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VETHOD AND APPARATUS FOR SPATI AL ANTI - ALI ASED DEPTH CUEI NG BACKGROUND OF .
THE | NVENTI ON 1., Field of the Invention This invention rekdtesita 1 .-
~conmput er graphics systens and,- nore'5 particularly, to arrangenents for ?
cueing the viewer that images presented on conputer displays involve a

third di nension. 2. Hi story of the Prior Art In presenting three

di nensi onal representations of objects on two 10 di mensional out put

di spl ays, some nmeans nust be used for indicating the existence of the_third
di rension to the viewer. Various nethods of acconplishing this resul € have
evol ved from standard drafting techniques. An exanple of this is

perspective drawing i-n which parallel straight Iines defining an object
converge as the object recedes fromview~ 15 Certain other

t echni ques have deyenaPafh REFAATES FOR! SPATRAIC ANTTHALIASED DFPTH IGNEINGIpUt er

di splay. For exanpte, 11 _a prr-napped conputer output display which is
presented on a cathode r & a

S QOND G B EIRG o IN YIS i ndi cate or cue the
viewer to the different depths of portions of objects is to vary the
intensity qf thglglits !dﬁfi :r” gg hEg obj ect as the depth of the portion of
t he object "20 . , a line running fromthe viewer's
position to i nf ket : fRSto ' ; ' in3{ gagrgn the full est

intensity and t@% %f"vrvte g@? %'gcat | o%&gagfgfgrﬁr}liﬂgﬁtsﬁgT ng,' %dgigng of the
li ne ingi npanfdulatiy)te \dremgehionts forecuihg the tiewerahatdmagesipresentgdonas t hey
extend progressively further fromthe viewer. This techni que enhances the
f eel i ng of camputerodisplays|invavea third dimensiondi spl ay. 25 The prior art
met hod of acconplishing this effect requires that each pixel of a line
havi ng a depth di mension have a different intensity value froma maxi num Eo

zero. In a&tual t t ragr art, any individual |ine having a

In presenting three dimensional representations of objects on two

10 dimensional output displays, some means must be used for indicating the
existence of the thi_r_d dimension to the viewer. Vario(:s' methods of
accomplishing this result have evolved from standard drafting techniques. An
example of this is pe_rspective'drawing in wh'ich' parallel straight lines defining
an object converge as the object recedes from view.

15 Centain other techniques have developed because of the peculiarities of
th'e' computer display. For example, in a bit-mapped computer output display
which is presented on a cathode ray tube (CRT), a method used to indicate or ( |
cue the viewer to the different depths of portions of objects is to vary the
intensity of the bits defining the objed as the depth of the portion of the object

20 increases. Thus, for a line running from the viewer's position to infinity, the
closest location of the line is given the fullest intensity and the farthest location
a zero intensity. The fading of the line in intensity provides the same effect as
that given by images as they extend prdgressively further from the viewer. This
technique enﬁances the feeling of depth of the line on the output display.

25 The prior art method of accomplishing this effect requires that each pixel
of a line having a depth dimension have a different intensity value from a '

maximum to zero. In actual systems of the prior art, any individual line having a



- 2 - depth dinmension is drawn by dividing the Iine length by the nunber of
- pixels and calculating an intensity value for each adjoining pixel of which
" the line is conposed. Thereafter, each individual pixel is witten to the
output display, a single pixel at a tinme. In color systens in which the
color of the line varies from5 one end to the other, the circuitry of
such systens nust calculate intensities for each of the colors red, green,
and bl.ue separately, each fromzero to one hundred percent intensity. The
prior ‘&t arrangenments for acconplishing this formof depth cueing for each
pi xel require a separate cal cul ati on engine for each of the colors. Al of
t hese operations are very tinme consum ng. 10 I n inproving conputer
systens, the enphasis has been on inproving the speed of operation of such
systems. This is especially true of systérs using bit-mapped di spl ays where

systers. eci ped di spl ays.
pecd, - ConsedaEuy Himeriiolsfratir BRI 1 e Rrpieer e Muber o bk 2 ped

graphi cs out piwd calgilanivg aaSniaaeily varedol eath aBpiniag pik! of Whichythedine is
Mor eover, certain conputer graphics systens utilize a technique called

anti - al i asi ngomposedprthereaftar) eaah jndividvalrpixalds wriitenfto she outpub displayi apl ay.
In such a techni que, various pixels defining a |line are rendered, at

di fferent i ntsingle pixetat e-tlm&ecqlwesyﬁﬂwq whigh dhe golos ohtheine: variesifeam of
the line. _Anti- 20, lasLng;.ls _a technique well kno in.the art..and is
toscri bedS f S s e SthoH the afeUy af st s Sinme P 18 SyRHLES fac,
Shaded | magegyanhlz I A C , = - eport. In
such systens ,%38 P oJ\; ﬁgig rl‘fg{béﬁﬁ/ gcr ggﬁ’n%hqlgmgoste%ﬁégqﬁ%%g K?ﬂrf%errﬁg??ngr ocess of
varying line Hunﬁﬁétﬁgé&ehﬁmﬁsﬁyl I THe pRdredrs afriingérhemtsi tohacsomplishingadls a part

ofthe systemfor 2 providing the anti-aliasing effect. It is, therefore,
an obj ect of fotme of deptincuding éoneanh pixeli require a saparatp caltuldtionceanginefor
graphi C.S SySteeagI;ﬁ;of the colors. All of these operations are very time consuming.

10 in improving computer systems, the emphasis has been on improving the
speed of operation of such systems. This is especially true of systems using
bit-mapped displayé where the graphics output is usually the point of the
system which limits its speed. Conséquently. providing depth cueing in three
dimensional bit-mapped graphics output systems has been speed [imiting for |

15 the.system. | |

Moreover, certain computer graphics systems utilize a technique called
anti-aliasing for imprdving the apparent rendering of a line on a display. In
such a technique, various pixels defining a line are rendered at different
intensities to remove the sharp jagged edges along the sides of the' line. Anti-

- 20 aliasing is a technique v)ell known in the art and is described, for example, in
*The Aliasing Problem in Computer-Synthesized Shaded Images,” Frankiin
Crow, March 1976, UTEC-CSC-76-015, ARPA Report. In such systems,
providing depth cueing is not the straight forward pfocess of varying line
intensity because line intensity variations are already a pant of the system for

25 providing the anti-aliasing effect.

It is, therefore, an object of thé present invention to improve the speed of

computer graphics systems.



- 3 -1t is another object of the present invention to provide an extrenely
rapi d neans of providing depth cueing in a conputer graphics system An
addi tional object of this invention is to provide a new techni que for .
provi ding depth cueing in a three di nensional conputer graphics system .Yet
anot her object of this invention is to provide a system capable of both
anti-aliasing and depth cueing. - 4 - SUWARY OF THE | NVENTI ON These and
other objects of the invention are realized in a conputer graphics sygstem
whi ch conprises a graphics engine for drawing quadrilateral 5 inages on an
out put di splay when furnished the vertices of the quadrilateral,
transl ati on nmeans for providing width values for each end of a line to be
di spl ayed on an out put display which width values are indirectly related to
the depth of the ends of the line fromthe viewer of the display, and neans
for utililizing tihig anclhér otjbetast the pebtient MveRtiae o Pﬂﬁﬁd@én dxtrefRly faphe
drawn by the 10 nmeans for drawing a quadrilateral image. These "and ot her
obj ect s and rheansiotpraviding depthveusingin aicompaterqgraphicpaystem.t o t hose skill ed
inthe art by reference to the follow ng detailed description taken
t oget her with t héAradditighakobjectof this invantigndsito providesa; rew techaiqueitesnt s
have PeCN T Sl Ealng ASpRculeldin' Hhda HrhShsohal SRS olaphic i, 1°

5 Yet another object of this invention is to provide a system capable of

both anti-aliasing and depth cueing.



-°5 - BRIEF DESCRI PTION OF THE DRAWNGS Figure 1 Is a side view

. Illustrating a viewer's perspective of a three dinensional line; 5

" Figure 2 is a viewindicating the manner in which the prior art describes a
t hree dinensional line on a bit-nmapped conputer display; Figure 3(a) is a
view illustrating a greatly enlarged |ine described on a bit-nmapped

conput er display using normal rendering techniques; Figure 3(b) is a view
illustrating a greatly enlarged |ine described on a 10 bit-napped conputer
di spl &y* usi ng anti-aliasing rendering techniques; Figure 4 is a view
Il'lustrating a greatly enlarged |ine described on a bit- mapped conputer

di splay using anti-aliasing techniques in a systemwth which the present

invention may be associated; Figure 5 is a diagramillustating the anmounts
of a conputer output display 15 occupie@d by an object at three different
depths; Figure 6 is a draw ngyy aj | i awdth related to
the depth of its points in a tn T ith a particular
anti-aliasing system Figure 7 Is a block diagramillustrating a conputer

graphics systemin 20 accordance with the present invention; Figure 8

I'llustrates a |ineThesiecdnd otheeobjectdofche anviintiphayre byalizedris acddorhneteXY vert ex
val ues of four points defining the line; Figure 9 is a block diagram
| Il ustrating grapbicssystesmwhich comprises 8 graphiesnenginacion deawiog quadnlateral

Dt A kiR chndn St s SR Py he s o AL

and translation means for’pro_vii:ling width vaiues for each end of a line to be
displayed on an output display which width values are indirectly reléted to the
depth of the ends of the line from the viewer of the dis'pléy. and means for
utililizing the width values to determine vertices of a line to be drawn by the

10 means for drawing a quadrilateral image. |

These and other objects and features of the invention will become

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

15 views.

s



- 6 - Figure 10(b) illustrates another nethod for drawing the ends of |ines
havi ng wi dt hs which vary wi th depth. - 7 - NOTATI ON AND NOVENCLATURE
Sonme portions of the detail ed descriptions which follow are presented in
terms of algorithns and synbolic representations of operations on data bits
5 wthin a conputer nenory. These algorithm c descriptions and
representations are the neans used by those skilled in the data processing
arts to nost effectively convey the substance of their work to other
skilled in the art. An algorithmis here, and generally, conceived to be a
sel f-consi stent sequence of steps leading to a desired result. The steps
are those requiring 10 physical manipul ations of physical quantities.
Usual | y, though not necessarily, these_guantities take the form of

el ectrical or nagnetic S|gnals capable of being stored, transferred,

conbi ned, conpared, angRd " RTIO! : RAWINGSB=N conveni ent at
tinmes, principally for reasons of conmon usage to refer to these signals
as bits, values, elenments, synbols, characters, terns, is nunbers, or the
like. It should be borne in . mnd, however, hat al | of { hese and S|n1Iar

terns are to be FHGUER] I8 8Side Mew Hustzating.d Mewer's pRrspective Rl #:1ree s and are

nmerely con s applied to these quantities. Further, the
mani pul at.oﬁ@*"g‘g‘?‘&?ﬂ@ are often referred to in ternms, such as adding or

conpari g, Whi Clrighiiy S MTERAGW iﬁﬁé&ﬁﬁ@%&hﬁé} iRWHieN tr@ﬂri&pﬂ( dbséHbes
perfornmed by a hu n operator. No sdch capability of uman operator Is
necessary oa tireeidimshsional lines bn @obit mapped computémdisplagr at i ons descri bed
herein which formpart of the present invention; the operations are

Figure 3(a) is a view illustrating a greatly enlarged line described on a ~

bit-mapped computer display using normal rendering techniques;
Figure 3(b) is a view illustrating a greatly enlarged line described on a
10 bit-mapped computer display using anti-aliasing rendering techniques;

Figure 4 is a view illustrating a greatly enlarged line described on a bit-
mapped computer display using antl-a_liasing techniques in a system with
which the present invention may be associated;

Figure 5 is a diagram lllustating the amounts of a computer output display

15 occupied by an object at three different depths;

Figure 6 is a drawing illustrating a line having a width related to the
depth of its points in a~ high resolution mode used with a particular anti-aliasing v
system;

Figure 7 is a block diagram illustrating a computer graphics system in

20 accordance with the present invention;

Figure 8 illustrates a line which is rendered on a display by means of the
XY vertex values of four points defining the line;

Figure 9 is a block diagram illustrating a second computer graphics
system in accordance with the present invention; and

25 Figure 10(a) illustrates one particular method for drawing the ends of
lines having widths which vary with depth; and



machi ne operations. Useful machines for perform ng the operations of the
present invention include general purpose digital conputers or other
simlar 25 devices. In all cases the distinction between the nethod
operati‘ons in operating a conputer and the nethod of conputation itself
shoul d be borne In mnd. The present invention relates to nethod steps for
operating a conputer in - 8 - processing electrical or other (e.qg.
mechani cal, chem cal) physical signals to generate other desired physical
signats. The present invention also relates to apparatus for perform ng

t hese operations. This apparatus may be specially constructed for the
required 5 purposes or it may conprise a general purpose conputer as
selectively activated or reconfigured by a conputer programstored in the
conputer. The algorithms-presented her@in are not inherently related to any

par i oul ar compuicet 91y Gb1 il PABR aAbHRr NG I il téuricR st weger !

pur pose machi nes prograns witten 1m accordance with the
t eachi ngs heygei d Hrore convenient to construct nore
speci al i zedqgag’%ﬂ;r g%rs‘&tgf)m%ﬁey rynﬁ?(ﬁggtr equi red nethod steps. The required
structure for a variety of these machines will appear fromthe description
gi ven bel ow. - 9 - DESCRI PTI ON OF THE PREFERRED EMBODI MENT As descri bed
above, in presenting three dinensional representations on two di nensional
out put di spl ays, sone nmeans nust be used for indicating the 5 third

di rension to the viewer. One techni que which has devel oped for a bit-



mapped conputer output display to indicate or cue the viewer to the
different depths of portions of a line (or other object) is to vary the
intensity of the bits naking up a line as the depth of the line increases.
The fading of the line in intensity gives the sane effect as is given by

| mages as they recede 10 progressively further fromthe viewer. This

ef fect enhances the feeling of depth. The manner in which this techni que of
varying the intensity of a line to give a depth cue was practiced byhe
prior art was by providing the fullest intensity at the closest |ocation of
aline and the least intensity at the location farthest fromthe eye; those
points lying on the |line between the beginning and 15 ends were given
intensity values varying linearly betweepthe intensities of the two end
points. Figure 1 illustrates a line 10 lying in a three di nensional cube 12
of space. The cube 12 is MQIAHONY AND AMENCRATUREI s, and a Z axis to
I ndi cate the three dinensions of space in a conventional manner. The eye 14
20 of a viewer is also shown. In Figure 1, an endpoint A of the line 10

nearest the eye of the vi [ jS..ind,cated to be bright: and an endpoi nt
B farthest from tPeMgiRANQNS @Vﬁﬂcdeiﬂlsgodqsﬁ‘"ﬂ ong WB“%{"}'@&%"’M%S%%% nt B
IS given a ﬁﬂﬂﬁ | ; W&h@ : ' ¥ I N NDSt
prior art a?@gﬁgé;fn%ﬁys. %%ﬁ?gyﬂﬁ@gﬁer _ %ﬁ@gﬁ?ﬁibﬁﬁl’%g%%fgﬂ Q{ydle')s(sappear

I nt o t he shackininéompiter Memady. THERe digemthiric) desdHptions dhd répredentatdng
"dinm are used to indicate the apparent intensity of the pixels describing
the points, avedthemeansused bythose skillediin the datajrocesEing ans toomost
acconplishing the effect described in a systemusing a bit-mapped out put

di spl ay requbfiealivelygorvay the, sukstanes of theirworkie others siillesdaithe iaet. poi nts AL
Sero. In actual  sHa@anting Hord At tperally Korela bk psalumaistent " 1 ©

sequence of steps leading to a desired result. The steps are those requiring

10  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 has
proven convenient at times, principally for reasons of common usage, to refer
to these signals as bits, values, elements, symbols, characters, terms,

15 numbers, or the like. It shouid be bome in mind, however, that all of these and
similar terms are 1o be associated with the appropriate physical quantities and
are merely oonvenia;wt labels applied to these quantities. .,,

Further, the manipulations performed are often referred to in terms, suc':h
as adding or comparing, which are commonly associated with mental

20 operations performed by a human operator. No such capability of a human
operator is necessary or desirable in most cases in any of the operations
described herein which form part of the present invention; the operations are
machine operations. Useful machines for performing the operations of the
present invention include general purpose digital computers or other similar

25 devices. In all cases the distinction between the method operations in
operating a computer and the method of computation itself shouid be borne in
mind. The present invention relates to method steps for operating a computer in



5 1ength by the nunber of pixels in the line and calculating a linearly

. changing intensity value for-each pixel. Figure 2 illustrates the actual

" bits of a short line 10 such as that shown in Figure 1 with approxi mate
percent age val ues applied to the bit positions fromthe brightest point at
A (100% to the least bright point B (0% . 10 I n general, nost

i ndividual lines are displayed with but a single color. However, the
presentation of depth cueing is conplicated in graphics displays capabl e of
renderithg a |ine which changes in color fromone end to the other. For a
systemto handle a situation in which a line of varying color also varies
In depth, the circuitry of the systemnust calculate intensities for each
~of the 15 <colors red, green, and blue separately, each between zero and
one hundred percent intensity. Such an pgeration is extrenely tine

are-so o ow PRSI Piedlical'S, AFRE 403, Biactio®el, GRFRAERoEhRR wERef "'

det erm ne th%eﬁ@#é}é%tﬁ@idé‘é%? C'a)g%al s@?\‘élsea(:h line must be drawn a single

pi xel at a tine. nmput er” systens have i nproved, the enphasis

at each stage has Tieqitesentiinurtivhrulsd Retates e dpparatiefonbesormingsthebe sy st ens.
This is especially true of conputer systens using bit-mpped displays where

t he graphi cs operationsi sThi$ appanatusochayhesspeciallyi ernstrugteddontheofequinedsy st em
Consequently, providing depth cueing in three dinensional bit-mapped
gr aphi cs 8ut [RWPQSES: ok maycomprise-a genprwal QUINase computer; as gelestiveltm Dept h
cueing is just.,.one of the . desirable features which he iml epented in
computer *sys eetigd rreCnigtiad By a Coniititel Sogkih Shrp in e cOMDGLEE. THe
feature. Fig - ' 1 YA mal |ine
segment 20 adgrBaE: dreseiRbd HofdinRrd G rinbrdithVeliea 16 Y Banfeule 77 o
represents acomputer or other apparatus. In particular, various general purpose machines

may be used with programs written in accordance with the teachings herein, or

- 10. it may prove more convenient to construct more specialized apparatus to
perform the required method steps. The 'req_uired structure for a variety of these

machines will appear from the description given below.



pi xel presented on the display. As Is obvious in the close up view
Illustrated in Figure 3(a). the pixels which are used to approxi mate the
points on an ideal 5 Iline rendered on a conputer display produce jagged
edges which are perceivable to the eye. Figure 3(b) shows a |ine which has
been treated utilizing anti-aliasing techniques. In Figure 3(b), the line
32 is represented by a | arger nunber of pixels. In fact, each of the single
points of the line 32 is conprised of two pixels of varying gray sh

When viewed froma distance, 10 this presents the appearance to the eye of
a much snoother line, one closer to the ideal. As may seen, anti-aliasing
is a technique for shading the pixels representing an inmge so that the
edges of the inmge do not present a Jagged appear ance. The application of
the anti-aliasing technlque descri bed adove usually requires separate
conplicated circui tRDESQ 14 0F , (i3 RED EMBODMENTEdes for
each of the pixels in or der to provi de a renderlng whi ch reduces the jagged
appear ance of the |nage on the output display. This is also a tine

consuni ng operati eswableto i de depth cueing in co ut er
systenms of all ﬁ%g 4N H’?sqrgi?‘ﬂégfereag' nsipng! &epr §°’a'éﬂ9 ®fei ng

{echh ques M@ﬂ?ﬁ%@é‘%"egﬁﬁ*ﬁ?kﬁfaﬁﬁmﬁhﬁéﬁ 6 Pl oo URET Sorlichpigne, ¢ '
i mpl enenigat i 1Aitg diineASiBh thahe Vidwere ONE taGHNIQUEWhIEhaiHs dévitoptid fd?% ﬁt xel s on

a conputer output display to acconplish their desirable results.

Pat ent Appl i mapped cGmputer dutputdispiag td tlicate or cue dhé\Mbwekltd A1%d Uiﬁe?éntRASTER
OPERATI ONS, Priem Whbber, and Mal achowsky, filed Cctober 14, 1988,

di scl oses a @ﬁﬁbﬁpﬁﬁoﬂ'ﬂ%lo&? linpstos ethariobisdt) s to very theimtensily of therbjtsrent f Qo
| mpl ement "I : %gaur}}a'a Ii%e 'a%%e %epﬁncgﬂhg ine |Xcrgggg)s. n+h6q fadmg of’L the line in

intensity gives the same effect as is given by images as they recede

10  progressively further from the viewer. This effect enhances the feeling of depth.

The manner in which this technique of varying the intensity of a fine to
give a depth cue was practiced by the prior art was by providing the fullest
intensity at the closest location of a liha and the least intensity at the location
farthest from the eye; those points lying on the line between the beginning and

15 ends were given intensity values varying linearly between the intensities of the
two end points.

Figure 1 illustrates a line 10 lying in a three dimensional cube 12 of v
space. The cube 12 is provided with a Y axis, an X axis, and a Z axis to
indicate the three dimensions of space in a conventional manner. The eye 14

20 of a viewer is also shown. 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 dim. In fact, the endpoint B is given a color to
blend with the background color of the display in most prior art arrangements.
In this manner, the line 10 appears to disappear into the background. In this

25 specification, the words "bright” and “dim" are used to indicate the apparent
intensity of the pixels describing the points, whatever their actual color.



circuitry utilized for other functions to provide anti-aliasing in a nuch

. sinmpler, nore rapid, and less costly manner. In the system di scl osed, each
" addressabl e pixel in the frane buffer memory is logically subdivided into a
group of sixteen subpixels so that, as 5 'shown in Figure 4, the entire
screen appears to the central processing unit (CPU) as if it had sixteen

ti mes nore nonochrone pixels than it actually has. Thus, each pixel appears
to include four times the nunber of pixels in both the X and the Y

di rections as are actually present on the output. display. This high

resol uti on nonochronme data is supplied by the CPU and eventually witten to
10 the lower resolution pixel coordinates stored in the frane buffer
menory. \Wen perforning the mapping between the subpixel coordinates
addressed by the CPU and the pixel coordi pgit.es stored in nennry, t he

subpi xel data (i. si xte i tion fof 0 bhe

di spl ayed on the gmap ﬁtﬂ‘f‘?f %%EPELE'B \}ﬁ? ggact%e%&’aﬁ Sﬁﬁ@é é\"gya scal e
val ue so t haty; ns at
'he edges. of tepPaY oulbutithlay riistnar eaditgP bR ety FIPHE bBRRE
pi xel s of thanhé Eg%'ifﬁsWéﬁG'B ﬁ@i@é)ﬂlfﬁreﬁﬁﬁtbr%ﬂy%lde' Mtea?ﬁ iRy $opingar e
Illustrated in Figure 4. Each one of these pixels is divi ed I nto sixteen
subpi xel s. Timaximuen f&@zevol. dh actual systemisy thf linéis drawn by dividingsthevinei n Fi gur e
4 20 also crosses different -groups of the sixteen subpixels representing
each pi xeB. Aenmhchmtheewnbemfpmx@s infhe: fine gad|caleulating-a lisgarly changing

r epr esent ed b% %g @ q | ned a val ue of one. These values are
total ed, and' tonaity, value Pgeﬁg é‘d a nunber representing the tot al number

of subpi xel s whi Cfrﬁéﬁtﬁétuga{éas?ﬁ&é@%gl bi?éotas nnﬁ 10 Was flowWh

|'2ft most  pi xel PRen

: g 2:0' xel s m'ﬁéu@rﬁuﬁthweknhteté Fercbht%@e%lué@apélwd tbftﬁé bitlﬁtt%itib@issfrcﬂﬁe each
gned a val ue of one so that the nunerical value
the brightest point at A (100%) to the Ieast bright point B (0%)
10 In general, most mduvudual lines are displayed with but a smgle color.
| HoWever, the presentatlon of depth-_cuemg is oom_ph_cated in graphics displays
capable of rendering a line which ehanges in color ﬁom_ one end to the other.
Fora system to.handle a'.'situatioh' ih -which a line ot.varying color also .varies in
depth, the circuitry of the system must calculate _ihtehsities for each of the
16 colors red, green, ahd'biue._'separately, each betwee_h zero and one hundred
'percent'int:ensity. Such an operatien is extremety time consuming which is one
b ‘of the reasons prior ert computer graphics 'displays are se- slow. The pﬁor art
| requires separate calculation engines to determine the'_eolo_rs for each pixel,
and each line must be drawn a smgle pixel at a tlme |
20 As. computer systems have improved, the emphasxs at each stage has
_beenoni improving the speed of operation of such systems. This is especially
true. of computer systems using bit-mapped displeys where the graphics output
-is slowest and thus the limiting point of the system. Consequently, providing
depth cueing in three damensienal blt-mapped graphlcs output systems has
25 been speed hmmng for the system
Depth cuelng is just one of the desurab!e features which may be

implemented in computer systems. Anti-aliasing is another such desirable



- 13 - pixel nunber 1 is thirteen. This is thirteen-sixteenths of the total
possi bl e value which m ght be assigned to a pixel. If gray scale values are .
assi gned based on the nunber of subpixels touched by an image from zero to
si xteen representing white to black, then the pixel nunber 1 would be .
assigned a gray scale value 5 of a dark gray. Simlarly, pixel nunber 2
whi ch has only five subpixels which are crossed by the line 42 would be
assigned a gray scale value related to the five-sixteenths possible | ue
and woul d be shaded a light gray. The renmaining pixels of the Iine 42 would
be appropriately shaded depending on the total nunber of subpixels of each
which the line 42 crosses. 10 In this manner, the jagged edges of the
line 42 are snoothed so that the eye'aild di stance perceives the variously

be- pr esent clpai R AR ILSTRIEA orarly Snaraed e el Adkrmal s ssampet
actual resofubgnesFed .7 RoRRLe oylBle beied ndeh BaoCRESpdeptalihys b, .

techni que, pliRI prdstmled n BPaRpRyC AP IO bird)i Clall inof
1152 by 900? ang t he nun%er of bsgbpi xelgﬁig@%gg@ﬁ?ﬁ%%%%m%dg?“thﬁgm

appar ent r eFigune i3(a), the pixels whick aré sed a6 approximatesthe poirits oncdn /&A1 pi xel s
per inch. As may be understood fromthe above expl anation, the application

of 20 dti ling rerdergdiancacompiter.display produce jagged adges whigh e di scl osed
capabi | 11 eBOBPNANP & LRCRE oFiguEs olhEHane Banasvigh hes BReR IR oged 1 i nes
Varyi gt nodlihg Bnfbarasigrachitie 1t PRUF ST ins e T FébrEElnag By 00
he. g aphi oo I e A B A2 Y ccr i bed
above were tomprisgd & twe pixelscofevarging grap shades.c Whemviewed from a distance,
10 this presents the appearance to the eye of a much smoother line, one closer to
the ideal. As may seen, anti-aliasing is a technique for shading the pixels
representing an image so that the edges of the image do not present a jagged
appearance. The application of the anti-aliasing technique described above
usually requires separate complicated circuitry for determining the particular
15 gray shadeé for each of the pixels in order to provide a rendering which
reduces the jagged appearance of the image on the output display. This is
aiso a time consumir;g operation.
It is desirable to provide depth cueing in computer systems of all types.
For example, it is desirable to provide depth cueing in systems which also
20 provide anti-aliasing of images. At times the two techniques would appear to
interfere with each other for both prior art implementations attempt to utilize the
varying intensities of the pixels on a computer output display to accomplish
their desirable results.
U. S. Patent Application Serial No. 07/258,133, entitied ANTI-ALIASING
2s RASTER OPERATIONS, Priem, Webber, and Malachowsky, filed Octobér 14,
1988, discloses a graphics display system which includes a unique

arrangement for implementing the anti-aliasing technique by combining



- 14 - manner of prior art in which the intensity value of each of the

I ndi vi dual pixels is conputed and plotted bit by bit, the entire system
woul d be sl owed to approxinmately one-tenth of its actual speed. This
results because the systemrealizes very high speed in rendering graphics
out'puts by utilizing a technique 5 in which inmages are first broken into
quadrilaterals, the scan lines defining those quadrilaterals are :
determined, the two ends of each scan line are ascertained, and the entire
scan t¥ne is drawn from begi nning to end w thout | ooking at intervening

pi xel s. Such a systemis described in U S. Patent applications Serial

No. 07/ 297, 475, HARDWARE | MPLEMENTATI ON OF 10 CLI PPI NG AND | NTERCOORDI NATE
COVMPARI SON LOG C, Mal achowsky and Priem filed January 13, 1989; Seri al

No. 07/ 297, 604, APPARATUS AND METHOD FOR MROCESSI NG GRAPHI CAL | NFORVATI ON TO

M NI M ZE PAGE, No IR / DE A
PREDETERM N%'W%gﬁﬁg‘?\g{?t Yrchons, W gﬁ"?gﬁﬁ'ﬁg;” %['bgfs%@gg;
Serial No. 07/ AR, AABEOELSy WanNETHOD FOR USING A TEST W NDOW IN A
GRAPHI CS SUBSYSTEM Wl CH | NCORPCRATE HARDWARE TO PERFORM CLI PPl NG OF

| MAGES,. Mal achows Ky thedysterediscloséd deabhnaddrgssible pi@bin tBerframhe buffer

No. 07/ 297,590, APPARATUS AND NETHOD FOR LOADI NG COORDI NATE REG STERS FOR
USE W TH A GRemonsiipgicsiipsvedividedinto & greupel sixieeR subeixeisse thadi 38 howsky

APPARATUS SE S MBI E IS SO SR ePia A e el rGlpionigs G

Seri al” No. 07/ S R vRCHRAMan bR HaBotR AR T ARyt

FOR DI SPLAY /i RlcR\divel apble&ré 16 ifSIUEHGEIR times the number of pixels in both the
X and the Y directions as are actually present on the output display. This high
resolution monochrome data is -supplied by the CPU and eventually written to

10 . the lower resolution pixel coordinates stored in the frame buffer memory. When
performing the mapping between the subpixel coordinates addressed by the
CPU and the pixel coordinates stored in memory, the subpixel data (i.e., sixteen
bits of information for each pixel to be displayed on the output display) is
_converted to an appropriate gray scale value so that the anti-aliased line has

15 appropriately shaded pixels at the edges of the line somewhat in the manner
shown in Figure 3(b).

Nine pixels of {he frame buffer memory of such an anti-aliasing system
are illustrated in Figure 4. Each one of these pixels is divided into sixteen
subpixels. The line 42 which crosses six of the nine pixels shown in Figure 4

20 also crosses different groups of the sixteen subpixa'ls representing. each pixel.
As shown, each subpixel which the line 42 crosses is represented by a dot and
is assigned a value of one. These value.s are totaled, and each pixe! is |
assigned a number representing the total number of subpixels which the line 42
crosses.

25 For example, the upper leftmost pixel in Figure 4 (designated as pixel
number 1) has thirteen subpixels which are crossed by the line 42. The thirteen

subpixels are each assigned a value of one so that the numerical value for



SYSTEM Mal achowsky and Priem filed Decenber 20, 1988, and; Seri al

No. 07/ 287, 493, METHOD AND APPARATUS FOR TRANSLATI NG - 15 - RECTI LI NEAR

| NFORVATI ON | NTO SCAN LI NE | NFORVATI ON FOR DI SPLAY BY A COWUTER SYSTEM

Mal achowsky and Priem and Serial No.07/286,997, METHOD AND APPARATUS FOR
DETERM NI NG LI NE POSI TI ONS FOR DI SPLAY AND MANI PULATI ON BY A COWPUTER 5
SYSTEM Mal achowsky and Priem filed Decenber 20, 1988, all assigned to the
assignee of this invention. Such a system provides very high graphlcgr
renderi ng speeds but obviously argues against the use of a technique Tor
provi di ng depth cuei ng which woul d necessitate each individual pixel being
determ ned. 10 Al t hough there woul d appear to be an apparent conflict
bet ween the presentation of anti-aliasi ty-and depth cueing in the sane
system the above- described graphics systems is peculiarly adapted to a

different Qg1 Hunitset Tisahitieen. CTHIST Mitdh-EikReRitASIthe hataPpbishile vaILD

I nvention is based on the recognition that as figures progre romthe

foreground twhichemightbgassigredtoa pikel. M gtdy svale valubs are assiphed based dappear
to grow narrower. In fact, the apparent wi dth of an object is inversely

propor t i onalthe aumberef @bmelSdpucmd by aadmagedram rera-ip:sixieenirepresenting

o Stance Tr opiteto Blaghchendbe nivel quinti: ' worid e, BsSianed s gre ““erv%%q 'nZ o’

ghkg“ﬁﬁt B e ardd, %‘gﬁiﬁﬁg%é@ & R 0 ol et iy s, a.
&ggpateﬁ r 2Fslia o éséldhdéﬁ ggafwmvaﬁfe @%g 1698 U

t hree dlfferent omthe eye 14. recogni ze

gﬁ f?LnOng e diveséixtepnthsopassilsie ivaluecaind Wbuklibé shided asligh igray.i They Wi der -
remaining pixels of the line 42 would be appropriately shaded depending on
the total number of subpixels of each which the line 42 crosses.

10 In this' manner, the jagged edges of the line 42 are smoothed so that the
eye at a distance perceives the variously shaded edges as representing a
more linear and less jagged line than would be presented were the pixeis all of
one shade. Consequently, the line appears to have a resolution approximately
four times greater than its actual resolution. In a particular graphics output

15 system using this technique, the screen is capable of providing an actual pixel
output of 1152 by 900, and the number of subpixels is 4608 by 3600. Thus, the
apparent resolution i; four times that of the normal screen or 320 pixels per ~*
inch.

As may be understood from the above explanation, the application of

20 anti-aliasing techniques to the computer graphics system disclosed in the
above-mentioned patent disclosure makes use of the gray scale capabilities of
the system to overcome the tendency to produce jagged lines on the output
display. Consequently, the attempt to produce depth cueing by varying the
intensity of the images with depth poses a unique problem and could raise a

25 question of interference between techniques.

Moreover, if the graphics system using the improved anti-aliasing
technique described above were to provide depth cueing in the conventional



the viewing area of the screen (see vertical dinension 51 (a)) than does
the 25 object 50(b) (see dinmension 51 (b)) or the object 50(c) (dinension
" 51 (c). Thus, it is possible to provide depth cueing in a conputer graphics
syst em by renderlng obj ects on the output display so that the w dth of
t hose - 16 - objects is inversely proportional to the distance those
objects are fromthe viewer. This rendering the wdths of points of |ines
i nversely proportional to their depths may be rapidly acconplished in the
gr aphi“ts system above-described 5 which utilizes subpixels in order to
obt ai n apparent high resolution on an output display. By mapping the |ine
wi dth property in the high resolution node furnished by the CPU for
determning anti-aliasing, a line nay be made to have different w dths.
Thus, for exanple, where a line is drawléitich has a varying Z or depth

val ue, the |ip@anfgy oPg?F{) | Xerfﬁl Which'tRe MtSRSi ya\tlaliﬁé of Bgen Sﬂheoi%mmﬁ'ﬂ ixefd i

.recede to a single su wdth at its art est point. Such a ne 60 is

i 1lustrated icompatedeand plbited bit byvbit, theehtirehsystsm wouldbe siowedio the above-
descri bed graphics system broken into subpixel units prior to being witten

to the frame approsimatelyone-iepthcof itmactuakspaadarThisiresultscecause thensystemnt al | y
across the output di spl ay. whil.e 0 reSS|veI recedln%&fron1the screen. |t

may be seen 1t¢alizegvely high @Peﬁﬂéﬁ aghics Quiputs bypwilizing a teghpiaus, en

subpl xel > & AR ibRol A nie? RS 5@5&@ diigieBHlS. e ScARRes B, o1 | 0"
of &, conSt ant i dhacfialtte e YehermlFTEIIAG b T oah SR FAEIgr8 vt em

utilizing the su anti-aliasing I'S especi suited for
this techni ql@sdéfrlaﬂﬂlt landQ@he Ghﬁtmmi%ﬁiraﬁﬁ from &led@/totém Witheutc0, the

éhtl-alla5|ng effect is automatically included as the lineis drawn.
Because the anokinglatantervgning pixels: Such a system is described in U. S. Patent
applications Serial No.07/297,475, HARDWARE IMPLEMENTATION OF
10 CLIPPING AND INTERCOORDINATE COMPARISON LOGIC, Malachowsky
‘and Priem, filed January 13, 1989; Serial No0.07/297,604, APPARATUS AND
METHOD FOR PROCIESSlNG GRAPHICAL INFORMATION TO MINIMIZE
' PAGE CROSSINGS AND ELIMINATE PROCESSING OF INFORMATION
. OUTSIDE A PREDETERMINED CLIP, Malachowsky and-Priem, filed January
15 13, 1989; Serial No.O7/2§7._09.3,fAPPARATUS AND METHOD FOR USING A
" TEST WINDOW IN A GRAPHICS SUBSYSTEM WHICH INCORPORATE
HARDWARE TO PERFORM CLIPPING OF IMAGES, Malachowsky and Priem,
filed January 13, 1989; Serial No.0.7/297.590,._APPARATUS AND METHOD
FOR LOADING COORDINATE REGISTERS FOR USE WITH A GRAPHICS
20 SUBSYSTEM UTILIZING AN INDEX REGISTER, Malachowsky and Priem, filed
January 13, 1989; Serial No. 071237,1 28, METHOD AND APPARATUS FOR
DECOMPOSING A QUADRILATERAL FIGURE FOR DISPLAY AND
MANIPULATION BY A COMPUTER SYSTEM, Malachowsky, filed December
20, 1988; Serial N0.07/287,392, METHOD AND APPARATUS FOR SORTING
25 LINE SEGMENTS FOR DISPLAY- AND MANIPULATION BY A COMPUTER
SYSTEM, Malachowsky and .P'riémf,;.. filed December 20, 1988, and ; Serial
' 'N0.07/287,493; METHOD AND APPARATUS FOR TRANSLATING



techni que automatically provides that objects receive intensity val ues

whi ch depend upon the nunber of subpixels covered by the object, the
reduction in intensity effect is given to the width of the object as it
recedes. Thus, the line 25 60 has its edges filled by the anti-aliasing

t echni que descri bed above which varies the intensity of individual pixels
witten to the frane buffer in accordance with the nunber of subpi xel_s
covered by the line 60. Consequently, the line 60 - 17 - appears darker
(and thus wider) at its wider end 62 and lighter (and thus narrower) at its
narrow end 64. Consequently, the line 60 would actually be rendered on the
display a single pixel wide along its length at intensities which gradually
decrease from black (or other foregroundisalor) to a very light gray 5 (or
ot her background color) in a systemusing the inproved anti-aliasing

t echni que deRECELINEARINFORMATION INTQ SCAN LINE INFORMATION FORor m a

conputer graphics system 70 utilizing the present invention. The system 70
i ncl udes a t 48P nﬂYi%rCQM&W@W@,*%EMn chewsky andrPriem; and Sesialir awi ng

engi ne 76, a,fr fie n | a

cat hode ray N%@ﬂs?gég&r M%ﬁ???n gwsaﬂ; B&‘%ﬁgkﬁmg&mém S may
be of a type i Al nt is

di stinct there r'r)rr'#g%\(gf?g)n%!)rts wﬁ%omegAe%w% gﬂ?&%ﬁ@ﬁﬁ t he
above- meng i oGy TEME Méildthowiky EndPPReMG filddoDéceriBér 20,1988 alll d¥igned to
transformati on engine 72 recelives as input the X, Y, and Z val ues of each
15 i ndi vi duthe pssighee of this irventioh.c Suth a system: provides veing highOgraphicsengi ne

72 utilizes circuitry well known to the prior art to transformthe ori ginal
coor di nat es &@ndetinggnaeadsiut obviously-argups against the use ot asechniquefalcconpl i sb

shat cver 12 SieRang bt bl Blch A s bin oo AR Bl it 2
val ues. determined.

10 Although there would appear to be an apparent confiict between the
presentation of anti-aliasing and depth cueing in the same system, the above-
described graphics systems is pecul_iarly adapted to a different form of depth
cueing embodied in the present invention. The invention is based on the
recognition that as figures progress from the foreground to the background, the

15  width of constant width lines appear to grow narrower. In fact, the apparent
width of an object is inversely proportional to the distance of the object from the
eye; that is, the appArent width of a constant sized object is related to 1/2
(where Z is the distance from the viewer) as it recedes from view.
Consequently, a line on a computef output display may be made to appear 10

20 recede into the background by making it narrow as it recedes from the front of
the display. This result is demonstrated in Figures 5 in which an object 50 is
shown at three different depths from the eye 14. i will be recognized that an
actual object 50(a) close to the eye 14 subtends a substantially wider portion ot
the viewing area of the screen (see vertical dimension 51(a)) than does the

25 object 50(b) (see dimension 51(b)) or the object 50(c) (dimension 51(c).

Thus, it is possible to provide depth cueing in a computer graphics
system by rendering objects on the output display so that the width of those



20 In the system 70 of the present invention the Z val ues may be
directly utilized to provide values for the widths to be utilized in
describing an object. That Is, the input Z value is operated on by the
transformati on engine 72 so that the output gives a new X, Y. and an width
val ue. The new width value Is inversely proportional to the Z val ue which
~would normally be produced. 25 - The met hod by which the
transf.ormati on engi ne acconplishes the conversion of Z values to width

val ues™ s an extension of the normal transformati on operation.. The norma
transformati on operation applies.a four- - 18 - by-four transform which
Is the result of concatenating matrices which individually represent the
transl ation, rotation about the desired axes, and scaling transfornms to the
X, Y, and Z values. In the present - inventitén-the four- by-four matrix may

be realized by_incl.udin transformrepresenti t he cuein eration.
Such a t 1 anst Sbisfieds ingfedy pratprional Bie fisindedfiote bfecfs AR fomdhs o
transfornatiog‘emtrri ces which may be found in Chapter 22, Principles of

I nteractive Conputer Graphics, 2d. Edition, Newran and Sproull, MG aw

HiT1 Book Co., W tThig réfddting theWiBheSST'Hoints of iRes ifverdip pRIpErtictial td their
The cueing operation may be ternmed the Z-to width conversion transform |t

i s reached usdepthSimay be tapitiy accoumplishad imshd graphiss syste\atsove-described (Z -
Zmn) / (Zmax - Zmn) + Whin,. where Z is the Z value of a point of
i nt er est, Szni Which ytifiges sybpixels in ofdes ta pbtainjapparent high; respiutiononsan eutput and

L e ZakBleycien BB obe 1 WP erbhS 1 BER Shso naR " 1
particul ar trapsEREEbYIhE BPUF 16t detsHiittiRg Hntitdialing®aUAb! My 86 mMaddfo have
' different widths. Thus, for example, where é line is drawn which has a varying
Z or depth value, the line may cover an entire pixel at its_ nearest point and
10 recede to a single subpixel width at its farthest point. Such. aline 60 is.
illustrated in Figure 6 which shows the high resolution mode of the above-
described graphics system broken into subpixel units prior to being' written to
the frame buffer. The line 60 has acbnétant width and runs horizontally across
the output display while progressively receding from the screen. it may be seen
15 that line 60 has been mapped to cover approxirhaiely seven subpixels at an
end 62 which is nearer the eye and a single subpixel.at an end 64 which is
L farthest from the eye even though the line 60 is actually of a constant width.
Figure 6 also demonstrates tﬁat the graphics systefri utilizing the
subpixel method of anti-aliasing is especially suited for this technique of depth
20 cueing because, as is shown by the line 60, the éntiéaliasing 'effect is
automatically included as the line ié:drawn. Becausg the-énti-aiiasing
technique automatically prbvides-thait objects receive infensiiy. values which
depend upon the number of subpixels covered by the object, the reduction in
intensity effect is given 1o the width of the object as it recedes. Thus, the fine
25 60 has its edges filled by the anti-aliasing technique 'describéd above which
varies the intensity of individual ‘bi'xéls written to the fram"e: buffer in accordance

with the number of subpixels covered by the line 60. Consequently, the line 60



transl ation and equation 22-5 for scaling along with the Z-to-Wconversion
transformfrom Principles of Interactive Conputer G aphics, and therefore
acconpl i shes the conversion for translation, scaling, and Z-to-W conversion
is: 25 [err] - 19 - 00 Zs O [err] Were Zs = (Wax - Zmn) / (Zmax -,
Zmn) Zt = (Wnin - Zmn * (Wax - Wnn) / (Zmax - Zmn). 5 In this
transform only the Z values are changed since these are the only val ues of
interest. Then W = Z* Zs + Zt. The values for the widths of the two_gnds
of a line segnent to be 10 rendered which are provided by the
transformation engine 72 are conputed as descri bed above in accordance with
properties well known to the prior art. These values are then handed to the
CPU 74 which utilizes the widths of the two ends of the |line segnent to
determ ne the position of the vertices-at7the two corners at each of the
two ends of appedrs darierdand thusiwider)at itsswidér ehe 62aarnid lighterlfandahas conput ed
and transferred to a drawing engine 76. In the preferred enbodi ment of the
i nventi on, twr@mammgsmmaen% Sae&cmmeaﬂy.itﬁe lise fitewould,aciually bg a '

L 15 o g Ml oS a3 b i
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drawi ng eNngi (¥ ofRer background color) in a system using the improved anti-aliasing
technique descibed above.
Figure 7 illustrates in block diagram form a computer graphics system70
utilizing the present invention. The system 70 includes a transformation engine
72, a central processor 74, a line 'drawing engine 76, a frame buffer 78, and an
10 output display 80 such as a _cathode ray tube. The circuitry of all of these
individual components may be of a type well known to the prior art although
their arrangement is distinct therefrom and comports with the descriptions
provided in the above-mentioned copending patent applications. For example,
the transformation engine 72 receives as input the X, Y, and Z values of each
15 individual point to be described on the output display 80. The engine 72
utilizes circuitry well !mown to the prior art to transform the original coordinates
of the point by rotation, translation, or scaling to accomplish whatever is to be -~
done to the particular point in moving from output frame to output frame.
Normally this provides an output having new X, Y, and Z values.
20 in the system 70 of the present invention the Z values may be directly
utilized to provide values for the widths to be utilized in describing an object.
That is, the input Z value is operated on by the transformation engine 72 so that
the output gives a new X, Y, and an width value. The new width value is
inversely proportional to the Z.value which would normally be produced.
2s The method by which the transformation engine accomplishes the
conversion of Z values to width values is an extension of the normal

transformation operation. The normal transformation operation applies a four-



provi des the appropriate values to internal anti-aliasing circuitry which
~operates as explained above and transfers its results to the franme buffer
78 for presentation on the output display 80. The vertices 84-87 of the
line 82 are actually provided to the anti- 25 aliasing circuitry of the
systemw thout any variation in intensity. The anti- aliasing portion of
the circuitry then causes the variation In intensity in the manner

descri bed above and in detail in the co-pending patent application. - 20
- A sétond system 90 constructed in accordance with the invention is shown
in Figure 9. Such a systemnmay be utilized in situations in which the
system CPU does not have direct access to the conponent el enents of the
graphi cs systens, the nore usual arrangenent. In the system 90, the 5
transformati on engine 72 provides transf-ot8ed X, Y, and Z val ues for both

Thi's poi nt o ese oo il e raubRl conGRerpIGMATeRE ISR || ne and
the w dth of iidiighafiPebresf e frahliafisn HRidlich dbodt i Resfir ooyt val es

are transferr convert'er rovides o ut val ues

of the X Y, soalh ﬁansfbdwto/mmsvfﬁd g2arliuds. Nin theprasdnt ifvdntion theioumg at
an angle in two di nensions my have its vertices conputed by standard

tri gononet ri bydeef matronmaype‘ reatizediby mqwmngg toansfom reprasentingethai cldingat
each end and t hen, exten n aline at %g n%lees to the,c‘enéer of the
line at the PRPEAtION a$“ @f‘SfPﬁB i§ ropres¢nted by thecongatenatien ptthe, ol ues so 5

for Ctranst e?%{a&%?ﬁ%*?ﬁiffﬁ&‘%ﬁé’q bl i85 6B i 1 € ey A2 Eb0gRs™V
di spl ay 80. 3 (Odele Sdhiks193d, %ﬁ%ﬁh'ﬁ&esﬁﬁouﬁxﬁﬁbr?!ﬁl ues
of“the verti S gach 1ine are quite time consuning. In a
preferred  Hill Book Co., with a tranform representing the cueing operation.

10~ The cueing operation may be termed the Z-to'width'conversion

transform. It is reached using Figure 7 of the drawing as follows:

W' = (Wmax - wmin) * (Z - Zmil;\) / (Zmax - Zmin) + Wmin,
where Z is the Z value of a point of interest, Zmin is the Z value of the
15 object closest to the screen, and Zmax is the Z value. of object farthest from the
screen,
S Wmax and Wry;i'n are thé maximum and minimum values of 'grey scale

levels available.

20 A particular transform which is a concatenation of equation 22-1 for
translation and equation 22-5 fér scaling along with the Z-to-W conversion
transform from Principles of Interactive Computer Graphics, and therefore
accomplishes the conversion for transiation, scaling; and Z-10-W conversion
is: S S :

25 _ |

[XYZ1]]1000 [= [XY' W)
0100



enbodi mrent of the invention, an arrangenent has been devi sed which 20
obvi ates the need to acconplish the trigononetric functions normally
required to determ ne the positions of each of the vertices. It has been
found that with the anti-aliasing arrangenent with which the present

I nvention functions, any line may have its beginning and end drawn at

forty-five degrees to horizontal and will still have essentially the sane
gray scale value as that |line would have 25 were its vertices accurgjely
determ ned using the various trigononetric functions. - 21 - The two

| ines shown in Figure 10 (a) and 10 (b) illustrate this principle. For

exanple, the line shown in Figure 10(a) has its vertices drawn accurately
while the line in Figure 10(b) has its-vE®tices drawn at forty-five degree
angles to horizontal. Because of ythe particular anti-aliasing technique
using 5 subpixels, count przd oe|nunber of subpi xels which each |ine covers
denonstrates that each cpvers esgentially the sanme nunber. Consequently,
the intensity of the |ine0OlGzdtal at the sanme gray scale level if al

lines are drawn at forty-five degrees as if they had been accurately
det er ni ned. Mor edibgre Zﬁm(wmx\r%fﬂ'nbéfzma’é-&ﬂmht ed at forty-five degrees

for all 10 lines, th emat] cal, fgni pul atiqns_are reduced to the
trivial. All that is n gg@&?‘? 'i%m'f'o,@?‘ £ @'&I(ZH@XC' * poi nt of one

end of thle line ( | | ' i -half the
e of %he |inéhgﬁ'sﬁﬁ%®%®%n@{'¥ tre'2 valldsTrk dHanGed Hinte) meSE or i By,

wi dt h from tyflues sfintsred obtain point 92 and add one-half the width of the
line to the Y value at point 91 and subtract one- 15 half fromthe X val ue
to obtain the poiTHerOW' =T2& ZgnglZes at 45 degrees to the horizontal may bewws
obtained in an essentially simlar manner in all four quadrants by
variously addi ng and subtracting one-half the wwdth of the line to

The values for the widths of the two ends of a line segment to be
10 rendered which are provided by the transformation engine 72 are computed as
described above in accordance with properties well known to the prior art.
These values are then handed to the CPU 74 which utilizes the widths of the
two ends of the line segment to determine the position of the vertices at the two
corners at each of the two ends of the line segment. The values of the vertices
15 are computed and transferred to a drawing engine 76. In the preferred
embodiment of the inyantion. the drawing engine 76 describes a line segment
by drawing a quadrilateral including the vertices describing the line. Figure 8 ~
illustrates a line 82 having four such vertices 84-87, each with X and Y values.
A drawing engine such as that of the preferred embodiment is described in the
20 above-mentioned copending patent applications. The drawing engine 76
provides the appropriate values to internal anti-aliasing circuitry which
operates as explained above and transfers its results to the frame buffer 78 for
presentation on the output display 80.
The vertices 84-87 of the line 82 are actually provided to the anti-
25 aliasing circuitry of the system without any variation in intensity. The anti-
aliasing portion of the circuitry then causes the variation in intensity in the
manner described above and in detail in the co-pending patent application.



the central X and Y values. This substantially reduces the tine required to
conpute the vertices when the wwdth of the line at its ends is known and 20
substantially speeds the operation of the system Another substanti al

advant age of the arrangenent is that when lines are joined to other lines
as i's alnost always the case, the two lines at forty-five degrees to the
hori zontal join accurately without overlap. In the systemof the preferred
enbodi nent, this nmeans that the pixels at the points of joinder are 25

only drawn a single tine rather than twi ce as would be the case with
accurately conputed |ines. - 22 - Although the present invention has-
been described in ternms of a preferred enbodinent, it will be appreciated

t hat various nodifications and alteratiopg -m ght be made by those skilled
in the art without departing fromthe spirit and scope of t he inventi on.

The i nvention shou d therefore nmeasur 5in terns he cl ai ns whi ch
fol | ow. seconQ:syq_ten\ESgonstructhcim feFordance W'tﬂ EB%WP"Q? aphi c

ey st QU o7 S IR, Ay BB v ERE, 1
gg‘égﬁg sai d gyxfdr? AP UBES Mol Have Bitett dEBaESd the Wdﬁ‘nﬂ@le?nérit!i of triend a
graphics systems, the more usual arrangement. In the system 90, the
5 transformation engine'72 provides transformed X, Y, and Z values for both _
ends of each line segment in a manner well known to the prior art. Thus, at this'
point the X and Y values of the center of the ends of each line and the widith of
the line at each of those points is known. These output values are transferred
to.a Z-to-width converter 92 which provides output values of the X, Y, and
’ 10  width values for each line seginent.- '

A line running at an angle in two dimensions may have its vertices
computed by standard trigo_nometric operations by first determining one-half the
line width at each end and then extending a line at right angies to the center of
the line at the particular end of the line of interest. Each vertex values so

15 determined may be transferred to the line drawing engine 76 described above
for transfer to the frame buffer 78 and later rendering on the output display 80.

L - Itwill be.appre}:iated that such cbmputations of exact values of the

vertices at the ends of each line are quite time consuming. In a preferred
embodiment of the invention, an arrangement has been devised which

20 obviates the need to accomplish the trigohometric_: functions normallly required
to determine the positions of each of the vertices. It has been found that with
the anti-aliasing arrangement with which the present invention functions, any
line. may have its beginning and end drawn at forty-five degrees to horizontal
and will still have essentially the same gray scale value as that line would have

25 were its vertices accurately determined using the various trigono'r'r'tetr.ié

functions.



X-Y coordinate value and a first and a second depth value for a first and a
second end point of a line segnent, respectively, said first and second X-Y .
coordinate values identifying a first and a second pi xel of said display
device, said first and second depth values identifying a first and a second
orthogonal distance fromsaid first and second end points to a viewer plane
whi ch parallels said display device; width determ ning nmeans coupled to the
i nput neans for generating a first and a second width value for a fjsst
and a second side, respectively, of a quadrilateral representing
said line segnent according to said first and second depth val ues, said
first and second sides corresponding to said first and second ends of said

| ine segnment; vertices determ ning neans coupled to said input and w dth
determ ning neans for generating a tim el a fourth, a fifth and a sixth X-Y

coordinate val ue iy wi finds>Showrtin FRERT Yo(a) and! (b iluaRite this SERE.

vertex, respectively, of sald quadrrlater sal fourt

coor di nat e iFEgméxdrplaptie lirig stiown th B‘ng_‘anpfh)lmi ieverticds Grawn accuratel
respectively, of said first pixel, said fifth and sixth X-Y coordi nates

i denti fyi ng whila the: linenim Eigurn $0(b) hias s vartices drawn atdopydive\degyee ahglesi d
second pixel, sajd fir and second vgr&#ces bei ng defined by said first
side, said t'RinNenzoAtals ﬁncpnse/ the: particuiar antl-aliasieg taghnigue usigond si de,

g?)c(gl gf 32 G bphidis, dtntiRg thle RUHILRY ¥ ¥u8£i_x3ﬁrvrlﬁi%8%@%i\%al e _SUb'
demonstrates that each covers essentially the same number. Consequently,
the intensity of the line is drawn at the same gray scale level if all lines are ot
drawn at forty-five degrees as if they had been accurately determined.
Moreover, when the vertices are computed at forty-five degrees for all
10 lines, the mathematical manipulations are reduced to the trivial. All that is
necessary is to, starting at the center point of one end of the line (the point 91 of
line 90 in Figure 10(b)), add one-half the width of the line at that point to the X
value and subtract one-half the width from the Y value to obtain point 92 and
add one-half the width of the fine to the Y value at point 91 and subtract one-
15  half from the X value to obtain the point 93. The angles at 45 degrees to the
horizontal may be ob}ained in an essentially similar manner in all four
quadrants by variously adding and subtracting one-half the width of the line to -
the central X and Y values. This substantially reduces the time required to
compute the vertices when the width of the line at its ends is known and
20 substantially speeds the operation of the system.
Another substantial advantage of the arrangement is that when lines are
joined to other lines as is aimost always the case, the two lines at forty-five
degrees to the horizontal join accurately without overiap. In the system of the
preferred embodiment, this means that the pixels at the points of joinder are
25 only drawn a single time rather than twice as would be the case with accurately
computed lines.



guadril ateral rendering nmeans coupled to said vertices determ ni ng neans
for generating pixel data for a plurality of pi xel s representative
of said quadrilateral including said first and second pixels, said pixel
data bei ng generated according to said X-Y coordi nates of said vertices;
out’put means coupled to said quadrilateral rendering nmeans for illum nating
sai d pixels according to said pixel data whereby rendering said
quadrilateral on said 2-D display device representing said 3-D |ine segnent
in a ™anner such that said viewer perceives said first and second

ort hogonal distances. 2. The conputer graphic display systemas set
forth in claim1l, wherein each of said |ogical sub-pixels is logically
enabled if said | ogical sub-pixel intersects substantially with said
gquadril ateral; each of said pixel data-iZmicates an illumnation intensity

proportional to t ﬁh&?dy; e??sljtegﬁ#tgigbesrgtbmf {ﬁéénﬂg?é}!b%%'in rmsofal "¢

conput er graphic nc¢c ereln said first

and second wpettérred lewttsodifent, RWeill vel appﬁééiawd ihah fhridys rddifichtiésd asgd second
dept h val ues respectively. 4. he conputer graphic display system as

set forth inai¢rations mightrbe madaiby thosessklnad:lmstaecmdwuhomrdepahmgsfmehe

determ ned accordln% to the foll owng;
spirit and scope of the invention. T_h_e invention should therefore be measured

5 interms of the claims which follow.
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W= (Wmax - Wrin)*(Zmax - Z)/(Zmax - Znin) + Wrin where Wis a sel ected one
of said first and second width values, Z is a selected one of said first

and second depth values, Zmn and Znmax are con j infn)ibad O
respectively the closest and the furthest di staﬁmim"mnmmmemr and
Wrax and Wrin are constants identifyi ﬁg23 — 25 W« respecw vel y»  the

maxi mum  and m ni rum val ues of intensities available. 5 The

conput er graphic display system as smh in claiml, wherein said,__
vertices determ ni ng neans generates sald vertices of the quadril at er 3l

Lo noS4S b SASEERRRRR G dBni o dNaRlaY | et dort et Loy ¥
val ue frombhees.- cdimensionaind (3aB) ng9sAPhS f iFRIAS d FORRYLGIREH Fal ue
to the y-cqoongiapi€y Olorsarénéir nt£0ndi #akRio saifleh8ibh@1X- {2-D
coor di natetgﬁarjfﬁe e‘rlgted b% ad mg 1c!)‘ne-half qf said first width value to
the x- coor HBVIGS: r 5oL §YBHEP SOMPEHSINGF i rst width val ue from
the y-coordinate ofinpatl meatis Xforcrecdiving aaifdrist! ténd- ¥ cwecondat e
bel 00, SR B T e I iR T TRl U pndiom e
y- coor di nat®owf asfiirsfecand & ysecondi end:; peintl ofxta Yinecmegmente being
generat ed yegpectively, said first and second X-Y coordinate values
identifying a first and a second pixel of said display
device, said first and second depth values identifying a
first and a second orthogonal distance from said first
and second end points to a viewer plane which parallels
said display device;
width determining means coupled to the input
means for generating a first and a second width value for
a first and a second side, respectively, of a
quadrilateral representing said line segment according to
said first and second depth values, said first and second
sides corresponding to said first and second ends of said
line segment;
vertices determining means coupled to said input
and width determining means for generating a third, a
fourth, a fifth and a sixth X-Y coordinate value for a
first, a second, a third and a fourth vertex, -
respectively, of said quadrilateral, said third and
fourth X-Y coordinate identifying a first and a second
logical sub-pixel, respectively, of said first pixel,
said fifth and sixth X-Y coordinates identifying a first
and second logical sub-pixel, respectively, of said
second pixel, said first and second vertices being
defined by said first side, said third and fourth
vertices being defined by said second side, each of said
pixels having a plurality of corresponding logical sub-
pixels;
quadrilateral rendering means coupled to said



addi ng one-hal f of said second width value to the x-_coardinate—and
_ subtracting one-half of said second wi dth val ue “from them m rd| nat e

of said second X-Y coordinate. 6. The ¢ |\3ma““ spl ay
systemas set forth in claiml, wherein said qugam‘ further

conprises anti-aliase nmeans for modi fxl ng sai d pixel® ddta"t o provi de
anti-aliasing for said |ine segnent. The corrputer graphi c di spl ay
systemas set forth in claim®, vvherel n said anti-aliase neans nodifies

sai d eMabl iverticesi detegininlingumepinse!ton Cgerﬁewaﬁfngnphxeal iGatiangfdwr sai d
l'i ne segrrent conput er araphic dj for d nde -
26 - ac P_l“fﬁlséy r ee *di I on ?Bfggfﬁgé#;ghl c i nf:gesédojgga t wo-
di nensi onalq\(amﬂ)laltemhy MUdingaisaLd/sfersd:onpndmWomdpmlxﬁams f or
recei ving oRd X- Y | | ad

second dept Ji(/%lg, ad§€£ %ﬁaﬁd gggéggg déé&dfﬂ‘gf %Jl%ﬁg sgg.rr%nt
respect i veI%PO%Qﬂ-!éia'W!Fs?faﬂ% deventices; COOI’dI nate val ues identifying a

first and a second gu¥sht Of maang dlé&h YedeVitee, said fi Aand teaeand
depth valuss, geniig [Tl sndiscetns erihogonas Asame g sae
device; wi (:Béndiepdxelnlda;menppreddteaihlge sajdit quadrilateral on

said 2-D display device representing said 3-D line

segment in a manner such that said viewer perceives said

first and second orthogonal distances.

2. . The computer 'graphic display system as set forth
in claim 1, wherein each of said logical sub-pixels is
logically enabled if said 1og_ical sub-pixel intersects
substantially with said quadrilateral,

~ each of said pixel data indicates. an 1llumination
ntensity proportional to the pixel's logical sub-pixels
enabled.

3. The computer graphic display system as set forth
in claim 1 wherein said first and second width values are
inversely proportional to said first and second depth
values respectively.

4. The computer graphio display system as set forth '
in claim 1 wherem said first and second width values are.
determined according to ‘the followmg. '

= (Wmax - Wmin)?__(Zmax - Z)/'(Zmax - Zmin) + Wmin

where W is a selected one of said first and second width
values, Z is a selected one of said first and second
depth values, 2Zmin and Zmax are constants identifying
respectively the closest and the furthest distances from
the viewer, and Wmax and Wmin are constants identifying



means for generating a first and a second width value for a first and a
second side, respectively, of a quadril ateral représ;enti ng-said |line

segnent according to said first and second depth ”" rst and
second sides corresponding to said first and seco Imm,” M’HI i ne
segnent; vertices determning neans co®f ed to saill ihput ands '

determ ni ng neans for generatlng a th|rd a fourth, a fifth and a SIXth X-Y

coor di naterp@%&@ti@ﬁl? f|§:§& ond nd? {ntfhg_ﬂ‘d and, aiiue%ourggm .y

vertex, res tivel salﬂ qua |Ia?eral B hi Y f our
coord|nate%“tﬂéﬁi#ﬂ?ﬁngvaiﬂﬁbﬁﬁ-and a second | ogi cal sub-pixe

respectively, of said first pixel, said flfth and sixth X-Y coordinates
identifying a first and a second | ogi cal i i xel, respectlvegg, of said

second pi xet, sai dTPPr SOMPYYeX: GFAP 18¥i system A%l 38t < irst

Si dﬁ fsai dih hiwafmdhlt ou:méraﬂit i§££d| : bewgtﬂeésneabbyrﬁlﬁndngecaadgai de,
each of s ayv rali correspondi i ca -

pi xel s; aé\%?*é?ggal sa#’@nd’e %B&pl 2 Siggggrgg?tfﬁﬁgmfng

det er mi ni rgaldeﬁh:stpangesecmﬁng_iﬂeseltaiaia 457 inclimedal ity  of

pi xel s repr esent QE"ZQ}E th%d igtd gﬁﬁiég;;gr a{..’eiggl ”‘Qéﬁggﬁ%bﬁ fb st and

second pi xel s, ata bel
gener at ed q&g;gpﬁéngo ong-halfy of said first width value from the

x-coordinate and adding one-half of said first width
value to the y-coordinate of said first X-Y coordinate;

said fourth X-Y coordinate being generated by
adding one~half of said first width value to the x- o’
coordinate and subtracting one-half of said first width
value from the y-coordinate of said first X-Y coordinate;

said fifth X-Y coordinate being generated by
subtracting one-half of said second width value from the
x~coordinate and adding one-half of said second width
value to the y-coordinate of said second X-Y coordinate;

said sixth X-Y cooi:dinate being generated by
adding one-half of said second width value to the x-
coordinate and subtracting one-half of said second width
value from the y-coordinate of said second X-Y
coordinate.

6. The computer graphic display system as set forth
in claim 1, wherein said quadrilateral means further
comprises anti-aliase means for modifying said pixel data
to provide anti-aliasing for said line segment.

7. The computer graphic display system as set forth
in claim 6, wherein said anti-aliase means modifies said
enabling of said logical sub-pixels to provide anti-
aliasing for said line segment.

8. A computer graphic display system for rendering



coordi nate val ues of said vertices; anti-aliase neans coupled to said
quadrilateral neans for nodifying said pixel data to provide anti- aliase

" for sai d I'ine segnents; and output means coupl | i ase means
for illuminating said pixels according to said ‘gl m-“al by renderi ng
e:n |

said quadrilateral on said 2-D displ ay ice M(Q ssak
anti-aliased 3-D |ine segnent in a manner such that sai d vi ewer perceives
said first and second orthogonal distances. 9. .The conput er graphic

di spl 8y systhrees stHmdmsidndl cl(a+-m 8 griaphdion: imadesf eai dd ogtwet

sub- pi xel s akhy (8N vidy er t Wlth
sai d quadri f‘i‘t"éflgﬁg zér]fd (25 %a %qt ﬂ | ase n%dns% e(xé%/%? %ﬂl es Sai d
enabl i ng of said |oémszrt NIANS xépy eqeiking antfiirsy maqing fegcendd |ine

segment. 10g-y coEBaiﬁﬁ'EBU%’lu‘H AN @ FisHany d %&&ﬁ:&&ieﬂ&l WhlﬁleC' aim
9, wherein each of said pixel data indicates an illumn |on |nten5|ty

proporti onaF9Fo& h%-‘-fﬁ?ela’@ |3gFegPna, 8N4 xBPinE Afl 3. line segmept,
conputer greagspectivelgy &hiﬂelﬁid%ts%d‘ @ddond xﬂmldac&-dmﬁﬁ v&Raels i rst

dept h val uelaPRELETIRG: 4| P18 °'aaa PugRana, Biker ol “aaid [dlagley oo
set forth idevicem %a\ndderfeimstsaamdfsesondndepthowdluest Hdextictying a
determ ned agfQbduRd ‘Waddiy 'Hi¥edith1 aistance from said first and
: second end points to a viewer plene_ which parallels said
display device; ' _ '
width determining means coupled to the input
means for generating a first and a second width value for
a first and a second side, respectively, of a.
'quadrilateral representing said line segment according to
said first and second depth values, said first and second
sides corresponding to said first and second ends of said
line segment;- ' _ : ' o
vertices determining means coupled to said input
and width determining means. for. generating a third, a
fourth, a fifth and a sixth X-Y coordinate value for a
first, a second, a third and a . fourth vertex,
' re'spectively ’ of said quadrilateral, said third and
fourth X-Y coordinates J.dentifying a first and a second
" logical sub-pixel, respectively, of said first pixel,
said fifth and sixth X-Y coordinates identifying a first
and a second logical sub-pixel ,' respective'ly, of said
second pixel, said first'.: and second vertices being
defined by said first side, said third and. fourth
vertices being defined by said second side, each of said
pixels haVing a plurality of corresponding logical sub-
pixels;

e

quadrilateral re_nde'ring. means coupled to said
vertices determining means for generating pixel data for
a plurality of pixels representative of said
quadrilateral including said first and. second pixels,



W = (Wax - Wrin)*(Zmax - Z)/(Zmax - Zmn) + Wnn - .28 - * C L
M S * where Wis a selected one of said first and second wi dth val ues,

Zis a selected one of said first and second ﬂ“\fmmmn and Znmax
are constants identifying respectively the cmm m st di stances
fromthe viewer, and Wmax and Wn n ar‘ezé’on'stant's Fdenti¥yi Sng*respectively
the maxi mum and m ni mum  val ues [ nt ensities avail able. 13.

The coMPutgkid" gaid) dhsRhab oy geaar% d ChEBOFRGAL b Gatthoey oal d

vertices ernini ng means gener said vertices o dri | At &
assumi ng s‘é?‘arﬁii-!‘é?eaﬁélh‘é&oﬁﬁ §Péés"196'q;€9@3 i nclined; sai d th| rd X-Y

coordi nate being gaAeiahtdale %&Hﬂﬁcbbﬁﬁleae teal sadla S@hﬁdi’iléte%ﬂt h
val ue fromthe xaﬁpoordl at e ,and adgl<d geone ha| f of sald fir, h val ue
Y

to the y- BB nftYF o™ fd'll‘\gr sa Beedi &9 4PFaY xa’? i-
coordi nat eabbasg geresatiddlineadegmentss- harid of said width value to the

X-coordi nate and s ti I d fa Iuefr the
y- coor di nat e of saﬁg{”?g%st&%“?é] 8@ b&ﬁg égs%ad"# %P#lxg’;l d‘"ﬁa bei ng
gener at ed £9r sublumtnangngnsahdl plarfelsalad:qgmddm vialtsaidl pexél odatae
X- coor di nalerony 20dhAe A Wil Yuaift thacepas Bhi'shier!26p ' Q1btay
di nat
y-eoor |nad§voce reprgggxomgmg sa:.d anti-aliased 3-D line segment in
a manner such that said viewer perceives said first and

second orthogonal distances.

9. The computer graphic display system as set forth ~’
in claim 8, wherein:

each of said logical sub-pixels is 1logically
enabled if it intersects substantially with said
quadrilateral; and

said anti-aliase means selectively modifies said
enabling of said logical sub-pixels to provide anti-
aliasing for said line segment.

10. The computer graphic display system as set forth
in claim 9, wherein each of said pixel data indicates an
illumination intensity proportional to the pixel's
logical sub-pixels enabled.

11. The computer graphic display system as set forth
in claim 8 wherein said first and second width values are
inversely proportional to said first and second depth
values respectively.

12. The computer graphic display system as set forth
in claim 8 wherein said first and second width values are

determined according to the following:

W = (Wmax - Wmin)*(Z2max - Z)/(Z2max - 2min) + Wmin



said sixth X-Y coordi nate being generated by addi ng one-half of said second

~width value to the x-
wi dt h val ue
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coordi nate and subtracting one-half of said second
from the y-coordinate of said —-second X-Y coordinate.

: ) a conputer graphic display sys

t hr €e- di nensi onal (3-D gr aphic ges c mﬂ Wﬂw“l mﬂ)i“]r ality o
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provi di ng depth cuei ng conprising the steps of
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rece|V|ng a first and a
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second dept{nh¥ehateiesadaliiapieand second sides corresponding to said
first and second |ine segnents;
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13. The computer graphic display system as set forth
in claim 8, wherein said vertices determining  means
generates said vertices of the quadrilateral assuming
said first and second sides to be 45° inclined;

said third X-~Y coordinate being generated by
subtracting one~half of said first width value from the
x-coordinate and adding one-half of said first width
‘value. to the y-coordinate of said first X-Y coordinate;

said fourth X-Y coordinate being generated by
adding one-half of said width value to the x=-coordinate
and subtractihg one-half of said first width value from
the y-coordinate of said first X~Y coordinate;

said fifth X-Y coordinate being generated by
subtracting one-half of said second width value from the
x-coordinate and adding one-half of said second width
value to the y-coordinate of said second X-Y coordinate;

said sixth X-Y coordinate being generated by
adding one-half of said second width value to the x-

coordinate and subtracting one-half of said second width

value from the y-coordihate of - said second X-Y
coordinate.

14. In a computer graphic ' display system for
rendering three-dimensional (3-D) = graphic - images

comprising a plurality of 1line segments on a two
dimensional (2~-D) display device, a method for providing
depth cueing comprising the steps of:

receiving a first and a second X-Y coordinate



determining a third, a fourth, a fifth and a sixth X-Y ceordi nate val ue

for a first, a second, a third and a fourth ver ctively,
of said quadrilateral, said third and fourth >Hl!l| al j’ H“Fent i fying
a first and a second | ogi cal sub-pixel, respecti'VE", st pixel,

said fifth and sixth X-Y coordinates T dhtTfying a first and a second
| ogi cal sub-pixel, respectively, of said second pixel, said first and
second ver{i aNG def i-ped i gt & i Hat 1# nes rTh
vertices bﬁéﬁgédgﬁPhgh g§k§§i se?%nge%ng,%Eg#?ciaggfd&%?ge sgﬁggFﬁﬁ a
plurality 3dcar segendii end| pgilad of R pliBes SegmANtat i FeSPeRELVEAYa for a
f! ur?I i tﬁ Saiai gsi—str ?aaesﬁ.&baidd j\xe-lyog:otvo%idt}rmw r\hlm@faidéﬁﬁiﬂg@iﬂﬁ qaid -
irst an co i xel s, said. pixel _da ei,ng ner at ed, accordi ng,to sai
3V coor di PAFEE. aMdichg aRstr bpiket  of | aRiAS FERPLAY daRER HBRifG: ng to
sai d pi xel fipst whdr adecomdddeptl) valtesucilentdfyihgoa Lhirst?-dndli apl ay
devi ce rep, i ' D Jqi i h sal.qd Vi ewer
subst ant | dfFoond, S2eHBGBnAL Jatatantl Fit dhf WILE SHd sbdBhatahd ¥ 1T

ercerve
- 15. mzngetm aorviswer diplgnecpvhicheiparaklels saddh displaym 14,
wher ei n eag@ypbesai d |1 ogical sub- pixels is logically enabled if said
| ogi cal sub-pixel intersects substantially with said quadril ateral
determining a first and a second width value for
a first and a second side, respectively, of a

quadrilateral representing said line segment according to
said first and second depth values, said first and second
sides corresponding to said first and second 1line —’
segnents;

determining a third, a fourth, a fifth and a
sixth X-Y coordinate value for a first, a second, a third
and a fourth vertex, respectively, of said
quadrilateral, said third and fourth X~Y coordinates
identifying a first and a second logical sub-pixel,
respectively, of said first'pixel, said fifth and sixth
X-Y coordinates identifying a first and a second logical
sub-pixel, respectively, of said second pixel, said first
and second vertices being defined by said first side,
said third and fourth vertices being defined by said
second side, each of said pixels having a plurality of
corresponding logical sub-pixels;

generating pixel data for a plurality of pixels
representative of said quadrilateral including said first
and second pixels, said pixel data being generatead
according to said X-Y coordinates of said vertices; and

illuminating said pixels according to said pixel
data whereby rendering said quadrilateral on said 2-D
display device representing said 3-D line segment in a
manner such that said viewer substantially perceives said
first and second orthogonal distances.



each of said pixel data indicates as illumination_intensity proportional to

the pixel's logical sub-pixels enabled. 16. The.. nmethod for providing

" depth cueing as set forth in claim14, wherein HMlmﬂm"umumcond wi dt h
val ues are inversely proportional to said firstlig val ues
respectively. 17. The nethod for prqy ding dept‘h cuei®ng®as*set forth in

claim 14, wherein said first and second w dth val ues are determ ned .
according to the following: W- (Wmax - Whnn)*(Zmax - 2Z)/(Zmax - Zmin) +
Wrin vitlere ¥8is a sPhectmethbod dfosaiptrdiidsingandepéhondueidgh asl wmst Z is

a selected f sai istst. and .S€ dept.h vatues : ZMm Q. z are
constants ?%‘r:]?i fl;?nglrgg'é%;elé 1'vé’1%%$ﬁ}g‘ c gégst@%n%%tlhdgn}ﬁ ?Eg%t r%?"st ances
from t he viRigelsans Wiegisgad 1%y eanabledorikf afadd | egicali pbhmixelivel y

e e
vi dj yei ng . . i i , i
said. vertices of tﬁ@cﬂuggr Fg&f’ep&i".‘e&r gata dndicares afi "é":l% 390t and

second si debntensityeprbportionad 4 cdehidi pix&l Ysclogdicadt esdrsipixgkser at ed
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16.. The. method for providing depth cueing as set
" forth in claim 14, wherein said first and second width

values are inversely proportional to said_. first and
- second depth values respectively.

17. The method for providing depth cueing as set
forth in claim 14, wherein said first and second width
values are determine@_l according_ to the- following:

W = (Wmax - Wmin) * (Zmax - IZ) / '_( Zmaic. - Zmin) + Wmin

where W is a selected one of said first and second width
values, 2 is a selecfed- one of said first and: second
depth values Zmin and 2Zmax are. constants identifying
'respectively the closest and the furthest distances from
the viewer, and Wmax and Wmin are constants identifying
respectively the maximum and® minimum values of
intensities available. ' '

RN

18. The  method for providing depth cueing as set
forth in claim 14, wherein said. vertices of the
quadrilateral are determined assuming said first and
second sides to be 45° inclined

said third X-Y¥ coordinate being generated by
subtracting one-half of said first width value from the:
x-coordinate and adding one-half of said first width
value to the y-coordinate of said first X-Y coordinate;

said' fourth X~-Y coordinate being generated by
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value to the x- coordinate and subtracting one-half of said first wdth

val ue fromthe y-coordinate of said first XY‘““IHMH!@”\I‘“MU ifth X-Y
coordi nate bei ng generated by subtractlng one- nd wi dth
val ue fromthe x-coordi nate and addi Ag 3dné& hal £* of® sdi d"second width val ue
to the y-coordinate of said second X-Y coordinate; said sixth X-Y
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value to the y-coordinate of said second X-Y coordinate;

said sixth X-Y coordinate being generated by

adding one-half of said second width value to the x-

coordinate and subtracting one-half of said second width

value from the y-coordinate of said second X-Y

coordinate.

19. The method for providing depth cueing as set
forth in claim 14, wherein said step of generating said
pixel data further comprises modifying said pixel data to
provide anti-aliasing for said line segment.

20. The computer graphic display system as set forth
in claim 14, wherein said modification of said pixel data
comprises modifying said enabling of said logical sub-
pixels.




