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Generating Ch,arat

sit r" phase can eliminate these edges, as discussed in Chapter ILA. ,
3;;g algorithm band on the parametric-tine red€r€;sentation flar clipr€ €M, I:;,

3 f ,€lar Jip regions is discussed, along with the Weiler algorithm for chi,iIil:
in Section 19.1.

GENERATING CHARACTERS

I Defining and Clipping Characters

>tre two basic techniques for defining characters. The most genera
orally expensive voy is to define each character as a curved o 1'eLef t =`f?t3<£

< c:an convert it as Peeded. 'k`e first discuss the Lather, simpler vav is: iS:1af•
in a given font is specified as a small rectangular bitmap 

3 ̀ ;a ic; simply using a c€3pyPixel to copy the character's irnagc <~r::,w .€£, €: H
,s.dlied a.fio t cache, into the frame buffer at the desired posiLion,

s lbw "ache may actually be in the frame buffer, as follows. In 1f£, €
ili hick the display- is refreshed from a private frame buffer, that 1. € ,f

r̀ ictly' required for storinb the displayed irna~e. for exn£r;l if ., si£t ~,£;.
sc rs: n may° be stared in a square memory, lew €n;_, a € € i£ ` f

I •€, "'s~: Cen n:ernorv°. lternatively, there may he enoug€a n;ie €or, €,,£ €«;.
l€ is being refreshed and one of which is being dra,~n in, €3; zd<> f1 <. ,: 31 ,

ls:,nt. cache for the currently displayed for (s) is free£ z €; k W,­..
memory because the display controller's £ i pe leix.,]

tie;nory. A related use for such invisible ,niernury i,,
vkh'scured by popped-lip 1.niaLeS, such as windows.

'fnaif•< or the font cache; arc usually created Uy scan£i€if:' 
orn typesetting fonts in various sizes; a typeface l .i :'f <'f L,€;€ £if• f 3

a up individual. pixels in each character`s bir. iap a; 
s€gn;rr may use a paint program it3 ereaNe, fi-o£,£ ,Li<£€, 1: €, <f,<

?iv for screens and. logy'-resolution P11r1t €< Sill" ;. ,iiJ ~ I3• 

€ha€~o€:eb€trnap must b€;d€finedlc~rag€a,a ch:ll<1i;;i €€, f• £ < :f,f
£~ s;tandard sizes. Furthermore. each type face requ£r<':s •€.: • ft', r,

tin,'t font cache is needed for each font loaded h €h ;p d
. ~ 3 € ,w e rs are clipped automatically by SRGP as pa. N f : ,

,,aracte:r is cl€ >r)ed to the destination rectangle i?f3 ;£ pr%, 
d`. „ flp a wl.dr 1 ̀ C .t' at any ro-, %tar column of .is h3€

€1?a€cta f a;t d, <al#h{laf>_h cruder,
f££•, . :>€: f'€ £ +>r"£ 1i? ixll-<?i"-f L•,t?aa€i~,.,. kisi4; by doing .< ti €vi;:€f lh

;f€ f ~Falt tf :hL ~XECiit i. €€"av£ lly <,. .. 'j"ric`.ti 7, IJ£<' L'L it. ~ €c~ '<,< :~:€•13 ;j f `

aS tr ISf'C:l'.:I,Jf?f' to t:l:l?p3>€. 

£ ffw  L:L'F3n'KI2£i" `~•i .'.;i -ff 7,f€ £.;~

~ f i.~; .•, 1 ~ %.~E.1€: ~°`€3c:' <i ;€~ ~ <3' ita~^ i . l li L i}<i t',. f< €<•f :.
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128 Basic Raster Graphics Algorithms for 
Drawing 2D Primitives

typedef poim vertex:

typedef vertex edge[2j;
typedef vertex vertexArraylMAXI.;

static void Output vertex, int vertexArray),

qatic Boolean Inside (vertex, edge);

static vertex Jilterseci 'vertex, vertex, edge);

void. SutherlandHodgmanPolygonclip

vertexArras; DiWrre.rArray,

vertex-AxrTay outl4errex,4 rraY

int inLength,

int ~ouiLength"

edge clip Boundary)

vertex S, A

intj;

ooint holds double?:, v

/* NckX is a declared constant *1

/* Input vertex array

/* Output vertex array

/* No. of entries in inWrte.-tArraul *1
K

No. of entles in mssVerrexArray

/,r Edge of clip polygon

4 Start, end pt. Of cUrrent pol y Lou edg&:j;:

/X, Intersektion, pt. with a clip hoi radar;

Vertex loop counter

*outLeng6t Start with the last vertex in 
inllertexArWY 

_/1

s = in6erte.xAMTY[inLen9tP

for 'U — 0-,,/'< inLengfh;J++) 1.
j]; 

3.48--,/
i'll"erie-VA rrqv" /* New s and p coMeSPOT'd to the vertices i Fig.

J* Cases I and 4

if(Inside (s, cUpBoundr,7?,7)) /* Case I

Output (p, outLength, outVerteSArrqY).

else 
1* Case 4

i Intersect (s, p, clipBoundary' );

output (i, owl',ength, ouiVenexArray).

QLI:put:( p, outLen9 th, uutiertexArroy);. 

/*

else

if (Inside (s, cllipBoundorYl'

i = intersect (s, P. chpBounda

ov-,tputti; ouiLength, outVertex-Array).,

1* No action for case 3

S=P;

for

SutherlandflodgmanPolygonClip

1 Cases 2 and. 3 *1* 

Case e 2 *1

/A Advance to next Pair of vertices

a .11* Adds TtewVer1ex to ouAlertexelrr y and. 
then update.. ou Length

static void output .,vertex newvertex.. int *omtLength, 
vertexArray oulfVer!e-~Arn'Y)

Checks whether the vertex lies inside the clip 
edge sr not *1

static boolearl Infide vert X edge 
f.-.14,8~wndvi

.... . ... .... -
... ..........

3. 4 9

Generating Characters

edge ifirst, second) against clipBoundary, outputs the new point.......... .
~H i "n~- ect (Vertex first,h Int—s vertex second, edge clipBoundary)

............ .....

Fig. 3.49 Sutherland—Hodgman polygon-clippin 
. 
9 al 

.. 
g9rithm.

........ .......

...........
akmg with discrete instances of the same characters at I 61116onow res

o is described by a struct (declared in Fig, 3.51) containing a refercn,,.-&~ W

storos the characters,' imagges, along with information on the heimi,

d h.-  of space to be placed between adjacent characters in a I :M:O

store the space between characters ara as part of:a characters vvid€ 1i i

,z >=hatacter spacing,)

Wribad in Section 22.1.5, descender height and total height are corwOalj

the fortner is the number of rows of pixels at the bottom of the kn 0

­

'Wenders, and the latter is simply the height of the font-cachecanv<v,. , to

F. Or.* UA tile other hand, is not considered aconstant. thus, a ebaMi.,4A ;. M - O ,

w". ............. . .. .. .. . . . . . . . . . . . . . . . ( M ~Al ts it, rather than being forced into a fixed-width character bi)~,. '00......... . . . .. .
. . . 

. . . . . . . . . . . . . . . . . . .

lmfWnt: of spac~; between characters when it draws a text string, ij-je it it w 

ON Pan of each font's descriptor. A word-processing application can =.!t 4,;.

W SRCYP to display individual words of text, and can riol 11. . .....
vac,nig between words and after punctuation to fill out

volM.. ...` ~ iW4k._.R;rs are aligned at the right margin. This involves v ing I bt:, I ~,,i

I I IV's w determine where the right ed e of each word is, in o dtM, v ~ i,::;0 l..........
w,­vd. Needless to say, SRGP's text-handling facilities am rc,;dly totit wii :

.......... wore. processing, let 1lone for typesetti shw~ w hng program

r̀ler control over the spacing f individual letters to deal wo

'erning, and printing text that is not horizt 1.XXI.- rM . ipfiog k
............

........ .....

..........

........
Al

...

Flo, 3.60 Portion of at) example of a nt cache,fo
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130 Basic Master Graphics Algorithms for Drawing 
2D Primitives

ty pedef struct.
int ieV, width;

} ch.arLocati.on:

typedef struct f
cart;asID cache;
lilt deseenderHeigrt, tr taiHeight;

int intercho acterSpacing;

chafLocation lvcczdionTabie' 2$j;

} fan€GacheDescriptor:

t* Horizontal location, syidth of image in font cache

tK Height is a constant; width varies *1

t* Measured in pixels 4

i* Explained in the. text K.t

Fig. 3.51 Type declarations for the font cache.

3.1 6.2 Implementation of a Text output Primitive

In the code of Pig. 3.52, ~ve,sl ow loo v-SRGP 
text  implemented intE:nially: Each chnrac.ti

in the given string is placed individually, and the 
space bet~yeen characters is di,etated by

appropriate field.in the font descriptor. Note th
at complexities such as dealing with tnbl

fonts in a string must be handled by the applic
ation program-

void SRGP_characte-rText {

point origin,
char *.sr :ngToPririt.
E?ntCact?zDescriptor jonrlrt,~v)

{
irrt i;

1* W here to place the character in the current canvas

1* (Mgin specified by the application is for baseline 
and does notinclude descender. *1

v czrc.}' --,i~iatl;tv.riesce:ader.F.lea~;ht;

for ii (i=(). < strlan (StringTvprtrn}; i-t--I-} {

r ciatiAe. i~ntCaicheRectan&;

char charToPrint _ .stnngWrintii ;

t* Find the rectangular region Within the cache wher
ein the character lies 14

charLocation qi z = gif~ntln a.%{}ccrtic>nlixbtefcharTvF
'rirzt];

arztC'cciieReciarigte.f1c:tty»zLeTt — SRGP defl'oint (flip—> lefty, 
0):

.rerztCacheRee.,angie.tvrRiG t= S.RGP defPoint (jzp 
>iefik + ~,n >ryidth — .I;

ftzratln#'v.tvtcaihrn=;let

SRGP_cap;Pixel (forstfniv.cache,.f?nrCacheRectang
ie or

Update the origin to move past the new charactee plus 
intereliaract£ r spacing *1

vrigir .Y +=)sp ?1}'idth .i?L Pht'ierCharacte ingS

I 1-" SRGP..::ha:'ac eT'IeXt .4

Fick 3,52" lrr1 sic;ME=nt<tb0r1: Of

Generating Characters

mentioned that the bitmap teanique requires a distinct font cache o 
€ia,tion of font, size, and. face for each different resolution of display or output d,::
t'tc:El. A single font in eight different point sizes and four faces (normal, b.p.1 1, w~ k

€t ilia;) thus r•ecluires 32 font caches! figure 3.53(a) shows a coinrrion ua 
10111. cache to support multiple face variations: The italic face is approxpnw k,,

€ f;e font's image. into regions with horizontal "cuts," then offse€ring €
)";?r€ttitig a sequence of calls to SRGP_copypixel.
rude approximation does not make pleasing characters; for examp]e,

:s r€oricirculnr. More of a problem forthe online user, the. .riietli£?c! digit 
.

C<; tt'r spacing and makes picking much more difficult, A similar trick te+
Is to cope the image twice in or mode with a slight horizontal offset

g,chniques are not particularly satisfactory, in that they can prrodw..r 
i,I,l

s l`1M., especially when combined with subscripting.

€ hotter way to solve the storage problem is to store charaeterK in <m
tt,Wependent form using polygonal or cursed outlines of their shapes dc M

point parameters. and then to transform them appropriately. poIN,-0 JfIiNO i; E
qAnal (see Chapter H) provide srncxsth carves with i oritflnuou e€ € .€ <€>€ f i i

Jyv, and are commonly used to encode text outlines. Although ~ h

ilia) eases up more space than its representation .in a taint cache, rnult.ilil£ 
lr ?tat a single stored representation by suitable scaling; also, € a I ics n i W,: t
att6. d by shearing the outline, another major advantage of stori€'€

4y Elee ice-independent form is that the outlines may . be ar biii fl ; I
>a.leEl < and. clipped (or used as clipping regions themsejvec 'J.

~Wrd€ge o onom.y of spiined characters is riot quite so g'r a€ i €lif

F--'or instar-ce, not all point sizes for a character may be obtained. b 

,f v, because the shape for an aesthetically pleasing font is  
beivibre, each shape suffices for only a limited range of ?£Li€'1i si _ N I
don of splined text requires far more processinb. than €ho s€r €fl; 

ifioobditlti, because the device-independent form must be cony € €ed ul I>i I €;

l t+asi cif the current size, face, and transfokmation tt1,€11:30 
c: 

€

khnique. is still the most common for personal comp. rs >:€.'€€;:I
A strat;gy that offers the best of both nnethod, € . to

€ but to convert the ones being used in a given applioaiie,m to €I x O: ! £ ,;

€tom„ •ltsr€tea€i l?le., to b€gild a tc?irt cache can the fly € Eliseu ~<<.f,<: ;; :. r>t
M detail in :section 19.4.

(h)
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!144 Rook, f ~: I : I AN tO: ~ OMWi"O A.) 1::go 
. a4mu" ':MWDKS. p MM-WON

3,31 Explain «hy the ,'dgarkhvo workf' k  only

clipping regions.

3.32 Devise a strategy for stibdlvi(ling a pixel and counfin,g the:numN-,r:bf gubpii covered  tt k'a I

to a significant degree) by a li 
. 
ne,: as part of a line-drawing algorithm using UnweightcdAreA sa"01w,

3:33 1—aw tables with various decreasing functions of the distance between pixel c-emer anu IMiC
antialia- q the yes,ed line algorithm of Fig. 3.62. Colltra, results prodiwed withi :.center. Use them in the

those- produced by a box-filtered line.

3.34 Generalize the antialiasing techniques for lines to poly,gons. Flowr rnialit You lya 41

nonpolygonal boundaries of curved primitives and characters? .

I

uraphics  .. .............

NNIMM

~..'hartef, we describe how the important hardware element.; of a COW' :. 1 w':
world Section 4.1 covers hardcopy technologies: primci l,

plotters, laser printers, ink-jet plotters, thermal- sf m .tran , eir plc <€€< ..
The basic technological concepts behind each type of dev ifty ii alul 'i concluding section compares the various devices. Section i

i : ~ , discusses. monochrome and color shadow-mask CRTs the 4;,apt
0100'es

f 'T4 liquid-crystal displays (I-Ms), plasma panels, electrolunaii}c.\,,, w,
VS

. 
0 Wwwtral more specialized technol ncluding, section, di,ogies. Again, a coMR w I C~
'IM, A A- I diisplak, technol—i,!:!: Nio the v rious

is )I V systems, which can use any of the display tcchnologjo 
f in Section 4.3. A simple, straigghtforward. raster system is fir jf)ti`"t ti Wnce with respect to graphics functionality and inton I rai m dZIse processors into the system address space. Section 4.4 dv14-'6 bi il w

1 . e and video controller in image display, color conn,(.A,
a -0 SO ete vector (also called random,MOS

is discussed briefly in Section 4.5, Follmed in Sctjiou i. ii il . : 
4evices such as tablets, mice, touch panels and so: On. A-

ry.,pM tau  than technological details are stressed. Section 4.7 brie, flii,
jQ1110WOm, such as film scanners, by means of which an existing image c,.m h,

_#> 1 AQ^~ , the relation of. these hardware devices to one wiodwr i
W Ino integrated CTU and display processor known as a greap hii

W wnsbaing of a CPU mpabfe of executing 11 least several millionU qff''-9S'< 'n WWI , I disk:,, and 4t display with wsolwion of:at least. 1:000:.*

........ ........XXXXIi '. ......" . .........
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Ex. 1018 - TCL Indus Holdings Co., Ltd.
TCL Indus Holdings Co., Ltd. v. LGE – IPR2023-00461

Page 9 of 36



146 ties Hardware

--

L0401 arena neINWOc cOMOck5
to when w.0r catatior€€;, flo t>e;NUs,
laser arir€t@fS, I'i~I €-resolutior3

fIi€r, reoorders, and so can,

Interaction
devices

Fig. 4.1 Components of a -
typical interactive graphics system.

local-area network connects multiple 
workstations for file sharing, electronic mail.

 ao

access to sharedd peripherals such as high
-quality film plotters; large disks, gateways; to offs l:

networks, and higher-performance 
computers.

4.1 HARDCOPY TECHNOLOGIES

In this section, we discuss various h
ardeopy technologies, then summarize their 

characicJ,

istics. Several important terms must be 
defined first.

The image duality achievable with display 
devices depends on hoot the addressabil t

and the dot size of the deviate. Dot size 
(also called spit size) is the diameter of a 

single elf

on the device's output. ;lddressability i
s the number of individual (not 

necessar€ 0

distinguishable) dots per inch that can be 
created; it rnati differ in the horizontal and 

cart €£ _

directions. Addressability in x is: just the 
reciprocal. of the distanee,between the cent

ers

clams at addresses (h, y- and 
kx + 1; _;); addressability . in y is clefinod si

milarky, n't

distance is the reciprocal of addre-s j1J y,, ..

i) Interdot spacing ;b; €nterdot soacir£g
tla€ € .",'GI 5i a one-€ €aI' dot S:ze

(c) €nterdot ape £r:--

i teai,g (

€ £.; . 4,2 the effects of various reties of the dot si~e..to the ir,tY£ € € €

W ttgt;ally desirable that dot size be scene:vliat greater than the
o i shapes can be created. Figure 4,2- illustrates. this reasoning, 'f'L :
YtiVOC';: dot size several tunes the interdot distar ee :allovrs Wrt, €

ftereas a sinall€r.dot size;. allow,s. fi.aer detad 
W.Wi{era, which is related to dot size and can e ho

rlip->ti€tguishi~ble lines per inch that a detirce Can create, lies<olt£€ o. , ,

spacing at which adjacent bled,: and white lines can h 
? -i ttWS again implies that horizontal and vertical resolution rr'<W

>r:ioved iAit.h 40 white liners can be distinguished across 00e
imr itch (also referred to as 40 line-pairs per i~tch~ .
lul€t.r also depends or. •;-the cros sea tioop al arstensi€v disfri """" >̀ ̀  .>";'>X.

iMjr l~: delineated edges yields higher resolution than rli: a i' : <
tt f:€t in Fig. 4.3.

The effect of cross-sectional spot intensity on rest:) uh £ I,, 
' Mill i odges. ;bj Several such over appinq spots, (o, A vvidUc 

-.t, (t'00the energy is spread out over a I rger afea; its e€ g<:{ mi: ,£,.>€
liW In lai, (el) Several of these spots overiaP ping, The

ifi l) lip £ £ s fD clearer it€ (di, The actuc£I €r£-#r"9..Ce,jj1'te€1sgv i.,

14 ;

I C.-HI.qFN1.qFnnnrnnra
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Gra vHardwWOWhi0 

Entry
nuuflxr

C01

i 2 3

white white white
black black black

2 red
I red
4 red

5
6
7

kyadod ir3 table, at each zwp in t3 i-, i( Sil ...............

6 :7

white white white Lvbite white white whir

black black black- black black black ack

red red
red red

red

red
red

Fig. 4,26 Look-up table to bounce a red
 bail on a black surface against

background. Unspecified entries are all 
white.

whi i

4.4.2 Bitmap Transformations and Wi
ndowing M

With some video controllers. the pixinap is 
decoupled from. the view surface; that is, 

Miii~i

direct fixed correspondence between positions in 
the frarSe buffer and positions on

display is removed. An imzige transformati
on then defines the correspondence, The

transformation transforms from the frame
 buffer to the view surface. The transform

atiOP

can. in general. include a translation, 
scaling., rotation, and an' additional. clippitq 

'

operation.
Figure 4.27 shows the type of transfixinati

on found on some raster displays. Part of

frame buffer, defined by a rectangular clip 
region, is enlarged to fill the entire View 

surf tiff

The ratio between the size of the window 
and the view surface must be an integer (3,

 in 0i

figure). Pixels in the frame buffer outside 
the window are not used, and none of the

lii 3l<

values are modified; the trxisformations are 
applied by the video controller at the

rate.
`;:'Ili image transformation Can be changed

 many times per second so as to give 
flea

rlunics effbct of scrolling, over or zooming 
into an image. Also, a sequencc._~.A:~]~~

'Vbitrary images can be shown rapidly 
by loading -each irnkge into a diffierent are

a of
-.2

fiame baffer.:Theimage transformation is 
changed periodically to display a full-scr

een Vft

first of one area, then of the next, and so
 on.

The scaling- needed to enlarge an image 
is trivially accomplished by repeating

values froth within the window as the imag
e is displayed. For a scale factor of 2, each p

k 'V`::il .

Clip region
on frar'ne
buier

came- or

Frame uq:er V:ew surface

Fig, 4.27 Portion of the frame buf
fer enlarged on the view surface,

Tho Vkloo C'O:

ki.iOforo soaRng, as defined After scaling, as displaViid
1A frame buffer

Fig. 4.28 Effect of scaling up a pixrnap" by a factor of

4-01 R)W- times, twice on each of two SUCCCSsive scan lines,

regal"i t Later€tic}€ than does its display, scaling up does riot Ft orc J'A

al 4tl :t,t€t }ta; a more fagged agpearanf e, l bus, this on

Ws dlo nom!;

Ani*,l AIN, e Image,...... .....
o nwre gef.,ieral application of image transformations,. the st~., k,d i

0 t Ow surface defined by a viewport, as in Fig-4.29'. N(,,,, at 4 

WA: -911 W'Wt s to appear on the view surface outside of the view! pi

constant color Or intensity; another, shown in the ik 

4 W ase the tatter ff. The hardware implementation for  OW i3 

Muttgl the viewport boundary Ycoordinates are compared to the.X
4 current position. If the beam. is in the viewport,-1 44 Warl 'S 

windo'W area of the frame buffer and are replicated as reqni !

'̀.Itfwd from the position in, the frame buffer with the sarne (_v, v"

I . I ...... . . . I

Viewood,

Frame buffer Cip re-Mor ko
an Ir . :.arn.e.buffer.

A Oortion of the frame buffer: specified by clip ip M510:;
q: ::&fJ::P by a factor of 2 and overlaid:,on::the unscaledfram.,,,M
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184 Graphics Hardvvaro

Video
signal:
source

Fig, 4.30 A video controller mixing images from frame 
buffer and video-si<gnal

source.

There are VLSI chips that implement many of thes
e image display functions. TWwl.

various transformations are special cases of general 
windmv-manager operations that n6ifl:. :: . 

be desired. ATindow-manager chips are available for 
use in the video controller 'LSHIRR6f,

Each window has a separate pixmap in the system memory, 
and a data structure its

memory defines window sizes and origins. As a scan lin
e is displayed. the chip "OW."

which window is visible and hence knows from which 
pixrnap to fetch pixels. These.;;

other more advanced hardware issues are discussed 
in Chapter IS.

4.4,3 Video Mixing

Another useful video-controller function is video mixi
ng. Two injages, one defined i

frame buffer and the other defined by a video signal 
coming from a television c"

recorder, or other source, can be merged to form. a 
composite. image. Examples of 0W

merging are seen regularly on television news, sports, 
and weather shows. Figure 4,Rt

J~
shows the generic system organization.

There are two types of .mixing. In one, a graphics image is s
et into a video image.. '1 4~0

chart or graph displayed over the shoulder of a newscaster is 
typical of this style. The taixbq

, i accomph-s 
me buffer a,, .

s tied with hardware that treats a designated pixel value in the fra:

ffi.ig to indicate that the video signal should be shown 
instead of the signal from the f€",w~d~!'

buffer. Normally, the designated pixel value corresponds 
to the background color of ih

frarne-buffer image, although interesting effects can be achi
eved by using some other OMAI~',

value instead.

The second type of.mixing places the video image on top of the 
frame-buffer a l:

when a weather reporter stands in front of a full-screen 
weather 1-nap, '['he rer

actually standing in front of a backdrop, whose color (typic
ally blue) is used to contiri

mixing: Whenever the incoming video is blue, the frarne bu
ffer is shown; otherwise,

video i ag i shmvn. This technic ue works well as long as the reporter is 
not wea

blue tie or shirt!

4.5 RANDOM-SCAN DISPLAY PROCESSOR

Figure 4331 i shows a typical random (vector) display system. 
I.t is generically similar W

display-processor—based raster system architecture discussed 
in Section 4.3.2. There

course no pixrnap for re-freshing. the display, and the display processor 1W tio k-c
-al menforS1,11,1....:

CPU

.............................. ........ ................ .. .

ZPX 

Display
processor

Mor

i't<ats;'ir:a€ty•• att`a

~.b 

System
-memory

Fig- 4.31 Architecture of a random display system. . . . ......... ...

algorithms, since that functionality is typically imp em-......... ......
i>ffyotritt:. logic arrays or microcode.

prandoni-scan graphics-display processor is often called a dhvp1ay:: 
91t a gra' icS controller. The DPU has an instruction set and ins~.rudi

4im Mid goes through the classic instruction fetch, decode, execute cycle in 0**
"M4.40-f, fkcause there is no pixmap, the display processor must execute. it P.W.v;,im 0

UiWj .- ( provide a flicker-free dis lay. The progNi im'se-cond in order t) p ovi -,ram xwwe I

il 41 lbain Inemon', which is shared by the general CPU and the MI.

!1%04Pp1icati0n program and graphics subroutine ro epackage also reside ire aa~.ciax race. ~a~; ; ;:
-"Nj.--0WV0Wt on the general CPU, The graphics pack-age creates a display progyrai n o I)i

Dand rells the -PU where to start the program. The DPU then as n
program.. until it is told to Stop by the graphics packagc, All I N I Iij P Pi 0W display

WOW at the end of the display program transfers control back to its star, so dw
co to be, refreshed without CPU intervention. 

4,3? shows a set of instructions and mnemonics for a simple rando,
40.jRVWSWr has X and Y registers and an instruction counter. The

fiat a 16-bit word length. The R/A (relative/absolutei rnodjfi(,r €jj,. I i ,~

M-010"S Irl d, Males whether the following coordinate is to be, treated as an I J.-bo
of a 10-bit absolute coordinate. In the former case. the I I bits an addc l :o

i~W 0*1 X or the Y register; in the latter, the 10 bits replace the register comcl
mdcd for relative moves for a —'s-complement representation of vaki s M dW

A4 to 4- 10123A

I'110: Wul R,,A interpretation is used for the JUMP instruction, ex in.stce]X the
olodified, thereby effecting a change in the flow of cort oi r I The SM, S11, am) &:

efkxllc affi:=rd compact repreYmtation of contour lines, scauer plots, and the like.

LG-HISENSE00050061
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ISO

Mnemonic Meaning

LD {X'Y) (R/A) M Load & move

LD {X%Y; (R%A) P Load & point

LD (X`Y) (R/Al L Loan & line

LD {X/Y) (R/A)

SM

SP

SL

CHAR

Load

Short move

Short point

Short line

Cnaracters

JUMP (R/A) L1 ,lump

is 
1

irtstttrCtlr.•r; Ia;~rn'i~#

0 ? 0 '
Xr
~ A r 

0 0 1 X/  
/Y,A R

0 1 0 X/ R/, /Y/A
X /r R/K 0 1 1 /Y ///A

1 0 0-

0 1 — AX

1 0— .IX

1 1 1 0 — _....

Char 2

X or Y or AX or AY

X orYorAXorAY

X or Y or AX or AY

X or Y or AX or AY ........

etc.
to terminate code

AY

AY

3Y

Char 1

Char 3

1 1 1 1 RA L

Absolute or relative address
Key to notation

X : 0 Load X, 1 =:> Load Y
RiA: 0 => 11 bits of AX or AY, 1 10 tits of X or Y
{ }: Choose one of: for use in mnemonic code
L: Frame lock bit, 1 * delay letup emit next clock tick
1: lntem;pt bit, , -N interrupt CPU

Fig, 4.32 Instruction set for the random-scan display system.

Figure 4.33 is a simple DPU program, ,vritten in assembler style, that uses many-
these instructions. Notice how the square and diamond are drawn: The first mo

instruction is absolute, but the rest are relative, so as to facilitate dragging the objck:0i,

around the screen. If relative instructions were not used, then dragging would requi

modifying the coordinates of all the instructions used to display the object. The fit;

instruction jumps back to the start of the DPU program. Because the frame lock bit is

as indicated by the. I. modifier, execution of the jump is delayed until the next tick. o4

30-Hz clock in order to allow the DPU to refresh at 30 Hz but to prevent more fregw .,

refreshing of small programs, which could burn the phosphor.

Notice that, with this instruction set, only one load command (mnemonic l L)i..l'
needed to draw or move either horizontally or vertically, because the other coordin<a

held constant; oblique movements, hoviever, require two load commands. The two is

can be in either x-then-y or y-then-x order, with the second of the tw?a always specifv.i:

i:~t:>la*ry

Get ready for aauaire
Move to (100, 1w
Line to (900, 100;
Line to (900, 800)
Line to (100, W00)
Line to (100, 100), the gaqloo i

for .94uar*:;
Point at (300, 450)

Move to (100, 450)

Line to (500, 100y

Line to (900: 450)„

Line to 1,500, 801';

Line to fj00: 45-Mi. thp~ .,tedlal pa;"
for i.if.-p-W

Move to (200. 900'i :r <<: a.t
t is terminate, coce,
Regenerate pict.;r 

Fig. 4.33 Program for the random-scan display processor,

&N-PhAnt• or draw-line operation. For the character command (mnemoni,: t.: l (A)t - )..
  00' Mring tbtlows, ended by a nondispla; able termination code.
tW sate two main differences between these DPU instructions and the inslR Cli~m

NOM-purpose computer. With the exception of the JUMP
000 , here are rather special-purpose. A register can be loaded and <a d to, Ng the
11not be ,cored; the register controls only the position of the CRT beam, 'J`hkk ;,~ ,. , }; i
whin excluding X13,41, is that all data are immediate; that is, they WV, P.W of rat,:

lkw) L XA 100 means "load the data value 100 into the X reeistcr." not it e
l t;lEt't W11ess 100 into the. X register," as in a computer instruction. ̀l'ltis moad0w.rs PN
J 191 t.Orne of the more advanced Dl'tis described in Chapter 18.

~' only a few differences between the instruction sets for typical randor3t .rmi
Jkfi lay p.rt>c, s3ors. The random processor lacks area-filling, bit-manipulation, :aml

g x3 tlahk , cot unands. But because of the instruction counter, the random pro. e,,<,o:
kovo ftanster of control commands. Random displays can work at higher resolul.ion",

il 1 60 
KiWWr di6pl ays and can draw smooth lines lacking the jagged edges found on raswr
the fa. test random displays can draw about 100.. )00 short vectors in it r~gr,,~lah
ywiq real-time animation ox extremely complex shapes.

LDXA
L 0YANA.
LDXRL
LDYRL
LDXRL.
LDYRL
:.DXA
DYAP

1Al)it ° L?XA
LGYAh"
LDXR
1...DYRL
LDXR
LDYRL
E. DYR
LJXRL
LDXR.

1.: ̀  R- L
L DXa
LDYAM

C I-iA R
,'v' , P R L

100
1
1p
00
800

700
-800
-'7Q0

300
450
100
450
400

- 350
400
350
350
-400
-400
-350
200
90C.
D̀EMOI "STRATTON t'
SQUARE
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Ex. 1018 - TCL Indus Holdings Co., Ltd.
TCL Indus Holdings Co., Ltd. v. LGE – IPR2023-00461

Page 13 of 36



820 tms:➢(,€a<= firtr#a£szaiEd;~i +>aa #ff i .>€saa ➢F

least) box filte"rl - ~?'s1t'7s"l:Pr":YT 3fs:t" €}€'ne, Fai+:*S:IHu"r##.„ I'C'#'i'1:3<'t ~i:3''#3 #1 
many remain. Notice that, to get .really accurate, €ri"#ttges, 13 e i{34?uld :€t'tt#.➢.11.y do ;';3'I€ : I
over the time domain. If movie can➢eras did this (o., even had vjdcr bo>, filter', 1.1€£: > i:fit„i
wheels would look the way they do in.lrse---they would appear to roll "1or:vard and
blend into a continuous blur, 

.

17,3 IMAGE PROCESSING

dow we briefly turn to a different problem: How can we highlight or s€➢l f. € ,: <
features in an image? This question is really in the domain of Itrur n r{Jc'„ ? L• F<€€ €;
computer graphics, but a.few basic ideas are worth discussing. By scanning ,>#£ £€}i.w1
rapid changes in value at adjacent points, wee can do edge detet;'tion and cwl'"'Wh
places where the values of adjacent points differ sufficiently, we can push the
further apart. If an image is noisy-~--that is, if random displacements have been .=:1,1 3
pixel values—them it can be smoothest` by the filtering techniques discussed i€i €I 'f;.• t;:<:
section. If the noise is sufficiently random, then filtering, which compu€cs a~ "'n
adjacent pixels, should average out the noise, or at least filter its h; ,,h.:.W
components. >

Another in age-prc cessiiig technique is thresiaolc.ing; in which the p(3i#ti.~, ;rt :#_£ l
or near a particular value are highlighted. In a gray-scale imagge, this
done by converting all pixels below some value to black, and all pixels s bM~ ..'. € ha, ~1
white, producing a threshold edge between the black and white regions. I hc ma
cubes a]gorith.m discussed in Chapter 20 gives a different mechanism kx- tist l  :t
3D): It explicitly constructs the boundary between the two regions as a surface
in the 2D lase). The components of this boundary can then be rendered into :i
with appropriate antialiasing to give a smoother indication of the threshold. € oi: 6"
infornrati€gin on this; see [GONZ87; SIG83].

17.4 GEOMETRIC TRANSFORMATIONS OF. RAGES

Suppose we wish to transform an image geometrically. Such trans:ibrnmt.ionisi
translation, rotation, scaling,, and other, nonlinear, operations. How sari we du t

Translating an image makes sense only if the image is thought of as a subinaQi ;
larger image. Suppose we wish to move an r by k arrays of pixels (the. smrro

tupper-left  c corner r c at ~ i to a new position, with the upper-left corner 6,46
(the target). This transformation should be easy; we simply copy pixels` ,M
position to the target position, and (if we want) replace all source pixels that;:0x`
pixels with the background color (see Fig. 17.3). Provided that care is takers 

t

"she copying i9 done in an order that presents overwriting source pixel4, when the
,. 'destination overlap, and provided that the four numbers u, l~, c, and ct are 'all t.i`i

approach works fine.
But what .if the starting and ending positions are not integer? The

reconstruct the abstract image for the source image_, to translate i€,: and to s Ott
atranslated version. To (.o this explicitly is not feasible.-- e 'certiitti `tisi ttiztp ~ ?reconstruct the abstract image at every possible location, and then to * .inct:.

mom

Fig, 17>3 A simple translation of an 'iiriag R

On finitely many) points. Indeed, the saute abjection holds for 5~ ;
g(:rrithins have been developed. however. that perform these operat.ion.s.0:p ftOpu€ationally correct (in various senses). .Vveirnan has de'velo1XvJ..:ttWmit
i ii'# grog scaling and shearing of images by rational arnounts [WWI;' lW kin t:0.t[f
performed by a clever combination of these algorithms (see

t:i lar algorithm for translating by arbitrary rational amounts .is posod :<'i'i PA,

14.1 Basic Geometric Transformations

ii➢ta€P posits that a gray-scale pixrrap represents an abstract i€3,<,;>:.
1€iaw The abstract image. is divided into squares (one square lies'

<tt'r~sity' of this abstract .image in the square is the value assigned ;;.>
.fumes that he can perfoun a faithful reconstruction by drawing a
r siluares whose tone is deterinined by the pixel values. Stretchinl,, ..t tai .tt
; ̀(1 takes q columns of the original and stretches them to cover ?
t e. Performing area sampling on the result then generates, the targ.cl it £<i<•<
;ry tells us that this assumption about the nature of a sampled ima~ c: #€t£.l €t;,

k:'whing algorithm are wrong in every sense: An abstract image should £u::.: ;
€ l(: it has frequency components above the Nyquist frequency, ;:£ d
OW".tru.ction of an abstract image from a sampled one never ha-, lw; i € : :.
3"poritints, An image .in which adjacent squares have different

r li;:l't example of ail image with lets of high-frequency mnponents, sea €l€i,'
+it~l. rect:#nsrrirctton. And finally, filtering sfieory says that

f.x map , we should use sine filtering rather than box filtering. ?*leveril€Y b

5 i
ylt(3;hese:s are allowed, his algorithm for perfarniing`thvse linear
t̀art°i'•< it is alsothe basis for a very g ;'weood "bitirrap-scal%iig.al~.i>r€tlrui „~,.~. l ..,:'#t.
Suppose we wish to scale an image by.a factor p'q (v.ftere,n.:p q; :i£<<"l ,o ­i ,

,̂ . €:r with nci ceirirtic3n factors}. The first ste iz to enerat€ a: Itvtf s€ciri t i f 1, (t>: > t tl p gen
t(? :tuiirber ~iq. This code: i:3 a binart; sequence that describes a lilts ,><l£€>>>
scan-converted lute" =pan be list;([ to generate a similar code). Figure

t liiai< c €., k t:h line pa cs lr(nl~ tw€tf 15 t(k   t  €t£. €
Rzs csthe hoJi;onial,;r#d[inn's.. Il €:➢.t€:riurt3i isttt.air➢ssuch i grid4ino

LG-HISENSE00050063
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822 i t ai tirtd Pwroa@

alti~' --

1 0 1 L

Fig. 17.4 The Rothstein code Ear a line of slope

with a l; otherwise, is. marked with a 0. Each column contains three tick
associated with the coluirin is 0 unless one, of the three tick marks is at a ultiplt s,"A,
multiples of 5 are where horizontal-line crossings occur. Thus, the interval izowm
and mark 1.2 is assigned a I, since mark 10 lies within it. iA tick at the left side.
is considered to be: in the column, whereas ticks on the right are. not}:

The Rothstein code may be viewed as a mechanism for distribtiting u I s eve W. 3,€
p binary digits, We. can therefore use it to tell us how to distribute each of the '
the source €adage ar;iong,p columns of the target u- cage. Unfortu€lately, usiti=, dii l
Rothstein Lode as indicators of where to copy= the source data leaves sontt. (A
columns blank. The Rothstein code can be cyclically permuted, however, to :i• :s=
mappings of source to destination.' Taking the average of these gives:'the rr

The pseudocode for this procedure is shown in Fig. 17.5.
To scale by a nuitiber smaller than 1, we simply reverse the process. The li >tli`=t

for q:p tells us which of the source columns should appear in the target (a I in l.hc ,R >
code tells us to select that column). Again, we average over all cyclic pern,1it<3rR3i0 
code.

The Rothstein code can also be used to generate a description of shearing,
Rothstein code indicates that the corresponding column of the source pixtr;:.il~ &110
shifted up I pixel. Over the course of q columns, there are 'p shirts, resultiarl, i;
shear of amount cilp. Once', again, we should cyclically permute and average €Iis>

17.4.2 Geornetric Transformations with Filtering

Feib€€sh, I.evoy, and Cook give a somewhat more sophisticated mechanism li:,s €: iii €==Er
ing images [FE.IB80]. (Their algorithm is developed for use in an algoritltrri IN
textures onto surfaces—see Chapter 16.; Before. discussing the details,
algorithm's good and bad points. The algorithm has the advantage time it
reasonable values for boundary pixels: If an image is rotated so that some Lanqlx"(;l?3`
only partly covered by a source.pixel, the algorithm recognizes that pixel as, 
and processes it accordingly. It computes values by applying .a %vighted filter trz ilia
image to determine pixel values for the target image, which helps to reduce ali€.i,in
resulting image. But since this filter is more than I pixel wide_if the algorithmi i~

2A cyclic permutation of a binary sequence is the repeated application: oflog ical kiff Iol
sequence. 4.

><3F~t)zititl l'€~ av:l~~ll;gf iY: i':<
~ '~~ tr::titt l4patisitm(
(:iriist t;P scalePW ..,.

ay, a:el'ixn ap 2Gaxt;

fi-dp, int rT)

char Ymh-rT%V'~,X]:
int "J's;s;

Source iniagg,. si e n X v t .
1* Target €m. ap, width ai leasi k W

t: Sizee of source 11nag.0 4
Sci;le lictor is P`q a r`

"* The array, roust hold at least P i€erns..
x Loop ti)dtCes

Source image is n x k, target image is to
int trarseMidth = ceil (k p / (double) g),

l*.othstein (r'CTtt?, 1J, Cljs
SoGbBlank (zareFz, n, rctrgct6'Ti3.,
for li=0:i<_p;i-1 ~1 ~i

int source(,44 0;
permute (rote);
/* For each column of the target 4
for (t — 0;} < targetffidth-J,  ~) i

if (roth€7' _= i) /* I code says to copy source column
for s = 0; s < n.; :s-+--+-) ( t* Cofy all the pixels. *t

PCLT'SN.tFI V -!-= Sord7e.'8CBl15CTtiYCY' STe];

}

/* Stare the Itotastei.n code for p/y in array a::.l?.
/* Clear the target arras. *T
/* For several passes through the algori€hin. ;

f* Apply cyclic permutation to Roll n ct d

soure 2t`. of Go to next colt mn.

I* Divide by q to compensate for adding each so-urce column to target q tunes. ~!

for ,i = O; j < ttarcet'li idih- j--l--I-)
9i:rg t i ~i] = rint (t(trget a +~ / (€Ir~tiblei z j;

/,t- WeimanExpansi.on */

Fig. 17.5 The Weiman algorithm for expanding an irriag~:: .:

grit the identity transformation on an image, it blurs the values. In Section 177.5.3, ~~€>
tltxa t this and other- drawbacks of transformation algorithrns.'
;fit €i'iis point, it is worthwhile to s€'parate. €wo aspects of image transformation `i.he;. firs.€
<tup€itjti which point in rite some image is €napped to the center of the Pixel in lilt;

xilirg of a number is the smallest integer greater than ar equal. to the number: <:eiling{,1.6)
g l . I) = 2, and ceili*6.0) = 6,
'"h, Levisy and C. 'oak note that any filter can be used. but de scribe. ih.-, algorithm iCi t#'€'t *
:f diameter ?. The Ago .0 gnerally P<:rtorms better, with this filter than it d6vs;> alt
rea bm filter.

LG-HISENSE00050064
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IS,~24 Imoge ma" p'tA. fiol o"t).

Source space

Map

Targo a,

d' P
QO
00

O'q
0 o,,--
000q
000,

00-0 D

Target image

Fig. 17.6 The relationship of -the source space, source image, target spaCAim g i the F ibush Levoy Cook algori hm. ............

need now
Val I~M!

target image. The second is computing the value for the pixel in the target finago, lfw'_11..
task is merely alg6raic, in that it involves computing, values (and inverse
transformation. This may be dom- efficiently by various incremental methods. Th
task also has numerous solutions, all of which involve choosing some filtering forfe
apply to the original image. The method described in the next few pages assure  i
function that is circularly symmetric and has a modest size (i.e., is nonzero only- o. f
part of the pjane'.

The algorithm starts with a source image (thought of as lying in one f

.....

Euclidean plane, called the source space), a projective map' from another c-op 
Euclidean plane fthetarget space) to the source space, and a polygonal region in ihk i o i
space. The target image is the collection of pixels in the tasget space that an:~

d
polygonal region, and it is these pixels whose values need to be assigne

he reverse -e i f,
naming convention for mathematical functions.

Note that the projective map here goes from target to source, t

W filter

f.106WAP WN Vie OH: ('f,

n M86 dirfg;ec? ngk 'fo

Transfoirm

source polygon
t.

as~Convolution me

... ... .. ...

Fig. 17.7 Terms used in the Feibush-Levoy-Cook algorithm,.

These transformed pixels are then averaged together by, the wejghts 1? Ow
idd a value for the target pixel. This target pixel value is .correct only

the trans-formed iniageboundaries. If the image has been r-otatod6::fqr.*
the ransformed edges of the image may cut across pixels (more pr,
c€a .................

volution masks

11hus pixels are not entirely- determined by the value just cmnput~,d, I 1*mf~~

lxciS
yibutes to the pixel's value, in proportion to the coverage of the P', U1

the tihe determined analytically. Figure 1 7.8 shoos -ansfonned   f~>l
passing through a pixel's bounding rectangle, and within that f.o; A:Jn

~uoh the pixel's conwAution mask. 'To find the contribution of the eam.po~ (fl ,,To start, we choose 
. 
a syrnmetric filter function that is nonzero only for (lx, y) vc~.,,

'
_Ts final value, we do the folloving:to 0) (perhaps within a 2-pixel distance). The support of this filter function i.<,
Ch the image polygon against the bounding rectangle for the (,;.x,~O r ii t

points on which it is nonzero. We take a copy of the bounding rectangle f&r the si q IP

Th-..- points of intersection with the edges of the bounding reet-angi

g t
mp t d i determining mi ing h the the pixel was in the tar i o l

the target polygon, the pixel is considered to be in the target image. This I.FW
rectangle

For each vertex of the clipped polygon
is called the boundifq rectafiglefor the target piEwf, And the trans . "I"Ip . , i :~ x- in Fig. 17.9, a single tri<111glvthe filter function is called the pixel's convohition mask (see Fig, 17.7)..

the filter" and translate it to each pixel in the target space. Whenever this rec, taP9

The vertices of the target polygon are transformed to source space J: -if,,, S~ o,
repeated use. The resulting polygon is called the The bouridin" 1"".
each target pixel is transformed to the source space, where it becomes a qwl~ If i hli m
bounding rectangle for this quadrilateral is computed. then is clipped by the swifvt, x A
(because clipping a rectangle by the source polygon is much easier tha-a CliPpi ffil
quadrilateral). The pixels in the source space that lie in this clipped qui)(16hit =a 

I

transformed to the target space; only those that fall within the carget, m 

f,

rectangle are retained.

"A project  map is a map represented by a 3 X 3 matrix operating on the pL-fe
coo-dinates, in the manner described in Chapter 5.

..........

Transformed

-Convolution ma ;k
'Or filter supporl.

Ov-rlap of polvaon ard
convoAuton -a9k

Fig.: 174 Ftter>t4 f pixel or a,,. the edge oUthe paNgon,

...........

~W
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826 Image Manipulation and Stor:, qfi

Side Side

A

Side 2

Side 2 L Base

Fig. 17.9 The steps in filtering an edge.

Side 9

labeled A, B, and C, in clot) wise order), construct a "triangle with sides ,SASE:.:;

from this vertex to the next vertex in clockwise order around the polygon), .
edge from this vertex to the center of the pixel) and SIDL 2 (the edge fro
vertex to the center of the pixel).

3. Consider the filter function as being plotted in a third dimension above the cc~ri~tr.Itt
masse. The weight a region contributes to the total fora pixel is proportioni :.;fir
volume alcove that region and under the graph of the filter. So we now camp .,
volumes above each triangle, As .Fig. 17.9 shows, some of these volumes
added and some subtracted to create the correct total contribution for the reg
rule is that the volume is added if the cross-product of SIDEI and. SIDE2 pain
page: otherwise, it is subtracted (see .Exercise 17.4).

Computing the volumes in step 3 is easier than it might appear, .in that tht
precornputed and then extracted frorri. a locale-tap table, during the actual filteri :
Exercise 17.5 shows how to do this precornputation.

17.4.3 Other Pattern Mapping Techniques

The Feibush-Levoy-Cook algorithm provides excellent results or pastern
polygons, but requires computing a filtered value at each point, so that for eac_I pi.wl it:
ima(,•e a filtering computation is performed. In a perspective picture of a plane i t.

 , , f i:nat
vanishing point) a single pixel in the final image may correspond to thousand,,- ,4 (3k,,,k 1€£

the source pattern, and thus require an inimense filtering computation. 5ev'errl t: .:l3tai=lii,

have been developed to produce more rapid (if sometimes slightly less accurate) lilt<::i'ir=l:
Williams [WILL83-] takes the source image and creates a MIP (muhurn it.

many things in a small place) reap, which occupies a of the memory of the original, [i':f
original image is a 512 by 512 pixel, 1_4-hit true color image, using 8 bits each for tli :tt
green, and blue information, the MIP map is a 1 324 by 1.024 by 8 fait image. "1•lit< :1
green, and blue parts of the original image each occupy one quarter of the MIP ma
the remaining quarter is fi=lled with filtered versions cif these, as shown it Fig, 17. 1 f`i.

a target pixel is covered by a collection of source pixels, the NUP raw pixels corm l);=i'Fx( 0ill:
to this collection most closely are used to give a filtered value, 1, inmr interpolation li.;irv~..:,

levels of filtering is used to further smooth the values.
Crow 1-CRGW841 devised a scheme by which box tit€eriri ;:sf ar! image =aver aq 

rectangle can he done rapidly. For tiui0k pattern mnp()irti;, t.niia ~fX% .i i :litany t x'

rectangular box cxirrmNttcfiing cl<rsely to the AmN of slit• rr;:tnxfo1,rrwf1 till € NA01

f .` 4

q,17,10 A. MIP reap. The red, green, and blue channels 
of the original.:!

(; s €ers of the 1v11P map. Each is filtered by a farlor o
f 4, and the thre ;x.o4 l

itil up three quarters of the remaining quarter. T
he process is con`:ini.ia. tare

s i<ip is filled.

, aJlipute a filtered pattern value for the pixel. The scheme 
is based can the

i' at(ti + b) — (x a) y — x Cy b) + _v = ah. Interpreted geometrk:,el l '13W:

tiv area of the small white rectangle in .Fig. 17. t 1 can 
be computed tip t<z iii; ;£

a?c rectangle and subtracting the areas of both the
 vertically and the )cell iF

ncoangles, and then adding back in the crosshatc
hed rectangle (which 1)<l,

Mce ). by taking the source image and creating a new 
image, whose :ilia:' ,it ; I

ilte sr:aai of all the values in the source image in 
the rectangle wit), c:•c?rii<°i

ivy creme a swntned area table. S. We can now 
compute the -3.3tis t>S fig' i

-t~tangle with corners at (x, y) and (.x + a. ~ 
+ b), forexample. by i,i:i`.irti' '.i 

<.

s[x — a, 1 — 5'[x. y + b] +- ,S[X, A.

Glassner [GLAS86] observes that if the 
transformed pixel is ilo' <wt<,<...t,:< ::.

4800,d rectangle, then summed area tables may blur 
the.; result t xcc~, kt 1, i €•

aiov*elops a system in which the excess area in She 
aligned boundii , 1},.,

ystematically trimmed, in order to provide a more
 accurate estirnato 3>€' €lt>'

itoage at the; point. This requires detecting the 
geometry- of the

l lttttve to its bounding box.

fleckbert [HECK86a] proposes a system using 
both the Feibush-1:. o

t3iti,l III reaps, He reaps the target pixel's filter support
 (Nvhic11 is yupPt'•'~c.'=1

(o; y + b) t 

iii, Y,

`}' .

RRR RRR~RR llll~!!F 

;
'

1

a
y

j

s
01011 •Rl ~ 

ltt1;R IIIIII1~ i

(01 0)

;.a
1 , 17.'11 The area of -Ow i =)r.11l .f'iiu,; rectangle in the image i4 ft

„F <.trrg the filar iZ.iST'l!"rilli7 ill"iii ,.,3 ="ti;<i liy shaded areas from the aCidta~3 
>'t!

Tangle, and thw) <Fdt".Irtr.t rs::a>'':1=, lit itia ir4.Nl of "the crosshatched i•cict6 11'
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828 [malpa-~ ~.-kn l

(a)

(c)
(d)

Fig. 17.12 (a) Print sampling of the source image. (b) MIP neap filterin, -j i' skoarea table filtering, (d) Elliptical weighted average using MIP maps and a C: a, .I . 4, 11:0.(Courtesy of P. Heckbert.)

and is defined .by a quadratic function). to an elliptical region in the source, lm ig i.by a different quadratic). Depending on the size of this region in the sourcc 
6:..

appropriate level in a MIP snap for the source image is selected., and the pixci: =,L Foss:collected in. u wei~.hted sum over the elliptical region. This weighted. s n-1 i"assigned to the target pixel. This combines the accuracy of the Febibt-,sh ktechnique ,with the efficiency of the NUP map system. A comparison of pat.ttTQ.results is sho,?n in pig. 17.12.

17.5 MULTIPASS TRANSFORMATIONS

Suppose that ~ke take the image sh(rvn in lei;. 17.I3(a) and. apply a vertransformation to it, as she um.. in palt.(b), and then ice ~ a I'lorG k1~ it ~ x C #g transforniation,E as shown in part (c). Provided We chose tlii righi transfc;rnt~~gt;~~3,effect is to rotate the imagge as shown [CAT' 180j:. Such a t'. o-pass zeihnique_

'The two shearing ttrarsformations are Actually '•`[`column otpixels and translav-,s and conw.pr t tt in the .€ew dittz:ttcsp,.for a row of pixels.  .. .. .....

go
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7,6 IMAGE COMPOSI"I

ttY .+ t€<1 iti:e ?tTk31i3 t1 t€ r€g €

€ It, Porter and Duff (ixtk~t't:.f.~ >ragg t. that cc-rl1posttati& € )W f~
II :^ r i 5'ef'jt cal, Since it is 7X"i v ..Is} 1st s' t3; 'bhz'`re'w" Cs. af 6ifit the idi

W O W' . MIW lac W111c ul€. 'With cornpositing; It one pOz ts, n.s:rf tl O ilaa,'
s not 

It3r tge 1 are ~cnot 
doe

rcrl leredu but Llade n dbeen optically r~5c o f tilntt:toplositing may be. the only w; y to incorporate them in the image,
We describe compositing using the a channel in Section 17.h.l,

t,e_huner harclvvare in Section 17.6.3, the ain-ficial ,2ereration of
and an interface liar image assembly it Section 1-7.6.4.

11,61 1 a-Channel Coe positing
€ct start of operations can be done in compositing?. The value: of
osited image is computed frorn the component images in some lash

tote pixels of the foreground image must be given transl~aren v va ue. as ~ I
:f the- values they may have (typicallyRGB or other color info c atio a) ~~~ N  
t s:c?nnpesited image is taken from the baci rot nd image Eufless the for t

iontransparent value at that point, in which case the value is tAen frog
tinge. In a blerding of twk) .,mages, the resulting pixel val€ e is a finear ck,

iiii~WWtles of the town component pixels. In this section, we describe t
tt.,whanism for compositing images using such combinations and trailf. ( ~

u se Nye have two Images, one.of a red polygon and one of a: blue
ii1trafls  background. If we overlay the tEvo images with the red poi s gc
Itt interior pciint5 of the front polygon, onit~,the ccilor reel is visible. 'fit POitlfa „E#€ ►
f :rnt polygon but inside the back, polygon, only blue is visible. But %vhat aloes ̀
ttt uhe edge of the front polygon but inside the back polygon (see Fig, 17 -  l
'rc#nt polygon covers only part of the area df the the. rl. If ove color it re; f =., r iS; ,
Witacts will result. On the other Hanel, if Nve know that the front polygon c:ovvl, i

Tricky pixel-

Fig . 1:7: 15. Co€nposi~tlhq operations clear an: edge.- Hasrr rfcr:.:w.
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of the pixel~ we can make the compositedpixel 7.0 P,,rcentredand 30,pe­1*1',-o)1 bkw <uid
much more attractive result.

Suppose that as an imagge-is produced, coverage is recor&.d 'I ht.. . . : . .. .
associated witin each pixel in the image is given an a value represenfing 10he
pixel Foran image that is to beconie the foregroundAement of a c in posited I':

~overage zero (they are transparent); une reAu~mdof the pixels are registered as having c
which constitute the important content of the foreground image, have laiyer covcn,€,gc. 41
{usually one.).

To do compositing in areasortablefiishion, we need this a information at each
the images being composited. We therefore assume that. aloi with the RGB valu,,, m19
imabe. we also have an dvalue encoding the coverage of each pixel. This collccliu~ of.
values is often called the a channel (see Section 17.7). Some types of renderev p~ _,twf I
this coverage information easily, but it may be more difficult to generate for irnw.;.­' 0
have been scanned into memory, %7 discuss this problern briefly in Section 17.t.-, i

values conibine? Suppose we have a red polygon covering one-thi"dHow do a
area of a pixel, and a blue potyggon that, taken separately, covers one-half On'the are:~.i of 
pixel, How much of the first poly on is covered by the second? As Fig.  17.16 sbtw,,,
first polygon can oe completely covered, partly covered, or not covered at all. But .upp..

gwe know nothing more than the coverage infonnation given. What is a rea-s-onab."
the amount of the -first polygon covered by the second? Let its suppose that the
by the first is randomly distributed through the pixel area, and that the same is truc
second. Then any tinyspot's chance of being. in the red polygor. is and its cha e a
in the blue polygon is so its chance of being in both is Notice that this value i.,
one-half of.,, so that exactly one-hpif of the first polygon Is covered by the second. 'I hiV.:
be our general assumption: The area covered is distributed randomly across the 13 :1.
that the fraction of the first polygon covered by the second (within a particular pixcli i It
same as the fraction of the-whole pixel covered by the second polygon. The M
this assumption in practice is that compositing images with very fine detail thal is 

#
P"I Ile!

the two images can have bad results. Porter and Duff report, however, that they ha td~v 1 ~z~ .O, 
I 

iliii
noticeable problems of this sort l.PORT84].

Nkyw, how do we compute the color of the pixel resulting from a 60-40 blend 3 
2 pixels" Since the pixel is one-third covered by a color that, if it totally covered
would -enerate light of (1,(3,0), the color's contribution to the light : of...1be I,ix~

<>>'',)(1,0,0). IMe want to take 60 percent of this and combine it with  Perec!M
other.1yVe thus combine the ROB triple for the red pixel, (1, Ot 0), and the RGO tripk, t

No overlaD Total overlap Proportional
overlao

Fig. 17.16 The ways in which poiygons can overlap within a pixel, In M`":;`.  iicomposition, the first two cases are considereci exceptionals-.1he •Third, is ueatod 1.10*ill.ruie.
...........

X.: ... .......... ........... ....
X X

.................................... . .... ...................................... *.~....... ........................................................ :........... . ................................... ....................... . .. . ........... . . . . ............ .. . . ..... . .. ........ .. ....... . ..... ....... . . ......... . ..... ................. . ......... . ........... ................ . .....................................

TABLE 1 1 1414.!'M ANC Poss eu­
COLOf6 VOR REQONS OF::O1YERLAP IN
COMPOS171M..'~

R<Ook, 
neither
A alone
B alone
both

xxxx::

.40M

Ama POSS*ibli: CORM'S

0~40 aB) 13, A
cej,41
tlAaB 0, A 1 8

..........
..........

49ipixel, i0 0. 1), as follows: We say that

0. 6 ff!.p(1,0.0) + 0.4 p(0, o, 1) (0.", 0

the resulting color.
N,ote that. ,vbenever we combine 2 pixels, we use the product ofi:,w

lor gat each pixel. This suggests that, when w., ,.tare an image (eSOhk l
\ve should store not (R. G, 13, a), but rather (aR, aG, n- , fx'i

ourselves the trouble of performing the multiplicat ons each I i; i-
4. emmfoyth, when we refer to an RGBu for a pixel, 1, we mean

€:ould always be true that the R, G and B components crif a pixel ore 1
a comporient.' (In rare cases, we may want to consider

effectively lurrihieseAdition is violated. Such pixels are effecti cent.)
Sappose now that two im4ges,A and B, are to be combined,

kxkng at pixel P. If the a value of P in image A is (XAand the a valm, o 
v wha~ ,,.n ask fraction of the resulting pixel is coveredby A only,
Olwt part y both, and what part by neither.

MVe ave already assumed that. the amount covered by both ish 
(i,ta,3 is covered just by A, and % — a,3% is covered just by H, Tlm,, .?EE ,

W ws the sut 
­

li -n of these three. which reduces algebraically to (I 
~~100,iqwsitedl image, the area that was covered by A alone might end up

flor, and similarly for color B. The area that %-ds -covered neither by A a
kith no color, and the area covered by both raight end up wifi no Mor• cok)s
ihhh 17.1 lays out these possibilities.

9 With thn,,ow ma. his pixelH, many possible.,ways of coloring t. - theiare
oJ.- ;'.)lors region, two for each of the singlc-color regions, and o€)4 for Ow

twv,J 12 possibilities. Figure 17.17 lists these possibilities.
chest; operations, the ones that make the most intuitive sense (and acv t lk

ureA over B, A in B and A held out by B, which denote respectivoly EU,
t'l ti B behind A, showing. only the part of A that lies within B (usefulAf I

llt}ic). and showing only the part of A outside of B (if B represents, the frwfrie..o. U.
the part that shms through the pane of the windqO

Is

repm WO p.q 
.. 
t le ix) Mf6r I lors pixe,"SAhoseao fixed

:1-MOM ofi xilom. than do thow:Oowa. vghwis 1, R)rte'T <ind 04i's 166ko.wMola0d i.
M1.14049 vah*N "has. beer, of now~ of qxdrofy. for pxell~ with:.. ... . . ......

XXXX

... . . ....X...
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Image lt~t 'sralt}tal~tilt: €# sr'ail 'tsar

operation I quac9r€_ipi~ ~.....`t;a~'`€€n

clear ;A 0, 0. 0)

A (01 A. 0, A)

B (0. 0, 8, B) 0 t

A over 8 (0, A, 8, A) / 1 F"-0
4

8 over A (0, A, AB) t

A in B

B in A (0, u, 0, B',

1'n

0

A held
out by 8 (0, A, 0, Qj -ae 0

8 held
out by A (0, 0. B. 0; 0

A atop B (,s, 0, B, A)

B atop A (0. A, 0, B)

as

1 —cx$ UA

A xor B.
L  

(0. A. B, p) B t —cr 1

Fig. '17.'17 The possibilities for composit€ng operas#carts. The quadruple indrOcolors for the "neither," "A," -13," and "both" regions. Adapted from I.f(Courtesy of Thomas Porter and Torn Duff.)

In each case we can compute, as before, flaw much of each color should sto
result. For example, in A over II, all the colas from image A survives; while only
0 -- aA) of the color from B survives. The total color in the result is CAwhere cx denotes the color from image A (with aq already multiplied in)..

In general, if F, denotes, the fraction of the pixel.from.iirlags_ l tlac till J-ii
similarly for Fn, then the resulting color will be F4cA I,r; . .Ve must also s:ot~tl~l.at=
resulting a value: If fraction FA of A is sb(Ming, and .the.or ginal. contribution of A
then. the new contribution. of A to the coverage is J~aA ;The same goes for 11 lift
total coverage for the new pixel is F,a;. .

:rtion k defined

ich effectively darkens a pi xo l 'while niaintaining the sang   1€
^r3aor acts by

fade(A, S) := 65RA, &GA., cSB,, 5aA) ()
iQb causes a pixel to become more transparent while fls

'iul'iflonents are mull ied Icy' 6 because of the requirement that d"' 
>' l nat0 iplied by the rx value).

k natural third. operator (essentially a composite of these txvoi is Ow oIrsla-pwid,. acts on the a channel alone and is defined by

opaque(A, w-) := (RA, GA, flirt, WQC A)• :.
6a varies, between 0 and 1, the coverage of the background by the 1:i0o £roe, if w is made s€-Hall, one of the color components may end up ko ..upotlent. For example, if .w is zero, then we get a pixel with iohp i l

s;lt' pon'ent. S ch a pixel cannot obscure anything, but can contribute light o. 01; hence. it is called .amorous. The possibility that color coinponct.,s c~ w;fn a component requires that we clip the colors to the intervtil [0, 11 i.11€t:<i;ilia: true color (to reconstruct the color, we compute (R/a, &a, Wcr;i,
w P.-umbers to a maximum of 1 .
One last binary operator, plus, is useful. In this operation, the c:olo.r ;: )r r impoi-ients are added. Thais, to fade smoothly from image A to it?' ap..~% 11,

fade(A, r) plus f'ade(B, 1

et i vary- from 1 to 0. Judicious combinations of these operatiowz M.res in a great variety of rays.
'We should examine the consequences of tine assumptions made at thosl irr f f €Mtwred a fraction Fi by one polygon and a fraction F'., by another, then 11:v €tt :l !:Yo I . s<xithin the pixel) is. covered a fraction F,, by the second. if .the two poly 01W
lap in a reasonable way, this v4-orks fine,  as in Figure. 1.'.17. But if
pixel as parallel stripes, as in Fig. 17.13, then the assumption vl €€ ;ii.j<Ltmetrit entities are being composited, this problem is not particidarly i€s I; io o>

hiq> '17.'1 S A case. *# Oro tt overlap assumptions
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However, u'Q€en repeated instances s of an
happen frequently.

To illustrate the use of compositing. we describe the composition of tlaa:: 1€ € €w' l€~,atiGenesis effect described in Chapter 20, and shown in Color Rite IV. 14.  In diizi ca s33,are four images composited:.fFire., the particle=systems in front of the. planet', Ill;rparticle systems in flack of the planet; Planet, the planet itself; and Star,.. the last;1star field. The composite expression for the image_ is [Pt31t.T84,._p.: 259j:
(F'Fir'e plus (BRre field out by Planet)) over darken (Planet, 0.8) over

The planet is used to mask- out the parts of the particle systems behind it and the a::i:a€s:tadded to the front particle systems. These are comp osited over a slightly darkened ; pllW ifs.(so that the particles obscure the underlying planet), and the result is placedbackground star field.

17.6.2 A ternate Compositing Methods

Let us consider two other mechanisms for compositing. The first of these. is to s.:s, *oimages in compressed form. (e.g.. bit€naps that are stored with 3 pixels per byte), b, svery simple operations (A over l3, A and B, A xor f3) on the compressed form':?operations are simple to implement: For any two possible bytes, we use a ~itw€tip £tl.i rfir€in hardware to combine then. in a tnoro sophisticated version, the algorithtn €:xrextended to handle this sort of compositing on run-length—encoded bitmaps.The other compositing technique uses tie fra- me-builer hardware. to inr'ipb. 'compositing.. Consider a simple example. We usually think: of a 3-hit-per-pixel bit:i)rricontaining a single image with 3 bits per pixel. However, we can also th€are+:containing two irr€ages, one with 2 bits per pixet and the other with l bit per pis,d' xthree separate images, each with 1 bit per pixel. In any case, the look-up table isselect or combine the separate images €o for.n~a a singie. composite irnage displayed ii€ lj .view surface. For instance, to display only image 2, the image defined by the hi„h"01of each pixel valve, we load the table as shown in Fig. 17.19. To display image {I thi

L" tl?l)i3 t€. al atop toxin: ir.Tl .€Ili'1,

Fr:£ v t?cin3ber Entry number
Wi cimal) (hinarv)

Contents of look-up table
(decimal)

0
1
2
3
4
5
6

0 0 0 0
0 0 1 0
0 1 0 0
0 1 1 0
1 0 0
1 ft 1 't

black

1 l t? 7

c 7i i white
E E E

-ig. 17.19 Look-up table to display an image defined by the high-order)ixel.

a

MIM

£.`f3irtLrat:t3 3s , ,.};if
 €;i£ r.iar€:rl r 

0 1 0
3 {) 1 1
4 1 0 0
S 1 0 1
6 { { {} 4

1 1 1 5C.

E

()

2
2:
4.
2
4

Fig. 17.20 Look-up table to display a sure of three 1-bit irrft

IN

tdlned by the tow-order bit of each pixel, we load the table with a 7 in those lm lr€c t. the low-order bit .is 1, and with a 0 for the other locations::0 7, {3; i, U "< ; ~. >> lisplayed ima- gi is to be the sum of the three images and if each image that i,, ̀foW::W is to contribute two units of intensity, then we load the table as shown in Pity• i tt'of the 3 pixel bits is on, a 2 is placed in the table: if 2 of 3 are on, a 4; and if 3 of 3 art; ii.

As another example, think of each image ~ being defined on parallel planes, a* €tr 1 i1 . The plane of image 2 is closest to the viewer; the plane of image 0 is fartho ts, irtaagc- 2 obscures both inaagr s 0 and 1. whereas image i obscures rimy irraagc:tl;3Wit.> can be reflected in the look-up table, as shown in Fig. 17.22. In this case; inrfrt~}: titfrlayed at intensity 7, image i at intensity 5, and image 0 at intensity 3, so th;t €rrr riff"€:Miser" to the viewer appear brighter than those farther away. Where no image rs;i'Ir lrrrf =1.:,inionsity €} is displayed.
Yet another possibility is to use the took-up table to store a weighted sure:€ Of;t~€lsitfes of two images, creating a;. double-exposure effect. It the weight applied rr,€itz £gja is decreased overtime as the weight applied to the other is increased, we actiie o lr€#;€<r Iv-out, fade-in effect called a lip4issolve. When colored images are used tbt £fit=>'iir:lllayed di€ring the fade sequence depend on the color space in which the weighted art; r r;>.'flct€latcd (see Chapter 13).

Plane of linage 0 .
Plane of image 1 .

Plane of image:2  

Viewing
direction

17.21 Relation of than images lo. [l"€ewi wi€ g direclion,

LG-HISENSE00050071

Ex. 1018 - TCL Indus Holdings Co., Ltd.
TCL Indus Holdings Co., Ltd. v. LGE – IPR2023-00461

Page 22 of 36



M 842 lm- ge, anipuN.-Altm) ;culd StOrai'.')o

F_ntry numbei~.: .:: : .:E bor.. arrt(aitts'.(rf 1c ?k-eat`-eat`t.abkz
(dec(decimal) (binary) 1,decimal.) ...........

0
1
2
3
4
5
6
7

0

0
0
0
1
1
1
1
C4

0 0 0:noinlago pm"j"nit
0 1 31mage Q visible
1 0 i image I visible,.
1 1 5 image I visible
0 0 7 image 2 visible
0 1 7 image 2 visible
1 0 image '2 visible
1 1 7 image 2 visible— 0

.....................

Fig, 17.22 Look-tip table to assign priorities to three I -bit lrnages 

Deciding hove to load the look-up table to achieve a particular result can be tee—
especially if m a- ny, images are used and the table has many entries. The linage Compt'
Language (.1C.Q [FOLE87c] allows the programmer to declaie images (made up ofoilm,J10
more bit planes) as variables. The image to be displayed is described by a
expression consisting of variables combined by arithmetic, relational, and condi

iCL with thoperations. The lap-dissolve is specified in I e express on

newfmage~* t + oldlmage (I

in which the variables oldhnage and newhnqge are images in the bit plane and I is a siw-,M. ..
variable varying frorn 0 to 1. The following composition expression adds red (the
braces are RGB col 4. Xor specifications) to those values of an image c in the range [0,0 O l.. i#Eii

...... .................................... .........

and green to those values in the range [0.3, 0,5]:

if (c < 0.8) and V > 0.6) then c 11,0,01
else if 11c < 0.5) and (c > 0.3) then + 10, 1,01
else C

endif endif

This short composition expression. replaces, a code segment that has a const..M.W:

...............

number of lines.

17,6.3 Generating a Values with Fill Mechanisms

In the preceding section, we described compositing images that come equipped W44
rkr,?ienangel. What if an image is produced b is y scanning of a photograph or p deil ))vo

other source lacking this information'? Can it still be composited? If we can. gencrJ k, IM
channel for the image, we car use that channel for compositing. Even if we merely ... i,.......
a value of zero to black pixels and an a value of I to all others, we can use the
algorithms, although ragged-edge problems will generally arise.

Recall from Chapters 3 and 4 that there are various hays to-filln%gions of' an Inq 
. 
g 

. 
C 
~­, 
* 
H

new values. If we use a fill algorithm to alter not the color of a pixel: but its a valudV
assign a values to various regCions in the-imagic, If the 

colors.. 
in tliejmagc*. rd

ground and background -tur -trson stond
fore, t und fe.g_ a Pic e of a JX in$ it front of a Mato

. . .. . .  
.. 

....... . ....... ......... . . ............. ...................

at image, For a bitm s valw~ is_ 
t e ~ a associated wid ~ul in ft ap Wy-i~

173

to fill the backgw iod ,vith its arigina'] color txil a-; s po
Iz -i-likin acid Baoky givc ~m 1~ ~1 al fm fiyr I 1"o

v'~ I " 1 0 sow: kA o
thAt am either entiteiv OriNirlially inwW up of some color [FISH84], 11'0 Ow di ~Ad:
gorithm, :see Section 19,5 , 31
Of course, applying a seed-fill algorithm (see: Section .19.5.2'i i, boss fNltckoround is not a. single.connected piece. If we attempt to

allplying the Fish in- arskv criterion forsimilan v to the background i.,o ;-n,
omige, items in the foreground whose colors.are close to the backggrmod coi €
McOrrectly. (Imagine the person in our example, standing in front of €.i who,.: k

iite writing on his green -shirt part of the background'?) If we try ioT
-parate piece of background, the task may be hopeless. ilinagine om,
Aqpose that the background shows through his curly hair. There m4iy bc Ow
background regions.) -Nonetheless, a soft-seedfill of the background €ff do €O Qf 1  W
v:ilues makes a good preliminary step, and for simple images Can irrtl3r f.y, r <4 0
fhv approach of assigning a values of 0.0,or 1.0 to:: even,: pixel.

17.6.4 An Interface for.1mage Assembly

I krv­ are the tools used for compositing and applying geometric mw fol t
Color Plate IV ,19 is described by a coi

w~.d n practice" An image like 
Ix rations. The Lompositing operations such as, A over B can be

where the leaf nodes are images and the internal node,,,.,
ol)erands as childnodes. But before the images can b 

. 
e cornposiwd, the,,: 0''arr~ ells. This requirement suggests an image-assembly tree staik.um

i1ernal node is either an image transfon-nation or a compositing,
node is an image.

Such an image-assembly structure can be implemented in a conw~fut.,ol
i n 'which the user adds nodes or moves pieces of the tribe with a mow,,,e, ,I o 
i .so ne node to view the image described by that node and its childw,,. 1 h

it tural, merely showing the relative positions and sizes of the child i€ o w.
nt. On a workstation with limited color capabilities, the view can be :4 ih ihl 

-,rkstation
die true-color image; on a sophisticated wc it can be a full -sizcd
tge in full color. The structural view can be extremely useful, since the w.",

goometric transformations in this view by 
. 
.mouse 

I 
dragging, ehininafin,exact coordinates for geometric transf6imations; of course, ffie ability i.k co€,:

c,>(Jrdinates is also esselit ial.
An image assembler of this sort has been developed by Kaaffinan K Al., I

more sophisticated image assemblers, form the core of the vide 13 
many of the special effects seen on television.

173 MECHANISMS FOR IMAGE STORAGE

When we store an image., eve ate storing a 14D array of- va.1me5 WE# **X.h d
. .....the v.alt.w. n3~~y ~xfflwmion 4ir ih~=, numb-CIN4T ­ ~

green, ,md [4AW WA Owmiar.
0 &.1. 00 Ut
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indices into tables tof reel., oreen, and 1:'lu,° is€t `r4,i;i;``, ,'•: <1 >,i£F;`l ' ̀F3.1fi's = r 31F,tt 1,,, ,yfi

tntaatableofcolartra{les.,.t~rar~zt€ti£~.~ €€S€i a.i;.3V=;f:? £3L33FF t; f.=€ .'`€IF:£ f~a"a

represent a color, including} CIE or X Z color sy:.toms, or even a c ollccoon r.3€ 1oui

Spectral samples for each color.
In addition, each pixel may have other information associated k~ hh it;~ sus .,h <£ f€f<

z-buffer value of the pixel, a triple of numbers indicating the not rna.l

that pixel, or the a-channel information. Thus, we €.nay consider an ,€iii«e i; i t~ ••3::€; f i;: =,i

collection of channels, each of which gives some single piece of €n€orniabon ;.i(s,}Lf€

pixels in the ima e. ̀ Thus, we speak of the red, green?, and blue channels o aF€

Although this idea might seem contrary to goad programming practice., in ,,,lii`. lf

Learn to collect information associated with a single object into a single data sini> €€f=::

often helps to separate the channels for convenience in storage, However, swiw ii Fr, r.I3,13,.1:

image compression do treat the image as a 213 array, such as the quadtree civil
encoding schemes described later, so separation into channels is snappyopriatc,

Before discussing algorithms for storing images. as channels or w-rays, w 
important methods (-'or storing pictures: use of the n eigt ile. acid use of iapplic'auion-il,.',rf=.'-w;

data. Neither of these is, strictly speaking, an image format, but each is a nie3 hnl ii"'.m

conveying the .information that is represented in an image!
If an image is produced by a sequence of calls to soree collection of routines. a F£ 31'€ <1tf

stores this sequence of calls rather than the image that was generated. This seilt£ilh c• 1A .. :,

may be far more compact than the iinage itself (an image of the Japanese 13:t : ­.w 1

produced by one call to a rectangle-drawing routine and one call to a circle-draw in mw

but could. tale several MB to store as RGB triples). if the routines are sufficiently Nw!>€,.

are implemented in Hardware, redisplaying a rnetaFrle image may be faster than

a pixel image. The term inetfatrle is also used to refer to a Bevice-indepei~aint {ici'e'r ilf€€, < f <:€

a standardized data structure, such as the Pl-iltiS data structure described in Chapt,.`£ h<

store an irnage in such a rnetaf€le, we traverse the current data structure and rcco;•d €11,.: ,€:f1

structure in some device-independent fashion for redisplay later. This description €11;14:

not a sequence of function calls, but instead a textual transcription of some

structure.

The second storage scheme entails application-dependent data, if aw <tl?l:slit,lf <.

displays a particular class of images, it pray be convenient to record tits, data frow .S 011:­.

these images were created, or every differences between the data and some tandfinl ,,.'€ ,J

data. If the images are all head-ors views of hunian faces described. as polyg, on;. €t £ wf',,

si.mpter to store just a list of those polygons whose positions are different from tlactl' P"',

in some standard facial image (arid their new positions, of course). A more extrcim- `::`::

of this sort of coo-3densation. of irttori-nation has been use in the Talking Ht ads prcq'Ot:3. :3€ H€f

MIT Media Lab, in which only the positions of eyeballs, tips, and othci

are stored [BOh.T84). At this point, image description becomes moot: t?1'

description, and properly belongs to the domain of modeling, rather than to that :s1
storage.

1 7,7.1 Storing Image Data

No,w let rig consider haw to store the:sort:.Of imnwe that ctsn>:Js€s of i'it`F';il ;'1:;;£FF£f'1•'; c,1 :.110:1

If our displays expec€;:to.be l~ivcn £nforrmatrft£a ;.F i} FFi£<t,.'.,.' in Ow °Lsr££' if€ P:..At 1-wh":

.'f ., it,` ?~t11t'€ f.t);'£''~£~Si€i•,~£€ 
t£.

:,t~'3F'£' €li 3;i'i^}:> :f t'~F :? < €f £i'- , . . ~>3F~ €~ '~3:1"s' 7' ;F1 
,' ~'_;...~:,.:

~ '~~€t`F3 €li,.' L'.i',~, tf £i:F1 f€ £F F;F~. < ., ':tiff F~F ff '-. 1 ; f;' F. i,t ci <£3F(.?}s.':.:-•, €~': t' t13<}}}£~t'1`, £1F :~i<

'<~:; , <,;.<t'1i:'r: r.51 i:t iaFFlr'•F'L"~`<£i?i£ FFitL:€ ~?.:. ',, :`€,'rf3.',.1 ;Ff°;€iYi ~t €Jic LL'`~t cif a?<; ~:c F€`f3>f ~. :, . <f: S S>;. f: <. .. .

..:P: F; -̀.€€t ;ii L`i1 i1iL: t:LamPr.'i:;€`:?Fi €t'.c:i£€FFIUc. Hw Ii keiv

1 3t<; l1 ull of these rechiiiqucs apply equally- well t:a my c i<f;i.£3:1 a
n will be couched in, terms of color channels,

in images l--btatfe.r, normal vector, and tither infonn,rIiu;i J~,££ts.:
1 1' an in-.age, has tees colors and each color occurs wany €€€1:,

:.:a sloe✓, in which them may i9t only black, dark l i'ay,.light ,F<:.,,-., a.F££ i `•2£FF€ .': : € : ,:<':
=:awhile to make a table of colors that occur (here;::the tahlf 

f t€t:c,O, and then to rnake a sis`dgle channel. that .is an index €mo tl?i4 c:c31s -3 r .ti,1< 1f

1,1,"paper exa€npfe, this single channel would ✓welt only n bits of sit:=UF f1;.;€F,
;£'.:.r than perhaps 8 bits per color per pixel; the resulting innage i~,

j i`;, In pictures with riiare colors, the savings ar•e less substawhi l;
ÌF;'F'i' e ach pixel in the image is a different color-, the fools-tap tabic, is ;i'•; 1<f£ . • . f €;<

have been if stored as R.'sB triples, and the .indices into thc l3F=.+l', f.£ 1 3 F;F fI<

c :space. Roughly speaking, indexing into; clock-up talale la g ri:'; t3? 1;,` ;4.f 3"Fi1`. f f. . <1 .

C )er taf colors is less than one-halt the number tat pixels. f „£F:£sc, £€ '.Ft i', ,y<1'. . ,,< .
the image 1vorks by rising look-tip tables as well, is may he ,. av,wf 13,; : : .1 '. .

'he image in this fashion than as .RG13 triples. Typically. -t?c1£ 1£<£F k1 _
n jklc,t space for the took-tap table, about 8 to ]'I bits per pixel.)
This single.-channel approach still rewires at least one piece of iaFlt<< £3,.3€f< ,,;

€ € :1-. image has a great deal of repetition, it maybe possible to tt3'ul'o. `.,

fr r: rh enc, Birth' a channel. Run-leng2th encoding consists
1£:':,, the count indicates the number of times the value is to be rcpcimtu f . H.,
F € Raster'T000lkit [Pl "TE86] includes a number of improvements m £13: , €:;3
o 'J!i ce. the count, n, is an 8--bit signed integer (with values —'1;28 tn;.,ou,.,h 1
­M ' indicates that n pixels' worth of unencoded data follow; a

1 11 :t the next piece of in ornnation is the value to be used fac n 1 1 p 
3:pio ementS might include reserving certain negative values for sp,~n~ i;£1
3i ><at indicate that the next few bytes of information give a scan lini! a:"£F3.1 13. ~ <£r;
j€.ir rp ;ira carder to skip the recording of 1ar-ge areas of background el'ol `r:f, ;F f,1
i—scrved to indicate a Ju np to the start of a specified sc, w hn

is length--encoding scheme at worst adds t byte: for every l:2 E3 "ti'..ilr.it; : ;.a
1 :<€t i 10 pixels worth of unencoded data follow), a coast ;.of about 0.' 5 1 oc, • Fi€

:tsr g bits per pixel fcor each of red, green, acrd blue, In the best ca'-c, a.}£3 :££;..3,<< }: i :`. €: f: : <
r1- have the same value, the compression would be by :i
h of values compress to 1 pixel's worth (.24 hits, in this
anothei bits.
f"here are other clever formats for co.nipr'essing channels. l'i3£

t uc of each pixel from a bitnmp in an integer (as a 0 or 1), btF€
":-T would be wasted. Instead, we mi lit store one pixel vc'€li:€c: ; n i:.:: F 1' Fr AH: .
o' rile terns biZr ao). 1't tho imagc. being represented

'1F`-, 4:'~3_3z•t'.' ~v3cltla i.. ,.i 1<£a:n 3£' <, ,1 Y , tl:<.'fF 43,-. t' ~.:ain ~f7cF'1C?i'tFF <f ti}7;FF :3£ ": £.iF3 3;':3;"f s ;£< < :, €.;;.. .,

.:od i''F;' },,,,X€

13i •'.: 3•, :f1 €li,.` 1'}€£"f F,: ', f3:', .`3; F f <., ts.

f €
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846 ]€i'f€qti'

ordinary rein-lengtli:encodinM> for iv,,!o£' t1k),.:k € vf'•,€ lx5
for any compression to tame place.

: Standard f#1~d31i.It<f€€t3'#t-€lk+.'.(?I'' a#;crs't;.'t '?f;,'. f;>€1i1-length encoding ~ and other: tlir 
Hu#Finan encoding treat the image in channels; which can b4 iEi7<i.Z6~ .11.f1 as
values (although multiple chaniels can be considered a single large,'channel, .,c, €.h;.i€ 'S,€
rur€=length encode sets of RGI triples as well).:Othei.met#rcxls tr;aE eh.: ir11c€` <.i ;.€ I
of values, and hence can exploit any inter-row coherence. One of these technxl3Es,, 3 
on the use of quadtrees.

The fundamental idea of the quadtree-based image. descript€on N that a r, -̀,f: i
image may be fairy constant, and hence all pixels in the region can be treated is
same value. Determining these near-constant .regions is the core of .he algoritluo,
algorithm can be used either on a single component of the :image, such as. tie. 21. €:€.€ oq,
red values, or on the kggrega€c value associated with each pixel; for sit. pplicii r ,
describe the algorithms for a single numerical component. The algorith€11 rt:=.,:li€It'0
mechanism for determining the mearE value of the image in a regioii, and the. "t;:ol
deviations. from the mean within a region.

The image is first considered as a whole. If the deviation FrcEni the mean i€1 the
sufficiently small (less than or equal to some nonnegative,tolerance), then d
reported as having a value equal to the mean, repeated ov€;r the entire. ii:i;gae
tolerance is set to zero, then the image really. must be constant'-for this to
deviation from the mean is not s.tnaller than the tolerance, the mean of : £;
is recorded, the image is divided into quadrants, and the same algorith#i. is <fl?

each quadrant. The algorithm terminates because repeated subdivision of
tually breaks theirs into single-pixel regions, if necessary; for: a single-pixs.l
deviations from the mean must be zero, and hence is less than or equal ro '<i€14` €< '<€<'€
value.
We can improve the algorithmby recording not the rnean cif the image.,heft r; iiwi

means of .the four quadrants wheriever the image is subdivided, and the iriea 1 of tli€:s
when it is not. The advantage is that, when the image is redisplayed, if tlx 
parsed breadth-first, the display €nay- be constantly updated to show more and i'€'iti?
images. The first image is four colored rectangles. Then, each rectangle is Iil£C f': ff 1< •' ::€.ni=
its color is refined, and so on. In a. system designed for scanning.. through a la€'4s;s sit€€if ;>€'i
images, this approach may be extremely convenient: after just a :fe'w bytes of i i i €, o:
have been transmitted, a general sense of the image .may begin to.. appear. and €ha%, :?`,t:
choose_ to reject the image and to move on to the next one. This rapid detection ,,, €
of are linage is especially- . useful if the images are transmitted over a llow,bw

communications channel. Quadt'ree compression of images ' has. been eNl>1
Knowlton, Sloan, and Taninmoto [ICNO g0, SL:Gh791, and the alganthin has 1: o i
refined by Hilt [HIL 83:. Exercise 17.7 discusses other mechanisms for Nil.
quadtree describing an image. some of which may be more efficient than d-io wie >:iolp'
here.

't 7.7.2 Iterated Function Systems for Image Compression

A second image-compression algorithm is based on the sotiL?ii::rlt Et,.;r:,it£wd;;iia€1c€ic'>r;
i'IFSs). In this case, .the compression :factor cars. be: extre.rcly high'.bias €1'1ci

...E . a.lic, f< '.' ~ h .?. ¢ f,.,. ... .. .. ,8. 1 '~ tti ~It< ̀l.lte t1r•ts<Itni3
HIM tzia'

M" ,_,,..,'. S .i..€Y 4€. norldestr€ ct€v4 L't)'Tf11.f€'~C.";.S10€1 €5 :#~?3. #3'is,.:j. the ~:3jgco€il3i?IL,' '(?rini #pli'. ' :;f,̀::: €:.M..:
II tz€IctE are compressed. others must b#:, "1 .sanded by sorrie sees>de. t €2ii>Ei€7i € ;ii

: w., urie-to-one tim } iii of all n hy'i~tC arnays €.o ul]✓ bv: €r. '#' :vs ,~';'ic #' p 1~ n1. r # .
aciv<antage of 9 g. the IFS technique is that images with substailtiail
oae1 that :are compressed, whereas those that look like noise, ;.i c € ,o,.' <l i.:: €i,>

'),wiled.

An IFS code is a finite collection of ahine reaps {w;, w f <'i €if:.'.
z[ Jiff with a probability ,,p€ associated with ivi. The maps: must be < ,r€t; r "' ';.. ``;
s0t.i'€race between points must. be reduced by the maps. 1r ti:° "'

is described in jl3ARN88ai). ];:Beall that an affine snap <.}l €lit' l?l;?;i>> € :
t;bnnula of the form

W
X

Y
'a c1 Tx' + Fe-.

dJ }'_ ~_
t it is entirelv determined by six numbers, rr, b, r:, d, e, and t: Notice
Mist combinations of rotations, translations and seal€ngs in the phase. Th >

1€::~Y be contractive says that the scaling factors must be less than. 1.
Frte next several pages give a rough description of how .to produce >i

Oat :iii IFS code; the method is easily generalized to producing threc
#tu th = IFS codes, that can then be used as the RGB component,, t4€

:IARN.88a] rises a somewhat different scheme for encoding color.) his. ttt
tiotge from an IFS code is essentially- this decompression part: of dto ll^ ,ik'oOtb.
iscuss it .First.
Consider a rectangle, V, in the plane defining our image, and. i€rii€` ii'res i'' .i, i l

l sf r1#igular grid whose subrect.angles are .. .. ;
? yc. that remains fixed under one of the snaps (say w, without lo7s of

Now proceed to apPly. the  maps ti. w, it, fairly random order (dciera-1410 » :̀i. >:t:" b abHities pi), and watch where the point (xo, y'„3 is sent. We use the n rill:
s in l%r 'for each i and to determine the eventual brightness of pixel [i> J .iii :D.se€idocode for this process is shown in Fig. 17.23.
lie.fore the last step of this algorithm, each irnage[i, •i] entry indicai,,~s I€o,,=:

Ming point, in the course of being moved randomly by the aflEne n1<.p' 1'M':
f . Jlth ,>quare of the image: For this nunxiber accurately to represent
Wo the square over an infinite sequence of steps, the number cf iteration, o rli>' : is<,>f
must see eery large: K should be a large multiple of the near#b€;r of pi Is ii< € f i 

l'he effect of this algorithm is essentially to create :a.pictuxe (it: the our: :r; ir' ; ?i € €;, 11
It sattrac-tor is a set, A, with the property that, if all the afine gaaps. ire .apl hkxi i.t.t
results are combined, the result .is A:

Sri€ ci :l:' is €hw^~:~~:}~ .<': ~.
:;.`. .. a ~~;. k.... .;(~ 1 l r a €i€irt>;hot, ;1' frff?ri a1i€:f€r t f s:(+ie ~i€ <€rL 1iae

Firs Nan must <_ontain #:'€otv €t;aif€
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t' of of uj "stor',t 0

Vold IFS (a'oulaleintage.[,rYAs~'ri.4
i* Giver a collection of a'ftane maps wi, with associated p -obabi(zties rt,. ~ l/* which are global variables, generate a gray-scale i.mage...4

int i; j;
int m;

/* A location in the plane *1
/* Loop coulters *3

IniPiaiize x and y to be afi edpoint o; w•a;
Initia e hilageli} t to O ftir.aii i and j.
for (i = €3; i < Ir:; ili i-1 ~

double r = Randorn (0, 1).
double total
int k = 0;
while (total < r {

k-++;
vital ,, = [kj;

j

apply (k,x,.Y)>
for (each i, ifJ€rir)

if i.C.iesln (.x y, i; 1j;
image i

}

i~ LA random number 0 <= r <. 
x Probability tally *t

A, Apply wk to the point (r, v) *1

I* TPUE if ;x, y; is in Via T

rn = rraxirnuin qf all im age[4 J entries;
for each (i, j

• 

l PLil'Y)

i3YlCCSfJ~:Ji l~'" Fn,

Fig. 17.23 The iterated function system tendering algortthrit

The set A consists of the places to which U., o) is sent in the course of itenafln! th , JSome places are visited more often than others are, and the likaliho€xl of ;ivisited defines a probability zieasitre on the set. The measure associated with F ; ri Il ti'is if a point, in the course of infinitely many iterations of the maps; fipei:tl:,'` rtA~,of its time in the region Q. It is this probability treasure that we me t€ lirL to sit ' ,t'.i ttato pixels.
Since K must be so large, the time spent in reconstructing an iinare from an [K.--

substantial (although the process is highly, paralleltaali:le), What aboti€ s1't•,:1'ati€i r,Et lfrom an image? To do so, we must find a collection of atone .maps apl, tlx:. I;I,.F€r €, r a€:the property that, after the affine reaps have been applied to the tirigi.nal. izxia e, €iris :€lthe results "looks.. like " the—original i.nt •,, Figure .17.24 shows h()w ti, €3r<.EkQ z.

~s3~tr£a~l$s#P$3a.ta$:EP for I$~§.-rq'v Sl: 4af"f - tl °:

1724 A leaf made as a collage. (O Michael Barnsley, F
dernic Dress.)

brig four (slightly overlapping) simaller versions of the leaf and rF'F ikiF' v
I ll>rtt.

The collage theorem [BARN88aj g€tarantees that arty IFS that us s €It:
iw attractor that looks like the original image. Choosing the probabiM ,, <

€vl agge.S the brightness of the portion of the image: coming from r€:;. Still:
tit' into an IFS code, a User must find away to recreate the original
We subiiriages, each of which is an atfine transform of the or-i-Ji A.
iously mentioned geometric problem to be .solved by the user. Barn,,-.

ililkat this process can be automated [BARl`e88b]; until a mechanism fE.v
[ligll€ , the technique is hardly usable for compressing large numbers of
it modeling interesting objects, however (see Chapter 20)-color V:-
f€div lnrest modeled with an T S.

7.7.3 image Attributes

we store an image in the conventional manlier as a collection rrf 0t*qtr
airily must store information about each pixel—namely, the value
1. pixel, Other information may be associated with the image .as a whoh ,
height, and any image-description format roust include.this kind ;;4 i rd6ri;
; insufficient icient to allocate a few bytes at the start of the image descril1€F,
ot, experience has shown. that other image attributes will arise, Type,, s.rl
space required for look-tip tables, the depth of the iiiiage .(the ntt rib rr of inFr~rl efa>

l tipies►, the number of channels that follow, and.the narne:.of thr cr,•:=t,,f >!I 6*.-*-! t 'z>Fg
t accurate color reproduction of images on other devices, we. may ay ak.o ',~f z£ + 
wince spectra for the pore red, green, and blue colors..used to txiake. life F :.f.
is:titif:„ of what gain.tra correi lion, if an, has been applied

need to store such properties has prompted the c.reatio'n of tl -JN ,
f ;lt :'S LF791 and BRIM (derived from RIFF [IvEIE-831, which arc.

a€abaw systems- In BRUMl .',or example, an image always hm:it w,fl?'E , .. . . .
or: wid also a "his ory field, ,vh.ieb describes the:: cat.i.trt~ of €l ,

Ii(i cation s to it: l' r FIFs udd4:Al 1. .:,tin add the.ir own: signa€€ire <,E,.. . ..
lary. field:;-A) the€   tti rt aticall €pt t.€i? to sl,.t€.. , l i >:F E
[Wtin of: a typi-. Ed Rl," O ho" a.rt.:amapi '
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tlit~ ItrtEi~fs;a I~llztttltatrlaatlrst oe€>t>r~;<: 'll rg~

TYPE. €string, 51: AR A:: .;.
FORMAT fstr.4 ng, I 1 lCR1AI ̀ ~~
TITLE (string, 31): Mol.~,cu.la., Modeling introo Frarid
NAME (str` ng,. 277): Char..:les Wia ton:.:- 4.4'; <:f , a.,.:.
BATE (string, 225): Sun oct 912:42-16-1988
HISTORY (string, 82) : Sun Oct 9 12:42:'16 _'.958 cry RAY,/.,./:
00033: Sun Oct 9 13: 13: 18 1988. or;.q br .Er_co aver':.
DESC € str irg, 21! A r ay-traced picture
IMAGE.JIMTH (int, 1) : 640
TMAG -HEIGHT {int, 1) : 12
BRIr VERS_T,ON ( in , 1)
CHANNEL-DESC ; st= in g, 21) : RED GREEN BLUE ALPHA
CHANNEi_11IDTi4 ( short, 41, 8888
ENCODING string, 4) : R=

Fig. 17.255 A BRIM Meader for an image.

Many image-handling packages have been developed. One of the rho-t Zvidd,, w
the Utah Faster Toolkit [I?ETE86], which was written in f airly portable C so tl£,£€ €1£3
tools can be used on a number of different architectures. Particularly troublesome
designing such toolkits are the numbers of bytes per word and the ordcrin~3 of bvto, w i d l
word.

17.8 SPECIAL EFFECTS WITH IMAGES

The image-processing techniques described in Section 17.3 can be applied to an i
generate interesting special effects. If an image is processed with a high-pass filter,,, i
small details of the image remain. while all slowly varying aspects are.
processing an i.€aaage with a derivative niter, we car: arrange to highlight all I'€>itiit
sharp transitions occur. Filters that reduce all intensity values below a certain hi $
increase all other values to I can be; used to generate high-contrast images, anil . =E

A large number of vireo techniques can be applied to. blur images,
slide therm off a screen in real time, and so on, Many of these effects are created by 4lxi:tl
electronic hardware for generating video signals. and modifying the signals its €I£t;
being shown. These techniques all lie in the domain of electrical engineering r£itl4v:i' €
that of computer graphics, although the combination of effects from both disci,prl'
fruitful.
We conclude this chapter by describing a digital technique for simulatir tiE o€4 4

If we paint the shape of a neon tribe onto a black background; using a ,art"fativ,
(antialiased ) brush of constant color, our .image does not loop parti.calat ly ex.C..€t
suppose we filter- the image with an averaging filter—each pixel becomes thc av ast
immediate neighborhood. If we do this several tunes, tfl€ edge s €3f the b<irtd we h
become blurred..if eve now filter the image with an intensity 'mapping filter Ea
those pixels whose intensidies are above some threshold and duns those W
intensities are lower than that threshold, the result looiks quite a. lot like neon eti F
another way to produce the same effect; see_ the discussion of antialinW brush tl€

03.4. " SUC . ~ ~   
1 tom.MUM the "£lean gcx~I~it€ 11at ' :

l l;tllk 'e£ aX€spreat;'

I V9 SUMMARY:—

haw d4scussed several techn; ues for storing images inc iidil""'.', z➢£41;' €IB a4 ;I >
pi't5?lai£itrliri considerations'multiple channels, headers3, and; ><f€:lt' €l4>:€l:

s or ease of trans irtissioi? (quadtreea; ITS,,,
0 tp0 storage formats, including a nuiriber of corriir#erc al fbr£ i 4it€ • ;'t f1 EEl` a
00h e of being the "standard." Given the'di_i"E'eren es of tlpin4it41
'qor €€ k'rmation that. should be stoned (should it be just R(18 of 'h;;,4 id

4€Elti fie spectral samples?), and about what: info imadoh should I),,, pi ' ; ;(
lioold z-Duffer values or a values be stored`I), we expect no  Milo

=lve for some time.
We have also discussed geometric transformations on imtpC.." i;4><Jil4iluol

:riffirris with filtering and the necessity of 0666rming the lilt i£€4t! E >;
nations. The number Of interesting effects Po. sib.le with €E 44E<;t;=4 ;

W: surprising, lute to the fiheri.ng used in such transformati<}€? :. l3 „ 
0ormations can blur an i.inage. Transforming bitmaos involves otl3<,t tl'• IE..
tray scale is available to soften the aliasing ar€:tt?zi t$ that arise €34
simplicity of the data; however, makes .it possible to develop w,.£ 
%̀e also have discussed image compositing, which has bec=3rne M 
for generating complex images. When the e: channel is used, col- nlE:::,i ; t€

tins at the points where the component images overlap,
scln:e high geometric correlation. If rendering, speed inc:rc acs €o €:

#>*- aerating images is inexpensive. cornpo5iting ntay cease to be a , 4:`E Ik8
?w is. But if progress in computer graphics continues as it has,

sird:vare allowing more complex rendering techniques, we should
IMUv to inmase, but the ti€m-per-lr rage tt~ rernatti ap~T€`Ct.~.€matGli' i'i~£''-<I<wi ~ ,:
huuld expect compositing to be in use for some time,

ids° it i;3 placed ovo , ;0'ik €hC

XE CISES

I Show that the product of the r£Eatrices

I

st;clly

€} : -,1 0
1, {3 Cos 60

ieS(e) Sin(ik~

L7­sin(s) co  . .

%ci3*(iE 4,E

I

.. €ski tllis resuh to ,ŷl?o hojv to C'rS'dEto; as of"Ition i tap ,it'°r'1 5i ears 'wd ~t:,E i.i ~ £>s&, ai A E :iI€l4:ribe a p€xina i^rS,tatrii i kl sr tFtil d€xrts c d f'rc nl the '~ ei nak. algor€€ra1.R i € lira
!̀ m" ~,y'i£ &" yo i€ cream a ~°i4+c€4w'. tyle t> imla€ioll iIl}~€3€`lthr t ~9t3~419i~€ € t4 ~iIYtYYt~i f ~:ci~ 
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Advanced Raster:
Graphics
Architectum...

Steven Molnar
and Henry Fuchs

1f ii-,1:, chapter, we discuss in more detail the issues of raster graph€cs sv'4t:€fl • ~}1r.h** '
'f €f•:; used in Chapter 4. We examine the rnajor cor€ potations per ormo.i 1;;=~ £ € ;r .< ,~, €< .•,;

r f :; the tech€piques that ca€~ tie. used to accel~rate them. Althou(7~ €he €-z}} f<;: ; 

and algorithms is 'ride, we; concentrate here on arch itectur -. f"€~ l€'-<~:1;:{~• £ ~,~ > i

k,-gor€al models. since this is the current focus in high-end systems and i5 1t'

' € "terns that: support more complex primitives or rendering
€phics systems architecture is a specialized branch of computer ar I lecai€
therefore, by the; same advances in semiconductor teehnolog3 ti }t 1 .im

€a - ur-pose computer architecture over the last several decide,: N'L y (A ,'€c
,-d up techniques can he used, including pipelining, parallelism, and €rad,,.,i k

f•: :=~f: ),"•S and computation. The graphics application, however, imposts sl. r .r i<£.1 :.1•:•}}}

l : <l;e available new opportunities. For example, since image di pI i gl-I talk 

€uMber Cat repetitive calculations. it can more easily expioit.ni. as` iv'- l <£7'}i ~<. ~ `• f f € ~ f<tt'1

gnerttl-purpose computations. to high-performance u=raph cs, sz lem: ;. .. €:. M£££313,•£ 'if
oputations usually exceeds the capabilities of a single 'CPU. so
,nno the mle in recent years. The organization of these parallel systems is if ,,1kf£

mnhics architecture and of this chapter.
hQPin l y reviewing the simple raster-display architect€ire descri;~ekl .f' Cn,•l'r;f

~ O <10f rite a su s es ion of techniques to acid p rlbriliai'€cc to F(£
1;,:f7i.'Ll s that <}} £;

7

c' ;:it t a"h rl } l{ rrna€ ce le; el and r L l3€3£
7

!ji£t 0 10 €{l

}}':"1~.'{3, ~};, ry~4~C`. ~`l 3~f f. 1 ~i~f 113:.3 i i.11£ t'. i~f`. ,j•~CF'}'~'7L'`rei:}€a„i~I`.L. L' l,̀i fl ).f i:'.€ ..".'i C~ir£ `.}~: ~.

f lfi ~ ~~s 1€3l €r ;i:~<` €4;•1Ei.li'zli7  . .~...;:st €i.s,;' 'i3.1.11...E` i''# lli,;kisii-,, (3s~IlE€ ?~ss„£~it,s~;'::;

................................
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866 Adva"ood Roister Groohlos Airchit c,tsiro

geometry calculations, the number of integer €o , r, mpute p xel :;il;,c' ,, :atEtI €l€ .
number of frame-buffer memory aces e~, to -,gore the image and to detc•rr'i im, ,'r,OE N:

surfaces. These demands have a pervasive influence, on graphics i
the diversity of multiprocessor graphics architectures seen today. At the end t>f the r:h.tl3
we briefly discuss several unusual architectures,, such as those for ray wdeinl , for if Iu..` .
displays, and for commercial flight simulators.

18.1 SIMPLE RASTER-DISPLAY SYSTEM

As described in Chapter 4, a simple raster-display system contains a CPU, syston
main inerriory, frame bulgier, video controller. and CRT display (see Fig. 4.18). Iti sa
system, the CPU performs all the modeling, transformation, and display computatic ink,,
writes the final image to the frame buffer. The video controller heads pixel &W h$f Ii ;
frame buffer in raster-scan order, converts digital pixel values to analog, and dr~yo
display.

It is important to remember that. if such a systern has sufficient frarne--buffer
has a suitable CRT display, and is given enough time, it can generate and display €
virtually unlimited complexity and realism. Tone of the architectures or arclri€ectc
techniques discussed here enhance this fundamental capability (except for a few e;>r ou
displays treated in Section 18.111. Rather, most work in graphics architecture conce*rri ,
quest for increased rendering speed.

In Chapt::r 4, we discussed €Sx'o problems that limit the performance of thr:c
systern: the large number of frame-buffer memory evcles needed for video scanow <In
burden that image generation places on the main CPU. We now consider eacl€ of 
problems in greater detail.

18.1.1 The Frame-Buffer Memory-Access Problem

In Chapter 4, we calculated the tirne between successive. memory accesso
low-resolution monochrome display is being refreshed. For a system with 16-hit wC t(1
access rate is substantial—one memory access every 864 nanoseconds. Systciw,
higher-resolution color monitors require much higher memory speeds. for ,.x%
refreshing a 1280 by 1024 screen with 32-bit (one-word) pixels at 60 Hz  requ€n,,>, 00~
memon, accesses occur every 1" (1280 • 1024 • 60} '= 12.7 nanoseconds. Even this € t'.
the average memory access rate, not tfae peak rate, since pixels are not scanned. 04.
horizontal and vertical retrace times ~ WHIT84]. A sin.ple dvnamic random-"c'em:.
i DRAM) system, on the other hand, has a cycle time of approximately 200 nanto
factor of 16 slower than the speed required. Clearly, something must be, done t€1 invr£
bandwidth to frame-butler memory.

The following sections discuss solutions that have been used by, various
designers. Some of these provide only modest performance increases. but are
low-resolution sys€ems. Others provide greatly increased memory bandwid1th. lair€ Ettt'E€3
significant system complexity. LV begin by reviewinw> briefly the fiAndamer€ta z 

,, 1. 
I it Aki

i'Ei asa ~jftce t e e

Dynamic Memories

= i  ni,vls are the memories of choice for most cornputeT rnarrr' y *v~1

ri %rrrt aeces.: memories (SRAMS). which retain stored data inclolwitcl . c air 
ho

l;Is€e;r than DRAN11s, which must be accessed every few millisecc

V,-1s are much denser and cheaper per hit. (DRAMs also require° rr€o'r'i::

,, for reading and writing data, but these problems are 
easily- solV*d

u€try. j
Figure 18.1 is a block diagram of a typical 1-Mbit DRAM chip. Ay:

€title-€tit storage elements are arranged in one or €i (- square array's din: i

ltyt:, each with dimension 51'2 by 512).. vertical bit lines transfer

arrays, one bit line for each column of each array. During read And: WdO l

aie€nory cell in each col€irnn is connected to its corresponding W( O t._.

<ifi;er attached to each bit line amplifies and restores the tiny sigaall. k"j

iiE7,' xudng read operations.

In a DRAM chip, read and write operations each rewire twi steps, The ~", 1

z [e;:t a row. This is done by asserting the raw address strobe (RAS) white .ph

-ess is on the address inputs. The row decoder produces a 5 L2 bit v1*0.1 M.

l+~lii seretr: l

Address
RAS
CAS

head-wr€te

9
.  a~

R
a
w
 d
ec
ad
e 

612

Address
C~r3rrt11

Four 532 x 512
memory arrays.

Sense a np€i€ ens

Data IEneS

r~ O\ Column C€i cod ~! 
,<

Data in Dat<. 00

4

t ate. 181 I 1-Ml sit (256Kx 4. [)RAM chip. An en ire row is v%fritto t ''~! s„
rretr:l'r of trie four rriarnory arrays at the same time. The c-oliimn e 6400—O A.

element (colrirT)l3= pt this, setecteci row to be accessed.
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150 ,Adu er°sf of.i RW'otd.o Iirs: pl--0cs

0 everywhere except for a€ single I at. 0'W stile,:ie:1 hit
row's storage cells are connected to the bit. lines and seiesc t.€:tl)liricT :,

The second step is to select a column, which is don6b,, 'i1 :
strobe (CAS) and read—write signal while the.desired. column aifdres~i i;j on €It:' >.a.t:.tE'i >
inputs. The column address selects a single hit from.the active :row of fnenu.:sry
array. The selected bits are either buffered for output (during read operation. s', or ,,o io
value on the data inputs (during write operations). Some DRAIN-Is provide. a
method called page mode for successive reads or writes to memory location:, cw €f;
row. In page mode, a raw is selected just once., €~ and successive columns are sclC d €.
the column address bits and CAS signal. In page mode, consecutive: melt w,, ..:<. <. <.
require just one address cycle. instead of two. Thus, if adjacent pixels are st£}.retl ira € I
memory rod-, page Bode can nearly double the bandwidth available fo, I:I
displaying from the frame buffer,

Word widths greater than the number of data pins on a single memory c`I it
accommodated by connecting multiple memory chips in parallel. With this an:~I:! <.
an entire word of data can be read from or written to the memory system, in a !,ixa i=
or), cycle. For example, eight 4-bit-snide DRAMs can be used to built! a 31.obit o3<.
systern.

18,1.3 Increasing Frame-Buffer Memory Bandwidth

As we have seen, obtaining sufficient frame-buffer memory bandwidth both€ IR
scanout and far updates by the Cps; is a daunting problem. Different soltatii n- i :Itak
proposed and used in various systems.

A partial solution, suitable for low-resolution displays, is to place the me
an isolated bus. This allows video scanout to occur simultaneously with CPU :
that do not affect the frame buffer. Only when the CPU deeds to read from or. w
frame buffer must it contend with video scanout for memory cycles.

A second partial solution .is to take advantage of DRAlvis' pave-.mode fc:atuo.~
video scanout accesses memory locations in order, DRAM page misses are infi'L,4f
the frame buffer can run at almost twice its .normal speed. Note, however, taut fr :rnk
accesses by the CPU may be less regular and may not be able to take advantage
mode. We can decrease the number of page misses by the CPl.,f by prov.idirag it, wit
cache. As :in conventional computing, a cadre decreases the traffic between € he
memory, since a rner ory location accessed during one cycle is very likely to ~z<
again in the near future. furthermore- since cache entries frequently OCCUPY
transferring data between the cache and main memory can exploit page s r s. a,

comb.iriing page mode and a data cache, we can reduce the tremor?-af,.i;r
substantially, although further measures, as discussed in. Section 18. 1.5, an-, n<.
high-resolution displays.

A third, independent approach .is to duplicate the frame-i)utfer menmr~ :
double-buffered system in which the image it one buffer. is displayed whale the 
other buffer is computed. Figure In.2 shciws one possible: implern"mu tort. ire
multiplexers connect each frame. buffer to the.syst-cm :b s and video ont.rolk
buffering allows the CPU to have uninterrupted access to one. of"the huffer w.laiJc €i;:

Sew ect

. .. ....' '<<' F`l

~vtc<1tplexer

Frame
;Staffer 0

=came
:suffer .1  :.

Fig. 18.2 Double-buffered frame buffer...::

<o~

~€€;allot has uninterrupted access to the other. Double-bufferin+M i'ri €I€i~>
t.,n ive, however, since twice as much memory is needed as for a bwl elf

the € ultiplexers that provide dual access to the DRAMs regvire, tauo 
j.£.h increase the size of the system. (Actual dual-parted mer€ata€'i ''s ,
tpendent read—write ports, could be used, but their low density a€ d hi;..ht ;

trW icai in almost all applications.)

18,1.4 The Video RAM

19 3, Texas Instruments introduced a new type of DRAM, the.
ii:IeMory (VRAM), designed specifically to allow video scanout to
Ir ttti; -buffer operations [PI *dK83]. A VRAIvi chip, as shown. in Pilg. 18,1,

i€rvmdonal DR!kM. chip, but contains a parallel-in/serial-ofst data re'.i €e.i' r ksw3: . €

C"nd data port. The serial register is as wide as the memory array <ind
kAded by asserting the transfer signal while a row of mernory is heir€.; ni mf 11,,

> ist£~r has its own  clock, :enabling it €o transfer data out of the ch€iii :f€ :ss<<€: p:: 
serial register and port effectively provide a second, serial port to the i€€s`tsR <

;:w; port is used for video scanout, scanout can occur in parallel with m3rn.<r1

=:Aces to the chip, virtually eliminating the video=scanout problem€.
Since the shift register occupies only a small fraction of a VR.;? NV, c1 lla <AWr 1

i w pins are needed to control it, VR..A.Ms .ideally should be only sl ig itl €3izy>' >

'its€€t 3RA1 Is. Unfortunately, the economics of scale tend :to raise the. 1tr•kv x31
1€tti;e to DRAMs, since:::#we.r VTtA?4Is are pr)d€aced (it 7 'I': sire

as expe'n. ive as.:..DRAMs of' the saute densiiy.), In spite of fbiti

pals are an e~xcelleat€ Ch okv For rr#aoy frar€te_-buffer rneyzxfc,'dli ,,.
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Address
;SAS
cAS

C :OCK
anTr sfer

'^ead-~vrite

0

Address
control

Four 512 x 512 bit
memory:arrays

-- --
Bit 1€nes 

t

4 x 512 bits

Sense amplifiers

Bit Fires 4 x 512 bits

Serial data register

Data lines

Column decade

IT
Data in

4x512bits

f

4

Data out

 Tb i;t;etli~~~l

Fig. 18.8 Diagram of a 1-Mbit (25610 x 4) VRAM chip. The serial data,,.,:provides a second (serial) part to the memory array.

18.1,5 A Frame Buffer for a High-Resolution Display

Figure 1.8.4 shows a typical fray€oe.--buffer design using VRAMs. The CPU has-
unrestricted access tip the frame-buffer memory. Only once every is cycles (wht,(v n r, l ss
di€tzensi;on of thee meulory array) is a nwm ory cycle required to load a new
VlIAIMs' serial registers. With screen resolutions up to 512 by 512 pixels;. VR. h:fihandle video scanout unassisted, With higher-resolution displays, €he:pixelxate st
VRr~t.'~Ts' serial-port data rate of 30M.Hz or lest.,. A standard SO] utien is to LEt g 6. 'banks of VR~^~Ms to a .high-speed. off-chip shift regis€er, as shown in the : fig ure~;
pixels. one from each VRAM batik, can be loaded into the shift .register i€1 par<fllk:1 :}ef3l €:_€shifted out :aerially at video ragas. (Notice that this 1280- by 1024-pixel.:.sy'Sten). ,zWl lo:
tinges the resolution of a 512 by 512 system; use, five-way- multiplexing.)'lhls lfilt
fregue:ndy is incorporated into a single chip containing look-up tables allc1 dinil:.fi €t3 .aai:il€?
converters, such as Brookiree's Bt458 .RAMDAC ll3ROO881. Izrsystems with 24 fill<i is
pixel, ;such as the one shown in Fig. 18.4, three RAMDAC chips are typically w;,,ol
for each 8-bit color channel.

VRANls provide an elegant solution to the (fame-buffer memory-aces problt tt:€
bottleneck that remains .in su:;b systems is CPLI processing speed l{>::::g rt role;;
image In 2D or 31?}, the processor must calculate every pixel of eve; pritniti
typical primit€vo covers many pixels, and images typically contain thLaustt:ndt3 £a

El c ;~; ,qt.~,.j•

256K )K, 4-bit
VRAM chips

VRAM VRAM

2?4 4

Pixels of Pixels. of
columns 0, columns 1.

6, 11 ...

VRAM

24

a

VRAN11

24

b c d e

Video shifter plus
LUTs and DACs

;ore per color channel)

i

High,  3;;$€'a
r3t'f €loo

Fig, 18.4 Block diagram of a 1280- by 1024 pixel display:using IS s. A 1>:
€e3£ial-out shift register provides the high pixel rates required to, drive tho

ire,,.ncrating a high-resolution image can require many millions :oaf C:!'l.l
<f this, even the fastest CPUs have difficulty rendering ima<gUs quirl:l;
011 Inactive use.

18.2 DISPLAY-PROCESSOR SYSTEMS

11..: build a system with higher performance than the single-CM-1
pfovious section, we must either remove some of the graphics 13~iroll€3 iff,333 sl;:
i€ E,rease the CPU's ability to perform these tasks. Here vve con:+iticr € f €t. ; .it f €:.•
uh tandally increase the size or cost of the system (we consider la€r;_pll , €33:t 1E
*Au€ions in Sections 15.5 through 18-10). These strategies generaliv l:di
't goriest I coprocessors that share the system bus with the mail( t. l'1 .~l~ ~7 {) p y
Processors with their awn buses and memory systems, and (3) fatty=;*:3€ ::' €<
motainimg internal hardware support for graphic;, operation°,. .

Coprocessors were discussed extensively in Chapter 4 (single.- icl l€ 
whitectures). These have been found useful in 2D systems, but have nc',€
it, :3D systems, largely because 31;3 systems require a larger set o 
gvsterns and because bus contention in a SAS arch€tecture so',,'fv l v ><E
performance. The latter two approaches have been used successtally €itr :T.l:a ;` :El<l:i
Wn now discuss therm further.

18,21 Peripheral Display Processors

l figure 4.1.2 shows a typical peripheral-display-processor Wstei'r€ 01111,:air<€€101:?.
l ;>acessor generally has its own rremlory system (including the francs-, l:E:ll

t€tzrr€u€aisaticor3 link to the .(:lain CKT, The main CPU send;~- display e;{3133I1i:E31
f[i-Tlay processor, which execute* t.f;wi using resident software.:trt..€i ~ 1~€; €<>=:1€  i0 ;.

spi bialired hardware:

1
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The displlxv processorni-ay, tw lhe - tai:'
special-purpose processor, Uairig th-sarne type of process~m ~is 41 hqc
[1v ASS85], allows simpler and more flexible hardware and oft,w-arc des100111 it kiW
exploit the regularity and specialized nature of most Oraphics calclullai'MRS, h(mvve"therefore provides, at most a factor of 2increase in performanc_-, sirice the ovicraill PRUNNIO-1
capacity is simply doubled. Most current display-process e peiriptor systemis, 11s
processors specialized for graphics operations.

Single-chip graphics processors. Single-chip graphics processors area succe,.sldul
inexpensive type off peripheral-display processor that developed as functional
single-chip video controllers. Consequently, many current graphics-processor chipl> liI.a
bine the functions of the video controller and display 8.2.^ 4 processor. (Section 1 
one popular graphics processor chip, the TMS34020.)

Graphics-processor chips targeted especially for 3D graphics have been i:ritroilull­
Y chip. of this type is Intel's i860, wbich can be usedonly recently. A pioneering i

stand-alone processor with support for graphics or as a 3D graphics processor. UnI k
...... .....2D graphics-processor chips, the i860 does not provide hardware support for screen

or video timing. The i860 will be discussed in depth in .Section 18.2.4. ''....: X XXX XXX

Programming the display processor. A major point of difTerenca amon  
processor systerns is w1here they store the model or database from which the
generated: in the CPU's memory, or in the display processor's nlema_Y. Sl
database in the display processor's menlory frees the main CPL 

. 
from database

Consequently, only a low-bandwidth channel is Deeded between the CPU and tj
processor. However, such a system also inherits all the disadvantages of a structurc cki;;.O:liii
described in Chapter',', . particularly tho inflexibility of a canonical, ̀  hard-lWired- &litabl;
model.
Whether or not the display processor manages the database, it is an extra procov'011­:

prograrri. Frequently, this program takes the form of a standard graphics library: W
PHIL-S which satisfies the needs of many applications. Applications invariah1v
however, that require feature,, not supported by the library. In such cases USM; 1V 1,=
either to progralln the display processor themselves (which may not even be possibic.,,
devise cumbersomc workarounds using existing display-processor features,

1 &2.2 Texas Instruments' TMS34020—A Single-Chip Peripheral
Display Processor'

'I'e.x&,i.Instrumep-ts'TMS3402O[TE-XA89'isap-ex~ampleofasir.,gle-c'r.lip aphics-pwcli U:.,o: ................designed to accelerate 2D displays on PCs and workstations. It can be paired 3;rile r<T.NIS34082 floating-point coprocessor, whicb rapidly pCiforms 3D
tions and clipping needed for 3D graphics. Unlike graphicsw~pr&essor chips that po;liiwlili
only graphics-specific operations, the 34020 is a fully. prograininable 32-bit
car be used as a stand-alone processor if desired.

'Material for this examnle,=,,-as contributed by Jerry R, Van Aken of Texas Instrarnent"'l

V ti

"i, 5 31.iows typ I :A::!>, !lvfl3 Oil'
ate -I file p*l'C*K*1%!1_l`iS*W'^S to i u iooAs indie~ d it) th Q, I 1~ n

Y kAMs for the fnameN' iflar awl f-)RA.N1s Ut:  .ode _Iaa storllwk
y mw, be built from VRA'Ali,,'.Proce~ssors entire

x-arol video scanout and URAM 01.ers and registers w x _031 diip mfi
Hie 34020 supports data types fin- pixels and pixinaps, i'a A fl

otheir ;x, v) coordinattes as vmll as by their addresses it) s intertior" fh, C g g
implement common 2D graphics operations:

"I ne Ali,U The P1XBLT (pixel-block transfer) instruction jmpler nR,~~ ~A
operation. It copies pixels of I to 8,bits, automatically aligning, inask rip, ;
rows of pixels fetched from the source array before. 'writing thel-n to W-

-iany of the optirnizatio s discussed in Chapter 19, ~i~, ,wll .iii:array. It uses n l t
several pixels in: parallel, so the transfer rate appr9aches the syl,4­i1*':m" 11.1i 

0 
.: N O1lllii*.. ,

. .....
:bandwidth----up to 18 million 8-bit pixels per second. A, special v r~ijil W 

upports text by efficiently expanding packed 1-bit bitrnaps into -b X 

The FILL instruction fills nga recta ular array of pixels with as I CoWir l..,
are filled at rates approaching the memory-bus speed. Texas, Jnsu-wiWW;.:. 1 :
FRAM supports a special block-write mode that allows up to lour ine isle nli.
be written at once fm ro the same on-chip color register. Usin-, this
ithe 34020 fills arras at up to 160 million 8-bit pixels per second.

e ̀ 1U

w:ln=nory

Peripheral
devices

0 l.

</
Trans-
ceivers

Address
only

MS340201

Host/
graphics
interface

DRAM
refresh
control

Graphics:
processor

Screen
refresh
control

g.

DnAM*

MtAS

RAM

buffer

919f,,€, 18.5 Block: diagrarn of the TMIS34020 graphics-pr. cessor (1: W. 
1OP ~:PPN:. 0::X:Pheral display processor. XXX
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E Ar hl bit, i

FI_,I.:'  1E The.: FUME instrucl.ion draws .1-pi.;xe tlsa>,1,. st:raighl lhw.s "Sitt,. ,E :In
scan-conversion algorithm tsee iecti ?n 3.2'.2). 'rhe Fl:_.INE inmrito-km draw
million pixels per sec€ pd

DRAY: Y: The DRAY (draw-and-advance) instruction draws t-he pixel indicated ated by ;a l
(x. y) coordinates. then increments the x and 3' coordinates in parallel. It is i sed ?if
inner loops of incremental algorithms for drawing circles and ellipses; for ~. ~=.imxl it . iif
inner loop of a midpoint circle routine (see Section 3.3.2) draws 2 million
second

Software for the 34020 is typically divided into time-critical graphics subrR
vxritren in assembly language, and other software, written in a high-level 1€.t€wf f t €,€;
Software runniaig on, the 34020 communicates With the application program running
main CPL`.

The .34020 contains a 512-byte on-chip instruction cache and 30
registers--enough'memory to store the instructions and data rewired within the innel
of many graphics subroutines. Once the instructions and data for the loop have
from external memory, the rrPerrPcsry bus is available exclusively for PnovPPig I;€ cul € , €i
from the frame buffer.

The 'l'MS34082 floating-print coprocessor chip interfaces directly to t:h,? , ,10
providing Boating-point instructions and registers that increase the system's enpabili6W;
3D and other floating-point-intensive applications. The 34082 monitors th(a 
memory bus and receives floating-paint instructions and data transmitted over 0)oko
the 340120. The 34082 can transform a 3D homogeneous point (including the hots-og l
divide) every 2.9 microseconds.

18.2.3 Integrated Graphics Processors

.mother approach to increasing system performance is to add. support for graphic;~i di,
to the :Hain CPL;_. This has become feasible only recently, with the development c?€
dense LS1 technologies that allow entire systems to be implemented on a sin le chip, l
pro grammable2D graphics processors, such as TI's 34020, are early examples , l
approach, although they dedicate much of their chip area to graphics fume€i£;ri:<
comparatively little to general-purpose processing-

Intel's i860 is the first microprocessor chip to integrate direct support for 3D g',a';Elik
Proponents of this approach argue that the chip area required to support 'reasoiuF bl
graphics performance is relatively small and the payoff is high,. since 3D gral hid. ,
become an integral part of many computing environments. This approach may v cl i p
high-perfoiwance, low-.cost 3D systems as increasing VLSI densities allow £aeon"
sated systems and more system components to be built onto a single chip.

'I 8, .4 Intel's 
i860---A Single-Chip Microprocessor with Intealt,wed

Support for 3D Graphics

Advances in VSLI technology have laude it possible to build chips with extreme{ v
lumbers of transistors—more than I million: in 1989. This allows;high-peP'formalle=
.;hips to include c3the°- features, such as caches, FO controllers, and support foe' sp ci

gar>F>9;z~ s&:PAS "~P r"X

F E3plR: c4?u«.la a F'latl`y -w7€€3 - 31) gt'diltlt€o",: }
ct, E'aul of the mikior fl-lo i1 ftli'i Sir €ti'::

According to Intel, flee iX.yO Ea fifc,'ii.' the .following bfKwhr?€ 
tiftlent instru tioris'per second (cm s;+:?a'P'€pil'd C £;£ale), 13
Nina the Litapack benchmark), and 58£1;000 hoiTio~enc:ta€€ ; Victor  €E<f.E €;, _~ml

l ~,.,rE<89 j;
'The i860's graphics instructions operate in parallel on as naan 

~'Q xi 64-bit data word. For applications using 8-bitpixels, this mean,a .. ?IFE • T, ::ff
lei simultaneously. For 3D shaded graphics;<wtaiclt generally r s.ltitEL : ' 1,3; € • €

€: ;rations can occur simultaneously. Parallel graphics instructions €.1€;: wit,

Calculating multiple linear interpolations in parallel

Calculating multiple z-buffer comparisons in parallel
Conditionally updating multiple pixels in parallel.

For systems using 8-bit pixels (where eight operations can occur it) lit,€i.tt l
it scan convert and shade 50;000 Goura€ad-shaded 100 pixel lriangh:, Ix € _ _;
The i860 may be used either as a peripheral display prtwe n, € Mth €

To external bus
(64 bits data,

32 nits ;address.)

128 bits

Data cache
(8 KB)

Graphics unit

Pig, 18.6 Block diagran
(wwgjl.

I Bus control
and memory
management

latt

lna eger uric
and reo stc t
(32 x 32 bE€'

64 bits

instruction
cache
(4 KB)

Float€rig-c?.?i>'rt
contro. and
registers
f  x 64 bits,

f=loating 1?t?iris

o  Intel i860 microprocessor datarj atl
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or . C.B '3811>' i8i8 E`3;} 1~-8'.1

micr€yprocessar as the £1rai CPU', fo,
corribrmng front-end and ba is-err.d C i 7:t t €€€ <, €€1 <x

powerful 3D graphics sysmin to be built with very aLv 
aila.€ ory, and the video system

As VLSI densities continue to improve, we Lail expect to see evei1 11. € *1,t: £ 1~c'd :iti

and more complex processors, designed for graphics. Features cow 1£ (..n1,; €

- ; phic.s-processor chips, such as scanout and video-timing circuitry. r1£< ̀ ,' t cb€ ,
such processors as well,

18.2.,5 Three Performance Barriers

Systems can he built with a large range of performance.;; using the tochniques l 1
to this point. Low-end systems using a general-purpose microprocessor 16r the rpNi,
processor  and a 2D graphics processor are well suited for displ*.s on F 1 is
perforrrrance systems using a powerful application processor and a high spceLl .' 1 )
processor, containing display-list rnemorj% and transformation hardware, a 

nffine ring and scientific workstations,
But how far can such designs be pushed? Let us imagine a display systern ri £ a' i

fastest available CPU and display processor, and a frame buffer containing Ow €
available VRAMs, Such a system will achieve impressive—but still lirni€<d 

p

man€ e: In practice, such single-stream am architectures have; been unable to achiQ.f 
necessary to displays large oI~ databases at interactive rates, Architectures that
parr€fives at faster update rates must overcome three barriers:

S9 Floai1!"g-f3ohu gear?€tnP processing: Accelerating the transformation and
primitives beyond the rates possible in a single f dating-paint processor

Integer pixel prow sing: Akccelera€ing<scan coppers on and pixel pros ssin 
rates possible in a single display processor and memory system

0 Frc n -f3qftr meinory bee, 'ir,id-* Providing higher bandwidth into the fs'- ma k:
(fas€er reads any writes) than can be supported by a conventional rr ei. oz7 

These barriers have analogs in converuion-, l computer design: the farm iar•
and me nory-bandwidth bottlenecks. In conventional computers, the prese:nct., :,1' €I
bottlenecks has led to the development of concurrent processing. Similarly, th n ~Wf ~
of research in graphics architecture over the last decade has been investigating, >•;i ;: €
concurrency to overcome these performance barriers.

Before we discuss parallel graphics architectures, let us establish, soim 
about the demands of graphics applications and the fundamentals of
Later, we: shall discuss various methods for building pa-ralM systems that
three pertbrmance barriers.

18.3 STANDARD GRAPHICS PIPELINE

Here we review from a hardware perspective the standard graphics pip ,lii cl3'"
Chapter 16. As has been mentioned. the renderinwg pipeline is <}
computations needed in a ra£t~r thSl ~~L §y'J~L711.. 131,}t i"^ not

singe the: stages  of the pfv+eline can be tm~.s`. env niol. in  1 
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ta t At:lwaawo:x:l

example;, XT&T's Pixel Machine Nlc dd, fIXIM "424 reY €<
speeds—a feat unmatched by any SIMD syste€ is

Since interleaved-memory: architectures distribute the
processors, some provision must be made for scanning out the fond€:'i
stream required by the video controller and display monitor. If the distribi.tte:d
is constructed of VRAMs, this can be done in the manner shown i n: Fig. .18, 18.
this is very similar to the technique described in Section 18,.1.:5 for bnpi; if
high-speed video scanout in a conventional flame-buffer €raemon'..

Further subdivision. Suppose we wish to build a system with even high,--r i Y i €, £i 1.
Since increasing the number of partitions in an interleaved-m€ea oiD, system imrK
system's memory bandwidth and processing power, we. might ecknsider: irie
number of fr..nae-buffer partitions—say, from 16 to 64, or even more. t:€rfft;<ifafFrirE
additional processors and datapaths .required for each partition snake such
increasingly expensive.

An even more serious difficulty is supporting a tar'. r number of partitions
same ntamber of Pram€e-butler memory chips. Each partition requires a minimum € f,o iI
chips. For example, a partition :with a 32-bit datapath betvw s n the PE and Pnen—jary i ;
8 4-bit wide chips, or, 32 1-bit wide.chips. Suppose we wish to build a .116-partition :I t; :1
1024-pixel frame buffer with 128 bits per pixel. Using 2566 X 4 VR phi 
partition requires 8 256K X 4 VRAM chips, so 16 • 8 — 128 chips are needed to -ipp;=f.
16 memory partitions. This is the exact number required to. stare the pix€ l data,

Suppose, however, that we increase the number of partitions from 16 to 64
footprint). Although we still need only 128 memory chips to store the pixel data,
64 • 8 = 512 rr€emo.€•y chips to support the RE—memory bandwidth. The extra 381 ii t :ri
chips are needed only to provide comnmum€cation bandwidth—not for memor, . Th i .
extra expense €:hat continues to grmv as we subdivide the frame buffer f€arffier.

Increasing the density of memory parts from I Mbit to 4 Mbit exacerbates € iris I:Efs rl;
even further.. For example, if L°vlbit X 4 VRANI memory chips are used in €1€c a i't
mentioned above, 512 chips are still. needed, even though each one contains s€. act , tf I<
the memory actually required. Current systems such as the Silicon- Graphics' I't.)MI1'1: tI
GTX (described in the next section), which uses 20 frame-buffer partitions, are ttlz£ i;l
the bandwidth limit. A way to ameliorate tins problem would be for luemory nn<tttral,£~ tf€~
to provide more data pins on high-density memory parts. Some 4 -M bit DRAM c hip i=
eight data pins, rather than four. which helps somewhat, but only .red€saes thi>. ban.dwl,3;
problem by a. factor of 2.

18.8.2 Silicon Graphics' POWER IRIS 4D/240GT - An Int
Frame-Buffer Memory Architecture"

Silicon Graphics' POWER IRIS 4Di240GTX [4KEL88; AKFI- 991 uses tfl'MV
techniques described in this chapter. Like a nurnber of its competitors, i£acludlf, .. 0-w ,.£ I

'Material for this example is adapted from [AKEL881 and [r KE%89l.
zin 1990, Silicon € raphics announced ]POW RXrISION Nitnil t, tine GTXi € )z f , obit+Gouraud-shaded triangles/sec and with 26€8 l it ;ni l for awiafliasing. ano tat£ariw.:.

1 1- ale ,f 
t€~~110~  

xT ~L
141111S,
f i a

ifc'rfl"1?r€~"1>i° L' processing wid hf?;hs s.060

The ,.I't MfER IRIS has :a p ,ver ut general-purpose CPU cz}:€zfposl'il w
>cMpled multiprocessors sharing a single memory bt€s,:::.Its graphic,"', a€tt~;. i

100.000 full-colored, Gouraud-shaded, z-buffered 4luadrilatemt 
, ;,[.891. The POWER IRIS continues Silicon Graphics' tradition of ifs ££ ;£::£< ;
)lay traversal, aggressive use of custom VLSI; hardware from ; rfc!
t leaved rm.enao€•y frame-buffer architecture. The POWER I .IS`s a:€ i£i:<. i. :.£

-aed in Fig. 18.19, is composed of five major subsystems:

(_'11U ubsyste"i—runs the application and traverses the display €rii,il

Georneiry :subsystem---transforms and clips graphical data to scrcf:fi

sind flu Stolls:if

graphics for i°" ̀6 f..'L.'£ £€ >£im

Moran-conversion suvsvvem--breaks points, lanes, and polyg- s £>fi.<£ i?.`

R aster subsystem—computes visibility and ,writes pixel d.~€ ~ t€> !"r , m '; Ml:

Di6play subsystem-----displays contents of frame buffer on color iaifmi€i<€ .

f' NJst€bsysterat. Ilae ~'Pt%,sr~l~sysieir runs the application and.
~oarposed of four tightly coupled, syn. etric, shared-memory m£il6t>€o, ; %= .;.
tc. provides high-speed synchronization between processors. so 1:,;:€r<£11t::"•i a:
A ieved within a single process (although special programming € of

)tatetry subsystem. The gEfI aa£'tY} subsystem tra€asfQrms Llip<. ,€f€3' ii; .(
.s composed of five floating-point processors arranged in a pipJi£f=: 1 .f

rXOssors, called a geonnetry engine (GE), contains an input Fl F0, ,£ : _ i£t< ;=
t'£i€ting-point unit capable of 20 NIFL~ylsS. Unlike Silicon Gral~l£i •.
Rogine (,see Section 18.5.4), the POWER IRIS' GE.s. are ba, 3:! ow €.i

footing-point chip, the Weite:k 3332.
The first GE transforms vertices and vertex normals. The secon€:i (;I? I r'i £ti
Motions ',supporting up to eight point light sources',£. Ti-le third GE

xopt reject clipping tests. The fourth GE performs exact clipping of) prim
Lipping boundaries, and also does perspective divas€on .o_ r,all primitives, 'Do o; W di S t

i (Aor components to maximum representable values, calculates deplh-€:r.i d , i,ii £ 
i essay, and converts all coordinates to screen-space integers.

-conversion subsystem. The :scan-conversion subsystem rasters es p i:tri
l;ipeline approach described in Section 18:7.1, except that its spans am.

Of pixels; rather than the horizontal rows we have assumed so far tthe only 
e:l".

r0teriz ation algorithm is that r and y coordinates are interchanged.).
The single pail%gran processor sorts the.: vertices of eacla:polygon t"ron', If., f

WWII ,pac . The sorted vertices are then used to decompose the polyg.mi fnto
urged trapezoids. The upper pair of vertices : and the bottom P*r of ,, f ss : _< ; M.i

filtpezoid arc, used to calz:atlate aloes iii£ €ass by €he ed~we pri>cc.sscias.
The edge proitusof : lam"`' VO$'ttA and slope information ta?

oxvdtnates anti sitter v Itt f> ea I A I all€€t'lie;; orlhe top or bottf:£€'fi cd
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Fig. 18.19 Silicon Graphics' GTX syste-ry, architecture, (Wsed oo IAKFAA'Oti).

.............................

I qviv ttid, to a ivon vk,,
QoI()Oin1S of a V;~rtical spail. T) w .11 ~ p, i

0 to the span Processors. . . . .
Each of the five Para[ Id sjaan proces's"ors h; responsible k-'r i >ne i i 13 yr 00~

XXXXON
X:

*di€tplqy siareen. For example span pi,octisor 0 rnaaagess ;,arj lines 0 l"J ro.J
IP (for transan processors calculate z, R, G, B, and a parency and

s generated - poly-A in the span. Because pans ated from a sivgl,~ n mWh pixe
Ovessing load over span processors is approximately uniform.
The pixel cache buffers blocks of pixels during pixel copy 0 i;.:: :ii

ndwidtb of the pixel, bus can be used.

ter subsystem. The raster subsystem takes pixel data poer; tS I
messors and selectively updates the image and z bitplanes of the franw I mo

of a z comparison and a blending. The raster subsystem is coo q .....W..A....W...............~l: Xoigines. each responsible for one-twentieth of the screen's pixel's,
  eav-ed fashion. 96 bits are associated with each pixel on the tyw
40fers (r, G, B, and a), a 24-bit z-buffer, four overlay/ underlay bitplanos, mu .j..'

fh,-~ overlay"underlay bitplanes support applications that urn ­,,
WiYvving backgrounds. The window bitplanes define the m,,dA.
ble-buffered, etc.) and window-masking information.
The 20 image engines work on pixels in parallel. Each can Wci;d

a value. allowing transparent or semitransparent objects
supersampling antialiasing.

Wsplay subsystem. The display subsystem contains five mullin,,f7d, X.
each assigned one-fifth of the columns in the display. Tht, NP

~W i€€: data from the frame buffer (together with window-displat,, iW"
v using the appropriate display m_#tv ode (RGB or pseudocolor). f .='q(, 

dip-Ral-to-analog converters for display.
The GTX's architecture is a good example of many of the techniquk,.,, S,wjt)..O-%`~

448r. It provides high performance for polygon rendering at 
the GTXe 's rendering pipeline is highly specialized for graphic,

.Y t/.m has difficulty with the advanced rendering techniques we sli<dl di,,&
1 1 , and its resources gannet be applied easily to nongraphies €;,:`l, 

:Wwusses the architecture of Stellar's GS2000, which has. complernew w, <*i~
it~advantages.

/rNX:

I r.3.8,3 Logic-Enhanced Memory

om.e commercial memories may not support enough
-X-IM'Wer building custon) memories with a large nwatbk~r of con~,inwq «

>2€i titions XXXXxxxx
...........'.. on a single chip, Sincc each (intrachip) partition mu, t have iis 0"', o aw".

4vKviiated (external) prpc"sor, extra pins muNt he added ice each............... .
wwrt Oese additioAal VO r ikmwft~- Alternalivoly, nildlip . . . . . . . . . . . . . 

I 
.............. ...............

X
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