I'LLUM NATI ON AND SHADOW-SI MULATI ON I N A COWUTER GRARHI CS/ g&?ﬂ%
SYSTEM 7 Field of the Invention This invention r 5}@ S~ l

conputer inmage generation (CIG or conputer graphics systens and, nore -
particularly, to novel ' nultiple illunmination source sinulatiRRmet{dds gﬂd?
apparatus for wuse in a display processor for processing of i g%éega
describing nmulti-source illumnation of, and anti-aliased sha — <
generation by, object-surfaces involved in display of two-dinensional
representati ons of three-dinensional objects in a real-tinme inmging

system Background of the Invention 1§ Real -ti me conputer inmge
systens are designed to provide realistic imge reproduction for a w de
vari ety of graphics syJL&UWMINATION AND SHADOW SIMULATION

IN A COMPUTER GRAPHICS/IMAGING SYSTEM

Field of the Invention

This invention relates to compuier image generation (CIG)
or computer graphics systems and, more particularly, to novel
multiple illumination source simulation methods and apparatus for
use in a display processor for processing of image data describing
multi-source illumination of, and anti-aliased shadow generation by,
object surfaces involved in display of two-dimensional
representations of three-dimensional objects in a real-time imaging

system.

Background of the Invention

Real-time computer image systems are designed to provide
realistic image reproduction for a wide variety of graphics systems,
such as tank/vehicle or flight simulators, action games and
engineering work stations. For example, graphics-based simulators
are used as training devices which permit a combatant to obtain
practice without the necessity of going out into the field and using
the actual corﬁbat systems. The simulators enable a user, such as

a pilot or tank gunner, to maintain and improve his skills without



such as tank/vehicle or flight sinulators, action ganes and engi
wor k stations.
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For exanpl e, graphics-based sinulators are used as training

devices which permit a conbatant to obtain practice w thout the necessity
of ,going out into the field and using the actual conbat systens. The
simul ators enable a user, such as a pilot or tank gunner, to maintain and
I mprove his skills wthout ' 2 the
cost associated with live training. It is 4hus very advant ageous to

provi de the userg s ' Qeaf}ﬁ,fa for
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i mage generation ste such ) .ste ation can
be broken into %5%“@%[515 & 4 thcvéégﬁ qyabe@i‘s nhltc:ho‘fsq’@f‘gﬁﬁg‘ met.ry
Processor, and D| spl ay Processor. These three processing stages . or
sections each mﬁqutrmua)@wwmqtscecwraaﬁeé representative of or
corresponding to one of three consecutive scenes to be displayed. The

Control | er processes dmtaatypical reabtimeocompatee ihwageagdrieratdon isystem, whi ch may

be either a field tine of 16.67 mlliseconds or a frane

such as a simulator system, image generation can be broken into

three separate processing stages: Coniroller, Geometry Processor,

and Display Processor. These three processing stages or sections
each work independently on data representative of or
corresponding to one of three consecutive scenes to be displayed.
The Controller processes data on a scene or image for a fixed time,
which may be either a field time of 16.67 milliseconds or a frame
time of 33.3 milliseconds, usually the former, and then passes its
processed data to the Geometry Processor. This particular field
and frame time corresponds to that time for a typical television
format display, i.e.,, two interlaced fields per frame with thirty
frames per second. The Geometry Processor has an equal time to
do its calculations and at the end of that time its results are sent to
the Display Processor. The Display Processor always processes one
interlace field for a video display in one field time. For each time
interval, all three processors are kept busy, so that, at any given
time, the processors are working on three separate scenes. Each
section processes inputs and generates outputs during the interval,

50 data flows through the three stages in a sequential manner. The



tinme Q_f '33.3 mlliseconds, usually the former, and then passes its
processed data to the Geonetry Processor. This particular field
time corresponds to that tine for a typical television format di
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For example, in a flight simulator system, pilot inputs are
received by the Controller and after Leing processed sequentially
by the Controller, the Geometry Processor and Display Processor,
the output is sent as a color scene to video displays observed by the
pilot in the simulator. The data seen by.the pilot starts out as
simple control inputs applied to an environment definition and is
converted to pixel video display information. In the controller, the
pilot inputs are used to calculate the new position and orientation
of the aircraft, and from this, a mathematical rotation matrix is
calculated that is used to rotate objects from the reference
coordinate system to a display coordinate system. Any other
information dealing with the aircraft, with the position of targets
and with other aircraft is also calculated in the Controller. In some
applications, the Controller is a general-purpose computer.

The Geometry Processor reads, from a database,
descriptions of objects that are potentially visible in the stored
three- dimensional digital representation of the scene. The objects
that are read are rotated into display coordinates using the rotation

matrices calculated in the Controller. Edges of these three-

section processes inputs and generates outputs during the
so dasextibhgvso tlis aligivs thew stanes tot beyelisplayed easfufieldi el manner.
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For exanple, in a flight sinmulator system pilot inputs are received by
the Controller and after being processed sequentially by the Controller,
the CGeonetry Processor and Display Processor, the output is sent as a
color scene to video displays observed by the pilot in the simulator. The
data seen by the pilot starts out as sinple control inputs applied to an
environnent definition and is converted to pixel video display
information. In the controller, the pilot inputs are used to calculate the
new position and orientation of the aircraft, and fromthis, a

mat hemat i cal rot dimemiomlrdbjeatsare:elippddalb;ethetGaomeﬁyt&edesstmifrtheyat e objects
fromthe reference coordinate systemto a display coordi nate system Any

other informati @Qteﬁﬁabhftﬂld""th@ ﬁ@e« Wlﬁ&d@fﬁouﬂﬂafri%st henfaomd,ﬁar?f targets

and with other aircraft 1s also calculated in the Controller. sorre
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are potentially sible.,in the stor ree- nsi on i tal
representation oitf‘? Iﬁ‘@osq‘,’é‘ﬁésm‘?ﬁ'ed’éﬁﬁ‘é!c‘t’@r‘}ofvha!n 3 ‘t’r"é'adﬁ%r(ge‘?‘ﬁ?ﬁi’ ed into
di spl ay coordinates using the rotation matrices calculated in the
Control | er. Edgedroeessor salculatesewhich objects are in front or behind other

objects and stores this information in a priority list. Each object
processed is made up of individual polygons bounded by straight
edges. The priority list contains the order of all polygons in the
scene, with the first polygon in the list as the highest priority
polygon, and the last polygon in the list has the lowest priority.
Whenever two polygons overlap on the display, the higher priority
polygon will be visible, and the lower priority polygon will be ob-
scured.

The Display Processor receives the two-dimensional face
descriptions, along with face color, face fading information, a face
priority list, cell texturing, level-of-detail blending, translucency,
curvature shading, etc., and uses this information to output data
describing to a color display each pixel in the scene. Each color
display in the system is typically made up of 1024 lines of video
information, with each line having 1024 individual color dots or
pixels. However, other combinations of lines and pixels per line are
certainly possible. The Display Processor has to resolve, for each

pixel, what the color and luminous intensity of the pixel should be,



4 di mensional objects are clipped by the Geonetry Processor if they extend
beyond t he vi ew wi ndow boundaries. The Geonetry Processor nmathematically
projects the three-dinmensional data onto the two-dinensional display

wi ndow. In addition, the Geonetry Processor calcul ates which objects are
in front or behind other objects and stores this information in a priority
list. Each object processed is nmade up of individual polygons bounded by
straight edges. The priority list containg the order of all polygons in
the scene, with fhe first pouﬁgon in the Tist as the highest priority

pol ygon, and t he8IV&8: thad| sgay

Fes; jan | be Present 0 a) gk that j csrtaiy

Wienever two polygons overlap on the display, the higher priority polygon
wi Il be visibl e, partibashef fages mayrbe covered diyyotbar fades, ard that sevenal ed. |

The Di splay Processor receives the two-di nensional
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di spl ay each pix ene.

display, and all these need to be calculated in 1/60th of a second,

the processing load in the Display Frocessor is very high. To

calculate video for a multi-display system (a single system has

contained as many as 14 displays), the Display Processor must

perform in excess of 10 billion computations per second. Due to

the tremendous processing load, a Display Processor can drive only

a few displays. In some systems, a single Controller and Geometry

Processor can be used to drive several Display Processors with -

several displays connected to each Display Processor. The Display

Processor therefore represents the majority of processing in a real-

time computer image generation system, and for this reason most

of the effort to improve the capabilities and realism of a CIG

system is concentrated in the Display Processor area.

One class of problems has been to process plural sources of

illumination, in any one scene, so as to not only prevent saturation

of pixel color intensity information, but also to provide shadowing

- of any visible polygon surface as necessary by each of the several

light sources, and to do so in a low-cost, efficient manner which

also prevents aliasing of information.



display in the systemis typically made up of 1024 |ines of video
information, with each |line having 1024 individual color dots or pixels.
However, other conbinations of lines and pixels per line are certainly
possi bl e. The Di splay Processor has to resolve, for each pixel, what the
color and lum nous intensity of the pixel should be,

5 given that nmany faces can be present in a pixel, that certain portions
of faces may be covered by other faces, and that several |ight sources may
be illum nating each surface portion reflgcting light into that pixel.

Since there can B?{Iﬁi‘z%{%?#ﬂw& TS INW% gNisplay, and all these need
to be calculated Tn of a second, the processing load in the D splay
Gingl o system has  conp ArRedali il iFe livEiRah d pRofBd rdhaibiling V5 OTLC3
[T emendous. pr ocodSh Ay 1935k me:Sonr e RAOB L S7oRea1S BF IDRPIBTAS 108 fow
di splays. In sonme systens, a single Controller and Geonetry

total illumination of each pixel to be displayed by a display means

in a real-time computer image generator, comprises the steps of:

storing in an observer depth buffer means data signals representing

those portions of object polygons visible to the observer in each

pixel of the display; storing in a source depth buffer means,

é.ssociated with each of the at least one scene-illuminating light

sources, data signals representing illumination intensity received by

each polygon pixel viewable from that associated source; and

generating a data signal, for each displayable pixel in the observer

depth buffer means, Combining in non-saturating manner the

illumination intensity of each light source impingent upon the

equivalent pixel in all of the associated source depth buffer means.

A light source subassembly for use in a computer image

generator, includes (in addition to a depth buffer means associated

with the observer’s position) at least one additional depth buffer

means, each of which is associated with one of the light sources

illuminating the scene to be displayed, for temporarily storing data

signals representative of those portions of the scene polygons,

displayable in image space, which are illuminated by that source;

and light source processor means receiving the data signals from



Processor can be used to drive several Display Processors with several
di spl ays connected to each Display Processor. The Display Processor
therefore represents the mpjority of processing in a real-

i mage generation system and for this reason nost

Di spl ay Processor area.
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I n accordance with the i nvent i on,

a

met hod for det er AWFsRyilluminating gagh pixe fenderadcby ithe bseryerngeBtiscene to be

di spl ayed, the

buffer and thus displayed to an observer of that scene.

Accordingly, it is an object of the present invention to

provide novel apparatus and methods for determining the
illumination intensity of each pixel in a computer image system
display illuminated by a plurality of illumination sources, including
prevent of saturation due to additive effects, generation of shadows
responsive to the various sources and anti-aliasing of the resulting
illumination information.

This and other objects of the invention will become apparent
upon reading of the following detailed description of presently
preferred embodiments, when considered in conjunction with the

associated drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic bloék diagram of a computer image
generation (CIG) system in which the apparatus and methods of the
present invention may be practiced;

Figure 1a is a schematic block diagram of multiple source
illumination effects apparatus, in accordance with one aspect of the

present invention, for inclusion in the system of Figure 1;



total illum nation of each pixel to be displayed by a display neans in a
real -tinme conputer image generator, conprises the steps of: storing in an
observer depth buffer means data signals representing those portions of
object polygons visible to the observer in each pixel of the display;
storing in a source depth buffer nmeans, associated with each of the at

| east one scene-illumnating |ight sourceg, data signals representing
illumnation intensity received by each polygon pixel viewable fromthat

associ ated source; anfigigenprigital ssatil diisgrasi @ihastratingr theardatiospipyabl e
pi xel in the observer depth buffer neans, conbining in non-saturating

manner the 1! uBbRaliO8 pREARS! 60 light 8 fbekimﬁhuﬁa%%%{f?gepg gt upon the

equi val ent pixel 1n al assoCl at ed source de ans.

A light source subassenbl,y far use in, a uter | e .generator, includes
(in addition to SRR arhsenEn Al behil B ngergiitie e RIplilc o
position) at |east one additional depth buffer neans, each of which is
associ ated with @hthepresgat InvgAtloBources il luminating the scene to be

di spl ayed, for tenporarily storing data signals representative of those
portions of the sceneRigungg@sshowsi spl setalfe N nsourege sipnttanewdslyh are

i1lumnated by that source; and |ight source processor neans receiving the
data signals froMiuminating a plane, and useful in Tomprehending the general
method of the present invention;

Figures 3a-3c are a set of views of different sets of light
sources illuminating common surfaces, and useful both in
appreciating the problem solved and several aspects of the present
invention;

Figure 3d is a view of a set of light sources after removal of
one source, and useful in understanding another aspect of the
present invention;

" Figure 4a is a flow chart of the basic plural-source
illumination combination process in accordance with one aspect of
the present invention;

Figure 4b is a block diagram of one multiple illumination
source éolor intensity data processing unitg in accordance with the
principles of the present invention, for use in a CIG display
processor;

Figure 5a is a flow chart of one shadow simulation process

in accordance with another aspect of the present invention;



7 said at -l east one additional depth buffer neans for adjusting the
intensity of illum nation responsive to those of the totality of |ight
sources illum nating each pixel rendered by the observer's depth buffer
and t hus di spl ayed to an observer of that scene. Accordingly, it is
an object of the present invention to provide novel apparatus and nethods
for determning the illumnation intensity of each pixel in a conputer

i mge system display illumnated by a plugality of illumnation sources,

i ncluding prevent of osaturat.io 0 add ects ener, t i on of
shadows responsive t BIBYE 56&? Pg’ﬁga%%‘a ﬂﬁeghﬁm&ﬁ?‘é@? ﬁt 8?13‘[ he
resulting illumnnation informatjon. hi s nd ot her objects of the
i nvention will béalgnRrogessinsenait, wpmor@%rmen\gltbfprtw eopf ¢ pEeseBt ai | ed
description of presently preferred enbodi nents, when. considered in
conj uncti on w t hinveationsfovaisatind: display pyecessor; BRI EF DESCRI PTI ON OF THE
DRAW NGS Figure 1 is a schematic block diagramof a conputer inmage
Figure 6 is a perspective view of a portion of a natural-
source (sun) z-buffer image plane, illustrating tracking use with a
plurality of moving objects generating shadows;
Figure 7 is a diagram of a moving filter window for
providing anti-aliasing in accordance with still another aspect of the
present invention.
Figure 7a is a flow chart of one implementation of the box-
filter anti-aliasing process of Figure 7; and
Figure 7b is a block diagram of one box-filter anti-aliasing

data processing unit, in accordance with invention principles, for

use in a display processor.

DESCRIPTION OF AN ILLUSTRATIVE EMBODIMENT
Referring initially to Figure 1, a functional block diagram of
a computer image generation system 10, such as an aircraft cockpit
simulation system, is illustrated. For further information as to 3D
rendering, the reader is referred to the existing CIG art, including
sucfx publications as U.S. Patent 4,727,365, issued February 23, 1988
to Bunker et al, for "Advanced Video Object Generator"; U.S.

Patent 4,825,391, issued April 25, 1989 to D. Merz, for "Depth
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Image Generation System"; and U.S. Patent application 08/292,209,
filed April 25, 1989 to Steiner et al., for "Method and Apparatus for
Anti-Aliasing Polygon Edges in a Corputer Imaging Systems", all
of which are incorporated herein in their entireties by reference.
The system includes a Controller unit 12, a Geometry
Processor unit 14, and a Display Processor unit 16. The Display
i’rocessor unit 16 displays information to a cockpit display window

18 to simulate the movement of the aircraft over a scene. A user

20, such as a game player, pilot-trainee or the like, is linked to the

computer image generation system 10 through input control
interface 22, which may include a joystick or ather control input
device 22a. The user’s maneuvering action at device 22a is fed to
input control interface 22. The input control interface converts the
appropriate data (e.g. flight data such as aircraft position, aircraft
roll, pitch, and yaw attitude) from the user to the Controller 12.
In the Controller 12, the user.inputs are used to calculate a
new position and orientation of the controlled object (e.g., the
aircraft), and from this, a mathematical rotation matrix is calculated
that is used to rotate objects from the reference coordinate system

to a display coordinate system, which is well known in the art.



Figure 3d is a view of a set of |light sources after renoval of one source,
and useful in understandi ng anot her aspect of the present invention;

Figure 4a is a flow chart of the basic plural-source illumnation
conbi nati on process in accordance with one aspect of the present
I nventi on; Figure 4b is a block diagram of one nmultiple

Illumnation source color intensity data processing unit, in accordance
with the principles of the present invention, for use in a Cl G display
processor; Figure 5a is a flow charkl of one shadow sinul ation
process i n accoOdheciafornidiionddaliag witdptietscefie,ithe ppsicoaof targes)ot on;

9 Figure 5b is a block diagram of one shadow source intensity data

PLoCRE 1 U, ol agsus M caati i g Qoo aesSIO/EVETL 7,
portion of a natyfaiics systems the Controller unit is a general purpose computer.

The Controller unit 12 is updated periodically by the most
recent user-controlled-object (aircraft) orientation. This orientation
includes the object aircraft roll, pitch, and yaw, and position from
the pilot via the input control interface 22, to the Controller 12,
The Controller 12 works on a scene for a field or frame time and
then passes data to the Geometry Processor 14.

The Geometry Processor 14 réads from a scene database
memory 24, descriptions of objects such as towers, roads, rivers,
hangars, etc., that are potentially visible in the .stored three dimen-
sional digital representation of the earth. The oi)jects are read
from the scene database and are rotated into display coordinates
using the rotation matrix calculated in the Controller 12. The
Geométry Processor 14 clips all edges which extend beyond the
view window boundaries in object space. It mathematically projects
the three-dimensional object data onto the two-dimensional display
window. Object faces which extend beyond display window
boundaries are clipped in two-dimensional image space. The two
dimensional objects consist of points, lines, closed convex polygons,

or combinations thereof. Each closed convex polygon is known as

a face. Thus, each object processed is made up of individual faces,



.source (sun) z-buffer image plane, illustrating tracking use with a

plurality of noving objects generating shadows; Figure 7 is a

di agram of a noving filter window for providing anti-aliasing in
accordance with still another aspect of the present invention.

Figure 7a is a flow chart of one inplementation of the box- filter
anti-aliasing process of Figure 7; and Figure 7b is a block diagram
of one box-filter anti-aliasing data processing unit, in accordance with

i nvention principles, for., use in a display cessor. DESCRI PTI ON OF AN
| LLUSTRATI VE ENvSISremaareh face is boygded; by ﬁgalghff—ﬁ? gas) (ncg the fages are o

functional block diagramof a conputer inmage generation system 10 such as
an aircraft coclpmputed fodomt thenthrgedimensional bhpctSauedheFGeothryher
information as to 3D rendering, the reader is referred to the existing CIG

art, including Er@@bssbtlllhlﬂf&d@!&&s?&sk&cﬁto?ﬂé@iﬁplﬂymac&ﬁ& wssmed February
23, 1988 to Bunker et al., for "Advanced Video Ohject Generator"; U S.

Patent 4, 825, 39%gdigst e ABEdthety Procéisor 4 Eilchifes; inl RiowPRRinRer,

- which faces are in front or behind other faces and stores this
information in a priority list. The priority list contains the order of
all faces in the scene where the first face in the list is the highest
priority face, and the last face in the list is the lowest priority face.
Whenever two faces overlap on a display, the high priority face will
be visible and the overlap portion of the low priority face will be
obscured.  After caiculating the priority list, the Geometry
Processor 14 calculates the display endpoints of the line segments
that bound the two dimensional faces and calculates the coefficients
of the line equations that describe the bounding edges. The
Geometry Processor 14 calculates the endpoints of each edge and

the slope of each -edge that describe a bounded face. These data
are then passed on to the Display Processor 16.

In Figure 1, there is shown Display Processor 16 that is used
to drive the video display 18. In some systems, a single Controller
12 and Geometry Processor 14 is used to drive more than one
Display Processor. The Display Processor 16 represents the
majority of processing and hardware in a real-time computer

generation system and, for this reason, most of the effort to reduce



10 Buffer Priority Processing For Real Tine Conputer |nmage GCenerating
Systerrs"; U. S. Patent 4,811,245, issued March 7, 1989 to Bunker et al.,
for "Method of Edge Snoothing for a Conmputer |nmage Generation Systen; and
U S. Patent application 08/292,209, filed April 25, 1989 to Steiner et

al., for "Method and Apparatus for Anti-Aliasing Polygon Edges in a
Cornputer Imaging Systens", all of which are incorporated herein in their
entireties by reference. The systdm includes a Controller unit 12,

a Ceonetry Proc Wi d ] ' he Di spl ay
Processor uni +1aree ol ipuRiert ol e (g3 Sba sPhienifned P 5%
simul ate the novenent _of t aircraft qyer.a scene. A user 20, such as a
ganme pl ayer, pil bqnﬁ}qg}sgggr}%pc?%gr f‘ﬁ%?“}esofspﬁxjgoﬁ)ss?ﬁﬁ respansiiler i.mage
generation system 10 through input control interface 22, which may include
a joystick or ot fetpiosessing infermationdehecdisplayed onaidesalisplaydheler i ng
action at device 22a is fed to input control interface 22. The i nput
control interfac®isplayrosessbe 16aly cpresulee dot aaéle pixel fihi et videba such as

aircraft position, aircraft roll, pitch, and yaw attitude) fromthe user

to the Controll eisbiay 18 what the color of the pixel should be, given the many
faces that caﬁ be present in a pixel, and those portions of faces that
may be covered by other faces. After resolving the priority conflicts
within a pixel, the area of each visible face within the pixel is
multiplied by the color of the face, and the sum of all these
weighted colors is output as a pixel color. The Display Processor 16
thus rece_.ives two-dimensional face descriptions from the Geometry
Processor 14, along with the face color, and a face priority list, and
uses this information to output the scene to color video display 18.
Each color display in a system can be made up of 1,024 or more
lines of video information and on each line there typically are 1,024
individual color dots or pixels (picture elements). Since there may
be more than one million pixels in the display, and all of these
need to be calculated in 1/60th of a second for a real-time image,
the processing load in the Display Processor is very high. For each
pixel the display may receive a 12 bit red data signal, a 12 bit green
data signal, and a 12 bit blue data signal as part of intensity

information that describe the color of the pixel.



In the Controller 12, the user inputs are used to calculate a new position
and orientation of the controlled object (e.g., the aircraft), and from
this, a mathematical rotation matrix is calculated that is used to rotate
objsects fromthe reference coordinate system to a display coordinate
system which is well known in the art.

11 O her information dealing with the scene, the position of targets, or

ot her objects is calculated in the Controlljgr. In sone CIG 3D graphics
systens the Controller unit is a general purpose conputer. . The
Control ler unit 12 is Ref¢ating npwrioodigueg 2,a bgmphterrgeserated cisplay is

user-controll ed-object (aircraft) orientation. This orientation includes

the object aircrabtsho™ 4 pliialie of gesenatiy.2-dintknsiviial 'gotygbn.oao, whithpi | ot via
the input control interface 22, to the Controller 12. The Controller 12

works on a scene gegr. Z{fal{gieﬂliﬂ :Péﬁsﬁiéé@ohﬁlp?olﬁ@@ 33, h&aa d}?st%% JRwgt 0 the

Ceonetry Processor ometry Procéssor 14 reads from a scene

database memory gdy, Hei6&dut 8"t SHsedk 36! To TGlatE bRPFLRensicBRYS: "1 Vers:
2-dimensional representation of volume 32 is shown, with only two
polyg'ons P1 and P2 being present; it should be understood that
each polygon extends in a plane passing into and out of the plane
of the drawing, so that only the one-dimensional line of the
polygon-plane/drawing-plane intersection is shown for each of first
P1 polygon 30-1 and second P2 polygon 30-2. It should be further
understood that the observer 20 and the observed objects
(polygons) 30 may all be in the same space (e.g., object space,
image space, and the like) or may each be in different spaces (e.g.,
the observer in image space, the polygons in object space, etc.) with
suitable transformations (e.g., translation, rotation and the like)
being used, in well-known manner, to interrelate the necessary
visual relationships. Thus, observer 20 will view a screen array of
pixels, each representing one picture element of all objects 30
visible in a display window opened between a first (lefthand) side
limit 20a and a second (righthand) side limit 20b of the scene, as
seen with a scenic center line 20c. The CIG unit has, in well-known
manner, a Z-buffer means 16b associated with processor 16 (Figure

1) for performing a depth-buffering operation, as indicated by



hangars, etc., that are potentially visible in the stored three dinen-
sional digital representation of the earth. The objects are read fromthe
scene database and are rotated into display coordinates using the rotation
matrix calculated in the Controller 12. The Geonetry Processor 14 clips

al | edges which extend beyond the view w ndow boundaries in object space.
It mathematically projects the three-dinmensional object data onto the

t wo- di nensi onal display w ndow. Object facgs which extend beyond display
wi ndow boundaries are clipped in two-dinensional inmge space. The two

di mensi onal obj ePlageBERLPER Z plaserdlz, aarossetbe displapwindowexhipothegons,  or
conbi nations thereof. Each cl osed convex polygon is known as a face. Thus,

each obj ect procusibbeldisplayewitl includé allufithé gixels P2x;ahere 1<j<14 here,
12 where each face is bounded by strai ght edges. ce the faces are

comput ed 11 om t hgsshisaear WiuTae vaTHE pRPHGH o e diEu SR gh 3500 ess0r 14,

the data is passed to the Display cessor e Geonetry
Processor 14 cal 81‘11&'%53% of &ekﬂ}%ﬂ lii-n, er%réke 1<i<30 here, of the illustrative

polygon 30-1 are visible to observer 20. Thus, the observer view ray
12d passing the left corner of polygon 30-2, at element P2-1,
delimits the portion (P1-1 through P1-26) of polygon P1 which will
be viewable by the observer and the portion (P1-27 through P1-30)
of polygon P1 which is behind the lefthand portion of polygon P2,
from the observer’s location, are hidden and not represented in
depth buffer means 16b and are thus not displayed because such
pixels (p1-27 thru P1-30) are not visible by observer 20. |

. In order for any of the polygon elements P1-1 thru P1-26
and P2-1 thru P2-14 to actually be seen in the display scene
projected to the observer, that pixel must receive illumination from
at least one light source. A distant-natural source S1, such as the
Sun in the day, or the Moon at night, may be present, and, because
of the great distance of such source 34 from the illuminated objects,
effectively provides a set of parallel rays 34r, all passing through the
scene in the same direction, governed by the source S1 location
with respect to the object polygons 30. It will be noted that rays 34r
impinge upon much, but not all, of the object polygon elements P1-i

and P2-j; the polygon P2 closer to source 34 blocks passage of rays



.Which faces are in front or behind other faces and stores this information
in apriority list. The priority list contains the order of all faces in
the scene where the first face inthe list is the highest priority face,
and the last face in the list is the |owest priority face. Wenever two
faces overlap on a display, the high priority face will be visible and the
overlap portion of the low priority face will be obscured. After
calculating the priority list, the Geometryg Processor 14 calcul ates the

di spl ay endpoints of the line segnents that bound the two di nensional
faces and cal culﬁf'eﬁghmré@éfmfd%ﬁﬂ,sso drat therel is e Y illuminagiontadt descri be
t he boundi ng edges. The GCeonetry Processor 14 cal cul ates the endpoi nts of

each edge and taposticrp€piréls Ric19 ehigeP1438) ofahefaithern pblygonewhichce. . These
data are then passed on to the Di splay Processor In Figure 1,

16.
(pere 15 shown Qag! iouBigk taterpill Ve b ¥A0% oty diBalde e

di splay 18. In sone systens, : metry Processor
Processor 161 ofOEUBRRLEHSD ) B saireb piokt sl B8 paeistpod bl n o
G Tort to roducdar sources 34 may be present fo o total Lmited only by the
capability of the CIG system in use, with each source 34 having an
individual illumination extent and intensity which must influence
the total illumination for each display pixel.
Other sources 36, relatively near to the polygons and
generally ’man-made’ in origin, can be present; a spotlight 36-1 has
a source S2 directed by a reflector 36-1x into a cone of
illumination, with boundaries 36-1a and 36-1b,'about a directional
center line 36-1c. For purposes of explanation, we will treat source
36-1 as having a constant intensity L2 within the cone, but no
illuminative effect outside the cone (i.e. the illumination of source
S2 on pixel P1-11, and other P1 pixels farther to the left, is
effectively zero, as is the illumination on pixels P2-11 thru -14;
pixels P1-12 thru -16 are fully illuminated at intensity L2 (but pixels
P1-17 thru P1-30 are not, due to shadowing by the P2 polygon, as
indicated by ray 36-1d). Display pixels P2-1 thru P2-10 forming the
second polygon are also fully L2 illuminated. Similarly, another
light source 36-2 may be a flashlight S3 carried by the

observer/ownship and having its own cone of light delimited by



13 the size of the hardware and processing tinme has been concentrated in
the Di'splay Processor area. The Display Processor is responsible for
processing information to be displayed on video display 18. The Display
Processor 16 has to resolve for each pixel in the video display 18 what
the col or of the pixel should be, given the many faces that can be present
in a pixel, and those portions of faces that nmy be covered by other
faces. After resolving the priority confliggs wthin a pixel, the area of
each visible face within the pixel is multiplied by the color of the face,
and the sum of addges 36<a amk3@2beabaudt!iluminaticnucenierline 36-2. Agaimol or. The
Di spl ay Processor 16 thus receives two-di nensional face descriptions from

the Geonetry Prupestapér ddd ilhhaititiont profileeffeas aeo ignored@addohee priority
list, and wuses this information to output the scene to color video display

18. Each col or ¢4 &@h@%giék ﬁav?xﬁi«f‘r? r}igﬁ?ﬁ}?ﬁid}flﬂ?tﬂéafﬁ;ofﬁi&%ﬁ-gé S0 i nes

of video information and on ea ere typica re 1, I ndi vi dual
ool or 9oL o P 5k o %) GUHS SLELT bieR PES SACCE SRRt L1210
1/60th of a seco(r:)c% rIlacl)grniﬁxdreeﬁl")- \twlltg?n ithrreaggr’le is received by pixels P1-9 thru
P1-26 (with pixels P1-27 thru -30 being shadowed by polygon P2)
and by all of the P2 polygon pixels P2-1 thru P2-14.
It will be seen that, if we assign é saturation level of L=1.00
and, for purposes of illustration let L1=0.8, L.2=0.6 and L3=0.3,
then in the illustrative scene, pixels P1-1 thru P1-8 (region A) are
illuminated only by source S1 and receive intensity L1; or Ly, =0.8.
With the addition of an additional source the light intensity
increases§ normally, illumination by a few sourcc;s would use a
simple method of adding the respective intensity values together to
arrive at the total value. Pixels P1-9 thru P1-11 are illuminated by
both S1 and S3, so that additive L,,,,, would be 1.1, which is beyond
the satufation value; this region (region B) is m saturation, at
i.= 1.00. Pixeis P1-12 thru P1-16, as well as second polygon pixels
P2-1 thru P2-10, are illuminated by all three sources L1, L2 and L3,
for L, of 1.7; these regions (Regions C and G) are also saturated
at L=1.00. The region D of pixels P1-17 and P1-18 receive L1 and

L3, but L2 is blocked and we say this region D is in L2-shadow; the

Ly is 1.1, or saturated at L=1.00. Pixels P1-19 thru P1-26 directly



the processing load in the D splay Processor is very high. For each pixel
the display may receive a 12 bit red data signal, a 12 bit green data
signal, and a 12 bit blue data signal as part of intensity information

t hat descri be the color of the pixel. '

14 Referring now to Figure 2, a conputer-generated display is to
show a plurality of generally 2-dinensional polygons 30, which are
arranged in a 3-dinensional volune 32, andigre to be viewed fromthe

| ocati on O of observer 20. To facilj.tate c rehension, a_ 2-dinensional
representation ofe%‘f%ﬂé Byt palygen, gfﬂcﬁ?ﬁ QT RPUIERS) §ﬁéﬁ§t BYS and P2
being present; it should be understood that each polygon extends in a

pl ane passi ng i ntegiandEouds iof Lilhshadoshandofint h2-sherdoWhdaad 83 only t he

one-di nensional |ine of the polygon-plane/draw ng-plane intersection is
shown for each ofassuntng zétd guditygmfosfhadows) Similanlg, piels #1y2iothri30- 2. |t

shoul d be further understood that the observer 20 and the observed objects
(polygons) 30 magoaire dhadbwell Tor 3M " Bired 366rces atd- L 20 iRCHhisS Rgfién F.
The second polygon pixels P2-11 thru P2-14 are illuminated only by
sources S1 and S3, so that L,,;=1.1, but this region H is saturated
at L=1.00. Thus, it will be seen that, while regions A, E and F are
respectively illuminated at intensities of 0.8, 0.3 and 0, the
remaining regions are all saturated and at the same intensity, even
though several different sets of illumination conditions are present.
It will be seen that the simple additive model breaks down when
more than a few light sources are present and their values must be
added together. This is especially true when the source intensities
add to a value higher that the greatest intensity allowable;
illumination saturates and does not give a physically realistic effect
for multiple lights. Similar problems occur if a source (e.g. S3) is
removed; say, in region C, the S1 and S2 sources are still present
and the intensity remains saturated, so that no decrease is seen to
occur when the source is removed. It is desirable to have some
change in total illumination intensity for a change in the number of
illuminating sources or their respective intensities. In many cases,
additive intensities, with use of a gamma function for non-linearity

correction, is used; this works well for low light levels, with



i mge space, and the like) or may each be in different spaces (e.g., the
observer in inmage space, the polygons in object space, etc.) with suitable
transformations (e.g., translation, rotation and the like) being used, in
well-known manner, to interrelate the necessary visual relationships.

Thus, observer 20 will view a screen array of pixels, each representing
one picture elenent of all objects 30 visible in a display wi ndow opened
between a first (lefthand) side linit 20a ¥hd a second (righthand) side

init 200 of the aandy 149 soRBE el e GAIEE LRI Hrokdd BodRinoThe O G

unit has, in welf manner, assocl at e8 W th
processor 16 (Fi

P cated by | Golof com ondnts Wed /Dl /afeeh, SF RSB and &olor otpoRgaty| neemant
of a Z0 plane 20z across the display window. while the visible display
wi Il include al|pksicessirg jsi denes the foregaingrsaturaipn|prpblemsistilhe¢qyr. associ at ed
with the visible portions of the illustrative polygon 30-2, only sone of
the pixels Pl-i, where 1[err]i[err]30 here, of the illustrative polygon
30-1 are visible to observer 20. Thus, the observer view ray

COMBINATION of SOURCES without SATURATION

Referring to Figure 3, in accordance with one aspect of our

invention, where the RGB color intensity range of each source is

normalized to lie between 0.0 and 1.0, the CIG processes the color-

separated individual source illumination intensities Li, for i=1, 2,

3,.., n, where n is the maximum number of sources, to generate a

resultant intensity L, according to:

L,= {1.0-(1.0-L1)(1.0-L2)(1.0-L3)...(1.0-Li)}

n
or L. = 1-x (1.0 - Li), where 7 is product.
i=1
Referring now to Figure 34, it is clear that no single source

S1, of intensity L1 normalized between 0.0 and 1.0, can ever

saturate (generate an intensity I1 greater than 1.0) illuminated

region X. Using the example of L1=0.8, 1.2=0.6 and 1L.3=0.3 for

Figures 3b-3e, we prevent saturation in multiple source situations,

as shown by the two-source example of Figure 3b, which will have

1=L1=0.8<1.0 in region X and 12=12=0.6<1.0 in region Y;

region XY receives both source illuminations L1 and L2, and would



12d passing the left corner of polygon 30-2, at elenent P2-1, delimts the
portion (P1-1 through P1-26) of polygon Pl which will be viewable by the
observer and the portion (P1-27 through P1-30) of polygon Pl which is
behind the | efthand portion of polygon P2, fromthe observer's |ocation,
are hidden and not represented in depth buffer neans 16b and are thus not
di spl ayed because such pixels (pl-27 thru P1-30) are not visible by
observer 20. In order for any of theppolygon elenents P1-1 thru

P1-26 and P2-1 thru P2-14 to tually be seen i.n the display scene
projected to theh%‘ffsulé"rexf’e?a,m‘iaﬁ%‘ff"pf ibl‘xﬁﬂ@%"&é‘%tmpi Fibgmiethod r om at

| east one |ight source. A djistant-natural source S1, such as the Sun in

t he day, or the ebtie peesenigmveni@l, be present, and, because of the great
di stance of such source 34 fromthe illum nated objects, effectively
provi des a set of par hJaIel{]n&!(ROM)(l.elU.Gfpassi ng through the scene in the
sane direction, governed by the source Sl location wth respect to the

obj ect polygons 30. It willr1frg22gls¢ £ DI LPY S 34r inpinge upon much, but
not all, of the object pol ggn ePeZgnts Pl-flad and P2-j; the polygon P2

closer to sourc eIrl?‘ﬂlel}hPé:ngoﬁgg 3% epl%fof rﬁé/\?re 3¢, [1=L1=0.8<1.0in region
X, 2=12=0.6<1.0 in region Y and I3=L3=0.3< 1.0 in region Z;
regions XY, YZ, XZ and XYZ all receive more than one source
illumination and, while area YZ would be Lb=0.9 under an
additive scheme, the other areas would have been saturated I=1.0
in the additive situation. By the method of the present invention, in
area YZ, Ib=Lb={1.0-(1.0-0.6)(1.0-0.3} ={1-(0.4*0.7)} =0.72< 1.0.
In area XZ, Ic=Lc={1-(0.2*0.7)}=0.86<1.0. In area XYZ, -
Id=Ld= {1-(0.2*0.7*0.4)} =0.944 < 1.0, It will be seen that if all
sources are themselves not saturating (i.e. each source intensity Ii
is less than 1.00), then no combination of the several sources can
result in saturation (i.e. I, is never 1.00). There is always some
change due to source count/intensities change, giving a more
realistic effect.

The method for multiple source illumination is shown in the
flow chart of Figure 4a and starts, at step 40, with the input of the
relevant light source characteristics (preferably as three-color R, G
and B intensity data signals); in step 41 the actual lights used in the

present scene are selected, and data characterizing the volumetric



16 34r' rightward of pixel P2-1, so that there is no Sl illumnation of a
portion (pixels P1-19 thru P1-30) of the farther polygon, which does,
however, have pixels P1-1 thru P1-18 fully illumnated (at common
infensity L1) by source S1. It will be understood that other far sources
34 may be present, to a total limted only by the capability of the G
systemin use, with each source 34 having an individual illum nation
extent and intensity which nust influence jhe total illum nation for each
di spl ay pi xel . Q her . spurces 36, relatively near to.the polygons
and genoral Iy * FuABH@fceast Lght gontee; i, asquiseds Eath c0ldn iy treped 36. 1 has
a source S2 directed by a reflector 36-1x into a cone of illum nation,

wi th boundaries S¥paratedy@s3be Uifferens sourcesicandwavevastly different colae 36- 1c.
For purposes of explanation, we will treat source 36-1 as having a

const ant i ntensi fitehsitivd, Step42 iventered ahdiwork onid fitso(£.af Red) ohé o€t out si de
the cone (i.e. the illumnation of source S2 on pixel Pl-11, and other Pl

S LAt ed 65 o R o et o o1 o1
:;,gt S(r)lisiy;gn!i agbuhexpei, g tlhz daItDaiL éiglalts QJelf'e li‘)l](-)-t %Qev?(rn?sl)p 1C1)<t)r‘m:§ljlulz(?adtigtostrh%q%vi ng by the
to 1.0 range. In step 43, each source light intensity I.; of the
selected color ¢ and source number §, is one- complemented in
intensity, to obtain complemented intensity I' ;= (1-I.,); that is, the
one-complement of X is (1-X). The product of all of the one-
complemented intensities is taken in step 44 and the data signal
from step 44 is itself one-complemented in step 45, which is the
resultant illumination Lr. Step 46 checks for further light colors to
be processed; if all 3 colors have not been processecj, exit 46a loops
back to step 42, until all color intensities result in an exit 46b
branch and step 47 signals completion of the multiple-source
intensity operation.
Figure 4b illustrates one possible dedicated hardwired
processor unit S0 for carrying out the aforementioned process. Each
of the N light sources is characterized by an associated one of the
N data signals input at the associated one of the unit N inputs 50a
through 50n; these inputs are three-color light intensity Lk (for
1<k<N) data signals which are each provided to the associated

input 52k-1 of the associated one of separation means 52k, where



i ndi cated by ray 36-1d). Display pixels P2-1 thru P2-10 form ng the second
pol ygon are also fully L2 illumnated. Simlarly, another 1ight source
36-2 may be a flashlight S3 carried by the observer/ownship and having its
own cone of light delimted by :

17 edges 36-2a and 36-2b, about illum nation centerline 36-2c. Again, edge
taper and illumnation profile effects are ignored and source S3 is shown
as having zero illumnation to the left of line 36-2a, so that no S3 |ight

is received by pixels P1-1 thru -8, full i22um nation (of magnitude L3)
within the cone ieachddedatedignp! jsiscparté irtotaserial-bit-2eamidata signadl s P1- 27
thru -30 bei ng shadowed by pol ygon P2) and by all of the P2 polygon pixels

P2-1 thru P2-14. for the sequéntisl R/GHB t6R? intensities fofwbBapbRilipht,catstheur at i on
| evel of L= 1.00 and, for purposes of illustrationlet L1 = 0.8, L2 = 0.6

and L3 = 0.3, theghdchive Bﬁg&dt'ﬂﬁl  HipleVa TS E@Q s dEgiﬁﬁﬁt% tRat thebOkithd™1-8
il I an

(region A) are um nated only Dby source receive intensity L1; or

Lerr]= 08, W if3ob g AUpbHA cdfilod bk Hihsid o Eout Boubi Gl | " ensi LY

another. Each separated signal stream from an output 52k-2 is
coupled in synchronized manner to an’associated subtractive input
54k-1 of an associated one of N adder means 54k, all receiving a
maximum normalized 1.0 value signal at a remaining input 54k-2.
Each adder means output 54k-3 has the one-complement signal
(1.0-Lk) thereat; each of the same-color one-complement signals for
all of the N sources, is simultaneously applied to an associated one -
of the N inputs 56k of an N-input multiplier means 56. The
multiplier means output 56x is a data signal SSéx equal to the
product {r(1-Lk)} for all k, or
§56x=(1.0-L1)*(1.0-L2)*...*(1.0-Lk)*...*(1.0-Ln), for that one of the
three colors presently being processed. This data signal is applied
to the first, or subtractive, input 58a of another adder means 58,
also having the ‘'maximum 1.0’ value applied to the remaining input
58b, to generate an output 58c data signal which is the time-
sequenced desired non-saturating Lr signal. The three sequential
color Lr signals are applied to the input of a light combiner means
60, which simultaneously provides the full RGB Lr signal at unit

output 50x. Turning off any source Sk will, in a real-time CIG,



I ncreases; normally, illumnation by a few sources wuld use a sinple

met hod of adding the respective intensity values together to arrive at the
total value. Pixels P1-9 thru P1-11 are illumnated by both S1 and S3, so
that additive L[err] would be 1.1, which is beyond the saturation val ue;
this region (region B) is in saturation, at L= 1.00. Pixels P1-12 thru
P1-16, as well as second pol ygon pixels P2-1 thru P2-10, are illum nated
by all three sources L1, L2 and L2, for Lf¢ rr] of 1.7; these regi ons

(Regions C and Q _are t ur at at L= of pixels
P1-17 and P1-18 é’é‘é"%@eﬁ% ‘Qﬁ%‘““l!é’?qﬁ%hs"t‘é“ié ‘&8%@@“2"2&’"&3 e this
region Dis in L2-shadow, the Eerr] Is 1.1, or saturated at L= 1.00.

Pi xel s P1-19 t hrsexdirarge of the display video.

18 receive L3 but polygon P2 bl ocks the other sources, so that this region
Eis in Ll-shadow and in L2-shadow, L[err]=L3=0.3 (assumng zero additions
for shadows). Simlarly, pixels P1-27 thru - 30 are shadowed for all three

251555 &) o FOHEY BRI REMONALS R SHADG WEGENERATOR- 11 (1

Referring now to Figure 3d, recalculation of the entire frame
may be avoided, even if one source ché—nges, as shut-off/removal of
any one source Ss of the multiple source set of Figure 3 can be
removed by decreasing the combinational Li’ signal, in any area
previously receiving the illumination of the removed source, in
accordance with the process: L’ = {(Lr-Ls)/(1-Ls)}, where Ls is the
intensity of the shutoff source and Lr is the previous resultant
illumination intensity for all ’on’ sources, prior to shutoff of source
Ss. Thus, if the third source S3 flashlight is shut off, and L3
becomes zero, the triply-illuminated \region XYZ which previously
had Lr=0.944, will now set Ls=13=0.3, so that Lr'= {0.944-
0.3)/(1-0.3)} = {0.644/0.7} =0.92, which is, in fact the L value
obtained for L1=0.8 and L2=0.6! Thus, simulating a shadow (i.e.
causing the CIG to generate a shadow) is now no greater a process
than removal of at least one of a plurality of sources from areas of
selected polygons. It should be understood that, while the examples
herein assume sharp dividing lines between 'binary’ sources (i.e. the
source either fuliy illuminates a pixel, with 1=1.0, or does not at all

illuminate a pixel, with 1=0.0), the more general situation is a



sources S1 and S3, so that L[err]= 1.1, but this region His saturated at
L= 1.00. Thus, it wll be seen that, while regions A, E and F are

respectively illumnated at intensities of 0.8, 0.3 and O, the renaining
regions are all saturated and at the sanme intensity, even though several
different sets of illumnnation conditions are present. It will be seen

that the sinple additive nodel breaks down when nore than a few |ight
sources are present and their values nust kg added together. This is
especially true when {he squrce intensities, add to a_.alue higher that the
greatest intensi t%Paé!P{ JREitian agross, the, Aorwaliz JF%%@fa&hs&}eé agk give a
physically realistic effect for nultiple lights. Simlar problens occur if
a source (e.g. S3jdditionalewcalcatitionaywill nbe engededC int mander akambv8? toour ces are

still present and the intensity remains saturated, so that no decrease is
seen to occur cliien&osf AR dimulfiBgds. |t 1S desirable to have sone
change in total illumnation intensity for a change in the nunber of

U vatt b soutoes Ofediiy SFRSES 1 BRI Pl 2, O RRCS,

correction s Usgicessdr *16" Has “the- wellkiown-o-the-4ft- depthy/Z buffer 16b
provided for the observer (which depi—h/Z buffer 16b operates by
storing, for a pixel-designate Z0 plane 20z, the designation of the
one visible pixel at each location of the image space pixel array,
found by a comparison process, to be nearest to observer 20). This
depth buffer is accessed for each pixel of the observer-visible
display scene, to remove the necéssity for processing all pixels not
visible by the observer in a present scene, for rendering of each
scene. In accordance with another aspect of the present invention,
shadowing of the visible pixels is produced by a shadowing
apparatus 16c, which includes a light source subprocessor 48 for
providing to the display processor data signals determining the total
illumination intensity Lr for each observer-visible pixel in the Z0
plane, by reference to that pixel location in each of separate depth |
(or Z) buffers 49 for each of the plural light sources. Thus, the
natural far source S1 has an associated Z buffer 49a, represented
(Figure 2) by a Z plane Z1, which plane is orthogonal to the
direction of the rays 34r of the first source S1; the data stored for

each pixel location of the first-source depth buffer 49a will



19 relatively few sources. Even if the source light is broken down into
col or “conponents (red/blue/ green, or RG) and col or conponent processing
i s done, the foregoing saturation problens still occur. COMBI NATI ON of
SOURCES w t hout SATURATI ON Referring to Figure 3, in accordance
w th one aspect of our invention, where the RG color intensity range of
each source is nornmalized to lie between 0.0 and 1.0, the Cl G processes

the color- separated individual source illumnation intensities Li, for i=
1, 2, 3,..., n, where n is the maxi num nund®r of sources, to generate a
resul tant intensidesi hﬁﬁrWﬂlcﬁ?@W dnrgﬂxél@s 1llu|nhﬁﬁfeh=from the point-of-view
{1.0-(1.0- L1)(10L)(10L3 (1.0-L nor Llerr] =1 -

[err] (1.0 - Li) '(PUW (g’f 'EHSE Ecluﬂc a{?ﬁ Qﬂléﬁﬁ Sfeé in the illustrgfiﬂe scene, first Referring

now to Figure 3a, 1t ear no sin source htenS|ty L1

17 greater than l%a?sqqrsaﬂrn@ﬂa&fer%’a.sﬁq{e@a@é hsls WRTR o 0t (172 0.

L2 = 0.6 and L3 = 3 for Figures 3b-3e, grevent saturatlon |n mul tiple
source situationSl lllagugm lwmmvwxdé&‘rlc thsuaPiil8 (85 desigrated 3p, whi ch
wi |l have

by the ray 34r’ just passing the left edge of polygon P2, which is
nearer to the associated source) and all of second polygon pixels
P2-1 thru P2-14; first polygon pixels P1-19 thru P1-30 are shadowed
by the P2 pixels nearer to the S1 source and these pixél
designations would not be stored in the Z1 buffer array. For any
illumination calculations, subprocessor 48 receives the previously-
determined scanned sequence of observer-visible polygon pixels
(P1-1 to P1-26 and P2-1 to P2-14) and sequentially refers each to |
the Z1 buffer array 49a to determine which pixels (P1-1 to P1-18
and P2-1 to P2-14) are visible to the first source POV to add the S1
illumination, and which pixels not in line of sight of S1 to have
withheld the illumination of this source from those pixels (P1-19 to
~ P1-26) which are visible to the observer but are shadowed with
respect to the particular source 34. Similarly, a second source S2
depth buffer 49b stores data signals with respect to an array plane
Z2 which is provided 6rthogonal to the second source illumination
direction (along vector 36-1c) and to the extent designated by the
user for the particular source; it should be noted that the non-

directional source S1 can use a full-frame buffer, as every point in



| 1=L1=0.8<1.0 in region X and |2=L2=0.6<1.0 in region Y,

recei ves both source illumnations L1 and L2, and woul d

20 have been saturated la= 1.0 in an additive situation.
the present invention,

{1-(0.2*0.4)}
=L1 =0.8 < 1.0

one source i || USHAR! ipieddpotehlulIPliahfle Waaulohablost 02 rayiey an

additi ve schene
additive situati
= ={ 1.0-(1.
l c= Lc {1 (0. 2*0.
| d=Ld={1-(0.2*0

La= {1.0-(1.0-0.8)(1.0-0.6)}

regi on XY

By the nethod of

= 0.92< 1.0. In the three-source exanple of Figure 3c, I1

nregion X 12 =012=0.6<1.0inregion Y and I3= L3 =
0.3 <1.0inregion Z regions XY, YZ XzZ2zand XYZ all receive nore than

he reas woul'd have been saturated 1= 1.0

in the

Beee g @%P@a‘%?gdb@*ift eef fEGHhe LY Pl e Whol€ P2 e |

%gﬁﬁa@ ’94@?“621 ¥ f mqs' puree 52 hassg Z-puffer 49951 ces are

t hensel ves not saturatl ng (i.e. each source intensity Ii

representing orthogonal plane Z2, which stores the second-source-
visible pixels, e.g. pixels P1-12 thru P1-16 (limited at that extent by
the ray 36-1d denoting that nearer pslygon P2 is shadowing the
remainder of the first polygon pixels P1-17 thru P1-30) and P2-1

thru P2-10; the Z1 depfh-buffer array does not store either pixels

P1-1 thru P1-11, as these pixels are beyond the lefthand

illumination pattern edge, or pixels P2-11 thru P2-14, as these pixels
are beyond the righthand edge of the source pattern. Similarly for
the flashlight S3 source, having its own associated source depth-
buffer 49¢ with a Z plane Z3 orthogonal to the. source vector 36-2c,
the subprocessor operates with only a limited array to store the
pixels seen from the S3 POV; these pixels include P1-9 thru P1-26
(but do not include either the pixels P1-1 thru P1-8, which are
beyond the illumination pattern edgeray 36-2a, or the pixels P1-27
thru P1-30 which are shadowed by P2, as indicated by ray 36-2d)
and all of the P2 pixels P2-1 thru P2-14, being inside the pattern,
as shown by edgeray 36-2b.

In summation of the shadow buffer aspect of this invention,
in any case of source simulation using this method, a separate depth

buffer 49i, where 1<i<N, is preferably provided for each source Si

I b



is less than 1.00), then no conbination of the several sources can result
in saturation (i.e. I[err] is never 1.00). There is always sone
to source count/intensities change, giving a nore realistic effect.

The net hod for

mul tiple source illumnation is shown in the

Figure 4a and starts, at step 40, with the input of the relevant
source characteristics (preferably as three-color RR, G and B intensity

data signal s);
selected, and d

21 extent of eac

in step 41 the actual |ighgs used in the present

at{c])alré gﬁi@&l&-ﬁﬁﬁéf&ﬁaﬁé@hé’ ﬂhgg@&;\'ﬁ wed from_the POV of

I ght source 1s acquire ch color is treated

change due

fl ow chart of

i ght

scene are

| or

separately, as the different soutces .can.have vastly differe co

Tt enei 11 bs. ot oy SoureE S e, Bk 57 QirgRiGn bF g soplte veddiofc "o e
t hree colors conmences; intensity narnglization may take place here, if
the data signal sthfepeurss: losationodhe \individual ; lpsatiomtig thee ogthegopal 1. 0 range.
In step 43, each source light intensity I[err] of the selected color c¢ and

sour ce nunber s,

shasloendepth buffiep 49irdreay plane Zi is filled with a polygon pixel
designator indicating the nearest polygon pixel, if that pixel is "lit"
(i.e., is impinged upon by a source Si ray), but the source buffer
plane Zi location will instead be filled with a null indication if a
pixel is not lit (i.e., if no pixel is viewable at that array location). To
determine if the observer 20 sees a shadow, every time a pixel on
any object polygon in plane Z0 is rendered by the observer’s Z
buffer 16b, subprocéssor 48 must check for the presence of the
same pixel in each of the source Z buffer 49i planes Zi to
determine whether or not that sourceé Si can light that polygon
pixél. When all sources of illumination for each pixel are found, the
abovedescribed processing can be carried out to determine the total
color intensity to be further processed for display. It will be
understood that subprocessor 48 may be a separate data processor,
such as a single-chip-microprocessor, or a process portion of the
instruction set carried out by a larger, multi-tasking processing
means. Similarly, the source depth buffers 49 may be at least one
memory means, arranged in desired physical or virtual number or

combination of planes, as required for the particular CIG system in

use.



intensity, to obtain conplemented intensity I'[err] = (1-I[err]); that is,
the one-conplenent of X is (1-X). The product of all of the one-

conpl emented intensities is taken in step 44 and the data signal fromstep
44 is itself one-conplenented in step 45, which is the resultant
i1lumnation Lr. Step 46 checks for further light colors to be processed;
“if all 3 colors have not been processed, exit 46a | oops back to step 42,
until all color intensities result in an28xit 46b branch and step 47
signals conpletion of  the multiple-source intensity operation.

Figure 4b illustrat effeﬁbﬂ]&f?S“r‘Sﬂ"é&dbmlgbﬁ apdesstond ﬁréasxrwla@ewér unit 50
for carrying out the aforenentioned process. Each of the N light sources
i s charact eri zednpylarge extent/mdde dieddofwiew (FOW) tghtasmirgealike ithput at t he
associ ated one of the unit N inputs 50a through 50n; these inputs are
three-col or |i ghiatural-€ars$iry ok M668souides;! ¢ankher bé Masitiaheomplizabd which are

each provided to the associated input 52k-1 of the associ ated one of

separation meansyi?k lintfiéd-8xtent Z-buffer 49, but requires a full-frame buffer
for dynamic shadowing use. For Sun shadowing of a large image
display, a depth buffer of many giga-elements extent can be
required; this is not only volume consuming, but also quite costly.
Yet, the observer will readily notice any failure to properly shadow
moving objects and have trouble with such visual miscues. In
accordance with another aspect of the present invention, a very
cost-effective solution to the far (Sun) source lighting problem is to
utilize texture maps for stationary objects and reserve a depth-
buffer-based shadow simulator only for moving objects, in a manner
so that the same value of illumination of objects inside and outside
of the shadow buffer is obtained and no extra illumination signals
are added to any part of the scene.

Figure 5a illustrates one logic flow capable of effecting the
foregoing shadowing methodology: starting at step 61 with inputting
of the data signals characterizing the polygons to be rendered in the
present scene, step 62 is entered and, for the associated light
source, the scene is rendered from the POV of that source and the
source-visible pixels are stored in the source depth buffer (step 63).

The scene is now rendered again, but from the observer’s POV



22 each Lk data signal is separated into a serial-bit-streamdata signal
for the sequential RFG B color intensities of that Lk light, at the
respective out put 52k-2. The "3T" signals designate that three time-
sequenced separate nornalized color intensity portions foll ow one another.
Each separated signal streamfrom an output 52k-2 is coupled in

synchroni zed manner to an associ ated subtgygctive input 54k-1 of an

associ ated one of N adder neans 54k, all Treceiving a maxi mum normalized
1.0 val ue si gnal(stap 64)y anxheachhpixeheunter&diinto the Bhsé¢rver depthnbuffer isut put 54k- 3
has t he one-conpl enent signal (1.0-Lk) thereat; each of the sanme-col or

one- conpl enent  sls@éHerkéd (steplds)oin tubs, (B derermig. if itsisdllaminaseoys! y applied
to an associated one of the N inputs 56k of an N-input mnultiplier nmeans

oroduct {[orr] ( RERFTRRSY SpRkel bt oDl & f 1§ I be filipahils [ °01 ).
Thi s daia si ghalarAOuSHPRER ity iReck SR Siirce fuf BOERL e mRp. Soa or
anot her adder neans 58, also having the 'maxi num 1.0 value applied to the
remai ni ng i nput diggday pixel gemet shadaw-roappad f@sthedpreseatlyeansideredn i s t he
time- sequenced desired non-saturating Lr signal. The three sequenti al
color Lr signal dight soaute] exitl 6ba is takenamdtothér actiomgbécurs (@ Haddimgans

the illumination intensity of the present source to the total

illumination for that pixel) in step 67; otherwise, exit 66b leads to

comparison step 68, where the identities of the source-lit pixel and

object pixel are compared. If these are not the same, the display

pixel is shadowed by the source under consideration, and exit 68a

leads to step 69, where the present light is not used to add

illumination to the present display pixel (shadowed pixel); similarity

leads to exit 68b and step 70, where the present light source 9or the

considered color component thereof) is used to light the present

pixel and the display pixel illumination is increased accordingly.

When all pixels of the present scene are so rendered and

considered, the shadowing process is completed for that source and

step 72 allows further processing to be done (either consideration

of additional sources, or, once all sources are shadowed, anti-

aliasing of lighted/shadowed areas).

Figure 5b illustrates one possible logic unit 80 for providing

this processing. The data signals for the polygons to be rendered



60, which sinultaneously provides the full RG Lr signal at unit
50x. Turning off any source Sk will, in a real-time CIG

23 renove the Lk intensity of that source fromthe calculations for the
next frame of the display video. LI GHT SOURCE REMOVAL for SHADOW
Referring now to Figure 3d, recalculation of the entire
frame may be avoi ded, even if one source changes, as shut-off/renoval of
any one source Ss of the nultiple source ggt of Figure 3 can be
decreasing the conbinational Lr' sianal, in any ﬁrea previo slef

GENERATI ON

the illum nati oneer through ipputpary

g andjage cqupled dathe 1Rputs of he

Lr' = {(Lr-Ls)/(1-Ls)}, where Ls is the intensity of the shutoff
and Lr is the prthe abserverseyepeint depith buffenmeamsi82: amk theylightrsoarde ' on’
sources, prior to shutoff of source Ss. Thus, if the third source S3

flashlight is _shué?mfﬁuff&%ehﬁs 8P ¢i WaiSy BAASrstddiEtHat iodly oide! solkeeat ed region
XYZ whi ch previously

buffer 84 is Shown, for reasons of simplicity, although a plurality of
means 84 can, and normally are, used). Each depth buffer means
82/84 has its associated storage array means 82'/84’, each with an
output 82b/84b from which data, as to the designation of the pixels
visible from that POV, can be extracted and provided at an
associated unit output 80c/80b. The observer data is also provided
via output 82c to a unit 86 for mapping the observer POV to the

source; the resulting display pixel designation data signal is applied

out put

renoved by
recei vi ng
rocess:
source

to a first input 88a of a comparison unit 88, which also receives the

sou.rce depth buffer output 84¢ information, for the same display
pixel, at another input 88b. If the observed pixel is, in fact, one of
the pixels in the source buffer, the data is presented at output 88c,
for introduction to a first input 90a of another comparison unit 90.
The second input 90b of this comparison unit receives a shadow
identity data signal from source depth buffer output 84d, and
determines if the present pixel is in the shadow;v of the presently-
considered light source. If so, the source and observer identities do
not match and output 90c presents lighting of that pixel by that
source, i.e. the pixel is in a shadow with respect to that source. If

there is a match of identities, there is no shadowing, and output 90d



had Lr=0.944, wll now set Ls=L3=0.3, so that Lr= {0.944- 0.3)/(1-0.3)}=
{0.644/0.7} =0.92, which is, in fact the L value obtained for L1=0.8 and
L2=0.6! Thus, sinmulating a shadow (i.e. causing the CIGto generate a
shadow) is now no greater a process than renoval of at |east one of a
plurality of sources fromareas of selected polygons. It should be
understood that, while the exanples herein assune sharp dividing |lines
bet ween 'binary' sources (i.e. the sourcalither fully illum nates a
pixel, with | =1.0, or does not at all illumnate a pixel, with 1=0.0),
the nore gener al issértabded. @utpat 88d is connected to a first input 92a of an adder

24 spatial variation across the normalized range of 0.0[err]l[err] 1.0 and

addi tional cal culdang!92 (wHith hfaytRebaséd upbnmanio S0, sseoRigute 4bRrwicli i tioner of

the sinulation arts. Referring to Figure la and again to Figure 2,
the display pro : - sighdl: ffer 16b
provi ded for theﬁo nglt\l/;h?p |l%:Eéccf\é%bhyge\g&}#‘grédllgggo%lé?g?tégg%? ystori ng,

for a pixel -desi thfha mnp(ia%zr&] %ig%gfat &tnli'&?erdt%gtiu%ng&tipgp 9 <]:c istphr%sented to
another observer depth buffer input 82d, to be stored as a partial-
total of the illumination intensity for the present pixel. Once all of
the scene pixels have been processed for all scene-illuminating
sources, the observer buffef will hold the total illumination intensity
data signal for each display pixel, including all shadowing effects.
Referring now to Figure 6, the source depth buffer 49,
associated with the large-extent source orthogonal plane Z’, is set
for coverage of the desired ones of a plurality R of moving objects
100m, where 1<m<R; illustratively, a pair of moving objecfs 100-1

- and 100-2, respectively moving with velocity vectors V1 and V2, are
to be shadowed. The velocity vectors Vm are not used by means
16¢ for shadow calculations, as the moving objects locations are
fixed and ’frozen’ in each displayed scene, but may be used by prior
computational means to predict where the tracked objects will be
for each ensuing scene, whereby the size and location of the
orthogonal z-buffer 49’ plane Z' can be predetermined and
prepositioned for moving objects tracking. The observer 20 depth
buffer is still present, with plane Z0, and determines which

polygons Px, Py, etc. have visible pixels in the display scene. Source

-



one visible pixel at each |ocation of the inmage space pixel array, found
by a conparison process, to be nearest to observer 20). This depth buffer
i s accessed for each pixel of the observer-visible display scene, to
renmove the necessity for processing all pixels not visible by the observer
in a present scene, for rendering of each scene. In accordance with

anot her aspect of the present invention, 3hadowi ng of the visible pixels

i s produced by a shadow n apparatus 16c, which includes a |light source
subprocessor 48 buffer plans, Zliinestablishied soi ikprenneps defins arsetiaf aowicgnal s
determning the total illumnation intensity Lr for each observer-visible

pi xel in the Z0 papaléeieraydyd9acfRY evhich tepcomphssdaxedluhRC 02 wf spaceach of
separate depth (or Z) buffers 49 for each of the plural |ight sources.

v L L o T T
oot o o NSt Slphe i RS e S o b e Bup0 o e
plane which contain at least one data bit indicative of that cell
containing a moving object (and generating a potential shadow Sh
on the polygons visible by observer 20). Thus, as all rays within the
volume 102 from the same source are parallel, the rays 104,
defining the edges of the shadowing object 100, are parallel to the
volume-edge rays 49a-49d, and establish not only the periphery of
the depth-buffer plane locations (cells) 106 for that object (e.g. cell
group 106-1 is designated for object 100-1 and group 106-2 for
object 100-2, etc.) , but also the shadow umbra volume(s) 108,
between objéct 100 and the shadow Sh (e.g. shadow umbra Shi for
object 100-1 and umbra Sh2 for object 100-2) on the polygon
surfaces. The polygon pixels outside the buffer volume 102 thus all
receive illumination from the source (not shown) associated with
buffer 49°. The total set 106 of occuited locations stored in source
depth buffer 49’ is read to determine which light source plane
image element Pij is outside the umbra 108 and thus is also
receiving the associated source illumination. As the Z-buffer plane
Z’ locations are sequentially read, locations 106 are reached that

define an element Pij within one of the umbras 108. For each of



25 desj gnate whi ch polygon pixel is illumnated fromthe point-of-view
(POV) of that source. As an exanple, in the illustrative scene, first

| i ght source depth buffer 49a stores data signals indicative of source Sl
illumnating first polygon pixels P1-1 thru P1-18 (as designated by the
ray 34r' just passing the left edge of polygon P2, which is nearer to the
associ ated source) and all of second pol ygon pi xels P2-1 thru P2-14; first
pol ygon pixels P1-19 thru P1-30 are shadowp by the P2 pixels nearer to

LEfef or 2?‘#;3'6 Eﬁﬁ'wé%?ﬁ%?ﬁ“ﬁ naﬁq"tse&%?ht&”é&o%cﬁ@@t’p&ﬂfe&@&&ff%”r %Eii ves
el (P et B e R A3 ig OE e LIRS hT herbhist, "ol s T o
the Z1 buffer array 49a to determ ne which pixels (P1-1 to P1-18 and P2-1

to P2-14) are viassbtietadowithédufier plame49’c The@olygonspidek Pxy location isurmi nat i on,
and which pixels not in line of sight of S1 to have wthheld the

i I'lumi nation of thencheckedia the obséves Z-hufter slandZ016 deternitie Fahathi ch are
visible to the observer but are shadowed with respect to the particular

source 34. Sim 'gﬁlaywoﬁ‘lcﬁﬁ&%ﬂ)lé‘i’b”tﬁ@oﬁgeﬂ&emgﬁ Wﬁ‘?ﬁ’é biel PRPisNighRs data

signals with respect to an arra provided orthogonal to

the second source iJ | um i,0n ect i g vector 36-1c d to the
ext ent desi gnat eﬁ) lg/s %)t then the illurhinatio soutce IS remove arsd’

the shadowing process continues with illumination calculations that
do not include contribution by the source associated with plane 49’; |
if the pixel Pxy is not visible, then the remainder of the calculation
process is skipped and the next source plane 49’ location is
checked, until the entire set of moving-shadow buffer locations has

been processed for each scene.

ANTI-ALIASING of SHADOWS

A number of CIG processes produce various artifacts and/or
scintillation during the creation of a synthesized image. These
anomalies may become particularly annoying at generated shadow
Sh display areas, as a result of re-sampling a previously sampled
polygon using the Z-buffer approach. That is, the image is viewed
both from the POV of the observer 20 and the POV of the light
source $, so that a polygon element is lit if it is ’seen’ in object
space by the light source if the element is not occluded or

‘shadowed by other polygon elements nearer to the light source, but



user for the particular source; it should be noted that the non-

directional source S1 can use a full-frame buffer, as every point in

26 image space is potentially lit, while a directional source S2 rmay only
need a partial-frame buffer array, because |less than the whole inage plane
Is potentially lit. Thus, source S2 has a Z-buffer 49b representing

ort hogonal plane Z2, which stores the second-source- visible pixels, e.g.
pi xel s P1-12 thru P1-16 (linted at that Sdent by the ray 36-1d denoting

that nearer polygoflsd®Rebs il c%*bg the JBRERQE! T detéteniht fisthePO! ygON
pi xel s P1-17 thru P1-30) and -1 P2-10; the Z1 depth-buffer array

: E§S| i hiltnﬁr ©: oty :éﬁ':sshta ¥ ee%gﬁ"fé' éﬁ;‘%‘%ﬁsﬁﬁﬁa@eﬁ‘m@f Taoae
[ t tt
tSi ansleaP: ;ef gr ﬁ%&ﬂon ﬁﬁf‘["l ‘éha eﬁg g?x?ﬁﬁ& ?’[Ei%“%&ht‘hg ‘ia?é‘i“g‘{egd source

depth- buffer 49c with a Z plane Z3 orthogonal to the source vector 36-2c,
t he subpr ocessor ifd@addocghal c:ﬂemiltyahpbﬂew;mthhaylluaumtmmot the

associated light source. This multiple mapping and quantization at
each point in the process tends to produce shadows that have
annoying artifacts and very unnatural-looking shadows which just
show an umbra and do not exhibit any penumbra. It is desirable to
remedy these problems, by filtering the raw shadow umbra data, to
generate shadows which are anti-aliased and have very smooth and
natural shapes, with both umbra and penumbra (and preferably an
adjustable degree of smoothness or blending).

Figure 7 illustrates a two-dimensional moving-box filter
having a pxq element filter box 110 which continuously traverses
and samples a discrete grid of values, such as the NxM element
light source depth buffer plane 112, for performing a weighted-
convolution of the plane’s elements a;, where 0<i<N is the
horizontal row number and 0<j<M is the vertical column number.
The box filter 110 is of finite extent and only weighs those value
points it overlays: any plane element completely covered is
completely included in the convolution, while those plane elements
at the box periphery which are not completely covered are adjusted

based on the box outline coverage. Thus, the a; elements of buffer



pi xel s seen fromthe S3 POV; these pixels include P1-9 thru P1-26 (but do
not include either the pixels P1-1 thru P1-8, which are beyond the

illum nation pattern edgeray 36-2a, or the pixels P1-27 thru P1-30 which
are shadowed by P2, as indicated by ray 36-2d) and all of the P2 pixels
P2-1 thru P2-14, being inside the pattern, as shown by edgeray 36-2b.

In sunmation of the shadow buffer aspect of this invention, in any case of
source simulation using this nethod, a sepagate depth buffer 49i, where

1[err]iferr]N, g;lﬁ&i?l@&hﬁleﬁéé’wmeéieﬁl@ht £3Gh tBOUPS& 1€ft corner, and
27 to be shadow buffered and the image is viewed fromthe POV’ of that

Sour oo Totati on; Hhd “ﬁ*a# Ot Bk Alefiob Bl e EralEF WRaradSl cepin

buffer 49i array plan is fi d wth a i xel sj gnat or

i ndi cating the néar“é% %‘é?%lgﬁh aHJ enfsgare I‘?gﬁ“liﬁ laqb@demil?a? Siz€jile | s

| npi nged upon by a source Si ray), but the source buffer plane Zi |ocation
wi Il instead be ftheDedirettion ésizwdbt) ambinahe Nbdireétian (size dy). The filter

box dimensions p and g can be any positive real numbers, but
neither have to be equal nor integers (e.g. the illustrated filter box
is approximately p=3.1 X units by g=4.8 Y units in area). The size
of the box and the associated weights determine the amount of
smoothing. As the box 110 continuously moves across the array of
digital element values, the offsets dx1 and dx2 from the lefthand
edges of the leftmost and rightmost covered element columns of the
array (here, column edges 112a and 112b, respectively) are known -
from the dx size of the elements and the amount of continuous X
movement, and the offsets dyl and dy2 from the upper edges of the
topmost and bottommost covered element rows (here, row edges
112¢ and 112d, respectively) are known from the dy element and
the continuous Y movement. The shadow calculator (e.g. light
- source subprocessor 48 and the like) can determine the filtered
intensity of a point F, at (dx1, dy1) in element ay, from the sum oy,
where
Op = Wytay + wiptay, + Wy tay + wptay + wytay +
Wy 'ay + dx2%(Wy3*ag+ Wy ay+ Wytay)

+ (1-dx1)*(wyo*aje+ Wy az0+ Wig*ay)

a0



pixel is not lit (i.e., if no pixel is viewable at that array |ocation).

determine if the observer 20 sees a shadow, every tinme a pixel on

any

obj ect polygon in plane Z0 is rendered by the observer's Z buffer 16b,

must check for the presence of the same pixel in each of
the source Z buffer 49i planes Zi to determ ne whether or not that source
Si can light that polygon pixel. Wen alégsources of illumnnation for each

subprocessor 48

pi xel are found,

determ ne the total
It will be understo

the abovedescribed proc

sing can be carried out to

or ptensity to be further processed for display.
o WRk) Sp Porctiue Sper

48 may be a separate data

processor, such as a ?rn | e-chi p-m'croproce%s r.. Or a process portion of
1ty drar

the instruction set &
means. Simlarly, the source depth buffers 49 nay be at |east one

means, arranged
pl anes, as requi

A1) Iwen " 2oarty £Y-

i3 Baski ng processing

menory

i n desi(ledy1)tda* wad*agr + (lrdaldfdy2dwida,or  conbi nati on of

red for the particular ClI G systemin use.
+ dy2*(Wy,*ay + W5 ay,),

where w;; is a weighting coefficient selected to simulate a desired
functional filter shape. The moving filter box 110 allows each pixel
to be sequentially anti-aliased, in turn. The filter thus outputs a
continuum of linear 2-dimensional sample estimates from a 2-
dimensional array of blocks.

Figure 7a shows a flow chart of steps for anti-aliasing
processing using the box _filter: the filter starts at step 120 and the
current location of the pxg box is calculated, so that the NxM
elements completely or partially contained below the box can be
read into the filter memory (step 121). The offsets dx1, dx2, dyl
and dy2 are read into the processor, as are all of the wy filter
weighting coefficients (step 122). Each \&eight and its associated
element value is multiplied together (step 123) and the weighted
multiples for the corner and border elements, where less than a full
element contribution occurs, are obtained in step 124, The sum of
all weighted elements is then obtained in step 125 and the resulting
anti-aliased value (step 126) is output (step 127) to the lighting

processor for subsequent use.

To



28 ) Fromthe foregoing, it will be understood that sinulation of any
| arge extent/wi de field-of-view (FOV) light source, like the natural-far

Sun or Moon sources, can not be easily acconplished wth a |inmted-extent
Z-buffer 49, but requires a full-frame buffer for dynamic shadow ng use.

For Sun shadowi ng of a large inmage display, a depth buffer of many

gi ga-el enents extent can be required; this is not only vol unme consum ng,

but also quite costly. Yet, the observerzwl| readi I y not ice any failure

to properly shadow éh&g?ﬁtﬂh‘?ﬁ{ﬂe?me@%@ g thksual

m scues. In accordanc anot her "asp sen venti on,

very cost-effe ve soI tijon.to the far (Su source | i ht| roblemls
to wutilize text&m"é' “r&ﬁ?ss “é‘ﬁét?‘i?ﬂé?%faﬁ’ﬂ’%‘gﬁo"&ﬁ%? I RULDS, Mt ﬁgﬁ‘gpt h-
buf f er - based shadow sinmul ator only for noving objects, in a manner so that

the sane val ue ofhe |dateisignal dar rchiglement iags(hese,aframb @ys teds)o t he shadow
buffer is obtained and no extra illumnnation signals are added to any part
of the scene.  applied tbiagcoreespandingunie of inputsni3OaclBOk fot conmatiohl e of
effecting the foregoing shadowi ng nmethodol ogy: starting at step 61 with

i nputting of thg dvdsSodh@dFiSt @ MSZ—QME:‘O'& tlBE-rﬂ&bE’ﬂﬁ%sétﬁatléﬁ render ed
in the present scene, step 62 IS entered for the associated |ight

source, the sceng jgrendered 559mg H%z%%ﬁhetmt 288Ha65 At

weighting coefficient w; data signal (here, from wy to w,;) is

applied to the associated one of inputs 130p-130v and thence to the
connected second input 132-1b to 132-mb of the first set of
multipliers 132. Each of the weighted element products at outputs
132-1c to 132-mc are applied to associate input 134-1a through 134-
gf of a set of first adder means 134, of number g and type
determined by the number of weighted elements to be summed for
a particular term one of the g terms in the required output. The
first adder outputs 134-1x through 134-gx are individually connected
to an associated first input 136-1a through 136-ga of a like number
g of second multiplier means 136, each having a second input 136-
1b through 136-gb, receiving an offset term data signal (specified by
the various combinations of dx1, dx2, dyl and dy2 necessary for the
box to be filtered). The partial results are outputs 136-1c through
136-gc are then introduced at the g inputs of a second adder means

130, having an output 138x at which appears the weighted filter sum



source-visible pixels are stored in the source depth buffer (step 63). The
scene is now rendered again, but fromthe observer's POV

29 (step 64), and each pixel entered into the observer depth buffer is

al so checked (step 65), in turn, to determne if it is illumnated by the
presently considered |light source or if it is to be mapped as a shadowed
pi xel, with respect to that source (step 66). If the present display pixel
i's not shadow nmapped for the presently-con38dered |ight source, exit 66a
is taken and ot her action occur | | umi atlon intensity
of the present s8&r gcg FW“F‘I‘? Of‘ofoa?"mt ?H“BH??Q?Q’&&"B ?“HSES‘EC‘B Pin step
67; otherwi se, exit 66b |eads to conparison step 68, where the identities
of the source-IiFCQHU@ﬂ- and object pixel are conpared. If these are not
the sane, the display pixel is shadowed by the source under consideration,

and exit 68a |eads tAVhilepséiRralwpegsentlpeprefersedt embgbiments neft theed to add
illumnation to the present display pixel (shadowed pixel); simlarity

leads to exit 68Bpaakted GRd MHetha8 Br (deteMifff pixk]l eblor SOt B4 t he
computer image generator has been described in detail herein,
many variations and modifications wiii now become apparent to
those skilled in the art. It is therefore our intent to be limited only

by the scope of the appending claims and not by way of the specific

instrumentalities and steps presented by way of explanation herein.



consi dered col or_conponent thereof) is used to light the present pixel and
the display pixel illumnation is increased accordingly. Wen all pixels
of the present scﬁ"ﬂ‘ﬁml"ﬂmmmm ed and considered, the shadow ng process
is conpleted for !t 4 step 72 allows further processing to be
done (either consideration® of atditional sources, or, once all sources are
shadowed, anti- aliasing of |ighted/shadowed areas). Fi gure 5b
illustrates one possible logic unit 80 foB%roviding this processing. The
data signals foryhheisRMNERNS: L0 be rendered

30 enter through 1nput port 80a and are coupled to the inputs of both the
observer eyepoint dept uf fer nean 2 de the l.ight squrce pth buffer
nmeans 84 (it being uﬂdg}gg%{)ﬁo%rﬁﬁtsuéﬁgwggn rs%ﬁrlg% c%‘ﬁ?‘l’{ffl Eggs shown,
for reasons of sinplicity, although a plurality of neans 84 can, and
normal |y are, uggBgratenhdvingdepthynifesmeansassoaated witibdiejqbserysEsci at ed

storage array neans 82'/84', each with an output 82b/84b from which dat a,
as to the desi grpesition for storingidatd signals representative of observer-visible

polygon pixels, comprising:

at least one additional depth buifer means, each associated
with a different one of the light sources illuminating a present scene
to be displayed, for temporarily storing data signals representative
of those portions of the scene polygons, displayable in image space,
which are illuminated by that light source; and

light source processor means receiving the data signals from
said at least one additional depth buffer means for adjusting the
intensity of illumination on each pixel displayed to an observer of
that scene, responsive to those of the totality of light sources

illuminating each pixel rendered by the observer depth buffer.

2. The light source subassembly of claim 1, wherein a
plurality of separate light sources illuminate said scene, and further
comprising depth buffer means associated with each different one
of said plurality of light sources, for temporarily storing data signals
representative of those portions of the displayable scene polygons

illuminated by the associated light source.

R
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visible fromthat POV, can be extracted and provided at an associated unit
out put 80c/ 80b. The observer data is also provided via output 82c to a

uni.it 86 for mapgmnt"mu iln”ﬁu POV to the source; the resulting display
pi xel designat i At ! Wik applied to a first input 88a of a

conparison unit &8, ‘whi'ch"al S0 Teceives the source dept h buffer output 84c
I nformation, for the sanme display pixel, at another input 88b. If the
observed pixel is, in fact, one of the pjxels in the source buffer, the
data is presented at joutput.88c, for introductiqgn tq a. first ipput 90a of
anot her conparison uri tjl'ge_hg?}mgug@cwp@ssfq@gy %ﬁal&?% Ryhereig i son unit
recei ves a shadow identity data signal from source depth buffer output
84d, and det er Hghisoyrre PirecespRis Bganpiukidizes datarsignals &romy @l off saide
presently- considered |light source. If so, the source and observer
identities do sourcsalepth duffeouiqaus tddetqrndae the tdtablightnateafsity aat pi xel by
that source, i.e. the pixel is in a shadow wth respect to that source. If

there is a matclagh obskiVbi-Visble phisg" e i s no shadowing, and output 90d
31

4. The light source subassembly of claim 2, wherein the light
source processor means generates a mnon-saturating resultant
illumination intensity data signal Lr from the totality of light

sources illuminating each observer-visible display pixel.

S. The light source subassembly of claim 4, wherein N
different light sources illuminate the display scene, and the data -
sigﬁal Lr is generated as substantially equal to the ones-
complement of the product of ones-complement individual source

intensity Li, for 1<i<N.
6. The light source subassembly of claim 5, wherein the

processor means generates Lr={1-(1-L1)*(1-L2)*...*(1-Li)*...}.

7. The light source subassembly of claim 2, wherein said

light source processor means also generates a continuously-moving




s enabl ed. Qutput 88d is connected tao a first Input a of an adder neans

92 (which may be based upon unit 50, see Fi a second i nput
92h receiving the output. 90d signal; lml tl I I um nation data
signal at adder nmeans output 92c is her observer depth

buffer input 82d, to be stored as a partial - total of the illum nation
intensity for the present pixel. Once all of the scene pixels have been
processed for all scene-illum nating sougges, the observer buffer wll
hold the total illum nation intensity data signal for each display pixel,
including all s piidy #tdgalisere p and g &f Bofl POsifow mimbéwUter 6, the
source depth buffer 49 associated with the | arge-extent source

orthogonal pl aneg e@uenhéltf E“a‘ﬁﬁ‘é‘g%\ﬁ%% FE‘QPPH’F&' Fg pones of a

plurality R of nmoving o err illustratively, a
pair of noving objects 100 1 and 100-2, respectlvely noving with velocity
vectors V1 and V2, are to be shadowed. The velocity vectors Vm are not
used by nmeans 16c for shadow cal cul ati ons, as the noving objects |ocations
are fixed and 'froze8: A methadhfogidetarminingdetaldluminationpl sachupisdl by pri or
conput ati onal neans to predict where the tracked objects will be for each

ensui ng scene, wiebehlisplged to anastietves By #digplay hrand s RogANEIme - buf f er
49' plane Z' can be predeterm ned and prepositioned for noving objects

tracking. The obgg&h¥GerafhadeReerator, comprises the steps of:

storing data signals representative of object polygon pixels
visible to the observer in each pixel of the display;
| storing data signals representing an illumination intensity
received from a light source by each polygon pixel viewable from
that source;

generating an illumination intensity data §ignal for each
display pixel visible to the observer, responsive to the stored light
source illumination data signals, to obtain an illumination intensity

from the light impingent upon each visible pixel.

9. The method of claim 8, wherein a plurality of separate
light sources illuminate said scene, and fufther comprising the step
of storing data signals representing an illumination intensity
received from each separate light source by each polygon pixel
viewable from the associated one of the plurality of light sources;
said generating step also including the step of generating a total

illumination intensity data signal for each display pixel visible to the

[
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buffer is still present, with plane Z0, and determ nes which polygons Px,

Py, etc. have visible pixels-in the display scene. Source
32 buffer plane Z' is est |shed so its corners define a set of source

paral | el am“ﬁm !q encorrpass a volunme 102 of space containing the
obj ects 10 . The parallel rays 104 wthin volume 102
establish the cell's 106 in the depth buffer Z' plane which contain at

| east one data bit indicative of that cell42 containing a noving object (and

generating a potential shadow Sh on th oly vi sibl.e, by observer 20).
Thus, as all ra ‘ngY% ACYRRLSIVG ﬁege“ltﬁé (F'}eén‘?fﬂie §%‘@’§HE(§8 Ufe parallel,
the rays 104, defl ning the edges of the shadow ng object 100, are parall eI
to the vol ume- e'é'g‘émﬂ&%n data sigpals.and est abli sh not only the periphery of

t he depth-buffer plane |ocations (cells) 106 for that object (e.g. cell

group 106-1 is designated for object 100-1 and group 106-2 for object
100-2, etc.) , but also the shadow unbra volune(s) 108, between object 100

and the shadow Sh (e. g0. The drithodiof 21abhl9f Wherein said data signals from

all of the plurality of light sources are used to generate the data

signal for the total light intensity at each observer-visible pixel.

11. The method of claim 10, wherein the generating step
includes the step of generating a non-saturating resultant
illumination intensity data signal Lr from the totality of light

sources illuminating each observer-visible display pixel.

12. The method of claim 11, wherein N different light
sources illuminate the display scene, and the non-saturating data
signal Lr is generated as substantially equal to the ones-
complement of the product of ones-complement individual source

intensities Li, for 1<i<N.

13. The method of claim 12, wherein the processor means

generates Lr={1-(1-L1)*(1-L2)*..*(1-Li)*...}.

14. The method of claim 13, wherein shutoff of a j-th source

generates a new resultant intensity Lr’ related to the illumination




obj ect 100-1 and unbra Sh2 for object 100-2) on the pol ygor—surfaces. The
pol ygon pi xels outside the buffer volunme 102 e illumnation
fromthe source (not shown) associated with ”mn m EUIWBMt otal set 106
of occulted |ocations stored in source depth*buwffaer sl ead to

determ ne which [ight source plane image elenent Pij is outside the unbra
108 and thus is also receiving the associated source illumnation. As the
Z-buffer plane Z' |ocations are sequent i ghl y read | ocations 106 are

reached that define, aE l. Pij within on tle unbras 108. For each
of intensity Lj of the ]-t source and the ongma ggsq Fﬂ;géntppflt)q ations,

that elenent is projected onto the polygons as an object pixel Pxy which
i s devoid of they Lt’entledsj)/dd-Ig). t he source associated with buffer  plane
49' . The pol ygon pi xel Pxy location is then checked in the observer
Z-buffer plane Z0 to determne if that pixel would be visible to the
observer 20. If the pixel Pxy is visible to observer then the

il lum nation of that PP Iﬂéihl?(ﬁ'a?\éﬁﬂnﬁgdfurm& c%ﬂ?ﬂ%‘fﬁé‘ﬁ]éjgt@ﬁeﬁs conti nues

with illumnation calcula?eeons

providing depth buffer means for separately storing a set of the

observer-visible pixels and an addition set of source-visible pixels.

16. The method of claim 15, wherein a set of source-visible
pixels for each individual one of the plurality of light sources is
separately stored in an associated one of a like plurality of depth

buffer means.

17. The method of claim 16, wherein the spatial extent of
any one source depth buffer is limited responsive to the associated

light source illuminating less than an entire scene frame.

18. The method of claim 9, further comprising the steps of:
generating a pxq pixel array, where p and g are both positive
numbers; and continuously moving the array across the observer
frame to sequentially anti-alias the illumination to each display

pixel.




do not include contribution by the source associated with plane 49'; if
the pixel Pxy is not visible, then the remainder of the cal cul ation
process i s skipped and the next source plane 49" l|ocation is checked,
until the entire set of noving-shadow buffer |ocations has been processed
for each scene. ANTI - ALl ASI NG of SHADOWS A nunber of CG
processes produce various artifacts and/or scintillation during the
creation of a synthesized i nage. These anonalies may becone particularly
annoyi ng at generated shadow Sh display areas, as a result of re-sanpling
a previously sanpled polygon using the 44 buffer approach. That is, the
image is viewed both fromthe POV of the observer 20 and_the POV of the

light source S, so tI"H-tLWMQN ANDSHADOW;SIMULATION ' seen' i n. obj ect

space by the light source if the elenent is not occluded or shadowed by
ot her pol ygon el ementN AcGOMPUTERN G RARBICSHMAGINGLSYSTEM
34 is also 'seen' in inmage space by the observer. To determine if the

ABSTRACT OF THE INVENTION
The total illumination of each pixel to be displayed by a
real-time computer image generator, is determined for at least one
~ source illuminating a scene to be displayed, by storing in an
observer depth buffer data signals representing those portions of
object polygons visible to the observer in each pixel of the display,
;md storing in a source depth buffer, associated with each of'the at
least one scene-illuminating light sources, data signals representing
illumination intensity received by each polygon pixel viewable from
that associated source. A data signal, for each displayable pixel in
the obsefver depth buffer, is generated by combining in non-
saturating manner the illumination intensity of each light source

impingent upon the equivalent pixel in all of the associated source

depth buffers.

Figure 4(a)
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observer sees a shadow, every pixel rendered by the observer's Z- buffer
must be checked in the light source Z-buffer, to determine if (and to what
extent) that pixel receives the illum nation of the associated |ight
source. This nultiple mapping and quantization at each point in the
process tends to produce shadows that have annoying artifacts and very
unnat ur al -1 ooki ng shadows whi ch just show an unbra and do not exhibit any
penunbra. It is desirable to renedy these problens, by filtering the raw
shadow unbra data, to generate shadows which are anti-aliased and have
very smooth and natural shapes, with bpjyy unbra and penunbra (and
preferably an adjustabl e degree of snoothness or bl ending). Fi gure
7 illustrates a two-di nensi onal noving-box filter having a pxq elenent-
filter box 110 which continuously traverses and sanples a discrete grid of
val ues, such as the NxM el enento | i ght source depth buffer plane 112, for
perform ng a wei ghted- convol u® on of the plane's elenments aferr], where
O[err]i[err]Nis the horizontal o

ety | j[err]Mis the
vertical columm nunber. The box { igef fipite extent and only
wei ghs those value points it ove %ﬁe el emrent conpletely
covered is conpletely included i Jtzggtuj Whi | e those pl ane
el enents at the box periphery :qgﬁbstaly covered are
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based .on the box outline coverage. Thus, the a[err] elements of buffer

35 plane 112 comence with elenent aferr] in the upper left corner, and

the i value increase in the X direction, while the i value increases in
the Y direction; all elenents are of substantially identical size in the X
direction (size dx) and in the Y direction (size dy). The filter box

di mensions p and q can be any positive real nunbers, but neither have to
be equal nor integers e.g. the illustrated filter box 1is approximtely p
=3.1 X units by q=4.8 Y units in area).2fh& size of the box and the

associ ated wei ghts determ ne the anount of snDothing As the box 110
continuously noves across the arrawyeg g qrmjval ues, the offsets
dx1 and dx2 from: %ﬁw‘%ﬁhﬂﬁﬂ? Edﬁes of the e l st ri ght nost covered

el ement col ums e, C m edges 112a and 112b,
respectively) af ep %ﬁffﬁéﬁ s‘?éa of the elenents and the anount of

continuous X npverent, and the of gets 1 and dy2 fromthe upper edges of

the topnost angd bot t ormost coler | o-e rows (here, row edges
(PLANE Z2) ] /,49k
(PLANE e
Z3) . 40
(PLANE N)
L] L] @ 4'
LIGHT SOURCE |48 [
SUBPROCESSOR SELECT LIGHTS
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16¢ 16 42 +
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(1.0-LIGHT )
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PRODUCT ALL
441 COMPLEMENT LIGHTS

COMPONENTS
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112c and 112d, respectively) are known fromthe dy elenent and the
continuous Y novenent. The shadow cal cul ator (e.g. light source
subprocessor 48 and the like) can determne the filtered intensity of a
point F, at (dx1, dyl) in elenent aferr], fromthe sum[err], where
[err] = wWerr]*alerr] + Werr]*a[err] + wWerr]*aferr] + wWerr]*aferr] +
vv[err]*a[err] + vv[err]*a[err] +

dx2*(wWerr]* a[err]+vv[err] a[err]+vv[err] a[err]) +
(1-dxl)*(wWerr]*aferr] +w[err] alferr] + w[err] alerr])

36 + (1-dyl)* (w[err] a[err]+vv[err] a[err]) +
(1-dyl)*(1-dx1)*werr]*a[err] + dy2*dx2Mlerr]*aferr] +
(1-dyl)*dx2*werr]*a[err] + (1l-dxl1l)*dy2*werr]*a[err] +

dy2*(wWerr]*af[err]+werr]*aferr]), where wWerr] is a weighting coefficient
selected to sinulate a desired functional filter shape. The noving filter
box 110 all ows each pixel to be sequentially anti-aliased, in turn. The
filter thus outputs a continuum of |inear 2-dinensional sanple estimtes

froma 2-

36-2d
PI-30
4
y4

36-la

20d




di rensional array of bl ocks. Figure 7a shows a flow chart of steps
for anti-aliasing processing using the box filter: the filter starts at
step 120 and the <current location of the pxg box is cal cul ated, so that
the NxM elenents conpletely or partially contained bel ow the box can be
read into the filter nmenory (step 121). The offsets dx1, dx2, dyl and dy2
are read into the processor, as are all of the werr] filter weighting
coefficients (step 122). Each weight and its associated elenment value is
mul tiplied together (step 123) and the weighted nmultiples for the corner
and border elenments, where | ess than a.f}ﬂf el ement contribution occurs,
are obtained in step 124. The sumof al’l""wei ghted el enents is then
obtained in step 125 and the resulting anti-aliased value (step 126) is
output (step 127) to the lighting processor for subsequent use.

37 Figure 7b i1l Mdrates one l ogic unit 130 for performng the
filtering task, should %j$reprogranned processor not be utilized.
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The data signal for each elenent aferr] (here, fromalerr] to aferr]) is
applied to a correspondi ng one of inputs 130a-130k for connection to an
associated first input 132-la through 132-ma of the associated multiplier
means 132-1 to 132-m while the associated el ement weighting coefficient
werr] data signal (here, fromwerr] to wWerr]) is applied to the

associ ated one of inputs 130p-130v and thence to the connected second
input 132-1b to 132-nb of the first set of nultipliers 132. Each of the
wei ghted el enment products at outputs 132-1c to 132-nt are applied to
associ ate input 134-1a through 134- g¢gf of a set of first adder nmeans 134,
of nunber g and type determ ned by theé/dunber of weighted el enents to be
sunmed for a particular termone of the g tgms in the required output.
The first adder outputs 134-1x through 134-ﬂé%are i ndi vi dual Iy connect ed
to an associated first input 136-1a through -ga of a like nunber g of
second nultiplier nmeans 136, each having a s nd i nput 136- |b through
136-gb, receiving an offset termdata signal ¥specified by the various
combi nations of dx1, dx2, dyl and dy2 necessary for the box to be
filtered). The partial results are outputs s 1c through 136-gc are then
introduced at the g inputs of a second adder neans ;330, havi ng an out put
138x at which appears the weighted filter sum

>




38 [err], for connection to unit output 130 x and subsequent use as

requi r ed. Wi | e several presently preferred. enbodi nents of the
apparatus and net hods for determ ning pixel color content in a conputer

| mage generator has been described in detail herein, many variations and
nodi fications wiii now becone apparent to those skilled in the art. It is
therefore our intent to be limted only by the scope of the appendi ng
clainms and not by way of the specific instrunentalities and steps
presented by way of explanation herein. 6/11 What is clained is:
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1. Alight source subassenbly for use in a conputer inmage generator
havi ng depth buffer nmeans associated with an observer's position for
storing data signals representative of observer-visible polygon pixels, the

subassenbly conpri sing: at | east one additional depth buffer
means associated with a different light source illumnating a scene to be
di spl ayed, for tenporarily storing data signals representative of portions
of the scene which are illumnated by the |ight source; and

| i ght processor neans receiving the data signals fromsaid at |east one
addi-ti onal depth buffer nmeans for adjustimg proportionally an intensity of
illum nation on each pixel displayed to an observer of that scene,
responsive to each different light source formng the totality of |ight

sources illum nating each pixel rendered by the observer depth buffer.

2. The |ight source subassenbly of claim1l, wherein a plurality of
separate light sources illum nate said scene, and further conprising depth
buf fer nmeans associ ateg.wth egch different one of said plurality of |ight
sources, for tenporari tg.ri @ata sign resentative of those
portions of the displayabl* scene pol ygodsSTART teld by the associ at ed

| i ght source.
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40 « 3. The light source subassenbly of claim2, wherein said |[ight
sour£e processor neans utilizes data signals fromall of said source depth
buffer neans to determine the total light intensity at each
observer-vi si bl e pixel. 4. The light source subassenbly of claim
2, wherein the light source processor nmeans generates a non-saturating
resultant illumnation intensity data signal Lr fromthe totality of |ight
sources illum nating each observer-visible display pixel. 5. The

| i ght source subassenbly of claim4, wherein N different |ight sources
illum nate the display scene, and the d@h@ signal Lr is generated as
substantially equal to the ones- conpl ﬁt of the product of

ones-conpl ement individual source intensity Li,_for 1[err]i[err]N
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6. The.light source subassenbly of claim5, wherein the processor neans
genefates Lr={1-(1-L1)*(1-L2)*...*(1-Li)*...}. 7. The |ight
source subassenbly of claim2, wherein said |ight source processor neans
al so generates a continuously-novi ng

41 pxq pixel array, where p and q are both positive nunbers, for
sequentially anti-aliasing each display pixel illumnation. 8.
A nmethod for determning total illum nation of each pixel to be displayed
to an observer by a display neans in a conputer inmage generator,
conprising the steps of: $iring data signals representative
of object polygon pixels visible to the observer in each pixel of the

di spl ay; storing data signals representing an illum nation
intensity received froma different |ight source by each pol ygon pi xel

vi ewabl e from

Fig 6
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that source; and generating an illumnation intensity data
signal for each display pixel visible to the observer, responsive to the

stored light source illumnation data signals, to obtain an illum nation
intensity having proportional contributions fromsaid each different |ight
source i npingent upon each visible pixel. 9. The net hod of
claim8, wherein a plurality of separate light sources illumnate said
scene, and further conprising the step of storing data signals
representing an illumnation intensity received fromeach separate |ight

source by each pol ygon pi xel viewable frafyililie associ ated one of the
plurality of light sources; said generating step also including the step

of generating a total illum nation_intensiy datégsignal for each display
pi xel visible to the T‘ Q N
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10. The method of claim9, wherein said data signals from all of the
plurglity of light sources are used to generate the data signal for the

total light intensity at each observer-visible pixel. 11. The
met hod of claim 10, wherein the generating step includes the step of
generating a non-saturating resultant illumnation intensity data signal
Lr fromthe totality of light sources illumnating each observer-visible
di spl ay pi xel . 12. The method of claim 11, wherein N different
light sources illumnate the display scene, and the non-saturating data

signal Lr is generated as substantially equal to the ones- conplenent of
t he product of ones-conplenent individddl/ldource intensities Li, for

[ err]i[err] N 13. The nmethod of claim 12, wherein the processor
means generates Lr={1-(1-L1)*(1-L2)*...*(1-Li)*...}. 14. The
met hod of claim 13, wherein shutoff of a j-th source generates a new
resultant intensity Lr' related to the illum nation

Fig.7b
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Lj of the j-th source and the original result =S =
-Lj)/(1-1j). 15. The nethod of cl ai qrﬁi@ugﬁ j}\

he step of providing depth buffer neans for sepaiat e!;y stoq) g
observer-vi si bl e pixels a an addition set of ! l e
16. The net hod of cl a 15, wherein a set" of
| e pixels for each individual- one of the plurality of #‘
separately stored in an assoCiated one of a IiKke pl ur & %

" Woit aimeddsisour oo’ dept h”ELFllﬁlll’lllllﬂlluﬂlllgﬁlllf“‘;%ﬁ's.”vtehte o the

| ight source illumnating | ess thah an entisre*scene frane.

1. A light source subassembly for use in a computer image
generator having depth buffer means associated with an observer’s position for
storipg data signals representative of observer-visible polygon pixels, the
subassembly comprising:

at least one additional depth buffer means associated with a
different light source illuminating a scene to be displayed, for temporarily
storing data signals representative of portions of the sceﬁe which are
illuminated by the light source; and

light processor means receiving the data signals from said at
least one additional depth buffer means for adjusting proportionally an
intensity of illumination on each pixel displayed to an observer of that scene,
responsive to each different light source forming the totality of light sources

illuminating each pixel rendered by the observer depth buffer.

2. The light source subassembly of claim 1, wherein a plurality of
separate light sources illuminate said scene, and further comprising depth
buffer means associated with each different one of said plurality of light
sources, for temporarily storing data signals representative of those portions

of the displayable scene polygons illuminated by the associated light source.
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18. The nethod of claim9, further conprising the steps of—generating a

pxq pixel array, where p and q are both positive n i pinuousl y
novi ng the array across the observer frane to sequgmmllmm“ﬂnﬂllas t he
illumnation to each display pixel. *# ¢ 19 m kght
source subassenbly for use in a conputef”i magi ng system having depth
buf fer means associated with an observer's position for storing data
si gnal s' r epr egaqt pikélvarray, whererp/and giare hogh positive Aumbsist for seauentisipassendl y
conpri si ng: at | east one additional depth buffer neans

associ at ed W typricaliaSing fe@éle Bisplay Plikel Suthivation.| um nating a scene to be

di spl ayed, for tenporarily storing data signals representative of portions
of the scene which are illumnated by the |ight source; and

| i ght processor neans receiving the data signals fromsaid at |east one

additional depth b‘ﬁ.f e K% n?e%ocf £t dgt%lrlrjnshtirilgnt%taq riﬁ&ﬁi’n&ii@ﬂ‘é% éa\éh%%(el to be

displayed to an observer by a display means in a computer image generator,
comprising the steps of:

storing data signals representative of object polygon pixels
visible to the observer in each pixel of the display;

storing data signals representing an illumination intensity
received from a different light source by each polygon pixel \}iewable from
that source; and

generating an illumination intensity data signal for each display
pixel visible to the observer, responsive to the stored light source illumination
data signals, to obtain an illumination intensity having proportional
contributions from said each different light source impingent upon each visible

pixel.

9. The method of claim 8, wherein a plurality of separate light
sources illuminate said scene, and further comprising the step of storing data
signals representing an illumination intensity received from each separate light
source by each polygon pixel viewable from the associated one of the plurality
of light sources; said generating step also including the step of generating a

total illumination intensity data signal for each display pixel visible to the
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intensity of illum nation on each pixel displayed to an observer of the

scene responsive to eactr different light source formng the totality of

li ght sour each pi xel rendered by the observer depth

buffer mllll "m Il“r"'l”qﬂl | i ght source ,subassenbly of claim19, wherein
sourcceLpr scessor neans norma%42es I ntensity range of said each

dlfferent light source to lie between 0.0 and 1.0. 21. The

| i ght source subassenbly of claim19, wherein the |light source processor
means generates a non-saturating resultant illumnation intensity data
signal Lr fromthe 1%t al At lightf sdureghsubmssenthdy fot luseriina competar imaging
observer-visi bl e display pixel. 22. The light source

subassenbl y of syglei Bavidg depiirtiffer thedné hesosited Wit bh ossm&ess?édidwfdiat e the
di spl ay scene, and the data signal Lr is generated as substantially equal

| v dunl
tsguf' 22 ?ESanWL or Ferﬁe%er?&gﬂ&?ver-ﬁﬁﬂﬁ BT Bon 'pitiy! 2

subassembly comprising:

at least one additional depth buffer means associated with a
different light source illuminatihg a scene to be displayed, for temporarily
storing data signals representative of portions of the scene which are
illuminated by the light source; and

light processor means receiving the data signafs from said at
least one additional depth buffer means for adjﬁsting proportionally an
intensity of illumination on each pixel displayed to an observer of the scene
responsive to each different light source forming the totality of light sources

illuminating each pixel rendered by the observer depth buffer.

20. --The light source subassembly of claim 19, wherein the light
source processor means normalizes intensity range of said each different light

source to lie between 0.0 and 1.0.

21.  The light source subassembly of claim 19, wherein the light
source processor means generates a non-saturating resultant illumination
intensity data signal Lr from the totality of light sources illuminating each

observer-visible display pixel.
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23. The |ight source subassenbl y of claim 22, wherein the processor
means gener at estr={i=(t=-ti)y*(t-t2)*.. .*(1-Li)*.. 24. The

| i ght source su m 19, wherein said | i ght source processor
nmeans al so gene ﬂﬂWM‘mw Iﬁn,lﬂ sly- ITDVI pxq pixel array, where p and ¢
are both positive nunber s sor *sequent [ a y anti-aliasing each displ ay

pi xel illum nation. A nethod for determ ning total

illum nation of each pixel to be di spl ayed to an observer by a displ ay
means in a conputer inmaging system conprising the steps of:

storing data signal 22r epfThe ¢ightscuree subassbindhyt ofxclhitg2h, wheteinsN differieht e t o

t he observer in each pixel of the display; storing data

signal s represqphd dfrcS ifllrhindie Bt ARPlay Ne8RS iahdl the EL5aM I# gfge%eﬁ't&f erent

| i ght source by each pol ygon pi xel viéwable from that” source; and
as substantially equal to the ones-complement of the product of ones-

complement individual source intensity Li, for lsisN.

23. The light source subassembly of claim 22, wherein the

processor means generates Lr={1-(1-L1)*(1-L2)*...*(1-Li)*...}.

24.  The light source subassembly of claim 19, wherein said light
source processor means also generates a continuously-moving pxq pixel array,
where p and q are both positive numbers, for sequentially anti-aliasing each

display pixel illumination.

25. A method for determining total illumination of each pixel to be
displayed to an observer by a display means in a cémputer imaging system,
comprising the steps of :

storing data signals representative of object polygon pixels
visible to the observer in each pixel of the display;

storing data signals representing an illumination intensity
received from a different light source by each polygon pixel viewable from

that source; and
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16 generating an illumnation intensity data sigmal for each

di splay pixel visible to the observer, responsive t Il
source illum nation data signals, to obtain an ill memﬂmflmﬁgur"s‘my

havi hg proportional contributions fromsaid each different | rght source

i mpi ngent upon each visible pixel. 46 26.  The nethod of claim 25,
wherein the. generating step includes the step of normalizing intensity
range of said each |i ght gamuating andllhminakien istemsity@ath dignal fé.each display  27.
The net hod of claim25, wherein the generating step includes the step of

generating a eBwbibleabithdobseiier| REporsivie 4o tiAdtdeD light &usdd Mufidhaionsi gnal
Lr fromthe totality of |ight sources illum nating each observer-visible

di spl ay pi xel da}t:fll ﬂiﬁ{’%lg’[ t%8'obtaéa_h ”ﬁﬁﬂﬁﬂatﬂin g}ﬁ h{lﬁg?havﬁﬁeﬁhﬁofﬁoﬂﬁlﬁerem

| i ght sources e the di splay scene, _ non-"s ating data
signal Lr is generated _as sybstanjjally.equal to the one-conple t of the
product of one‘éqnmém%‘?@??é‘hfal ﬁ%ﬁ%ﬁ%ﬁ&d‘é@ﬁﬁew HPRIAESE upen E?% ‘f‘gﬁé
[err]i[err] N

pixel.

26. The method of claim 25, wherein the generating step includes
the step of normalizing intensity range of said each light source to lie between

0.0 to 1.0.

27.  The method of claim 25, wherein the generating step includes
the step of genefating'a non-saturating resultant illumination intensity data
signal Lr from the totality of light sources illuminating each observer-visible

display pixel.

28.  The method of claim 27, wherein N different light sources
illuminate the disblay scene, and the non-saturating data signal Lr is generated
as substantially equal to the one-complement of the product of ones-

complement individual source intensities Li, for 1 <i<N.

29.  Themethod of claim 28, wherein the processor means generates

Lr={1-(1-L1)*(1-L2)*...*(1-Li)*...}.
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29. The nethod of claim 28, wherein the processor neans generates
30. The nmethed—of—ctarm29, wherein shutoff of a j-th source generates a

new resul.tan lated to the illumnation intensity Lj of
the j-th.sou m“ﬂ “ﬂ“ I“HIE result intensity Lr, by Lr' =

(Lr-Lj)/(1- hod of clain125, further
conprising the steps of generating a pxqg pixel array, where
p and g are both positive nunbers; and conti nuously novi ng

the array across the observer frame to sequentially anti-alias the
il lumination to eac30.di sphayndthodelof claim 29, whefdin shufbfi of iagth sourcee
assenbly of claim19, wherein the conputer 1inmaging systemis a real-tine
system generates a new resultant intensity Lr’ related to the illumination intensity Lj

of the j-th source and the original resultant intensity Lr, by Lr’ =(Lr-Lj)/(I-

Lj).

31.  The method of claim 25, further comprising the steps of :
generating a pxq pixel array, where p and ¢ are both positive
numbers; and
continuously moving the array acrosS the obsefver frame to

sequentially anti-alias the illumination to each display pixel.

32.  The light source assembly of claim 19, wherein the computer

imaging system is a real-time system.
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48

ILLUMINATION AND SHADOW SIMULATION

IN A COMPUTER GRAPHICS/IMAGING SYSTEM

ABSTRACT OF THE INVENTION

The total illumination of each pixel to be displayed by a
real-time computer image generator, is determined for at least one
source illuminating a scene to be displayed, by storing in an
observer depth buffer data signals representing those portions of
object polygons visible to the observer in eaéh pixel of the display,
and storing in a source depth buffer, associated with each of the at
least one scene-illuminating light sources, data signals representing
illumination intensity received by each polygon pixel viewable from
that associated source. A dé.ta signal, for each displayable pixel in
the observer depth buffer, is generated by combining in non-
saturating manner the illumination intensity of each light source

impingent upon the equivalent pixel in all of the associated source

depth buffers.

Figure 4(a)
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