-1 SPECIFICAH%E@ SI MULATI ON SYSTEM HAVI NG | MAGE GENERATI NG FUNCTI ON AND
S| MULATI ON METHOD HAVI NG | MAGE GENERATI NG PROCESS 5 1. TECHNI CAL FI ELD The
present invention relates to a simulation systemand method and, nore
particularly, to a simulation 10 system having an image generating
function, and a sinmulation method having &n-i nege generating process, That

can visualize the behavior of an analytical nodel in rgamwwmﬁmwmmmmmn
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i mprovengnts in the performance of digital conputers, it has becone
possible to sinmulate the behavior of a | arge-scal e object of analysis. For
an 25 easy understandi ng of the behavior, it is inportant that the result
of the sinulation he pr@g@nﬁgdAmnFqﬁgbble form Figure 1 is a diagram
showi ng the configurati of a or_art tion system, i_ch
conprises a 30 sinulato&gfopfgﬁegﬁnﬁﬁyeﬁélPﬁer&?ﬁ&ﬁﬁ i?h&r&&@ﬁﬁ@&ﬁ?@s of
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visual i zed by the visual I 'zing device
real time by simulating the behavior of the object of

analysis by dividing a three-dimensional space, in which

15 the object of analysis is constructed, into a plurality
of subspaces, and by visualizing the result of the
simulation on a subspace-by-subspace basis and thereafter -
superposing the resulting subspace images one on top of
another by considering the occlusion relationship between

20 them.

2. BACKGROUND ART
With recent improvements in the performance of

digital computers, it has become possible to simulate the
behavior of a large-scale object of analysis. For an

25 easy understanding of the behavior, it is important that
the result of the simulation be presented in visible
form.

Figure 1 is a diagram showing the configuration

of a prior art simulation system, which comprises a.

30 simulator 10 for computing the dynamic characteristics of
an object of analysis based on prescribed parameters 1 to
m, a storage medium (for example, a hard disk) 11 for
storing the results of the computations performed by the
simulator 10, a visualization apparatus 12 for

35 visualizing the computation results stored on the storage
medium 11, and a display panel 13 for displaying the

simulation results visualized by the visualizing device
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2 - 12. However, in the prior art sinulation system as the visualization
is inplemented as a post-process to be carried out after the sinulation,
the following problens 5 arise. 1. It is difficult to observe the results
in real time, upon changing the paranmeters, because the sinulation
results output fromthe sinmulator are wiualized after once storing them
on the storage nedium 10 2. For the visualization apparatus to visualize
the sinmulation results, the sinmulation results stored on the hard di sk or
the Ii ke nust 1Be converted to a format that matches the visualization

apparatus, but if the sgal60f the gy oGt gqloqf aa:r{algﬁdusmtsldrﬁrsgﬁstea«n,F as
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results are output as volume data for visualization wth 20 pol ygons, the

vol une dat a mistiSEe converted to polygons. As a result, it has not been
possi ble to present thei.si nultatijsolaiirfef&'m:lutls: & idmgayd dheobserulats am i n

real tinme. In view.of this, a.,so-cal] tri but 2 t system
has been propdséd tﬁmgr’délrp Fo gt e ECC}, SaaI{a}n%#eg%’d \%e?uéq—gleg h|O€rc1)n
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CRT 23. a format that matches the visualization apparatus, but if
the scale of the object of analysis is large, an enormous
15 amount of computation is required for the conversion.

For example, when the viewpoint is moved, an
image corresponding to the new viewpoint must be
generated anew; on the other hand, when the simulation
results are output as volume data for visualization with

20 polygons, the volume data must be converted to polygons.
As a result, it has not been possible to present the
simulation results as images for observation in real
time.

In view of this, a so-called distributed

25 simulation system has been proposed in order to enhance
simulation and visualization processing speeds.

Figure 2 is a diagram showing the configuration
of a distributed simulation system having eight nodes; in
this system, the behavior of the object of analysis is

30 computed by distributing the processing among the nodes
#1 to #8, and the results of the computations are
combined.

Outputs of the nodes #1 to #8 are transmitted
via a communication line (for example, Message Passing

35 Interface) and a high-speed network switcher 21 to a
server 22 for display as an image on a CRT 23.

Here, to present the result of the simulation



Here, to present the result of the sinmulation 3 in a visually recognizable
manner, the imge nust be updated at a rate of about 30 franes per second
(video rate), which neans that, as the object of analysis becones

conpl ex, the nunber of nodes, that is, the nunber 5 of parallel-connected
conputers, must be increased. However,-sBnee there is only one

communi cation |ine between the server and the nodes, if the nunber of
nodes i s increased, collisions may occur during inter- node or node-server
comuni cat i ons? &ndl ¢ HaL LY eF PR t F AR1e OMRRYET r el ot MR BAMTIHFEaPFoONs nay

becone so |argsdibad at acaapetobeabghor &d. £ Fagesepdri Sedogdaphiabow ng the
rel ati onship between the nunber paralgel-connecte conFuters and the
palg g
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al ong t he absltéssmesandotbkepf oclessnumgbet i o (odesecohds) ial ohhet hember

ordi nate. As own_ | i g h nmber . pf, pat =&gnnect ed
conpute?s i's 3? r%%g%git%éﬁg?gﬁ%%hggméﬁgeggQ,ﬁ%ﬁg Bgoégégghaggfne_does
decrease, but on the cohevever, whenceheheu@gbeg oflpoorenpamBrsirstiabreased

beyond 100, te,ProcessbRohl BerbOF! 883€8he EBEYUr [ENLhY AYALEADLE CPUs
are used, the processing tine that_can be achieved is _about 0.5 second at

the shortest.nqHeS piesEREreasedt i ol hasipeenmYBvPeedri AUYLBd 1D5€Ef the
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space, in which an objegt of analysis i const ruct i.n a ality of
subspaces and by visuaf% 13 hbgr%safgpgfgﬁﬂgl% i %tf8%28h°§£§585pace-
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15 connected computers along the abscissa and the processing
time (in seconds) along the ordinate. As shown in Figure
3, when the number of parallel-connected computers is
increased to between 50 and 100, the processing time does
decrease, but on the contrary, when the number of
20 computers is increased beyond 100, the processing time
increases. When currently available CPUs are used, the
processing time that can be achieved is about 0.5 second
at the shortest.
The present invention has been devised in view
25 of the above problem, and it is an object of the
invention to provide a simulation system having an image
generating function that can visualize the behavior of an
object of analysis in real time by simulating the
behavior of the object of analysis by dividing a three-
30 dimensional space, in which an object of analysis is
constructed, into a plurality of subspaces and by
visualizing the result of the simulation on a subspace-
by-subspace basis and thereafter blending the resulting
subspace images together by considering the occlusion
35 relationship between them.
3. DISCLOSURE OF THE INVENTION
A simulation system and method having a first



3. DI SCLOSURE OF THE | NVENTI ON A simul ati on system and nethod having a
first - 4 1imge generating function conprises: a plurality of subspace
simul ati on means for sinulating the behavior of an object of analysis in
every prescribed time interval for respective ones of a plurality of
subspaces created 5 by dividing a three-4#isaensional space in which a

mat hemati cal nodel for the object of analysis is constructed; a plurality
of subspace image generating neans for generating subspace inmages within
the prescribBE#age ngePP¥EVAY, TeRet 5P sPARRr i HRfesd IDLLERL&88nPENg t he

results of theysipatatsonslRerberi@ans ofort Hemi E5PERY YReSHBERAEES bBY
correspondi ng ones, of the ace siyul ation neans;

_ lurality of subs n
entire i mage a@eﬂ%i%ﬁ?nﬁfnﬁgﬁgy?b? %n%Y%fYngr%ﬁcéh???etFﬁﬁgénﬁFFHFﬁ t he
prescribed tiferinéepyatiby dbhesdbhgatppethivityhef 1Susapspasecironged

generated by the.pluralit f _sub ] e rating.neans, the entire
i mage rgbrese%¥i%gvf%%ngr%sgvfe%fggﬁégif%ﬂggt? %ggfl hggén i fe obj ect of
anal ysi s; andmatdespt ayahenndei ofodi shé aghngctwi ohi anahpsipreéscribed tine

interval the 88$££§uég@9?_ gegﬁﬁegfﬂtfyogosﬁﬁg?gey;ﬁaggggggeﬁafe&ﬁ ing

means. According to thris invention, the behavior of ff j ect of analysis
i s divided i nt@2®s pfo¥ ageRgratingupshpaease f shagemiVatnsn, thAd the results

of the sinmulgtionsiges timediatelyayistpbiZedspdbeninbhesresult 25 of the
sinmul ation of the object of analysjs I1s_visualized Iendlngmthe

. by |
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simul ati on coepetationg mesaper for ngenenativgxah- &yt voxelimbgsi withhe voxel s
bei ng elenEntéthéﬁéQggiggdd%YﬁgiPQtéP@aqu§p§fgnding together the
15 subspace images generated by the plurality of subspace
' image generating means, the entire image representing the
result of the simulation of the entire object of
analysis; and a display means for displaying within the
prescribed time interval the entire image generated by
20 the entire image generating means.

According to this invention, the behavior of
the object of analysis is divided into a plurality of
subspaces for simulation, and the results of the
simulations are immediately visualized. Then, the result

25 of the simulation of the object of analysis is visualized
by blending the subspace images together.

In a simulation system and method having a
second image generating function, each of the subspace
simulation means calculates voxel values for a plurality

30 of voxels created by dividing a corresponding one of the
subspaces.

According to this invention, the simulation
computation is performed on a voxel-by-voxel basis, the
voxels being elements obtained by dividing the subspace

35 into cubes.
In a simulation system and method having a

third image generating function, each of the subspace



35 into cubes. In a simulation systemand nmethod having a third inmage
generating function, each of the subspace - 5 1inmage generating neans
generates the subspace i mage by bl ending together, in accordance with a
mul tiple shared superposition nmethod, the voxel values conputed by

simul ation by a correspondi ng one of the subspace 5 sinulation neans.
According to this invention, the voxel values in the subspace are bl ended
together by using the nultiple shared conposition nmethod. In a sinulation
system and neiMm@ehgehegaainQOmé@ustgehaageegenheashhgpﬁaﬁcﬂmﬁnﬁ blye
subspace | Mmoge sghe’ %ggtﬁ%t nPLUEBLLLY O 3URSRARELLTRIR gRAeLAl i ng
means are bl ended as on prioritires eterm ned anong the
subspace |nagespenpaeebndanmethpdh ahepvayey ¥pauespaPmPuitesi RY net hod. 15
According to ébh§159Y8th9na thersupspacsy bABISE ahe BlLeagedet oget her,
based on the priorities determned in acCordance wth the BPS nethod. In a
si mul ati%on sy§#@ﬁiaﬁaoﬁeﬁﬁéﬁshaV|ng a fifth inmage generating function, the
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occlusion remaltopibi phbetdeeompheitwonsnbspade i mages. . 25 According to
this invention, the ent e, |g§gglaggg rg gggmngggsmb§hg N$LLYG eg froma
plurality of conposited inageé genera means arran in a pipelined
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determined among the subspace images in accordance with a
binary space partitioning method. _

15 According to this invention, the subspace
images are blended together, based on the priorities
determined in accordance with the BPS method.

| In a simulation system and method having a
fifth image generating function, the entire image

20 generating means comprises a plurality of composited
image generating means arranged in a hierarchical manner,
each for generating a composited image by blending
together two subspace images based on an occlusion
relationship between the two subspace images.

25 According to this invention, the entire image
generating means is constructed from a plurality of
composited. image generating means arranged in a pipelined
structure.

In a simulation system and method having a

30 sixth image generating function, each of the composited
image generating means comprises: a priority judging
means for judging priority between the two subspace
images; a switching means for switching connections
between two input images and two output images based on

35 the result of the judgement made by the priority judging
means; and an image blending means for outputting a
composited image by blending together the output images



between two input imges and two out put images based on 35 the result of
the judgenent nade by the priority judging neans; and an inage bl endi ng
means for outputting a conposited imge by bl endi ng together the out put
images - 6 output fromthe switching neans in accordance with a bl ending
equation. According to this invention, eagh-conposited image generating
means i s constructed by conbining 5 hardware pieces each having a specific
function. 4. BRI EF DESCRI PTION OF THE DRAW NGS Figure 1 is a di agram
showi ng t he contpgtr &rbonthef saisicimingt meansysnemcacedrdiorg Wwidht ke pri or
art. Figure 2bh§nélg§ EGEE§BRM‘”9 the configuration 10 of a distributed
simul ati on system according to the prior art. Figure 3 is a graph show ng
the rel ationship betmeéﬁcpﬁélﬁGWﬁ@rtbﬂSpaﬁapméﬂo@onﬁ@@@e@oﬁwﬁﬁuﬂé¥% and

the proceSSIngmhbaegekérgtgugeméahg 3asdicagsamushew By thagenfiguration of
a simulation systemaccording to present invention. Figurée 5is a

t he
di agram¥ or eRpFaVAFRgPacREENEEC 0 PagﬁﬁgpécéP8F9F§FoﬁuqﬂiHﬁ“gure 6is a

perspectlve VleM/ShOMﬂnQRQBB DEBQ&EQQQONFDQUTGE7DR&W&N@BagraﬁlfOf
expl aining a nmethod of _subs age gﬁégenerat
tof

re a dla ram
for explaining an M5 25183 68™ ﬁhﬁﬁﬁ@g9 § 5%& §%6Vnng

a BPS tree sbfuetsimulBitgonesiBtis acdpagdag1tortaeppmumrn@ra bIendlng
method. 30 Figure 11 is ggﬁkégﬁaﬁksEoﬁhﬁgrg&cgﬂ%hﬁ%g LRlA AT quftlaUich 12

is a dlagran1(1/2) for explainin
of a distributed 51mulatlon system according to the prior

art.

Figure 3 is a graph showing the relationship
between the number of parallel-connected computers and
the processing time.

15 Figure 4 is a diagram showing the configuration
of a simulation system according to the present
invention.

Figure 5 is a diagram for explaining a method
of subspace division. ' ‘

20 Figure 6 is a perspective view showing one
subspace.

Figure 7 is a diagram for explaining a method
of subspace image generation.

Figure 8 is a diagram for explaining an MS

25 composition method.

Figure 9 is a diagram showing a BPS tree
structure.

Figure 10 is a diagram for explaining a
blending method.

30 Figure 11 is a diagram showing occlusion
relations.

Figure 12 is a diagram (1/2) for explaining the
blending process.

Figure 13 is a diagram (2/2) for explaining the

35 blending process.

Figure 14 is a diagram showing the
configuration of a pipelined composer.



bl endi ng process. Figure 13 is a diagram (2/2) for explaining the 35

bl endi ng process. Figure 14 is a diagram showi ng the configuration of a
pi pel i ned conposer. - 7 Figure 15 is a diagramshowi ng the configuration
of a merger. Figure 16 is an operation timng diagramfor the sinulation
system according to the present invention/ -5 Figure 17 is a flowhart
illustrating a server processing routine. Figure 18 is a flowchart
illustrating a node prgcessing_routine. Figure 19.is fl owchart
11ustrating a 10 subshhderfmige BeRer APPEAT SPFHES SPeBEST NODE FOR
CARRYI NG QUT doks i dVEATLIEGN &f gareedges.a di agram showi ng the configuration
of a sinmulation system agccordi e nt._ Laventian; S , the
simul ati on system 4 con%%?gés gglggségvggégg%l Pc%l§6ﬁ?r§ gg?%g g% ire
system a di sphaysimppatacnssysoeneganpreing@REy #hewhireheditsphagstarni.-nage,

a plurald ty of nodes 434;t09,438;Which perf,efaYL S| whagmgiﬂadaviséa%&zati on

processing for a plurality of subspaces created by dividing the

t hr ee- di nensi BRaFe8paee FAUGAPER 20 an object of analysis node is

constructed, and a conppsgfire44sWhsch €oabenestt helqutputsnaf at heaeodes 431
to 438 and sugglles.the result to server. The server 40 conprises a CPU

401, a nenor yPABSCSAAPEnTSEbIBE a programto be executed by the CPU 401 and
25 the results of processgagepedf osnedfbywtherCPU140stratdgngphi cs board

Snd an Tt or f 3885 PBOSr i e ey ABA For™ APAFFASI ng w th the composer 44
t hese constituent BleneBESTaM@DENFT@RCOARBEING OUE@ FHBuINVBOTZ08. The nodes
431 to 438 are identicaki%ﬁre 4 is a diagram showing the configuration
of a simulation system according to the present
invention; as shown, the simulation system 4 comprises a
15 server 40 which controls the entire system, a display
apparatus (for example, CRT) 41 which displays an image,
a plurality of nodes 431 to 438 which perform simulation
and visualization processing for a plurality of subspaces
created by dividing the three-dimensional space in which
20 an object of analysis mode is constructed, and a composer
44 which combines the outputs of the nodes 431 to 438 and
supplies the result to server.
The server 40 comprises a CPU 401, a memory 402
which stores a program to be executed by the CPU 401 and
25 the results of processing performed by the CPU 401, a
graphics board (GB) 403 which outputs a moving image
signal to the display apparatus 41, and an interface
board (IFB) 404 for interfacing with the composer 44;
these constituent elements are interconnected via a bus
30 400.
The nodes 431 to 438 are identical in
configuration, that is, each node comprises a CPU 43b
which performs simulation for the subspace in which a
portion of the object of analysis is constructed, a
35 memory 43c which stores a simulation program to be
executed by the CPU 43b and the result of the simulation
performed by the CPU 43b, an image generating engine



configuration, that is, each node conprises a CPU 43b which perforns
sinmulation for the subspace in which a portion of the object of analysis
is constructed, a 35 nmenory 43c which stores a sinulation programto be
executed by the CPU 43b and the result of the sinulation performed by the
CPU 43b, an inmmge generating engine - 8- Board (VGB) 43d which generates an
i mage representing the result of the sinulation for the subspace, and an
interface board (I.F e far interfacing with the conposer 44;. these

el enent s cons%f’?%gn?]gﬁ §3?jnf“t‘rl€ nﬁ@éltegg‘t\?isaaé‘ b 9£3 .eHrr?Ster{éJa{b%\F}e
enbodi nent, itesslassiinedet Bamufllhe ionegwlrt tdfe tshdbsyiand,atareh am each of the
servers 431 t i r.at Si edi J. : i ng

engi ne, but i nf%ggéﬁ% %§%§ﬁaé%gBﬁiéﬁgsgégaqﬁﬁ%%§§§#%§9%8g§g§é ility, the

i mage may be genppsesdily soESRacdelenk§ Camsitidy@nFer®areat i ng program
Figure 5is a;diagrambercexpliai ni Ry a4t hod of subspace division,
illustrating the case where the three-dinensional space B in which the

obj ect of analysis 15 i $NcEhSt RROVEd emPeddim@Einded iithtls disgimesiddipdcdd sl to

B8. The obj egksafitasal ¥aies seanhaiied iih EhersWIspaeesBhds B ale
directly mcorg&rat ed into the respective .nodes, 431 to 438. Figure 6 is a

perspective viteR d8oRPRGIENEHSLHYs FalsBica tete 1A S&D BT Yi vi ded

into a plural ehginef, waxelis Yhel cPu, 48, hard by ipgrfspaddpraocignimii on, a

set of yoxel values.i.s_conputed_for _each voxel V. (i, . .._.The ki.nd of

physi ca*d)quanfcla 3? tl%ét%y’hgp‘\%%glag%zg‘ \Yalbt?egerng raélgegntﬂydesp?(l;f)ﬁ:&saroen e %ki nd

of object of aanampgiesgeReragiagppeogwlaen si nul ating the weat her on the

earth, the voxel Va'Uesf&?BEQS%antQ?d&%%&%&ﬁ%%&eex %qggg&ggj Angspure,
ocCl at i

w nd direction, wind veloCity, etc. ne specific point in the
at mosphere. | fft Bubseage 90 VWIRAONL hé Lyehedir akdinged heesredsenthare fde |ini t ed
to one three-dimensional space B in which the object of analysis

15 is constructed, is divided into eight subspaces Bl to BS.

The object of analysis contained in the subspaces Bl to
B8 are directly incorporated into the respective nodes
431 to 438.
Figure 6 is a perspective view showing one
20 subspace Bi; the subspace Bi is divided into.a plurality
of voxels V (i, j, k), and by performing a simulation, a
set of voxel values is computed for each voxel V (i, j,
k).
The kind of physical quantity that the voxel
25 values represent depends on the kind of object of
analysis. For example, when simulating the weather on
the earth, the voxel values represent the temperature,
atmospheric pressure, wind direction, wind velocity, etc.
at one specific point in the atmosphere; In this way,
30 what the voxel values represent is not limited to one
kind of physical quantity, but may include more than one
kind of physical quantity.
The number of subspaces is not specifically
limited, but to facilitate the composition of the images
35 generated in the respective subspaces, it will be
advantageous to divide the three-dimensional space into a

plurality of subspaces, in particular, 2°" subspaces



ki nd of physical quantity, but may include nore than one. kind of physical
quantity. The nunber of subspaces is not specifically I|imted, but to
facilitate the conposition of the imges 35 generated in the respective
subspaces, it will be advantageous to divide the three-dinensional space
into a plurality of subspaces, in particuyl ar, 23, subspaces 9 - (where n
is a positive integer). To visualize the result of the simulation, the
voxel values are converted to color information in accordance with a

pr edet er mi ned (Whege Forserappletive 3ntlegesdse of tenperature, the voxel

val ues are converted taeq ¢dghan 1B0R HeeHRELALUT % e U%lfnRhaJtCi‘%n, the

tenperature, and yellow for nedi um tenperature. tn%ure I's a diagram for
expl ai ni ng a NetRadVadtesuBsBacONVRESFE dydRe CaLBN I Midd®m Mgy casti ng

10 net hod ( RCamebhRe@@hcien wRihch tpﬁr@d@QleQﬁm@fedarmwl Fr ®xarPled SGreen S
is given_as aﬁguperposmlon inte of the i nformation of the

ral | o
voxel s cont ai 8§ FASE GfréﬁpgﬁraguFParqﬁ%m%ﬂ%éﬁ Wﬁéu§§b§ﬁ§b§QQve4%ﬁkver
as the field ab vieawtbecoigs wetheerhduwet, hbllﬁll(ér gay N@wlitdnpereadurem t he

screen S, the dlaneéﬁr %% t%edC|rc%£%{§p Iar C increases with increasing
di stance from?tfie YSEA8YN % "§ - UTIFETPSE A& Sdi st ance  from the screen

i ncreases, the range ofFﬁ@ersuﬁenpoalUu@mramnKEgr@Mpdmﬂndcme&sesﬂﬂanﬂ the
COTPLati on Obe! BRREDABUDSRAOS! AR (LG A feCaTRs J1arg In view

of this, the present i nventl e sheargﬁ conpo tion
met hod WS mefigsapPdt d RO aeitihiodat énl W@g@hgéﬁ!@r @tqlmi oFfi gurex®]i o d!)agr am

for explai ni ngnt ke sMeeedd SnETsh%quanrats %A)suwstﬂ%%o@ﬁ%%ﬂéghm te RC

met hod shown |n Figure 7 is applied, while part shows case in
whi ch the M5 FetREd 1|“§°5|5‘|5‘rt|l€& théthei yOxed st W@“WSlr?@tdhdd‘ & (e TSSFace i s
di storted, angianarmeg&iithigereraisatbspaca mdf.erence pl ane

However, as the field of view becomes wider
15 with increasing distance from the screen S, the diameter
of the circular pillar C increases with increasing
distance from the screen; as a result, as the distance
from the screen increases, the range of the superposition
integration increases, and the computation of the
20 superposition integral becomes more complex.
In view of this, the present invention employs
a multiple sheared composition method (MS method) to
facilitate image generation.
Figure 8 is a diagram for explaining the MS
25 method; part (A) shows the case in which the RC method
shown in Figure 7 is applied, while part (B) shows the
case in which the MS method is applied.
That is, in the MS method, the subspace is
distorted, and an image is generated on a reference plane
30 by projecting the voxels in the distorted subspace onto
the reference plane by using parallel light rays
perpendicular thereto; by so doing, pixel values on the
reference plane can be calculated by simple addition.
The subspace image, the image generated by the
35 MS method for the subspace, is transmitted from each node
to the composer 44 where the subspace images from the
respective nodes are blended together to generate an



30 by projecting the voxels in the distorted subspace onto the reference

pl ane by using parallel light rays perpendicular thereto; by so doing,

pi xel values on the reference plane can be cal cul ated by sinple addition.
The subspace inmage, the inmage generated by the 35 MS nethod for the
subspace, is transnmitted fromeach node- 1® the conposer 44 where the
subspace i nmages fromthe respective nodes are bl ended together to generate
an - 10 entire imge representing the entire object of analysis. .To
generate the BRtiF8 Fﬂﬁag,rSBE?ﬁggﬁﬁngrégﬁt?Bﬁ%ﬁﬁpgbéﬁﬁﬁg hé”@iﬁéﬁéce

i mages nust be deterni nedgbasedtenthbeevitewpoinbgandoche ysdsint i onal 5

rel ati onships_a t he.subspaces. . A nethod for. __determ ning occl usion

ol ationshi p GFFFCBGNGRLEr| DA ER® POPaPEREe FBoRPILE Do rot . the

ei ght subspacéstBimtineB8based sepahat edefvpoimeaehdother poy izevwermlsepar at e
pl anes to 7, i e ti i s,partiti by the first
separatggplangégi§%ﬁ gnﬁhg %PP&B Eg ssgggiggggb Bf-%ﬁzhéﬁgq?%é second
subspace grougeBsrB8niNgxbecilheibnr selasabsphde yriddp bes descriitieshed thy t he
second separalgropLapge 4 FRLArbhe 1-1st subspace group Bl, B2 and the 1 15

2nd subspace group B3, B4. Farther, the 1-1st subs%ace roup is
partitioned by the thir8is&par b6 BLaRE S3IbSRe6est Bd ro1PBster&ubspace group

!3t1 aﬁ?_ t hle 1- Q;etg_aida%bjlasﬁaéﬁl eagﬁulgtBa.r_ bk Fsbiv%_nV\/%)gp_atrléQeS%ﬂ(‘a?leisz Sdiz\éticﬂed
rteratively | nly.,one_subvol une I S _contal ned, i.n.eac t he spaces
separ at’e g e sggﬁfaﬁé'ngﬁeg?t?ﬁgnFPFﬁg lﬁi§ﬁ§§ﬁtﬁﬂqﬁq;%yi???assigned

to the inmage Eirseosepapandi pjahe the istibvehent iBistcsnbsipaee igrdupe Bipace
[ “corr espondffg i cHE S5SAHceabaPa8. arous s tfhe DLAlo e Tandne
entire structanespscehgsougeser ppediicnonked bgyr hef secBBR (SBipaaay:eSpace
Partitioning) ;4568 shl 9HEE BnkS121B8Pshb8BatePLeeapt !, 0B20%n Il 1-

15 2nd subspace group B3, B4. Further, the 1l-1st subspace
group is partitioned by the third separate plane S3 into
the 1-1-1st subspace group Bl and the 1-1-2nd subspace
group B2. 1In this way, the space is divided iteratively
until only one subvolume is contained in each of the

20 spaces separated by the separate planes. Then, the
highest priority is assigned to the image Ii
corresponding to the subvolume Bi contained in the space
closest to the viewpoint. That is, higher priority is
given to the images Ii corresponding to the subspaces Bi

25 closer to the viewpoint, and the entire structure is thus
described in the form of a BSP (Binary Space
Partitioning) tree.

Figure 9 is a BSP tree representation of Figure
5; as shown, priority "1" is assigned to the image Il

30 corresponding to the subspace Bl, the priority decreasing
in the order of the images I3, I2, I4, I6, I8, I5, and
I7.

Next, a description will be given of how the
subspace images are blended.
35 When light emitted from a light source reaches
a point (p, g) on the screen by passing through the

three-dimensional space in which the analytical model is



5; as shown, priority "1" is assigned to the image Ii 30 corresponding to
the subspace Bl, the priority decreasing in the order of the imges 13,
12, 14, 16, 18, 15, and 17. Next, a description will be given of how the
subspace i mages are bl ended. 35 Wen light emtted froma |ight source
reaches a point (p, g) on the screen by p?S§ing t hrough the
t hr ee-di nensi onal space in which the analytical nodel is - 11 constructed,
the brightness Ic at that point (p, q) is expressed by [Equation 1]. |
L(S)e’ - (t)dtds,pg+kFavaki 0Rndl broghtWeeke i bk ithakheAlfenyatipn sfactor at
positiont on the 5 light ray, L(s) is the brightness at position s on the
|ight ray, SCﬁFEI?ﬁéeéthtﬂﬁﬁuﬁéﬂﬁP éfl -the light ray, and Si is the
term nating point of theslight +ay. Wen [Equation 1] is discretized
assumi ng that As IAF, [[E4&®ion 2§Sis obtained. N-1 N1 ([Eggtione I'] 5AS)
_ (4 nai) [Equation 2] 10 Ipg =1j-0j-0 1-0 1-0 Wen [Equation 2] is
expanded, [Equherenu8t)i $s obeaketnednub€ion{ E@ctoi a® pocIalmh + Cla®dlea? +
..t - laOal, ,.. ak-1} + {aQal .... ak-1Ck + aCal ... .ak-1Ck+1 15 +
a0'al .. ak-TORPFARSY !, }“éEI-)Z}lSI AN® RAFEPAECSSARTABEGUAY on O3] Wnere an
= aCai ... akiigAB ragkak®#lis. thaeNstaz@ing po@@t+ofi a@et Light+ rG@y-,| &0Od . .
ak-1 1B = CkST §§+kﬂg {ermin3t§N§|%%int'o§Ni%e light ray.

when [Equation 1] is discretized assuming that

As = At, [Equation 2] is obtained.

10 I, = N: (LiAS ,H: e HOSAG) = E(Ci JH: i) [Equation 2]
When [Equation 2) is expanded, [Equation 3] is
obtained.
IC = {CO0 + Cla0 + C2a0al + C300ala2 + ... + Ck-
la0al ... ak-1} + {a0al ... ak-1Ck + aOal ... ak-1Ck+lok
15 + al0-al ... ak-1CN-lak ... aN-2}
= IA + AA-IB
AC = AA-AB [Equation 3]
where AA = alal ... ak-1
AB = akoak+l ... ON-1
20 IA =C0 + Cla0 + ... + Ck-1la0 ... ak-1
IB = Ck + Ck+lak + ... + CN-1lak ... aN-2

As can be seen from [Equation 3], when two
images whose brightnesses are represented by IA and IB,
respectively, are blended using [Equation 3], the

25 brightness of the resulting composited image can be
obtained. The above description has dealt with the case
where the number of divisions is two, but it is apparent
that the same blending method can also be applied to the
case where the number of divisions is larger than two.

30 Figure 10 is a diagram for explaining the
blending method; as shown, when two images whose

brightnesses are IA and IB, and whose transmittances are



As can be seen from|[Equation 3], when two inages whose brightnesses are
represented by IA and I B, respectively, are blended using [Equation 3],
the 25 brightness of the resulting conposited i nage can be obtained. The
above description has dealt with the case where the nunber of divisions is
two, but it is apparent that the sane bl'éndi ng nethod can al so be applied
to the case where the nunber of divisions is larger than two. 30 Figure 10

is a diagramfor_exp]ainij . ndi X n,,t i mages
whose. bri gntes¥es ae Tatanati et dng bR JEL1R0a B, fHRgatREn Ay I
and AB, respethévielgndang éheatédni ahaesoidahBeuakinn Bhe bhendi ng equation

shown in [Equgéégftgég %Q@§%£§§E&tiﬂQgEOHPQSE£§QhLHEQ§ hasahai ght ness | ¢

and transmttance / ure 11 1s”a diagranishow ng the occl usion

rel ati onshi pstaap#f! thanfaades corresponding to the eight subvolunes Bl to
B8 based on the BPS trep;ghpwniini&i guaeagPamFEBEWENnG2the acdiagiam (part
1) for explaining .10 the bl endin rocess, in which the image |1 of. the
subspace Bl i§eb%hé?%fEﬁpﬁyaTﬂﬁgsg?geimﬁgi? FRETFBGRIIDY 5P ?HS SﬁEE%ace
B2 by the seryepvdBamethBli vages1Basédt be tsabBpacerB8 bjowheiseFignr433,
and the image,14 of the subspace B4 by the server 434. 15 The inmages I1 to
14 are transnitted to the conposer 44 where the inmages are bl ended
together in accordanceFigthet he bseaddnggegual bantot ) Fiftgur expdaipsing

gener at,g | 1+ 24134+ L gu LS andj ar frer o@xphai ning 20
t he bléﬁhing %p%c%gg?d?hgmgfgééfhé ?ﬂahggéﬁgkég %gaé%e bPended together to
generate the bwhgpagepBésint pRgerAtedr BYutheoferHersAdl ath8niBRIENE 2entire

obj ect of angkyshs siBepseEPBSehy44nkoteblerdiung,t hael IREGE €3NokethdS
| mpl ement ed |ngg;gg§rgg ggtthé E§r3g¥aggggegﬂﬁ %geuigage I4 of the
subspace B4 by the server 434.

15 The images Il to I4 are transmitted to the
composer 44 where the images are blended together in
accordance with the blending equation of Figure 10 to
generate I1+I2+I3+I4.

Figure 13 is a diagram (part 2) for explaining

20 the blending process, in which the images Il to I8 are
blended together to generate the image representing the
result of the simulation of the entire object of
analysis.

The composer 44 for blending the images can be

25 implemented in software, but it is advantageous to use a
so-called pipelined computer that performs parallel
computations in order to speed up processing.

Figure 14 is a diagram showing the
configuration of the pipelined composer; as shown, the

30 composer 44 comprises seven mergers 441 to 447 in order
to combine eight images.

Figufe 15 is a diagram showing the detailed
configuration of one merger; as shown, each merger
comprises a priority judging section 44a, a selector 44b,

35 and a blender 44c.

That is, outputs from nodes X and Y are input

to the priority judging section 44a as well as to the



so-cal l ed pipelined conmputer that perforns parallel conputations in order
to speed up processing. Figure 14 is a diagramshow ng the configuration
of the pipelined conposer; as shown, the 30 conposer 44 conprises seven
nmergers 441 to 447 in order to conbine eight imges. Figure 15 is a

di agram showi ng the detailed configuratibh of one nerger; as shown, each
nmerger conprises a priority judging section 44a, a selector 44b, 35 and a

bl ender 44c. That is, outputs fromnodes X and Y are i.nput t%Ith priority
judging secti®filaghoasifel| a§et BTEREITE JYELFEERoFCHAE O TREES 'Sorti?‘ﬁ/
j udgi ng sectigpcthecks tbeat@eskusbobetalahi anshiimaket waenehke aitrEigdyl X

dands o cont rPSCBANENS POot FOScAMAEEoR AR CE ko BYARIEe oo / ALY

sends a contrb6f€c "e, "When 't hé
priority of |¥ehdshaghonandlt bempeindritby the Is¥liestloawd4br.oss paths in the

sel ector. 44b are select?gr EggﬁgggnngggbﬂghgngggggRES Qfe Iths$%9§hfh;o t he

out put ﬁ%rt B of the selecCtor and of "t he node
output port Aaofl the pPOiseliéyt of 44bisCanVer Salops WaEhst A& phi€ority of 1Y

s Tow and the BEkgE yp0hkXsks cRial, $hial gbhRRfing Rihoutyeleaior 44b
are sel ected, thus connectln% the output of the node to theﬁggtp t port
€

A of the sel ethdrn2dp Zndo the SUtpUt BPIth® Rddée S&leréogut t B of

the 15 sel ect gpeddlcplieds the hlogeder tédenkl endputtogeirdten e theo out put s
of the selector _44b in accordance w th thﬁ bl endi ng equati qQn gf.Fi ure 10,
and outifut s t REIPALEASIHEY . af@WVEIREHY It FHEE etﬁgq@5 géfgé& i tege.°"20

Turni ng back tadFicger @riériwentt & dismuliati,onst reyisthempaahs: iiseshe ght
ervers 441 Qo R TS BB, SIS L P g g e
441 bl ends the node X to the output port A of the selector 44b and
the output of the node Y to the output port B of the
15 selector 44b. '

Then, the blender 44c blends together the two
outputs of the selector 44b in accordance with the
blendigg equation of Figure 10, and outputs the intensity
and transmittance of the composited image.

20 Turning back to Figure 14, when the simulation
system comprises eight servers 441 to 448, the composer
44 is constructed by arranging the seven mergers 441 to
447 in three stages.

More specifically, the first merger 441 blends

25 the images I1 and I3, the second merger 442 blends the
images I2 and I4, the third merger 443 blends the images
I5 and I7, and the fourth merger 444 blends the images I6
and I8.

The fifth merger 445 blends the outputs of the

30 first merger 441 and second merger 442, and the sixth
merger 446 blends the outputs of the third merger 443 and
fourth merger 444. Finally, the seventh merger 447
blends the outputs of the sixth merger 446 and seventh
merger 447, and thus produces the output of the composer

35 44.

The above embodiment has been described for the

composer when the number of servers is eight; on the



25 the images |1 and 13, the second nerger 442 blends the inages 12 and
14, the third nmerger 443 blends the imges 15 and 17, and the fourth

nmerger 444 blends the images 16 and 18. The fifth nerger 445 bl ends the
outputs of the 30 first nerger 441 and second nerger 442, and the sixth
merger 446 blends the outputs of the thirgsnerger 443 and fourth nerger
444. Finally, the seventh nerger 447 blends the outputs of the sixth

merger 446 and seventh nerger 447, and thus produces the output of the

conposer 35 %heYhelaataqveﬁ@maﬂiermnﬁnﬂms d:feemnimi:tzedqum dihel acpamposer

when the nunber. of servers is ei el th at h and when nunber
of servers i s%rt?leﬁg SRV Fer " thess SR ast cdanb}be acco b dat e 00%&65
st acki ng conpeaemsc&eamhaﬁ qdnsﬂsuanaﬁsﬂxghﬁ smmarservers. The output of

the conposer 44 is transgjd oejd?g_ﬁh & the sce;egggse@ and; dissplayed oy

di spl ay apparatus 41; here e conposit i'Ss generated u5|ng t he
M5 net hod, trtea rmge'erruﬂo t@eld:@hrSesrltaetﬁd‘ o diha oiltﬂnirﬁ}btﬁpwatgl% 4%hown

texture mappi g funcld qn befgre, displ AfNm 4 Qhdha ¢l Sp By apaanas us 41.

10 Figure 16 is ad operation timng diagramfor® the S|nulat|on system
accordi ng to fedhodesdhte iimags iMEt h%&%ﬁﬁ%tf%rql%%lqrhebbper ation

timng for thegsisRf YehnAN ddig eC bRl | it R tise dvaw d o OPeT g | on
timngs for the nodes #1 to #8, respectively. 15 The server, for exanple,

generates a tiih MG ﬁﬂﬂ:ﬂ%%R%%%nﬁHﬂ%ﬁﬁ%&? t4%e operati on bet ween the server
and each node. Wen theigurend @ulssear sopatecicd, timngedv@yramutqut s

simul ation conditiaons,. i.nage Vi ew n 0sj tion etc gggt 1o
each server. S Srlérl:de]ta\/tiln tHe pean} gancg oefrée ac?t2t0n epre r}tpa{ 16
simul ation fortttdtel;zgﬁ:srpmj:e Etar‘cbeshmm ytzed, OPeirrﬁitJtmrtmmlﬁQlestftéhe result

of the S'nU|aQé%%éf1tJHH the second and lower parts show the operation
timings for the nodes #1 to #8, respectively.

15 The server, for example, genefates a timing
pulse to synchronize the operation between the server and
each node.

When the timing pulse is detected, the server
outputs simulation conditions, image viewing position,

20 etc. as parameters to each server.

Upon receiving the parameters, each node
performs a simulation for the subspace to be analyzed,
and then visualizes the result of the simulation in the
form of a subspace image which is output.

25 The server collects the subspace images from
the respective nodes, blends the subspace images in the
composer and, after correcting for distortion, displays
the image representing the entire space.

Figure 17 is a flowchart illustrating the

30 server processing routine executed in the server; first,
at step 170, it is determined whether an operation timing
has occurred, and if not, the routine is immediately
terminated.

If the answer at step 170 is Yes, that is, if

35 an operation timing has occurred, then at step 171
parameters such as simulation conditions and image

viewing position are supplied as parameters to each node.



formof a subspace inmage which is output. 25 The server collects the
subspace i mages from the respective nodes, blends the subspace inages in
the conposer and, after correcting for distortion, displays the inage
representing the entire space. Figure 17 is a flowhart illustrating the 30
server processing routine executed in th Server; first, at step 170, it
is determ ned whether an operation tinfhg has occurred, and if not, the
routine is imediately termnated. If the answer at step 170 is Yes, that

is, if 35 an operationgdii ng. haseQCeys! ednet BSALEL16L8PiA4de REraneters
such as sinulation conditions and I nmage Vi ew ng 805|t|0n aré supplied as
25t¢

paraneters tofRIeDHJEron ke RRRPOSEY s@RP Ay RelédnpBaPPendi fige i s
recei ved er%ﬁ%ﬁi@@”@@S@érr@@Q pbrsieptdFBioNBPPESLei 8isppRYiag thecorrect
for distortion before dlsplﬁ¥|£$ the inmge on_the dks&bag ap?ar tus, after
which the routT?#@e @7 &¢ efhPRLERIEPRAGAFRS 182f 58 YROWRNEPE FPPGEPFati ng
the node protesséngifiotédne executed in each node; first, at step 180, it
is determ ned whether or.not an_ operation timpg..is_acconpli d nd if
not, the routine is innéﬁ?%f%lgs gﬁ ?e#ﬁ?%ﬁ%%ﬁ? f}i?ﬁ r%ﬁgg r%Fg E?gﬁ 180
is Yes, that psocefsimy opetabeoexécutad haseacbunoéd; fheatat ast epep8l
paraneters su as. si hul at [ ng_i e..VvVi.ew PSSkt are
recei ved fron??%é égrg%raékggT?ggg %gggﬁ%% %ﬁzgggi%ﬁ|%§%%§g%§8p§??g$ﬁed for
t he subspace, iangccempiisped 83andhefrepts ehbe pPahénesis| eéamedipfedrder to
gener atjg a supspacrgaidmge. At step 184, a subspace inmage generation

routine is executed as will be described in detail 20 herejnafter. Finally,
at step 185, the subspat® FhBganF¥ertEanshePt &80t 55t FeSsetef, T8ponfwhi ch

the routine ign ép6PhPRSLAtiming has occurred, then at step 181
parameters such as simulation conditions and image
viewing position are received from the server. Next, at

15 step 182, simulation is performed for the subspace, and
at step 183, the reference plane is cleared in order to
generate a subspace image.

At step 184, a subspace image generation
routine is executed as will be described in detail

20 hereinafter. Finally, at step 185, the subspace image is
transmitted to the server, upon which the routine is
terminated.

Figure 19 is a flowchart illustrating the
details of the subspace image generation routine to be

25 performed at step 184 of the node processing routine;
first, at step 184a, indices (i, j, k) indicating voxel
addresses in the subspace are each initialized to "1".
Here, i and j are addresses along axes intersecting at
right angles in the reference plane, and k is an address

30 along an axis perpendicular to the reference plane.
At step 184b, four parameters (UP-AI, UP-AJ,
UP*bSI, and UP-bSJ), each of which varies as a function
of k, are obtained. Here, UP-AI and UP-AJ are the

amounts of increase along the i axis and j axis,
35 respectively, that is, the amounts of increase in

coordinates along the i axis and j axis between deformed



Figure 19 is a flowhart illustrating the details of the subspace inage
generation routine to be 25 perforned at step 184 of the node processing
routine; first, at step 184a, indices (i, j, k) indicating voxel addresses
in the subspace are each initialized to "1". Here, i and j are addresses
al ong axes intersecting at right angles i€ the reference plane, and k is
an address 30 along an axis perpendicular"to the reference plane. At step
184b, four paraneters (UPAI, UPAJ, UPbSI, and UPbSJ), each of which varies

as a funCtionvo?%1§ apg - Bg&a HgdUPH%§§5ayg %hea@goFBA%aQ%% Lt haondmprt s of

i ncrease al on i axis and axi s respective i s, the anpunts
of increase |m acgérdhdaﬂegxaﬁon@ftﬁesﬂdéxﬁégén@fjaa§P§VEéP%@eﬁeé@F6ﬁﬁed 16
voxel s. UPbSI 1,3 ?hQPg§Jm@ngghe coordlnates along the i axis and j axis,

of a side edge of a subvol une defornmed, by nﬁthod At step 184c, the
initial value of g in th& §t@60ﬁ§ﬁﬁat§§e(ﬁnl&}a&fVé ¥5e G i% IPoithE on the

reference p'@68r6§n§%bsa$pUPQ$Jofa@ds@bciEQQ #&4@¢ e e ueif eafenciencr ease
inthe j direction is added t t @ update % 1ir31hh t he |n|t|al

val ue of p isPdépeads QPBSPS Qﬁdb§9 SFEE f§4FtePh3 gﬁn AT e e i n
the i 10 direatieasesiadded tjodirectipdatie pddad sbeg ®4gpdearcamster ijKk,
whi ch indicates the VOE§|EQOSIHSQQ b%%%rqnggane@%ﬁg%tH%nP q@dg@qr%geter

Sijk, which indicates t Pes pondi ng voxél "posi't
def or mat i on, HPebsbLaanddatlstFpaﬂ8H§ Smpkaﬁ0@pt ¢t nPCA@a§@eGn18@W it o

calculaffethedgkéggl%glgg Qd% d EQa% $ReGliageP@i.nt (P, q) on the reference

pl ane, voxel value Vijk he correspondi ng_voxel, is extracted 20
based on the paraneter @i, SFePkﬂ84ﬁd|@&F@W&tﬁﬁeL@@xewhﬁﬁﬁmHQQﬁ?a'?ﬁe voxe

val ue vijk isiRef Qehedi pRRIHABA bet@EeOk Neh@se RimeERinS MRl R Brgeanent
R green Sijk, which indicates the corresponding voxel position
after the deformation, are obtained.
15 That is

Sijk = (p, q, T)

At step 184h, to calculate the pixel value C of
that specific point (p, q) on the reference plane, the
voxel value Vijk of the corresponding voxel is extracted

20 based on the parameter (i, Jj, k) indicating the voxel
position. The voxel value vijk is a four-dimensional
vector whose elements are red component R, green
component G, blue component B, and transparency A.

Then, the pixel value C is calculated as the

25 product of the voxel value vijk and weight function w.

C < vijk*w(p-ip, 9-J9)

Here, (ip, jq) are the i-axis and j-axis
coordinates of the point on the reference plane
corresponding to the voxel (i, j, k). The pixel value is

30 also a four-dimensional vector whose elements are red
component R, green component G, blue component B, and
transparency A.

Finally, at step 184i, compositing computation
is performed using [Equation 4] to update the composite

35 pixel value Cc by compositing the composite pixel value
Cc computed in the process up to the previous step with

the pixel value C computed at step 284h.



conponent G, bl ue conmponent B, and transparency A. Then, the pixel value C
is calculated as the 25 product of the voxel value vijk and wei ght
function w. C - vijk*wW(p-ip, g-jq) Here, (ip, jq) are the i-axis and
j-axis coordinates of the point on the reference plane corresponding to
t he voxel (i, j, k). The pixel value is_3Q@7alLso a four-dinensional vector
whose elenents are red conponent R, green conponent G bl ue conponent B,
and transparency A Finally, at step 184i, conpositing conputation is
performed using [ Eq ion 4] up e the conposite 35 pixel value Cc by
conpositing the conposite pixel| val ueg Cc conputed in the process ug to_the
previ ous step with |GHe=pPxé&l|Sattu conputed at step 284h[Egui?l-“F§]R Rc
Gc = A* G+ C [Equat)ion 4] c Bgel Ac = Ac * A where Rce Cc = & Bc

Ac R 5C=G B t step 184j,"it" is determ ned whether all the voxels
have been processedAci+ Abhe processing along the i axis is not conpleted
yet, i is increnmentggd.,al step 184k, and the process returns to step 184f.
10 If the processing along the j axis is not conpleted yet, | is

incremented in step 184mRadnd the process returns to step 184d, while if
t he processing alq?g the. K axis is not conpleted yet, k is increnmented
C =

Bc
AcC

R
5 c=|C
B
C

At step 1843, it is determined whether all the
voxels have been processed; if the processing along the 1
axis i1s not completed yet, i is incremented at step 184k,
and the process returns to step 184f.

10 If the processing along the j axis is not
completed yet, j is incremented in step 184m, and the
process returns to step 184d, while if the processing
along the k axis is not completed yet, k is incremented
at step 184n, and the process returns to step 184b. When

15 the processing on all the voxels has been completed, the
routine is terminated.

In the simulation system and method having the
image generating function according to the first
invention, as simulation is performed by dividing a

20 large-scale object of analysis into subspaces so that the
result can be visualized for each subspace, the result of
the simulation can be displayed at the video rate even
when the node processing capability is not particularly
high.

25 In the simulation system and method having the
image generating function according to the second
invention, since simulation computations are performed on
voxels, visualization of the simulation result can be

easily accomplished.



at step 184n, and the process returns to step 184b. Wen 15 the processing
on all the voxels has been conpleted, the routine is termnated. In the
simul ati on system and nmet hod having the image generating function
according to the first invention, as sinmulation is perfornmed by dividing a
20 | arge-scal e object of analysis into subspaces so that the result can be
vi sual i zed for each subspace, the result the sinmulation can be

di spl ayed at the video rate even when T He rode processing capability is
not particularly high. 25 In the sinulation systemand nmethod having the

| mage generating functien LEoLdhbdat eohheySeEANdndl RLEALORavSICEhe
simul ati on conputations are perforned goxe visual i zation of the

si mul ati on resmﬁﬂecaﬁnﬁéatéaglfynééééﬁpPF§ﬁéél“$8tolﬁh?héhéﬁﬁulatlon system
and nethod hayhpgnthén,i RE§ecIgBREARLNENT UAREI eanageors@lb@gemdtm@ third

invention, im neration tine can be shorten erating subspace
i mages usi ng 9%%Q%B tLBREhBBPSBaFR tHEIEPnFAPPOR §y§¥eﬁg§ﬁ8dnethod havi ng

the inm@mge generating fmﬁcthensamooadnag tpsthr hndrmbthbﬂvaawum@,the
occl usi on relatlonshl e detgrnined t . Qug r%ﬁﬁ |ve BYOCESSIng by
0

usi ng the BSP*T2¥fod® ?ﬁa?ﬁﬁg flonagygfeﬁPgnao “K&Vi'ng the 10

i mage generatingeﬁuhonuoqca&oendnngeﬁetuhGShnpshcannbendeanrmage@he

composer has 8,pbpgh! DEGLSLIYE! UL oLBENGPHACERTHAOLARCEGH Qlochloand] ng the

subspace i nages I ncreas atron system and met hod
having the 15 inage geherhhengifuhation areseni agdt wethedshrviAng pbhenti on,

as the1TPrger1h§gé”BE§€?QE§9 bfuBHEQBhOQéEorH§Bgm@69thEhglg&chSS'ng speed
for blending two”I mages can be i ncreased. - is clained is;
invention, as the composer has a plpellned structure, the

processing speed for blending the subspace images can be
increased.
In the simulation system and method having the
15 image generating function according to the sixth
invention, as the merger is implemented by functional
hardware, the processing speed for blending two images

can be increased.



1. A sinulation system having an i mage generating function, conprising: a
plurality of subspace simulation nmeans 5 for simulating the behavior of an
object of analysis in every prescribed time interval for a respective one
of a plurality of subspaces created by dividing a three dinensional space
in which a mathematical nodel for said=- ob) ect of analysis is constructed;
10 a plurality of subspace inmage generating nmneans for generating subspace
i mges wWthin said escri ed ti,me interval, said subspace inages
representing the rggg%té Sof ?ﬁ@eglﬁulatlons performed for said respective
subspaces by corre$pondAnglmnéaoﬁosasﬁsiémphavahgtynoﬁmsgbspaoergkdmbation

nmeans; an ent ge tipg.means for generating an entire imge
within said p%éggkgg ?8ﬂ§E§ Bgrval by bl endi ng together said subspace

i mmges generated by sald pl ar alhrglatysabs puberrrage igeAetarnnge20sneans,

said entgre 'FBQesEﬁQE§§§Hg @aetbehéeiekto@fahhebjabqubatbaelgglgh@nentlre
obj ect of analysis; and a | ay nmeans for displaying within said

prescri bed tlﬁﬁeFﬁt§F9§Fr§B?6 éhﬂ?réntﬁﬁﬁélgéﬁérét6855§Ct§3Pd°§ﬁtPFe i mage

generating megngra2dtg. of §h5§babb@ncsﬁatealb9vunglamngnagehgeaeratlng
function as clained.in claim1, mhe

F each sai.d ? g ? S|nulgt|on
means cal cul afeBeDE%BN2YaPRESCF 4P h lﬁ uPalPt 989t68§élgo Feat &4
dividing a co&b@ébendfngnamyelef1sabdnsubspaee$ 30 3. A S|nulat|on system

hayinggggslnage generating fun §2%% e%e gggpgaldlgagspgewggg%&g each of

sai d pace i mage generatlnB |nag
bl endi ng togemnbens fprageoedancegm5uhsaanalnmpges wvhahéd sedposition

met hod, said ¥9égbrYBEHe§1ﬁb”Hk@E§ga9y 33id ggsggéeenqha@e@ne of said

subspace si mutrat1 on neans . S|rrua|onss m havi n an | mage
generati ng fﬁﬁ@ﬁ?éﬁnéénélahﬁeaeﬁﬁlaﬁy°6néh8fSéma#ﬁ§19n§opsrfWH@P€|ﬁor 20

said respective subspaces by corresponding one of said
15 plurality of subspace simulation means;
an entire image generating means for
generating an entire image within said prescribed time
interval by blending together said subspace images
generated by said plurality of subspace image generating

20 meané, said entire image representing the result of the
simulation of the entire object of analysis; and

a display means for displaying within said
prescribed time interval said entire image generated by
said entire image generating means.

25 2. A simulation system having an image generating
function as claimed in claim 1, wherein each of said
subspace simulation means calculates voxel values for a
plurality of voxels created by dividing a corresponding
one of said subspaces.

30 3. A simulation system having an image generating
function as claimed in claim 2, wherein each of said
subspace image generating means generates said subspace
image by blending together, in accordance with a multiple
shared composition method, said voxel values simulated by

35 a corresponding one of said subspace simulation means.

4. A simulation system having an image generating

function as claimed in any one of claims 1 to 3, wherein



said entire image generating nmeans bl ends together said subspace inages
generated by said plurality of subspace inmage generating neans, based on
priorities determined in accordance with a binary space partitioning
method. 5 5. A sinulation system having an i mage generating function as
claimed in claim4, wherein said entire iJgage generating neans conprises a
plurality of conposited inmge generating nmeans arranged in a hierarchica
manner, each for generating a conposited i mage by bl ending 10 together two
subspace i mmgesibasedior amagecbasecﬁtlnelmﬁﬁoﬁshﬂﬁnﬁétW@@ﬁﬁﬂ%njﬂﬁﬂ?
Pubspace | MMOE8beBach ShAULA! LORCPYSEANLYAKLAG 1uiaRGS IR HsHhce
function as ¢ I'n clharm erein entire imge . gene rat|ng means
i s construct edmbgeagrargrigna EPGP&hlP?ng 8P §éﬂ&réﬁﬂ@ﬁeqe @Hﬂ? rat i ng

means in a hi geabehkeak wARANGT blzar? §pauleabla9&l&>@h@mghmétm@dan i mage
generating function as_clainmed in claim wherein each of said

conposi t®d i nage ge€ner afi f dmﬁééﬁéoeoﬁﬁFF§@s%afén§ B oSy | AGEGTY *e¥ans
for judging Buhetiby Q@tweaﬂméaldntWQaimbﬂpawaek@HQGSalm swittiate nghageans
for switching connections between two inpu ngg oo out puf i mages
based on the EEESFFtépgtW&afﬁdﬁgwgﬁﬁsﬁﬁdg B§u§§| y2§ prfﬂF’ty jUdgi ng
means; and an1mﬁ§gegbhemdtﬂggnmaassfamrau@pdtumn@ & iecampdsictadd mamags by

bIendlng togethe% §ald gggggklhg?geéomgéggQ b4l Iatgbiﬁkﬁﬁﬂ' means in

accordance wi thoa “Bfedding equ n met havi ng
i mage geher at tegetdegpswoospbspRag: laapbﬁrbﬁﬁﬁﬁ on §@b§§é@@%ﬂQﬁneulng

steps for S'?@h%&&@ﬂs%ﬁ% %%Q@%bﬂrs%ﬁdaQw%bb%%%p%%ea&ﬂd68§5' n every
prescribed tinme interval respective one of a 35 pldrality of subspaces

created by dividing-a tﬁréémﬁllﬁ‘éﬁ§Poﬁé(ISt§ﬁ‘aé’é‘Vlﬁg\Aﬁ“cH“‘é‘%ﬂ‘?é’l?d:taitdéﬁg nodel
for said objeghcefioanalsysilsimedCcnsktndGimed;, wherein said entire image

generating means is constructed by arranging a plurality

15 of said entire image generating means in a hierarchical
manner.
7. A simulation system having an image generating

function as claimed in claim 5 or 6, wherein each of said
composited image generating means comprises:

20 a priority judging means for judging
priority between said two subspace images;

a switching means for switching
connections between two input images and two output
images based on the result of the judgement made by said

25 priority judging means; and

an image blending means for outputting a
composited image by blending together said output images
output from said switching means in accordance with a
blending egquation.

30 8. A simulation method having image generating
steps comprising:

a plurality of subspace simulating steps
for simulating the behavior of an object of analysis in
every prescribed time interval for respective one of a

35 plurality of subspaces created by dividing a three-
dimensional space in which a mathematical model for said

object of analysis is constructed;



- 21 a plurality of subspace inmage generating steps for generating
subspace inmages within said prescribed tine interval, said subspace inages
representing the results of the sinulations performed for 5 said respective
subspaces in corresponding one of said plurality of subspace sinulating
steps; an entire inage generating step fodl generating an entire image
within said prescribed time interval by blending together said subspace

i mges 10 generated in said plurality of subspace i nage generatin st eps,
said entire i mage representiﬁgP%HéaFé§MIPfoFugﬁ83C§iﬁ&?&%i@ﬁnﬁfaﬁﬁ@gentire
obj ect of anakysps; frardgandirspliayi Bgbsbapel amadiesplayhig watiki n  sai d
prescribed tine Inte vgl said.entire in%ge generated .15 in said entire

i mage generatPﬁGSEFéb? otiResIRLPAVRGN RECROGURSVENSS HHRGE Sgener ati ng

steps as cl ai regrebeakanm Bhewbeseilrnseachtbk samtlasubssaee rfiommest ifiog
steps cal cul ates ,voxel val.ues for | yrali | s _¢re

dividingga coFFégpSﬁaPﬁﬁ%lﬁﬁ Sﬁgsgscggign588§%§%§5%8?39 ﬁﬁgigﬁfg¥$%% net hod
havi ng i mage géneratitpgofstepspaseckampgdtiingcisdieps9, wherein each of said

subspace i nage generating stggsegggggagﬁg §aign%3g%g%%est@@aqgrby bl endi ng
together, in accordance with a nultiple % sﬁare conposi tion nethod, said
voxel val ues Sengratéddgi An gnEorredPoALi Hathie 6RisaPdesFdphsce titfgge

simulating stgpervii b %h@yh%goeo@%h@@‘ Baviing ub¥RpGR JaRRIgds Ng St eps
as claimed in any one of clains to e%%%n 30 said entire ima

i ) 10, wh
generatitg st §6PBFERES t8gELEREr PSHFalatls Pac EVPTRGES d@ﬁ%ﬁh@@@%ﬁﬁt§§&g

plurality of suyeppaceaidmegeigenemayiengeptrepentiiagedhen resiudri tfeshe

Si il at 1 on moFHBH AGYPRG S8 BaRGr B PRGCCIo Bt G564 A e e i n ci & m 1L
wherein said entire i nage gendiaplagisgestieperfatn delsp lparing nsitdin

conposi ted in%%%d prescribed time interval said entire image generated
15 in said entire image generating step.

9. A simulation method having image generating
steps as claimed in claim 8, wherein each of said
subspace simulating steps calculates voxel values for a
plurality of voxels created by dividing a corresponding

20 one of said subspaces.

10. A simulation method having image generating
steps as claimed in claim 9, wherein each of said
subspace image generating steps generates said subspace
image by blending together, in accordance with a multiple

25 shared composition method, said voxel values simulated in
a corresponding one of said subspace image simulating
steps.

11. A simulation method having image generating
steps as claimed in any one of claims 8 to 10, wherein

30 said entire image generating step blends together said
subspace images generated in said plurality of subspace
image generating steps, based on priorities determined in
accordance with a binary space partitioning method.

12. A simulation method having image generating

35 steps as claimed in claim 11, wherein said entire image
generating step iteratively performs a composited image
generating step for generating a composited image by



generating step for generating a conposited i mage by 22 bl endi ng together
two subspace i nages based on an occlusion relationship between said two
subspace images. 13. A sinulation method having i mage generating steps as
clainmed in claim12, wherein said conposited 5 inage generating step
conprises: a priority judging step for Lu?glng priority between said two
subspace i mages; a switching step for sw {ching connections between two

i nput inmages and two out put inages based on 10 the result of the judgenent

made in said pRigQy, %R@ @@ﬂ%@%§Q@for
Qﬁ'quig%% e by bIendlng to

outputting a er sai d out put es
out put fron1st§LﬂﬁRQﬂuﬁﬂ}%ﬂkﬂﬁﬁhﬂﬁuﬁﬁﬁWﬁﬁﬂxﬁ@ﬁqrﬁ%Pl%P%$%%%@nbm% 2tion

13. A simulation method having image generating
steps as claimed in claim 12, wherein said composited
5 image generating step comprises:
a priority judging step for judging
priority between said two subspace images;
a switching step for switching connections
between two input images and two output images based on
10 the result of the judgement made in said priority judging
step; and
an image blending step for outputting a
composited image by blending together said output images
output from said switching step in accordance with a

15 blending equation.



