bdmeyjgmx hkb ]eZ\gh]h
gZijZ\e_gby emqZ1 BgnhjfZpby h ih^[hdkZo/
i_j_k_q_gguo emqhf/ fh`_l [ulv ^hklZlhqgh ijhklh
\uqbke_gZ gZ hkgh\Zgbb ^\mf_jguo dhhj^bgZl lhq_d
P0, P1 b P2 \ kbkl_f_ dhhj^bgZl iehkdhkl_c ©iheZª,
«ihlhedZª b kj_^g_c iehkdhklb1
Ijhp_kk hij_^_e_gby kibkdZ aZ^_luo emqhf

ih^[hdkh\ beexkljbjm_lky gZ jbk17 ^ey lhqdb P1 k
dhhj^bgZlZfb x=9 +\ ^\hbqghc kbkl_f_ 0 4334, b y=7
+3444,1 DZ`^uc [bl ij_^klZ\ey_l khhl\_lkl\m_l
h^ghfm mjh\gx b_jZjobb1 GZijbf_j/ ^ey mjh\gy
]em[bgu D = 1 \ dhhj^bgZlZo lhqdb P1 fu bf__f 4
+i_j\uc [bl ke_\Z ba x, b 3 +ba y,1 Ih wlbf [blZf b
bgnhjfZpbb h z-dhhj^bgZl_ lhq_d fu fh`_f
hij_^_eblv l_ ih^[hdku/ dhlhjuf ijbgZ^e_`Zl lhqdb
©iheZª b ©ihlhedZª/ b/ ihevamykv wlbf/ hij_^_eblv
imlv emqZ \gmljb [hdkZ1
Lhqdb P0 b P2 gZoh^ylky \ ih^[hdkZo 2(00)=1 b

24+(11)=128 khhl\_lkl\_ggh/ Z lhqdZ P1 ijbgZ^e_`bl
h^gh\j_f_ggh ^\mf ih^[hdkZf 0 2(01)=2 b 24+(01)=32 b[h
hgZ gZoh^blky lhqgh ihk_j_^bg_ [hdkZ/ lh _klv f_`^m
^\mfy ©wlZ`Zfbª1
Imlv emqZ/ lZdbf h[jZahf/ [m^_l ij_^klZ\e_g

ihke_^h\Zl_evghklvx ih^[hdkh\ 4/2/32/128. <
[Zclh\hf ij_^klZ\e_gbb 0 434333441 Bgnh[Zcl ba
l_dms_]h maeZ ^_j_\Z +gZijbf_j/ 33443434, ihdZau\Z_l/
qlh ih^[hdku 4/ 7/ 49 b 65 kh^_j`Zl ih\_joghklv1
Eh]bq_kdZy hi_jZpby B wlbo ^\mo [Zclh\ +imlb emqZ b
bgnh[ZclZ, ^Z_l bgnhjfZpbx h \k_o g_imkluo
ih^[hdkZo/ dhlhju_ i_j_k_q_gu emqhf1 < gZr_f
ijbf_j_ 0 ih^[hdku 4 b 65 +43433344 B 00110101 =
3433334,1 L_i_jv gm`gh jZkkfhlj_lv \k_ ijh[blu_
ih^[hdku \ ihjy^d_ ijhoh`^_gby emqZ1 < ijbgylhc
kbkl_f_ gmf_jZpbb ih^[hdkh\ gZf ^hklZlhqgh ijhklh
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\u[bjZlv g_gme_\u_ [blu ba j_amevlbjmxs_]h [ZclZ
ke_\Z gZijZ\h1

Jbkmghd 7= >\hbqgu_ \uqbke_gby ijb ihbkd_
i_j_k_q_gguo ih^[hdkh\

>ey mkdhj_gby ijhp_kkZ \uqbke_gbc \ ijh]jZffghc
j_ZebaZpbb ijbf_g_gZ look-up lZ[ebpZ/ gZ \oh^
dhlhjhc ih^Z_lky 470[blh\uc bg^_dk +;0[blh\uc
bgnh[Zcl l_dms_]h maeZ ^_j_\Z b 9 [blh\ ba
khklZ\eyxsbo dhhj^bgZl,1 GZ \uoh^_ ba lZ[ebpu
bf__f kibkhd ih^[hdkh\/ dhlhju_ kh^_j`Zl
ih\_joghklv b i_j_k_q_gu emqhf1

3.3 Ba[_`Zgb_ ©lmgg_evgh]hª wnn_dlZ

Baeh`_gguc Ze]hjblf fh`_l ihjh`^Zlv
ihke_^h\Zl_evghklb ih^[hdkh\/ ijbfudZxsbo ^jm] d
^jm]m lhevdh j_[jZfb +gZijbf_j/ 4/16/128,1 < wlhf
kemqZ_ emq fh`_l ©ihiZklv \ lmgg_evª \ ih\_joghklb/
\hdk_eb dhlhjhc jZkiheh`_gu \ ^bZ]hgZevghf ihjy^d_
+kf1 jbk1 8,1

Jbkmghd 8= Ijhy\e_gb_ ©lmgg_evgh]hª wnn_dlZ

>ey ba[_`Zgby ijhy\e_gby hibkZggh]h wnn_dlZ
Ze]hjblf \uqbke_gby imlb emqZ ^he`_g [ulv baf_g_g
lZdbf h[jZahf/ qlh[u \k_ \hdk_eb gZ imlb emqZ
ijbfudZeb ^jm] d ^jm]m ]jZgyfb1 < gZr_f ijbf_j_ \
imlv emqZ ^he`gu [ulv ^h[Z\e_gu \hdk_eb 65 b 971
JZamf__lky/ emq g_ fh`_l h^gh\j_f_ggh i_j_k_qv wlb

\hdk_eb/ gh hlke_`b\Zgb_ emqZ gh [he__ gbadbo
mjh\gyo b_jZjobb iha\hebl \u[jZlv ba gbo kZfuc
ih^oh^ysbc1
Ih l_jfbgheh]bb \\_^_gghc \ [3, 10]/ lZdhc emq

y\ey_lky 90k\yaguf= ex[u_ ^\Z khk_^gbo \hdk_ey
bf_xl h[smx ]jZgv1 Y]_ev b DZmnfZg ihdZaZeb/ qlh
lmgg_evguc wnn_dl hlkmlkl\m_l ijb ljZkkbjh\d_ 6-
k\yagufb emqZfb 590k\yaguo ih\_joghkl_c +dh]^Z
ex[u_ ^\Z khk_^gbo \hdk_ey ih\_joghklb bf_xl ih
djZcg_c f_j_ h[smx \_jrbgm,1 Ijbf_g_gb_ 26-
k\yaguo ih\_joghkl_c iha\hey_l agZqbl_evgh khdjZlblv
dhebq_kl\h \hdk_e_c/ lj_[m_fuo ^ey ij_^klZ\e_gby
fh^_e_c/ ohly wlh g_kdhevdh aZf_^ey_l ijhp_kk
hlke_`b\Zgby emq_c1

3.4 Iheh`_gb_ h[t_dlZ \ ijhkljZgkl\_

LZd dZd bgnhjfZpby h lhiheh]bb ih\_joghklb
ijbh[s_gZ d [hdkm/ \k_ Znnbggu_ ij_h[jZah\Zgby
fh^_eb \ khklZ\_ kp_gu aZljZ]b\Zxl lhevdh
dhhj^bgZlu b hjb_glZpbx [hdkZ/ hklZ\eyy
g_ljhgmlufb \hdk_evgu_ ih\_joghklb \gmljb g_]h1
>ey hlke_`b\Zgby emqZ \ [hdk_ ^he`gu [ulv
hij_^_e_gu lhevdh lhqdZ ©iheZª P0 b ©ihlhedZª 32

+kf1 jbk1 5,1 >ey wlh]h g_h[oh^bfh/ ihevamykv
ijZ\beZfb ]_hf_ljbb/ \uqbkeblv lhqdb i_j_k_q_gby
ijyfhc +4, b iehkdhkl_c ©iheZª b ©ihlhedZª,
ij_h[jZah\Z\ bo aZl_f \ kbkl_fm dhhj^bgZl [hdkZ1
Wlb \uqbke_gby lj_[mxl [hevrbo aZljZl

ijhp_kkhjgh]h \j_f_gb/ dhlhju_ ij_\hkoh^yl \j_fy
g_h[oh^bfh_ gZ hlke_`b\Zgb_ emqZ \gmljb [hdkZ1 >ey
mkdhj_gby wlh]h ijhp_kkZ ijbf_g_gZ ke_^mxsZy b^_y=
lZd dZd \oh^ghc iZjZf_lj +gZijbf_j/ x0, ^ey
ljZkkbjh\db emqZ \gmljb [hdkZ \uqbkey_lky
bg^b\b^mZevgh ^ey dZ`^h]h ibdk_ey gZ wdjZg_/ fh`gh
aZf_gblv ]jhfha^db_ \_dlhjgu_ \uqbke_gby
bgl_jiheypb_c +x0=f(xS,yS)/ ]^_ xS b yS - dhhj^bgZlu
ibdk_ey/ q_j_a dhlhjuc bkimkdZ_lky emq)1 WlZ
lj_of_jgZy nmgdpby fh`_l [ulv bgl_jihebjh\ZgZ
ijhkluf ebg_cguf nmgdpbhgZehf ^ey kemqZy
iZjZee_evghc ijh_dpbb1 ;he__ lh]h/ ijb bgl_jiheypbb
ebg_cghc nmgdpbb dZ`^h_ ke_^mxs__ agZq_gb_ fh`_l
[ulv \uqbke_gh gZ hkgh\_ ij_^u^ms_]h/ iml_f
^h[Z\e_gby ihklhyggh]h ijbjZs_gby1
LZdbf h[jZahf/ ^ey iZjZee_evghc ijh_dpbb fh`gh

hj]Zgbah\Zlv \uqbke_gby dhhj^bgZl lhq_d ©iheZª b
«ihlhedZª ^ey dZ`^h]h ibdk_ey ijb ihfhsb q_luj_o
hi_jZpbb keh`_gby k ieZ\Zxs_c lhqdhc1 LZd`_
j_Zebah\ZgZ bgl_jiheypby/ bkihevamxsZy lhevdh
p_ehqbke_ggmx Zjbnf_lbdm +keh`_gb_ b k^\b],1 LZdhc
ih^oh^ iha\hey_l \ iheghc f_j_ bkihevah\Zlv
\hafh`ghklb Zjobl_dlmj k mk_q_gguf gZ[hjhf
bgkljmdpbc +RISC) beb aZdZagu_ ijbdeZ^gu_ BK
(ASIC).
LZd`_ \_kvfZ ijhklh j_rZ_lky aZ^ZqZ \bamZebaZpbb

ijb ihf_s_gbb lhqdb gZ[ex^_gby \gmljv fh^_eb=
^hklZlhqgh ebrv h]jZgbqblv fbgbfZevgmx dhhj^bgZlm
z \h \j_fy hlke_`b\Zgby emqZ +kf1 jbk1 43,1
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<hdk_evgu_ fh^_eb fh]ml [ulv ihkljh_gu gZ hkgh\_
^Zgguo ba ke_^mxsbo bklhqgbdh\=

• Dhgkljmdlb\gZy h[t_fgZy ]_hf_ljby +CSG, kf1
jbk1 :

• >Zggu_ kh kdZg_jh\ h[t_fZ +CT, MR b l1^1, kf1
jbk1 ; 0 43

• Iheb]hgZevgu_ fh^_eb +kbkl_fu 3d-
fh^_ebjh\Zgby/ CAD/CAM b l1^1, kf1 jbk1 9

JZajZ[hlZgu b j_Zebah\Zgu ki_pbZevgu_ Ze]hjblfu
fZgbimeypbc b ihkljh_gby hdlZglguo ^_j_\v_\ ba
\hdk_evguo ijhkljZgkl\1 Fh`gh dhfihgh\Zlv
iheb]hgZevgu_ beb \hdk_evgu_ fh^_eb k CSG-
ijbfblb\Zfb1 <k_ eh]bq_kdb_ hi_jZpbb
dhgkljmdlb\ghc h[t_fghc ]_hf_ljbb ijh\h^ylky \
\hdk_evghf ijhkljZgkl\_1 >ey mkdhj_gby b
mf_gvr_gby lj_[m_fuo h[t_fh\ HAM ijb jZ[hl_ k
\hdk_evgufb gZ[hjZfb ^Zgguo bkihevah\Zgu
f_oZgbafu k\hiibg]Z, d_rbjh\Zgby b dhfij_kkbb
bgnhjfZpbb ©gZ e_lmª1 GZijbf_j/ ijb ihkljh_gbb
lbibqguo fh^_e_c jZaf_jhf 8453 \hdk_e_c g_h[oh^bfh
ijbf_jgh 4<3 F[Zcl ^ey ojZg_gby bgnhjfZpbb h
fh^_eb1 Dhfij_kkbjh\Zggu_ ^Zggu_ lj_[mxl m`_
lhevdh 44 F[Zcl \ HAM beb gZ `_kldhf ^bkd_1
Ijbf_g_gb_ mdZaZgguo \ur_ f_lh^bd k^_eZeh
\hafh`guf ihkljh_gb_ ^hklZlhqgh [hevrbo fh^_e_c
+^h 43573, gZ h[uqghf ID k HAM h[t_fhf ; F[Zcl b
jZ[hlZxs_f ^Z`_ ih^ mijZ\e_gb_f MS-DOS (lh _klv \
hlkmlkl\b_ rlZlgh]h f_g_^`_jZ \bjlmZevghc iZfylb,.
GhjfZev d ih\_joghklb b p\_l ojZgblky \ dZ`^hf

\hdk_e_/ wlh iha\hey_l gZghkblv gZ ih\_joghklb
p\_lh\mx l_dklmjm +kf1 jbk1 < 0 43,1 GZijZ\e_gb_
ghjfZeb hij_^_ey_lky \ ijhp_kk_ \hdk_ebaZpbb1F_lh^/
bkihevam_fuc ^ey \uqbke_gby ghjfZeb/ aZ\bkbl hl
ijbjh^u \hdk_ebam_fhc ih\_joghklb=
<hdk_eb b ghjfZeb d ZgZeblbq_kdbf ih\_joghklyf

(CSG-ijbfblb\u/ iheb]hgu, fh]ml [ulv ihemq_gu
g_ihkj_^kl\_ggh1 Ijbf_g_gb_ look-up lZ[ebp beb
f_lh^Z dhg_qguo jZaghkl_c ^ey bgl_jiheypbb
agZq_gbc iha\hey_l agZqbl_evgh mkdhjblv wlhl ijhp_kk1
G_ZgZeblbq_kdb_ ih\_joghklb/ ihjh`^_gguf ba

^Zgguo hl baf_jbl_evguo mkljhckl\ +CT, MR b l1^1,/
fh]ml [ulv ihkljh_gu ijb ihfhsb h^gh]h ba f_lh^h\
^\hbqghc k_]f_glZpbb h[t_fZ= dhgl_dklgh]h/
]jZ^b_glgh]h/ [bd\Z^jZlghc bgl_jiheypbb
ih\_joghklb b l1^ [2, 5-7]  < hibku\Z_fhc kbkl_f_
ijbf_g_gZ fh^bnbdZpby ]jZ^b_glgh]h f_lh^Z/ dhlhjZy
^ey hp_gdb gZijZ\e_gby ghjfZeb bkihevam_l agZq_gby
khk_^gbo \hdk_e_c \ hdj_klghklb 8o8o8 Z ^ey ^\hbqghc
k_]f_glZpbb1 Ijb ihfhsb nbevljZpbb \ lj_of_jghf
\hdk_evghf ijhkljZgkl\_ \k_ ih\_joghklb ijb\h^ylky d
90k\yaghfm \b^m1

5 A:DEXQ?GB?

814 Hkgh\gu_ ^hklhbgkl\Z ^bkdj_lghc
ljZkkbjh\db emq_c

< kjZ\g_gbb k ljZ^bpbhggufb iheb]hgZevgufb
f_lh^bdZfb ij_^klZ\e_gby ih\_joghkl_c/ ^bkdj_lgZy
ljZkkbjh\dZ emq_c bf__l ke_^mxsb_ ij_bfms_kl\Z=

♦ Dhebq_kl\h bgnhjfZpbb b kdhjhklv
\bamZebaZpbb ihqlb g_ aZ\bkyl hl keh`ghklb
h[t_dlh\

♦ G_l g_h[oh^bfhklb \ ki_pbZevguo Ze]hjblfZo
gZg_k_gby l_dklmj/ lZd dZd dZ`^uc \hdk_ev
bf__l kh[kl\_gguc p\_l

♦ <ukhdZy lhqghklv hij_^_e_gby ghjfZe_c/ lZd
dZd hgb khihklZ\e_gu dZ`^hfm \hdk_ex

♦ <ukhdZy lhqghklv hij_^_e_gby lhq_d
i_j_k_q_gby

♦ ?klv khafh`ghklv g_ihkj_^kl\_gghc
\bamZebaZpbb gZ[hjh\ ^Zgguo k baf_jbl_evguo
mkljhckl\ [_a ij_h[jZah\Zgby \ keh`gu_
iheb]hgZevgu_ fh^_eb

♦ IjhklhlZ j_ZebaZpbb Ze]hjblfh\ hij_^_e_gby
i_j_k_q_gby ^\mo h[t_dlh\ +gZijbf_j/ ^ey
CAD/CAM kbkl_f,

815 >hklhbgkl\Z ij_^eh`_ggh]h
Ze]hjblfZ \ kjZ\g_gbb k h[uqgufb
f_lh^bdZfb ^bkdj_lghc ljZkkbjh\db
emq_c

Baeh`_gguc \ klZlv_ Ze]hjblf h[eZ^Z_l ke_^mxsbfb
^hihegbl_evgufb ij_bfms_kl\Zfb ih kjZ\g_gbx k
[Zah\ufb f_lh^Zfb ^bkdj_lghc ljZkkbjh\db emq_c=

♦ Lj_[m_lky agZqbl_evgh f_gvr__ dhebq_kl\h
^Zgguo ^ey ij_^klZ\e_gby fh^_e_c/ lZd dZd
ojZgblky b h[jZ[Zlu\Z_lky lhevdh bgnhjfZpby
h ih\_joghklb= m\_ebq_gb_ jZaj_r_gby fh^_eb
\ ^\Z jZaZ ih dZ`^hc ba dhhj^bgZlguo hk_c
ijb\h^bl d jhklm h[t_fZ ^Zgguo \ fh^_eb \k_]h
\ 7 jZaZ +\ ijhlb\hiheh`ghklv h^ghjh^ghc
ko_f_ ij_^klZ\e_gby ijhkljZgkl\Z/ ]^_
m\_ebq_gb_ jZaj_r_gby \ ^\Z jZaZ ijb\h^bl d
\hkvfbdjZlghfm jhklm h[t_fZ bgnhjfZpbb,1

♦ ;he__ \ukhdZy kdhjhklv= lbibqgu_
f_^bpbgkdb_ h[t_dlu ihemq_ggu_ f_lh^hf
dhfivxl_jghc lhfh]jZnbb +jZaj_r_gb_
\hdk_evgh]h ijhkljZgkl\Z ± 5893/ jZaj_r_gb_
bah[jZ`_gby 0 6532; kf1 jbk1 ;043,
\bamZebabjmxlky aZ 316031< k_dmg^/dZ^j gZ ID k
ijhp_kkhjhf I_glbmf k lZdlh\hc qZklhlhc 466
F=p +jZa[jhk \ ^ebl_evghklb bgl_j\Zeh\
h[mkeh\e_g jZaebqb_f \ m]eZo gZ[ex^_gby
fh^_e_c,1 LZdZy kdhjhklv \bamZebaZpbb
^hklb]gmlZ [eZ]h^Zjy ke_^mxsbf k\hckl\Zf
Ze]hjblfZ=
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♦ =eZ\guf h[jZahf/ \uqbke_gby ijh\h^ylky

k bkihevah\Zgb_f p_ehqbke_gguo
hi_jZpbc lbiZ k^\b]Z/ keh`_gby/
eh]bq_kdh]h ©Bª b l1^1

♦ GZb[he__ ^ebl_evgu_ hi_jZpbb [ueb
mkdhj_gu k bkihevah\Zgb_f look-up
lZ[ebp beb bgl_jiheypbb dhg_qgufb
jZaghklyfb

♦ Bkihevah\Zgb_ b_jZjobq_kdbo kljmdlmj
^Zgguo iha\hey_l khdjZlblv dhebq_kl\h
hi_jZpbc ijb ihbkd_ lhqdb i_j_k_q_gby
emqZ b h[t_dlZ

♦ Bkihevah\ZgZ dh]_j_glghklv p\_lh\
khk_^gbo ibdk_e_c/ qlh iha\hey_l
agZqbl_evgh khdjZlblv dhebq_kl\h emq_c/
dhlhju_ g_h[oh^bfh hlke_^blv ^ey
ihemq_gby dhg_qgh]h bah[jZ`_gby

HibkZgguc \ klZlv_ f_lh^ \bamZebaZpbb
dhf[bgbjm_l ij_bfms_kl\Z ^bkdj_lgh]h ij_^klZ\0
e_gby fh^_e_c \ \b^_ \hdk_evguo ijhkljZgkl\ b
rbjhdh ijbf_gy_fmx \ kbkl_fZo ljZkkbjh\db emq_c
f_lh^bdm g_h^ghjh^gh]h jZa[b_gby ijhkljZgkl\Z1
Bkihevah\Zgb_ hdlZglguo ^_j_\v_\ iha\hey_l gZ
ihjy^hd khdjZlblv h[t_fu iZfylb/ lj_[m_fu_ ^ey
ojZg_gby fh^_e_c1 Ijbf_g_gb_ \ Ze]hjblf_ ]eZ\guf
h[jZahf p_ehqbke_gguo hi_jZpbc kms_kl\_ggh
mijhsZ_l j_ZebaZpbx gZ ZiiZjZlghf mjh\g_1

< aZdexq_gb_ ohq_lky \ujZablv [eZ]h^Zjghklv aZ
p_ggu_ b^_b b g_hp_gbfmx ihfhsv \ jZ[hl_
ijhn_kkhjm I1 DjmfoZm_jm ba ;_jebgkdh]h
L_ogbq_kdh]h Mgb\_jkbl_lZ b ^hdlhjm O1 JZcom ba
?\jhi_ckdh]h BgklblmlZ BgnhjfZlbdb1
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Hierarchical Discrete Ray Tracing in Octrees

Abstract

This paper describes a discrete ray tracing algorithm which
uses hierarchical data structures (octrees) for 3D uniform
voxel space representation. Usage of octrees dramatically
reduces memory amount needed to store 3D models.
Average compression ratio achieved is in range between
1:24 up to 1:50 for real-world binary segmented models
(CT and MRI data sets). Ray casting methods applied made
it possible to render 2563 and 5123 volumes nearly in real-
time on standard PCs (Intel Pentium-133). Usage of
uniformly partitioned voxel space for representing in octree
allows to compose input models from many sources like
biomedical scanners, measuring devices, constructive solid
geometry (CSG) modeling and polygonal models.
Keywords: Volume visualization, discrete ray tracing,
octree
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Jbkmghd 9= <hdk_ebah\ZggZy iheb]hgZevgZy fh^_ev
(10243 \hdk_e_c,

Jbkmghd ;=Fh^_ev q_j_iZ/ ihkljh_ggZy ba kj_ah\
dhfivxl_jghc lhfh]jZffu +5893 \hdk_e_c,

Jbkmghd 43=Fh^_eb k gZg_k_ggufb l_dklmjZfb b \b^
bagmljb1

Jbkmghd := CSG fh^_ev +5893)

Jbkmghd <=Fh^_eb/ ihkljh_ggu_ ba fZ]gblgh0
j_ahgZgkguo lhfh]jZff +5893 \hdk_e_c,

Jbkmghd 44= Kp_gZ/ khklhysZy ba lj_o CSG h[t_dlh\ k
wnn_dlZfb hljZ`_gby b l_gyfb1
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