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METHOD AND APPARATUS FOR OPTI M ZED DEPTH CUEI NG USI NG SHORT VECTORS.

- BACKGROUND OF THE | NVENTI ON 1. FI ELD OF THE | NVE Ney, e g @ention

rél ates to conputer graphics systens and, nore 5 B%?'\lzglﬁ;‘g
arrangenent s for varying the intensity of | i nes presented on conputer
displays'in order to indicate a third dimension. 2. H STORY OF THE PRI OR

ART: 10 - p [ MENS,| |. representations of
figures or shapes rerihoPiB E%@?—éﬁgn e MM@% nmust be
used for indicating the thiﬂ&@%ﬁj&%ﬂ#ﬂ)ds of acconpl i shing
this result have evol ved from standar rattirng techni ques. An exanpl e of
this is perspective drawing. 15 Certain other techni ques have
devel oped becagse (;fE hhgrpﬁ_&u \&ertohes of the computer display. For

exa-nﬁe, in bit and ve or conputer output displays which are
present ed on a cat hode Trh:symlentm r@@i?)qccanpmbmﬂhuussmmanddnmate or cue the

nt ensi by of t RV anERiapt i \BoledBg rfonsf o1l e lsce 20

Thus, for a I|mﬁmmspgyérnmradrtuamuicawanmmmstohpn to infinity, the

cl osest | ocation * of the line is given its fullest intensity and the
farthest location its zero intensity. The fading of the line fromview -
provides the same gfshBat ciSThd'dhigk XRR DY 1 mages as they extend
progressively further fromthe viewer. This 25 technique enhances the
feeling of depth of the line on the output display. The nethod of

acconpl i shi,gg the effeqf plSshithg ﬁ?eédﬁénsﬁﬂﬁﬂe&béﬂﬁ}aﬂb&vﬁ Tigured {;tf Hapéyd

ingensity value froma maX| mmto zero actual systens of the prior art,
any i ndi vi dual on twodlithensiong outmtsqasmaya; semegneans nwstoheamdwlrmcaimthg the 30
line length bygt r val ue for
each pixel. Th@r’gg Hp'? Vﬁ&u?hﬁl \?a%l pI Q'gmﬁh}sr}gs@mawé\%%%%out put

di splay, a singhmdamd draﬁmgitecmmues:e An Ienampié ot this ysparspectiviefdrawiag. I ine al so
varies in color along its length,
15 Certain other techniques have developed because of the
peculiarities of the computer display. For example, in bit-mapped and vector
computer output displays which are presented on a cathode ray tbbe (CRT), a
method used to indicate or cue the viewer to the different depths of portions of a
line is to vary the intehsity of the bits of a line as the depth of the line increases.
20  Thus, for a line running from the viewer's position to infinity, tﬁe closest location

of the line is given its fullest intensity and the farthest location its zero intensity.

The fading of the 'Iine from view provides the same effect as that
given by images as they exiend progressively further from the viewer. This

25 technique enhances the feeling of depth of the line on the output display.

The method of accomplishing the effect requires that each pixel
have a diﬂerent intensity value from a maximum to zero. In actual systems of the
prior art, any individual line having a depth dimension is drawn by dividing the

30 line length by the number of pixels and calculating an intensity value for each
pixel. Thereafter, each individual pixel is written to the output display, a single
pixel at a time. in color systems, if the line also varies in color along its length,

the circuitry of such systems must calculate intensities for each of the colors red,



the circuitry of such systens nust calculate intensities for each of the
colors red, - 2 - green, and blue separately, each fromzero to one
hundred percent intensity. The prior art arrangenents for acconplishing
this formof depth cueing reqU|re a separate cal cul ation engine for the
colors for each pixel. 5 I n inproving conputer systens, the
enphasi s has been on i mprovi ng the speed of operation of such systems. This
S espeC|aIIy true of systens using bit-mpped displays where the graphlcs
output is the point of the systemwhich ligrits its speed. 10

Consequent |y, prOV|d|ng depth cueing in three di mensi onal bit- napped

gr aphi cs out put s

t her ef or e, aﬁf%%] ﬁg; Fﬁ%m%?yegggﬁﬁgﬁvieén | on hr]:ur%rettl §8m§ %%Qed of .
conput er gr apid forafarPdigembhts for a&oa?ugmg tm&)foemtof aé%thh:aemgee@me anvent \?
to provide an extrenely rapid nmeans of providing depth cueing in a conput

gr aphi cs sysseaparatgwcalcuiation engine 4oyj the ccolors foriegch pixelti on is to provide a new’

technique 20 . for providing depth cueing in a three dinmensional conputer
gr aphi cs system - 3 - SUVWARY OF THE I NVENTI ON These and ot her objects

of the inyention are jfpravirih Sputér¥yRienty] the emphasis has been on
improving the speed of operation of such systems. This is especially true of
systems using bit-mapped displays where the graphics output is the point of the

system which limits its speed.

10 Consequently, providing depth éueihg in three dimensional bit-
mapped graphics output systems has been speed limiting for the system.

It is, therefore, 'an object of the presént invention to improve the
speed of computer graphics systerhs. '
15 | | |
It is another object of the present invention to provide an extremely

rapid means of providing depth cueing in a computer graphics system.

- An additional object of this invention is to provide a new technique _ \J

20 . for providing depth cueing in a three dimensional computer graphics system.
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graphi cs system which is based on the assunption that nost |ines rendered
on a 5 -conputer display are conprised of a series of short |ine segnents.
Based on this assunption, the systemdeternines the intensities of the
begi nning and end points of a line to be drawn having a depth di nensi on,
determ nes ;the value of the intensity of the line at its m dpoint, and
describes the entire line at the md- point intensity which has been
conputed. Using this system the intensities of 10 nobst of the pixels
rendered on the output display nay be ignoBed- for only the endpoints of a
| i ne segnment need be dealt with. Consequently, the systemrenoves the
bottl eneck normal to depth cSUMMARY OB THERINYENTION!I ay. These and ot her
objrects and features of the invention will becone 15 apparent to those
skhtﬂed in the art by reference to the follow ng detail ed description taken

have. been ' ef et red vo_ tesd REGEE: St Bt Meikiebion At Waftbelib oot
-4 - BRI EF Dp@pRclByabnahiaH1s HaB00\bNGS &isaHipfior Haf mbsEHrbe réhdbted on a

illustrating a viewers perspective of a three dinensional line; 5 Figure 2
i s a vi ew § ndeemputardispiay amrcemprised aha seriasiaf spoit ine segmenis.c Basaskonthishr ee

dinensional line on a bit- p (18] er . display: Figure 3 is a view

i ndi cating t hfﬁsmgf" tFﬂ sﬁﬁ?@ff"?ﬂ@'ﬁgéﬁH?evfai%si%m%'m?%s a three
di mensi onal | pifts Y adindtd bawrﬁhéﬁﬁqz%@bthf&iﬁahﬁ%; dateitiiesdhé Salie BF OCK
diagramillustrating a conputer graphics

' the intensity of the line at its midpoint, and describes the entire line at the mid-

v point intensity which has been computed. Using this system, the intensities of

10 most of the pixels rendered on the output display may be ignored, for only the
endpoints of a line segment need be dealt with, Consequently, the system

removes the bottleneck normal to depth cueing in a bit-mapped display.

These and other objects and features of the invention will become
15 apparent to those skilled in the art by reference to the following detailed
description taken together with the several figures of the drawing in which like
elements have been referred to by like designations throughout the several

views.



systemin accordance w th the present invention; 15 Figure 5is
a block diagramillustrating a second conputer graphics systemin
accordance with the present invention; Figure 6 is a bl ock diagram
illustrating a specific circuit arrangenent for the conputer graphics
systemof Figure 5; and 20 Figure 7 is a diagramuseful in explaining the
transformused in the system NOTATI ON AND NOVENCLATURE Sone portions of
the detailed descriptions which follow are presented in terms of al gorithms
and synbolic representations of operations on 5 data bits within a
conputer nmenory. These al gorithm c descrd ptjons and representations are the
means used by those skilled.in the data proceSS|ng arts to nost effectively
convey the substance of BRIE BSQRIR ‘ BA B An :
algorithmis here, and generally, concelved to be a self- 10 conS|stent‘5?
sequence of steps | eading to a desired result. The steps are those
requiring physical a though
not necessarily, thesn*@ﬁg%bl ?Zss' ‘{ Eﬂ%@hﬁl@kmgﬁﬂw r'ls?et r-ca ?é magneti c
si gnal s capakhmeddimbrsiosaldines ed, transferred, conbined, conpar ed, and
otherwi se mani pul ated. It has proven convenient at tines, principally for
reasons ofs 15 common usage, to refer to these signals as bits, val ues,

clerent s, SYI0OL S, Chok el ot Peighifl ey il he br UL °°
associ at ed deéafﬁm 21466 BineHsRMRNIY 6Pk bLMAPPeH BfpaRet dRipRayer el y

conveni ent S applled to these quantities.

Flgure 3 is a view mdlcatmg the manner in whuch the present

10 invention describes a three dimensional Ime ona blt-mapped computer display;

_ Figui'e 4 is a block diagram illustratihg a computer graphics

system in accordance with the present 'invention;'_ |

15 - Flgur_e 5 is a block diagram illustrating a second computer

.graphics system in accordance with the present invention;

Figure 6 is a block diagfam illdstrating a specific circuit
arrangement fer the computer graphics system of Figure 5; and
20 |
Figure 7 is a diagram useful in explaining the trahsform used in the

system.



. . .
20 Further, the manipul ations perforned are often referred to
in terns, such’'as addi ng or conparing, which are commonly associated with
frent al operations performed by a human operator. No such capability of a
human operator is necessary or desirable in npst cases in any of the
operations described herein which formpart of the present invention; the
operations are 25 machine opergahiiqn < hi.C rfo
operations of the present inve v et s digita
conputers or other simlar devices. In all cases the distinction between

t he nethod operations in oggrati ng a conputer and the nethod of conputation
itself should be borne in me.portians wf thecdatailadvdasciiptions ethidhdsliaw areet hod

steps, for operati ter | rpcessin 0, electrical or other (e.g.
i S ehen %ﬁ“‘é‘ﬁ%ggﬂ? _"@%fgﬁ%‘s@ﬂfagwggf'spf?;ﬁ%iﬁﬂwg&ea%gg?%al
si gnal s. - § -dat2®itd WRAR'Y cdmpiRsK héfoR % i ;

perform ng these operations. Thi's appgﬁg us r?ay @e@pe@?gﬁéﬁ co;%‘[druct ed
Sel ect vel y acti vt ef-or recont | gured by a GONPHLCr  pr 00r M ot ored [ the.
selectively activated . or, reconfigure a conput, ore
conputer. The 5 dP qtteﬁﬁ%""ﬁ‘y&?@?ﬁ?ye@eﬁé'xﬂﬁwea? dheibwolkinothars skillgdingheart: o
an;mparticul ar corrpdETer or other apparatus. In particular, various general
purpose machines may be used with programs witten in accordance with the
- teachings herein, or it ne4n plgovthmiisrere,candogenardlly] conteived talbb asdie

speci ali zed apparatus to performthe re&ui red met hod ste_Fs. The required
structure fort% Consistept Spquenes; af siaRhteadiag ip adesited repit afhe steps arecthose

desgription givenefGhA physical manipulations of physical quantities. Usually, though not

necessarily, these quantities take the form of electrical or magnetic signals
capable of being stored, transferred, combined, compared, and otherwise
manipulated. it ﬁas proven convenient at times, principally for reasons of

15 common usage, to refer to these signals as bits, values, elements, symbols,
characters, terms, numbers, or the like. It should be borne in mind, however, that
all of these and similar terms are to be associated with the appropriate physical

quantities and are merely convenient labels applied to these quantities.

20 Further, the manipulations performed are often referred to in terms,
such as adding or comparing, which are commonly associated with mental
operations performed by a human operator. No such capability o_f'a human
operator is necessary or desirable in n‘wost cases in any of the operations
described herein which form part of the present invention; the operations are

25 machine operations. Useful machines for performing the operations of the
present invention include general purpose digital computers or other similar
devices. In all cases the distinction between the method operations in operating
a computer and the method of computation itself should be borné in mind. The
present invéntion relates to method steps, for operating a computer in processing

30 electrical or other (e.g. mechanical, chemical) physical signals to generate other

desired physical signals.



- 7 - DESCRI PTI ON OF THE PREFERRED EMBCDI MENT I n presenting three

di mensi onal representations on two di nensional output displays of conputer
systens, sone neans nust be used for indicating the 5 third dinension to '
the viewer. One nethod of acconplishing this result in a bit nmapped '
conput er output display which is usually presented on a cathode ray tube
(CRT),is to indicate or cue the viewer to the different depths of portions

of aline by varying the intensity of - the bits of a line as the depth of

the li-ne increases. The fading of the Iine fromview on the screen enhances
the feeling of depth 10 because it conveys the sane effect as do real

i mages as they recede progressively furtherffromthe viewer. The way this

is done by the prior i ol - cald 1y bts . -_.
fullest intensity, th?n%ﬁ@%%g{ﬂkg@QE#%‘Qé%?%ﬁar#tﬁeéﬁé;if:%;B?pgﬁgﬁ?ib‘ g‘r%\?gni ng gy

| ocati ons i nippaftibhe: STNIS lappaatus iy bb spédiallycctnstriictedridritke esquiredi gure 1
illustrates a line 10 lying in a three dinensional. cube 12 of space. The

cube 12 is ppurpoges onitmay-CoOMPIsPA generat pumoase campuier 2s selestively i ndi cate the -

t hree di nensions, of space.in j | ' a vi ewer
s al so shondcivgysd or RBSigurbd & BfReP Bbordf 3Rib in 16 pbikputsh Fhe 7 V) O
nearest tge Qipritindprebbinted ihBrehi ateSnotthierentiycrelatediie dnyi imicutarcoamputendpoi nt
B farthest fromthe viewer is indicated to be dark. In fact, the endpoint B

is given a corother apparatus. \in particular,yasrus generalRurpesednaghinesmaypay i n nost

i t ts. | this, the,l Q. s i
Phto the. backars i PrograrmAavriten 8 AOG ianch Hi e pad rRRIRRR. o By IPUSE
using a bi tigf@@p:ﬁdre%ﬁnwﬁieﬂits%wnmﬁi&é 8fedidiRbd apsdratist6 pedeim the'g the ).

| ine have a erent _ _ .
required method steps. The required structure for a variety of these machines will

10 appear from the description given below.
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intensity value varying froma maxinumto zero. In actual systens, the |line
is drawn by dividing the line length by the nunber of pixels and
talculating an 30 intensity value for each pixel. Figure 2 illustrates the
actual bits of the line 10 shown in Figure 1 with percentage val ues applied
to the bit positions fromthe brightest poiny at A (100% to the |east
bright point B (0%. - - 8 -_ln general., nost individual |lines are

di spl ayed with but a singteleditdi e Lo Lo G e D B NAy s may wel |

present a |line which changes in color from’ one end to the other. For a
systemto handl e such a situation, the.circuitry of the system nust include
separat e cal cul ati on engi nd® prasenting three, dimensioeal represesiationsors twp dimernsiosal el

of _each of the col é)‘kﬁ"ﬁ @%ﬁ?}'?éﬁ%@lﬁgﬁp smnﬂse é)f’i’lrégﬁsethyst ng% EE?F @ngné%qhé o

ong™Hundr ed percen nopéeration 1s ex

consunm ng and i § Oyid Gimenkion foths viewer ADRELhEthog biagebomplisting fHiswesulbina tito S| ow.
10 As conputer systens have inproved, the ergrghasis at. each step

has been on i npr ovARPECIRIMERISE AUtBYt displayYhidhis ypually prpseqt 2n.2 catfiore rays
especial ly true Oftuﬁf’[ﬁh‘l‘)i?srto%/&éa%r&ddﬁhﬂ%i&#énmﬁmﬁréjﬂtééﬁtﬁé/& poRRhofd1e

graphics output is slowest and thus becones the' limti n% poi nt of the
system Consequent ling bypatyirigdheiptemsitn of the bitsiaf ajline ag theclegihigt iy ling dncreases.

bi t - mapped graphi . . lod 13 L t he
system In deet gni 1§ BRgHt Y inglah SR diiAe GGG aRERce ek fir g, |2

di spl ay of graphi chécamgcitcanvdysithesamé bffect hods réahimagpe asithep mecele nost
conmputers. This occurs b‘%@ﬁuse t he ‘Sm)unt of information that the conputer
mysp deal with 20 PrPgRSvRifuptherflom e MSWBosent ed on the output display is
very | arge and because

The way this is done by the prior art is to give the closest location of
a line its fullest intensity, the farthest location zero intensity, and interirening
15 locations intensities varying with the distance from the eye. Figure 1 illustrates a
line 10 lying in a three dimensional cube 12 of space. The cube 12 is provided
with a Y axis, an X axis, and a Z axis to ihdicate the three dimensions of space in

a conventional manner. The eye 14 of a viewer is also shown.

20 In Figure 1, an endpoint A of the line 10 nearest the eye 14 of the
viewer is indicated to be bright and an endpoint B farthest from the viewer is
indicated to be dark. In fact, the endpoint B is given a color to blend with the
background color of the display in most prior art arrangemants. In this manner,
the line 10 appears to disappear into the background.

25 _

' The method of accomplishing the effect in a system using a bit-

mapped output display requires that each pixel deﬁning the line have a different

intehsity value -varying'from a maximum to zero. In actual systems, the line is
drawn by dividing the line length by the number of pixels and caiculating an

30 intensity value for each pixel. Figure 2 illustrates the actual bits of the line 10
shown in Figure 1 with percentage values applied to the bit positions from the

brightest point at A (100%) to the least bright point B (0%).



the mani pul ation of that information to present the graphics inmage requires
I nordi nate use of the central processing unit (CPU). The system of which
the invention is a part reduces the delay 25 inherent in the nornal
systens used for displaying conputer graphics by handling nost of the
operations in hardware so that the information is avail able

i nstantaneously. In order to allow the use o hlardware to inplement the

presentation of graphi cs’,,nigteng‘.gﬁg;&gﬁﬁcg{ﬂg%%gmg dls Eﬁé‘p;,ﬂ; b&td é?ﬁ(%l@r esent ed

~to the hardware must, as viewe war e, appear to be ,
essentially the eclog h8@evenahanycgraghicsadispiays\ohayt wellwresenhpdine whizh chamgesnt ed on
the display. In thi nner, -decj si gnal st eps, need not be taken t

deter m ne wnat |t (RS FOMARE AR IS BR o FG1 GE8M 16 Patn B tre. B8 ng
time. This inventiitryl 6t tiRPgystert mastSiiSliceephiratd cdiculdlion @fgifds WhieRki ng the -
graphics inmages to be presented into quadrilaterals all of - 9 - which =
may be handl e8 i ealeulate intensitien fofaachy pixelpt egshpfithe solorssad grean; ard BIHe dwar e and

reconbi ned on th ﬁ;iraa ar t Si

deconposes 't hesege ua % Iaéé‘{ltc fé?’gﬁsﬁf‘ﬁ@ﬁtﬁgﬁ P Q'Q(E)PE ?Pﬁ@mggﬁ%bﬁyggggéﬁé%@nMi ch
subt end t he saneisaxtrgmeély dimegboasuming:and is nae of thd raasonsccooiputen geaphicait eral i s
deconposed into 's'eri es of |ljne segnent pairs which define the mninmm set
of trapezoids re%ﬁ??%suarfﬁoﬁp&perl y reconstruct the quadrilateral in the

di splay nenory. The X and. Y coordi nates*of the two ends of each scan |ine
between the |line segnents are then determ ned. Using .only these two points,

each scan |if® may be As computer systems have improved, the emphasis at each step

has been on improving the speed of operation of such systems. This is u
especially true of computer systems usin'g bit-mapped displays where the

graphics output is sloWest_ and thus becomes the limiting point of the system.

COr_lsequentIy. providing depth cueing in three dimensional bi_t-mapped graphics

15 output systems has been speed limiting for the system.

In designing computer systems, it has_ beoome apparent that the
display of graphic images substantially siows the operﬁtion of most computers.
This occurs because the amount of information that the computer must deal with
20 | for each frame to be presented on thé output display is very large and because
the manipulation of that information to present the graphics image requires

inordinate use of the central processing unit (CPU). \.J

The system of which the invention is a part reduces the delay

25 inherent in the normal systems used for displ‘ayirig compuier graphics by
handling most of the opefations in hardware so that the information is available
instantaneously. in order to éllow the usé of hardware to implement the
bresentation of graphics, it has been found that the information presénted to the
hardware must, as viewed by that hardware, appear to be of essentially the same

30  nature no matter what the shape 10 be presented on the display.” In this manner,
decisional steps naed' not be taken to determiria what type of information is
involved, slowihg’ the processing time. Thié invention is part of a system which is

based on breaking th_e graphics images 1o be presented into'quadrilate'rals all of



.

defined without the necessity of determning internediate pixels. The
endpoi nt.s of each scan line may be stored in a frame buffer and displ ayed
bn an output display. This is acconplished in hardware so that an

i nsignificant delay occurs in the transta®ion and the output to the display
is not delayed. Various portions of the system above described are nore
particularly described in the follomﬁng pat ent appllcatlons all of which
are assigned to the assignee r eof 2227147A -HARDWARE | MPLEMENTI ON OF
CLI PPI NG AND ¥ é%l\li‘ﬂi‘ A8 SEhe | sape, “%P&é-’hélwsk%h%mmrwhm GB

2229069A, APWE’QJ&:MNEHH@&WE@B WSS&&&@R@BHI&AL&&F@R% &

CUTSI DE. A PEEDETERVERED SSTB e e Wﬁ?‘yﬁ%e&n?e@g%ﬂwese
APRARATUS ANSIWARTFCR Feral 9An tis CADRD NATEJ.BEGIs%'IjEESﬁEO%ddﬁEn%N ;\?ilugch -
P S SLESEEMATHR? ?ﬁé%%é RN Srotf \SHPFR % By o850
SUBSYSTEM VH T4 Ricaderad B sy desenpo sesi RarkoR s219s NIE ORinedignent
Mal achowsky apeh % | il chPdefidé ’the Mt kN2t of €fapesSTdEA I
SCRTING LI NE SEG“F%%EEngrEL§§%€¥h§@ the quadrilateral in the display
memory. The X and Y coordinates of the two ends of each
scan line between the line segments are then determined.
Using only these two points, eaéh scan line may be
I\, defined without the necessity of determining intermediate

pixels.

The endpoints of each scan line may be stored in
a frame buffer and displayed on an output display. This
is accomplished in hardware so that an insignificant
delay occurs in the translation and the output to the
display is not delayed.

Various portions of the system above described
are more particularly described in the following patent
applications, all of which are assigned'to the assignee
hereof: GB 2227147A, HARDWARE IMPLEMENTION OF CLIPPING
AND INTER-COORDINATE COMPARISON LOGIC, Malachowsky and
Priem; GB 2229069A, APPARATUS AND METHOD FOR PROCESSING
GRAPHICAL INFORMATION TO MINIMIZE PAGE CROSSINGS AND
ELIMINATE PROCESSING OF INFORMATION OUTSIDE A
PREDETERMINED CLIP, Malachowsky and Priem, GB 22271463,
APPARATUS AND METHOD FOR LOADING COORDINATE REGISTERS FOR
USE WITH A GRAPHICS SUBSYSTEM UTILIZING AN INDEX -
REGISTER, Malachowsky and Priem; GB 2227148A, APPARATUS
AND METHOD FOR USING A TEST WINDOW IN A GRAPHICS
SUBSYSTEM WHICH INCORPORATE HARDWARE TO PERFORM CLIPPING
OF IMAGES, Malachowsky and Priem; GB2226482A, METHOD AND



MANI PULATI ON BY A COMPUTER SYSTEM Mal achowsky and Priem GB2226480A METHOD

AND APPARATUS FOR DETERM NI NG LI NE POSI TI ONS FOR DI SPLAY AND MANI PULATI ON
BY A COWUTER SYSTEM Mal achowsky and Priem GB 2226478A, METHOD AND
APPARATUS FOR TRANSLATI NG RECTI LI NEAR-I WeORMATI ON | NTO SCAN LI NE

| NFORVATI ON FOR DI SPLAY BY A COWPUTER SYSTEM Mal achowsky and Priem and-

GB2226481A, METHOD AND APPARATUS FOR DECOVPOSI NG A QUADRI LATERAL Fl GURE FCR

DI SPLAY ANCARPARBTURT| FRR gYSORTRNPUIRNE Y SESMENTS \HOR h RESEFAY, 1 ANDy o
syst em descMANEPUDATEON! 8YURI CORPUTERE SYSTEN)! Malakhowskyr and Prdemdi ng

dept cuel e LB Saehesh ! RGeS 0 | ;f

its actual BPSETIONSBe mnsmsnmmmm MANTPURAFIONhcBYiechl (COMPUTER i ne

the nunber Q{zﬁi‘gﬁel Ma \éﬂ&{b‘?g& ugﬁg t#}icgqé.crége z”)]z'e' avuggﬂggptm t he ™

need to asslg I f ere I es t0 edch need
descri be eaBRPARATHS FQR| SRANSLARING { REETILINE Aan@ﬁ‘PWT%‘We§W one

O o R it it sl g
one of the HGXQCHSVaEMed apds Brigm 'gréﬁﬁ ?éﬂé%é@l ﬁglr PPWMI "o

vectors di spppxeATase FORCECDECQOMPOSINGt . A |Qummmmm SIRIGURE dRAR i bi ng

Lhe wing o pRleBat” 3k “BhFrANATIGN" BPSUR® EBRbuiER!"RYs1RM, eTd. | ON

vectors are
Malachowsky.

If the system. described were to utilize the
conventional manner of providing depth cueing in which
each of the individual pixels would have to be computed,
the entire system would be slowed to approximately one-
tenth of its actual speed. S .

The present invention eliminates the need to
determine the number of pixels which are used to describe
a line having depth, the need to assign different
intensities to each pixel, and the need'to describe each
of the pixels, one at a time. The invention relies on
one basic assumption. The first of these is that most

-

lines described on an output display are short.  This is V

especially true in mOle_culér modelling, one of the more
advanced uses of a graphics display, where all of the
vectors displayed are exceedingly short. In other uses
such as describing the wing of an airplane where one
might assume that a number of very long vectors are used
the actual lines are often found to be composed of a
large number of very short line segments.

The system of the present invention accomplisheé
depth cueing without the time consuming operations of the
prior art arrangement by computing the intensity of the



the actual lines are often found to be conposed of a |arge nunber of very
short 1ine segnents. The system of the present invention acconplishes depth
:cuei ng without the tinme consum ng operations of the prior art arrangenent
by computing the intensity of the - two ldnd poi nts of each line segnent to
be described on the output display, averaging the intensity of the two end
poi nt s, and \goNGddi foZiEEAGE IdHIS] 1de! Solfisit! 15 abd AbstRenBAl W
connecting the two end pornt's of the l'1ne, nsequently, the system
operates at &XbeatQuipipk odifRlaYy @@WqﬁﬁﬁﬁgterréP§eP§1ﬁ&ﬂQf0¥H€rﬂﬂ§b

oper afj e. : édd Eidllﬁﬂ%,? drfd a;fi:@regiél llwétag;%i f8tenkigg %g ﬁmrib:b f
according to_the present _i nvention. elin IS conprlsed o er o
| i ne segment §1§Lj|ioicﬁir ngﬁ? h&9 &%ﬁt scqgneé};jdg aﬁlae Ftvg ?(5’%%%?‘5? e°§1 Hﬂﬁoi nts
E @ed G of tAdnki,ne Coagreenientdy , ancti¥, syspemtiopéyatés oaller at o nateyi de.
depth cuein t eLpl nes e of s & Ne dNH Vit il
segments shg\?ﬁk’?ﬁéal)‘%ttt%n@ft }q"gf ?E]é'ggnd{:g%i nf%éeof jtt%asqdll?e segrrerr'f{l.srﬁet

t hen aver ageoperad®.two intensities and draws the entire |line segnent at
that intensity. For exanple, to render the |line segment CD, the intensities
of the points C and D are determ ned and averaged; and the line



segnent CD is drawn at the average intensity of the md-point E In like

manner, 10 . to render the line segnent DF, the intensities of the points D
and F are determ ned and averaged; and the |line segnent DF is drawn at the
average intensity of the md-point G As may be seen, since the point C has
a higher intensity.than the point D antZ .1 i kewi se, the poi nt D has a hi gher

Intensity than the popnt F, the average val ue, of_intensit t | nt E used
fo[ rendering the lin '9!593%(@@%%@%?@'@9@:‘("&24% "tﬁ?&gg&grtggﬂégval ue of
intensity at e 2d ; ol f 4 | RE Aing he '
intensities %@Q%ﬁgn@inﬁgﬁsggﬁgnngt?&ary dg%?gaésrﬁgf’fiﬁgsl t&ﬁg@ﬁm%*}?lelggdes from -
the viewer. tbigainBrC, Dj ard Eedisershowntane mid-poiots Bband Giof thelinkeri ng of
intensities is to provide depth cueing to the vi.§we

Systoms ut | SSEMAIS RO ACLREfospRRAY: ShoBEr A RPYES Septiieine. 18 DEIRs of oy

t he dept h. cugl . ' | ' ifteA¥ty &t t of
depth cue nggggggﬁé%#e%? gh g’%/thtB %‘%@ﬁ; pﬁ%ﬁbdﬁr‘%ﬁtﬁg'aaswg?ﬁé?ggnpl i gﬁ? ﬁg&t h(ca)
effect. As pgoiftsedthatline sémeme itdhercavenzgesitbesetwo intaasitiesand draws theaws t he

whole line at a single intensit tter h i i -
e i o aaram s Bob el Pt e P T sBoSent ) Vo '

i ndi vi dual pjxel.s_e)im . a0t i i . ck to
speed of the{hﬁr'?tgps'gé{gfg;ﬁ}éﬁ é'_rrﬁ% -%%aérp es %#er@%e?eér?r@ é&%lréndg%afﬁge&%hrbn?gﬁtion have
denonst r at edgddwmént CIEisidravemai 1ad aderage intensitg.of thermidyoitd Eddptiike enasnery wi t hout
any of the detrimental effects which m ght be ex ,ectsd a h as col or

bandi ng 1® woirenderthe ling spomest thﬂ"%?@f‘%ﬂ?%@”hﬁﬂg@bﬁ 8 g’fﬂﬁge in junps.

Syet oms. ar o UEPYNGHSAR Arsraoeag LR beufétt FF BRfeun of RERERRECTCPY 5
line segment gyehshy B0the Hi@pbint G ASmEp b8iskén, site the point C has a higher -
intensity than the point D and, likewise, the point D has a higher intensity than
the point F, the average value of intensity at point E used for rendering the line

15 segment CD is greater than the average' value_ of intensity at point G used for

rendering the line segment DF. Thus the intensities of the line segments vary
decreasingly as the line recedes from the viewer. ‘With short line segments, the

effect of this rendering of intensities is to provide depth cueing to the viewer.

20 Systems utilizing the preSent invention demonstrate the
‘effectiveness of the depth cueing provided by the invention without the slowing
effect of depth cueing arrangements of the prior art methods of accomplishing the
effect. As pointed out, the speed accrues because the invention draws the
whole line at a single iﬁtensity no matter how many pixels are involved in the line.

25 The removal of the requirement to compute and describe the individual pixels
eliminates a substantial portion of the bottieneck to speed of the prior art systems.
Examples of systems using the invention have demonstrated that the invention
does, in fact, provide depth cueing without any of the detrimental effects which
might be expected such as color banding in which the colors of the system

30 appear to change in jumps. Again. this is becaqse most line se_gments described

by computer graphics systems are very short line segments.



use the teachings of this invention by sinply breaking the |onger line
segnents into shorter |line segnents and describing the shorter line
segnents each at their average intensities.” Figure 3 illustrates a second
line segment 30 which is, In 5 fact, a single straight line. In order to
use the present |nvent|on the I|ne segmﬂﬁBSO I's broken into the shorter
line segments MN, NO and RS and described by the_intensities

at the nid-points of e'&éﬁ”%‘?“st'ﬂé@@héq?d'r’? SPTRNS B Pathen. iig possible to

Figure 4 illugd teQsachgPbrsis .ﬂbaﬁhaﬁls mmm@amyioﬂger%aebgrﬁémsystem 40
utilizing the present invention. The system 40 1 ncludes a transformation .

engi ne 42, a inmshoder ineceaments aodidesgritingthe ghatter ing seamerts each atshelrr ane buf f er
48,200 a0 OULgLedthaRLaNe, Saus dRd SRR el BmbiB it 641 SV LY of
may be 0 I

al I\\ejf t hese | nown to the 15
prior art alt Imughuﬁglaestm;gaslknc irndrderto use e pasanttinvehtioncthe dine sdgmenexanpl e,

the transfor L. an ei ves as i e s Z.val ues of

each i ndi vi dggé 'SBQK? %ﬁe‘%ﬂ (C!iF? peamegts M‘ﬂ%&%ﬁ"{&oﬁ‘\éngﬁgﬁqg 42 utilizes
circuitry wvel Heéeﬁsduhytme inehsiied Althéuinid-gothtd 61VasH oFthadelsho®lingdi nal coor di nat es
of the point by rotation, translation, scaling or perspective to acconplish

what ever is t89MMone 20 to the particular point. Normally this provides
an out put having new X, Y, and Z values. In the system 40 of the present

i nvention the Z values may be directly utilized to provide intensity val ues
for the pdPnts. That iRigureé illustrates i bigk diggramderm a campmiterigeaphiss by t he

transt or Tt | o0, MG ko bbby b iGd Fllsy b oDy, 1. and an

tensity val he ne els directly refated to the Z val ue
whirch woul d ntlanwdrinyudneemmedacededmtprbmsar q@eaamdragmglenguemss tay | evel from

whi ch the. ¢ oG PHE FBrEE A HER BRI UHEES ¢ REOBBLIER oA 1 2 val ues to”
intensity val gifitlyot Woﬁﬁés@ﬁﬁd:ﬁhaﬁorﬁﬁ&ﬁeﬂ@ﬁﬁ?be of a type well known to the
15 prior art although their association is distinct therefrom. For example, the
transformation engine 42 receives as input the X, Y, and Z values of each
individual point to be described on the output. The engine 42 utilizes circuitry
well known to the prior art to transform the original coordinates of the point by
rotation, transiation, scaling or perspective to accomplish whatever is to be done
20 to the particular point. Normally this provides an output having new X, Y, and Z

values.

Y In the system 40 of the p;esem invention the Z values may be
directly utilized to brovide intensity values for the points. That is, the input Z
25 values is operated on by the transformation engine 42 so that the output gives a
new X, Y, and an intensity value. The new.intensity value is directly related to
the Z value which would normally be produced but has a percentage intensity

level from 100% at the display to 0% at the least point.

30 The method by which the transformation engine accumplishes the
conversion of Z values 10 intensity values is an extension of the normal
transformation operation. The normal transformation operation applies a four-by-

four transform which is the result of applying matrices which individually



transformation operation. The normal transformation operation applies a
four-by- four transformwhich is the result of applying matrices which

i ndi vidual ly 14. represent the translation, rotation about the desired
axes, and scaling transforns to the X .Y, aid Z values. In the present

I nvention the four-by-four matrix may be realized by including a transform
representing the cueing operation. Such aligansformis represented by the
concat enati on of the'sﬁandard t ransf or pat.i Hatrices mh}ch may be found

transt 5
'n Chapt er 22, TBPIeRERIINE Hapsation: GHaioD /2baut B HeRier axesa scaingranglars on,
Newman and Spr qglthe xMpidt'2 Uhilibs. HAGKe pesentthidiion iHeTBHL)-BUF MRAR A BT L e

cuei ng operation. The cuel ng operationh my be ternmed the Z-to-iIntensity
conversion 10 realizedibyrincluding & sransfatin expressnting thequeing dpefatiome Suckaai ng as

follows: | ([err Z.- Zmn) | ( X - Zmn) +.1mn re Zis the Z g
val ue of a poi r?fJ-"%ﬁPQ'F‘r'ﬁ gp&sp}tegrp&ﬁg?goqcﬁ@ngtl%fdée ﬁﬁhq*@?@ﬂff@@?at@f‘os est tGX
the screen. sANGndifBas wiich iy e tairdin Unapide 22: PARipik s intbrAtlive mpter SCT eeN,
Imax and I'min are the maxi mum and m ni num val ues of grey scaie levels

avai | abl e. A pdsaphios.aed.t Edition, dlewmaini arid Sproull, MoGraw-ttilbBoalnCaf withaat i on 22-1 -
for 20 translatio& and equation 22-5 for scaling along with the Z-to-|
conver si on t r at@NSOAPFRRIRFIBUNG Ehe,Fueing APEFaoR, act i ve Conputer G aphics and

therefore acconplishes the conversion*for translation, scaling, and Z-to-|

conversion is: [err] 25
The cueing operation may be termed the Z-to-intensity conversion

10 transform. his reached using Figure 7 of the drawing as follows:

I = (Imax - Imin) * (Z - Zmin) / (Zmax - Zmin)-+ imin,
where Z is the Z value of a point of interest, Zmin is the Z value of the
object closest o the screen, and Zmax is the Z value of object farthest from the
15 screen, -
imax and Imin are the maximum' and minimum values of grey scale levels

available.

A particular transform which is a concatenation of equation 22-1 for
20 translation and equation 22-5 for scaling along with the Z-to-! conversion
transform from Principles of Interactive Computer Graphics, and therefore w
accomplishes the conversion for transiation, scaling, and Z-to-| conversion is:
XYZ1] 1000 =[XYT1] |
0100
25 002Zs0
002t
Where Zs = (Imax - Imin) / (Zmax - Zmin)
2t = Imin - Zmin * (Imax - Imin) / (Zmax - Zmin).
In this transform, only the Z values are changed since these are the only
30 values of interest. |
Thenl'=Z*Zs + 2t.



Were Zs = (Imax - Imn) / (Zmex - Zmn) [err] =[err In this transform
onIy t he: Z val ues are changed since these are the only 30 val ues of
i‘nterest. Then [err]. . The values for intensity of the two ends of a l|ine
segnent to be rendered which are provided by the transformati on engi ne 42
are added by the CPU 44 and divided by two tj@ggi ve an average intensity

val ue. This average intensity value is handed to the drawing engine 46. In

the preferred enbodi ment VB2 véesderdntensity at the fwo ends oha ling sReMEALiehe 46
describes a |ing n%ﬁ&@'%ﬂ%ctp%e%F@Weﬂ%y%éﬁérﬁfogrh&tmh'dﬁﬁm@%‘é’?@@d&e@ﬁi%é Vo

endpoi nts at the average intensity draw ng engi ne such as that of the
preferred enbodiCifdnts and mwbm 1o givelap aaﬁ@nelmmm valuee dThisavenage

appLi cati ons degepidh) o @it BN R Bhaibd fo. S e Pesehd oHbaUIHaR N0 ne

46 YProvi des t he frane presen on
t he out put dlsspbamemanﬂbnsmmmgeﬁm £8)desoritnds d inecsdgmentbyarawingiae Wit h
the invention is shown in Figure 5. Suchas*gtemma be utilized in

situations in mﬁﬁ"%ﬂ“t"ﬂ%b%‘y@?’éw&:‘w’%\?ﬂmﬂ'&@t \RYer@ge intqnsity, A deawing ¢ he
conponent el erreg;, né’éuch%mﬂaz(gf@lh??&r ans ﬁdﬁl‘?@%t is desSribed irf 118 aBBYeE USual

arrangenent. In e syste ornmati on engi ne 42 provides
transforned X, mennma Ipateat appiications desdriiingovariohs pottions, of shedsystern| Thes

Lo the pri or_ar Bewngaphe 3B s icibe yeiSs R Talne bind R irkpelftpe , "

cal cul ator G3 V\bhﬂhmpwuﬂﬂayemt put values of the X, Y, and average 20
i ntensity values for each |ine segnent. These values are transferred to the

| k0
e A second system 60 constructed in accordance with the invention
. is shown in Figure 5. Such a system may be utilized in situations in which the

system CPU does not have direct access to the component elements of the

15  graphics systems. This is the more usual arrangement. in the system 60, the
transformation engine 42 provides transformed X, Y, and | values derived from
the X, Y, and Z values furnished to it for both ends of each line segment ina
manner well known to the prior art. These output values are transferred to an
intensity calculato; 62 whiéh provides output values of the X, Y, and average

20 intensity values for each line segment. These values are transferred to the line
drawing engine 46 described above for transter to the frame buffer 48 and later

rendering on the output display 50.

An intensity calculator 62 is illustrated in Figure 6. The converter
25 62 comprises an adder circuit 64 constructed in a manner well known to the prior
art. The adder 64 receives the two transformed | values from the transform engine
42, and adds those two values to give a result. This result is transferred to a shift
register 66 which éhifts the result by one bit, dropping the lowest order bit to
accompiish a division by two. This result is furnished to the drawing engine 46 of

30 Figure 5 to represent the average intensity of the line segment.

The speed of the operation of the system of the i,nven‘iion might be

further enhanced by simply using the intensity of the beginning or end point of an



drawi ng engi ne 46 descri bed above for transfer to the franme buffer 48 and

| ater rendering on the output display 50. An intensity calculator 62 is
illustrated in Figure 6. The converter 25 62 conprises an adder circui't 64
constructed in a manner well known to the prior art. The adder 64 receives
the two transformed | values fromthe transform engi ne 42, and adds those
two values to give a result. This result is transferred to a shift register
66 which shifts the result by one bit, dropping the |owest order bit to
acconplish a division by two. This result is furnished to the draw ng

engine 46 of 30 Figure 5 to represent the average intensity of the line
segnent. The speed of the operation of the systemof the invention m ght be
further enhanced by sinply using the intlépsity of the beginning or end

poi nt of an 16. individual line segnment to render the entire |ine
segnent . | n iadieldual linesegmehttoTgsderthen extite ine segmeragen such 4 oase, theensi ti es t'U"
conpute a mdpoint intensit SO even reater eeds are attained. It is

al sO possi bI%’sfe@ need notaverage;the R intan F‘Sséﬂﬁ‘W‘ e 8migpeiehirteasly. A col or
fromone en ach col or
be individua I y dge%gf%d;é%gsg &%e I'nt en5| t@ *b'suc ﬁgéj r%qﬁ"én“aﬁe&aver aged

over the i ndrawdings whicheaseigrooidr frojmuiorie endtdebebtﬂee.ddeI amae‘angémntl i ne
segnments above. Although the present inventjon has heen described in terns

of a 10 Spr e’Peﬁ"Feéd"em%R!ﬁ GRigfibe ingdiviguplly gescrped but the dofensily: ot sueh galer
gy WA B 3F b

W t hout depar 1 Ng e spirit and s e invention
shoul d t her eblprdinbsegmentsrabdven terns of the clainms which follow \J

-
[

Although the present invention has been described in terms of a
10 preferred embodiment, it will be appréciéied that various modifications and
alterations might be made by those skilled in the art without departing from the
spirit and scope of the invenﬁon. The invéhtion should therefore be measured in

terms of the claims which follow.



17. * C L MS * CLAM 1. A conput er graphies—system which

determines intensities of points representing lin rrents to be displayed
on a conputer output display which intensities variﬂ I"rm,
accordance with the depth of each point to be repr ng nmeans
for determining the intensities of each Efd poi nt of such a I|ne segrrent to
be displayed, neans for averaging the jigtensities of the two endpoints, and
nmeans for providing a value for renderrng all points describing the i ne
segnent at an intensity equal to the average val ue of the intensities of

the two end points. 2.1 A compuecgrahiessistem which dptegaings itensties Af 0 ai m 1
in which the pRanR f&@nﬂ@lﬁ@%&hgﬂst@ﬁe Hﬂbﬁ &rt Qioﬂizut@a&r{pﬁ%@ym of a

l'i ne.segment "conprise neans f convert e val ue of each such point
to"ah int en3|wrych/lateune|tles3vary |mgemnqlun wwaaaphmm tlw@ap&‘mwwlmmm in daim
2 in whicht means conver oLnt to an

I ntensity val &B@ﬁﬂ?‘?@égmﬁﬁﬂ%@# @bﬁ?‘ﬁ'ﬁ’ia‘"& 'aﬁggﬁ?sn‘?s'mh%ge% val ues.- 4.

A conputer p%ﬂhbﬁ@c%sﬁrﬁrsepﬁ'eﬁdtalm ﬂge@rﬁééﬁs%ﬂ:ﬁe%k@hhé [ierigmags for
averaging the intensities of ‘the twe oi nts conprises an adder for

summi ng the mwamwudpqmae@meanséommv@nmpcnah@sfordpn@ﬁrlnarw poistgrent , and
means for div

e.result r system as
claimed in Cldg 9 tH \km 5?9'?%2&{%%@?"?'& ﬁ‘%ﬁﬁaveﬁﬁ%egv@?{]{:ﬁﬁ%y t wo
conprises a SMbaditidsYtHeit®b ené points®A conputer graphics systemas clainmed in
Claim1l in which
(7 2. A computer graphics system as claimed in Claim 1 in which
the means for determining the intensities of each endpoint of a line segment
comprise means for converting the Z value of each such point to an intensity

value.

3. A computer graphics system as claimed in Claim 2 in which
the means for converting the Z value of each such point to an intensity value

comprises means for applying a transform to such values.

4, A computer graphics system as claimed in Claim 1 in which
the means for averaging the intensities of the two endpoints comprises an adder
-/ ~ for summing the intensity values of the two endpoints of a line segment, and

means for dividing the result by two.

5. A computer graphics system as claimed in Claim 4 in which

the means for dividing the result by two comprises a shift register.

6. A computer graphics system as claimed in Claim 1 in which
the means for providing a value for rendering all points describing the line '
segment at an intensity equal to the average value of the intensities of the two

end points comprises a drawing engine.for writing to a frame buffer.



t he means for providing a value for rendering al ' i ng t he
line segnent at an intensity equal to the averagmﬁm&}lmm@ﬂ“mtensities
of the two end points conprises a drawi ng engi ne 3 stosxa frane
buffer. * C L M S * 18. 7. A method for determning the”
intensities of points representing line gRiments to be displayed on a '
conput er output display which intensities vary in general in accordance
with the depth of eagh pohmethod for determisiagithel intensities of paintshe st eps of
determning the intensities of each end point of such a |line segnent to be
di spl ayed, rwesa@mghnmﬁegme@mthee@salav%enmremtpapntpy,t displayowbiehdi ng a

caual to « MEeagedfaf/n dhBefd o AESHRaReE HithdBe b AT OAGH ot e o 5 U

et od. 2 il EEtlelodtadhd id'sttBl 6F ddiEmthiPp B iNlShefigd Bl Bech B |

Intensities eac I ne segne I'Ses conver e Z
val ue of epgiht ppsticiPalline segnitit 1d'be didplayed?| avdrading the'intérigiid efthehwbmed i n
Claim8 in which the step of converting the Z value of each such point to
an i nt ensi endpeints; andproviding avalue fog renderingsdlbpointsodesectbingathedine 10. = A
method as claimed in Claim7 in which the step of averaging the intensities
of the twoSeameot atan intensity aquaktaiheiRyerage yvalue pttheintansiies afthe iwo t wo
endpoints of .a lLine segment, and dividing the result by two. 11. A nethod
as cl ai med®MP¥™MPm 10 i n which the step of dividing the result by two
conprises shifting the result in a shift register.

8. A method as claimed in Claim 7 in which the step of o)

determining the intensities of each endpoint of a line segment comprises

converting the Z value of each such point to an intensity value.

9. A method as claimed in Claim 8 in which the step of
converting the Z value of each such point to an inte'nsity value comprises

applying a transform to such values.

10. A method as claimed in Claim 7 in which ihe step of
averaging the intensities of the two endpoints comprises summing the intensity

values of the two endpoints of a line segment, and dividihg the result by two. -\

11" A method as claimed in Claim 10 in which the step of dividing
the result by two comprises shifting the result in a shift register.

12. A method as claimed in Claim 7'in which the step of providiné
a value for rendering all points describing the fine segment at an intensity equal
to the average value of the intensities of the two end points comprises furnishing

the value to a draWing engine for writing to a frame butfer.

=,



L
12. A nethod as clainmed in daim?7 in which the step of providing a val ue

for. rendering all points describing the Iine segnent at a
to the average value of the intensities of the two end Hﬂ"”ﬂiﬁ'ﬁuamfﬂm
furnishing the value to a drawing engine for witing to & fqa er+
L19* C L M S * 13. A conputer graphics systemsubstantially as
her ei nbef ore described wth reference tg¥the acconpanyi ng draw ngs. 14. A
met hod for determ ning the intensities o poi nts representing |line segnents

to be displayed on a conputer output display which intensities vary in
general in accordance with the depth of each point to be repr esent ed

substantially as her aﬁbef@rc%mﬂ%rdrgﬁﬁcs system substantially as hereinbefore
‘%;; described with reference to the accompanying drawings.

b

14. A method for determining the intensities of points
representing line segments to be displayed on a computer
output display which intensities vary in general in accordance
with the depth of each point to be represented substantially
as hereinbefore described.




