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numerous colored figures are then displayed on a video
SYSTEM AND METHOD FOR A DATA monitor of other output device $0 as t0 produce the

PROCESSING PIPELINE desired graphical illustration,
‘Although the prior art systems have greatly facili-

‘Appendices A-S, referred to herein, have been at- $ tated the preparation of graphic designsand animation,tached to the original specification. such systems also have a number of drawbacks and
disadvantages, especially in termsof the ability of suchBACKGROUND systems (0 efficiently animate illustrations which have

1. The Field of the Invention curved lines and surfaces. Most prior art systems will
This invention relates to computerized graphic sys- 10 define each curved line in an illustration in terms ofatems and, more particularly, to a novel system and relatively large number of data points which are thenmethod of computerized graphics in which a relatively connected by line segments 50 that the line segments

Small namber of control data points generated by a collectively approximate the curved line. Ifitis desiredparametric function are rapidly processed usinga novel to modify the illustration in order to create animation,Gata processing pipeline $0 as to generate real time 15 each of the data points for each line segment must beanimation of graphical illustrations, even though such _re-processed. For example, ifthe letter "S” were to be

ilustrations may be composed of curved linesor curved enlarged or rotated about an axis, the numerous datasurfaces. points used to approximate the curves of the "S” would2. The Prior Art teach be processed # number of successive times. TheDuring recent years, there has been an increased 20 large number of data points which must be processedinterest in the technology of computer graphics and greatly increases the storage capacity required for the
Computer-aided animation. It has been found that such system, as well as the processing time which is required.
technology can significantly reduce costs and increase Further, as mentioned above, the data points which
productivity in a number of different fields are usedto define the curved lines usedin an illustrationTelevision broadcasters, for example, are often in 25 are connected by a series of short line segments whichneed of graphic designs for use in their broadcasts. This approximates the curved lines of the illustration. It will

is particularly true in the case of news broadcasts, be appreciated, therefore, that when the illustration is‘where maps and graphs are frequently desired in order enlarged on the viewing screen, the individual line seg-

to help explain newsworthy events. Moreover, in many __ ments become more visible, thus rendering the illustra-insianees, itis also desirable to animate such graphic 30 tion less smooth. An analogous problem exists when
Gesigns and illustrations during the broadcast. Using attempting to approximatea curved surface. The priortraditional illustration and animation methods, how- art systems have not yet deviseda way to overcome thisever, it would usually take several hoursto produce the problem, except through the use of complex shadingdesired, animated result. Therefore, broadcasters have techniques.

begun to routinely rely upon various computer-aided 38 Sill further, it has been found that the prior art sys-
illustration and animation systemsin orderto meet their tems are generally incapable of producing both linestringent time deadlines drawings and solid figures. Thus, a prior art system will

"Another area in which computer-aided graphic de- typically produce either solid figures or line drawings,
sign and animation has been increasingly employed, is but such systems can rarely produce both kinds of
that of computersided design. A growing number of 40 drawings. Moreover, even if a prior art system can
manufacturers are finding that the graphic capabilities produce both solid figures and line drawings, prior art
available through various computer graphic systems systems are generally incapable of incorporating both
can greatly increase manufacturing productivity and kinds of drawings into the same illustration.
significantly reduce design costs. ‘Accordingly, it would be an improvement in the art

"As a result of this growing interest in and need for 48 to provide a system and method for generating andcomputer graphics and computer-aided animation sys- animating graphical illustrations which minimizes the
tems, a number of such systems have been developed number of data points which must be stored and pro-
‘hich seek to meet the needs of various users. Typi- cessed. It would also be an improvement in the art to
cally, in such systems, an illustration is first converted provide a system and method for processing data points
into a number of datapoints. Importantly, iti desirable 50 representing graphical illustrations which minimizes the

to obtain enough data points such that curved lines in time required for processing such data points. Addition-the illustration will look smooth when adjacent data ally, it would be an improvement in the art to provide a
points are connected by a small line segment. It will be system and method for generating graphical illutra-

appreciated, therefore, that curved portions ofanillus- tions wherein the illustrations remain smooth even aftertration will usually contain a significant numberof data 5 enlargement. Further, it would be an improvement inppoints, Once obtained, the numerous data points are the art to provide a system and method for generating

then stored in some type of a memory device Within the graphical illustrations which is capable of renderingsystem. both solid figures and line drawings within the same[Next a viewing field is selected. The data points are illustration. Such a system and method is disclosed and
then processed by the system in order to determine 60 claimed herein

Stich feose the vewing feld are hen eliminated, BRIEF SUMMARY AND OBJECTS OF THEland the illustration is thus “clipped” to the viewing INVENTION
field. After this “clipping” is completed, adjacent data __The present invention is directed to a computerized
points are connected by a short line segment $0 as t0 65 graphics system which utilizes a novel system and

Gefine some type of closed, graphic figure. Thereafter, method for a data processing pipeline used to rapidlyeach such graphic figure is typically colored or shaded process control data points derived from a parameter
in response to commands from the system user. The function in order to generate real time animation of
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to more efficiently achieve real time graphical anima- PRESENTLY PREFERRED EMBODIMENT

provide a data processing pipeline for use in processing General Discussion—Typical Pipeline Use
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predictable way. As hereinafter more fully described, Any curved ine which forms part of such a face mayuch control points are derived from parametric (or be representedby control points derived from paramet-So-called vector-valued) functions such as Bezier or ric functions. For example, four Bezier control points

Bspline formulations can be used to define the shape of any curved line which“The primary functions to be performed by the novel $ forms part ofsucha face, where such control points arepipeline of the present invention comprise geometric derived from the following equation:
{ransformation of the control data points, clipping the
data points to a viewing frustum, and then exploding )
tach curved line or curved surface contained in the fo = 3Patt
figure so as to define each curved line or surface in !0
terms of a number of very small straight line segments where
or flat planar patches which closely approximate the
curved line or curved surface in a smooth fashion. Bik One —~*

“The data processing pipeline ofthe present invention

‘may be used with virtually any computer graphics sys- 'S are the Bernstein basis (binominal distribution) func-
tem in which real time animation of objects which are tions and Pare the Bezier control points. Thus, in the
‘composed of curved lines or curved surfaces in a desit- example illustrated in FIG. 1A, the curved boundary

fable feature. Thus, the pipeline of the present invention 887 of face 880 would be represented by the four Bezier‘could be used in many types of computer graphics sys- ,, control points 886, 888, 890 and 892. Similarly, other‘tems for different types of applications. It should be 20 parametric functions such as the well-known B-spline
noted, therefore, that the data processing pipelineof the function could be used to generate such control points.present invention is not intended to be limited to any As hereinaftermore fully described,by configuratingParticular application or type of system. the data processing pipeline so that it operates first on

For purposes of illustrating the general use and oper- 55 the control data points when performing the geometrication of the data processing pipeline of the present in- ** transformations, clipping, and mapping of the graphic
vention, designated generally at 200, pipeline 200 is figure to the desired viewport, it becomes unnecessary
iiustrated in FIG. 1-as being used with computer 10 manipulateall ofthe data points which are ultimatelygraphics animation system. As depicted in FIG. 1, the used to define the numerous straight line segments
‘computer animation system comprises a central pro- yy which approximate the curved lines in a figure. This
‘cessing unit (CPU) 800 which controls the operation of *° greatly enhances the speed of the pipeline.the overall system and performs various calculations Similarly, using analogous equationsand techniques,and operations both priorto and during data processing. curved surfaces can also be represented using Bezier,CPU 800 could comprise a wide variety of different  Bespline or similar types of parametric functions t0
types of CPUs. For example, CPU 800 could comprise 45 generate control points which define surface patches.

1 large main frame computer. Alternatively, CPU 800 ~ See, for example, the techniques described by Newman,
could comprise some type of microprocessor, such as, _William M. and Robert F. Sproul, Principles of Interac-
for example, a Motorolla 68000 microprocessor. tive Computer Graphics at pp. 309-331 (24 ed. 1979),
CPU 800 receives and transmits data to system users which is incorporated herein by reference.

by means of one or more work stations 802. Work sta- 49 "Also, in CPU 800, the control points which are de-

tion 802 may comprise any suitable computer graphic "rived for each graphic figure are coupledwitha code to‘work station. For example, work station 802 might specifically identify each particular point. This code
include a conventional computer graphic tablet and indicates whether a particular point is a vertex or a
stylus for communicating graphic information to CPU Bezier control point and also provides information rela-

800, In addition, work station 802 may also typically 45 tive to the order ofthe points around the graphic figure.
include a video display unit for use in viewing the” For example, each point could be coupled with one of
‘graphic illustration generated by the system. Further, four codes: First, Next, Bezier, or Close, In such case,
‘work station 802 may include additional controls and- the points illustrated in FIG. 1A could be encoded as
/ora standard computer key pad for use in transmitting follows: Point 882 could be encoded “First,” point 884‘commands and/or data 10 CPU 800 50 could be encoded “Next” and would follow immedi-

‘in use, work station 802is used to transmit data repre-  tely after point 882 in the data stream; point 886 could
senting & desired graphic illustration to CPU 800. CPU also be encoded “Next” and would follow after point
800 then transforms the data into a form which is suit- 884, point 888 could be encoded “Bezier” and would
able for processing. Accordingly, in the computer ani- follow immediately after point 886, point 890 could be
mation system illustrated in FIG. 1, CPU 800 would ss encoded “Next” and would follow immediately after
transform the data received from work station 802 in point 888; and point 892 could be encoded “Close,”

the following manner. Indicating that point 892 is the last control point of theFirst, CPU 800 reduces the illustration to a finite graphic figure.
number of simple graphic figures or faces, such as, for “Once the data which has been received from work
example, face 880 of FIG. 1A. CPU 800 then generates 60 station 802 has been thus processed by CPU 800, the

4 relatively small number ofcontrol data points which Gata representing the control points of each graphic
represent each face. - figure or face are stored in a memory device 810. As

TFor each boundary of any given face which is a illustrated in FIG. 1, CPU 800 may advantageouslybestraight line, these control points are simply the vertices configurated so as to communicate with either of three

of the face. Thus, in the case of face 880 of FIG. 1A, 65 data buses a disk bus 804, a pipeline bus 806, or a CPUControl points 882, 884, 886 and 892 would be generated bus BOB. Providing multiple buses from CPU 800 per-
bby CPU 800 since they represent vertices correspond- mits the system to function much more rapidly since the

ing to linear edges 881, 883, and 885. system is not totally dependent upon only one data bus.
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In order to further enhance the speed of the system, which data was transferred then looks to its own input
the system may be provided with a plurality of memory FIFO for its next set of instructions.

devices 810 which are capable ofswapping between the _The data linkages shown in FIG. 2 are those used in
various data buses 804, 806, and 808. Thus, data can be the normal (non-diagnostic) pipeline operating modes.
either stored or retrieved from memories 810 by means $ Each data linkage between the pipeline cards represents

of any of the three data buses. In addition, adisk storage a 16-bit data path and a Command bit, together with
‘unit $12 may be provided to provide greater system two data transfer handshake lines. In addition, although
storage capacity, as needed. not specifically illustrated in FIG. 2, all pipeline cards

Prior to processing the control points through the are attached toaCPU mini Bus for diagnostic purposes.rest ofthe system, the user may send various commands 10 This allows CPU 800 (see FIG. 1) to test each pipeline
from work station 802 to CPU 800 indicating the action _card individually by simulating the appropriate pipeline
to be employed for purposes of changing or animating environment for such card.
the illustration, One such command is a command defin- During normal operation, commands are sent to pipe-

ing the viewing field which is to be employed when line 200 through either header card 300 or matrix maker‘generating the illustration. It will be appreciated that by 15 card 201 from the CPU bus 808,Commands targeted for
Varying the viewing field, the user of the system may lower cards in pipeline 200 are “passed through” the
both modify the field of view and/or the size of the upper cards until they reach their intended destination.
illustration, as desired. Data is fed to pipeline 200 through header card 300

‘A typical viewing field, configurated as a frustum, is from a memory 810 (see FIG. 1) which is attached to
depicted in FIG. 1B. As shown, the viewing frustum 20 pipeline bus 806, Below header card 300, command
comprises a front plane which liesa distance D from the words and data words are interleaved in each data link-origin of the coordinate system in a positive direction age. To provide for effective soft error recovery, the
along theZ axis. This viewing planeis both perpendicu- command words are tagged with a Command bit, men-lar to and centered about the Z axis. The viewing field tioned above, which prevents the accidental interpreta-
is also bounded by left and right planes, which intersect 25 tion of a data word as a command.

the front plane in vertical lines located a distance A __Additional error protection is provided in pipeline
from the Z axis, and by upper and lower planes, which 200 by means of a Bad Frame command. If any card
intersect the front plane in horizontal lines located a discovers something wrong, it outputs a Bad Frame

distance B from the Z axis. ‘command to the next card down. The command even-‘Once the appropriate instructions regarding the illus- 30 tually reaches Scan Converter 820 (see FIG. 1) where ittration are provided to pipeline 200 by CPU 800 and the causes a Bad Frame Status bit to be set. This status bitcontrol data points are stored in the appropriate mem- advises CPU 800 that a pipeline crash has occurred; the
ory device 810, such control data points may be trans- software of CPU 800 then restarts the frame construc-
mitted to pipeline 200 for processing. In pipeline 200, tion.
the illustration is positioned and oriented in three-di- 35 ‘The normal processing sequence for transmission
mensional space by a set of geometric transformations. through pipeline200 of control data points representingIn addition, by successive transformations ofthe control particular graphic figure (such as, for example, figure
data points, the illustration may be animated. Signifi- 880 illustrated in FIG. 1A), is as follows:
cantly, during such animation, the illustration can be First, matrix commandsare then sent to matrix makertransformed differently for each video frame, giving the 40 card 201. These commands cause conventional 4x4appearance of smooth motion. The geometric transfor- transformation matrices to be quickly assembled with
mations performed by pipeline 200 include rotation, hardware sine and cosine lookups in matrix maker card
translation, scaling (i. enlarging or diminishing size), 201. As each matrix is assembled, it is fed to matrix
‘and shear (tilt). Other geometric operations performed multiplier card 202 where it is concatenated into a cur-
by pipeline200 are clipping, perspective, hidden surface 45 rent transformation matrix. Matrix multiplier 202 canrejection, shading, and dynamic curve processing, Fur- save and recover the current transformation matrices
ther, pipeline 200 performs preliminary phases of the on a matrix stack which is capable of holding 64 matri-
scan conversion process and supplies synchronized ces.
graphic color information to the frame buffer 830. ‘Next, a New Matrix command is sent to vector multi-

‘After processing by pipeline 200, the data points are $0 plier card 203. This command causes the appropriate
sent in the appropriate sequence into scan converter 820 current transformation matrix to be downloaded from
‘where the illustration is translated into video scan lines. matrix multiplier card 202 into vector multiplier card
The data is then passed through frame buffer 830 and 203. This transformation matrix determines the scaling
video output 840 to a video display unit 850 for display. and orientation in space which wil be assumed by the

55 next graphic figures to be processed by pipeline 200.General Pipeline Operation In addition to the foregoing, when the graphic figures
‘A general block diagram of pipeline 200 is shown in to be processed by pipeline 200 represent the faces of

FIG. 2. Each box represents one printed circuit card solid 3D objects, a special preprocessing phase also

which contains @ particular block of hardware con- occurs. During this preprocessing phase, a file contain-
trolled by a separate microprocessor, ‘as hereinafter 60 ing the normal vectorof each face is input into pipeline‘more

fully described. Each block of hardware performs 200 through header card 300. These normal vectors aref different function. Except as otherwise noted, each then transformed by the current transformation matrix

card has a FIFO (First-In First-Out) on its primary in vector multiplier card 203, and the transformed vec
input to buffer the data flow through pipeline 200 and __tors are then diverted to shader card 204.
thereby maximize data throughput, Thus, when a par- 65 Shader card 204 examines each transformed normal
ticular card has finished its specialized computing task, vector and sets a Face Visible bit to zero if the face is
the results are delivered asynchronously to the input “back-facing.” Shader card 204 also compares the nor-
FIFO of the next pipeline card in line. The card from mal vectors with a pre-stored lighting source direction
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in order to compute an appropriate shade fraction for and matrix multiplier card 202 can be used to generate

the face. These shade fractions may, for example, be the transformation matrix for the next graphic figure. It
Computed based upon a simple “Lambert's Law" light- willbe readily appreciated that this architecture greatly

ing model increases the processing speed of pipeline 200, and fur-
‘After the normal vectors are transformed by shader $ ther aids in achieving real time animation

card 204, the Face Visible bits are then sent back to FIG. 2 also depicts a status line 215 connecting ex-
header card 300. Header card 300 then sends the Face _ploder card 211 to CPU Bus 808. The exploder card

Visible bis tack to CPU800 see FIG: 1 0 that the status ine 218 sued during an operation called a "Vessystem software can render the faces correctly with tor Hit Test." This operation allows a system user to

respect to hidden surfaces. Thus, pipeline 200 and scan 10 know when he or she is pointing with the stylus of the
converter 820 are saved from having to process such work station data tablet to a vertex or edge of a particu-invisible faces. lar graphic figure. The “Hit Test” operation is used to

The shade fractions computed by shader card 204 are select a display of elements for various editing func-sent to and stored in sean converter 820. These shade tions.
Fractions are subsequently used to scale down the 15 “When illustration complexity increases sufficiently,
brightness of each of the faces to the extent that svch pipeline 200 can no longer process all the control data
faces face away from the pre-stored lighting source Points of an illustration rapidly enough to generate
dicection. ‘real-time animation. However, an animation can still beAfter completion of the above steps, including any displayed in real-time if the animation is precompiled.
needed preprocessing, control data points representing 20 Dy : Hon oe5 70 ssenting 2° During such precompilation, pipeline 200 operaics a5the next graphic figures to be processed by pipeline usual except that the CPU output 213 of viewport cardare transmitted through pipeline bus 806 to header card 49 is used to divert the processed dataP is P points to disk4300, Each control point is then passed on to vector 19 (se FIG. I), Thess afer the animation is com
‘multiplier card 203 where itis transformed by the cur- La Then,

ip!nsfc 7 pletely compiled, it may be displayed in real time byrent transformation matrix. transmitting the compiled data toheadercard 300 using‘After each control point is thus transformed, it is Wansmitiog th data toheader card 300 usingpassed onto a series of clippers 208-209 which remove §,Diect Scan command, The sonra dass otisainvisible portions of the graphic figure, ie, those por- assed throu cards
the data reaches exploder card 211, where the data istions ofthe igure which he outside the viewing frstum {6 Se a eeerea compileillustrated in FIG. 1B. 30 Processed Suck -

The three-dimensional, transformed, clipped control 19?pontoiELapnipr pesteretcome,points are then passed to viewport card 210, There, the Hon complexity, The cost ofcompitaion
Control points are projected in correct perspective onto i rage:
2 two-dimensional viewing surface (the window) and Particular Configuration and Operation of the Various
are then mapped to a desired area on the video monitor 38 Pipeline Cards
(the viewport),

Significant, upto this point inpipeline 200, any heindividualcardsin piping200 may have ty‘curves have been represented as an ordered list of four SU aration which is istent wit gen

cpsbe coala pera ected Pe fenspent ave. However, wh yese four control points are 40 skilled in the ar ay , 1¢ various
transmited to exploder card 211 exploer' card 211 Pipeline cards may have a numberofdiferent conf“explodes”

such control points into numerous data sions: ma) a wide variet ‘fic circuitpoints whlch then define 2 large umber of small components without oon otLioon nee chaStraight line segments (edges) with sufficient resolution acteristics and operation of pipeline set for

to approximate each curve in avery smooth fasion, 45 above. Therefore, th following more dealed dessrip-regardless of the size of the viewing screen. Thus, un- tion ofthe various pipline cards in pipeline 200s merely
ike the prior art type systems, the system and method ustratve of one presently preferedembodimentused in the pipeline of the present invention does not ach of the pipeline cards ine
proces eat of he datapointssed to actualy define AS usted in FIG. 2, ppeine 200 lnchudes 13the straight line segments which approximate a curve, $0 indivi s 201-7 Because the function

but only thse points which serve ws the control points, andmethodof operation of mos ofthe cardsis some-The system and method ofthis invention thus provide a What similar, it would greatly reduce manufacturing

was owertul type of proceeing for igures which are and assembly costs if the various pipeline cards could be
Composed of curved lines and surfaces, which has here- configurated identically. Accordingly, twelve of the
tofore not been available in the art. 55 pipeline cards (cards 201-212) can be configurated with

Finally, the edges of each graphic figure are passed to identical printed circuit boards with minor modifica~
incremental form card 212 which recodes them into a tions as to which circuit components are used on cach
format appropriate for scan line conversion. In.addition, printed circuit board. Thus, pipeline cards 201-212 can‘when pipeline 200 is operating in so-called “Vector be manufactured and assembled using a single basicMode,” incremental form card 212 converts each edge 60 card. Pipeline card 300,on the other hand,i not readilyintoa thin rectangle (four edges) such that the graphic adaptable to the same basic configuration as cards
figure i tendered on the viewing sre tt would be 201-212 nd mos therefore, be configuated somewhatfon line drawing. Then, the recoded edges are trans- differently.

mitted to scan converter 820. Tn view of the foregoing, it order to simplify the‘Importantly it should be noted that the various cards 65 following discussion, the basic pipeline card will first bein pipeline 200 operate independently from one another. described, illustrating the optional circuit components‘Thus, while the contol points of one graphic figure are that can be used on the card. Then, each of the pipeline
being sent down pipeline 200, matrix maker card 201 cardsin pipeline 200 will be described individually with
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reference to the basic pipeline card, with appropriate _Alternatively, data may be first input through driver‘modifications thereto being pointed Out 246 into either X RAM 244 or Y RAM 238. Such data
‘A. Basic Pipeline Card ‘may then be driven to the appropriate input of multi-
The basic pipeline card is illustrated in the general plier 248, as needed. For example, X RAM 244 and Y

block diagram of FIG. 3. The basic pipeline card is a $ RAM 238 may be used to store matrices to be multiplied
special purpose, bit slice, micro-programmed processor by multiplier 248. In addition, the position of transceiv-
Used in vaFious pipeline positions to perform several ers 240 and 242 permits data stored in RAMs 238 and
high speed data manipulations (such as, for example, 244to be driven back to data bus 237, as neededrotations, clipping, perspective, and lighting), The basic Finally, multiplier 248 may also receive data at its Y
Pipeline card is specifically programmed in each of the 10 input from constant PROM 254, as hereinafter more
Several pipeline positions to execute special algorithms fully explained.
designed to generate the desired graphic functions. The basic pipeline card may also include an in-line

Referring now more particularly to FIG. 3, com- transparent latch 280. In some cases, it may be found
‘mands are input to the pipeline card on bus 235. Such that the set-up time of ALU 234 requires that data be

commands are stored in mapping PROM 222, and a 15 tatched on data bus 238.However, if'iti found that theportion of each command may be latched in command set-up time for ALU 234 is sufficiently short latch 250atch
220 for routing to various circuit components. tay not be needed.Each command is next transmitted to sequencer 224.An "The basic pipeline card also includes a full shifter 252.

illustrative example of the commands used to program Full shifter 282 is used to shift data a given number of

PROM 222 is set forth in Appendix P. 20 bits to either the right orthe left. Thus, data input to fullpregueneer 224 thencommunicateswith micro-code  shifer 252 by data bus 257 may be shifted tothe left fouri and betel in order to interpet en with the shifted output being transmitted to datamand which has been received. Microcode PROMs 230 pis sith pat beingthen transmit the appropriate information to next ad PUEZSS hint data toeither thypically,a shifter circuitmay shift data to either thedress
contol 226 and sequencer224 to enablethe 83% 25 1 or the right. Thus inorder to increase the Versat-tem to execute the command. Inexecutingthe COm- ity of sucha shifter, the shifter may be used in conjunc:mand, sequencer 224 may obtainthe next addres FO ion with eater 236.ASSuming, therefore,tha shiftereither map PROM 222, next address control 226, oF 259 is capable of shifting data only to the left, a rightmicrocode PROMSand latches 230.9 aft may e accomplished in the following manner.Microcode PROM: 230 are alto usedtostorage con- 30 Dat, Tet cwisted from data bis 235 through twisterstans which are needed for mathematica computations 336 to gatabus 237. The datas then shifted to the leftby the pipeline card Thun consiantmuiplser 2928 ye reuized numberofis.The ouput of shite 283s

conto data bus 235. Constant multiplexer 232 i also used {he against pesJin wwister 236.The Sal cuteeto transmit various parameters to other system compo- 35 performed. islnents 7wes a clock pulse which is The basic pipeline card further comprises a constants

Fn ree re ee ns Hoeecer varius PROM 284. Constants PROM 254 is used fo computeerat mn the line cards sines and cosines and to do divisions, using a look-upOOErt Te eee Accocd. 40 method. Addresses may be input to constants PROM
eens Clock control 228's provided on the basic pipe. 254 fom either data bus 235 through latch 286 or from
teea to allow the cards ovele time to varied, as data bus 237 through sine/cosine input 258. An illustra-"

tive example of the division and sine/cosine constantsnecessary.

Turing now tothe data manipulating components of which arc programmed into constants PROM 254 set
eeeoan mea ofthe card and transmitted from constants PROM 2540 the ¥ input ofit regulates the various data calculations and manipula-_mulplier 248, Such data may then be used bymultipliertions performed by the card, In general, data bus 238 is, ma required computation oraleratvely the datsed fo Input data into ALU 234, while data bus 237 is s0 may be dven todata us 237 through ranserves 24used to transmitdata from ALU 234. in addition, ic pipeline card also includesetnthes component of the base pipeline card is slack 260. Data is writen into the stack 260 from bus
twister 236. Twister 236 is used to twist data from bus 237 through driver 262. Data may then be read from

235 to bus 237 by taking bus 235’s most significant bit stack 260 through driver 264 onto data bus 25and puting tonto bus 297s least significant bit with all $5 Als, a8 depictedin FIG. 3, the basic pipeline cardfther bits being similarly inverted (or twisted) from includes # data a PROM246 mayaE ect incon card opeatiog.An ilusrave example of the
con.

twister 236 might be used are discussed below in con- card operations. An illustrative example of the con-
nection with fll shifter 252 sich ae ford in dta PROM 266th in"The basic pipeline card also comprises a multiplier 60 Appendix ;

248, having oth an anda ¥ input Malini 248s The various inputs andutp othe basic pipeline‘sed to perform multiplication on the data transmitted card are as follows. The primary input comprisestoils respectiveX andY input. first-in fistout (FIFO) 274. By using FIFO 274 a5 3Various circuit components are provided to transmit primary input, several commands or parameters maybethe needed data to the appropriate input of multiplier 65 sequentially transmitted to the basic pipeline card while
248. For example, transceivers240 and 242 are provided the pipeline card completes a lengthy operation. Thus,tocenablethe direct transfer ofdata from data bus 2370 data flow through the pipeline card is maximized. A

the appropriate input of multiplier 248 primary input handshake 272 is also provided to assure
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that data isnot transmited to the basic pipline card numerals preceded by the letters “R” and “C," respec-through FIFO 274 untl FIFO 274s ready forthe data, tively. Various test points on the schematic diagrams"The basi pipeline card further inciodesu secondary are designated by numerals preceded by the leters
input atch 266, When's secondary input tothe cards “TP. Also, switches are designated by numerals pre-
needed, data may be transmitted to the secondary input $ ceded by the letter “S,” and indicators are designated
Imch 268 and thereafter tansitted(o data bus 273, A. by numerals preceded by the eters "DS."
‘ccondary input handshake 270 is also provided (0 a%- The specific circuit components which are used in

seotharlatds not ranamiied to seconsary input latch accordance wih this preferred embodiment ofthe basic
268 until latch 268 is ready for data. Pipeline card are identified in Table 1 below. Thosein addition tothe primary and secondary inputs, the 10 Sled inthe at will,however, realy appreciate that
tasic pipeline card can also receive data from CPU 800 wide variety of different specific circuit components
(ce BIG. 1). This is accomplished in the following ould alse sroauce socepable results
Sciner Fit, the CPU sends an address to port de: Referring now 0 FIGS, 3 tnd 3A, commands are
Codes 388 If the addres received isthe correct addvess eter’ on bus 298 to: Mapping Prom 222 (U109) and
ee thc particular card, the bai pipeline card il The aenee ae ane Pt ofthe commandfcc dt commands fom CPO fO0 ‘how he ths by commen ch 20 (U9 10 be votedtransceiver 254.

a several places, with two bits being sent to condition‘When tamsmiting to the basic pipeline card, the Swern 1 bits being sent to conditioncoetrermnmins ote ie pt che une,OL wd UT, wih ae deetransferred isa parameter ot a command by manipulat= 20 -omprises integrated circuit (IC™
wateredi paramefacommand by arial, 2 _Segencet 224 compris itgated cit IC”)a sequencers, UI2I, UIS0, and UI96. In. addition, se.
may then be tfansmtied to data bus 235 through input (Quencer 224 inclades IC multiples Utz2 and UI1LGata port 260, CPU 800 may also transmit commandor 280,CPU S00 may aso tansmitacommand'e SOR gates UNOA-D which allow modieation ofcontrolport 278 which cams tba pipeline AF he agdrss received by sequencers UIA, UIS, andeas ee one seceive data from the basic pipe. U#36 depending upon the particular command being

tueculed or depending upon the fields in such comeling card through transceiver 264, First, CPU 800'may  ©xeewted oF dependingupon the feds in suchcom.ead varius bits at status port 282 to determine the . the combiead various erm tay be used to modify the address.Status of certain operations and functions ofthe banc ™Y,De Wied to modiy the addressSiplne card: In aon, data may be tansmied to 20 _NEW adress comrol 226 compris»FROM U120-CFU" dn oath opr de ot RS oe seo i coseand transceiverransceives 4 card alo incl felection ofthe next Source of addres: 1wo bits controlAho hate wie cr ao aes© ot face Cin Cis and Une soeay ete

be is is the principal output > bits control whether the next address is received fromaut nts between din pine20Ge 16,2) BS Cote whee he received fiprimary output handshake is also provi to next wees St microcode or‘helre that datas not ransmited to another card in the (FU Mapping PROM U109 or from the internal se

pipeline until that card is ready for data. quencer stack,msicroprosrambananaholdingree‘Finally, the basic pipeline card is also provided with In addition, next address cont includes condi-
3eta 27 Ines owas nana rom a on mallee, IZ and UII pac on‘system, reset 276 causesthe basic pipeline card to| ions yencers U121, U150, exampleinitialized by resetting various circuit components and OFthe data programmed,intePROM1200f next addressneers control 226 im Appendix S.Pfeterence inex made (0 FIGS, 34-31, which ills Final FIG, 34ahe trlclock controltrate in'more detail one prefered embodiment of a 45 cfu c pipeline card. The cycle time
detailed electrical schematic diagram derived from the _ the basic pipeline card is normally 100 nanoseconds.block diagram of FIG. 3, Those of ordinary skill in the However, thereare some operations which take longer.art will, of course, appreciate that various modifications For ‘example, the cycle time for multiplier 248 is 140
Wo fe detailed schematic diagrams of FIGS. 3A-31 may nanoseconds. Therefore, in order to lengthen the cycle

be sly made without departing from thesacl 0 Sn fo hsfed ack fom: MicoondeCharacteristics of the invention. Thus,the following provided wi sf rom MicGuertin of the detailed schematic diggrams of FIGS. PROMS230 to allow selectionof one of four card cycleSa-3l's mended only as an example, and simply ilus- times: 100, 150, 200 or 250 nanosecondsaaeeeaeree onefedcabedinent The variows Clock control 228 also provides for stopping the
circuit stages corresponding to each of the functional 55 clockto the card in certain circumstances.As discussedflocks ot Bic 9 ar outlined in FIGS 3A‘31 by bold, above, the basic pipeline card receives commands from

Ghohed lines nd are numbered with like numerals. either the CPU or the Pipeline buses, The microcode
“Schdagn 3hSfae ead oone other Progammingov ie ppine car hen heady’ means of the variows connection points 1-130 lo! command which has benCieed long the sides of each figure. Tu considering the 60 ‘The clock control circuitry ilustrated in FIG. 3 is set
Stialed schematic diagrams of FIGS 3Ac31 heefore, up so when a comand ip satiated, the clockcei points havang lke numerals should be cos: willstop after 100 nanoseconds and wait unl a condi-
SGered me bling slectialy connected so asto provide thon Bit fst signifying thatthe command is eady for
saryeta tacts between the circuit components flux. input When the command is ready, clock control 228
trated inthe several Figures, 65 starts the cycle clock again. The card clock is also

Tn addition, throughout FIGS. 3A-31, integrated "stopped when anticipating « data input to the card's
circuits are represented by a numeral preceded bY the primary or secondary input. However, on the CPU
[eter "U" Resistors and Capacitors are designated by Interface, if data input not avaiable, the card software
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will loop back until the data is available instead of stop- words. The most-significant data word is output to bus
ping the cycle clock 238, Such word is output in the form of a sign bit and a

‘The clock control operation is generally the same for fractional 2's complement number.

the card outputs, After the card performs one command ‘The inputs to multiplexer 248, designated inputs X
and computes the values needed, it sends the output to $ and Y (see FIG. 3), are each connected to a 16x16
the neat pipeline card. However, ifthen next card is not scratchpad RAM. Y RAM 238 comprises RAMs U7,
ready for the data to be loaded, clock control 228 will U6, U23, and U22; X RAM 244 comprises RAMs U2,
stop the cycle clock until data output can be completed. U1, U18 and U19. In addition, transceivers 240 and 242

‘Clock circuit 228 also generates Write pulses for comprise transceivers U21& US and U20& U3, respec-stack 260 and the X and Y RAMs 244 and 238. Impor- 10 tively.tantly, ifaWrite pulse is being generated by more than There is only one pipeline card in the system whichcone device at the same time, and an instructionstops the will have both X RAM 238 and Y RAM 244: matrixclock when a condition isn't met, all Write pulses will multiplier card 202. The use of both RAMs allows stor-
finish and not be delayed by clock stoppage. age of the current transformation matrix in one RAM

‘With reference to FIGS. 3 and 3B, microcode 1S and the new matrix to be concatenated in the other
PROMS and latches 230 comprise PROMs U142-U149_- RAM, thereby decreasing the cycle time for input of
and U1S1-U153 and the associated latches U128-135 the two values to multiplier 248. Thus, the multipli-

‘and U137-139. The latches are all tied output enabled _cands for the X and Y inputs to multiplier 248 are taken
‘except for U132, whichis the next address latch. Since simultaneously out of their respective RAMs, andthe next address may come from the mapping PROM 20 loaded and multiplied in sequential clock cycles.

222 ‘instead of PROMs U142-U149 and UISI-U153,_ In order to load constants into either X RAM244 or
fone of the other latch is enabled, but not both. Y RAM 238 from bus 237, there is only one inverting

"As further illustrated in FIG. 3B, constant multi- driver 246 (comprising drivers U48 and U43). Drivers

plexer 232 comprises multiplexers UII7, U106, UI18___U48 and U43 are octal inverters and are used on the
‘and U107. Sixteen bits from PROMs U142-U149 and 25 inputs ofthe scratchpad RAM's in order to compensate

UIS1-U153 may be entered through the multiplexers for the RAM chips, which inherently invert their out-
and put onto bus 235. All of these bits are dual usage put.

(that is, they are normally used for something else), but __ In-line latch 250 (comprising transparent latches U4Sthe bits can be used to bringa constant onto bus 235, if and U46) is also depicted in FIG. 3D. This latch isneeded. 30 required because of the 51 nanosecond setup time of
‘The remaining decoders U119 and U108 shown in ALU 234. In most cases, a cycle time of 100 nanosec-

FIG. 3B are used to determine what drives buses 235 _onds would give only 49 nanoseconds to get the result

and 237 (under control of the microbits). Thus, more onto bus 235 to meet the ALU234 setup time. In many
than one device is prevented from driving a bus at any cases, this is not practical. Hence, transparent latches
ziven time. 35. U4S and U46 are inserted in bus 238 at this point. Data

Referring now to FIG. 3C, ALU 234 comprises bit- may, however, be driven through latches U4S and U46

slice processors U79-U82, ALU 234 also includes a in “Transparent Mode” if the setup time is adequate. If
Look-Ahead Carry Generator U83 connected to all the setup time is inadequate, however, the data can be
four slices latched at the end of the 100 nanosecond cycle, thereby
‘Two condition bits are used from ALU 234; zero (0) 40 allowing the hardware to perform some other task. On.

‘and negative (—). These two condition bits are latched _the next cycle, the data is brought from latches U4S and.

in latch U108 because of the time required to get the U6 into ALU 234. Since bus 235 has only two devicesresult out of ALU 234 and sense it through condition driving it on the left side of transparent latch 250 (either
multiplexers U112 and U123 (see FIG. 3A). The bits are latch 280 or multiplier 248), only one microbit and an
latched on a 100 nanosecond cycle and a second 150 45 inverter U84D are used for controlso as to allow onlynanosecond cycle is used for sensing. On the same sense one device to drive bus 235 at a time.
tycle, the processor continues with anormal path or the Shifter 252 is illustrated in FIG. 3E. With reference
path most likely to be correct and starts that operation _ to FIGS. 3 and 3E, shifter 252 comprises IC's U97, U87,while the bits are checked. If the condition turns out to U61, US1, U96, U86, U9S, and U8S and is configurated
be wrong, the path is switched and no time will be lost. $0 as a barrel shifter for left-shifting up to 16 places in one
If the path chosen is the correct path, the card will be clock cycle. Priority encoders U69 and U70, together
‘one cyele into the computation required and will not with inverters US9 and U60 are used to determine the
hhave lost any time when the condition is matched. correct amount of shift so as to put the output in the

‘Two other condition bits are laiched on the basic form OIXXXXXXXXXXXXXX. The encoded infor-
pipeline card, the Input Data Port Ready with Data and $5 mation is then put into the shifter so the data can be
Output Data Port Ready for Data. Actually, these are shifted by the proper amount. Latch US2 allows capture
bits in status port 282, but they are sensed by latch U10S _of the encoded shift information and multiplexer U72because they have to be input to condition multiplexers dictates the choice of either a new shift encode or anfor convenience in communicating with the CPU 800 arbitrary amount of shift latched into latch U62. The
(see FIG. 1). These bits are entered into latch U10S in 60 amount of shift from either of these latches can also be
‘orderto synchronize them with the card clock cycle. driven back onto bus 235 for input to ALU 234, if

Another circuit shown in FIG. 3C is twister 236 needed.

(comprising US4 and US7). As explained above, twister When shifting left, zero-fill is used. That is, instead of236 is used to twist data from bus 235 to bus 237; and it rotating the bits, the vacated bits are filled with zeros.
‘cooperates with shifter 252 to produce a right shift. 65 For a right shift, there may be some cases for using a

Referring now to FIGS. 3 and 3D, multiplexer 248 sign-fll instead of zero-fill. This function is controlled
(Us) performs a functional 2's complement 16X16 bit by a sine microbit which is attached to AND gate
multiply with a 32-bit result, output as two 16-bit data U88D.
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FIG. 3E also illustrates PROM 264, Itch 256, and used in connection with status port 282 to determine

sine/cosine input 288. As shown, PROM254 comprises whether stack 260 is ether full or empty. CPU 800PROMs U3 and U24, latch 286 comprises latch USO reads status port 282 to determine the satus of varioustnd sine/cosine input 288 comprises driver UA8. In card functions

dition, an inverter USAC is provided to insure that $ The card reset circuit 276s also depicted in FIG. 3H.both latch USO and driver Ud9 cannot drive PROMs — There are three types of card resets: power-up reset;U34 and U24 atthe same time control port reset (rom CPU 800), and pipeline itate.
FIG. 3F illustrates the configuration of stack 260. Receipt ofthese signals by reset cicuit 276 will cause

Referring to FIGS. 3 and 3F, stack 260 comprises stack various card components and functions tobe initialized
ICsUt and UZ7. Stack pointer counters U63, USB and 10 and/or tested. In addition, reset flip-flop USIA alsoU37 are arranged in two separate sections. One, U3T7, is servesto provide status data to CPU 800 on whether the2 stack poner. The others, USS and US3, comprise a Power-on Confidence ‘Tes, mentioned. above, “was
frame pointer which is chosento make a I6-word frame. passed.Every’ time a complete frame is stored, the frame "Finally, FIG. 3H also illustrates input data port 280.
counter (U59 and U68) willincrement tothe next frame. 1S As shows, input data port 280 comprises latches USS
Data is written to the stack from bus 237 through driv- and U67, together with associated control components.
crs U10 and U9; and data is read out from the stack on "Normally, the pipeline cards only look for input from

bus 235 through drivers U28 and UI2. primary input 274. Thus, if data isto be sent to the card‘As further depicted in FIG. 3F, data PROM 266 from CPU 800, CPU 800 must first send a command to
comprises PROM:U26 and U2S.PROMsU26 and U25 20 the pipeline card input port. Such command allowsare used to store data associated with the operation of selection ofa source of commands for the card to exe-incremental form card 212, which is described in more ute whether normal (from primary input 274) or CPU.detail below. ‘The same command can direct the card output to eitherFIG. 3F aio illustrates the single-register secondary primary output 292 or to the CPU output (transceiver
input latch268 and the associated handshake 270. Hand- 25 344) "The card will say i the selected input of outputshake 270 signals when the input is ready for data or ‘mode until it receives a new command from CPU 800.
when there new data available for the input Hand- "PGS3 and’ al show the pipeline card address de-
Shake270 strobes data between pipeline cards such that colje circuit 488. Each card has a separate addressnew data cannot be input before the old data has been hen CPU 800 addresses the card, a DTACK. signal
femoved from latches U38 and U36. 20 249 is returned to acknowledge receipt ofthe address

Reference is now made to FIGS. 3 and 3G which *@ypy ae transceiver 284 comprises. transceivers
ilustrate primary input FIFO 274 and its associated 416 and U11S. Such transceivers are used to control

handshake 272 Brimary input 274 comprises a IG-word — Guracdrven ont eff ofthe card from CPU Bes 808, TheFIFO (UI7, U82, Ul6 and Ual), For the 17-bit data Gua Srven enor opel tie cort tiled by the ANDing
Structure, decried above, each chip is 16 words deep 35 Gnesye Oeso asgAas Address Decode
by S bits wide. The input data hold time forthe FIFOs (E°\hwytee trey Uier Deva Strobe The normal dies:10

nanoseconds pat data aches UBS andUS2 te Some Row rom the CPU bs the cardFequired to meet the hold time and allow full spe 0 Teo ee eer unnat dateoproon Lach UM id andthe pt be at's dota ie A. Te our For‘are clocked by an input state machine, x shown. 40 286 8°62 eeeeeCup inches USY and UST ae abo pve, and gmp eb UIOE WHOS nd Pethey allow outputas fstas possible from the FIFO wit sing to Table 1 below, the various integratedoeerThewanle Refers, 10 Tale |telow,the various ingriddata at the FIFO output is strobed into output latches Ghwrstions of FIGS. 34-31 are set forth, The compo.Us8 and UB7, and the same strobe is used to strobe the 4s Hustation ofFIGS, 3 are ee ete
FIFO eupat cock fora 100 nanosecond cycle A‘ Figure Restor ref wa ett and estanceshown, a state machine (handshake circuit is used for . Resistors ere 4 watt resistors and resiboth FIFO input and output. stated in ohms. Capacitance is stated in picofarads.

Referring now to FIGS. 3 and 3H, control port 278 is TABLE 1
instrated. CPU 800 (see FIG. 1) writes control infor. $0 "Great Compu ofthe Ba Pps Cord‘mation into control port 278. Such information com- = rege Cucaprises three control bts: one isa reset bt; the second is no tment SessE'command bit (the 17th bit ine of the data bus which —§ S29—_
differentiates between commands and parameters), and u ca
the third is used by CPU 800 to turn on LED DS2._ $5 % fetsses

“There ae three LEDs on the basic pipeline card two us Meviaw
green and one red. One green LED DSIis turned on by te ne
the card when the Power-on Confidence Test is passed ue ad
‘That is, LED DS is lit after the card successflly exe- o Ba

utes a number ofroutine integrity tests. LED DS2 is 60 ve fru
turned on by CPU 800 after all pipeline cards are tested Ulo a
for successful completion of the integrity tests A third on ania
LED (DS8) is turned on by the card when input FIFO th nee
Adis fll. Ths, LED DSS indicates the card's backing tie sits

up the pipeline and the previous pipeline card is holding 65 ue weits output data waiting for storage. bie sus
FIG. 3H also depicts status port 282, which com- oh 3B

prises IC's U78 and U77, Stack sensors US6 and U80 are us aris
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TABLE 1-continued TABLE l-continued

Great Components of heBasic Pipeline Card Grr Componens ofthe Buse Pete Garé
SO

tar MaLsias 5 bin arvn at bins arseret] FES vine aesum ns20 vies EISas ns vide itdv2 ns vier Arasor 01490 ios TFI38ux TARR 0 vie Dsieus at unio a

x0 aro un MFIsun eH ui F251

un ars uns arnus rie ute fare
ve 73 is uns TaLsetst

uss aE bite ALASv3e arse oi jars?
us Tart oi ara?

uss F108 vn areus iat 120 sistwo HES 20 unt Buava 74525 um Sarisua 2482s ui arastus ar260 une jureva araes uns haeus ai vine eanvas AFT s vin ars.un ara vis ars

roy Jar360 uns Faba ara vio arinv0 fare unt Jarsust TAPS vin AES05 ar 0 uns aravs FI vise arse
vst sina uns arseUss are une BIA,
Us aeS2t unt jars
us aes vis arsevss irae uns jars
vs 4Fa0 38 vio 74Lsi23ue eras via atUst F350 vie nseve, TAF3I6 vis sisUs) arias ia sae

se aro bus Hiseves aro ry ou nsvee 5atsoe vie nsever arse une sis

bes aes uN saeves ates iso BIAbio ries vist rsun ares “ vin sieun aras7 us, Psieun ses vis siiUm 1400 vis furorurs 408 vise ritue 74F20 a7 fara Aesue wee 0 No Resiance

up 2018 oaon 29018 m 10kust 25018 RS 10kve orb Re 108

un erie RS 10Kve Jar 5s Re 2K

uss F350 RT 0vas 14F380 Re 2Kus F350 RS 0us aro R10 50ws a Rul 2K,

030 farts 0. oo —=vr 7AS40 ‘Sanson,bs sara No. Copaciance053 arse _— ,.--O,94 74F08 —ss AF3S0

se urs 65 Each of the specific cards in pipeline 200 will now beun up discussed. In such discussion, reference will be made to
us Sees the detailed description of the basic pipeline card set

vic0 F382 forth above, as appropriate.
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3B, Matrit Maker Card then stored in X RAM 244 and becomes the new cur-
Matrn mater card 201 has the general configuration rent sansformation matrix

of the tae pipeline card Of FIG'3 However: mara Also, matrix muliper card 202 includes stack 260.
ce eas JOP docs sot leds the fellowing compo: Stack 260 is used to store frames consisting of entire
ons: winter 236% RAM 244, shifter 252 stack 260, 5 maties

ata PROM 266, secondary output latch 268, secondary _It is apparent that the components which form matrix.
oe Ma TO FICO a ot primay input multiplier card 202 could be programmed wsing any
fandshake 272, Suitable technique to accomplish the functions de-
dst 7 yove, the main purpose of matrix seribed above. An exampleof one suitableet of micromaker card 201 is to quickly generate transformation 10 code instructions which maybe used to program matrix,

matrices and output them to matrix multiplier card 202. ‘multipliercard 202is set forth in AppendixC.Appendix‘The main task of matrix maker card 201 in creating such illustrates a bit description map which references
Inniroes the computadom ofsinesand cosines tote-bit exch line ofthe microcodeof Appendix C to the partic.ates the com oe aaeal nate __ lr feation nthe microcode PROMS U142-U149andMey, or detenmine which matices are formed. 'S UISI-UIS3 (Gee FIG. 38) at which the microcode i
‘Since matrix maker card 201 has no other pipeline cards ‘stored. Thus, in order to make and use matrix multiplier
above it, all commands are received by this card from ‘card 202 in accordance with the presently preferred
above all codes fe ret nnn ge wed nl

ous AORhy marin maker card 20 include: _. cometthe matrix muller ICs sing the pin connecMatrices formed by matrix maker card 201 include: 9 {ont shown in FIG. 3b, and then encode the PROMrotation matric, traslaton matics scaling matrices,ic 5 MTe2-UI49 and UISL-UIS9 using the microcode oftd tit matrices Rotation matrices ae used to repre ;

aut Deve rotation of the lustationTransion  APPendix which is encoded in the PROMS as set‘Siticcs ae nado move grepic chareciers about on Th thebt description map of Appendix A

sae cuits Fatston froma maximumsie-Ti 2 ,,As mentioned sbove, header card 200i nt realyiico rpreset the tangent othe ange oft away Maia10 the same ace configurationas the bseJeoericaese from —45 desrees © +45 rated somewhat differently thaw the basic pipeline
Seneypu to mara maker card 201 will yy 2 A fener block diagram representing oe pesaoeean manips card 202" °° caly Preferred
aan on‘are generated internally by With reference to FIG. 4, data in the form of pointmatrix maker files and normal files enters header card 300 through

Is parent thathecomponent which form mattx FIFO pat i Uli mot ofthete ards in pipemaker card 20 could be programmed wingty 4-35 line 200, however, etna al commands (o headerable technique to accomplish the functions descrit ccard

300 are enter the card from CPU bus 808 throughshoveAn example of one saabset of microcode CPUnetae 370-Based upon the deta eeived fomfretructons which ma rogram malik pioeine bas 86 andthe commands received from CPU,taker card 201 set forthin Appendix B. Appendix A PRgog “wate ears'S¢9 ten generate it own com{luster abit description map which references each 4 Penartane ac tneter ith sesuencerline of the microcode of Appendix B (0 The peri eee OOM390, The commands20Tecan nthe: miesocode PROMS. U182-U108 ang anes ae ee ows nipehne 200 through
UISICUISS (ce FIG. 3B) at which the microcode seer Oe dech othe ther pipeline

Stored. Thus in order to make and use matrin maker carly sucht cards proces contol datapoints, Altera:
card 201 in accordance wih the presently prefered 4s tively, such commands maybe sen back © CPU 800Embodiment ofthe present invention,one need only "CPUbon 806Smtr the matrix maker TC's using the pnconnections "Hendcrseed 300 also includes RAM 360 which may

Ss'shown in FIG. 3B, and then encode the PROMS pe'iaed to temporary sore data or commands. Also
UrakUtas and UISI-UISS using the microcode of  eades cand M's provided with an intemal clocking
Appendix B, which is encoded in the PROMS as sets contol 320 which controls the functions of header
ford n the bu description map of Appendix A. Seat 00

Mat MalipeCad ng Reference is next made to FIGS.SA-SE, which ilutrix multiplier card 202 hasthe general configurs- ate in more, deal one prefered embodiment of &tion of the basic pipeline card of FIG. 3. However, detailed electrical schematic diagram derived from the

mats mle card 202does not include the alow” 5 block diagram of FIG. & Those of ordinary sil in heIng components twister 236, shiler 282, sine/cosine art wil ofcourse, appreiate that various modifications
input 258 constants PROM 284 latch286 data PROMs fo the etallod schematic diagrams of FIGS. 5A-SE3 ccnp Ich 30h, ad secon opt ayesade whopring om the etalandshake Ghoracerats of the invention, Thus, the folowing

"The major function of matrix multiplier card 202is to «0 description ofthe detaled schematic diagrams of FIGS.

cone two 34 aie afm the cen SacBee came naslymeformation mets, To accomplish thi, fraisone prescaly prefered emboditent. The VariousRAM 244 and Y RAM 238 are ulized on ths card. At cieult stages coresponding to each of the functionalBip tine X RAM des holds te current tansformation blocksof FIG. #are oulined in FIGS. SA-SE by bold,imatti
and YRAM 238 is used to sore the incoming 6S dashed lines and are numbered with like numeralsmnatt supplied by matrix maker card 201 obeconcate: Schematic dagrams SA-SE sre related 10 one an-ted withthe current transformation matrix When the other by means of various connection points T=0" lo-

Product mates is completed, the produced matrix seated along the sides ofeach figure. In considering the



4,646,07523 uadetailed schematic diagrams of FIGS. 5A-SE, there- with microcode PROMS and latches 230 of the basic
fore, connection points having like numerals should be pipeline card, the output of the PROMSs of header card
considered as being electrically connected s0 as to pro- 300 are latched by latches U290, U277, U202, U266,
vide for data transfer between the circuit components _U221, U243, U219, U30S, U204, U2S4 and U208. A
iMlustrated in the several Figures. 5. pullup circuit is also illustrated in FIG. 5B which has a

In addition, as in FIGS. 3A-31, throughout Figures plurality of numbered flags. Such flags represent con-
SA-SE, integrated circuitsare represented by anumeral nections between correspondingly numbered flags inpreceded by the letter “U." Resistors and capacitors are FIGS. SA-SE.
Gesignated by numerals preceded by the letiers “R" and __In FIGS. 4 and SC, ALU 350 of header card 300 is
“C,” respectively. Various test pointson the schematic 10 illustrated. ALU 350 comprises bit slice processorsdiagrams are designated by numerals preceded by the  U229, U241, U283, and U264. ALU 350 also comprises
letters “TP.” Also, switchesare designated by numerals a look-ahead carry generator U2I7 connected to allpreceded by the letter “S," and indicators are desig- four ALU slices.nated by numerals preceded by the letters “DS.” FIG. SD illustrates RAM storage 360 of header card‘The specific circuit components which are used in 1 300. As shown, RAM storage 360 comprises RAMs
accordance with this preferred embodiment of header U236 and U234. Drivers U259 and U257 are also pro-
card 300 are identified in Table 2 below. Those skilled _vided for driving data from RAMs U236 and U234. In
in the art will, however, readily appreciate that a wide addition, RAM storage 360 also includes multiplexers
Variety of different specific circuit components would U297 and U29S with associated drivers U248 and U246.
also produce acceptable results. 20 Multiplexers U297 and U295 are used to test and/or

Reference is now made to FIGS. 4 and SA. As read various individual bits which are input from RAMsshown, FIFO input 310 of color board 300 comprises U236 and U243 or from the header card data busFIFOs U238, U226, U299, and U286. Each chip is 16 through drivers U248 and U246.
words deep by 5 bits wide. As with FIFO 274 of the A serial input circuit (comprising IC U224), is also

basic pipeline card, the input data hold time for FIFOs 25 shown in FIG. SD. This circuit allows header card 300
'U238, U226, U229, and U286is 70 nanoseconds. There- to signal when it is ready for data input and also tofore, input data latches U280 and U273 are provided in receive face visible bits from shader card 204 to be
order to meet the FIFO hold time and allow full speed transmitted back to CPU 800, as described above.
system operation. In addition, output latches U212 and Referring now to FIGS. 4 and SE, the CPU interface
U261 are also provided to allow output as fast as possi- 30 of header card 300 is configurated similarly to that of
ble from the FIFOs with a data output access time of 75 the basic pipeline card. Accordingly, CPU interface 370
nanoseconds. Data flow through FIFO input 310 is of header card 300 comprises a control port, a status
controlled by a control circuit illustrated in FIG. SE. port, an input data port, an output data port, a trans-

FIG. 5A also depicts pipeline output port 380. As ceiver, and an address decoder. Each of these compo-
illustrated, output port 380 comprises latches U223 and 35 nents will be described briefly
U237. Thus, commands and data output which are from The control port portion of computer interface 370
header card 300 can be latched in latches U223 and comprises ICs U308A, U308B, U307B, U280A, and
'U237 while such commands and data are read by vector U301A. CPU 800 writes control information into con-
‘multiplier card 203 (see FIG. 2). trol port 278. Such information comprisesa reset bit andFIG. 8A also shows sequencer section 340 of header 40 a bit used to indicate that all of the pipeline cards have‘card 300. Sequencer section 340 comprises sequencers passed the Power-on Confidence Test, described above.
U255, U244, and U232. As with the basic pipeline card, LEDs are provided to

Inaddition, sequencer section 340 includesa mapping _indicate both that header card 300 has passed the PowPROM U220 and a latch U207. Thus, when a command —_et-On Confidence test (DS1) and that all of the cards in

is received from CPU 800, the command may be driven 45 pipeline200 have passed the Power-on Confidence Testto latch U207 and into mapping PROM U220. (DS2). The status port portion of CPU interface 370
‘A next address control, comprising PROM U267 is comprises driver U283 and associated flip-flops U294B,

also provided in sequencer section 340. The output of _U307A, and U307B. The status port enables CPU 800 toPROM 267 controls selection of the next source of _ read several bits of information, thereby determining,address for the system. This next address may be re- $0 the status of various header card functions,ceived from either microcode PROMS 330 or mapping _The input and output port portions of CPU interface

PROM U220. Further, sequencer section 340 comprises 370 comprise latches U260 & U258 and U249 & U247,
condition multiplexers U21S and U228 to input test respectively. Drivers U271 and U269 are provided to
conditions to sequencers U2SS, U244 and U232. drive data from input latches U260 and U288 onto the

FIG. $A also illustrates the internal clock and mode $$ data bus of header card 300. Transceivers U296 and
control of header board 300. As with the basic pipeline U285 allow CPU 800 to receive data from header card

‘card, some operations performed by header card 300 300 through output latches U249 and U247 and to input‘may take longer than the typical header card cycle time. data and commands to header card 300 through input
Accordingly, counter U201 is provided to allow for latches U260 and U2S8.

selection ofthe appropriate card cycle time. In addition, 60 The address decoder portion of CPU interface 370
this portion off the circuit contains numerous flip-flops comprises IC U311A. This circuit allows header card
‘and gates which allow selection of various operating 300 to determine whether the information on the CPU
modes for header card 300. That is, the circuit controls bus is destined for header card 300 or for some other
the source of commands and data being input to and portion of the system.
output from header card 300. 65 FIG. SE also illustratesa control circuit which is usedReferring now to FIGS. 4 and $B, microcode to control the input FIFOs 310 illustrated in FIG. 5A.

PROMs and latches 330 comprise PROMs U291, U278, This control circuit comprises IC’s U293A, U293B, and
'U203, U265, U230, U242, U218, U304, and U208. As U289A, together with associated circuitry
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4,646,07527 28TABLE 2 contin ‘Appendix D, which is encoded in the PROMS a8 setTABLE teminned__ RRS itt asp fap of pends AattComponenes of te Het F. Shader/Hidden Surface Card
es a —___ ‘Shader/hidden surface card 204 has the general con-

cir oF 5 figuration of the basi pipeline card of FIG. 3. How-

baa No.oF ever, shader/hidden surface card 204 does not include

she won the following components: twister 296, X RAM 24,
ie__tt Sieeosin input 258, stack 260, PROM 266, secondary
card 300 could be programmed using any suitable tech: pf ey"PUtOf tae card 28 rect S08nig0 accomplihe functions deserted above, An” Shar card 2 recivs bth commandsand daafromstich may be esed to program hear card 300 0° ese ne shadercard 204 to compute whether facesenerate the appropriate Commands for controling the 15 PMEOry sack ray. Ere font or beck facing (face visible or not) and also tother cards in pipeline 200 is set forth in Appendix O. compute an appropriate shade fraction for each face.
‘Appendix Nitrates « bit description map which  OMPUIEan appropri shade fraction for eh oe‘ferences each line ofthe microcodeof Appendix Oro art visible daithen sen 1 Beader card 390 whethe particular location in the microcode PROMs U291, 99. scan converter
{U278, U203, U26s, U230, U242, U218, U3O4, and U20S 20 “ri apparent thatthe components which form shader
(ee FIG. 38)at which the microcodels stored. Thus,in .,t4/apparentint the compo form shaderGrider to muke and use header card 300 in accordance Could beprogrammed wing any suitable tcc
ih ihe presently preferred embodiment ofthe present GUE t@ accomplish the functions described above,AnItvention one need only connect the header ICs usmng _CTample of onesuitable set of microcode instructionsthe pin connections as shown in FIG, $B, and then 25 ICH may be used toprogram shader is wetencode the PROMs U291, U278, U203, U265, U230, forth in Appendix pendix A illustrates a bit de-
encode the PROMS U1, U2TE, U2iS, U26S, U290, rion map which references each ne of the micro
‘2,U2 Usb, and U20S wing the microcode Of Code of Appendix E tothe parla location intheAppendix whicis encoded i thePROM tmlcrovode PROMs Ul42-Ul49 and. UISI-UIS3 (eemh inthebit descriptionm so FIG. 3D) at which the microcode is sored. Thus, in‘Vector multiplier card 203 has the general configura- order to make and use shader card 204 in accordance
oN to lier card209 has he general configure ih the presently preferred embodiment ofthe presentvector multiplier card 203 does not include the follow- ni hsand need only own itoe ee oaidaero Guster 296° RAM 2a, shifter 252, the pin connections a shown in sad thenaeeeare apa 358constants PROM284, latch 286,35 en60de the PROMS UI42-U149 and UiSt-U189 usingpenta pring Tred the microcode of Appendix E, which is encoded inthe

‘Vector multiplier card 203 is the most complex pipe- PROMS as set forth in the bit description map of Ap-
line card with respect to its position in pipeline 200. pendix A.
‘Two pipeline cards can write to vector multiplier card G. Clipper Cards
203, and it can write to two other cards below it in the 40 _Each of the clipper cards 205-209 has the general
Pipeline. Accordingly, vector multiplier has four sys- Configuration of the basic pipeline card of FIG. 3. How-tems of data transfer handshakes: secondary input hand- _€V¢r, clipper cards 208-209 do not include the follow-
shake 270, primary input handshake 272, @ secondary ing components: twister 236, X RAM 244, sine/cosine
‘output handshake (secondary output is by CPU bus input 258, data PROM 266, secondary input latch 268,
808), and primary output handshake 290. 45 and secondary input handshake 270.
The purpose of vector multipliercard 203 is to trans- _ All 5 clipper cards are configurated as 3D clippers,form points coming into it from headercard 300 by the and each clipper card clips against one plane of the‘current transformation matrix supplied by the matrix viewing frustum (see FIG. 1B). The D clipper (clipper

multiplier card 202. Vector multiplier card 203 then card 205) clips at z=D, the “near clipping plane.” The
sends the transformed points out to their correct desti- $0 +A clippers (clipper cards 206-207) clip at the left and
nations: data points to clipper cards 208-209; and trans- right viewing boundaries, and the =B clippers (clipper
formed normal vectorsto shader card 204 Cards 208-209) clip at the top and bottom viewingTT's apparent thatthe components which form vector boundaries
multi card 23 could te programmed ung any The points coming into clipper cards 208-209 are of
suitable technique to accomplish the functions de- 55 the form (xg,ys2e), (ic. points in three-dimensional
qiibed above An example of on sultble set of micro. space). When a clipper card clip, it computes the inter-
weaeiistoctions whichnay be ued to program vector section point of aline or curve withthe appropriate
Geaipucr cand303 nse forth in Appenaix'D”Appen- clipping plane. Reference is now made to FIGS. €7N
dur wicstrtes a bt descupton stp with referchees which ilutrate the operation of clipper cards 208-208
tach line ofthe microcode of Appendix D tothe partic: «0 in more deta
Gist ochson ts the microcode PROMs U2-U109 and FIG. 61s state diagram which illustrates how elip-
UISICUISD (ce FIG. 3B) at which the microcode is per cards 205-209 move from slate o sate in processing

ored Thus inorder to mae and use vector mliplier Sta points representing straight lines and curvesSats ‘bos tn acsordance with the presently prefered. Thesystem sist inialized to SateS.Whilei StateEmbodiment of the present invention, one need only 65 S, if point comes in witha code of Close or Next, thisSonnect the vector'muluplier TCs ung the pin connec." ivan erro. Thus, 0 action is taken and the system
loneas shows in FIG. 3B, and then eneode the PROM. remains in State Ifa point comes in with a Fist code,Uns? UIs) and UISI-UIS9 using the microcode of the points processed andthe system moves 10 SateA.
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From State A, a Close point will return the system Bezier Split subroutine in step 550c (see FIG. 71). Afterback to State S. If, while in State A, either a First or a step 5504, the system goes to step 524 where the system

Next code is received, the system remains in StateA. If, state flag is set to State A. The system then returns towhile in State A, a Bezier code is received, the system the Get Command subroutine 502.

moves to State B, 5. _ The flow chart illustrated in FIG. 7C is the Process
From State B, a Close or First code is an error and Bezier subroutine 525. First, the routinegoes to step 526the system returns to State S. However, while in State and tests the system state flag to see if itis in State A.

B a Next code will move the system to State C. If the answer is no, control goes in step 527 to set
In State C, either a First or Bezier code is an error system state flag to State S, and the system returns to

‘and moves the system to State S, From State C, a Close 10 the Get Command subroutine 502.

‘code is proper but will also move the system to State S. _If the system state flag in step 526 is at State A a jump.
If, while in State C, a Next code is received, the system is made to step 528. Vector R, is then put into a new

moves to State A. storage location Bo. (Vector R, is the start vector.) The
‘The main clipper flow chart is illustrated in FIG. 7. Vector R is next put into the By storage location (R is

Referring to the top ofthe flow chart, either a hardware 15 the current vector being dealt with). The system state
reset or a CPU reset will cause the system to go into the flag is then set to State B, and the system returns to the
Power-On Confidence Test subroutine 500. As ex- Get Command subroutine 502.

plained above, this subroutine performsa test on certain _The Process Close subroutine is illustrated in FIG.System functions. Either a Pipeline Init or either of the 7D. First, in step 831, a conditional jump on the system
above-mentioned resets will cause an initialization of 20 state flag is performed.

registers in step 501. The system then goes into the Get _If the state flag is State S or B, the system immedi-
‘Command subroutine $02. Dependent on the command _ately jumps to step 35. This means there was an error,
obtained through the routine, control will pass in step _since the system should not have received a Close Code
503 to either the change input/output (XIXO) subrou- at this point. The state flag is then set to State S in step
tine 504, the Process New Viewing Window subroutine 25 535 and the system returns to the Get Command sub-
505, the Set/clear Edge Mode Subroutine $06, a Point routine 502.
subroutine, or it will pass the command through to _In step 531, ifthe state flagis A, the system then goesother

cards in step 510 (if the command is not for this to the Clip Seg subroutine in step 5450 (see FIG. 7F).card), After step 5486, the system goes to the This Point sub-

In the Point subroutine, the system will first get a 30 routine in step 540c (see FIG. 7E). Then, in step $45c,
point called “Vector R" in step 507. Then in step 508 the system again executes the Clip Seg subroutine (see
the system extracts from the point the point code, and FIG. 7F).
various control bits. A jump is then made in step 509 _In step $33, the system tests the Any Output flag to
depending on the code associated with that point (the see if itis set. Ifthe flag is not set, the system jumps to
code being either “First,” “Next,” “Bezier” or 35 step 535, sets the state flag to S and returns the Get

Close”), ‘Command subroutine $02. Ifthe Any Output flagis set,“The subroutine illustrated in FIG. 7A is the Process a jump is made from step $33 to step 534 where the
First point subroutine 515. Step 516 is simply a jump, point code for point Ry is set to “Close.” The System
dependent on the State ofthe system (see FIG. 6), then jumps to the Out Point subroutine in step 570a.

If the state flag is B or C, the system jumps to step 40 Then, the system executes step 535 as described above
517, wherein the state flag is set to State 5. The system and returns to the Get Command subroutine.
then returns to the Get Command subroutine 502. Back in step 531, if the state flag is C, the system

If the State in step 516 is State S or State A, the sys- jumps to step $32 and puts the R Vector into storage
tem jumps to step 518 to clear (or set to false) that Any location B3. A jump is then made to the Bezier Split
‘Output Flag. The vector R (composed of components 45 subroutine $50) (see FIG. 71). On return from that
Rx, Ry and R,) is then loaded into a storage location subroutine, the system jumps to step 548 and operates
called Ry(R-First) and a jump is then performed to step from that point on as described above.
540 which is the This Point subroutine (see FIG. 7E). __The This Point subroutine $40 is illustrated in FIG.
‘After a step $40, the system state flag is set to a State TE. This subroutine goes first to step Sia and tests to
‘A in step 519 and the system returns to the Get-Com- $0 seeif the VectorR is visible (see FIG. 7H).mand subroutine 502. Ifthe answer is no, the system jumpsto step $41, puts‘The Process Next point subroutine 520 is illustrated the Vector R into the R, storage location, and then
in FIG. 7B. First in step 521, a jump is made dependent returns to the calling routine.
‘upon the system State flag. If the system is in State S, If the answer to the visibility test is yes, the system
the system simply returns to the Get Command subrou- $5_goes to step 578a and jumps to the OutBuf subroutine

tine 502. Ifthe system is in State A, the system jumpsto (see FIG. 7M). After executing step 5752, the systemthe Clip Seg subroutine in step $45a (see FIG. 7F), then then goes to step 541, as described above.

to the This Point subroutine in step $405 (See FIG. 7E). _The Clip Seg subroutine 548is illustrated in FIG. 7F.‘The system then returns to the Get Command subrou- This subroutine enters with two vectors Ro and Ri.
tine 502 6 First, the routine goes into step 511b to determine

In step $21, ifthe system state flag is in the B condi- whether Rois visible (see FIG. 7H).

tion, a jump is made to step $22 wherein Vector R is _If Rois not visible,the control goes to step S11c to test.loaded into a storage location called Bz. Then the sys- if theVector Ry is visible. If Ry is not visible, the systemtem state flag is then set to State C and control returns returns to the calling subroutine. If Ry is visible, control
to the Get Command subroutine 502. 65 then goes in step $85a, to the Intersect subroutine (see

In step 521, if the system state flage is C, a jump is FIG. 7G). After step 585a, the system goes to step $46.made to step 523 where the Vector R is loaded into a There, the point code from Ri is copied to the intersectstorage location Bs. The routine then jumps to the point (1) code. Also, the flap and face visible bits of
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point I are copied from Ro. The system then jumps to The evaluation made for the +A clipper (clipper

the Out-Buff subroutine in step 575 (see FIG. 7M) and card 206) is:
then returns to the calling subroutine.

Th step S11, at the top of FIG. 7F, ifit is determined Rec RMA/DY”
thai Vector Rois visible, then the system control goes to. $

Sep S1id to test whether Vector Ry is visible Ir both The evaluation made for the —A clipper (clipper
are visible, the system returns to the calling routine. If ard 207) is:
Vector Rr is not visible, the system jumps in step $856

then to the Intersect subroutine (see FIG. 7G). After 0 “Ra> —ReMA/D)~S585, the system moves to step 5466, copies the point

Soacand Paes Visible bit for Vector Ry toVector land, THeevaluation made forthe +B clipper (clipper cardsets the Flap bit of Vector I to “OFF.” The system then 208) is:
jjumps to the OutBuf subroutine in step 57Se and then nervy”

Intersect subroutine 58S is illustrated inFTeer aie Soavee Road Re “The evaluation made for the —B clipper (clipper card
First, a jump is made to step $86 and a value for F is 208) is:

computed, as discussed below. After computing F, the onyRAED)
intersect point is computed in step 887. The X compo:

nmonh The ¥ comeee1a, equals ROr+ PRe The Bez Split Subroutine 550s illustrated in FIG. 71.
i ROvr "RH, ROpK The 2 component of ke Stswnce tegrates(et Sad 0intersect vertor: Ip is ROO [F*(R1—RO:)]. The sy5- routine $90 (see FIG. 75) is used, there are three possi-tem then return othecalngroutine. ap Ble ats returns Visible, Invisble or Split_The value for Fs computed dependent upon the “> "Ath tp ofthe Bez Split subroutine, take Vector BSorcularclippes being usedAlpha is A/D, Bett and put iim the storage locaton fer Vector Ruin steptained from a previous command inputto the card S51 enn step S82 the side Nag is set to visible andthe stack is clear

called the New Window command. For the D Clipper

(dipper cand Bn8, Feb Zo)/21~ Zo tis the cone“, TE Touinethen jumps to stp S90 evans th
GPRS inn the Zeomponesafthe Revector divided "atsofthe four working points: Vectors Bo Br, Brand
by the Z component of Vector Ri minus the Z compo: Phe satus is Split, the systemby the Z component ofV1 nus theZ_ con status is Spit, the system jumpso step S134 andemt of the Ro vector Forthe +A Cpper(GHPPereArd goes ote Split subroutine ee FIG. TL) Te Slit35 it subroutine will return two new sets of curved points:

.

VectorsLeft 0, Left 1, Left 2 and Left 3 (Lo, Li, Lz, and
7 oe ee La)and Ro, Ri, Ra, and Ry. These two vectors represent

fo ~ Aiphe sand the left and right halves of the curve. In step 553, the setof vectors forthe right halfof the curve (Ro, Ri, Rz, andFor the —A Clipper (clipper card 207): 4 Ry) are pushed into the stack. Then, in step 554, set
Bo=Lo, B}=L), B2=L2, and By=Ly. This uses the left

fe xo+ Alpha * 20) half of the curve that was split and makes it the newWes Ala Zar OTs AZT curve of evaluation, From step 554, the system will

return back to step $902 again.
For the +B Clipper (clipper card 208): 45 Tat step 590a, if the Get Stat subroutine returns the

answer “invisible,”the system goesto step $61 to set the
re (v= peut 29 Side Flag to invisible and then proceeds to step 562Tey eT ‘which is explained more fully below.

jo. _ From step $902, i the answer to the Get Status sub-For the —B Clipper (clipper card 209): routine is “visible.” the system jumps to step 555 t0 see
if Edge Mode is on. If Edge Mode is on, the system

e+ peas ay jumps to step 558 to set the code of the Bo point to aPy
ia Z- lsBea “First” code and turn the flap bit of the BO point to off.

ss Then, the system jumps to the Out Buf subroutine in
FIG. 7H illustrates the Visible subroutine 511 which "step 878 (see FIG. 7M). On return, having completed

is used to determine whether a particular point is vii- steps 588 and 575g, the system jumps to step 859, which
be. The visible subroutine will return “true” ifthe point is more fully described below. If, in step 585, itis deter-
ison the visible side of the particular clipping plane mined that Edge Mode is off, the system then goes to
being tested. The visible subroutine will return fase if 60 step 556
the point is on the invisible side of the clipping plane. In step $86, the system determines whether the side
‘After the flag is set to true or false the system returns to flag is set to “Visible.”
the calling subroutine If the answer is yes, the system jumps to step 559,

“The way the visibility is evaluated depends upon the which is described more fully below. If in step 556, the

particular clipper in question. (65. answer is no, the system goes to step $57 to set the code
‘The D clipper (clipper ead 205) Visible subroutine for the Bo point to “Next” and set the flap bit of the By

testis: “Re>D." Ifthe answeris true, the point is visi- point to “off.” The system then jumps to the Out Bufble; if false, the point is invisible. Subroutine in step 878e (see FIG. 7M),



4,646,07533 cad‘The system then executes step 559, In step 589, the Vector Bo+B1, divided by 2. Vector L2 is found by
code of the By point is set to “Bezier,” the flap bit of taking vector L) + vector M, and dividingby two. Vec-point By is set to “off,” the code of the By point is set to tor R3 equals Vector Bs. Vector Rz is B2+Bs, divided
Next,” the flap bit of the B> point is set to “off,” the by two. Vector Ri is vector M-+Ra, divided by two.
code of the By point is set to “Next,” and the flap bit of $ ‘The vector Ro is found by taking the quantity vector
the Bs point is set to “off.” L2+Ri and dividing by two. Vector L3 equals vector

“The system then goes to the Out Buf subroutine in Ro.
step 575/ for each of the points By, Bz, and Bs. After After performing all of the above calculations, the
‘executing the subroutine three times, the system goes to system then returns to the calling subroutine.
step $60 to set the side flag to visible. 10 The Out Buf subroutine 575, is shown in FIG. 7M.

‘Next, the system goes to step S62 and determines Firs,in step 576 itis determined whether Edge Mode iswhether the stack is empty. Ifthe stack is not empty, the on. If the answer is yes, the system goes to step S81 and
system pops whatever is on top of the stack off in step determines whether the Any Output flag is set. If the
563. The system then goes back to step 5092 and pro- flag is set, the system jumps to step S83, discussed be-

ceeds as set forth above. 15 low. Ifthe Any Output flais not set, the system jumps'At step 562, if itis found that the stack is empty, the to step $82. There, the Any Output flag is set, and the
system jumps to step 564 to determine whether the side code of point Rois set to “First.”flag is set to “Invisible” and, at the same time whether _In step 583, set the face visible and the flap bits of the
the By point is visible. Ifthe answer to the testis no, the Ro Vector are set to off. The system then jumps to the
‘system jumps to step 566 and sets the flap bit of the 20 Out Point subroutinein step 870¢ (see FIG. 7N). Afterpoint stored as Ra equal to the B3 fap bit. Then, the step 570c, the system returnsto where the Outbuffsub-System returns to the calling routine routine was called from,

If the answer to the test in step S64 is yes, the system _Back step 576, i the Edge Mode is not on, the system
Jjumps to step S68 and sets the Bs code to “Next,” and jumps to step 577. In step $77, the Any Output flag is
the Bs flap bit to “off.” Then, the system jumps to the 25 again checked to see if itis on or off. If itis off, the
Out Buf subroutine in step 875d. After siep 578d, the system jumps to step 578 and sets the Any Output flag
system executes step 566, as previously described. to true and the code ofpoint Rato “FIRST.” A jump is

‘The Get Stat subroutine as illustrated in FIG. 7J. In then made to step $80.

step 591, the system determines whether Boand By and In step 577, i the Any Output flag is on, the system
B; and B3 are all visible (see FIG. 7H). If the unswer is 30 goes to step 570 to jump to the Out Point subroutine
yes, the system proceeds to step 592 and the answer with the VectorRa as the pointof evaluation.Feturned to the calling routine is “visible.” The system _Returning from the Out Point subroutine, go to stepthen returns to the calling routine. Ifthe answer to step $79 and put the codeof the Vector Rointo the Rzcode591 is no, the system proceeds to step 593. storage location. From step 579, the system jumps to

In step 893, the system determines whether Bo, Bi, 35 step 580.B, and By are all invisible (see FIG. 7K). If the answer _ In Step 580, the flap bit of the Ro point becomes the
is yes, “invisible” status is returned to the calling routine flap bit for the Ra point. Face Visible bit of Robecomes
in step 594; and the system then returns to the calling the face visiblebit for Rp. Then, vector Rois placed intoroutine the Re storage location, that is, this means all three

If the answer is no, status “split” is returned to the 40 vector components Ror Roy and Ror are stored in the

calling routine in step 595, and the system returns back respective Ra locations Raz, Ray and Raz. Next, the
to the routine from which it was called. system returns to whére the Out Buf subroutine wasThe Binv subroutine $12 is illustrated in FIG. 7K. called from.
This subroutine determines whether a vector is invisi The Out Point subroutineisillustrated in FIG. 7N. Inble. The evaluation of whetheravectorRois invisible is 48 step 571, the flap bit, face visible bit, and code previ-‘ Boolean function which determines if the control ously stored for the Rovector are combined as parame-point of a Bezier curve is invisible. The invisibility de- ters to form a Point Command (called Command C).
termination is slightly different from the visibility func- Then, in step 572, a Command Cis output then Res, Ren
tion (see FIG. 7H) in order to make the curves con- Rey (the components of vector Ro) are output. The

verge. 50 subroutine then returns to wherever it was called from.‘The invisibility determination is different for each of It is apparent that the components which form clip-

the clipper cards 208-209. For for the D clipper (clipper per cards 205-209 could be programmed using anycard 205), it must be determined that the Z component suitable technique to accomplish the functions de-

of the R vector (R.) is less than D-+Epsilon, where scribed above. An example of one suitable set of micro-Epsilon is a small number (such as, for example, 4). For $5 code instructions which may be used to program thethe +A Clipper, Rx must be greater than’ R.*Al- clipper cards 205-209 is set forth in several Appendices.pha—Epsilon, where Alpha=(A/D). For the —A Clip- The microcode for clipper card 205 is set forth in Ap-
per, Rx must be less than —R,*Alpha-+Epsilon. For the pendix F. The microcode for clipper card 206 is set*B Clipper, Rymust be greater than R,*Beta—Epsilon, forth in Appendix G. The microcode for clipper card
where Beta=(B/D). For the —B Clipper, Ry must be 60 207 is set forth in Appendix H. The microcode for clip-less than —R,*Beta+Epsilon. per card 208 is set forth in Appendix I. The microcode“The Split it subroutine 513 is depicted in FIG. 7L. for clipper card 209is st forth in AppendixJ.AppendixThis subroutine requires the VectorsBo, Bi, Bz, and Bs; A illustrates a bit description map which referencestwo other sets of vectors (Lo, Li, L2, and L3and Ro, Ri, _ each line of the microcode of Appendices FJ to theRa, and Ra), are derived. 65 particular location in the microcode PROMs Ul¢-

First, in step S14, a new vector M is determined. 2-U149 and UIS1-U183 (see FIG. 3B) at which the
Vector M equals vector B;+Bz, divided by two. Sec- microcode is stored. Thus, in order to make and use the
ond, vector Bo is copied to vector Lo. Vector Li is clipper cards 205-209in accordance with the presently
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preferred embodiment of the present invention, one two resets wll ause an intalization of the registers and
Teed only connect the epper ies wing the pinconnec- the card
Teasacshowsin FIG. Band then ensode the PROMS From there a jump is made into the Get Command
Uren U9 and UISI-UIS9 using the appropriate mie subroutine 602. After the command is obtained i 8
cede ar Appendices FJ, which i encoded in the 5 tested and a jump is made to the particular subroutine
PROMS as set forth in the bit description map of Ap- 603 called for by the command. The jump can go eitherpan fo the X10, Vector Hit On, Vector Hit Of, or the Point
A viewport Card sebroutine Ifthe command ws other than the above, the
Viewport card 210 has the general configuration of routine will jump to a pass through subroutine 607 to

the basic pipeline card of FIG. 3. However, viewport 10 pass the command to the next cardahd 310 Bows not inclode the following components. the command is fora point subroutine 603, «test
aie 936° RAM 244 sine/conneinpot 250, stack Will be made irs to see ifthe Vector Hit Test ton. If
twister236, X RAM244, sine/cosine input 256 ae itis not, the routine will jump to Process Point 620. Ifsecondary inp handshake 270 the Vector Hit Tent on the Hit Mipflop i set in step
Sea reeves data represening 3D 1% tad contro pated othe Get Command sabrostne

points cipped tothe inside of the viewing frustum. The 2, i
ln cppe 1 the inside ofthe viewing rtne The Vector Hit Test On subroutine 610i iostrated
{specific viewport on the sereen. in FIG. 8A. This subroutine first turns the Vector Hit

specific viewport Onthe KEE ich fxm view: Tet odin ep 611 clears thei ip op instep 612en, Spare thar the components which fom Ve" 29 hen sets he Stats Port Done it to and the Statsort card 210 couldbe progiammedwing any suitable “Por Hibit to Oin step 618. A retun'sthen mae othe; falling rontne‘An enample of one suitable set of microcode instruc: 8An example of tt of mr ‘The Vector Hit Test off subroutine 615 is shown intions which may be used to program viewport card 210 FIG. 8B. Then, the hit flip-flop is set in step 617, and the
inet forth in Appendin K. Appendit A ilusrates a bit
Scttipion may which reereces exch line of the mir 25 Status Port Done bit turned on in sep 618
crocode of Appendix K to the particular location in the “ es Point subroutine 620 is illustrated in
crocodeof Appendix Ktbe particular locaton tbe 6, g¢. Step 62, the Flap Bi, Face Vise Bit andFIG. 3B) at which the microcode is stored. Thus, in Code are extracted from the command and stored by

; ; the Process Point subroutine. In stp 622, the Vector R

order to make and use viewport card 210 in accordance 9 jg brought in with the Point Command is then examined

withthe presently preferred embodiment ofthe reset instep 28 A condos jump aso the code of heItvention one need only connect the viewport 1¢'s step 623.4 conditions
thing the pin connectionfs shown in FIG. 3Brand then nnd is then made. a step 624 on the etscate the PROMs UI42-U149 and UISI-UIS9 using the Code 8 Bezier am ee oe in Res otcred iiPROMS UIG- US and UISL-UIED ang orewcar Api previowlysoredRiputye microcode ix K, which is encoded in the 35 into Bo. The current Vector R is then put in to By. ThenPROMS as set forth in the bit description map of AP- ~ in step 628, another command with vector is retrieved
pendin A and placed into the Ba storage location in step 626, Inpoder Card ep Q27; third command end the associated vector f

Exploder card 211 has the general configuration of then retrieved. From that command, the Face Visible

theHse ptne card of FIG. 3, However, exloder a the Pap bit andthe Cade are exacted tp 628)card 211does not include the flowing components: “and stored in Location By and R (step 628 A Sump i
wiser 236, mulipcr 268, X RAM244, sir 282 then made10the Explode subroutine step 638). Afterdata

PROM 266, secondary input latch 268, and second- 630. * ia . ump ‘epsry inp handshate 20 , 45 At step 63, the R point (R vector) is transferred to
Thi card performs two unrcated functions ex. he Rta lation, The lap tore in the §

Plodes gurves into segments, and performs the Vector —_ Flap bit (FBs) storage location and the Face Visible bitit Test inthe S Face Visible bit (FVBs) storage location. A

Exploder card 21 takesthe pins inthe ata steam jump is then made to step G1 Instep Dt the codes
it recognizes as curves and explodes these points into 50 tested to see it i close code. Ifthe answer i No,

seaight ine segments which ae short eng s the "etm to the cling bowtie. If he answer Yes,Scgmens appear smoothly curved on the sefeen afer jump to sep 6482.
Scan conversion. Points’ which are recognized as” Step 64Sbis the output of an edge. An edge runs from
straight edges the data steam are passed through by Rto Ror from the current point (tothe First Pot

txploder card 211 Das recognition ithe pont steam #5 (kp), withthe Ry Fap and Face Vise bis After
iden by mean ofthe scade" wich wataches 0 upsting thee, we retr othe cling sototach point inthe data stream, tine

Bung eon Fe te wing window Back p10 sep 2 if he point hs aNexrade vety smalland positioned overa selected position ede asceiated with, Jumpi made to stepIfapoint comes through viewport card 211 to eaploder 60 648, the outpet subroutine. An edgeis output that goesCard 212, a “hii epistered: On the ther hand ifthe "from the Ree point to the current point or the current
Slippers have clipped everything away, no poinis Will vector Ry withthe Flap bit and the Face Visible i that

feach exploder curd 211 and no ti ogistered re asocated with the Rs point A jump sthen madetoTic itr veiwcath inownsherbow ep andthe tbo cosines a dcrtines that will be desribed in det shovethers hardwave rest or a CPU reset causes jump Back to step 629 agtin, ifthe point were “Firs.” a
to the POC subroutine 600. The next step down 601 jump is made to step 632 and the current vector Ris
Shows that Pipeline Int (PLLINIT) as well w the other placed in the Ry (or First Point storage locations. The
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routine then jumps to step 630 and continues as de- see fitis atenoughto output and make the curve lookscribed above. smooth.

‘The Explode subroutine is illustrated in FIG. 8D. __If the answerto the Boolean expression in step 641 is“The subroutine is entered with Bo, By, Bz, and Bs vee- No, a jumps made to step 638 and the system continues
tors, together with a Flap bit, and Face Visible bi. 5 down to steps 639, 640 and 641

First a jump is made (0 step 636, where Vectors Bo, _Ifthe answer to the question instep 641 is Yes,a jumpBy, By and Bs are multiplied by a scale factor, such as, is made to step 64SC. This step isa jump to the Outputfor example, 2A jump Is then made to step 637, where subroutine to output an edge from vector Boto vectorVector Cois calculated. This means that both the X and Bs, but the values in Bo and Bs must be frst divided bythe ¥ components of the Vector Co will be calculated. "© the scale factor.
To caleulate Co ‘After the edge is output, a jump is made to step 642

and a test made to see ifthe siack is empty. If the stack
3p 2m +8) js empty, jump to the calling subroutine. Ifthe stack is
oS ‘not empty in step 642, jump to step 643 to pop the vec-15 tors Bo, Co, Bs, and C3 off the stack, thenjumpback toNext, Cis calculated: step 640 and start the process again as described above.“The Output Edge Subroutine 645 is illustrated in

sew-atm+ oo FIG. BE. In step 646, an edge command is output withcya the appropriate Flap and Face Visible bits. Then the X20 Value ofthe first end point is output, together with the

rector Cis now Y value ofthe first end point. The X value of the secondThe
Vector Caris now calculated end point and the Y value of the second end point arethen output. A return to the calling routine is then

cn = OED made.
? 25 Tvs apparent that the components which form ex-

ploder card 211 could be programmed using any suit-‘The Vector Bysis now calculated: Able technique t0 accomplish the functions described

above. An example of one suitable set of microcode
1 BD ey 4o instructions which may be used to program exploder
om) card 211 211 is set forth in Appendix L. Appendix A

illustrates bit description map which references each
AA jump is now made to step 638. The vector Cis line of the microcode of Appendix L. to the particular

divided by four ( Cy) and placed back into Cy. The gcation in the microcode PROMs U142-U149. and

value currently in vector Cy is also divided by four (} ,, Ui81-U183 (see FIG. 3B) at which the microcode is
C3) and placed back in the C3 storage location. The ** stored. Thus, on order to make and use exploder cardvectors By, Cx, Bs, and Cy are then pushed onto the 211 in accordance with the presently preferred embodi-
stack and a jump is made to step 639. In step 639 the ment of the present invention, one need only connect
vector Cois divided by four (} Ca) and placed back into the exploder IC's using the pin connections as shown in
the storage location for Co. The vector Bais placed into 4g FIG. 3B, and then encodethe PROMs U142-U149 andthe storage location for Bs, The vector Ciyis placed into“ U1$1-U183 using the microcodeof Appendix L, whichthe storage location for Cs. A jump is then madeto step _is encoded in the PROMSas set forth in the bit deserip-640. tion map of Appendix A.

In step 640, a new value for Vector Cyis calculated. J. Incremental Form Card

That calculation is: 44s _ Incremental form card 212 has the general configuration of the basic pipeline card of FIG. 3. However, the

io incremental form card 212 does not include the follow-

Se ing components: X RAM 244, sinc/cosine input 258,stack 260, secondary input latch 268, and secondary

“The new Vector Byyis also calculated 40 input handshake 270.
"The basic input tothe Incremental Form card is pairs

weap ‘of points. Each pair of points defines an edge. The cardIncw Converts this description of an edge to “incremental
form,” which is an alternate description of the same

jump is made now to step 641 for two test 55 edge more appropriate for scan conversion. The basicarchjump is made now to step644 for two tess. They * Cour ofthe card is edges stored in incremental form“The card has two other major functions. Ifthe card is
1s curs(Epson) put into “vector mode” (by an appropriate command),

it converts each incoming pair of points into a thinand: @ rectangle roughly two pitels wide. This rectangle is
output as four edges in incremental form. This thin

1s Curse psion, rectangle isthe “vector.”“The other major function ofthe card is “lapping.” If
‘here Epsilon is, for example, zero. an incoming edge has a certain flapping bit set, the edge

65 is translated slightly (about one pixel) in a direction

“The Vector Curis actually the curvature of the mid- perpendicular to itself and toward the outside of the
dle ofa line segment and has two components, Cwrand graphic figure. This litle extension is the “flap,” added

Ciry. The curvature ofa line segment i being tested to in effect, to an edge. The purpose of the flap isto give
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mt-aliss action in scan converter 820 (see FIG. 1). then the full width of the vector for output for CNT,

‘Reference is next made 10 FIGS. 9-9D which illus- and a zero, and a zero for the two slope numbers.)
crate the operation of incremental form card 212 in |The second edge tobe output wil be
more detail

“The chart illustrated in FIG. 9 shows tha either a ageCVE—A HOW, 2H,

bardware ree nan 00 A Pineeee After step 719, a jump is made to step 724 where a testIND ire is made to see if the End of Vector flag is set. If theoF one of the above resets will then cause the a se ifthe End of VectorNagi acard to_g0 into the italization routine 701. The Get 10 a"sWer is Yes, and End of Vector(EOVEC) commansis output 726 and a return is made to the Get Command‘Command
subroutine 702 is then entered, and @ jump subroutine 702. If the answer is No, an End of Facemade to a subroutine dependent on the command re- Command is output 728 and the End of Vector Flag isceived. The possibilities are: set (step 725) and a jump is made to the Get Command

the change input/output command which will use 5 Soyin 993
a jump to the XIXO subroutine 704, In step 718, if the answer to “Count equal to 0?”

the Vector Mode command which can either set or (Cat 07) is No, jump to step 720 and test to see if Y1 isclear the Vector Mode Flag (step 708), greater than Y2. Ifthe answer is Yes, goto step 721 and
the Flap Mode command which can either set or interchange X1 and X2, then Y1 with Y2 and recom-

clear the Flap Mode Flag (step 706) 20 pute the count with the new Y2 minus the new YI
the Set Scan Mode command which will cause a” Jumpto step 722 to continue processing. If the answer“ump to the Set Sean subroutine 750 to set the scan instep 720 ts No, jump is made immediately to step

to the 2X or 4X mode, or m2.

an Edge command. In step 722, a testis made to see if X1 is equal to X2If the command is not one ofthe above, iis assumed to 25 If the answer is Yes, jump to step 723 and output (wobea command for another board and the Pass Through edges. The first edge is
subroutine 740 is called to pass the command through

the card age, X821 HW, ONT. 0.0)
‘Wen any ofthe subroutines are completed, the pro-

gram returas back tothe Get Command subrostine 702. 30 The second Edge is
‘When an edge command is input to the card, X1, Y2,

1X2, ¥2 are input (otep 707). The valves are the two end Ea XIU HW, ONT.)
points of an edgeor a line segment. XI, Y1 is one end complete thepoint X22 isthe other end’ afer inputing the edge, .- Aump is then made to step 724 to complete the pro-the routine goes to a Branch on Mode point 708. The *> ““Trthe answer to the question step 722s No, ajumpismode is checked tose ifit is Vector Mode, Flap mode yg. a oon pene(DAMS, DXLS)
Gr neither Ifthe Vector mode (VM) flag ison, jump eve JoN60 12.{S'made toa subroutine that processes the edge for Vec- i
tor mode (step 715). Ifthe Flap mode (FM) flag is 00, 4p non
the edge is processed by a routine called the Process pr-2
Edge in Flap Mode (step 709). If notin ether mode, the
regular mode must be in effec, s0 the edge is processed «slope is adjusted to two words, a format conven-

voces Elgin Vevior Mote abotin 71x 2 feet omen fhe Sean Lie Proceso
ilustratedin FIG. 9A. The output edges ofthis subrou- nis operation, jum an testine ae of the format: (Y. X. Cais DXMS, DXLS), (9on ee ones
Wuhere Cat isthe count number and DXMS, DXLS are ‘© as the PE neatly Net and set Delta
the most significant and lest significant slope numbers. sy xg" Belts Ye vector width, and count=2 * Delta

in step 716, of the Process Edge inVector Mode" ¥ The count is the count of the End Cap (ent) andsubroutine, is atest to see if the Flap bit is set If the dxms-=0 and dals=0. DXMS, DXLS are for the long
answer is Yesa return is made to the Get Command edges ofthe vector and dams, dxls are forthe end caps
Subroutine 703 and the vector is discarded. If the an- jump is then made to step 732

Sweris No, ¢jump ismade to step 717 and atestismade ss if the answer in step 729 is that the edges are notto se ifa single-width or double-width vector is being nearly horizontal, jump to step 731 and calculate the

made. Values for dxms and dxls by use of a PROM look-upTri is double-width, a jump is made to the double- able. The count for the end caps will be set at 2* Deltawidth routine 58 Gee FIG. 9B). If No, jump is made Y. The Delt Y and Delta X obtained from the PROMs

to step 318. In step 718, the count (CNT) is computed, 60 is divided by 1wo.which is Y2-—YI then the result is checked to see ifit A Jump is then made to step 732 o test for a negative
Js zero (0). Ir the answer is Yes, the edge is horizontal; slope ofthe long side ofthe vector. Ifthe answeris Yes,
jump is made to step 719, which is called the Zontal the sine of Delta X found from the look-up PROM table
saebtine The subroutine outputs two edges. The ast is changed by subtracting Delta X from zero in 733. A
ore 5 jump is then made to step 734. Ifthe answer i No in

Step 732, jump to step 734 immediately and output the
agetV1-4 HW, XE HW, 0,0) two long edges ofthe vector. The ¥ value forthe frstof the two long edges is Y1+Delta Y. The X value is
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X1—Delta X. There isthe count number for the Jong numbers for both end caps are set to zero. A jump is
tdge (CNT), and the two slope numbers for the Jong then made to step 732
edge, DXMS and DXLS. The second edge output will In steps 763 and 76, ifthe answer is No, go t0 sep
terY1_ Delta ¥. The X value i Xt-+Deha X, along _ 766 and perform a calculation to derive valves fortheWith the count value forthe long edges and the two 3 two lope numbers dxms and dls) forthe end cap. The
slope numbers for the long edges. A jump is then made count for the end cap 2 * Delta Y is obtained from the
to sep 735, PROM. Jump to step 732.

In sep 735 a testis made to see ifthe count number The regular mode edges subroutine 740 silustrated
forthe end cap is zero. If the answer is Yes, a jump is in FIG. 9C. In step 74. a test is made to see ifthe scanmade to step 724 to complete the processing. If the 10 mode has been set to 2X or 4X mode. If in 2X mode,
tnswer is No, got step 73640 output the Tine segments jump (0 step 742. If the answer for the test for scan
for the two end caps. The first edge output is 41—Delta__™ode is 4X mode, jump directly to step 743.
Xt Delta X: the count forthe end cap (ent) andthe In step 742, the values for XI, YI. X2, and Y2 aretwo slope numbers forthe end cap (Gx, dxls). The ,,AND’ed (logically), one a a time, with a constant tonext edge output is Y2—Delta Y; X2+Delta X; the ' truncate the least significant bit and then store each
‘count for the end cap and the two slope numbers for the back into the appropriate storage location, ic, X1, Y1,
tend cap. A jump is then made to step 724 to complete 2, and Y2. A jump is then made to step 743.
Fe ae ieined before, instep 743, atest fs made for YI=Y2? ifthe answer

“The subroutine ilstrated in 9B was accessed from aq i Yes the edges horizontal and the san converter willstep 717 ifthe Double flag was se. ignore it and the edge is discarded. The subroutine then
Entering the Double subroutine at step 786, the count etufns to the Get Command routine. If the answer it

number ofthe longline segments is calculated as Y2- No. jump to step 744, where s tet is made (0 se if
“YE, The count i tested fora 0 result. Ya Y22 i no, Jump to sep 746. If Yes amp to sepire answer is Yes, a jmp is made to sep 787 to 25 ene eCMnasuty 1 and V2 and also interoutput two edges. The first is: A jump is then made to step 746. The count number

getV1-HY, X12 HW, 0,0) is computed in step 746, which is Y2~Y1. The two
Slope numbers (DXLS and DXMS) are then computed

‘The second edge output is: x»

see 2.27.00) pe= ath
(AW=vector width) A jump is then made to step 724 a

In sep 756 ithe answer to Cnt=0is No, gO 0 Sep yg ,, THe Fst is adjusted into two output words a be18 or

In step 758, test whether Y1 is greater than Y2 (Y1- ‘A jump is then made to step 747 anda test madeto see> Y2). If the answer is Yes, exchange Y2 and Y1 (step if the Scan mode is 2X.
759), X2 and X1 and compute a new count (CNT) If the answer is No, jump to step 749.
Which isthe new ¥2 minus the new YT and jump 10 Sep 4p g/m Te a etner joeie aoe sy 78 CE Ya) Ne Sept yeah ae mtn(OLSTr sep 700" 3 is tested to seeif tis equal to X2, DMS) ate also doubled at this point and a jump is(X1=X2). If the answer is Yes, jump to step 761 and ade 10 step 749 to output an edge. The edge i:
output two edges. The first edge is: 45 EdgesXt,YI, Cot, DXLS, DXMS)

Edge(¥1, X14 HW, Crt,0, 0) The Cnt, DXLS, DXMS values are those just com-
puted. A'retum i then made to the Get CommandThe second edge is: ibroutine 102

,

50 "The Set Scan routine 750s illustrated in FIG. 9D.
Searee, zim, This routine first examines a bit in the command word

step 780) to determine ifthe mode is 2X or 4X. Ifin 2XAumpistbenmadeosepttocompetetbecomps Sothe San ne asaut he cone
tnand for use of succeeding cardsin the ystem, Ifin 4XTt instep 760, the answer to X1=X2 is No, jump to s5 Made, the Sean mode lag ett the 4Xcondition and

sep 762 and compute the slope numbers forthe long” the command ott (ep 79)Je by: ts apparent thatthe components which form incre-
mental form card 212 could be programmed using any

pra at fitable technique to accomplish the functions de-
ow 0 scribed above. An exampleof one suitableset ofmicro-Code instrections which may be used to program incre-

[ier this operation, goto step 763 and then 764 {0 mental form card 212 is set forth in Appendix M.-Ap-
determine i this slope about to be output is very near pendix A illustrates 8 bit description map which refer-

horizontal or close enough to horizontal for our pur- ences each line ofthe microcode of Appendix M to theposes. 65 particular location in the microcode PROMs Ul4-
Tithe answers Yes, goto step 768 and set delta X=0, 2-UI49 and UISI-U183 (see FIG. 3B) at which the

Delta ¥HW (ihe value derived from PROM). The microcode is stored. Thus, in order to make and use
Count for the end caps is 2* Delta ¥ and the slope incremental form eard 212in accordance withthe pres
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‘one need only connect the incremental form card IC's, §———_______soutinued__
‘using the pin connectionsas shown in FIG. 3B, and then —ALU FUNCTION XX} _sees ie PROMS UI42 U1 and UIS1-UI60 using ; : ; 1Fenn erect Append Lewhichisencodeainine $0 2B ftPROMs as set forth in the bit description map of Ap- —__HEX__FUNCTION _MNEMONIC
pendix A
From the above discussion, it will be appreciated that 5 Fas RBAS

the present invention provides a data processing pipe . ave RXOS
ihe otem and thos whichminimiscsthequantiyer 107 YS roa
fae conte points need be procesed and sored, the fed
present invention significantly increases processing a R-S RMS
speed and saves on needed storage space. In addition, 4 ROS
Since the pipeline system and method of the present 15S masStvcnon Pcewes curves nthe formof Bezier contol > Boasvase he present invention aso provides a data pro 2 e108

aoere comand metbed for processing ees ———E——————— X08
tone Stresemavons of sraphcallustrations which
can clip the curved portions of such illustrations to a 20

the pipeline system of the present invention uses a num- b ‘ »re BPs micro rogrammed cicul card theaoneces ie ees data proceing pipeline 25 ———MEXR$MNEMONICsem and method which incteacs provesing speed rr
by processing control data points with significant reli- ' 4 5 RSAB
ance upon system hardware, rather than system soft 2 og S29

Teraer, the pipeline system and method ofthe pres: $ SKRSEZA
rot such’ cartes are exploded ino numerous sal 6 3 $ ER

rae ac eoe tcpay Thus he preset mvenon | ———2—>——>—S22
Provides data proce pnaine for ase n procesing
data points representing a graphical illustration which s
SE cre ioaetior whit metesaly amocth TaggBasanMize! eventhough the usraton fy enlarged on the | ONEBISTATIASwating screen Alto since the individual contr} points : A
Focene by the pipeline ofthe present vention are) _wex "LOAD ¥_venen

encoded, the present invention provides an automated “? 55 5"wrkseries cea which s capabe of producing both oS NEO
Sr igure and line drawings as part ofa sage ius. ==) NOT Nore

forms without departing from its spiritor essential char- “ s FAB F SRFee Rcnesemodmens sewbecon =f HemseQ FLOP

sidered in all respects only as illustrative and not restric- AJ 2F=8 F SUF
seer eer rths mscnton therefore ingieseg
|

by ihe appended claims rather than by the freB0iN8. gg
Shactiptce: Alchanges which come within the ear _ —
ee Tu ange of equelency othe claims te Tobe TED ANTA PORT ADDRES
Ssmased thin tht spe Ee

APPENDIX A | Se
MICROCODE MACRO DEFINITIONS 8

PL4000 oo
THE DEFAULT STATES ARE CIRCLED. ee)1. y__}
————_ BB Bz BL Bo

ALU FUNCTION XX1_ ae
Sa
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YRAMADDRESS X17 em“s rr o “ °YRAMA3__YRAMAZ YRAMAL YRAMAD STACK WE
DEC REGISTER ar RAM WE FUNCTION

oo mo Coy READ FROM RAMH RI " WRITE TO RAM

3

4 Re 0

5 RS a

‘ Re oTH
;®3

:RS SEQUENCER RE/
: ® LOAD: SEQR.
0 Rio 15 __BIT_ SEQUENCER REGISTER ENABLE.

b Rit 2 LOAD D INTOR
6 RB © __HOLD CURRENT R CONTENTS
\e Ris

—_

& Ris
20

mas—— 38

axe DIV PROM UPPER/LOWER
. SELECT. DIVUP

CONDITION LATCH CLK. 23vie

FeAS—_HEX_CONDITION LATCH CLOCK_ @ Lowa BALE© LATCH CPU CONDITIONS 1 re HALE
ATEND OF CYCLE

1 HOLD PREVISION

CONDITIONS 0 mae
%

X RAM OE/

MULTIPLIER CLOCKS XX7_ TeAnbosENAS2 7 2 (See LOWER BUS ENABLE)

MPYCLEX —— MPYCLKY. eycikour 35 __4_XRAMOE___MPYX FUNCTION_Lock: MPYX, MPYY, MPYOUT SEL ° X RAM LOWER BUSCLK CLK CLK. MULTIPLIER CLocks “NPY

x Sy our __FUNCTION SEL } USELESS ax
ox eboceNTS) LOWER BUS
X 8B LOGK IN INPUT 40 Nor 1 LOWER BUS —-MPYX
X =X 0 CLock RESULT our x
OO © __Norwat SE

—S eee MAY Y VOCONTROLNMIOTVLINE LATCH CONTROL XXE ns
2 xu MPY YSEL AL Mey YSEL A0

INLINELATCHLE IN LINE LATCH/MPY OF aL vee DUS ENABLE)
HOLD. INLATCH 3 HEX MPY¥ FUNCTION
ENAN

LINE LA SoLOWERBUS-MPYYLe__O£ INLINE LATCH CONTROL so Set sk BUS
EEETC SEL | Y RAM LOWER BUS@

Xx «LATCHDATA. SEL} MPY LS BYTE -LOWER Bus® —_X_ TRANSPARENT TO DATA SEL 3-——_CDIVIDE PROM LOWER BUS

x @ LATCH OE. NOT ° LOWER BUS —-MPY Yx 1 MULTIPLIER 0 ay

YUposteaegs NOT RAM MY
SEL

@ °
or rs opt Prom rv

—— SEL25 St
XRAMWE

°

BRANCH ADDRESS Xie

errr
esNAB NAT NAG _NAS NAM NAB NAZ_NAI__NAO

2 ‘STORE DEFAULT
Y RAM WE JUMP ADDRESS °
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x= ADDRESS MODIFICATION SELECT X2536 os cy «
CONSTANT MUX SEL START ADDR $2. START ADDR SI_ START ADDER $0

SELECT: CONST 5 SELECT. ADDMOD
Gu Orven nus Eee) —_HEX_START

ADDR MODIFICATION— TE__COSTANT OX 0 NUMBER OF PARAMETERS:ser 0 CONSTANT 1 COLORSEL |) # OF PARAMETER WORDS. 2 MATRIX

Gen) © NoMa 10 fl opr@ NO MODIFICATION

LOWER BUS ENABLE X20_ 1s GLK LENGTH CONTROL X252 4 ss 6 «Low BUS ENA? LOW BUSEN AI LOW BUS EN AO CLK LENGTH At CLK LENGTHAOSELECT. LOWBUS ‘SELECT: CYCLE LENGTH

HEX LOWER BUS DRIVER HEX CYCLE LENGTH

rr _ 0 20m® 201 20 1 20 on2 TwisTER 2 150 ns3 YRAM XCEIVER o to me

4 X RAM XCEIVER a]—5 SECONDARY INPUT

NEXT ADDRESS PROM CONTROL X24“ @ o “

NA PROM A3 NA PROM A2 NA PROM Ai NA PROM AO
SEQUENCE

(See CONDITION MUX SELECT)
TRUE CONDITION FALSE CONDITION com.

INSTRUC: INSTRUC. PLETEPROM. MNE: TION. INPUT MNE. "TION. DINPUT MNE. PROM

ADDE_HEX MONIC SOURCE SOURCE STACK MONIC _SOURCE SOURCE STACK MONIC _ADDR
0 UsrM) DMAP PUSHPC IMPS STKO wSTORESSMIS oTPROM

201 NeXT epc U STORE omep) Dw STORE UMD 3
42 IMeD DuSTORE (NEXT aPC STORE IMDN$
6 3. NEXT upc STORE Gea) “RG STORE Nine 3
5 4 MPR R USTORE NEXT! uc w STORE IMRN 9

AS NEXT ePC | USTORE Gsk>) —"D.SSTORE PUSHPC | NJSDB© 6 sD DUSTORE PUSH PC NEXT © UPC wSTORE JSDN DD.E> NEXT abc USTORE (RTS) TKO. wSTORE POP Nets F
oF RTS STKO USTORE Por NEXT —uFC.USTORE RISN

bo 8 RTS STKO USTORE POP = JMPD =D uSTORE RD 31s A IMPD Dew STORE RIS STKO. GSTORE POP moRT 15
1B Isks STKO WSTORE PUSHPC USRR) -RUSTORE PUSHPC SSSR 7
eC IMPR RuSTORE SseD DB USTORE PUSHPC RSD 19
kD NEXT upc MAP MPs) STKO. MAP NIMS 1B

PROM PROM1c @USHN) PC WSTORE PUSHPC MPM) =D MAP. PNM 1D
PROM

ie _@MPD) DSTORE _POP___NEXT_wPC_ STORE. oN oF.

a

@

CLK ENAB

8 ENABLE 10
‘ arr CLOCK ENABLE

i aNORMAL cLocKXT DONT CARE 1 LOCK MAY HALT

WAITINGON 10
FS”

x

2 anonMO SELECTScD nN La rcH ENAB ‘CONDITIONMUX SELECT XF
LOAD: COMMAND s ° 20, 2Bir MD LATCH CLOCK 6s GON, COND, COND, coND—BiT_MP LaTcH choc MUX} MUXS?——MUX'SI—- MUXS0io) HOLD COMMAND SELECT: CONDI

1 TRANSPARENT TO NEW DATA HEX CONDITION (F3)_MNEMONIC

@ FALSE) CFALS
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sortie

CONDITION MUX SELECT XT =

“ 6 70 a ”COND COND. COND.«COND sg STACK WR DATA ENAB
MUXS) MUS: —-MUXSt-—MUXS0 ENABLE STACKWRT

'SELECT: CONDI err STACK WRITE DATAHEX _ CONDITION (F3}_MNEMONIC towernus--stackTarr1 ZERO-) to) STACK OF/TATCH 2 NEGATIVE) SION

a @ Co 04 wer carr

S| Guerre carro “re6 STACK FULL CSTKF TMD aT
7 STAGREMPTY CMD ‘our CMD OUT PARM.: cremD,

“ ° 1s ‘STATUS. CMD, PARMLarch IDPRWD ciRwD nex TU OND, PARTatcH A ODPRND ‘cORFD —_ex_ourrurcmp pry_a foe croc T ‘OUTPUT IS PARAMETER€  crocmp ccem 2 Ourrut is emp> o PASS THROUGH
e

or

Fr TRUE (1) TRUE 20
eemnsouencecotnon

ae

2

a crvovtrur cLx.
= as ‘CLOCK: OUTCLEa err (GPU OUTPUT CLOCK

STACK PUSH/POP 2NEW Data To. OUTPUTSBr, STACK FUNCTION ® HOLD OLD OUTPUT

—o
i ror x0

m7

Pc PASSSo STATUS POC

n -RsELEcT x9 as BIT poc
malar stl ao a POWER ON CONFIDENCE PASS

SELECT: 10 © __NORMAL,
Hex INPUT/OUTPUT

rro PRIMARY INPUT ©
2 SECONDARY OUTPUT VECTOR Hi TEST CONTROL X36

i SECONDARY INPUT Py = 7%or" VHITON. 0 VHITOFF | VHIT MITSTATUS: VHON, VHDON, VEIT

ON OFF) HIT” VECTOR HIT TEST CONTROL,

STACK INITIALIZE X30 “s 0 1 1 CLR HIT& DONE STATUS7g TASER BUTIALIZE 200. 1 0X __ SETDONE STATUSSTACK INIT STACK FRAME INIT > 6 & soma
intr sr O_O _@ NormarIN Bea X= DONT CARE

STACK FRAME 0
ieee INmaLize

0 x INITIALIZE STACK @ERO——=—)s upp
x INITIALIZE FRAME (ZERO) (X.RAMADDRESS

NAWO_O noma T_TTootoe s 7DIV PROM IN ENAB

SELECT:SINE _@
UPPER BUS LATCH —DIV PROM‘STACK CLOCKS. 1 LOWER Bus piv PROMn

7 a DIV LATCH CLESTACK CLK STACK FRAME CLK LOAp: DIVLATCH

NATE:‘STKCLE oO (CLK UPPER BUS LATCHABLE: FRCLK HOLD PREVIOUS DATA

STACK FRAME, o -ck CLR. STACK CLK ste? SEL

o x INCR/DECR STACK. 6s HOLD: AOS_
x fi INCR/DECR FRAME SHIFT BY PRESELECTED AMT© @ __Nonwat @ SHIFT To BRING FIRST "1 TO POS—O Norman INSHIFT IN
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ti rocessing geometric figures which are composed of an_—_____sontinued__ May of both lines and curves, said CPU computing a

RAM ADDRESS XXL plurality of vertices anda least one set of control points——BT__FUNCTION___—_foreach figure input at said work station such that each
SHSIGN 5. said line is defined by two end-point vertices and suchoO ser" ZEROS that each curve of said figure is defined by a set of said' a control points, and said pipeline comprising:

tionsairrowiy) Sens for geometrically transforming any of said
10 transforming means having 8n input port and an

a™ ottpat pore and the input port of sid transforming
a means being connected to said means for sioring

AMOUNT OF SHIFT CLK said data;
ToAD AOS means for clipping any of said vertices or control

sir__Funcrion 15 points 10 a viewing frustam, said clipping means
ERRARRAY ANTOrSmmT having an input port and an output port and theb _fouwrarvious Data input port of ssid clipping means being connected
es othe output port of said transforming means

means for generating # series of data points which
to redefine cach curve of said igure in terms of

Ey Series of straight line segments, said generating

6 tmeans having an input por and an output port andAMT Of SENET ENABLE the input port ofsaid generating means being con-

sr runcabkt nected to the output port of std clipping means
ENEI 5 hereby said straight line segments are generated@_AMOUNT OF DENOMINATOR SHIFT only after the output from said clipping means of——2__AMOUNTOF DENOMINATOR SHIFT__ Sid clipped vertices and control points: andmeans for converting said lines and curves defining

OOORONSTANTROK

CONST? CONSTe CONSTS CONST4 CONST] CONST? CONST! CONSTO

= ssid figure to format compatible for outputting,
PERPENDICULAR UPPER/LOWER 40 ‘Said figure on said video output device, said con:

2 werting means being connected to the output port
SaLucr Day * of said generating means.
arinerion _ ata processing pipeline as defined in claim 1® ax wherein said transforming means comprises:es itr maker circuit having a input port anda

Culput port, said matrix maker circuit comprising
means for assembling transformation matrices,

$e _=_ammatrit mattipircireit havingan input port and anyy LPERBUSENABLEXIS output port the input port ofsaid matrix multiplier

UPPBUSENA2 UPPBUSENAI UPPBUSEN Ao 50 _ circuit being connected to said output port of the
ex “UPPER BUS DRIVER comprising means for Concatenating two matrices

oO ‘a vector multiplier circuit having an input port and an? suereR output port, the input port of said vector multiplier

3 AMOUNT OF SHIFT 58 circuit being connected to the output port of said: PRMAny fhatrit multiplier circuit, said vector multiplier
A PERPENDICULARS PROM Gireuit comprising means for transforming. sid
i INPUT DATA FORT Wertices and control points by a transformation

60 said matrix maker circuit, matrix multiplier circuit

What is claimed and desired to be secured by United and vector multiplier circuit each further compris-
States Letters Patent i ing means for separately programming each said
‘In a computer graphics system having a CPU, a _ceuit so.a8 to provide for geometric transforma-

work station connected to said CPU for inputting tons in the form of rotation, translation, scaling

raphics data to said system, means Connected fo said 68 _ and shear tranaformationsEU tor storing said data and means connected to said 3.,A data processing pipeline as defined in claim 1
CPU for outputting graphic illustrations on a. video wherein said viewing frustum comprises a plurality of
Sutput device an improved Gata processing pipelin for sides which define the boundaries of said viewing frus-
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tum and wherein said clipping means comprises a sepa- to generate a sufficient number ofline segments to

rate clipping circuit corresponding to each said side of essentially eliminate the appearance of any straight
séid viewing frustum, each said clipping circuit having line approximations in any of said curves; and
‘an input port and an output port and each said clipping means for converting said lines and curves defining
circuit being connected in series one to the other and $ said figure to a format compatible for outputting
‘comprising means for separately programming each said figure on said video monitor, said converting
said circuit so as to sequentially clip said vertices and ‘means being connected to the output port of said
‘control points in accordance with the boundaries de- generating means.
fined by the sides of said viewing frustum. 8. A data processing pipeline as defined in claim 7

‘4. A data processing pipeline as defined in claim 1 10 wherein each said means comprises at least one circuit
further comprising means, connected in series between which is separately programmed such that each said
said clipping means and said generating means, for pro- circuit may simultaneously process said vertices and
jecting said vertices and control points in perspective control points at the same time as one or more of the
‘onto an area which corresponds to a two-dimensional other said circuits are processing said vertices and con-
viewing surface of said video output device. 15 trol points.'S. A data processing pipeline as defined in claim 1 9. A data processing pipeline as defined in claim 8
further comprising means, connected to the output port further comprising means, connected to the output port

of said transforming means, for processing said vertices _of said transforming means, for processing said vertices
‘and control points so as to generate information for and control points so as to generate information for
preparing shaded surfaces of said figure and determin- 20 preparing shaded surfaces of said figure and determin-
ing which surfaces of said figure are hidden. ing which surfaces of said figure are hidden.%. A data processing pipeline as defined in claim 1 10. A data processing pipeline as defined in claim 9
wherein each said transforming, clipping and generat- wherein said viewing frustum comprises a plurality of
ing means comprise at least one circuit separately pro- sides which define the boundaries of said viewing frus-
grammed such that each said circuit may simulta- 25 tum and wherein said clipping means comprises a sepa~
neously process said vertices and control points at the rate clipping circuit comprising means for clipping said

‘same time as one of more ofthe other said circuits are vertices and control points to each said side of said
processing said vertices and control points. viewing frustum, each said clipping circuit having an

7. Ina computer graphics system having a CPU, a input port and an output port and each ssid clipping
work station connected to said CPU for inputting 30 circuit being connected in series one to the other and
graphics data to said system, means connected to said comprising means for separately programming each
CPU for storing said data, and means connected to said said circuit so as to sequentially clip said vertices and
CPU for outputting graphic illustrations on a video control points in accordance with the boundaries de-

monitor, an improved data processing pipeline for pro- fined by the sides of said viewing frustum.cessing geometric figures which are composed of both 3511. A data processing pipeline as defined in claim 8lines and curves, said CPU computing a plurality of wherein said transforming means comprises:vertices and at least one set of control points for each a matrix maker circuit having an input port and an
figure input at said work station such that each curve of ‘output port, said matrix maker circuit comprising

said figure is defined by a set of said control points, and ‘means for assembling transformation matrices;said pipeline comprising: 40 amatrix multiplier circuit having an input port and an
means for geometrically transforming any of said ‘output port, the inputport of said matrix multipliervertices and control points to a new position, said circuit being connected to said output port of the

transforming means having an input port and an ‘matrix maker circuit, said matrix multiplier circuit
‘output port and the input port of said transforming ‘comprising means for concatenating two matrices;
‘means being connected to said means for storing 45 a vector multiplier circuit having an input port and
said data; ‘and output port,the input portof said vector multi-means for clipping any of said vertices and control plier circuit being connected to the output port of
points to a viewing frustum, said clipping means ‘said matrix multiplier circuit, said vector multiplier
hhaving an input port and an output port and the circuit comprising means for transforming said
input port of said clipping means being connected SO vertices and control points by a transformation
to the output port of said transforming means; matrix; and

‘means for projecting any of said vertices and control said matrix maker circuit, matrix multiplier circuit
points in perspective onto an area which corre ‘and vector multiplier circuit each comprising
sponds to a two-dimensional viewing surface of means for separately programming each said cir-
said video monitor, said projecting means having 5$ cuit so as to provide for geometric transformations

fan input port and an output portand the input port, in the form of rotation, translation, scaling andof said projecting means being connected to the shear transformations.
‘output port of said clipping means; 12. In a data processing pipeline that clips electronic

means for generating a series of data points which signals to a viewing frustum, said electronic signals
re-define each curve of said figure in terms ofa 60 representing vector-valued contro! points definingseries of straight line segments, said generating curved edgesand curved surfaces ofa geometric figure,‘means having an input port and an output port and a system comprising:

the input port of said generating means being con- _means for clipping said control points to said viewing
nected to the output port of said projecting means, frustum, said clipping means comprising an outputwhereby said line segments are generated only 65 port for transmitting electronic signals represent-
after said vertices and control points are clipped ing the clipped control points; and
and projected by said clipping means and said pro-_an exploder circuit comprising means for redefining
Jjecting means50 as to enable said generating means ‘the curved edges and surfaces defined by the
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clipped control points as curved edges comprised ‘output port so that said straight line segments are
ofa plurality of straight line segments and curved generated only after said control points are geo-
surfaces comprised ofa plurality of essentially pla- ‘metrically transformed, clipped and projected ontonar patches, whereby said straight line segments said viewing surface; and
‘and said planar patches are generated only after $ an incremental form circuit comprising means for
said control points are clipped. transforming said straight line segments into a for-

13, A data processing pipeline for processing a geo- ‘mat for scan line conversion, said incremental form
metric figure having one or more curves defined by a circuit also comprising an electronic data input
set of vector-valued control points, whereby said figure port and an electronic data output port, the incre-
‘ean be displayed in an animated mode using a series of 10 mental form circuit's input port being electroni-
geometric transformations, said pipeline comprising: cally connected to the exploder circuit's output

‘a matrix maker circuit comprising means for defining, port and said incremental form circuit's output port

at least one matrix for each said geometric transfor- being connected to a means for displaying said‘mation, said matrix maker circuit also comprising graphic illustration, whereby said figure is dis-
fan electronic data input port for receiving said 15 played in an animated mode.
‘control points and an electronic data output port; 14, A method of generatinga geometric figure within

‘a matrix multiplier circuit comprising means for con- the boundaries ofa viewing frustum, said method com-‘catenating at least two of the matrices defined by prising the steps of:
Said matrix maker circuit, said matrix multiplier transmitting toaCPU from a data input device a setCircuit also comprising an electronic data input 20 of electronic signals representing said figure;

port and an electronic data output port, the matrix _ transforming said electronic signals into a first set ofmultiplier circuit input port being electronically ‘control points representing said figure,said control‘connected to the matrix maker circuit output port; points comprising both vertices terminating said

‘a header circuit comprising means for generating linear edges of said figure and parametric control
command signals for controlling each circuit of 25 points corresponding to said curved edge of the
said data processing pipeline as said circuits are figure;
used to process said control data points, said header _clipping said first set of control points such that said
circuit also comprising a first electronic data input vertices and parametric control points are within
port for receiving said control points and a first the boundaries of said viewing frustum, thereby
electronic data output port; 30 generating a second set of control points compris-
vector multiplier circuit comprising means for geo {ng the vertices and parametric control points re-
‘metrically transforming said control points, said ‘maining after said clipping step; and
vector multiplier circuit also comprising a first’ transmitting said second set of control points to a
electronic data input port which is electronically video output deviceso as to illustrate said figure atconnected to the first header circuit output port, a 35 said video output device.
second electronic data input port which iselectron-_18, A method as defined in claim 14 wherein trans-
ieally connected to the matrix multiplier circuit forming step comprises generating an electronic code
output port, and a first electronic data output port; associated with each control point, said code specifi-

a plurality ofclipper circuits, each said clipper circuit cally identifying the parametric control points of said
‘comprising means for clipping said control points 40 curved edge.
to different clipping planes from one another, said 16. A method as defined in claim 14 wherein said
clipping planes defining a viewing frustum, and clipping step comprises successively clipping said first
said clipper circuits each comprising an electronic set of control points to each side of said viewing frus-
data input port and an electronic data output port, tum,
the input port of at least one said clipper circuit 43 17. A method of generating geometric figure within
being electronically connected to the first output the boundaries of a viewing frustum, said method com-
port of said vector multiplier circuit and said clip- prising the steps of:
per circuits being electronically connected in series. transmitting to a CPU from a data input device a set
cone with another such that control points transmit- of electronic signals representing said figure;
ted to a first clipper circuit are then sequentially 50 transforming said electronic signals into a first set of
clipped in turn by each of the remaining clipper ‘control points representing said figure, said control
circuits, with the fully clipped control points being points comprising both vertices terminating linear
‘output from the output port of the last clipper edges ofthe figure and control points correspond-circuit; ing to curved edges of the figure;

1 view port circuit comprising means for projecting $5 clipping said first set of control points whereby a
‘said control points in perspective onto an area rep- second set of control points is generated represent-
resenting a two-dimensional viewing surface, said ing the figure after it has been clipped to fit within,
view port circuit also comprising an electronic data the boundaries of said viewing frustum;
input port and an electronic data output port, the generating from said second set of control points a
input port of said view port circuit being electroni- 60 plurality of electronic signals which redefine each
cally connected to said last clipper circuits output curved edge of said clipped figure in terms of a

port; series of small straight line segments; andan exploder circuit comprising means for redefining _ transmitting said electronic signals to a video output
said curves in terms ofa plurality of small straight device so as to illustrate said figure at said videoline

segments, said exploder circuit also comprising 65 _ output device.‘an electronic data input port and an electronic data ‘18. A method as defined in claim 17 wherein trans-
‘output port, the exploder circuit input port being forming step comprises generating a first electronic
electronically connected to the view port circuit's code associated with each control point, said first code
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specifically identifying the control points of each said tive onto an area ofa two-dimensional viewing surfacecurved edge Which corresponds to a portion of said video monitor.19. A method as defined in claim 17 wherein said. 24,Amethod av defined in claim22 further compris,clipping step comprises successively clipping said first, iR& the stepsof processing said control points so aspater csively clipping said Fst” generate information for preparing shaded surfaces ofe # control points to each side of said 1g frus- “Said figure and determining which surfaces of said fig-um. ure are hidden.20, A method a8 defined in claim 18 wherein ssid “S3"Ta"s Csmputer graphics system havinga CPU,transforming step comprises generatinga second elec- work station connected to said CPU for inputtingtronic code associated with each control point, said 10 graphios data to said system, means connected to saidsecond code indicating whether an associated edge of CPU for storing said data, and means connected t0 said

said figure isto be rendered as a line drawing. CPU for outputting sequential video frames represent-

21. A method as defined in claim 20 wherein said ing animated graphic illustrationson a video monitor, 8‘generating step comprises enlarging said straight Tine method ofprocessing geometric figures which are com-

segments so as to form thin rectangles therefrom for 15 posed of both linear and curved edges, said method
rendering portions of said figure asa line drawing, comprising the steps of:‘Computing at least one set of control points for each22, In-a computer graphics system having a CPU, a figure input at said work station such that each‘work station connected to said CPU for inputting fgare netat aa ea oy aid contol
graphics data to said system, means connected to said 45
CPU for storing said data, and means connected to said Laue)geometrically transforming each set of control pointsCPU for outputting graphic illustrations on a video ‘ova new position for each said video frame;
monitor, a method of processing geometric figures clipping said control points to a viewing frustum;
Which are composed of both linear and curved edges, projecting said control points in perspective onto an
said method comprising the steps of: 25 area of a two-dimensional viewing surface which

‘generating at least one set of control points for each corresponds 0 a portion of said video monitor;
figure input at said work station such that each redefining each curve of said figure in terms of a
ccurve of said figure is defined by said control seriesof straight line segments which are generated‘ ‘only after said control points are clipped and pro-

°
nt : outputting “said figure on said video monitor,1 a new position for each said video frame;

‘ whereby said figure will be output on said videoclipping said control points to a viewing frustum;
clip ‘ nso a ‘monitor in an animated mode of display.lefining each curve of said figure in terms of @ 26. 4 methodas defined in claim25 further compris-series ofstraight line segments which are generated 35 ing the step of processing said control points 30 a5 10

only after sad control points ae clipped; and {generate information for preparing shaded surfaces of

outputting said figure on said video monitor. Sid figure and determining which surfaces of said fig-
23, A method as defined in claim 22 further compris- ure are hidden.

ing the step of projecting said control points in perspec: trees
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