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Field of the Invention

This invention relates to computer image generation (CIG)
or computer graphics systems and, more particularly, to a novel
specular reflection determination means for use in a display
processor and to novel methods for processing of image data
describing specular reflection from object surfaces, for display of
two-dimensional representations of those 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 combat systems. The simulators enable a user, such as

a pilot or tank gunner, to maintain and improve his skills without
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are used as training devices which permt a conbatant to obtain
W t hout the necessity of going out into the field and using the
conbat systens. The simulators enable a user, such as a pilot o
gunner, to maintain and inprove his skjlls wthout

2 the cost associated with live training. It is thus very advantageous to
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the Geonetry Processor.

to that time fC)rth%‘eet Q’elf)ia?ftle ;}rgégsngnzis9arkes: Controller, 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 i)articular 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,

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

whi ch may
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data to
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format display, i.e., two interlaced fields per frame with thirty franes
per second. The Geonetry Processor has an equal tinme to do its
calculations and at the end of that tinme its results are sent to the

Di spl ay Processor. The Display Processor always processes one interlace
field for a video display in one field t3 ne. For each tinme interval, all
three processors are kept busy, so that, at any given tine, the processors
are working on t kpE@usatpmebieadisspeead sucamosg ke speqalized precessoput s and
generates outputs during the interval, so data flows through the three
stages in a sequeedticas, smrthisralloWsenew scenes to be displayed each field or 3
conputational load is spread out anong the specialized processor sections,

so this allows neminse e évenbthdiighPihdyRduRaahe ideflydd Othred FRIB b# M, even
t hough the results are delayed three fields or frames. For exanpl e,

in a flight sinulgator system pilot inputs are received by the Controller
and after being procésSsed sequentially by the Controller, the Geonetry

Processor and Di spl ay rocemr,. tgf out,put is sent ag a,color scene to
vi deo di spl ays obser va@PriRKafmpe, ;g lgmns‘{%%‘ia@? MO PLOTHPUWRREE seen by

the pilot starts out as )
received by the Controller and after being 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-



sinple control inputs applied to an environnent definition and is
converted to pixel video display information. In the controller, the pilot
i nputs are used to calcul ate the new position and orientation of the
aircraft, and fromthis, a mathematical rotation matrix is calculated that
is used to rotate objects fromthe referdence coordinate systemto a

di spl ay coordi nate system Any other infornmation dealing with the
aircraft, with tdiengoional objests arardipped barthe Wdedmetrn roassarrififtteyi s al so
calculated in the Controller. In some applications, the Controller is a

general - purpose gRBRA!Béyond the viewhgirdeamoundiiesesThe Geafigtryf roma
dat abase, descriptions ‘of objects that are potentially visible in the
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that are read are ro coordinates using the rotation

matrices cal cul ajed. in the Controller. . Edges-pf ese t.hree-
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extend beyond the view wi ndow boundari es. The Ceonetry Processor
mat hemat i cal |y pbeyjosskdisplay wirdaeve baundariesotrg clipped i tverdimensional

image space. In addition, the Geometry Processor calculates (as by
use of a depth-buffer or the like) which objects are in front or
behind other objects and stores this information in a priority list.
Each object processed is made up of individual faces, where each
face is in the form of a polygon bounded by straight edges. The
priority list contains the order of all faces in the scene, with the first
face in the list as the highest priority face, and the last face in the
list as the lowest priority face. Whenever two faces overlap on the
display, the higher priority face will be visible, and the lower
priority face will be obscured. Lastly, the Geometry Processor
calculates the display end points for the edges that bound the two-
dimensional faces, and also calculates the coefficients of the line
equations that describe these bounding edges.

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



t he two-di nensi onal display w ndow. Object faces which extend beyond

di spl ay wi ndow boundaries are clipped in two-di nensional inage space. In
addition, the Geonetry Processor calculates (as by wuse of a depth-buffer
or the like) which objects are in front or behind other objects and stores
this information in a priority list. 5Each object processed is nade up of

I ndi vi dual faces, where each face is in the formof a pol ygon bounded by

strai ght edges. dffplay ipr ther systent iiss typieillyanade tupeod 103 lings af videaces in the
scene, with the first face in the list as the highest priority face, and
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di nrensi onal faces, and also calcul ates the coefficients of the |ine
equations that errsainhybpossitde e TheRisplay Rrogessor has to resolvee fo5 egphay Processor
recei ves the two-di mensional face descriptions, along with face col or,
face fadi ng i nf pixehtwiat the colac @andduindmousyintensity of e pikelxshouidbe,
| evel -of -detail blending, translucency, curvature shading, etc., and uses
this informatiogivef it pmbngdhées 085 Ue Pré@nt Gnaa Gsikel| tﬂaﬁlaéﬁmneach pi xel

in the scene. Each col or
portions of faces may be covered by other faces, and that several
light sources may be illuminating each surface portion reflecting
light into that pixel. Since there can be 1024 by 1024 pixels in the
display, and all these need to be calculated in 1/60th of a second,
the processing load in the Display Processor is very high. To
calculate video for a multi-display system (a single system has
corlxtained 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.



5 display in the systemis typically made up of 1024 |ines of video

I nformation, with each Iine having 1024 individual color dots or pixels.
However, other conbinations of |ines 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 pixelg should be, given that nmany faces
can be present in a pjixel, that certain_ portions of faces nmay be covered
by other faces, and tWB¢ Resdistent Preblem has peeds tordiFoekssi PikelnFRla i ng each
surface portion reflecting light into that pixel. Since there can be 1024
by 1024 pi xel s iintemkidy inflosmiatipn sanas & lprovide speadar reflantionafroml at ed in
1/60th of a second, the processing load in the D splay Processor is very

high. To cal culsatfacy, 480 t®rdedcribe tthedi:ﬁ@&tﬁmfsgﬁfre”ﬁéﬁl @ B@ffcesyst em has
contai ned as many as 14 di splays), the Display Processor nmust performin
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Di spl ay Processor. The Display Processor therefore represents the majority
of processing i riP&cilanreflectiope Speeiar eaflection somputatinnabmeshedsder and for
t hi s reason nost

obtaining the proper illumination of each pixel, for 3D graphics

rendering, are well known to one skilled in the art; but these known

methods suffer from the problem that the necessary calculations are

computationally very expensive and, therefore, usually not done in

real time 3D graphics simulations.

BRIEF SUMMARY OF THE INVENTION

In accordance with the invention, a specular- reflected
illumination intensity unit for a display processor in a real-time
computer image generator includes: means for receiving input data
signals characterizing (a) a specular coefficient (SC) for a polygon
presently being rendered, (b) a shininess exponent (S) specified for
that present polygon, and (c¢) an intensity of a light source
illuminating that present polygon; means for rendering a Gouraud
Shading Intensity (GSI) for each of a plurality of selected primary
colors of a sequence of pixels to be displayed as defining that

polygon; and means for generating a data signal setting a specular



of the effort to inprove the capabilities and realismof a CIG systemis
concentrated in the D splay Processor area.

6 One persistent problem has been to process pixel color intensity
i nformation so as to provide specular reflection froma surface, e.g., to
describe the effects of glare froma7surface. Specul ar ref Ihect ihon S ]
caused by incident |ight reflected fromshjny, surfaces - the shinier the
sur f ace, yt he gr %Orgﬁg %fﬁﬁ}ﬂﬁ]tprﬁ?emsﬁ’&ﬁI‘g‘r‘%ﬂr&tloé‘ct“i“&ﬂs?l%ﬁ%dhar
reflection conputational methods for obtaining the proper illunination of
each pixel, for BPGMEEHOIe, ap dhelprodist ofithe gidlen lightwautos iotensitki | 1 ed in
the art; but these known nethods suffer fromthe problemthat the
necessary cal culwith otte asetectednpeicalaroretificientr wndxpentiadiaganekmt her ef ore,

usually not done in real time 3D graphics sinulations. BRI EF SUMVARY OF
THE | NVENTI ON  proportldha? €6 @hél eischetttinbioh 4t GEVEpSsI on, a specul ar -
reflected illumnation intensity unit for a display processor in a

&g?;‘ti me computer i mge; dqnG %tef)errn{.iﬂffll,g%ﬂgSfinalir%?er\]avsabfleo Colof GFehtld | nput
pixel to be displayed by a display means responsive to specular-
reflected illumination intensity from a polygon to be displayed by
a real-time computer image generator, comprises the steps of:
receiving input data signals characterizing (a) a specular coefficient
(SC) for a polygon presently being rendered, (b) a shininess
exponent (S) specified for that polygon, and (c) an intensity of a
light source illuminating that polygon; inputting data for the
rendered Gouraud Shading Intensity (GSI) for each of a plurality
of selected primary colors of a sequence of pixels to be displayed
as defining that polygon; and generating a data signal setting a
specular component of the present pixel illumination intensity for
the associated color, as the product of said light source intensity
and said specular coefficient and a shading term proportional to the
exponentiation of GSI by S, for determining the displayed color
intensity of that pixel.

Accordingly, it is an object of the present invention to

provide novel apparatus and methods for determining that portion



signals characterizing (a) a specular coefficient (SC) for a polygon
presently being rendered, (b) a shininess exponent (S) specified for that
present polygon, and (c) an intensity of a light source illumnating that
present polygon; neans for rendering a Gouraud Shading Intensity (GSI) for
each of a plurality of selected prim8ry colors of a sequence of pixels to

be di spl ayed as_glefiidbom: iHithsitP 9 ALR piRddn R A Rér HRARY Gk 2 data

signal setting a specu onponent

of the present pjxel il ] ion . i.n | &y f t i,ated color, as
t he product of t%‘éﬁﬁ?\%h‘%ﬂ%g%& Sggﬁl%l%}e%}?\étcé%git?ém @m&lﬁﬁ%ﬁgﬁggﬁ‘ect ed specul ar
coefficient and a shadi ng terg% pr_oporéi onal to the exponentiation of GSI
by S. A et hod RNt TAGIeHE O the IpYetjonw pRleapparendf each

pi xel to be displayed by a display nmeans responsive to specular- reflected
i |l umi nation i ntepa trgading nefathso follpoving odetailet] seberipgtbnbpf paesemsly-ti me
conputer inmage generator, conprises the steps of: receiving input data

signal s char act epietéried eabodimpasqvien coabitefddent corjPhotidrowith thel ygon
presently being rendered, (b) a shininess exponent (S) specified for that

polygon, and (¢)a&fciafidedraivgsof a

BRIEF DESCRIPTION OF THE DRAWINGS

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

Figure 2 is a spatial diagram illustrating the relationship
between a light source illuminating an object surface and specular
reflection therefrom to an observer, and useful in understanding the
physics of specular reflection;

Figufe 3 is a view of an array of object surface segments and
of the normals thereto, along with specular reflection illumination
intensities of either Gouraud Shading intensity or magnitude in
accordance with the present invention;

Figure 4 is a block diagram of a specular reflection color
intensity data processing unit, in accordance with the principles of

the present invention, for use in a CIG display processor; and



light source illumnating that polygon; inputting data for the rendered
Gouraud Shading Intensity (GSI) for each of a plurality of selected
primary colors of a sequence of pixels to be displayed as defining that
pol ygon; and generating a data signal setting a specular conponent of the
present pixel illumnation intensity for the associated color, as the
product of said |ight source intensity nd said specul ar coefficient and a
shading term proportional to the exponentiation of GSI by S, for

determ ni ng the di spl &guesdicoand it argsiselerndtia biackpiliagrams of two
Accordingly, it is an object of the present invention to provide novel
appar at us and netiffetsnf Shintiedse exporiengiat Approaimatoofior use in the unit of

8 of the color intensity of each pixel in a conputer inage system display
provi ded by specphﬁﬁeupflection from di spl ayed obj ects. Thi s and

ot her objects of the invention will beconme apparent wupon reading of the
follow ng detailed description of presently preferred enbodi nents, when
considered in conjunction with the associated draw ngs.

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
such publications as U.S. Patent 4,727,365, issued February 23, 1988
to Bunker et al,, for "Advanced Video Object Generator" and U.S.
Patent 4,825,391, issued April 25, 1989 to D. Merz, for "Depth
Buffer Priority Processing For Real Time Computer Image
Generating Systems", both 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
Processor 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 other control input

device 22a. The user’s maneuvering action at device 22a is fed to



BRI EF DESCRI PTI ON OF THE DRAW NGS Figure 1 is a schematic bl ock

di agram of a conputer inmage generation (CIG systemin which the apparatus
and nmet hods of the present invention nmay be practiced; Figure 2 is
a spatial diagramillustrating the rel agi onship between a |ight source

i I'lum nating an object surface and specular reflection therefromto an
observer, and useful in ijnderstandi ng the physjcs of specul ar, reflection;

Figure 3 is a vitRptsendRl mieHgcesl. obe mpw sprEekinieriasefonversthest ¢ he
normal s thereto, along with specular reflection illumnation intensities
of either Gour argpSiutitagainfegsilight datanmghiaswircraft poaisions diroraét wi th t he
present invention; Figure 4 is a bl ock diagram of a specul ar

reflection col oroll) piteh)sintyyadad ditpde)dfesmi the user to therCaanollganze w th the
principles of the present invention, for use in a Cl G display processor;

and . . In the Controller 12, the user inglits are used @WatGilate £nd Sb are
schemati c bl ock di agrans of two I TTerent I NI ness exponenti a

appr oxi mat or fornegfsge)oéiﬂoﬁhfnd" r(])lritenf)aftion 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.
Other information dealing with the scene, the position of targets, or
other objects is calculated in the Controller. In some CIG/#D
graphics systems the Controller unit is a general purpose computer.

The Controller unit 12 is updated periodically by the most
recént 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 reads 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 objects are read
from the scene database and are rotated into display coordinates

using the rotation matrix calculated in the Controller 12. The



Fi gure 4. DESCRI PTI ON OF AN | LLUSTRATI VE EMBODI MENT Referring
initially to Figure 1, a functional block diagramof a conputer inage
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 such publications as U S

Patent 4,727, 36 | ssued, Febr ua 3 8 t o, Bunker al.. for "Advanced
ieo o ectf@%ﬁ?ﬁ? q’gﬂﬁﬁﬁffs_“ _ﬁ%&f@ﬁ‘?:}&%“éz%’?‘%g‘l?’i?‘é‘if?&&‘l")ﬂ)_r‘%‘? 25,1555
| mage  Gener at | NFVEYARIHEDOURBIIS R ObISHL e oy EDEBBUSPUUPIRFEE n i thel
entireties by reference. The systemincludes a Controller unit 12,

a Geonetry Prodbs shreewdiinengionalaoject datapntaythetwoakimiensionaldisgay The Di spl ay
Processor unit 16 displays information to a cockpit display window 18 to

sinul ate the nov@RBew. OfObjRet Alatéy afHicloVattedd Ssaad G\isEl‘a@r wigdbw such as a
gane player, pilot-trainee or the like, is |linked to the  conputer imge
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action at devi Cedir%%%siiorslalfgb(}ect:tg 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,
where each face is bounded by straight edges. Once the faces are
computed from the three-dimensional objects, in the Geometry
Processor 14, the data is passed to the Display Processor 16. In
addition, the Geometry Processor 14 calculates, in known manner,
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 calculating 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



10 input control interface 22. The input control interface converts the
appropriate data (e.g. flight data such as aircraft position,

roll, pitch,

and yaw attitude) fromthe user to the Controller

In the Controller 12, the user inputs are used to calculate a

aircraft
12.
new position

and orientation of the controlled objeak2 (e.g., the aircraft),

system which i

scene, the posi tarenher passedemsto e DisplayrProsgssor 46i s cal cul ated in the

Controller. In

sone ClG #D graphics systens the Controller unit

and from
this, a mathenatjcal rotation trix s calculated .that _is used to rotate
obj ects fromt héf’?é e‘?fc"eacgtféggitiié'c desgyibe O‘E%&éi facep Higse datali nat e

s well known in the art. Oher information dealing with the
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Interface 22,
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scene,for a field or

The

Geonetry Processor 14 reads froma scene database nenory 24, descriptions
of objects such l2isPlaywBracessosadsihe iYisplay Processor 16 représents the

majority of processing and hardware in a real-time computer
generation system and, for this reason, most of the effort to reduce
the size of the hardware and processing time has been concentrated
in the Display 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 color of the pixel should be, éiven the many
faces that can 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 receives 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



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 wusing the rotation
matrix calculated in the Controller 12. The _

11 CGeonmetry Processor 14 clips all edg‘& whi ch extend beyond the view

wi ndow boundar i eadividiedliRfdr ERee pilels (ﬁét‘ﬁ?ér@fén%ﬂt%)% Spicel tﬁg{émayh?

t hr ee- di nensi onal object data onto the two-di nensi i splay vv: _ndow.OI _
Obj ect faces whigh ek b di s W npdo oundar i.es. are clipped in
t wo- di nensi onal l|%]matge S{Slgge&ye?ﬁgu'?f\?omxg?érrl\gnglgowgPBX’pflg@tay B%ﬂ.éeisgt of ]
points, lines, closed convex polygons, r conbinations thereof. Eac .

cl osed convex poR§FEhb? li’%cﬂlﬁB\EEFéé ?/fofﬂ&@g? seRerd f‘é’aﬁbﬁfaéﬁjf%!m@g%pessed i s
made up of individual faces, where each face is bounded by straight edges.
Once the faces athe prooessingdaad imthe Bésplay Beoodssoeisvaydlighfjoratash in t he
GCeonetry Processor 14, the data is passed to the Display Processor 16. In

addition, the Gegirgltthy dRploeaR9rededveall2 Bitlegdatd & hﬂomzrﬁwg@en whi ch
faces are in front or betﬁlﬁg o?her f aces and store§ this information in a

priority list. ThRapsipdl tnd! &Stz 6ANbRIeNFala"SighAlGE it of intensity

information that describe the color of the pixel.

Referring now to Figure 2, one common approach to
achievement of accurate illumination effects due to specular
reflection is shown. A light source 30 provides light with some
chromatic distribution, along a ray 10r which impinges upon a
surface 32 at a point P within a small surface incremental portion
32i. The surface portion 32i is typically a small polygonal 2-
dimensional area or face, on a generally-3-dimensional surface, and
has a vector 34i normal to the 2D surface portion 32i at point P.
The incident ray 30i arrives at an angle 6 with respect to surface
normal 34i and departs, at essentially the same angle 6, as a
reflected ray 30r. The reflected ray has illumination chromatic
components (typically of red, blue and green hues) each with a
magnitude dependent upon the magnitude of that hue in the
incident ray 30i and upon the reflective quality of surface increment
32i. The observer 20, at observation location L, receives light ray 36

of an intensity which is some portion of the specularly reflected



all faces in the scene where the first face in the list is the highest
priority face, and the last face inthe 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 thgdow priority face will be obscured.
After calculating the priority list, the Geonmetry Processor 14 cal cul ates

t he di spl dpainpt ' ' ' I
faces and cal cul BBt he SBRPIPACURGOR ahBle ¢ BECII ERECRAl, "Coscr be

t he boundi ng ed . The , Cegnetry Progess 14 | culates the endpoints of
each edge and 90t and®the “observe! ray 5625 % he “totdl reglﬁcéef hsé’eg'lﬂﬁbe of each

edge that describe a bounded face. These data , are then passed on to the

Di spl ay ProcessdHumgnation reaching,the ghyesving aygds & pumsepdlatedspithy Processor
16 that is used to drive the video display 18. In sone systens, a single
Controller 12 auhtibwtiet fronPeachefasoinctdment BRiash 4lb ofithevarfagee32 han one

Di spl ay Processor. The Display Processor 16 represents the majority of

processing and hasiHRALE dbdetvet CRIcatibiEL.COMbEt SpecultiRfie reflé®ed Sightem and, for
this reason, nost of the effort to reduce the size of the hardware and

processing timne ﬁﬂﬁli&%@%{?ﬁ%ﬁ&ﬁ} é’i‘/@ﬂl as the product of the source intensity

I, and N-th power of the cosine (cos a) of angle «, wﬁere the power
N both is greater than 1 and is itself empirically determined for
various surfaces. Thus, SL = I *(cosa)® = I.*(cosa)tN, where t
indicates the exponentiation process. This quantity SL determines
the amount of reflected light that strikes the eye of observer 20 at
location L, but is often too computationally expensive to be done
in real-time 3D graphics simulations.

Referring now to Figure 3, my presently preferred novel
method, while somewhat less physically accurate than the approach
hereinabove described, is nevertheless much cheaper to implement
computationally and still gives aesthetically pleasing highlights. My
method may be provided for in a selected one of many locations
within system 10, although use in the Display Processor Color
Intensity Subprocessor 16a is presently favored. The Steiner
Shininess method approximates each 3-dimensional (3D) surface as
a two-dimensional surface 32’, in a plane 37 determined such that

reflection of each known light source (indicted by incident rays 30'i)



in the Display 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 color of the pixel should be, given the many faces that can be present
in a pixel, and those portions of faced5that nay be covered by other

faces. After resglving the priority conflicts , wthipn a pixel 6 .the area of

each visible fac chﬁf‘ﬁreﬂu ta gpgf:x\{liag Surfafe P‘b‘it’i‘)@dﬁt}y{]wtl"f’éeé%%lf’ 1B8f the face,
and the sumof all these wejghted colors is output as a pixel color. The

Di spl ay Processdfic18xamplgd oleSunfacss 3enovilli aenanal Goxsaudichadedti ons from
the Geonetry Processor 14, along with the face color, and a face priority
list, and uses Imtensity (G pvaluen(between pld ande+ 3O der the poino® \indeo . di spl ay
18. Each color display in a systemcan be nmade up of 1,024 or nore |ines

of video infornehapsurdset PRranem; Gdlﬁaﬁ@%h@dthﬁé aalelkka6®n Im&idd
13 individual color dots or pixels (picture elenents). Since there may be

O TS T UR SRR £D Ml Ll 0
load in the D Sp{ﬁl}'s, E)rugg R8s ivglu\éeartyea%%%intlzlp(rm%as%rr]face, to compute
| a specular reflection component SL of illumination to provide a
shading intensity value at that point on a surface; the Gouraud
shading intensity is raised to a power S empirically determined by
the shininess of the surface portion 32'x, and the exponentiated
quantity (GSI)tS is then multiplied by a specular coefficient SC
and the light source intensity I. This set of arithmetic operations
préduces the surface portion specular component SL of the
reflected light, as SL = SC*(GSItS)*L, again, with the symbol 1
indicated the exponentiation operation. This methodology is
repeated, in seriatim or in parallel, for each primary color intensity
(e.g., three separate operations, either serial repeats or
simultaneous parallels, for the separate red, blue and green
components of color intensity for each display pixel).
The specular-reflection color intensity component for each
color is added to the same polygon’s background color intensity

component for that same color, due to ambient light and shading

intensity, as defined in the graphics data base by the modeler.



pi xel 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

i nformati on that describe the color of the pixel. Referring now to
Figure 2, one common approach to achievenent of accurate illum nation
effects due to specular reflection is ghown. A light source 30 provides

gt with some selgommt i dibs LombbALh: PGy Relcd id e WabEilddThi noes

upon a surface at a poin surface 1 ncrenental portion
32i. The surface portiqgn 32i Is typi.cally.a smal] | ygonal ,2- _di mensi onal
area or face, on® eg‘égng}eap ‘Vglétyd(i’f@ﬂg}%é}lmpg%ﬁ F%‘@é%j?%édz-ﬁﬁ F Jector 34i
normal to the 2D surface portion 32i at point P. The incident ray 30i
arrives at an angewperuvely far the red,pkloe, greeauedrapenentopf@l 3-paimaiyd departs,
at essentially the sane angle 0, as a reflected ray 30r. The reflected ray

has il um nati oncolurggsiem), theampred TG vilugis gimbh by PICC e SIhl+uBIgnd green
hues) each with a magnitude dependent upon the nagnitude of that hue in

the incident rawh3gé PDds YRORitceligRf iRehdiyecstiAbitivn Ffork Wit | ncr ement
32i . The observer 20, at observation locatidn L, receives light ray 36 of

an intensity whi gyi & SO0, RPHd QBufud NSRRGSR i EhAR L,

for each surface segment 32’x, my method calculates the total
intensity PCC, , of each color (z) contribution to the illumination of
a display pixel, as:
PCC,, = SC*(GSItS)*]; + PC,,*(GSI+LA),

where PC,, is the like-hued polygon color component (e.g. red, blue
or green) of a polygon surface portion at poix}t P,, and PC,, will
have color components specified by the modeler iﬁ the data base,
and with LA being the ambient light (the ubiquitous isotropic light)
present in the scene, as specified by the user or by the result of
calculations in the processor.

Specular Coefficient SC is a property of a material surface
that is being simulated; SC gives the fraction of the spectral light
L, that is reflected from surface 32’. As I use Specular Coefficient,
SC would approach 1 for a perfect mirror, and would approach 0
for a very diffused surface. The exponent (S) is the Shininess of
the surface; S ranges from 1 for a very diffuse surface, through 100

or more for a shiny surface, and approaches infinity for a perfect



14 light, and is dependent upon an angle a between the reflected ray 30r
and the observer ray 36. The total reflected specular illumnation
reaching the observing eye is a sumcalculated with contribution from each
face increnent 32i on all of the surfaces 32 visible to observer |ocation
L. The specularly reflected light anpl{4ude SL is usually given as the
product of the source intensity |I[err] and N-th power of the cosine (cos
[err]) of angl enjienor] {0 hinesr an wippepbornd sé byothe nsmberaf datat bismind and i s
itself empirically determ ned for various surfaces. Thus, SL =

| [err]*(cos[err}hd eStihinesd [data |wdreoskiticed )inear phtticoterr 8D @raghicd ndi cat es
the exponentiation process. This quantity SL determ nes the anount of

reflected |ight P}(Eb%%so?rt ﬁh‘f@p@%s%??};ﬁ%@géEx‘fﬁflexzﬁ)e%ﬁ]lar%ﬁ(?rtgsriif%n L, but is

often too computationally ve one In-real- gr aphi cs

novel - metnod, TPPRCRSR AR st TR nalAT S BB o oach

her ei nabove described, is nevertheless much cheaper to inplenent
conput at i onal | y thsexpanent (g) definedhat prge 4, iy Sgriders ilﬁd-“hgflg)mei gkt s. My
met hod may be provided for in a selected one of many |locations wthin
system 10, al t hboghvos,eSécont Hedibos phyalfoleypeas BPam, Ediner andHaghed y
Subprocessor 16a is presently favored. The Steiner Shininess nethod
approxi nmat es eagPulishefRAdi iddn dafd dad).f ace as
Solid curve 36 shows the (cos a)N curve of Gouraud Shading

intensity as given by the prior art, accurate-but-complex approach,

while the broken-line curve 38 shows the shape of the more-easily-

calculated Steiner Shading curve of the present method. It will be

seen that some differences are readily apparent for a display having

only a few polygons and thus with relatively large distances between

polygon vertices. As the number of polygons in a model become

larger and hence the distance between polygon vertices becomes

smaller, the shape of the Steiner Shading curve 38 approaches the

Cos(a)N curve 36. Thus, this method produces specular reflection

color intensities that have the approximate shape of the accurate

illumination approach for objects consisting of many small polygons.

However, in this approach the position of the highlights on the

object are determined by the direction of the illumination source

and the surface normals, while in the accurate illumination

approach the highlights are determined by the direction of the



a two-di nensional surface 32', in a plane 37 determ ned such that _
reflection of each known |ight source (indicted by incident rays 30'i)

15 by each increnental specul ar surface portion 32'x (where flerr]x[err]k,
in the exanple) of surface 32' will gengrate a Gouraud Shaded Intensity
(GSl) value (between -1.0 and + 1.0) for the point Plerr] in that surface
i ncrenent ; Gour adllustsatiolysowsce, thel Jurfarewormeihand thé diechbondotthe ef fective
brightness of a 3D illum nated surface. Thus, | use the GSI value at each
point P on a SLnféy@e, to conpute a specular reflection conponent SL of
illumnation to provide a shading intensity value at that point on a

surface; the Gouraud ﬁg&qhﬁgnb&%tﬁeﬁéﬁ%i %ngg%gs?e?%&%gfeg%\ﬁea{m%lﬁgpi rically

determned by the shininess”or t urface port
oot 11 i ent SC IRESHIRR [P IeR e i BHRSEEJD8 (i FO o Ssada o
arithmetic operations produces the surface portion specular conponent SL
of the reflectedubpygrmbludégiand de-lilcs! i shows) Uit dp]receiyes digitalth t he
symbol t indicated the exponentiation operation. This nethodology is
repeated, in seridata wardsiar imimputeport§ G0a-datirongh 308 anl Providkensi ty

digital pixel color data words at an output port 30b. A previous

pixel renderer (not shown) provides rendered GSI digital data via

unit input 30a-1, for coupling to both a first input 32a of a first

digital adder means and a first input of an

arithmetic/exponentiation means 40. Rendered ambient light

intensity data is provided, via input 30a-2, to the other input 32b of

the first adder means, which transfers its output daa to a first input

34a of a first digital multiplier means 34. The other input 34b of

means 34 receives the digital data word, from unit input 30a-3, for

the ambient light intensity of that one of the three primary colors

then being processed. The resulting digital data product, at output

34c, is the diffuse light component of that component color for that

pixel, and is coupled to a first input 36a of an output adder means

36.

The intensity digital data for the illuminating (specular)

source, which is generally user specified, is provided via unit input

30a-4, to an input 38b of a second digital multiplier means 38, with



(e.g., three separate operations, either serial repeats or sinultaneous
parallels, for the separate red, blue and green conponents of color
intensity for each display pixel). The specul ar-refl ection col or

i ntensity conponent for each color is added to the sanme polygon's _
background color intensity conponent figy that sane color, due to anbi ent

| i ght and shadin | sidy,..as _defiped in th raphics .data base by the
m)gel or. &n 6&&)%? 38 coflRe 8 I provide ?heqlcéi eﬂ%tgd Fllfrcug"’éch col or
conponent PCCerr], where is the associated one of the plurality of

pr irrprrar y di spl ay B?%er(té?fé.hezpé’i";l cplqyytogthe gthsy input 36byofftbe outputr ed, bl ue,
green conponents of a 3-primary- color system, the stored PCC value is

gi ven by PCC errjdderSinieans] Secbud ermiltipliesheneanbl secntdhénplitr 884 1si ght _
intensity contribution fromanbient |[|ight sources, and the Gouraud shadi ng

associ at ed t her epériectddnof the loutputa0dedeheaadubadme THBoRRAL CReiffoiedty Met hod
calculates the total intensity PC(err] of each color (z) contribution to

SO (s for 1) S) o115 (RiL 3Rt oS HE, theFresen nolveon s SFOYIHER B B | e hyed
pol'ygon color CO%%?@B&E—SS andin Egrgdec%&] fo a second input port 40b of means
40, which also has a third digital data port 40c receiving, via unit
input 30a-6, the data bits of the Shininess (S) number for the
present polygon. Means 40 first calculates the exponential (GSItS)
and then multiples by the specular coefficient SC, to obtain the
data needed at input 38a, for determining the pixel color intensity
specular component.

I presently prefer to reduce cost even further by
approximating the exponentiation calculation (GSItS), using a
truncated Taylor-series expansion or other polynomial
approximation. I current prefer to approximate GSItS by summing
M terms of C,*GSI", where the maximum exponent N is the next
value of 2tn which is larger than the selected integer Shininess

value S. Thus,

(GSIt8)~C*GSI+C,*GSI*+ C,*GSI* + Cy*GSI + Cg*GSIB +

the coefficients C; are generally less than 1, and can be set to any
value between 0 and 1 if a full digital divider is used. To simplify

the calculations even further, I use only coefficients C; of the form



or green) of a polygon surface portion at point Plerr] and PCerr] wll
have col or conponents specified by the nodeler in the data base, and with
LA being the anbient light (the ubiquitous isotropic light) present in the
scene, as specified by the user or by tdte result of calculations in the
processor. Specul ar Coefficient SCis a property of a materi al
surface that i <L'heitege diisnahaneger,36 tiavebe phediat aftQ,bGSbfI thebspect r al
light |I[err] that is reflected fromsurface 32'. As | use Specul ar

Coefficient, SGrevided HAREWEgital ldata shiRQE{RE  raMdrtBin a &l dyatal d approach
O for a very diffused surface. The exponent (S) is the Shininess of the

surface; S range(ﬁvifdrep_?r{ te‘; %%t%getgéic,gtﬁ{‘%eﬁ%wggﬁ%i JRERLGN 1P or nore

for a shiny surface, roach ity “for a perfect
17 mirror, to hav

Shi ni ness data v&?f&g g?r:éfﬁez%)d%i%ﬁp go ﬁﬁ%%“*&%‘iﬁ‘i?a@%%g?’;ﬁﬁ; Sgﬁ%&’%iﬁ?tﬁésgp. }_QrGQer
val ues of (S) produce snaller specul ar spot sizes. Exponent (S) and its
effects are rel aRRPdo’Elg}atl?@tOfl\T@'{)ﬁ(H’érwlﬂbgaﬁﬂ-lI*F,l the; severthpsHEML the)) defi ned
at page 728, in Section 16.1.4 of the text "vvvvvvv", Second Edition, by
Fol ey, van Dam dxpansiona@g;+0ghiasthe eighth term, and C,=0.4 in the ninth
| term, with all other coefficients set substantially to zero.
Figure Sa shows a schematic diagram of a first embodiment

40-1 of a circuit for performing this (GSItS) function, with some

number M of digital muitiplication means 42. Each means 42-i,

where 1<i<m, has both a first input 42-ia and a second input 42-ib

simultaneously receiving the same input data, so that the output 42-

ic provides the second power (square) of the input. Each of a set

of n=m+ 1 coefficient multiplier circuits 44-j, for 1<j<n, operate on

the associated data word GSIt(2"); the particular multiplier chosen

may provide the C* multiplicative coefficient and operation by

instead dividing by a factor of 2/, for integers A<I<N, as in an I-

stage data shifter. The shifter circuit input 44-ja receives the

exponentiated GSI data from either the unit input 40a or the

associated multiplier 42-ic output, and may receive shift/divisor

factor 1 data at a second input 44-jb, from the S data port 40b.

Each stage scaled output 44-jc provides the data word (2)*(GSI ti).

Each of a like plurality of AND gates 46j receives the associated



(Publisher and edition date data).

[err])[err] curve of Gouraud Shadi ng
accur at e- but - conpl ex appr oach,
shape of the nore-easily-

method. It wll
di spl ay havi ng

di st ances bet wedivisqrolyigmutpetr #éjeslatAantd he stageeS-cofitrpblbjigonsari n a nodel

Solid curve 36 shows the (cos
Intensity as given by the prior art,
whil e the broken-line curve 38 shows the
cal cul ated Steiner Shading curve of the present
be seen that sone difdZerences are readily apparent for a

only a few polygons and thus with relatively |arge

become |arger and hence the di stance between pol ygon vertices becones

smal | er, the shapecpfted REnPHEIACEOFRN &G the S iNPutIoraROb.ORGRES vihe _
Cos([err])[err] curve 36. Thus, this nethod produces specul ar reflection

s(lerr]) [err] “cur .
) am nat | on apanaus {8 18 g S TG, IR Nods M AR 2
Ho , hi h th I ti f hi.ghl

ot or m hed by 1 KBV BL oA ingt 1o PR ot il RPoBAE: <

normals, while in the accurate illum nation

ygons.
obj ect are

det ermi ned by t lcenvérselys ifdhe & bit 9 line 40b-j is 1, the j-th-stage gate passes

illum nati on source,

the data to the input 48i, for inclusion in the data sum at output
48x, which is the approximation to (GSItS) at unit output 40-1x
(for subsequent multiplication by coefficient SC). The series
expansion coefficient integers I can be selected by the modeler to
provide the desired shading effect. Note that a more cost-effective
unit 40-1 may have fixed-integer coefficient shifters 44, which limits
the number of S values attainable for a fixed number of squarers
42, but removes the cost of both a more complex data port 40b, by
removing the control lines 40-bl, and of variable-controlled shifter
means 44.

Figure Sbillustrates an even more cost-effective embodiment
40-1’, for those situations where the shininess exponential term can
be satisfactorily approximated by only a single power term. Thus,
S may be only crudely approximated by one term, such as C,*GSI
or C,*GSI? or C,*GSH or ... C, *GSIt(2¥1), without summations or
finer approximations. Here, the output of each of the M coefficient
multiplier stages 44 is individually connected to a different one of

the (M + 1) inputs of a "single-pole” selector means, i.e. a means for

the surface nornals and the direction to the

urface

approach the highlights are

eye.
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Referring now to Figure 4, one presently preferred specular reflection
color intensity data processing unit 30, for use in a subassenbly 16a and
the like, is showmn. Unit 30 receives digital data words at its input ports
30a-1 through 30a-6 and provides digit # pi xel color data words at an

out put port 30b. A previous pixel rendefer (not shown) provides rendered

GSlI digital data via. unit in 319@ fQr L ha. ’ irst input
32a of a first %ﬁ\ia‘ﬁ% °n1¥a88%5%|h}?ea slld%tﬁ‘dv or%g,%%écﬂg»{\}eqPﬂg%S &8% an
arithnmetic/exponentiati means 40. Rendered anbient light intensity data
is provided, via@lHipyt 4§Bawéﬁqaéa%”éd§t REV haying Oﬁlitpr@f‘gori'ﬁ%mf Ibst adder
means, which transfers its output data to a first input 34a of a first
igital nmultipliwen t3the drisgedsbaed ipopgr-o xpbne erm4o pecei ves t he
digital | tipli whichestectsthe disiredsbaled ipoper-of2lexpbnential termg4o becei h
digital data word, fromunit input-30a-3, for the anbient light intensity
of that one of tfiged.hree primary colors then being processed. The
resulting digital data product, at output 34c, is the diffuse |ight
conponent of that co t r el kftsCoEPiHd to a
”Wﬁi%; se@@rlég egﬁegréergw;a}}rgfeseﬂéﬂe emtﬁﬂﬁlm_l_e tsC QPR

first input 36a of an output a he intensity digital
data for the illumnatin S ul a source. which is generally user
specified, is prﬁP/P"Hé‘h‘Sv%écg &ﬁ‘?ﬁﬁo%% de@ﬁ%rﬂ?g tpdxegnco:lq{pgqnq%gub% a second
digital multiplier nmeans, 38, with . . . .

computer image generator has been described in detail herein,

many variations and modifications will 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.



19 an out put 38c connected to provide the cal cul ated specul ar conponent of
t he pi xel col m ﬂﬂgﬂ“\nput 36b of the output adder nmeans. Second
mul tiplier meg“‘mmm nﬂ 38a is connected to the output 40d of neans
40. The Specul ar Toeffi'ciént* (SC) digital data word for the present
polygon is provided at unit input 30a-5, and in connected to a second

i nput port 40b of means. 40, which als@has a third digital data port 40c
recei ving, via Whatis flapued 3a-6, the data bits of the Shininess (S) number
for the present polygon. Means 40 first cal cul ates the exponential (GSI

[err]S) and then nult idplsesciiyr-tdfecsgk dlihminatioal tolor einterSy dataobt ai n t he
data needed at input 38a, for determ ning the pixel color intensity

specul ar conpongiycessing unit for PIRGAN prodsirein horenfHHRe co@phtegven further
by approximating the exponentiation calculation (GSlI[err]S), using a

truncated Taylors X on,. or other polynom al approximation.
Rl g

| current pref ppr oxi mat rr]S by summng Mterns of
Cerr]*GSl[err], where the Xi mum exponent is the next value of 2tn
Which 15 1 arger t hanTBRES sdPEcUBIoMibgarpaAth et Dathe sl c
characterizing (a) a specular coefficient (SC) for a polygon
presently being rendered, (b) a shininess exponent (S) specified for
said polygon, and (c) an intensity (I,) of a light source illuminating
that polygon;
means for rendering an input Gouraud Shading Intensity
(GSI) data signal for each of a plurality of selected primary colors
of a sequence of pixels to be displayed as defining said polygon;
and
means for generating a data signal (SL) setting a specular-
reflected component of the present pixel illumination intensity for
the associated color, as the product of said light source intensity I
data signal and said specular coefficient (SC) data signal and a data

signal for a shading term proportional to the exponentiation of GSI

by S.

2. The graphics data processing unit of claim 1, further
comprising means for adding a diffuse component data signal to

said specular component data signal to generate a total pixel color



(GSl[err]S)[err]err]*GSl \iﬁqerr]*GSI[err]+ Cerr]*GSl[err] +
Cerr]*GSl[e !} Mﬂﬂ rr]+... the coefficients Cerr] are generally
[l

| ess than 1, o any value between 0 and 1 if a full digital
divider is used. cTotsithplify the cal cgl4at ions even further, | use only
coefficients Clerr] of the form 20

2[err], where | jhtensty 'sighﬂgwr,dewnﬁihaﬁpﬁfw el uoloindimendifySt [err] 1 can
be provided by use of digital data shift stages, rather than a full

digital divider . yn a typical use, many of the Cerr]
coefficients ar éhe sufegifatytgag)gjf%} if not near to the selected value of S. For

exanpl e, one approxi lon of, S = 150 is, with rr], =,0.1 in the seventh
termof the expansi g%gppﬁncs_.d@tgg)rpgpsgxﬁgug tcﬁ"“F']e]r’l’f’fheé‘HB steiderr] = 0.4
in the ninth term wth all other coefficients set substantially to zero.
Fi gure 5a shows ganeratiageneansdnelydesniisst meany & pravidingredigitaldate of a
circuit for performng this (GSI[err]S) function, with sonme nunber M of

digital nultiplisipatl (8L Weesponside técaleda peadect4l-the spydidarecoelficient [err]m has
both a first input 42-ia and a second input 42-ib sinultaneously receiving

the same input &t gnd 8 GRAUatGoRYdRtHal 2xpohdntit QY b B {iging@cONd power
(square) of the input. Each of a set "of 'n = m+ 1 coefficient nmultiplier

circuits 44-j, fsoaatgi[s?ér{a]lg L&d Hefdns ?&eﬁfétitﬁll? "ultiplying the light source
intensity I, data signal and the SL’ digital data signal, to provide the
specular component SL digital data signal.

4. The graphics data processing unit of claim 3, wherein said
first means includes means for digitally multiplying said specular
coefficient SC data signal and an approximation of said
exponentiated GSI digital data signal, for providing said SL’ data
signal.

5. The graphics data processing unit of claim 4, further
including means for approximating the exponentiated GSI digital
data signal, responsive to selection of at least one data signal
generated as a different term of a digital series expansion of the
exponentiated GSI data signal.

6. The graphics data processing unit of claim 5, further
including means for modifying each selected expansion term data

signal by an associated term data coefficient word.



t he ass00|ated data | t (2[err]); the particular multiplier chosen
may pI’OVI ‘M}\ﬂmﬁtl plicative coefficient and operation by

i nst ead d or of 2[err], for integers Alerr]l[err]N, as in
an |- stage data shlfter The shifter circuit input 44-ja receives the

exponenti ated GSI data fromeither the ani t I nput 40a or the associated

nul tiplier 42-ic out pUtTheS@pHRY daRCioessly iif 6f olainws, whaetmaid data at a
second input 44-jb, fromthe S data port 40b. Each stage scal ed out put

adl C By oVt des LhippfBlimalfl e h S ididd O pRirhlity) m oF3GRart Meadsie PIurality

of AND gates 46j ece| ves -t he associ at
21 divisor unit_out o d ta.,and a - contr ol Qon an
associ at ed cont rdf21&¢ ﬁ @O#%uea Hrhatn, egcﬁk%ﬁged&ga@n&% ou Huqt 2SS bit on
line 40b-j for a j-th stage is 0, then the gate does not pass the data to
an associ at ed i rifa ZPB‘}ICIE)flS & segrnd Ploser ffudn ARRIErdaia gnakgthe fshversely, if
the S bit online 40b-j is 1, the j-th-stage gate passes the data to the
i nput 48i, for isquhresi means redaévidgttthe snputaGSdudqiatsignéBxo cdusehhes t he
approxi mation to (GSItS) at unit output 40-1x (for subsequent
mul tiplication kyytpeesf iHel ithisqabler mMshsS #heRS1<i<m, to generate a data
signal of (GSI)t(2i); and means for selecting at least one of a set
of said input GSI data signal and said stage data output signals, for
providing each of said expansion term data signals.
8. The graphics data processing unit of claim 7, further
including means for modifying each i-th one of said input GSI
signal and said squarer means output data signals by a selected
fractional coefficient C; to obtain each of said expansion term data
signals.
9. The graphics data processing unit of claim 8, wherein said
selecting means includes means for summing a plurality of
expansion term data signals to approximate said SL’ data signal.
10. The graphics data processing unit of claim 8, wherein
said selecting means includes means for selecting only one of said
expansion term data signals to approximate said SL’ data signal.
11. A method for determining the final viewable color of

each pixel to be displayed by a display means responsive to

specular-reflected illumination intensity from a polygon to be



expansi on L& i ers | can be selected by the nodeler to provide
t he desi reﬁmmﬁl}gmgg Note that a nore cost-effective unit 40-1 may
have fi xed- s ent shifters 44, which limts the nunber of S
val ues attainable for a fixed nunber of squarers 42, but renoves the cost

of both a nore conplex data port 40b, B$ renoving the control |ines 40-bl,

and of vari abl e-gqQ | ;1 er nlr@ﬂ 44 | : Il lustrates
an even nore cos@?ﬂe]%*éeacwger%gin%%%icﬁe Qiﬂﬁﬁge, g?ngrratto ’o@erg@l %agp?ons wher e

t he shininess exponential termcan be satisfactorily approximated by only
a single power t M %hus, S may be only crudely approxi mted by one term
such as (Jerr]*GSl or (Jerr]*GSlI[err] or (Jerr]*GSl[err] or ...
Cerr]*GSl[err](2[er ré@,re?\ﬁ‘f’%lﬁ@?%l%ﬁﬁ@?‘ér@térS‘g“Iailﬁﬁ%har&ﬁﬁflébﬂBrﬁ&bi ons. Here,
t he out put of each of the Mcoefficient nultiplier stages 44 is

i ndi vi dual | y comspacatartoveffiaiéiti(SC3dor apelygbn presenglybeing remdatesd, of a
"single-pole" selector neans, i.e. a neans for

22 selecting o b%aoﬂﬁni%%sst%dﬁbﬁt éS)ds’i\ieéifi\é@rf@HhitQﬁﬂ%b'ﬂ,\éﬁdt(@)b?ﬂti'e S data

at input 40b, w data word 'S' now having only one non-zero whi ch

sel ects the desiped &6 §Sr RAH: sBhice AVRARGNS Aar LBIygohe be

(2) inputting data for a rendered Gouraud Shading Intensity
(GSI) value for each of a plurality of selected primary colors of a
sequence of pixels to be displayed as defining that polygonme)
generating a data signal (SL) setting a specular-reflection
component of the present pixel illumination intensity for the
associated color, as the product of: (x) the light source intensity I,
data signal, (y) the specular coefficient (SC) data signal, and (z) a
data signal for a shading term proportional to the exponentiation
of GSI by §; and

(4) displaying that pixel responsive to the specular-reflection
color intensity data generated in step (3).

12. The graphics processing method of claim 11, further
comprising the step of adding a diffuse component DL data signal
to the specular component SL data signal to generate a total pixel
color intensity signal for determination of actual color and intensity

of the pixel displayed in step (4).



used.

apparatu determ ni ng pixel color content in a
I mage geﬂ%ﬂﬂ lmfl “ }“bescri bed in detail herein, nmany variations and
M

nodi fi cati-ons Wl

t heref ore our

presented by way of dihsrEaaphiss peacsssing metho
23 What is clained is:

Wil e several presently preferred enbodi nents of the

nosv become apparent to those skilled in the

conput er

art. It

intent to be [imted only7 by the scope of the appendi ng
clainms and not by way of the specific, instru({rgpcﬁaliii es and steps

aim 11, wherein the

intensity data gemeontéxgsistep (3)i induwdesathi sphsagpspobicirst @eneratingr eal -ti ne
conputer inmage generator, conprising: means for receiving
separate inputdigial dataséigngl SL’Y hespaetioti i APrédictaofSprcspertlagoef fici ent
(SC) for a polygon presently being rendered, (b) a shininess exponent (S)

specified for

SRIEciBR! $6%hd ARAGEY)datd sigh P Biidally ExpShiddtlated b

source illumnating that polygon;

the shininess S data signal; and then digitally multiplying the light
source intensity I, data signal and the SL’ digital data signal, to
provide the specular component SL digital data signal for use in
step (4).

14. The graphics processing method of claim 13, wherein
said first generating step includes the step of digitally multiplying
the specular coefficient SC data signal and an approximation of said
exponentiated GSI digital data signal, for providing the SL’ data
signal. |

15. The graphics processing method of claim 14, wherein the
step of approximating the exponentiated GSI digital data signal
includes the steps of: generating a multiple-term digital series
expansion of the S-exponentiated (GSItS) data signal; and selecting
at least one different term of the resulting digital data signal series
expansion as the desired approximation of the exponentiated GSI
data signal.

16. The graphics processing method of claim 15, further
including the step of modifying each selected expansion term data

signal by an associated term data coefficient word.

i ght

S

1. A specular-reflected illum nation col or



means for uraud Shading Intensity (GSlI) data signal
for each of ﬂﬂu" @el ected primary colors of a sequence of pixels

to be displa eflml sai d polygon; and means for generating
a data S|gnal (SL) setting a specular- reflected conmponent of the present
pi xel illumnation intensity for the asgéciated color, as the product of

said light source inte rr] data signal, and sald specul ar
coefficient (SC) data ’2753&?5@ CSaP‘@&?Sémgs‘PQWQId 026}3”51 bnwherrin the m
proportional to the exponentiation of GSI by S. 2. The graphics
dat a processing uRries G!fp3@5mnrgemraftlmlgtst&gxmcludaq)mesuhgepszfngexfamtmgd| ng a

di ffuse conponent data signal to said specular conponent data si gnal to

generate a total zieqaencdbdin different stage output data signals with the outpu
intensity signal for determnation of act ual col or and |ntenS|Fy of the

di spl ayed pixel . data signal for th8§-t8% (& %‘?S§¥GSI)‘+?21 ; %}d claim1,

wherein said generating neans |nc I r'st rean ng a

digital data siqpalihght lediP5RS Mstatsoet e BT o s RET

the m different stage data output data signals, as each of the
expansion term data signals.

18. The graphics processing method of claim 17, further
including the substep of modifying each i-th one of the data set
terms by a selected fractional coefficient C; to obtain each of the
expansion term data signals.

19. The graphics processing method of claim 18, further
including the substep of summing a plurality of expansion term data
signals to approximate the SL’ data signal. |

20. The graphics processing method of claim 18, further
including the substep of selecting only one of the expansion term

data signals to approximate the SL’ data signal.



SC and the GSI data signal digitally exponentiated by the shininess S data
signal; and neans for digitally nmultiplying the light source intensity
I[err] data signal and the SL' digital data signal, to provide the

specul ar conponent SL digital data signah. 4. The graphics data
processing unit of claim3, wherein said first neans includes neans for

digitally multiplying said f c ata signal and an
approxi mati on of said expmg? @?’ 'f‘gﬁtD gﬁlg signal, for providing
said SL' data signal. . The gra h| CS data rocessing unit of
claim4, further incl ud$H‘QU|¥éélHBIG P %FLE& ION exponenti ated GS
digital data signal, responsive to selection of at |east one data signal
generated as a di f f el NPA GGMBWTER GRAPHAICSY EMACSI NG (B SFTEM of t he
exponenti ated GSI data signal. 6. The graphics data processing unit

of claimb5, further including nmeans for nodifying each sel ected expansion
termdata signal by an associated termdata coefficient word.

25 7. The ﬁg’fﬁh@ %’fﬂ@rﬂ@?ﬁﬁﬁéwm t of claimb5, wherein said

The final viewable color of each pixel to be displayed

responsive to specular reflected illumination intensity from a
polygon is determined by generating a data signal, setting a
specular component of the present pixel illumination intensity for
the associated color, as the product of the intensity of a light source
illuminating the polygon, a specular coefficient for that polygon,
and a shading term proportional to the exponentiation of the
rendered Gouraud Shading Intensity (GSI) for each of a plurality
of selected primary colors of a sequence of pixels to be displayed
as defining that polygon, by S, a shininess exponent (S) specified for

that polygon.

FIGURE 4



approxi mati ng neans includes: a plurality mof squarer neans, arranged in
a sequential chain, each for generating an output data signal which is a
second power of an input data signal, the first squarer means receivVving
the input GSI data signal to cause the output of the i-th squarer neans,
where 1[err]i[err]m to generate a data gnal of (GSI)t(2i); and neans
for selecting at |east one of aget %ﬁ% d input GSI data signal and said
stage data output signals, for °ﬁrOV|d|ng each of said expansion termdata
si gnal s. 8. The graphics ng—unit of claim7, further

i ncludi ng nmeans for nodifying eac gai d ijnput CSI S|gnal and
sai d squarer means output data si fractional

ermdata signals.
ein said selecting
Insi on term data

10. The graphics data
eans i ncludes neans
ignals to approximate

9. The graphics data processing;
means i ncl udes nmeans for sunnlgg
signals to approximte said SL™ data
processing unit of claim8, wherei
for selecting only one of said
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26 displayed by a real-tine conputer inage generator, conprises the steps
of : (1) receiving separate input data signals characterizing (a) a
specul ar coefficient (SC) for a polygon presently being rendered, (b) a
shi ni ness exponent (S) specified for that polygon, and (c) an intensity
(I[err]) of a light source illumnating that polygon; (2) inputting
data for a rendered Gouraud Shading Inzghsity (GSI) value for each of a
plurality of selected primary colors of a sequence of pixels to be

di spl ayed as defining that polygon, (3) generating a data signal (SL)
setting a spec -reflection conponent of the present pixel illumnation
intensity for aSSOC|ated color, as the product of: (x) the |ight
source intensi é r] détia S|gnal (y) the specul ar coefficient (SO
data signal, aP (2) for a shading term proportional to the
exponentiation of CSI i (4) displaying that pixe
responsive to the specul ar> tion color intensity data generated in
step (3). 12. The sfprocessi ng met h@Dpf claim1l, further

20




conprising the step of adding a diffuse conponent DL data signal to the
specul ar conponent SL data signal to generate a total pixel color
intensity signal for determ nation of actual color and intensity of the
pi xel displayed in step (4). 27
13. The graphics processing nethod of claim 11, wherein the generating
step (3) includes the substeps of: first generating a digital data signal
(SL') responsive to a product of the spegysar coefficient SC and the GS
data signal digitally exponentigted by the shininess S data signal; and
then digitally mltiplying fhe ﬁg source intensity I[err] data signa
and the SL' digital data sigpal, # gpro%LQQ t he specul ar conponent SL
digital data signal for usea ns skfpz(4).<uw 14. The graphics

processing nethod of claim £3°#@edePn @B first generating step includes
ar coefficient SC data signal

GSlI digital data signal, for
. Jhe graphics processing method

and an approxi mation of s#j
providing the SL' data $ikgn
of claim 14, wherein th% =
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step of approximating the exponentiated GSI digital data signal includes
the steps of: generating a multiple-termdigital series expansion of the
S-exponentiated (GSI t S) data signal; and selecting at |east one
different termof the resulting digital data signal series expansion as
the desired approxi mation of the exponentiated GSI data signal.

16. The graphi cs processing net hod of 4¢isai m 15, further including the step
of nodi fying each sel ected expansion termdata signal by an associ ated
term data coefficient word. 28
17. The graphics processing nethod of clarn1&5 wherein the series
expansi on generating step includes the su%? s of: generating a sequence
of mdifferent stage output data signals g?the out put data signal for
the i-th stage, where 1[err]i[err]m Igt (2i); and selecting at

| east one ofZ2a data set ofythe input ¥gnal and the mdifferent

stage data Qgtput'daté,5| nals a93q§ch Xxpansi on term data
signals. T < 38 the aphl CS prYcessi nd‘ met pod of claim 17, further
i ncl udi ng gh subjst ep)of mpdl fying iga:gh i[-[h. on¢ ofi-the data set
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terms by a selected fractional coefficient Cferr] to obtain each of the
expansi on term data signals. 19. The graphics processi ng net hod of
claim18, further including the substep of sutming a plurality of
expansion termdata signals to approxi EZ e the SL' data signal.

20. The graphi cs processing nethod of ctarm 18, further including the
substep of selecting only one of the expansion term data signals to
approxi nate the SL' data signal,
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