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complex, specialized computational systems in their own right. Indeed, many of current
“graphics chips” that are used to build conventional graphics systems contain more
transistors than the powerful single chip cpus in the general purpose computers themselves.

Specifically, a graphics system does more than connect a host computer to a
physical image display device. It also offloads from the host computer more and more
complex rendering operations, including both 2d rendering 3d rendering. A hardware
accelerator dedicated to a specialized task will usually have a performance and/or price
advantage over performing the same task entirely in software on a general purpose
computer. This, of course, assumes that there is sufficient customer demand for frequently
performing the specialized task, which is the case for 2d and 3d computer graphics in many
market segments, including both industrial and consumer home entertainment.

While early graphics systems might only take on the simple job of drawing 2d lines
or text, more advanced high performance graphics systems are responsible for taking high
level representations of three dimensional objects from the host computer, and performing
much of the job of approximately computing a simulation of how photons in the real world

would illuminate the group of objects, and how images of these objects would be formed
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from the same small set of chips.

Two features in particular that it are highly desirable to support in the next decades
worth of high performance 3d graphics hardware accelerator products are fully
programmable shading and high quality antialiasing. High quality antialiasing produces
more realistic looking images by reducing or eliminating so-called “jaggies™ produced by
most current 3d graphics hardware accelerators. To achieve this high quality, the 3d
graphics hardware accelerator must be able to support more complex frame buffers, in
which a large number of samples must be kept for each pixel in an image that is being
rendered. The architecture must also support powerful antialiasing filtering of these samples
at some point before the video output signal is generated.

Most conventional 3d graphics hardware accelerators for real-time interaction either
provide no support for keeping multiple samples per pixel, or support only very limited

sample densities, e.g., 2 or 4, and occasionally 8. These systems also support only the most
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have emerged as a good technique for customizing the visual output of 3d graphics

hardware accelerators.

Conventional 3d graphics hardware accelerators for real-time interaction have only
just started to provide very limited support for programmable shading. The most
sophisticated 3d graphics hardware accelerator chip on the market today can only support
eight instruction steps at the most important point in the graphics pipeline, the pixel shader,
and do not allow any conditional instruction steps. This is nowhere near sufficient to give
end-users the flexibility and quality they want. For future systems, it is highly desirable to
be able to support much more general programmable shaders, e.g., on the order of hundreds
to thousands of instructions steps, as well as conditional steps.

In conventional low-end 3d graphics hardware accelerators, e.g., those mostly aimed at the
consumer home gaming market, issues of system architecture are simplified by confining
most of the 3d graphics hardware accelerator to a single chip. Within a chip, issues of buses

and bandwidth are less critical than they are between multiple chips, and the overall
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The current low end of the 3d graphics hardware accelerator market is very price

driven, as most of the market is for home consumer 3d video game applications. These 3d
graphics hardware accelerators are either sold as sub $500 PC ad-in cards, or as integral
parts of sub $400 game consoles. To achieve the low parts costs implied by these prices
points, most of the 3d graphics hardware accelerator architectures for these markets consist
of a single graphics accelerator asic, to which is attached a small number of dram chips.
Other chips, if present, are general purpose processors or audio acceleration chips, and do
not directly interface to the dram chips containing the frame buffer and texture memory.
The best case 3d rendering performance of these single graphics accelerator asic based
systems is constrained as described before by the limits of how much bandwidth is available
for 3d rendering given the limits of the number of pins that can be attached to asics in this
price range, and the bandwidth of dram chips that use no more than this number of pins to
attach to the asic. In these systems, the same attached drams are used for fetching 2d

textures, rendering pixels (or samples), and fetching pixels to generate the video output
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been driven by the need to distribute the bandwidth consumption of 3d rendering algorithms
across multiple asics and dram local memory sub-systems. The resulting systems usually
require several different expensive asics to be designed and fabricated. These systems also
generally produce just one product configuration; typically it is not possible to take the
same asics (with no changes) and build a more expensive but faster product, or a slower but
less expensive product.

The current high end of the 3d graphics hardware accelerator market is much more
performance and feature driven than price driven. The prices can range from $6000 (the top
of the mid-range) to several hundred thousand dollars for the most powerful 3d graphics
hardware accelerators. The architectures of the high end systems are related to those of the
mid range systems. The same techniques of applying more asics and drams in parallel are
used, but in more extreme ways. Given the similarity, there is no need to explicitly describe

existing high end systems in any more detail here.
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In one embodiment, what in prior art graphics systems have been two, three, or four
or more different chip to chip dedicated data interconnects, can be folded into a single high
speed ring topology. To achieve this folding, some of the graphics tasks have to be
portioned in a slightly different, but fully functional, ways then they have in conventional
systems.

In one embodiment, two base chip types are required: a “drawing” chip: LoopDraw,
and an “interface” chip: LoopInterface. Each of these chips have a set of pins that supports
an identical high speed point to point unidirectional input and output ring interconnect
interface: the LoopLink. The LoopDraw chip uses additional pins to connect to several
standard memories (e.g.,drams) that form a high bandwidth local memory sub-system. The
LooplInterface chip uses additional pins to support a high speed host computer host
interface, at least one video output interface, and possibly also additional non-local
interconnects to other LoopInterface chip(s).

The storage for the frame buffer is distributed across the LoopDraw chips; the local

memory sub-system attached to each LoopDraw chip has storage for all the samples within

6



I n one enbodi nent, what in prior art graphics systens have been two, three,
or four or nore different chip to chip dedicated data interconnects, can
be fol dedwDnBoszmssi ngl e hi gh speed ring topol ogy. To achirerasohogssé ol di ng,
sone of the graphics tasks have to be portioned in a slightly different,
but fully functional, ways then they have in conventional systens. In one
enbodi nerdarti¢ulo thasBmehsignal ypedcasie of piralsi Tlatkstorage df thaitexdiire aldippis LoopDr aw,

and an "interface! chip:. Loop]nterface. Each of these_chips have a set of
pi ns thé’?e%{f’ﬁ? orrePEC"ﬁ%(i]B]l tBErﬂch‘ﬁFmHWg‘ﬂ‘%ésﬁé@al HEVRY QS’PPé"i“ﬁPﬁ‘Qni di recti onal
| nput  ang oy eRBbdimdAg tb Rér&l &ﬁﬁh@ﬁ&ﬁin% kyti@h [R5t SHRELJoPRRbERK cﬁi}i‘ &nd-QOPDr aw
chip uses additional pins to connect to several standard nenories ~

(e.g., dieastfour M@plf)wwlapﬁzrg womﬁt%%drdwﬂheMpwf%m ecgfoﬁ-rrm
LoD S gy’ . . X
conput e PR RTHERT Ao LB 1Rpkdl B A BYBIRE Lo b B B SR S i b1

al so addidundnais ri@uhtlcaterminii@l cAaRREtiSndep ot her Loopl nterface chip(s).

The storage for the frame buffer is distributed across the LoopDraw chi ps;
the | ocal nemspics dnvencomapangds prbgdipn dedwstcommymoyer bhRibpsthnsriaearmge f or

all the 1.0 : / e r .t wo
di nensi gﬁippél)lﬁ?tgr éé;%}gp’o\?h%?xe S%aiﬁgg%u or%lggg%%ﬁﬁgg?lfé%{ Wg%%%;géésaﬁllg

pr ef er aldoyveretheicoatnemdiintot Iveplpacledt(syrertr sensdowisthe rizig) Hémevantahdobr aw
chip. In one enbo to farma fﬁj{réctioni ng system at |east one

i rent ,
Loopl nt éPl?téeén%ﬁPgt,he gpRraw phapsplopg the 1ingo Piheh fommagds ae ot dp Aspecsiac
t oget herg,¥d | Q,Qﬂllqg" . t aldicab ' g 1LEf erent
type of Sﬁg%%oﬁgﬁ%?ﬂg can éfvlﬁgi]/lvﬁt(t)lserelfrlﬁgﬁqﬁglelﬁd plﬁlwrﬁyé% ?]?éoﬁg%:ﬁﬂ%é@gertﬁ:vy gar ound
t hi s ri degd hakrcingameeapismainidemedediby thed.dopInterface Ghgpphisomotirawt ¢lie conmmands

arrive fromt.he host ¢co er, over the, host interface on the Looplnterface
chi p, MF%%SW$P%6F%§}GH¥§%§B quﬁpéa‘é’ﬁmpﬁnd itself, or will process and

convert the cwasRAUobppackePOReBadkRpDsw ElipPie d6aMds iHRWM HESnkfidiDof tBOME
commands are sent to nost of the LoopDraw chi BS along the ring. O her

comrmandd-ogpdagkdt(thers maxbeethey destisatione), awnd if]t ckefitppsmissionn t he ring.
e vy i 0 By Dby 3, SIRP Bl gt B PR B RASL OSSR T
t he di f fpaclentwill depéimandaivpsf tiEsopDrhw@hip) athepiise fitvdllhofbd Rewb¥dew ghi p, it
deci des Iiofop]i)travzl ?:hi%1 ig g%lgsit{lll%%ici)g Qf t%fe Ltogf)a packet, the LoopDraw chip applies the

appropriate processing to the Loop packet data. This processing may result in pixels and

other data that need to be sent to the (distributed) frame buffer. If so, for each pixel

generated, the LoopDraw chip sends out a DrawPixel Loop packet along the ring. When a

LoopDraw chip receives a DrawPixel Loop packet meant for it, it takes the pixel data in the

DrawPixel Loop ;;acket and checks to see which (if any) of the samples of the appropriate

pixel in its local memory sub-system are also inside the boundaries of the geometric

graphics primitive, updating the sample values by the semantics of the graphics pipeline. In

different embodiments, these tests may include combinations of testing for inclusion within

the boundaries of the geometric graphics primitive currently being rendered, tests of z

values of samples already in the frame buffer against computed or passed z values for the

samples within the pixel, testing of frame buffer stencil planes, test for different pixel

blending modes, etc.

The feature of full screen antialiasing preferably is achieved by distributing the

antialiasing filtering function out among the LoopDraw chips that contain the distributed

frame buffer. To start the flow of video, a LoopInterface chip sends a blank VideoPixel
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Loop packet (there may be other destinations), and if the Loop packet
transm ssion termnation condition has been net. If the term nation

condi t i orwbag/osasB80 been net, the Loop packet will be forwacdasobesssof this
LoopDraw chip, otherwise it will not be forwarded. If a LoopDraw chip is a
destination of the Loop packet, the LoopDraw chip applies the appropriate

processi Ngop PadiReokOAR ﬂg ﬁ%’xgbgﬂ%@ram%ﬂ?‘ gﬂ%l-g?gééi?‘gﬁ%égﬁ S5k ah@su Lxels

and other data that nee e sent to frame er. If
so, for eaudiagingebntiripution af thd samples itoopBriawrahiipe sendsthouthe Vid¥oPhRilxel Loop

acket alaong._the, ri.ng. . opDr a hip receives a DrawbPi xel Loo
Bac ket rré[?gﬁ? pﬁcg?et'i\%]ﬂ‘g? W%E%@”f%i‘%?%&eﬁ% gen oy theash fmopbraw ghip. pgc ket
and checlgfd tHensaeryW166plhatekfaddyhip Ohe RSN BSw bnthiAS ¢ étia?’ﬁlﬁﬁreﬁi xel
0 e

inits local nenory sub-system are also inside the boundaries
geonet ri EXeheeippenchisypndhifiar permalizatien syl enionghgapima eerrestisniifie stheans efrant i cs

of the g i i I i rent odi nment t hese.tests

i ncl ude i) ga‘% |ér}1§?rg%sg§h 8? ﬁ}eeLsO{&P%ngér %)CF% cﬁﬁ’c ﬁlglg %ﬂuw{llﬁfeﬁfac? fre? %ﬁﬁ%‘hdﬁ@ of the
geonet r i emegeaiphiddeqonitputtsignal mur vided siyndd Eoingat fRNERERGsioh @8l Fisplayzn a/al ues

of sanples already i.n the frame buffer against conputed or passed z val ues
for the PBYHGH!HRagE dipplAY dedCshi xel , testing of frame buffer stencil planes,

test for diffeheRtwliossls @1@ qﬁ%e e .of full screen
antialiasing pref e‘?vabl @ ?Psot?g hi es\r}gvd&gly |rsata%ig%ge?'ﬁ(g)£? ’%gﬂe{tzlrlﬁqﬁpaelrfl% s?’ﬁ%e
filteringrdpbivessystems can @ow hgbuilterdi oplyrtav cnbiopscHif atpes i BintitbRs the

di stribute rame.buffer. To.start the flow of video, a Looplnterface chip
sends a B?Sgﬁﬂé Wa]888€ﬁs%¥ng7%a€%9%@§8%ﬁo }Hﬂsﬁng_é?S syantagels hadheringut

i nto theirtbragnibt deaRRRMNCERRScialFAGHL I GRORI A AiRerdt il LA p@HHTahEE
antialiasing contribution of the sanples it owns to a‘runni nB sumw thin

t he Vi depfinjsedan bedugt fawkeany different freowitsienRiondlindtonp opthelseme emebges out of
t he | ast Cﬁiﬁqg&%rsaw chip, and then enters a Looplnterface chip, the running
sum now contdins the conpleted filtered pixel conponents, and after

nor mal i zat i onThedewpidmeetureJanEBniCPHoRRles Righ shB& sibp&RBT Knerdpi Xel s emer ges
out of the Looplnterface chip's video output 1nterface as a final rendered

i mage i nPESATHAEPIE §hasists, 37 yRkRs Verydigh ersbitsgistinsing ks prégammebleshiadyi on
T
can now pephigk ystém oomfoguratidnsshat usé morechogpDirgwesips bbiagn Bath nitre peweiTel
programmable shading support and more antialiasing capability. These two computationally
demanding tasks are fully efficiently distributed across large numbers of (identical) chips,
literally allowing more than an order of magnitude more dedicated silicon support for these
important functions than is possible in single chip graphics systems architectures built from
the same chip technology generation.
foe folding of the different memory requirements of graphics systems, frame buffer
storage, texture memory storage, and display list storage into one distributed memory
system makes efficient use of both the inherent bandwidth as well as storage capacity of
inexpensive standard (e.g., commodity dram) memory chips. The high speed LoopLink
interconnect means that not only (potentially replicated) local working copies of textures
and display lists can be efficiently transmitted to and stored in these memories, but that next
level of memory hierarchy non-replicated textures and display lists can take advantage of
the distributed store, and still be readily available for fast efficient copying into replicated

storage working memory when needed.



cost and risk of designing and fabricating custom chips. Anot her advantage
is that the ring interconnect scales well. Commercially viable products at
di f f er entwproBogsesind performance points can be built frompPearysosiodsier ent
amounts and conbi nati ons of the sane two base chip types. The new
architecture inherently provides high speed support of general

bl L.l i gh ality antialiasing. The
br ogr ammbl o anaernoadfelfae fRoptfing Bisti hBlac iRt Hdonbtoer of
LoopDr awballt s dimpld@aughitet eard. ARasye of G giftirfosmadcel RIPHEQN LG b t hat

use nore Lo? Draw chi ps obtain both nore powerful —programmabl e shadi ng
suppor t Cﬂ%’ﬁ% bg s oasiruriedpRalating onyies seerahdiiEwens givanlp ordhary

demandi ngoLas %&ﬁth%ﬁlt'{p}g ihé’taﬁe@ 'O?Pﬁg'é fd)ént‘?da%ﬁﬁdg%t&%%d@.%fﬁ? facto?‘{zgﬁoﬁgﬁb ers of
(identical) chips, iterally allowmng nore<than an order of nmaghitude nore
dedi cat egrisfeldictronit bopds redut ey desipasests, mporfhamting costs) mamsfattheng test Erssi bl e
in single chip graphics stens archite res built from the sanme chip

t echnol 08y ng A8 ?‘}ﬁe?igﬁ}’ aﬁ‘ﬁé’ar‘ﬁl Qs Coflﬁj;aliﬁﬂ HRREHYSICRIASPHIT BHUINEERERt s of
graphics systens, frane buffer storage, texture nenory storage, and
display list storage into one distributed menory system nmakes efficient
use of bdriefiDesriptinnofthe Drawiingst h as wel | as storage capacity of

i nexpensi ve standard, (e. Q. onmodj ty.dr . menor hi ps.. The: hi gh speed
LoopEi nk int ﬁ%g%:l‘g@w%g%ﬂgg?%l en%%%('l%ara{_’}zstcp](‘}f’%ﬁ%épg?qt&ef%tﬁcf’%‘?cgd) | ocal
wor ki ng copi egigire DRKSWE 8&tail aNsh BinBtiR¥nd oS Soopaicti®critd, igdignhd ¥
transmtted to and stored in these nenories, but that next |evel of nenory

hi er ar ch§oRERItEm Gantpirigs Logpiravs chipyang mpitiale Laopinjerfans chise advant age of

the distribut I A | LAl | e.-for fast, efficient
copying into r ‘f’?5?%"&952%“%%%&&%%@?%?“%%%*&?% hicsComithg {38 83 083680
PCT/ USO31Lo8ghterfaba chipeo poixiisie destinatishBodpimawrehigpschi p and the |ocal dram
attached to i&:.can built as a.s | e dautghter card. A range of high

b ;
per f or mance g é\%ﬁ?éﬁ%‘%?é}ﬁgﬁt@%é{ﬂ esyrth ol ¢ Rearigeldanopinacks st act ed by
popul ati ngoRNEwPERIS BY &giblgiigsggég {Lp b cHB%_her boards with nultiple

i nstances of these identica ter ‘cards. “"This factorization of printed
circuit boar d¥igueetebkewsitheipgth thatstlsthe VadeoPact Lioompackestisym aparticakzt ur i ng

et oo BRSBTS RaE T P T s 528 ™

output interface.

Figure 6 shows all the pixels in a 16 LoopDraw chip system owned by a particular
LoopDraw chip.

Figure 7 shows all sixteen VideoPixel Loop packets whose 4x4 convolution
windows require include processing of one specific pixel from the LoopDraw chip of
Figure 6.

Figure 8 shows an example of a six LoopDraw chip layout.

Figure 9 shows an example of s six LoopDraw chip printed circuit daughter board
layout.

Figure 10 shows an example of a printed circuit daughter board on edge layout.

Figure 11 shows an example of a printed circuit daughter board on edge ‘V’ layout.

Figure 12 shows an example of a printed circuit daughter board radial on edge
layout.

Figure 13(a) and Figure 13(b) shows positions of pads on bottom and top sides
respectively of chip package for flipped back-to-back LoopLink connections.

Figure 14 shows an example of a single ring schematic.
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Figure 1 shows an enbodi nent having a basic |oop architecture interconnect.
Figure 2 shows detail of an enbodi nent of a Loop architecture, including a
conf i gur awWD®B/08384 ai ni ng LoopDraw chi ps and mul ti pl e LooplPorarshaessse hi ps.
Figure 3 shows a | ongest and shortest path of unicast G aphi csConmand from
a Looplnterface chip to possible destination LoopDraw chips. Figure 4
shows a IongesFti argqsssﬂorétgns(tex_ ath f)f abg)raV\Pi el Loop packet froma
LoopDraw chi p o posm%‘?’e HEH AP %f]iour_ %Bf)?é e@ﬁ”&s. Figure 5 shows the
path that all Rifeedialepbkebhdvoaidfcpae kiedricuf EQiMeatidB! dddiditevent WRRIMt er f ace
chip take for antialiasing and generation of a video output sighal to a

vi deo on%Pthﬁ%@ﬂ"fe&‘@@ne Ofeire 6 shows all the pixels in a 16 LoopDraw
chip system oyn : i-cul ag: i i.qure 7 shows all

si xteen Vi deo\g?égf @Z(l)%%&ggc ﬁeiggﬁ otégﬁ%%%\é\%ﬁl\% Lﬁl{ﬂoj%g' W ndows require

i ncl ude procedsgurg 18¢a) siewssptheed i pigical mbdeim t he LoopDraw chip of Figure
6. Figure 8 shows X | e of .a sjx.LoopDraw chip |ayout. Figure 9 shows
an exanpl e of ﬁ%?ig@géﬁ‘gﬁ%@\ﬂéﬁlﬁﬁysﬁﬁg@og&rcuit daught er board |ayout.
Figure 10 shows an exanple of a printed circuit daughter board on edge

| ayout. Figure 11 shows an exanple of a printed circuit daughter board on
edge V' layout. Figure 12 shows an exanple of a printed circuit daughter
board radial on edge I|ayout. Figure 13(a) and Figure 13(b) shows positions
of pads on bottom and top sides respectively of chip package for flipped
back-t o- back LoopLi nk connections. Figure 14 shows an exanple of a single
ring schematic. 9 WD 03/083680 PCT/US03/08886 Figure 15 shows an exanpl e
of a double ring schematic. Figures 16(a)-16(k) show different shortcut
connections, and different ways of draw ng the sanme connections. Figure 17
is aredrawing of Fig. 16(i) as a double sinple ring.

10



Figure 18(a) shows a three ring |ogical nodel. Figure 18(b) shows a one
ring physical nodel. 10 WD 03/083680 PCT/US03/08886 Detailed Description
of Sever awOHafssdBirents A. Ceneral Di scussion general purpoTasodogsss er One
enbodi ment of a general purpose conputer is shown and di scussed. A genera
pur pose conputer .is a conplete systemthat contains one or nore general

pur pose [DasikabDéscriptiestiSevedl FaREmeRsn menory, and one or nore external
I/ O processors. These external 1/0O processors in turn are connected to one

or nore external |/0O devices. A general purpose conputer is capable of

running a wi dey r gpge.ohispiRQLams perfornmng a w de range of functions. It
oprrwrzé§§¥o—perf

has not been orm any narrow range of specific
functionality to the detrinment of the performance of other functions.
general purpose processor el enment The general purpose processor elenent is
the conput at | GRATAHIUPPSCHOMPUlEner al  purpose conputer. A general purpose
processor elenent generally does not contain any external 1/0 devices or
main menory, though it can contain |arge anounts of cache nenory. A
general pur pos&epngwdssert oflaegerert| pushese cpmptitents shoganad discpised s gegpaput er

is capable of executing a wi.de range of prograns perform ng a w de range
of functi 8ﬁ’so 5C %?m%‘gtﬁrelrsgl on\j“ ‘E)%Steﬁ? g?&g%ﬁnﬁg%ﬁ?gﬁﬁnﬁ& PHROSSIIPIASIE t 0
perform 2Rynendy, behe@Athen AemoBP Rl bhé of MBfeldxRRRAIITIY ploBedsBE. FhlE YRR a1 Of |
performance of |arge nunbers of other functions. Aﬁotﬁer conmon termw th

a si i | al/Chireagssersiin fur [gee gaunpeiedto afe or miase pxtvmat I/Onlevises el permral pprsessor
o TSR0 o O B LSBT S,
entire génetiahs. firpasebgnageianiosd ©lperbith anPharfovs kg 6f Gitcic haltfinalilyitoVas
ol enent 7 CPTHASIOS b o LA HERCHPBSL | ct 1 on N6 | onger appl | €5, Now
it is possible to fit nore than one general purpose processor elenment on a
single chip. Soon technology will make it possible for one single general
pur pose pr ocegswralglugpmsatpremssouelenrent ti pl e "t hreads” at the same tine, and
t hus appear to be nultiple general purpose
The general purpose processor element is the computational heart of a general

purpose computer. A general purpose processor element generally does not contain any

external I/O devices or main memory, though it can contain large amounts of cache

memory. A general purpose processor element, when part of a general purpose computer, is

capable of executing a wide range of programs performing a wide range of functions. A

general purpose processor element has not be optimized to perform any narrow range of

specific functionality to the detriment of performance of large numbers of other functions.

Another common term with a similar meaning for the purposes of this invention is central

processor unit, or cpu.

The ever continuing march of technology constantly changes how we must interpret

terms. Many years ago, it was impossible to fit an entire general purpose processor element

on a single chip. Later, it was only impossible to fit a high performance general purpose

processor element on a single chip. Now even that restriction no longer applies. Now it is

possible to fit more than one general purpose processor element on a single chip. Soon

technology will make it possible for one single general purpose processor element to run

multiple “threads™ at the same time, and thus appear to be multiple general purpose

11



11 WO 03/083680 PCT/US03/08886 processor elenents. Further refinenent of
the details of these concepts will not be necessary for the purposes of
descri bi rgotobiog3eBnventi on. nmain nenory The term mai n MenoPETESHEES8E 0 t he
general nenory store on a general purpose conputer. cache nenory The term
cache nmenory refers to the a special high speed nenory store within a

general P ROIE AT ?{Slrtn%#?é@{lji_ent Bithe 'a?ttaﬂgt)f\@ﬁé?e c%%‘&%bt%?ﬁ L&Y b HELERES

processor elenent, or group of general purpose processor

el enent s foui the ptupesest dfeiescrinimg thiscineentivanory. external 1/ O processor One
exanpl e of an external 1/0 processor is a hardware sub-system designed to
comuni cate with an external |/O device. Thus, the external 1/O processor
acts as the igMigHf bet ween the rest of the general purpose conputer and
the external /O device. In the sinplest case, the external 1/O processor
may do little nore than pass on data without any nodifications to and/or

fromthe rest .of .the general purpo conputer and fhe external |/O device.

In nore conpl exXSds ,glqrﬁgmggé{)rgfeﬁ%ﬁ)etp? %&g’r% T 4 Sf°§e 8“3@8’&?@1 PURRSHose

har dwar e comgaet.er at or, capabl e of perform ng conplex conputations on data

as it passes.to and/or from the rest of the general purpose conputer and

the external 1/0 device. In the literature, an external 1/0 processor is

soneti mes al S%Féh%frﬁé@ to as external I/O controllers or external 1/0
ers. Be

devi ce contr ol ause nowadays nost all of these devices contain
powerful conputational systens in their own right, the nore descriptive

termexternal .1/ 0 processor wl| be used to refer to these devices in the
descri pti on ofﬁ’?lﬁ‘?rg‘ ?%g‘éﬁ’cefrt?ﬁy refers o e speciabhigh praed mamqsy sles Wahi 3 ncl ude

devi ces tgl@@éral‘i%ﬂ?;g&@ RYBIphter NsBAIRE bhOofs alﬂgﬁ&aélﬁ%ﬁéﬁ Eux‘f}fgﬁé Qxﬁg&g@e&l@&elﬂu rpose

conput er ‘syste o properly formatted co ni c a nunber of
st andar d oasalt sigi-group ofgeneral pumpase pesessor dleasatsiwitldabathes dwicéacle, but are
not limted to, scsi, ultra scsi, ata, ultra ata, ide, rs232, rs422, 10
BaseT et KEPH8Y" 100 12 WD 03/083680 PCT/ US03/ 08886

external I/O processor

One example of an external I/O processor is a hardware sub-system designed to
communicate with an external I/O device. Thus, the external I/O processor acts as the
interface between the rest of the general purpose computer and the external I/O device. In
the simplest case, the external I/O processor may do little more than pass on data without
any modifications to and/or from the rest of the general purpose computer and the external
I/O device. In more complex cases, the external I/O processor is a special purpose hardware
accelerator, capable of performing complex computations on data as it passes to and/or from
the rest of the general purpose computer and the external /O device. In the literature, an
external I/O processor is sometimes also referred to as external I/O controllers or external
I/O device controllers. Because nowadays most all of these devices contain powerful
computational systems in their own right, the more descriptive term external I/O processor
will be used to refer to these devices in the description of this invention.

Examples of external I/O processors include devices that can convert interactions
with the rest of the general purpose computer system to properly formatted communications
on any of a number of standard and custom computer interfaces. These interfaces include,

but are not limited to, scsi, ultra scsi, ata, ultra ata, ide, rs232, rs422, 10 BaseT ethernet, 100
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BaseT ethernet, 1000 BaseT ethernet, usb, usb2, bluetooth, Firewre,

Fi berchannel, Infiband, analog and digital audio formats, anal og video
signal viwew3ssymysml formats, and digital video signal vi G#€®/UGSO3ORIB6
formats. This invention in particular relates to external 1/O processors
that are special purpose hardware accel erators that use anal og and digital

i deo si t / i of the physi cal
Vimge ai SAReh SAETRE 1680 BAMGhertih B8 R usibolh. RRKYES B bfifeE hesce. of
enbodi mefiifibanfl, eles ad digitdDadevifoesate uhsibe tiRb skanl Haeo SOREeRE, Al O a

general purpose conmputer via an external /O processor. One cl ass of
ext er nal digite) widee slgnalindeasyignad dymésyi ces. Devices in this class include,

but are not lmiTgﬁréi‘ﬁger}tﬁn d@%ﬁﬂlcqgl? Ke1glEd t%';é\%t nfullq/gjr) rogjeﬁgrs(%flz;t\é?%ﬁpg&gg}g%%ose

drives, cdra Ives, romdrives, ram ves, renova

st or age, hamdraremeektersdhalose pnaleg sidodigitrd vidsosignal foemast® cohnex teenahal / O
devi ces ?[e netvvorﬁjs @Pd' n .tvvorlé. dg}\t)/,i ces. vices in this class include,
but are HOtd9viGRsCEPeRILYsicat fner sl Ee¥ice GB%or k bri dges, network
firewalls, as well as the networks thensel ves. Another class of external
|/ O devices are human interface devices. Devices in this class include,

but are not | iewietred /Qodeviigeght s, swit ches, keyboards, mice, tablets,
joysticks, light pens, button boxes, slider boxes, caneras, mn crophones,

t el ephones, pdas, video conference devices, tel econference devices, notion

tracki ng devi 0@y diffbredi 6195586 OV @BbcEentd 6€y:gbinh Bl/O Addices SdstithiIRAL band
speakers, physical image display device, tactical and haptic (force
f eedback FoRgeisdiniga geoes] PRIPOPOSPIIIHEIT G s extermal P haeacsioy- out put devi ces.

Anot h I I i i spl- ay. i ice
PRt s o ase Ot SE BRend otRHEe R B USRI Al AR EON TR O
pri nt er s but dre hovlimited s hard disk drivess sfloppyjekskt drives,i ddi@hs drivds| edrpnidives,s, | abel

makers, nuneri cal %Qi ne, tool s, and sterolithography output  devices. host
conput er Iamrogk‘irr‘?fﬂsgg any dhiyes, TeBAYARGaPs Sorse §€‘E}9V¢h?%ﬁ’|sk HEVRYPTAECOf vi ew
of the externalhotld OlaRE OEE&38RAL /D BEviE&Ske BEwHRG a%’?zl%f\%c{klﬁ!é{rﬂa@s? BeGREPHL er
that the external /O processor is a part of Is called a host conputer.
The genetlas clessripokide.dorpret mot linited ey netveorl routendsenetwbrk WrRigAE) IBBY@B3680
PCT/ US03/, 088%16

firewalls, as well as the networks themselves.

Another class of external I/O devices are human interface devices. Devices in this

class include, but are not limited to, lights, switches, keyboards, mice, tablets, joysticks,

light pens, button boxes, slider boxes, cameras, microphones, telephones, pdas, video

conference devices, teleconference devices, motion tracking devices including gloves and

bodysuits, audio equipment and speakers, physical image display device, tactical and haptic

(force feedback) output devices, motion platforms, and olfactory output devices.

Another class of external /O devices are hardcopy display devices. Devices in this class

include, but are not limited to, laser printers, inkjet printers, thermal transfer printers, impact

printers, film printers, label makers, numerical machine tools, and sterolithography output

devices.
host computer

An example of a host computer is discussed. From the point of view of the external
I/O processor, the rest of the general purpose computer that the external I/O processor is a

part of is called a host computer. The general purpose computer may have any number of
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ot her external FO processors attached to it, and they in turn are attached
to any nunber of external PO devices One enbodi nent of a host conputer

t hat rel awev38868hi s i nventi on woul d include external |/ @Cprusoyessess to
connect to the external PO devices of a keyboard and a nouse, application
software, and a graphics hardware accelerator attached to a cathode ray

b ' ' ' f..th I f_physi ' di spl
ot cos wiERERBT VAT pRessE AR R R BOTR St PRROES s e 6

appl i cat iesternsd I/Ondevécasoul d execut e on the general purpose processor

elements wthin the host conputer, optionally take in input froma hunman
user via the K&prsabimsppfghogiromputreihat selateqinthisiarentign seovidiackidaphi cs

har dvar e 266l SAAkRkedsOrsGo ThE: B thd 83 malrlsri‘(?‘&g%(})i‘régs dét;%%%&é}ﬂ aL@?'iho gd the

i mage on as a video output signal to the c host "interface
An | nf i bapplidative séfeere; sndngrapkianjirdware aacdlastor iatthahiel ac e catfbdenragmubext er na

I/ O processor ,of .any.kind is_ attach to host,. c ter, the termhost -
interfaCZC s VHEA S %H}S@‘“@f’ ofg‘etci?@s ?gﬁ’q}?ﬁca@mfﬁ&dmﬁ%ﬁ&@ Wﬁﬂcgr“f 38W-platseen
t he host oe eS8 f cRRehal 1® L dyare accel erator. Quite commonly this
interface has been an internal conputer bus of some kind, so the host

interface is sdwepphestionspbyaredvaudd exccatetnaghe persralowmse procassor ¢eghets and

hi gher s i or kcal .interfaces are needed to cquple
differe ntg‘%g%ﬁrr%ﬁ]t%é{ Jfogﬁ‘laﬂt&g ?ﬁ%tlos’f‘;?@’? éalrl% 1 8’68{ ﬁ% ,ackt‘ﬁ%a“h%g‘i Vip ﬁlﬂegl?efYEBaégi s | ess
and | ess ahd/sehoutdddaces, &dshi éduse thelopariiecsMdrdifire afcel¥ratBStosddafpRtt Pinal

di fferent conputati onal sub-s%stens pl ugged into the sanme host conputer

It is nof@deraddmage anghen sprd the imagqm anta Videaoytnwtsigyal fo the extifer dispday.ng of
signals. In the context of talking about a 3d graphics hardware
accelerator, the termhost interface inplicitly refers to the particular
host i nt erf acéotthaterfacotinect s the 3d graphics hardware accelerator to the
host conputer. application software People, conpanies, and organi zations
general ly purchase general purpose conputers to do useful work. This work

i's done in pardn RYibsRERHdrER e ROSRULShpR RARinidaLe have been  purchased or

witten for this task. The term appl Pcati on so%twa?'e refers to such

pr ogr ans Whet angx03haid40 $eocestr 0B05/1688 Baittached to a host computer, the term host
interface is used to refer to the formal and/or physical interface between the host computer
and the hardware accelerator. Quite commonly this interface has been an internal computer
bus of some kind, so the host interface is sometimes referred to as a host bus. However, as
higher and higher speed electrical and/or optical interfaces are needed to couple different
computational sub-systems together, the host interface is less and less likely to be a bus with
a large number of wires shared by different computational sub-systems plugged into the
same host computer. It is more likely to be a point-to-point interface will little sharing of
signals.

In the context of talking about a 3d graphics hardware accelerator, the term host

interface implicitly refers to the particular host interface that connects the 3d graphics

hardware accelerator to the host computer.
application software

People, companies, and organizations generally purchase general purpose computers
to do useful work. This work is done in part by specific computer programs that have been

purchased or written for this task. The term application software refers to such programs.
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In the context of 3d graphics hardware accelerator, the application
software communi cates with the 3d graphics hardware accel erator through

gr aphi cs wpiog/083ppl i cati on Progranmer Interfaces). nessa@eT/usonesssage i S
an object that is sent fromone entity, the source or sender, to one or
nore potential destination or receiver entities. The nessage itself usually
has some contents, the informati.on,that the source s _sendi.ng to the

dost nat i ons. TEF FEPERto SRt opast bR s R B O cepar at e
out rout tdigmanicees iithahé 8d giaphies iaddinare {cablsmterahioagh efphicBapid €Applida@itht he
rest of the contents of the nessage (also called the payload). Indeed, in
sone enbBWgrEnner kfafaces)pe” of the message itself is separated out as yet
anot her separated piece of information. Different systemin conputer

sci ence have defined separated pieces of nessage systemin many different
ways. The goalmesdfagehi s definition is to describe the nore abstract higher
| evel semantics shared by nost nessage systens. When nessage systens are
needed to be used to describe various enbodi nents of this invention, '
speci fic det ail BesabdRlA06R3t Bht HRST I SYSERAP, thé bdurQLord@hddr&d ok ot -

Uni cast and nul ticast Consider an el ectronic system made up of nultiple

di f f er enmosapetenti daginaiign ommeceivérantities FHe areserge doshrusvatl mhaosomnaenntddsn

built into.the electroni c system suc hat .at ..l east.. sone . ndi vi,dual

oub. syst bbb EdEa0Re SaldSSaHE R tARbs o Dh o BRI A Lt on
system t fh@_’ssa@éd hagetpliely phRek dud réldne ordegimatien Qifb@!iatﬁ)bll@alw sdIRMth&onsi pler
a nessage is sent froma sub-system If the destination of the nessage is

exact | y berdedtivrap thesgsi-of yhe eomfentsnf themsssgee (s eafled thepaylpadk Indegdiinast
nmessage. sdnge &ggoﬂﬁ%}ltsgﬁéa "@ge”rr?&{t% h@?st’élgé) fi%1r 18 fse};a?%e(gé&:ars y%rrﬂ bﬁ%’e?%%ﬂ?ate& he

nessage 1s rererre S cast“nessage. I'cast” nessage,

t he nmesspiges dbi@sornntiondVElectadt Biteae it cdngpuadd sclchee bivealefifiescpyistadPicded o
potentially nmore than one other sub-system |ndeed jif the system by which
pot ent i alMeSWES YSHAR ipAany dilterent ways-cwerasal ofdhtscleliaitionds tordsscrihs theBiars or

sure whi ghygt: i r'Ii’é’\{Bf scihRitics %‘Z“‘?ﬂ@ Wob! m@s%&%?gg%?ér;ﬂe%@ﬁ fo‘ets%gg QYst&die

mul ti cast nessage, 'S may case tha one or n" none of the
ot her sulresysdeine baasedid desertssvanpubenbefitientsdd giis eventom, spectfivadetdiledD

03/ 083680 PCT/ US03/ 08886 | t.) t 1 dit i Gl th ¢ hat
Che mossTEETHRAHBREolReral oh Shapd gae, o S St the case tha

Unicast and multicast

Consider an electronic system made up of multiple different sub-systems. Assume
that a system of communications has been built into the electronic system such that at least
some individual sub-system can send out messages from that sub-system over
communication system that will get delivered to more than one other sub-system. Consider
a message is sent from a sub-system. If the destination of the message is exactly one other
sub-system, the message is referred to as a unicast message. If the destination more than one
of the other sub-systems, the message is referred to as a multicast message. To be a
multicast message, the message does not have to be sent to all the other sub-system, just
potentially more than one other sub-system. Indeed if the system by which potential
destinations doesn’t allow the sender sub-system to know for sure which or how many sub-
systems will actually be targeted by the multicast message, it is may be the case than only

one or even none of the other sub-systems actually ends up being the destination of the
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message. U There exists a standardi zed rack nount systens used
commercially by many telecomunication, conputer, video, scientific and
ot her prowooB®s3cdnere exi sts a standardi zed "rack", a setcofusspessed bol t
hol es on vertical rails approximately 19 inches apart. The holes on the
rack rails are spaced so that products of a standardized width but a

vari abl e t u r i gaps.
Thisois %ﬁiec%% m&ség% S?cPR;lst & t{l‘lﬁégs\egfr?é{ 1 &stag%ﬁléﬁfo‘é@ as1ﬁ§{eé( Snﬁmﬁ&s fogral
nunber oimessapase unit. The base unit is one and three quarters of an inch
hei ght, this unit is called a U Thus, one may specify the height of a
particul ar piece of equipnent in units of U e.g., a 1U piece of

equi pment, a guU pi ece of equipnent, etc. The depth of rack nountable

equi pnent is not fixed to any nunber, but there are a range of depths that
nost equi pnent fits under, generally less than 16 inches or 18 inches.

There is no u versal st an d for, where on the ,six sides of a rack
nount abl e pi e %re(?fﬂs fﬂ?gﬁ{lzegl IAck OURLSYPem ug%gﬂrgngrﬁﬁglyéw ¥ %heated air

| eave. Btéiec%ﬁrmn%aﬁoﬁaéo&ﬁlﬁﬁeravlda@rs&eﬁum and Gt Fr¥ i8I MRBle dxii@f £ My sone
standardi zations may exist. Simlarly, while many markets assune that nost
cabl i ng, standaediget] Trgclgomeset Qfamqed@oltd‘l@lee9n|vert10hbrada@nxprawmmly 4P ifohesn t he
floor, this unlver t cted
power ba%q?etd llﬁ’p ﬂ?rtaé ﬁnﬁ%e rla mls a‘ée ge)lég%dnggtﬁgt gd&ltsr Otc éi'%d%hﬁ?e?ﬁv@ éhﬁl%lrﬁe foot,

sone mar kﬁi&l@l@dﬂgﬁt&:aﬂ@é%oltﬂﬁh&i @ntsubllnadcktlémMg g karﬁdia’r@ s. misamdmwy are
foll ovved to the letter. Blade The term Blade within the cont ext of

conput er “@gutigaeHthervasabls sguipmenphaichis Bipintesralaambenoht Baseangelhelasee. g. |
no nore a ol une
poi e of PO BB hre PR B e N Rl TVETIRG YL ERY b

Al Iso r afﬁmerfy t}hﬂlmlgiﬂiotﬁ @ pugticylac pmoé eReqiiphesn uriscdl (§.epas Al ¥ pae ofhoul d be
relatively. sinp

I d b h I
nuher | of P GRS EHIUSHRL SBPRGH Ecs LR O Hek SO EO DO
PCT/ USOSfQ&ﬁ%Gm %ﬂbeptbueﬂﬁfe)alreerm geBradfns it Maet ERIPMRTSRAE are one,

two, or four m)re PC conpati bl e Tpus in a single notherboard wth
menory, gcmpsal}yl lessghambd inchesdrds in¢hes oliaere is no universal standard for where on the

six sides of a rack mountable pieces of equipment air for cooling should come on or heated

air leave. But within a particular market or industry segment there may some
standardizations may exist. Similarly, while many markets assume that most cabling,
including power cabling, comes in the back and/or up from the floor, this is not universally
true. Because air conditioned protected power backed-up machine room space can be very
expensive per square foot, some markets can be very insistent that their “informal”

standards are followed to the letter.

Blade

The term Blade within the context of computer equipment has come to mean a small
rack mountable device (e.g., no more than a small number of U in height) that from a
physical volume point of view packs a considerable amount of power into the small box.
Also, rather than being very complex devices, each separate box should be relatively
simple; complex systems should be achievable by placing a large number of Blades into one

or more standard racks.
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profile disk drives, one or nore standard network connections, and perhaps
alimted nunber of pci slots, all wthin rack nountabl e chassis as short
as only 2woion/osssBght. Multiple such units are conmonly r &cChkamsosressss ed
together to formweb servers and ot her conputational sub-systens which need
| arge nunmbers of cpus that don't need connectivity better than is

achi evabl e usCuwgens tragslesofBladey i tEOORIBSItEIPace 42t dRKItHE rabur JBoded (N
GraphicsSlab js neant to describe a new class of_ 3d grgﬁ)hi cs hardware

accel er £o8WaEblsspus 1 3 single petharheasd agthypemprys possibdae pal nanbernfde®l ab are
meant t SR dri l i gmr'-eﬂg%\f £ o 4U)
separ at g)rgglfeé t%‘{eg’gdzi%mééééﬁégﬁh%%aﬁost E((:3§Hr#peu 1(]t;ar{réﬁm\[/l 2 &s} rlgt/e%standard

i nt er f acestenofipdsldts falllvaiidn rahdneendblociastis ghshouiadsionyy 20 i@heighitender ed

i mages qver. long line digital ~video, signal channels via_ a cross bar

o L cher VSIS Rl PRt A ot e Eh PRt SE R, A SR HEBs

Wi thi N goffrltdidhhiGub 2 88mS wWich Rc8 3Heg AlunB8s W ERIstha BhGe&] RIHRLS

bui | di ngogr%%nul ti- tl)lpi Fydi ng carrpuse. @él}g WO 03f08 880 PCT?U%O% 088§%mjgonput er
G aphi cdelter then Beashieyeble isivgistandartinetwarkcanmstions. t he fiel d of conputer
graphics, specifically 3d graphics hardware accel erators, several
technical ternms fromthese fields should be discussed generally. 2d
conput er gr aphiaghiceSlgb 3d conputer graphics Conputer graphics is a well
known term describing a sub-discipline of conputer science generally _
focused on the direct and indirect use of electronics and conputers in the
generati on ofpqvi . j ) | | - known
matur o o pr o EUBHEGHRTUSID Cln o IR de R Wrrou AR T S Bophle® a0 e
sonme defacodleiatn praductzahatiald ersbivditatthid inveeonf GiapRictSlnle gretreganB toCghdtter
graphi cs, . 2d conputer graphics, and_3d conputer graphics. 1In the

descri ptsneb%%ﬁ Ofkebhiame e I}faﬁ,raqgﬁ@%é? A2 aenaeie bexss et spmeenmediitpihogle used
to refelohfudeia ity 36haki HefRGHS & d P ting,
phot o ec?lziof‘@gg, pgi nt S's;‘%/,stems, 23 %SlrE&c%ﬁgaﬁﬁ?ﬁ&a%@grﬁpg%ggu%t?;ﬁgﬁ% erm 3d
conput erenpteagrhintages ovdrdongelinesdidital ovideefsignaj clsnels via heossizr dwizchaplid ne

f ocused .o ff.ects: 3d renderi li.ghting, .3d nodeling, 3d .ani nation,
oo o ifrtialomEss Sortinpaiart Bl A Theal i vitBin A B bt MBS SHF aphi oo
usual Iy Jrgdisasioh it a smiid pHy¥ichibusMBRUTimAH-Jugia i algss.i N addition to 2d
techni ques. Because the topic of this
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docunent involves hardware support for graphics, including both 2d and 3d

techniques, in this docunent the term 3d conputer graphics will be used to
refer to Woaplkswsso conputations of all types, including bech/ukdsessss 3d
techniques. In general, in this docunent, this convention that 3d refers

to 3d and 2d techniques will be followed, except where explicitly stated
ot herw se. %n no, di s aIIy|S|ncIuded as a prefix to aterm in this
docunent the 88’@ eﬁtc{m ?rﬁlgt termwi |l refer to both 3d and 2d neani ngs
of the term except mhere epr|C|tIy stated otherwi se, or in cases where
fromcontext the termwas |eft deliberatel anbi guous, so that it could be
referring to Beeayse they inveeticgrelaias te Hee frld ﬁgmmg@r %ﬁphlwesnf@rfmallyédg "what

fornms of g&?ﬁﬂk‘b&ﬁd&@%é FarPs AL &ﬂeé@ﬁﬁﬁ tﬂé}}n‘g%ﬁon%’ch%gé)ﬁéﬁs %houﬁi‘l?é citly,

usage erm conpu er grap I'CcS esé conventions. To refer to
t he subdiscusetd genendlly. conput er graphics that only invol ves 3d techniques,
the term 3d graphics, defined next, explicitly limts its scope to only
the 3d portion of the conputer graphics field. Note that although sone

ternms includey Hg%gﬁpgﬁgﬁcggnwag&n"égggﬁﬁgg cs" - these terns do not 18
WO 03/ 083680 PCT/ USO3/ 86 automatically inherent the exenption from

i ncluded 2d techni ques; the defi n| tion of each term nust epr icitly

i ncl ude an opt;out  of t@w gener rul nllﬂl ar @%lﬁstl scoLﬁe will
come up in th OFP IR SEAPIFs 3t @ Mall apvh em’o%ets 1288 aREP-8HP ﬁ*‘ﬁP CTERHE i s not
only thesdigfdeyehdt8Ne Etusdd GhBYirdeh anl Wdiflcb@seldTdleckbific MM tdrS in eMMONI Y

referred to as "renderi ng1 har dware", but the scope of which conputer
gr aphi csgenesdiom inwabﬁeéu &0 sempREtioBS. &wat}sg@f ity wieHnpwg neBEn i Redse of any

di mensi O8efinifiof @7'11 ﬁ(?tb % &filﬁgré r\g'hiz\gﬁgéﬁgtﬁllre %{eﬁﬁﬂfpﬂﬁ% tl‘xg%f?éfg z{téd of

non-rendering conp ain 'ons W remove
t hi s pot esd mfahetmén tgtihg yomﬁdemramhcs;adadmgnmpgnapmcs snd 3d ebmputee griphivs. of
conput er on net hgds an t echni ques for rical

conput at ﬁbfbg%g%%p@(éﬁ &k ﬁﬁ% ImyRREQD, Hif tmgég?}@@ﬂ@ %ffaplp%wﬂbhgjﬁsféﬁ%génu riPd
ai il at e o B L B M T S b o
l'i ving bénrr‘t_ sll D aninextiony etmaWiulb d)ernn3tls¢mn[mtersgyapﬂmtaouldrhmmbditmf&mustdxal
oL Bl anes WA, SLEOMBUL o1, JEor 2. Nen Lo em oL e el Ly 2, aage o
correspopdi Rgthe oRfIEST IRABNAE sRPpdIt IR iR Bd COMPHteAEIaPRics usually refers to the
ability to support 3d techniques in addition to 2d techniques. Because the topic of this
document involves hardware support for graphics, including both 2d and 3d techniques, in
this document the term 3d computer graphics will be used to refer to graphics computations
of all types, including both 2d and 3d techniques. In general, in this document, this
convention that 3d refers to 3d and 2d techniques will be followed, except where explicitly
stated otherwise. When no dimensionally is included as a prefix to a term, in this document
the convention is that term will refer to both 3d and 2d meanings of the term, except where
explicitly stated otherwise, or in cases where from context the term was left deliberately
ambiguous, so that it could be referring to either/or the 3d and the 2d meanings of the term
(e.g., “what forms of computer graphics might this technique support?”). Explicitly, usage
of the term computer graphics follows these conventions. To refer to the subdiscipline of
computer graphics that only involves 3d techniques, the term 3d graphics, defined next,
explicitly limits its scope to only the 3d portion of the computer graphics field. Note that

although some terms include the sequence of words “3d graphics” - these terms do not
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The term 3d graphics as defined here usually excludes the techni ques of 2d
conput er graphics. The conbi nation of the techniques defined in 3d graphics
and 2d cwopawesssgr aphics in this docunent is referred toPa3/(Bd3/essput er
graphics, or, in context, as sinply conputer graphics. (Note that the term
"2d graphics” is not defined in this docunment.) 2d rendering and 3d
renderin . e 2d.r I r..t o ni ques
from corngjlﬁt{oﬁlartl énﬁ'algﬁ%ggﬁﬁ (% e X }gnon M%bnecrl%cfelﬁgﬁgeﬁr}%lqcuﬁsé th{ g%fg JEIO #1 Br awi ng,
pol ygon ftetrinlmaétgﬁphdlﬂyr&lclddmhldpgou(cﬁaﬁé@éne@psuleone to n-bit expansion,
outline font instantiation and rasterization, packed and  raster

repr esent at i of* $Pilapgyestion gt sopre Biild conae up yu thzaleféan’uﬁ{l o jendering, bethrd arde t he

effects aff layetSisHo ffbﬁ! tﬂémeﬁltsﬂ%l&eomw d, thi8eb g{}q{mﬂ%% etc. The
term 3d rendering w fer oal thetec ni ques o rendering, plus
expl i ci t coBchonbclefarmpdds as Tﬂeﬁdm@mdwarb’r yuBthetsesgerifoqdash eorepwtén @hphics

concer ne th simul ations 9 03/ 083680 PCT/ S03/ 08886 ri ous
oo e S hbieCarT BtiasRl S rohiusl NGBS P AR R s o Fvedleaet vt h

sur f aces “rcAREkAdHRANAES nfy AROYiREIGM s@?bﬁ%? ﬁoﬁ%@ﬂ@ﬁﬁg &dmplier BLPGES A At
produces images in caneras and the human eye. In nbst cases, epr|C|tIy 3d
r ender i ngxplicit dedingioms ewtl rerhove thismeitentiebamleigiiidly. i nvol ves taking in
representations of the objects in the simulated world, including a

sinmul ated canera, and generating a rendered i nmage (nearly al ways

represent ed agdapaphidsay of pixels) that is an approxi mation of what the
simul ated camera would "see"” in that sinulated world. In this docunent,

all three tenses of the word "render": render, rendering, and rendered,
when they app f f ve the same
meani ng as thgatgr éﬁlﬁ%gy%g%dgfrs fise gf;%}én Eé\;rﬁ,gﬁégcegifgﬁ?s%g* ng&l%«%%tagg ot herw se,
or in ca$®kmquoeuf,mgmunmnbzdxbmph‘etlbmmrmssdneﬁl’td dmbldteaspreat pf thebi guous,

so t hat e.r ng to either/or t 3d, and the 2d ani ngs of
Che. tor mPPEIGH vori bGP R GG REL £ SO0 ERRR BB B ppor 77
Because %ﬂﬁhlét‘é& Wot1d. Phis %B@er?ﬁ%éé%mﬁﬁe df%%ﬁ&ds”ﬂoﬂnsanﬁﬁﬁdn}’oﬁiv‘ﬁ?’& 19y tb mage,
the default noun to the verb "rendering i mage The word "rendering"

is a predeftar Wae'ﬁ%cwtrbpt synihefic monhinsemped enplagesrvetide ricogputee Farage". The

word "re ”9v%£ probﬁem area usuaelly a ralngc]; of soth?tlgn% e avaﬁalglé with higher quality solutions

requiring a correspondingly larger amount of numerical computation.

The term 3d graphics as defined here usually excludes the techniques of 2d
computer graphics. The combination of the techniques defined in 3d graphics and 2d
computer graphics in this document is referred to as 3d computer graphics, or, in context, as
simply computer graphics. (Note that the term “2d graphics” is not defined in this

document.)

2d rendering and 3d rendering

In this document, the term 2d rendering will refer to techniques from computer
graphics for drawing operations in the plane - line drawing, polygon fill algorithms, fonting
(raster ops, one to n-bit expansion, outline font instantiation and rasterization, packed and
raster representation of fonts and symbols, etc.), 2d paint systems, simulate the effects of
layers of ink or paint on canvas, imaging techniques, etc.

The term 3d rendering will refer to all the techniques of 2d rendering, plus explicit

3d techniques. These explicitly 3d techniques are chiefly concerned with simulations to
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e.g., "The conputer will render the image", or "How w || the commttee
deci de which image to render?". The word "rendered" is a past tense verb,
e.g., "Thwomowgasser has rendered the inmage."” Note - The woemdsos/essseri ng”
when used as part of a larger term nmay have additional termspecific
meani ng. An inportant exanple in this docunent, is that when terns

. | Vi i f th
ol v AL bRl ARG RSP AL BB S AP
gr aphi cs ahxbm‘taif&'ss oEplosidahgbj ecteuepart biothg prdcbss thairptloduceniheaden i campatadgndoar t

of thet descrlb the hard rendered i mage and_final rendered
i mage Us ug,nant% iﬁ‘rrgﬂ%hcﬁsqse qu %%@%W@WHE?#%Em“?t%WP%ge
whi ch i sifiwk "cﬁ&in% IrepRsdliRidiR %@Q{G%Jécfmﬂ%e ﬁrﬁi 0 %14 & ﬁ(‘ilh g can
produce internedi ate rendered inages,” for exanp e to perform g renderi ng
that i nchinidated edtherst mﬁ’gammtmgg retglefadrimagh epilpalways mqgesenwdraeladarreyl a

separate rend erformed t rgduce r.ender ed i e, that wll
becone tﬂgplfigﬁ g‘@? a%ﬁ’f)oxﬂ@%tém} ?f‘?’li’%éa}? u@{ gg%m(?fa ‘P"@Hg& ?‘?endn ny ot her
simlar examgb&soridxi st, including shadow mappi ng. To di stinguish these

different threads of neaning, the 20 WO 03/083680 PCT/US03/08886 term
render ed i mag&n this doqymens sl tb@elt@s@?roﬁtbe whtd Tremdes” render.trendstingnandr ender i ng,

*ender catriasd Sfirt Hs0 b B SHREL Flcp SRAR HFot, IR Re O RIS, o i

SONe casesaning el theebrt Gdsm&ehn@,l’bxcﬁﬂ eictd @qllicily stated ehel@rie] of P@Led hat i's
converted_ into a video_ output S|§nal and sent. over a_video output

i nt er f ac®&bets Fotp Rpatertihe isrywagiel sicliberately anbigppugpio thal if cquld be r%emngﬁ@
consi der g SRS

gr aphi cseg}é%@fék%?rdo%ﬂe@gg%ﬁ%agg&g?g})e?%gle{ gdé@{a%)pr ocgggé?@g@{é fise ren erl ng
is a typeacbmquc)slqmm)aﬂi’)onal process, we can refer to the conputational
process of derin the renderin cess, or_the render pr when
P Cother T oRbee died coufrel obeaar Rpds s sSaht Ay thareds hayelillys ng
"the conmpyipiol RErb ‘PéIeAEs” Ri“imenaethdWo rd)“réﬂaehhgsls%%&sﬁmenséxbe@bteeg ms
rendering process, render process, graphics render process,

gr aphi cs T&'l@-‘énptmrd@é@@,eﬂn@ﬁwﬂéﬁder- iTihg Woed figndest éva Bure or lnfmﬂndlwe tvotbh 2d

e.g., “The computer will render the image”, or “How will the committee decide which

image to render?”. The word “rendered” is a past tense verb, e.g., “The computer has
rendered the image.”

Note - The word “rendering” when used as part of a larger term, may have
additional term specific meaning. An important example in this document, is that when
terms involving hardware that support rendering algorithms are defined, the hardware by
explicit mention will support others algorithms from computer graphics besides rendering,

even though the word “rendering” may be part of the term describing the hardware.

rendered image and final rendered image

Usually, the primary results of performing rendering is an image, which is referred
to as the rendered image. A complex rendering can produce intermediate rendered images,
for example to performing rendering that includes reflection mapping, before the final
image is rendered, a separate rendering is performed to produce a rendered image that will
become the reflection map used in the next stage of rendering. Many other similar examples

exist, including shadow mapping. To distinguish these different threads of meaning, the
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and 3d techniques unless explicitly stated otherwi se. Wile purely 2d
techni ques do exist, no terns are defined here to explicitly refer to
them ThewOaB0836shth the prefix words "graphics" or "3d @capisopesssare used
only to reenphasize that the render process being referred to al so

i ncl udes 3d techni ques. render process The term "render process” does not
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As this docunent Ts primarily concerned t ren ng, If the

t er m har tverfaseitg a phiysica dmaghdisplendevicpinguess sllisesengvitlivs cussdated g dinkld be

ei t her abstratc:it. or hardware. Wen the particul ar neani ng may not be clear
from coﬁ?’ge C4 RS or e explicit terns abstract render process, software
render process, or hardware render process will be used. The terns 3d
graphi cs abstract render process, 3d 21 WO 03/083680 PCT/ US03/ 08886

gr aphi cs sof t fRndering Aepsesspresdersiyoceshraticgrensier prockss anhi e grephigerendecess
are defi?ﬁo‘ée&o have to the same neaning as the terns without the 3d
prefix; ey are used only to reenphasize that the particular form of
render process being referred to also includes 3d techniques. rendering
system The concept of rendering in conputer graphics is an abstract
concept. To aBCtANSEyendgERE rhtyPe Abieampitiationgl reerss.cEe PaRigEs to Biegr aphi cs
renderin I 4 i I hi cs
cor tnar o IH bR DrOERen AARIE e Aena ARG, of 810380 HrocBR, B BR
consi st i ntheofortnhef thavethvds seedad.g@hsriakhopter ims elvegyspayiag | ‘thardnmiphiatiosaf t war e,
a software renderer,. a,programthat can performthe rendering process when
run on Br%YERS P95t 8ose conputer. A graphics hardware rendering systemis

a system conpj {$EdbRineRt, MRSterBOPREER g probeis SOAdMPESeessA BfhphicH FaiaRtE CS
har dware accelerator (a type of external |1/ 0O processor defined bel ow).

Sonet i meprocesse aimt 2k graphise randenprgeespiihe sendernmbgieg rafemektoiingudspdonmday be
di scussi 0% 58 {%hﬁialelesslpnefgsis%g(pﬁ(g{ly &%{%d%r[}%?@{sg,swﬂig ialsnye?}; Ecmecﬁtiigﬁés (fohe%ist,

no terms are defined here to explicitly refer to them. The terms with the prefix words

“graphics” or “3d graphics” are used only to reemphasize that the render process being

referred to also includes 3d techniques.
render process

The term “render process” does not make any assumptions as to whether the render
process is performed by software rendering or hardware rendering (defined below). The
term also can be used to talk about the render process in the abstract where the
software/hardware distinction is not needed. At other times whether it is hardware rendering
or software rendering being referred to will be clear from context, and neither the term
hardware or software needs to be added. As this document is primarily concerned with
hardware rendering, if the term hardware is omitted, the render process being discussed
could be either abstract or hardware. When the particular meaning may not be clear from
context, the more explicit terms abstract render process, software render process, or

hardware render process will be used. The terms 3d graphics abstract render process, 3d
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graphi cs hardware accel erator. The usual dinensionality convention applies
to these terns. As none of the terns include the prefix 2d, the systens
ref erred wo oalos3sincl ude support of both 2d rendering and ®dT/usesieckssé ng,
unl ess explicitly stated otherwi se. Specifically the term 3d software
rendering systemrefers to systens that include both 2d rendering and 3d
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a purely softmere algorlthnt e.g., a programthat can run on one or nore

gener al purpose processor elenents within a general purpose conputer. This
woul d be an Theecemrept of reséaringsn sompigegiapics Bammbaxacs epnasal d oraewdly i ngs
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r enderl ngsmpaéient akee@em ¥o Highdph&s seﬁwhmuéﬁdenhg sydiei8 tebbalsarpisa the term

software rendering wll always refer to this defi n|t| on. Sonetines the term

batch r Btrée@r%@fwsarﬁ w&ertleoeeﬁfetg ¢fghe Brdwarena senratl RUARASE COBPBIGE and die
h | F
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many app |cat|ons suner) th rendering, it
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rate, or ose to. a. -tinme.,rate. cause of this comrerc¢i al
e t ancamprifedira TR oriyiitert st St B P PhiA IR e AL Eap G TPe of

conput at baegdal D HYedssor RAnSXbAEWRISohicBnies ﬂ?&ﬁﬁ&{t thé t@ﬁl draplaRack@yiged for
performng rendering conputations faster than is p055|b e Wth software

r enderi ngendenng system may be discussing only the special purpose graphics sub-system, e.g., the

graphics hardware accelerator.

The usual dimensionality convention applies to these terms. As none of the terms
include the prefix 2d, the systems referred to all include support of both 2d rendering and 3d
rendering, unless explicitly stated otherwise. Specifically the term 3d software rendering
system refers to systems that include both 2d rendering and 3d rendering.
real-time

In the context of presenting a sequence of images that give an illusion to the human
eye of being continuous, sequential images in the sequence need to be presented at a time
rate of on the order of 24 to 84 times a second. In this particular context, the term real-time
means a process that can produce new image outputs at time rates compatible with this. In
this document, the term real-time will always refer to this order of time rates, unless

explicitly stated otherwise.

software rendering
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(assum ng the sane technology tinme-franes). Wen rendering is performed not
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(assuming the same technology time-frames). When rendering is performed not by a

program that can run on one or more general purpose processor elements within a general
purpose computer, but performed by hardware specifically designed for rendering, this is

called “hardware rendering”.

accelerator

In computer science, an accelerator, or a hardware accelerator, or a special purpose
hardware accelerator, is a physical device that is a computational sub-system that is
designed to perform a particular computational process faster than it can be performed by a
program run on one or more general purpose processor elements within a general purpose
computer. (This “faster than” assumes the same technology time-frames.) This physical
device is usually attached to a general purpose computer, but an accelerator is not
necessarily a external I/O processor, as there have been many purely computational
accelerators whose output is just data sent directly back to the general purpose computer,

with even involving an external I/O device.
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3d graphics hardware accelerator In this docunent, the term 3d graphics

har dware accelerator will refer to a graphics hardware accelerator that is
al so an ewDeB8gd680 / O processor, and has been designed to Pp@nfSos/msss nunber
of algorithnms from conputer graphics, explicitly including, but not

limted to, 3d rendering (which was explicitly defined to al so include
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3d graphics hardware accelerator

In this document, the term 3d graphics hardware accelerator will refer to a graphics
hardware accelerator that is also an external I/O processor, and has been designed to
perform a number of algorithms from computer graphics, explicitly including, but not
limited to, 3d rendering (which was explicitly defined to also include techniques of 2d
rendering).

Generally it is expected that a 3d graphics hardware accelerator was designed to
perform some subset of the 3d graphics render process faster than 3d graphics software
render process would take if executed on the general purpose computer that the 3d graphics
hardware accelerator is attached to. It is perfectible acceptable if other portions of the 3d
graphics render process are executed at the same speed or slower than the 3d graphics
software render process. Indeed it is common for 3d graphics hardware accelerators to not
be able to perform at all some subsets of the 3d graphics render process, and instead the

missing functionality will be executed purely in software by the host computer.

24



har dwar e accel erator. Api (Application Programmer Interface) The term
Application programrer Interface, or api, refers to a programm ng | anguage
or systermvDrBesicsce bet ween a conputer program (the appli ®ariusn3/essse war e)
and sone underlying piece of software and potentially hardware
functionality that the corrput er is making available to the application
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graphics api. 25 WO 03/083680 PCT/ US03/ 08886 Note al so that any particul ar
3d graphics har dﬁfare ccelerator will generally support nore than one

di fferent co |cs api, e.g., the hardware 2d and 3d functionality
may be exposed thr ough different apis; 3d graphics hardware accel erator and
apis do not exist in one-to-one rel ati onshi p. rendering api The teen .
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accelerator is used as part of the iInplene a conputer graphics
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i npl enent.ed s sof .t war e e . host ra |cs
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conputer graphics apis that support only 2d rendering techniques.

this case, the 3d graphics system is explicitly defined to be able to perform all the rendering

and non-rendering computer graphics algorithms as defined by the term 3d graphics

hardware accelerator.
Api (Application Programmer Interface)

The term Application programmer Interface, or api, refers to a programming
language or system interface between a computer program (the application software) and
some underlying piece of software and potentially hardware functionality that the computer

is making available to the application software in a standardized way.
graphics api and computer graphics api

The terms graphics api, and computer graphics api, both refer to the same concept,
an api to some form of graphics functionality. Herein, the lack of any dimensional prefix
does not usually imply support of both 2d and 3d graphical techniques. In this document the
terms graphics api, and computer graphics api are both abstract, the exact nature and

dimensionality of support are defined only by specific instances of graphics api.
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The term 3d conmputer graphics rendering api will refer to conputer graphics
apis that support only 3d rendering techniques, where in this case,
contrary wo oBlgséssual convention of this docunment, only PERASN3/08386
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The term 2d computer graphics rendering api will refer to computer graphics apis
that support only 2d rendering techniques.

The term 3d computer graphics rendering api will refer to computer graphics apis
that support only 3d rendering techniques, where in this case, contrary to the usual
convention of this document, only rendering techniques may be either purely 3d or include
both 2d and 3d techniques. This definition is used because many commercial computer
graphics rendering apis are purely 3d in nature, while others are mixed 2d and 3d in nature.
Note also that any particular 3d graphics hardware accelerator will generally support more
than one different computer graphics rendering api, e.g., the hardware 2d and 3d
functionality may be exposed through different apis.

Specific instances of 2d computer graphics rendering apis include PostScript, Java
2d, htm}, and svg.

Specific instances of 3d computer graphics rendering apis include OpenGL,

Microsoft’s Direct3d, Java 3d, QuickDraw3d, RenderMan, and mental ray.

rendering state
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display list. The semantics of that invocation are varied, but frequently
the semantics are linear, e.g., the effect of invoking a display list is
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t hat oncempuésigephicsivorderiag api @yallly bassexahat sip@qn@nnetugl that define thont ent s
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can be mc@n@@1ﬁﬂoﬁﬁaﬁdiﬁslﬂ@@ﬁe@m%ﬂenﬁg@faté he host interface to the
graphics. acceleratqor, where it can be cached in sonme |ocal nmenory on the
gr aphi c@’@éﬁ%q’sé? Fossiblprendering strpanclnde thsurrentydravingsalovahe FW@eréppl i cation

sof t war ten li st
are Iocg y aval ?&%‘?ﬁ&? %ﬁh«%@gﬁ%’eﬁt 5@%‘8‘%@%%%@%’3%8@%@ llﬁéﬁ%\‘ﬁ%ﬁy 08886
gr aphi cshelantisdinsihg filtsr fonehd abreaf frilhe, sof t ware hal f of a mi xed software and
hardwar e i npl enmentati on of a conmputer graphics rendering api to break up
the procedure calls, rendering state, defaults, values and data structures
passed into tfg,apjistf rom the application software into a formthat the

gr aphi cs hardwar € accel erator can process to help performthe rendering.
The host conputer software that sits between the rest of the software and
t he hardware s

d t h ti i
a graphics h&wmgrélgﬂg% Eléf é‘?‘pftog%gf?ﬂr?e?frqf\?éysﬂ *g’ ]tlsé'(fa% pi*sggl\g\’ﬁ%?]élé‘n‘ﬁa UY%;plhiO(r:]sI >

driver, réfer & SpRPINuSS rBesrdMBEsH VS formalapt G WP duid pRia s Wiget the
termtexture map reféers to 2d arrays of pixel values that form an inage,

wher et tesapbhicsrapgds maskeases, e a edlomadandiringdhe medwlingef the oalbstionsTire t erm 2d
o L RSl Lo TRl B TR PR o1 o
solid i nhgab- anrxesthbeaeo Sﬁﬂlyl gdombRyg epeceﬂcﬁtlb@ alBren8ethoitt A dallg. rendering -
process Af-tl;gea 1sp1ay list has been created (by calls to the graphics api), at a later point in time an

api call may be made that references that previously created display list, to invoke that

display list. The semantics of that invocation are varied, but frequently the semantics are

linear, e.g., the effect of invoking a display list is identical to in the place of the invocation

having instead re-made all the api calls that were used to define the display list. Other more

complex display list semantics do exist, specifically ones in which the display list contains

conditional execution paths (e.g., branching), as well as display list semantics in which not

all of the formal parameters of the api calls are bound at the point of creation, instead some

of the parameters become formal parameters of the invocation of the display list itself.

An important property of display lists relevant to this document is that once created,

most display lists are opaque, e.g., their contents cannot be directly examined or modified

by the application software that created the display list. This means that once created, the

display list can be sent once from the host computer over the host interface to the graphics

accelerator, where it can be cached in some local memory on the graphics accelerator itself.

Then in the future whenever the application software invokes the same display list the

contents of the display list are locally available for efficient access.
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3d texture is defined to neans the sane as voxel map. texture 1In this
docunent, the termtexture refers to either a texture map or a voxel map.
The di neweiosnsdéBdy may be cl ear from context, or nmay be RCTAISORESBE act

| evel where the dinensionality is irrelevant, or really may nmean to refer
to both dinensionalities. texture element texel 28 WD 03/083680

PCT/ US03/ 08886 The termtexture elenent and the termtexel refer to the

i ndi vi dual pixels of a texture map or voxels of a voxel map. These terns
are used to apg@ppicadyivenbi guity that mght arise if the term"pixel" was
used to refer to both nore traditional pixels |ocated el sewhere in the
graphics systemas well as the specialized pixels in a texture. texture

store texture r: t to
where w thin FRETRget B e shiRdiEt Hi bR L s pAS K A IREY I

t ext ur e phpsomputeagriayhist mndetingapg tq biehkhep thexirocedust aatle, rembrpgdtatd,t h t he
frame buffer. menpry", or "the texture store resides in a.special nenory
sub- syst SFABE PRSP §it7 stryotmeghRsre R R ReBoR AR SR R A o
texture pRp @At tBEhraphick BXidWabe ARElHIHARA pPéockd® heAsrHRURE rén!eléﬁ‘r?%. peat a
far distance) surrounding a particular conputer sinulated world. Tn many

cases, t hesteompnionsastwarptipit sits betwgerstho fest bbHilnd softwarelsad $hehardwmatenpunt ai ns at
a far distance. l.n,the |iteratur the .terns. envi ronpen and

ot oot | BRRaASalRS b b W Barah it h bR ioRte EARARE b Bl es mean
the sameadddidngtor, e drived isi@EHBENS as & BRAPhRE MiveN¥i 4 SRAPRIGE hiravai drdvele used
exclusively to describe i nages of distant backgrounds. In rmany cases, an

envi ronnment nmap does not have to be re-rendered every render frane.
reflection na&mﬁnEgLJection map is a texture map or set of texture map
i mges of the of a pgrticular conput er simulated world surrounding a
specific set of objects, or a single object, or even a particular piece of
a particular object. reflection naps are used to simulate that propert
t hgt In %h?s éocument t%e term textuFr)e map refers to 2d arrays of p?xe? values thgt fmpm y

an image, where these images are to be used during the rendering process. The term 2d

texture is defined to means the same as texture map.

voxel map

In this document the term voxel map refers to 3d arrays of voxel values that form a
solid image, where these solid images are to be used during the rendering process. The term
3d texture is defined to means the same as voxel map.

texture

In this document, the term texture refers to either a texture map or a voxel map. The
dimensionality may be clear from context, or may be at an abstract level where the
dimensionality is irrelevant, or really may mean to refer to both dimensionalities.

texture element

texel
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hi gh shinny or partially shinny objects have in the real-world - they
"reflect" (perhaps dimy) the world surrounding them In the literature,

t he t er rewoersiosmement nap and refl ecti on map do not have PrCansas/cissed

meani ngs, and can sonetines nmean the sanme thing. In this docunent, the term
reflection map will be used exclusively to describe imges that contain

the conpl ete bagkehowRer@slendlt MQtﬁé{&%ﬁt@%@{ﬁgﬂo‘t&?@é/g%@%?gix‘égfoafﬁgeﬁﬁ oi nt

on a particular object is concerned near un far
backgr oufRRP qrryorple of ayoxetapap. iThysedérnrsame ssedan agoidiang ambiguityaiat deight frivse t 0

be re-rer every render. frame.. (| magi ne.two. chr di nosaurs wal ki ng
t hr ough gfjt gégegrrnt %{}?esl h2&d 5B r%‘[%rstr?&’c?&\)“ﬁgeptr?déu‘?%p%egH&‘@Itedcfgméﬁhlﬂl the¢ a
render ed graphis sydiemes Wil REBPSH0talib& pik&Is &t £xatre t he center of a virtual

i ght source that is to cast shadows in the final rendered inmage. Before

renderi n§F*X¥55t%e on the final rendered image, an internediate rendering is
performed for each |ight source that is desired to cast shadows in the
final rendered image. For each such rendering, an inage containing only
the z pixel coexpovemmal the resultant internediate rendered inages is
stored as a texture map within the 3d graphics hardware accelerator. These
texture maps are referred to as shadow maps. Note that for accuracy, the

i ngl . lLLy b
si ngl e conmpongnt t&alsYsthfe sBors Q@%M@glen‘fé)?gr&er\{g I\x}h%{%\gﬁﬁﬁféh%?#@al (ﬁeql?e‘:‘ftyeger |

represented with high nunmeric accuracy, ., nore “
fixed psinsystishsozde givendésign poitnttextore hiysatctuatly pirdl. Bag Che@) turd stoRITe

i npl ement atiagns., In the vast majorjty qf cases, an shadow map_ for a
parti cul ar g9 g%?h é’gdclf%e l?]‘%geé “?Fé}\]z(gyt’d’}rlb e textinesie Fesifles Ub? SPacBhESmAEY ame, | f
there i ss@yystadt beilt jast fany”.obj ects that cast shadows from that particul ar

| i ght source, or if the light source itself is in notion. pixel The well
understood term pi xel refers to individual "picture elenents"” that nake up

conput er repr i of images. Wien di scussi ng graphi cs hardware
accel erator s,gﬁﬁ%%%{ue??ﬂég remenbered that it is common for extra

speci alized data and control information to be stored in with and
considered part of the pixels, e.g., a pixel can contain a |ot nore than
just red gr eeﬁntﬂnﬁgo%plggn%ﬁﬁaﬁgﬁqegpap or set of texture map images of the

background (usually at a far distance) surrounding a particular computer simulated world. In
many cases, the environment map is images of clouds in the sky, and mountains at a far
distance. In the literature, the terms environment map and reflection map do not have
standardized meanings, and can sometimes mean the same thing. In this document, the term
environment map will be used exclusively to describe images of distant backgrounds. In

many cases, an environment map does not have to be re-rendered every render frame.

reflection map

A reflection map is a texture map or set of texture map images of the of a particular
computer simulated world surrounding a specific set of objects, or a single object, or even a
particular piece of a particular object. reflection maps are used to simulate that property that
high shinny or partially shinny objects have in the real-world — they “reflect” (perhaps
dimly) the world surrounding them.

In the literature, the terms environment map and reflection map do not have standardized
meanings, and can sometimes mean the same thing. In this document, the term reflection

map will be used exclusively to describe images that contain the complete background as
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pi xel interleave Mdst high performance nenory systens for pixels usually
gain their performance by supporting access to nore than one pixel at a

ti me. ThiwogBMmsdeB@neous access usually conmes with some r @€TRIS0Y/08886 ON

whi ch pi xel s can be accessed at the sane tinme. For many enbodi nents, these
restrictions have to do with how the nenory systemis interleaved (nmade in
paral | el i : t atl.s: r i i i's

call ed t?;aer ag?ﬁ’t&eﬂr%ﬁ)gg\}%?%%lﬂi&ﬁyéﬁgﬁﬁgzé%&e)ng?ﬁégﬁﬁeéﬁaggil/&f o‘%lllgllﬁsagg Iﬁge;%f)i xel s,
this i s bhsgramd bdht vestpnajelity of vhes,| aceneirodmentnpdpedees Aaypd © beirghéndeeed
menory that has, broken up the f jnto 16 parall el i xel nories, arranged
a4 bijvery SoRer EARE oA TEERE T RO s B HOF Si SReRDxel i n 30 VO
03/ 08368Qn436¥ A/5P3/ 08886 x on every fourth line of pixels iny are stored
in a particular sub-nenory, and only one pixel at a tine can be accessed
from thi s nendyshadSybpipdsithe z fiinel coprmonetigf pirsmmletedijumige fihers thteydpointas ng

i ogor proeen BheTaae PLE RERE Ehult ok B8 st Siaoe Ty FE G-, "

conput e am¥aJ, ue for "sub-pixel”, only for a "subpixel area". The conmobn
uses of subpixel for locations and areas are: "subpixel accurate

posi tion". An&chue relerng siags onthe fotal sudpred énages ap Heenmedintognderingiss t han a
si ngle pi s I | i i ) s

tri angl oLiRm e Bz each U LU AL WS R Bk Sha BVRTh STRF BB oo
t hat t heFbr éarhgheh rehdémsg ah ivdngeacoptatgihg anlyaks z pixel eghpdnenealtheBashime,

e.g., the bounding hox of the triangle is less than a_ pixel,L both in wdth
and hei gHeTIMgaie topgerediipagesds spred g pdenthredransviten %ﬁgltapmcs SU¥EE e nore
t han Of‘ea&ieﬁétor.ﬁ'héﬁ'éteQﬁPéﬂl%JQ%r(gdféH@@fo ersthan%é?§d to represent a single
pi xel is not standardi zed. en I scussing graphtcs hardware accel erators,
because dotathetior ectuawy, Spestiglé conepanent e fal shadalv nohat the andlueominstol
information.stored in wt nd consi dered part of the pixel . .the er of
bi t o needstrbGrspiih Vil B sPERE RER TR e i ape S enicter o [
quite coppmf Hisdk Adeing PRI EFMaBhE PHInf MRGrab) USsom B leRéntidng) of a pi xel
can be different at different internal and external stages of the

render i n§p freceslssajonhioionsesour sadowandp fgr aphitieslanlighiwarisc deesshave e be se-have
the abi | 'retrpéext'e% e%%%&e%'éa&e? ﬁr{ﬁé)rre tis ﬁlyrrgc@t%en c?tf angrlo%}ce%{s%ﬂzttt Céplétxsﬁélld(;\%?sr or;[as and

that particular light source, or if the light source itself is in motion.

pixel

The well understood term pixel refers to individual “picture elements” that make up
computer representations of images. When discussing graphics hardware accelerators, it
must be remembered that it is common for extra specialized data and control information to
be stored in with and considered part of the pixels, e.g., a pixel can contain a lot more than
just red green blue color components.
pixel interleave

Most high performance memory systems for pixels usually gain their performance
by supporting access to more than one pixel at a time. This simultaneous access usually
comes with some restrictions on which pixels can be accessed at the same time. For many
embodiments, these restrictions have to do with how the memory system is interleaved
(made in parallel), the technical details of the organization of the memory is called the
interleave of the memory. When the memory consists of pixels, this is also called the pixel
interleave. A simple example might be a memory that has broken up the finto 16 parallel

pixel memories, arranged in a 4 by 4 pixel interleave. This means that every fourth pixel in

30



thus total size in nunber of bits. The term pi xel depth is used to refer to
the total size in bits (or occasionally in other well specified units of

i nf or mat 1 wW0N)0308368 pi xel , usually, but not always, in thePCOAISeX08886

di scussing the size of the representation used to store pixels in frane
buffers and texture buffers. Because pixels used in 3d graphics often

contain gz . Velrd@fgﬁlqh 1iHQBP Q@ﬂt;m g/%fdee%{}%ﬁ Iil? g pélqlgfﬂ%?sub ﬁgﬁgf}ﬁ %A Pnlbr one>

inmportant to rstand t erent concep han pi xel
dept h. Tpe:efatrarmnecmtbassccbsseélﬁtohethistlhand@pth conponent of a pixel, or the
val ue of Q epth conmponent of a pixel, the later refers to the tot al
size in PHPRI¥®ation units of all of the conponents of a pixel. pixel format

The term pi xelpt @errﬂﬁtsuﬁﬁ‘k@l“’%luél%& tﬁ@gﬁlowlﬁg dﬁ&tfn%tb% Gl a%ﬁuﬁ?%g é}fibxoé"f of a

pi xel . Such structures are usually fine |ntern e pi xel
corrponeni@atlta&cm Masmmeﬂaylmeger®b(ewwdw68®p%ﬂ 1@3@8& 08866.¢..speci fi ed

by sone nu of bit or u ruc ure, i xel formats are
abstract % %%m%?agﬁ ifp %hé’mg'éé Lﬁj@B‘r‘? &R r 5‘?‘@&1" bl ue
corrponenb@s' xet\f@rtlb@aﬁonwﬁ@mfewﬂﬁ ‘esttuplt(watcbﬁate%%ﬁbhs as to the blt si ze or
ot her sub- structure detail of the conponents. pixel conponent The term

pi xel conmponeAtothsr @?@810@31&159 & sytipixel dethe meonips wé Hess thaae singlerixalhegart of
th t ek | f. t
i a6y P Ao B Sy SBBCIALG il L

pi xel cbmpmhﬁﬁngham@hhﬂratdﬁtntutglmsaédsyhzaialplms@eﬁ)s@wﬁdamsear meuﬁirs, woul d
at |l east have the usual three valued col or copponents reen

ond b oee Rl FEngHETDX 4sb (HERYISH s Ben Spite NGB b Hadh apa Rkt Rt Baheos
each, Orlﬁﬁg&ahgfé 1ﬂ%1ﬁ9§dé>gt eﬁf sQﬂlrE%tad&’lfe né&@tﬁ’a%'dﬁ% PiAGRY differ between

dlfferent syste esl usual green, "and bl ue pi xel conponent
val ues, pnwléxmmso common to find a so-called "al pha" conponent val ue
stored as par ha. val ue .can a nunber of

Thi d f
i T oreat vol g e bt ttsdrdd S Geiig Pousimghtiid. el Gar o
accel er aiREgssin agrapaﬁmaw&e Q@éeﬁ&ﬁtobﬁ%@&ué@@ﬁa%m%tu% gﬁuﬂcmx&a sp&:lat%tt

i nportant pixel” conponent is the z val ue (o 3/ a nunb ot her

di st anced#fagnd contedl geioymation stored in with and con51dere part of the plxel the number of
bits needed to represent a single pixel is not always apparent. It also is quite common for the
representation (and thus number of bits) of a pixel can be different at different internal and
external stages of the rendering process. And of course, many graphics hardware
accelerators have the ability to dynamically support a range of different pixel formats and
thus total size in number of bits. The term pixel depth is used to refer to the total size in bits
(or occasionally in other well specified units of information) of a pixel, usually, but not
always, in the context of discussing the size of the representation used to store pixels in
frame buffers and texture buffers. Because pixels used in 3d graphics often contain a z
“depth” component (or inverse “depth” component), it is important to understand that “z
depth” is a different concept than pixel depth. The former refers to either the depth

component of a pixel, or the value of the depth component of a pixel, the later refers to the

total size in information units of all of the components of a pixel.
pixel format

The term pixel format refers to a specific structured representation of a pixel. Such

structures are usually defined in terms of multiple pixel components, each of which may be
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O her common pi xel conponents include stencil planes, as defined by the
Open@." specification. Yet other pixel conponents m ght be fast clear

pl anes, oweroBag3epld anes, cursor planes, w ndow id pl anes, pamaSoy/o8s886 si m | ar
conponents that have appeared in frane buffers for many years now. One

i ssues that has not been touched on yet relates to how double buffering is

Some. pi xS o p s Rutoqr FHHE SF o) Sufithi ok ik SR WREF AIEE” > 1"
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i ncl uded M &%%& pi xel , as well as configure which conponents are single
vs. doubl e buffered° I's their any support for triple or higher buffering?
What about stereo video signal format, specifically field sequential

stereo video si formats: how is the frame buffer set up to support
stereo if it 88%@9]PHN§F'reo are sonme pi xel conmponents now quadruple 32 WO
03/ 083680 PCT/ US03/08886 buffered, or is another technique used? Al these
frame buffer architecture, pixel conponent architecture trade-offs are
fam liar to ordedwm pixel omponentaefers tamdpedific dppicpmapnant that makesep part of
require t der standabl e to one
Skl||edn?% ﬁ%ﬂ%%&&xﬁ&%ﬁh&%&ﬂ%ﬁ8@%&?&&”%§w§@8 5&%%”H%£el data Sonetines the

entire coliffeehi Xhgaphiab hardivae pcxletatass mayehomn@@twaﬁsdlffexedt pigelbe
referenced. While in ontext the term pi xe] can carry this nmeanin

somet i me SRR than pihepflo. glgar,l%alhgaées ?W%jéy%@ﬁfﬂl%‘f’@‘}l@ aéieéﬁrhaﬁhﬁte ysgalpei ng
descri be nfn t I i &Hg:

voxel re]ﬂg?ésfg%igé% Ar/lgelblgﬁo exte g%s %’gﬂé@&:’x@g%ﬁe rRl?ﬂefr/iglVgﬁrrﬂ\e% isﬁglgrrj%nt ) l{s\el%inel S
are the eclotdgedhéservabies muhhmdteach at evdntth@ panencad famat bf the galuas oy diffare
(gener al i’é uni f mlﬁ 9 cked 3d cells). Just as 2d images are conmonly

r epr esenPEY <GP §f ‘%? ¥ 2d arrays of pixels, 3d "images" are comonly
represent ed bBe&de #id @nsl efl, fexLhid blﬁ@%b&&@&ﬁb&nenﬁvalﬂ&xﬁhs ABPcothioft td hr ee
di nensi onal array of voxels. Wile four and hi gher dinensional

r epr esenfiad asasabied “alphtdompeoneriagluentaseshgapagt of each pixel. This alpha value can

be used for a number of different well known rendering techniques.

And for 3d graphics hardware accelerators that support z-buffer based rendering algorithms,
a very important pixel component is the z value (or any of a number of other distance based
values).

Other common pixel components include stencil planes, as defined by the OpenGL*
specification. Yet other pixel components might be fast clear planes, overlay planes, cursor
planes, window id planes, and other similar components that have appeared in frame buffers
for many years now.

One issues that has not been touched on yet relates to how double buffering is to be
implemented. Do all pixels have both front and back buffers? Do then some pixel
component, like z, only exist in the front buffer? Can individual windows switch buffers
without effecting other window on the screen at the same time? Is there some ability to
configure the 3d graphics hardware accelerator for different numbers of components to be
included in each pixel, as well as configure which components are single vs. double
buffered? Is their any support for triple or higher buffering? What about stereo video signal
format, specifically field sequential stereo video signal formats: how is the frame buffer set

up to support stereo if it does? In stereo, are some pixel components now quadruple
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processing, the use is not common enough for any standardized term nol ogy
to be in use, e.g., few people use terns |ike "hyper-voxel" at present.
voxel forweto3/Dkassde erm voxel format refers to a specific sPCHAISO3/EL8$36
representation of a voxel. Such structures are usually defined in terns of
mul ti pl e voxel conmponents, each of which maybe specified by sonme nunber of
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sub-structure detail of the onents._ voxel. co ent Th er.m voxel
conponenteqrEsaeus fQ,thy nedqop; %clg‘gffarec%wa@mndﬁﬁ mﬁ@&&o i&iﬁdﬂn dhe arf e

i nternal ba%E&Hﬁ‘ﬂ’tbr(fes&flpt?onvl%@l as defined by a specific voxel format.
Typi cal voxel conponents can be red, green, and blue values, or they could

be an i npliexl data 0 a pseudo col or tabl e, or they could be a nore conpl ex

mul ti-di mensi gnal uir plication of a custom shader
to convert i ngi’fnﬁ @F é’n ’&ﬁ%’le& %ldglaé’é’ff@ ’ﬁ%?‘/’ g% ﬁfhderl yi ng
i mage | npdrgragliddi wWiale id kamakt, ﬂfeqsxﬁ@@kmgmm tHié AREniAL] sofhefinieh thd tsrnk nown
about the underlying hlghest quality signal that is being processed.

| ndeed, pinckdatwisciasdt baeaiypleten dearahiatisiteinsaestsibedr operties of the signal
are know\r,lOX en the operation being perfornmed is re-sanpling and | ow pass
filtering of a signal at some frequency of representation channel for

repr esent at i oOWIilR vt bOWidel§ kmu&emthecémlrmﬁél the ldrs voxieDrefias toothe 3dbout t he
under | yi ng{ signal can be used to sinplify and bracket the processing.
Techni caffi§usieie aPireki thgodms emeriedvq %ﬂ}esco OO CAMRORHES wi th a two

i mensi ORBn SLORY syt AichTdBace TOEPIRRLEILS) p yiegdx SALLINAIGDLSOh the

under | yi ng 5|gnal , pensi ve to conpute.
Techni calrhages are dolrt&nmﬂytr@présenfedr@ﬂﬂiylby@,d artage ofipictels) 3d ‘figla'gafsﬁgtee is the 2d

t hat he Iinit th | th
ample. doruneygBRessed B ey OFPLe ALY § PR oEhise R

renderi ngimakQasl iR ra%oge18et - up, they can only tell us what the vaI ue of
the underlying imagé is at a specific infinitesiml point; they can't tell
us for sure whétlesunamskligeerimenseonghtiprdsgntagpns are sometimes used in computer

processing, the use is not common enough for any standardized terminology to be in use,
e.g., few people use terms like “hyper-voxel” at present.
voxel format

The term voxel format refers to a specific structured representation of a voxel. Such
structures are usually defined in terms of multiple voxel components, each of which may be
specified by some number of bits, or by its own sub-structure. Some voxel formats are
abstract, they may specify that the voxels “contain red, green, and blue components”,
without specifying any further details as to the bit-size or other sub-structure detail of the

components.
voxel component

The term voxel component refers to a specific data component that makes up part of
the internal structure of a voxel as defined by a specific voxel format. Typical voxel
components can be red, green, and blue values, or they could be an index into a pseudo
color table, or they could be a more complex multi-dimensional value that requires the

application of a custom shader to convert into a simple color.
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i mge m ght be over sonme snmall 2d area, or say anything el se about what
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problemin conmputer graphics. Still, to correctly describe how various
antialiasing algorithns attenpt to solve the problem the concept of the
underlying image i s necessary to put the discussion on a firm signal
processing foundation. sanple The term sanple conmes frominformation
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mat hemati ¢al [y, a pi xel e a representation of sonme” special average
of the umrﬂo)mﬁgltersnaglawrait they ican’t ted usvier mwh@wraﬁepéﬁbomﬁmngf t hat

pi xel ; a.sanple speci f val ue not of .t
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anti al i aghd}@ dehPpoasss AfghtibRAtingsh e ﬁt@eﬂ?m@@ﬂﬁagéi%lfd is why antialiasing (and

full screen antialiasing) is such a hard problem in computer graphics. Still, to correctly

describe how various antialiasing algorithms attempt to solve the problem, the concept of
the underlying image is necessary to put the discussion on a firm signal processing

foundation.

sample

The term sample comes from information theory, and specifically was first used to
describe the individual discreet measurements (either analog or digital) made of some form
of signal. The signal need not be one dimensional like a radio wave, it can be two
dimensional like the pattern of light on a image sensing device. The use of the term
“sample” in 3d graphics usually refers to discrete digital values that represent a point
sample of the underlying image that is being rendered. samples are closely related to pixels,
and many times have similar or identical component values. The mathematics of signal

processing states that to more correctly construct a digital images (e.g., a 2d array of pixels)
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to the various terms definitions given here, older graphics hardware accelerators computed

and stored into their frame buffers samples, not pixels. They became by default

approximations of pixels when they are passed unmodified to the video output signal, which

by definition is a stream of pixels.

The particular definition of sample just given here is the one always used within this

document, except where explicitly noted otherwise.
sample location

In the context of the 2d image being rendered, all samples are mathematical points
on that image. As points, samples have a 2d location on the image being rendered. This
location is called the sample location. The locations usually have some explicit
quantization, specified by the number of bits of subpixel accuracy specified for samples.
The function that assigns these sample locations is another concept, usually referred to as

the sample pattern.

sample address
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sanpl e conmponent The term sanpl e conponent refers to a specific data
conponent that makes up part of the internal structure of a sanple as
defi ned byoa3sgsssl fic sanple format. In the high quality PdTgrsapbssses

har dwar e accel erators bei ng descri bed here, sanples effectively replaces
pi xels in the frame buffer. Thus, the conponents of a sanple, the sanple

conponent, shoihih RVl oY Bek e ke SURARGPL a0 tRel (8 kBl er ent

3d graphics hardware accel erators nmay choose to suppor anpl e
conponenbyifenadl sanipdes igaplicitly Inrya el fjanad buffea addressidantayinig virnpivitkinvael d at
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is al so &oieBae the samplepddress o Hie asdress pfitha pixed thed thersamplel is docsted vethims par t

of each . i n, he ed for. a nunber of different
el | knount Pen g neu BN B S B 8 a0 Bunliy of The

PCT/ USO34£8I86Thib &indmaeguence alugbatio b Sronhatlinsd PR ing A ihesf thaseder enderi ng
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nunber oﬁa%ﬁlﬁ%Poﬁg@?%Hb@afbﬁmlﬁlaaéfée)sam@lqﬂ@rqugﬁmnn sanpl e conponents

i nclude stencil planes, as defined by the Open@ specification. Yet other
sanpl e conmponents m ght be fast clear planes, overlay planes, cursor

pl anes, wi ndovamplegbmmas, and ot her similar conponents that have appeared
in frame buffers for many years now. One issue that has not been touched on
yet relates to how double buffering is to be inplenmented. Do all sanples

have both fromheaith Hiafpfe Ritherests [ §ﬂ§,_@i'ﬁc%%§tu§éﬂr¥9 ﬁsen?ﬁfgﬁ%'??ighl%npiei. ke z,

only exist in the front buffer? Can individual wndows swtch ers
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sanpl e conponents now quadrupl e

sample component

The term sample component refers to a specific data component that makes up part
of the internal structure of a sample as defined by a specific sample format.
In the high quality 3d graphics hardware accelerators being described here, samples
effectively replaces pixels in the frame buffer. Thus, the components of a sample, the
sample component, should be quite similar to the components of a pixel.
Different 3d graphics hardware accelerators may choose to support different sample
components than other do. In nearly all cases nowadays, samples would at least have the
usual three valued color components, e.g., red, green, and blue numeric value. How many
bits of storage these values would need each, or even the numerical format of the values
may differ between different systems.

Beside the usual red, green, and blue sample component values, it is also common to
find a so-called “alpha” component value stored as part of each sample. This alpha value

can be used for a number of different well known rendering techniques. For 3d graphics
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buffered, or is another technique used? Al these frame buffer
architecture, pixel conponent and sanple conponent architecture trade-offs
are fam Iwaro3igsedme skilled in the art, and the applicatiPpcm/ush3/0938ce
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skilled in the art based on the description here. Rgb The termrgb refers

to the r el,
dependi S HREClg R, sk G R e BRONTOArl ofboR BN, EneBlinbordh'D)
numer i c sangyle esrepérant Brthef vhlne $@ aagwp b aumbspoiwhdérsligincpibisdd vahrppnent s. I n
di fferent errb%qT ment s, thei%tcould be SILHigle bjtf I nt egers, fijxed poi nt
nunbers, bl oc GFS%’W‘P&S%‘P copppets incl Wﬁﬁ%’ﬁ%aéﬂﬁfgﬁérﬁy % quanti zed
coar ser E)E@r[t}ﬁ sPdoTi afiof SALSIM dr 3] 51@%%9@6nélﬁ@gl@ght ob RRbIcA%IaRa! ferymber s,
shar ed exponent ] oati ng point nuibers (In whictch a single exponent” val ue
appl i es plenes, bursdirr}ﬂalasowpﬁnwnd@a,nemrandpﬁw similae compprienss thatrhevé eppeared
represenp%l ons. ¢ term re%b refers nore generally to spectral conmponent
r epr esent’af7Bh u(ﬁ‘?rs YIBFY YFPHE ¥¥eh embodi ments, four, five, eight, twenty

five, or evengohd@saear Eés%o‘EB@éi{[tbﬁéhed%ﬁ ORALStoHoddouBR: RARLAY 8ot Mor e
accurately represent colors of ht its interaction with nmateri al

obj ects miipl@méntp@}y@@ alhpamples hIaVCCbP 1@%@3@8@1@@? Detiznpesgsamslnet i mes,
in context., J efe I r the
anpl o FoPRitR iR 080 o R MR EaPlg gl SRl @b BRESE 11T o1
of the t@ithsutwffeeﬂmg:@umo\nﬁﬂbw@mdhs @deérEat(ﬂtimm{BBUIme? Isshdrekomesbility ddi tion
to col or conponents, pixels or sanp es c n ve al pha conponents sonetine

r ef er r ed QHiEHYe hadd@rerbies|gE e acce ?}5 THEYRESOT comppReig;g be
conmponen o) Wi | e
the tr adtltn?}ug%d ?hne ar %“E%a?‘é’a? gsp t(gl\fga f;e "s@% ce g?&ngsj dgg%l%%;mg't%len when
three or buﬁﬁsms«le‘7 ohar arqosqppme fierdripleer ﬂnn@sehuffenm Whatmholhtcs@rtcsviﬂhﬁasignﬂe

i | d h
S0l or ol SPRD e sdeemieL DR Tinal BB e Rl Saptethuler sctr ©
common Waeh &lpd6it Isfebémfﬁmwm&r@é RRSson®: R wrﬁ%nleﬂtstn@vvtdﬁ@dlfu fTe
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and bl ue afd samp?e & n;l)Jgnee%t arcﬂl?ecture t5&e-offs are familiar to one skilled in the art, and the

application of these requirements to the new Loop architecture should be understandable to

one skilled in the art based on the description here.

Rgb

The term rgb refers to the red, green, and blue sample components of a sample, or a
pixel, depending on the context. This definition places no restrictions on the numeric
representation of these sample components or pixel components. In different embodiments,
they could be single bits, integers, fixed point numbers, block floating point numbers (in
which the exponent is quantized coarser than a simple sequential integer range), floating
point numbers, shared exponent floating point numbers (in which a single exponent value
applies to all three components), or other more complex numeric representations.

The term rgb refers more generally to spectral component representations of color.
In such embodiments, four, five, eight, twenty five, or even 128 separate spectral
components might be employed to more accurately represent colors of light and its

interaction with material objects in the physical world.
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separate al pha conponents, al pha-red, al pha-green, and al pha-blue exist as
well. In at | east one enbodi nent of the present invention, the termrgba
wi |l refewotod/osdsses si x al pha and col or conponent struct uPE€T/USOEESB6TES, | N
context, the termrgba can be used to refer to the pixel format or the
sanple format of a pixel or a sanple. Sonetinmes, the nore general termrgba

wll be . i i 0 S e, T tsS | ich at | east
one. enbodi ASArer i Saers 4 B ot el dE euT Hrhal & dRp
conponentorast weh bixeboit a @infygte. enbodi nents mi ght not have an explicit al pha
conponent. Sonetinmes the presence of an al pha conponent is a place hol der
for any additional conponents beyond col or conponents and z conponents,
and thus sone, odi nents may include additional conponents for uses that
go far beyond The traditional ones described for al pha conponents. rgbz
The termrgbz refers to the rgb conponents of a pixel or a sanple, as well

ent. The.cgncept.of storing a z value with a pjxel so as to
ot for m oo bot P eseriied 6 Qe P g itk APl Comae end sahk compongt:
di f f er enkomeiaed MRAAUSIOREY c%@c&hﬁé@h%ﬂf)ixéﬁ oYl 83684 ¢ Ripha USRB6A3836

formul as for conputing a z distance related value. Different enbodi ments
may use &9mfianenferrediioedry be Copskdlsenaatlhe trsmirgbs rebere swethe rgthesraponents| afes,

i ncl udi ngiXCIPglta%plg,géir\r%%fastagl’alé}ﬂtC%g’lﬁ)E)iel?&tfi xed point, block floating point,

and floati'ng poin mes, i n co the termrgbz can be used to

refer toWhi& thexeditioariirbirdomard i8¢0 Bar snglé aphBtorapornpPévedl witsh tAre8 anpl €.
rgbaz The termrgbaz refers to the rgba conponents of a pixel or _a sanple,
as wel | HWrgcolor eippcatsiare Bresybdbe spaanticnisthe thesinglepinka compepet isiorher gbz.
SOmet | M SssobfeiRlLHld afped ICAIMHEABRE ofRBoGid! BAFinl e HEIARIF shRwhAE DI Xe
format or the sanple rmat of a pixe r a sanple. Sonetines, the nore
gener al teweringbtiz quitk colsmonsdntatgatitlsns rdyeirpigedbhafto baatosedin to danfpdrae

formts bRodfieh, ool est one enond ment L adl Lo LB e e
m ght nogpBaNealRNf Belthictichlor components red, green, and blue are being used, then three
separate alpha components, alpha-red, alpha-green, and alpha-blue exist as well. In at least
one embodiment of the present invention, the term rgba will refer to this six alpha and color
component structure. Sometimes, in context, the term rgba can be used to refer to the pixel
format or the sample format of a pixel or a sample.
Sometimes, the more general term rgba will be used to describe pixel formats or sample
formats in which at least one embodiment in addition to color components actually uses an
alpha component as well, but other embodiments might not have an explicit alpha
component.
Sometimes the presence of an alpha component is a place holder for any additional
components beyond color components and z components, and thus some embodiments may
include additional components for uses that go far beyond the traditional ones described for

alpha components.
rghz

The term rgbz refers to the rgb components of a pixel or a sample, as well as a z
component. The concept of storing a z value with a pixel so as to perform z-buffered

rendering is well known in computer graphics. But different embodiments may use different
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al pha conponent. Sonetines the presence of an al pha conponent is a place
hol der for any additional conponents beyond col or conponents and z
conmponentwo oafosB6Bhus sone enbodi nents nmay include additi ecalusopogsenent s
for uses that go far beyond the traditional ones described for al pha
conponents. sanple buffer As defined el sewhere, a frame buffer is a digital
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store for, an Lnag?cipnpnised,of sanpl es. Technically the nmenory store can
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has two erent nmeanihgs int context of computer graphics, e.'g., the
entire gfapiiofa pixebover @ngdeel erat or vs. just the menory store of pixels,
in this docunent the termsanple buffer will sonetines be used to describe
menory stores of inmages represented sanples. 39 WO 03/083680 PCT/ US03/ 08886
sanpl e densitygphhe term sanple density is used to describe some of the

rel ati onshi p between pixels and sanples within sone context, e.g., when

di scussing a franme buffer or a sanple buffer. Specifically the term sanple
density refer t he. nunber . of sanples contained within one i.xel . The
nunber coul d E]eé?e cré})%zn{gerﬁo %"lesrq{?scs?mpé’nf:% LU BPS %I%WE?’ aﬁf“% d&ifi%es in a
pi xel i ncéMporarntaedescpibed il the definitiohoF tieftefh ®rzS. The sanple density may
not even be _constant spatially. And finally, because the size of pixels as
defined Bymehmeyin pantext, thederarigbag i brorsed &0 pderde haniselipreas op thepampds gnal

i's gener gt 6t 8F Spi rily the same in area as the pixels defined in
t he video ou%gﬁ%mg?fg%a &@ge, thus the rest of the graphics rendering

pi pel i ne and Shmetiimdsshoniopuigensial s rgbageiltioansdd hadescrbd pizekeformsiampl e
use different d nitions of pixels. Wien necessary for
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condi tional sanple update Tunction
alpha component.
Sometimes the presence of an alpha component is a place holder for any additional
components beyond color components and z components, and thus some embodiments may
include additional components for uses that go far beyond the traditional ones described for

alpha components.
sample buffer

As defined elsewhere, a frame buffer is a digital memory store for an image
comprised of pixels. However, we are now talking about hardware in which explicit pixels
may not be actually stored, but will be created from a stream of samples coming out of a
digital memory store for an image comprised of samples. Technically the memory store can
still be called a frame buffer, as it holds information describing one or more frames of video
output signals. But as the term frame buffer already has two different meanings in the
context of computer graphics, e.g., the entire graphics hardware accelerator vs. just the
memory store of pixels, in this document the term sample buffer will sometimes be used to

describe memory stores of images represented samples.
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The nost basic function of a frame buffer is to read or wite the contents
of a pixel or a sanple. (In the rest of this definition, the term sanple
will be uwedbsessi nplicity, but in all cases the defi ni PCONSIEMSBY t O

pi xel s as well.) But several nore |layers of nore conplex operations on
sanpl es have been defined. In general, these operations have a new sanple
val ue, and a gm@@cqgns n sanpl e address In general, a sanple update
function takesS 8s6 48 paranmeters, fetches the correspondi ng sanpl e val ue
fromthe destination sanple address, perforns sonme function on the new
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enabl e/ di sabl e of individual sanple conponents and/or bit-fields of sanple
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descri bed here and nore. To provide a sinple termto cover all the
or a sample. (In the rest of this definition, the term sample will be used for simplicity, but in

all cases the definitions apply to pixels as well.) But several more layers of more complex
operations on samples have been defined. In general, these operations have a new sample
value, and a destination sample address. In general, a sample update function takes these as
parameters, fetches the corresponding sample value from the destination sample address,
performs some function on the new sample value and the one fetched from the sample
address, and then writes back into the frame buffer the sample value that was the results of
performing the function.

Simple examples of sample update functions include various Boolean functions,
e.g., and, or, exclusive or, etc. But in 3d rendering, a very important function is the
conditional update of a sample based on a comparison of the z sample component of the
new sample value and the one fetched from the sample address. While most systems allow
the particular comparison function to take on a wide range (e.g., greater than, less than,
greater than or equal, less than or equal, not equal, equal, and other more complex

functions), the basic idea is that whichever sample is “closer” to the eyepoint than the other
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potential conbinations of these functions, in this docunent the term

conditional sanple wupdate function will refer to the general update

functi on wead/osdsen a sanpl e being rendered into the franmeChafShzessse t o be

processed. Particul ar enbodi nents of the present invention nmay define

their conditional sanple update function to include any specific

conbi nat i i ' S wel.d ,as

ot her " desoyBeg e eRRRp}EicR Al e bl S3RsCBREE hRFSaBTat BT 181 ons

defined fitsrvaluees writtai ado menfrane bufifer satipingnie oldvaliceOtheswises thaspkiimng ref ers

to any of nunpber of 3d aphics antialiasing | gorithms that operate by

conput i ng® uﬁéa’gg? E%pt_d’lﬁ ' ﬁg(li Haéf’élrt? 9???@“‘?“(1“86%6 gﬁmﬁg]" e&‘ﬁ’é‘HD%FFédedpgﬂlFﬁ SOper

pi xel, e chlled ‘GOMufRR btk @tﬂcﬁgn’aiS%réx%'met&%tcoﬁéiﬁéna'{l%ﬁx%ie dafedifl@{ont han

"pixels". In the 3d graphics literature, sonetinme the term "stochastic

sanpl i ng" is @¥be dontidoohlsagpiioipdatedundtionk exisenddsupteriagnpbiuding thbseghats not

the case_in this cupent . - Stochastic s | ing" efers to a _specific

cl ass of arr’?e‘foﬁlgglsonfldlgorﬂ@eisfféw%ﬂ% ega@gfn%e@? g?%ﬁaéﬁfl%‘riwef ?‘fFﬁ‘ESPFf‘Et g5 1 yi ng

i mage ar anpRRipeste fiondidns,anFIHLIAS maa¥ aGihe BldndideTRRioNBYIA WIREIEa (VeRmedt to be

optimal or nearly optimal, but in recent years both enpirical and

t heor et i 68 ofthamess sHaple caler sampla campeneats addbecolonssmplecoraperentsaif ey s

sub- opt i S. I: resu
: gﬁhplte%oﬁﬁﬁl%%iiam sra%ﬁe%aéi’dretsp & %113&{ lzbaé:E 1 JE

tant . antialiasing imges
made using “stochastic sa usua he%amplr?aaﬁdfeﬁ%s@ﬁ

Worse 1w

03/ 08368 QoREH6nIPeRHPRBEPMate Pition e sl f5i IR Giraplb efatgRRiriabRentbled@RbrRefon whi ch
subpi xel .1 gcations of the underlying 1| e to sanple. antialiasing The

t er m ant {RY44aligmple copapongnts AYd/er b fglghog papple campeiatscly bageuhptwiateror
non- restrict gl L ARLS HPfa gfﬁ\éé H&d%fedal%ééléﬁ r?g%feﬂ%fﬁ%ts%o kl{blp% Ul JFR9es
nde 0 hrgh spatta

generated by the graphics r ring pipeline due

f r equenc itlesupsihtet fapctiond desoribad herrrgé nstre. To prbeidag spngls é¢rtn torcovéreall thmges,

e.g., gettjng rid of the “jaggies.. The termantialiasing.refers to both

met hods PR EATREES of trts Pacides Rtyis dhowmatiy thedee aodfier pirenlees,

e.g., | Ushditd filddGon k1 eeret ﬂaghegeﬂekm?datgmncﬁaﬁ A5 ifon AWML beiflg FNdBred

unrestricted nethods for renoval of these artifacts. The termantialiasing

is one wintd the frarpebuliety ghbmprocessed. Parivular pbhdimentsend thaveresent mvenadd asi ng”

gpg the E‘negyrgeﬁgle kh%?recdonaﬁﬂ)gglrslaﬂl%le 1\1’\19 al(edfuggtio%cfg %Pcth?cgl a%’y SSQC%Q co 1%|at|i3/11 &h €y
the sample update functions described here, as well as other described in the literature, or

new, special sample update functions defined for their embodiments.
supersampling

The term supersampling refers to any of a number of 3d graphics antialiasing
algorithms that operate by computing the value of the underlying image at more than one
point per pixel, e.g., any antialiasing algorithm that uses “samples” rather than “pixels”. In
the 3d graphics literature, sometime the term “stochastic sampling” is used interchangeably
with the term supersampling. This is not the case in this document. “Stochastic sampling”
refers to a specific class of methods to decide which subpixel location within the underlying
image are samples to be computed. Originally these ways were thought to be optimal or
nearly optimal, but in recent years both empirical and theoretical studies have determined
that these ways are nearly always sub-optimal to other ways. E.g., the final resultant

antialiasing images made using “stochastic sampling” usually look worse than those
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not. full screen antialiasing The termfull screen antialiasing refers to a
sub-set of antialiasing nethods that work over nost all of the types of

gr aphi cs woioaiosicse t hat are rendered anywhere wi thin the PERFS03/T4866e

nmet hods are usually fairly general, and inpose fewer restrictions on the
wor ki ngs of the graphics rendering pipeline than i nposed by the nore

speci al i i al Lasi i | i n.
ant i ai i g s 0 gt ARbASU R MR R LGS IER N e Usea
and not [myge tbeempkny cases where it fails. The "full screen" tag just

i ndi cates that the nethod has to be general, the nethod can be enabl ed over
smal l er regions of a screen, e.g., just to a particular wi ndow, or even to
a sub-region ghyfiasifiendow. convolution The term convolution generally
refers to the application of a convolution kernel (set of weights) to a 2d
array of sanples for inplenenting full screen antialiasing nethods.

Technical ly t onvol ut.ion is in one co tational step applying both the
"re-sanpl i ng" qﬁ‘ﬁ%‘f@ %’7%%%%’6&?‘&9 ?ﬁg(ﬁflcadg%gﬁr Og mcffélr?dglﬁglgtgon Fiffers of

the anti adshised@ieth®a$ Air@eBovih B uhlieSirMRCAHIRREs in kY BndgSs E@RrAE] bitki on  of
convol ution unless explicitly stated otherw se. convol ution kernel The term

convol ut Bearhies renderipg pieling duq tecighespatipl figgugheies,efl the undeskying imagp etill

conput at | ' I i nt. the onvol ut.l on

comput at PoAg Bies PR ISR & & et ASSHIR el e Rl e wtien,

unl ess ekpihiméthbds thhaedateahdieravifacts oilyiis commed shedialtchsescOpy Pistini the ker nel
wll always he froma conbined re-sanpling and band-pass filter. The
kernel vENGeang pllngs) geidrangles, aywpll ¢ masepurcsscg matheds fpyrempyakefdbesei ed by
t he detﬁﬁﬁgng the full screen antialiasing nmethod. antialiasing filter
Since all convolution kernels in this docunent refer to convol ution kernel
filters that wll be used to performfiltering for antialiasing purposes,
t he tern1anti%%%gsin convolution filter

filter.is defined tq refer, .t n
that m ght be W8GaT ByialiFngisions pyegd MRty hpBen: if it had ahyphien then the ferm
“aliasing”, and the term “aliased rendering” would be acceptable, and generally they are
not.

full screen antialiasing

The term full screen antialiasing refers to a sub-set of antialiasing methods that work
over most all of the types of graphics primitive that are rendered anywhere within the
image. These methods are usually fairly general, and impose fewer restrictions on the
workings of the graphics rendering pipeline than imposed by the more specialized
antialiasing techniques. To qualify as “full screen antialiasing” a method should have few
limitations on when it can be used, and not have too many cases where it fails. The “full
screen” tag just indicates that the method has to be general, the method can be enabled over
smaller regions of a screen, e.g., just to a particular window, or even to a sub-region of a

window.
convolution

The term convolution generally refers to the application of a convolution kernel (set
of weights) to a 2d array of samples for implementing full screen antialiasing methods.

Technically the convolution is in one computational step applying both the “re-sampling”
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One of the sinplest full screen antialiasing re-sanpling and band- pass

filters is the box filter. The filter coefficients have the value of unity
anywher e Woda/0836Be square box, and zero everywhere el se. PATAINIRI8GI ze for
a box filter is one pixel. This type of antialiasing filter is referred to
as a 1l box filter. Having a sinple constant value for all the coefficients

Kk th [ ' [ I
RPN e R
gener at edf tphvohitien uiidse egsiivétlystated btherwise. tent filter The termtent filter

refers to a sinple antialiasing filter shaped like a four sided pyramd or
atent. radially symmetrical filter 43 WO 03/083680 PCT/ US03/ 08886 The

termradi allycﬁﬁmm-gﬂ%elfilter refers to any filter whose filter
coefficient values at a point are only a function of the distance of the

point fromthe filter's center, e.g., not a function of the direction the

point fromthe filters center. The fi|ter is _entirel determ ned by a
singl e val ued%lhﬁﬁm (_('fﬁ)ﬁlVB](f%ltlanEfﬁ]?’ﬁE’@feé? Jmttﬁﬁfetio_g “fql@téﬂa]i’?%ﬂi?g IBH{Ga poi nt from
the cent@hp@htibéh6f EdrvbRition T this/ddedAént f MBS doRPoluord Qéfﬁ%ﬁtgﬁ&s%iﬁ%lﬁé’}l'sl ed
the cross section of the filter. separable filter The term separable
filter rbepasofaialhyeresn ansieligtiesmethal.umless eaplioitly stpieil wtherwise HEhis meantuct of
two one dj Si g [ ions, . where one .of these one di,mensi onal
fivter PaPBRRGRISGbL LA L aE EnfiEdd ahmits SRHAHERS: her | s
only a f dilted iThe keinel heluys themesitkisrag esuallPbomputes dynammioyllyd iak Eﬁ@@'cﬁlHdBytﬁBd y
coordi nate representations are possible.) These formof filters have both
t heor et i €etaiiyol Bgfullserpen sntiaigsing mgbedover radially symmetrical filters
when the ftnal; cal image display device has square (or nearly square)
pi xel' s, or ?ﬁélng@%fs are on a rectangular grid. Mdst of the radially
symmetrical filters also have separable filter version, this additional

filters can beg.used with so nmbodi ments of this inventiaon. ssi an

11 ter The t oPHOEAIEERYAURoT Kapels f Gracema it 4t Fymepppeine o s

that is @imBtuad BHePBrm il f%ﬁﬁﬁidsﬁ@'ﬁﬁpcfs@é)%é efn 'aﬁtiﬁiagﬁgstﬁfef“fk curve.
defined to refer to any convolution filter that might be used for antialiasing.

box filter

One of the simplest full screen antialiasing re-sampling and band-pass filters is the
box filter. The filter coefficients have the value of unity anywhere under the square box, and
zero everywhere else. A common size for a box filter is one pixel. This type of antialiasing
filter is referred to as a 1¥1 box filter. Having a simple constant value for all the coefficients
makes the box filter less computationally expensive than more genefal filters. It also

generally generates a lower quality results than is generated by other more general filters.
tent filter

The term tent filter refers to a simple antialiasing filter shaped like a four sided

pyramid or a tent.

radially symmetrical filter
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cubic filter The termcubic filter refers to a radially symetrical filter
that is a antialiasing filter whose radial function is a cubic curve or a
pi ece- W swWO@a/8icBmuous series of cubic curve segnments. M Pchaish3/NesBe aval i
filter 44 WD 03/083680 PCT/US03/08886 The term Mtchell-Netravali filter
refers to a famly of antialiasing filters that are radially symetri cal

filters that LG filters, . Thi 1 of. big fikiers fined by two
pi ece-w se cuﬁﬁrh% t%ﬁi\*/aé&mslfjgs%e rrlrtlestm\zfﬁlqg;ﬁgf%ﬁéeré %’u%llyctﬁgea r"@lé) S%gg%cﬁPéﬁé%

par anet evaluedatypdinoare patyeatinetich & tandis@ncsyMtbe point fomHhe fitter sedydce L | ter

refers to a radially symretrical filter that is a antialiasing filter

whose r adPht fungHen Pgﬂleidére‘?th@ reinf faey the filterpigentey, ddedilier érenkigaly no maxi mum

radius, idbrenfididin) 4SSl vt hLHiH 8¢ pathAERIERL: BYREalhILSE a TG Fifltne

wi ndowed sync filter refers to ara |aﬁ) y synmetrica ITter at ' 1sa
anti al i asemtgr off the fifter. Whosmdrhfinatiorf s3ometimes slsé bailedythe crbsnsetii@nofit to a
certain i‘?ted fied radius (the window value), the filters coefficients are
al ways zeérd“for radius larger than this w ndow val ue. graphics pipeline
The terns graphics pipeline and graphics rendering pipeline both refer to
the set of sequential pipeline stages that input data to a graphics
rendering systsepargidediltehr ough. Particul ar conputer graphics rendering apis
usual ly specify in detail a set of pipeline stages that they wll
inplement. In the literature these terns can refer to any of a nunber of
di fferent typ@hetdrngscppinblstilienelers tpang Giss whske vialietah b x §Q0ittedthet hey
always wll refer spegificall %}to 3d_graphi cs render process. Sonetines

the expl PEuCt &k osmeghmppiional filteryastions, whesernpet tiesq onselimsesdonal Slger
pi pel i ne glfign3fl o‘ilﬂe;ﬁQ RirfofioR 6{;&%%%?&&% Ghabhy (ﬁhélﬂg ohlg/' a’@n%t?dﬁdcﬁ*’thﬂ, pe and
I r ef ardwar € that actualiy

render pipeline ers to the portion of the
i npl ementeontihmate3 Ofcapbe, asany enfferntioandpi @elrdingte rgneseatationpire possitiegcedi ng

3d" i ﬁlgs%l tlo¥rn %?%u%%%%ve both theoretic and real quality advantages over radially

-

symmetrical filters when the final physical image display device has square (or nearly
square) pixels, or the pixels are on a rectangular grid. Most of the radially symmetrical
filters also have separable filter version, this additional filters can be used with some

embodiments of this invention.

Gaussian filter

The term Gaussian filter refers to a radially symmetrical filter that is a antialiasing

filter whose radial function is a Gaussian curve.

cubic filter
The term cubic filter refers to a radially symmetrical filter that is a antialiasing filter
whose radial function is a cubic curve or a piece-wise continuous series of cubic curve

segments.

Mitchell-Netravali filter
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render pipeline stage 45 WD 03/ 083680 PCT/ US03/08886 The definition of
graphics pipeline states that it is nmade up of a set of sequential pipeline
st ages, tWe8/08380 vi dual stages can be referred to by thePCerusos/essser

pi peline stage. |In some conputer graphics rendering apis, there is an
explicit formal nodel of what the pipeline stages consist of, and of where
Lhe poundar! eonictrbat RAINEORM ke QliCho §356%y of dnialiRifOMIBRLPL: Ne term
pi peline stage to refer to less fornally TS Some se up operations ‘
pr esent | sadiabiyesymainetriced Silters th&ll secubid fifterst Thie faif yeolf dubixt filbers tlefided byamput er
graphics rendering. api render pipelines are abstract pipelines, e.qg., they
accur at eP‘;?C‘EI@’é?r‘i“glé’ ?LE%G Wﬁ?i@?g‘)ﬁh@ﬁﬂ C CHBfenEnts 4re giezed iy itact
render ppReRetrs Buhdiceal inplementations of the graphics rendering system
ei ther hardware or software, may perfonn the operations of the graphics
rendering systemin substantially different order and/or manner, so |long as
the end result isfI in conpliance with the abstract specification. In this
docunent, mostY S e render pi pel i ne stages di scussed are hardware

pi pel i ne stages or sub-stages, and the descriptions should be read with
this context in mnd. shader The term shader refers to a specialized

conput er pr ogrBfarmasyns diligeieierate aysdiallyispmmefréicali Bfterbet ip ajeptiaiasimetiiler

gr aphi cs_pi i . | exd c I the render] rocess.
Shader oS eRGalBFnh i LAt LR EnC P SRk A hed b BRARL s B 0T

el ement scontaneds omyo iefirstyp] ect to specific restrictions and constraints

i nposed by the graphics pipeline they are operating within. Specific type
of shaders include, but are not limted to, surface shaders, |ight
shaders, di splaceRWratsyabafer s, vol ume shaders, atnospheric shaders, inage
shaders, vertex shaders, patch shaders, geonetry shaders. pixel shader Wen
shader s &hetecomwpinteded syrexfdtutraeiso nealialty sypymettiaal filles thebiser altialbiasifer ent

shader s n col |l apse into one. The_.nost frequently run.exanple_of this is
Uhe pi xe e sBese TAdighfuaeiionis Dif ST FHIEORR ALt FLahRes e B (fhe yuiadow
shaders afide) trditcshosiisSiedt afdBwals RN eMdiE oI RAIE WihdRy $41asler rate,
which many tinmes is every pixel. en di scussing the execution of the
majority of the progranmabl e shader code in the context of a graphics
renderi ng Sys%%nhicgh? HigL M pi xel shader is often used to refer to that
code. P b

lD

The terms graphics pipeline and graphics rendering pipeline both refer to the set of
sequential pipeline stages that input data to a graphics rendering system goes through.
Particular computer graphics rendering apis usually specify in detail a set of pipeline stages
that they will implement. In the literature these terms can refer to any of a number of
different types of graphics render process, but in this document they always will refer
specifically to 3d graphics render process. Sometimes the explicit term 3d graphics

rendering pipeline will be used.

render pipeline

In a 3d graphics hardware accelerator, the terms render pipe and render pipeline
refers to the portion of the hardware that actually implements the 3d graphics rendering

pipeline, and an explicit preceding “3d” is usually not added.

render pipeline stage
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46 WO 03/ 083680 PCT/ US03/ 08886 programmabl e shader Because shaders can
actual Iy be programmed by end-users, they are also referred to as a

progr ammewbe3esmeer . gr aphi cs rendering systems which al | @eaTparsogossserabl e
shaders to be used are said to support programuabl e shadi ng. shader rate
and pi xel shader rate For a given shader, e.g., a pixel shader, the
performance that a particular 3d graphics hardware accelerator in
executing that shader is referred to the shader rate. Any specific exanple
shoul d i ncl uddbeklefiniion o gtiphics pipehine staics shavit ismadene of setiofisdqushigader ,

e.g., for.a. pi hader., -th i xel shader te ul d be expressed in
o0 P i, RSP IR b Lo RO SREE B R SRS B R et
shader p@wesme edmpsiet Qraphi€s FoRll @i mR R¥dntekpREit forfiaVeBdRiotS/hat gllaader . In
sinplistic terns, the pixel shader power could be crudely neasured by the

nunber oPiNctiA@&agesronsisi ofeannd ¢favhere Bre bovndaries etrdestween themplnehershasaeit, or

by the nt : S | | knea ath of the) the source
code.  Gonar Ty S BB e SRS R etd! o ot KA RE St st Y SHESTR gher
the rel apresenthi weler disaisionpAlvey it afustbghoted tHahader all donehusdr@iphicstrBficpinge!
shader rate ch}eré that pixe| shader will be. Usually, but not always, a

hi gher r 8PHPRIRE PIRSIRET arg RagEact pigknes. ¢ Betheymecuraisly descrihe the sgnantics of the
final re 'd’@g : 1 Em
procedurgﬁﬁ?gih%re ?%F%?gh%guﬁg¥%8?§mﬁ%ggﬂ% a?&%%% 3@%&%?%%@%@£gygated by a
surface shddang §ystengaithei nrdwireror syfpesrepmayg padern) thasperntdond clihé gﬁgpﬁigls s of
the texture are needed, rather_.than stored as an i nage, as,  standard

t ext ure FR&@SH% ystey &%ﬁ?ﬁﬁlﬂg’e‘ﬁ%‘?@gord%@@/ VHeAREL A iagesthaendasiihisy e
virtual | jh ¢dmhiplitint@wethaBe MtkadtispbdBEdtoni Nfinite non-repeating detail, as
conpared to a standard texture map stored as an image. procedural textures
have t h& @issdaspmentgeost althe rindyr pipglirierstagen disnssscdamatdvaé pipelipustagdson

every ti ) |, for i S..accessed .., they.can sl ow down surface
shaders ft %@’%%%gt%%ﬂﬁgya%ﬂﬁﬁgm§hg@g%er%%%%@%ﬁ?%f“?@éﬂ% -are al so call ed
synt het i shadext ures. 47 WO 03/ 083680 PCT/ US03/ 08886 procedural geonetry

The term shader refers to a specialized computer program that is used as specific
pre-defined points in the graphics pipeline to allow flexible control over the rendering
process. shader code does not necessarily execute on general purpose processor elements,
and may be subject to specific restrictions and constraints imposed by the graphics pipeline
they are operating within. Specific type of shaders include, but are not limited to, surface
shaders, light shaders, displacement shaders, volume shaders, atmospheric shaders, image

shaders, vertex shaders, patch shaders, geometry shaders.

pixel shader

When shaders are compiled to execute in real-time, what was several different
shaders can collapse into one. The most frequently run example of this is the pixel shader,
which executes the combined semantics of surfaces shaders and light shaders at the
frequency determined by the shader rate, which many times is every pixel. When discussing
the execution of the majority of the programmable shader code in the context of a graphics

rendering system, the term pixel shader is often used to refer to that code.
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The term procedural geonetry refers to a progranmmbl e shader that creates
geonetry procedurally, for exanple fractal nountain generators. procedura
geonetry WO 0398380 ar i n concept to procedural textures. grPaphisoyogssé mtive
The terns graphics primtive and geonetric graphics primtive refers to
types of objects that directly causes sanples or pixels to be rendered.
geonetric graphi rimiives wusually are geonetric elenents representing
parts of mhatgaﬁﬁi%&%%@%%&¥ﬁe real world surfaces or volunes that reflect
light, emt light, filter light, or bend light, e.g., anything that |[|ight
interacts with. A conmon graphics primtive_ is the triangle, other exanples
i ncl ude | i neSeeaige gndsts caa aguplly be piogtmamed by end-users. dhey are pse selpred fons,
and vari f ' - vl 3 hi cs
i 1 v, RPN, Sh e S oo O R ey By WM Foan BN giER

pur pos estoofe useil sreacditveuppomprogrdnfimatda shatiagon of neaning will be nmade
between the terns graphics primtive and geonetric graphics primtive.
While the qualifier "primtive" could give rise to the semantic inplication
that the graphidesradf@s a8 shsdergeator can process the object directly,

wi t hout additional help from the host conputer, really it only neans that
the application software that uses a graphics api does not have to

explicitly break down it obj ect. i,nto.sinpl er. or othe rimtiyes. The
b ary. runni Fot BAVERSAIEE S o it iy PR g S taiens Bk Bt P S RimoBiF o o
t he obj eBirdwhfPgdelsratdian gk elking Shab siizdepisecRE6€ kEMhs khdder MIS LAGAPREIFK C
graphics primtives are specified to a graphics api directly, or

i ndi r ect PXAMRlg Sh(&‘l‘é:mcﬂ‘-@@ttﬁ‘?)ﬁar@? angethys thegmitp af mgerure fon tha shadies evrfoeg dat a,
t here may; : L1 t:he I ' Lt bei ng
specifie%?gi%%ﬁgfﬂ% éﬁﬂggéﬁ#i#%w%gk%%gﬂggﬁggghé%ﬁ§gg@&@ég@g%@bgé&%ﬁgi
control vertexs may be shared by nultiple geonetric graphics primtive.
Geonetric graghi @aﬁ” mtives can be either two dinensional or three

di mensi onal . PPEESTRIEPAE WD 03/ 083680 PCT/ US03/ 08886 | n conputer
graphics, the termposition refers to spatial location, e.g., a

mat hematical point in a particular space, usually the normal mathemati cal
two, three, oflhefanrpigélsbadi powkr sfas to. the eglateve complexity of a given pixel

shader. In simplistic terms, the pixel shader power could be crudely measured by the
number of lines (in a linear path) of source code of the pixel shader, or by the number of
texture references in (a linear path of the) the source code. Generally on a given 3d graphics
hardware accelerator, the higher the relative pixel shader power of a pixel shader, the slower
the pixel shader rate for that pixel shader will be. Usually, but not always, a higher relative

pixel shader power, the more complex or realistic the final rendered image results will be.

procedural texture

The term procedural texture refers to texture maps that are dynamically created by a
surface shader (or certain other types of shader) as individual texels of the texture are
needed, rather than stored as an image, as standard texture maps are. procedural textures
have the advantage that can have virtually infinite size and virtually infinite non-repeating
detail, as compared to a standard texture map stored as an image. procedural textures have
the disadvantage that they require intense amounts of computation every time a texel from
them is accessed, e.g., they can slow down surface shaders that use them by quite a bit.

procedural textures are also called synthetic textures.
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In conputer graphics a vertex is a conpound object that at |east has the
property of position. Wiile certainly the nost salient property of vertex
i s positiwn03a83680t ex nay have any of a nunber of other &CUniSbs08886¢ The
plural formof vertex is vertices. Additional properties that a vertex may
posses, in any conbination, include, but are not Ilimted to: normals,
colors, and texture coordinates. To enphasis that a vertex in conputer
graphics is not just a representation of a mathematical point, the terns
vertex data, verdedural péendmit i on, and vertex properties are used to refer to
the entire collection of properties that mght be contained within a
vertex. Al of the vertices that nust be specified to define sinple
geOmBt i C QT anfHoGsm Pobetrhi lf@fefsrtbﬁﬁﬁ%egginﬂgbl%sﬁﬁh&%ﬁféEgce of the
geonetric graphics primtiv eI n speci er, nore co

geonetri (gegmatmi’lpmecplralﬂry tfbn/@&mpdmﬁ*h\ctalsna(reaungzn@atompmhe@ralagmdmtrpei hi gher
or der sur{lwi A need additi or;ﬂ mat hemati cal points specified, and in

gener al AL AN SORGCPY 19 PLPCIBah X S not Iie on the surface. The
representation of such additional points in conputer graphics are referred
to as control vertex. To avoid confusion, in this document the term
control vert exgraphids prisfiiveto al |l the vertices that define a geometric
graphics primtive. triangle line dot The terns triangle, line, and dot
are common specific instances of geonetric graphics primtives. These

primtives ar G?h%@@ﬁisfgrﬁﬂnés(prﬂmﬁﬁ/éﬁﬁu ESondditic Fbépﬁié@ﬁhﬁﬂﬂnr&}eﬂ“}rg Rapekiof OF
i ndirectl 1 vertices, respectively. These graphics primtives

can al so©® @éhaté]g ectﬂwwwnm@mmﬁa ieibeircdsreda geprasten Sraphics prigdtives

di nensi on; NeLS o} ver si ons
by the gr g& hi (of E%?ggg?%{esﬁg@ja?%ﬁﬁg P%ﬂtx{]‘%l S 433‘%:"&%%‘”? md[hg%?\f) 8’3?083680
PCT/ USO 3/sﬁ)18‘%6 or VdiiamQS t}m rafleal Nghy seniiefighit, filert lipht, torbeed HEHrpagl, anahing&lifi on
of these&gg ects JR specifically stated otherw se. Note that there
can be. SRt BEHSIBR AROTRER srephieTRTHgve 1§ the fiangle ather smleniasiude s two
di mensi of@bs SRAGRS, ay\w%ﬂ a8 q’ﬁ@h%f by siRbRe SR ERRAHAC Enc?@egﬁuﬁ ?%)?%s%gttahgﬁsooft he
frame buffer, thése graphics primtives are many ti nes as now
two di nervghmrm] inckedimg viofkels. Other graphics primitives can be more complex, e.g., characters

and text. For the purposes of this document, no differentiation of meaning will be made

between the terms graphics primitive and geometric graphics primitive.

While the qualifier “primitive” could give rise to the semantic implication that the

graphics hardware accelerator can process the object directly, without additional help from

the host computer, really it only means that the application software that uses a graphics api

does not have to explicitly break down the object into simpler or other primitives. The

library running on the host computer may do some of this breakdown before the object

reaches the graphics hardware accelerator.

Most geometric graphics primitives are specified to a graphics api directly, or indirectly, as

a collection of vertices. In addition to this vertex data, there may also be data specific to the

geometric graphics primitive being specified, rather than specific to one of its control

vertex, as the control vertexs may be shared by multiple geometric graphics primitive.

Geometric graphics primitives can be either two dimensional or three dimensional.

position
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they entered the graphics hardware accel erator as three di nensional
graphics primtives. But unless z-buffering is disabled (as well as many
ot her reroerBogespti ons) before rendering the screen spaPETWSNFISS8G Of

t hese graphics primtives, the graphics primtives technically are still

three dinensional, as they still have a z value defined for all points on
them hi gher 1pg utéﬂlgrﬁﬁlﬁes ThetetR hoRihbOREEs & gRfialSbedidace.gehers to a wide
range of nethods representing geonetric graphics primtives enbedded

in thr e@laﬂwa@@cmmman@mw@laé spaseassuelhahe gormylimaihgraatical fo, trsearl y t he
surface%%_rdgﬁgn%gon%g%paggt planer. In this docunment explicit instances of
g r

specific ord Surface representations will be infrequent; instead
usually issues that the broad range of higher order surface nethods of
representation all share (e.g., in general they are not planer, or easy to

clip) will b&W*scussed. Speci fic instances of hi gher order surf aces

i nclude: B(err)zier patches, quadric surfaces, super- quadric surfaces,
cubi ¢ patches, b-spline surfaces, polynom al patches, non uni form rati onal
b- splines suiif emepuitngmplsys a vetixds s wompows! objedt 8uit siicish besthe puorfestyed of
revol ution Cit urface ub-di vi si ur.f ace fr rfaces,
wavel ot PosGet EhHT s BREenTene piRgH oL Rerteis Priond GEPEmaS el ol
these Suﬁi@P@ﬁumB&Wb%ﬁ:%@ﬂn&@t@M&?luﬁl%ﬁﬁbﬂb&%ﬁﬂé%ﬁl@éb geometry refers to
vari ous encodi ng of geonetric graphics primtives that take up |ess

st or age Adidiipmak mapertln%thﬂba wOIteXAT#Y pasaes iy wrC@yma@pnolﬁslué% bugashstri c
graphi c gfr@tre'd 23 LIV 0rsCHERE ?lise C%gfﬁﬁ?%essg :%P en ?ﬁaﬁﬁﬁt a Lf%’f‘é% {% \A*]e? SSY

conpr es an's &preceptoria I'S” means ile the

conpres gta@mcmynot@@st b@s;&yseﬁtamn@famdnmlcalmmt the €erths, vetbt &ﬁta@eﬂm essi on,
the original geonmetric graphics primtives cannot bhe hit-for-bit

r econst mfelfnéaam@om%mrtegi DTORFTtigS e uqeﬁéo mferta s edige goliection Ay propemigs thet

03/ 083680, 1%L/ Yl Q8G&En atvlgﬁ% a human view ng the rendered geonetric
gr aphi cs %I‘I mtives cannot relrably tell that anything was |ost. depth

conpl exi ty Tiadl efehe vdelpeshthahnp:*stéwspgciﬁ@fterckﬁn@sinipée gROmiEdrC gxfaphﬁcsres during
therenderlnvq Olf one g ia& ? d|t|o date. f S}lon of pixels
(or sanpiBeYvess ﬂéeptﬁllaf%lﬂs © SPLerP gef”é]ﬁ 1951 BEEP Wf PP8anpl es) in
the fraggchstdl Blomwedey hﬂﬁé’c@ﬁpl@ﬂ SedRLAL R8RS 'pﬁnﬁh%%! Such@E Bézier patches

and other higher order surfaces, need additional mathematical points specified, and in

general, these additional points do not lie on the surface. The representation of such

additional points in computer graphics are referred to as control vertex. To avoid confusion,

in this document the term control vertex will refer to all the vertices that define a geometric

graphics primitive.

triangle
line

dot

The terms triangle, line, and dot are common specific instances of geometric
graphics primitives. These primitives are specified to a graphics api by specifying directly,
or indirectly, 3, 2, or 1 vertices, respectively. These graphics primitives can also appear as
two dimensional primitives, and even the three dimensional version may be transformed

into their two dimensional versions by the graphics hardware accelerator. In this document,
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sanpl es) of the specified region. Assum ng that the only rendered graphics
primtives are triangles, the depth conplexity of a rendered inmage is the
average rwpoiwanssBotri angl es that cover a pixel (sanple) POTIUSE3/88BGE bei ng
rendered. rasterization pipeline stage One of the primary tasks of any 3d
graphi cs hardware accelerator is, in response to receiving graphics

primtiv f r.:0r | IS0l ]ISt ry, to

render t %Sseetj’egrﬁga%ﬁli%gg%g%i tﬁ’i |®}éeee’| drlllglgn |1<§1£a?¥r ?ng%%gﬁefsgﬁjeb% qrg&%st gr aphi cs
pi pel i negpedgichidestatsdvyhdrivisei al render pipeline stages of rendering that do
not effect the frane buffer, the pipeline stage(s) that actually generate

pi xel or sanplNetefhpljBerercan be sereorEsion gl when spa Hpaisn a;tBreg dEBERFqMabnal
updat e UL A Qfsidak§afe. WindABRNEted Mid Jl?ee‘hrs?é‘ﬁ% Db erd Sinfotht §dntdhe

rasterization pi pefl ne “stage, or sonetimes just rasterization. scan |line
Many r asbwfarzihtseogralandpramitae} asl mary tirhessthowghdefras mowevoudingesonah, dvee isane

order that video,signal formats define the seguential transfer.ord of
out put - pitkeeRlereing prplics et i aer s gt FifgSiona, e BERRGeT. Dut

el ect r onyERM BMEBinN€ ifsalPBO RRAI HGhAB bthdrremAekiak bptiOns) befdre rend@iéhd em t op
to bottom When operations are being perfornmed on sets Of sequential pixels

f r om onesaresyy sphceayersimagel these graphiesmyimnitives, Spyeraphaes nrimitiypeteshnieslly aee bei ng
per f or med. a ..scan line {of npixels), even.f. the.operatign is not

G 1 ooty DR EERloRb G Bl A o v by KABURRISLR Bl 0 51 vo
03/ 083680 PCT/ US03/08886 pixel fill rate sanple fill rate Perfornmance of
3d graphics hardware accel erators can be neasured in terns of the rate at
whi ch a gi venhigbererderiusiacean performa particul ar task. The task of
rasterization is one such. The performance of rasterization can be neasured
in many ways, but there are two specific ways comonly used to benchmark
3d graphi cs i thrarheglee oslee satfarsefefate aofide henge of metlmdaf@asupresdntiagf i | |

(o2, o, e rasterl et Lon, sLage, JT0E, desh KL lL Lale fel s L the rate at
of pi xel &;aQk1eSABPsFallyShERRFIcE arte bl el Yot DIARE HPHid @ScumdisplivitGhkdddcks er 1S
of specific higher order surface representations will be infrequent; instead usually issues
that the broad range of higher order surface methods of representation all share (e.g., in

general they are not planer, or easy to clip) will be discussed.

Specific instances of higher order surfaces include: Bézier patches, quadric surfaces, super-
quadric surfaces, cubic patches, b-spline surfaces, polynomial patches, non uniform rational
b-splines surfaces (nurbs), conic surfaces, ruled surfaces, surfaces of revolution, implicit
surfaces, sub-division surfaces, fractal surfaces, wavelet based surfaces, and both trimmed

and un-trimmed versions of all these surfaces.
compressed geometry

The term compressed geometry refers to various encoding of geometric graphics
primitives that take up less storage space than the more traditional representations of
geometric graphics primitives. The compression can be loss-less, lossy. The lossy
compression can still be preceptorial loss-less. This means that while the compression may
be lossy from a numerical point, e.g., after compression, the original geometric graphics

primitives cannot be bit-for-bit reconstructed correctly, but that the differences are so minor
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given before the termfill rate, then the entity being filled are usually
assuned to be pixels. Wen being nore specific, the terns pixel fill rate
and sanplwofoBlog3esmt e refer to the specific franme buffer @oriusy3/odssd i s
being "filled". The rates are neasured in units of entities per second,
e.g., pixel fill rate is neasured in units of pixels per second, and sanple

fill ratg.i sured i.n unkts.of s | es, per .second. te. t ystem
t hat useghaggrlr%nes M slfl%g}f 5P er%c} §%qn§e%ﬁqn§gﬁap]§1c§ P%ng‘ﬁﬁf?%}wﬁejwﬁ&atﬂll?hiave its
rast eri zahythimgpeisfiestmance characterized in terns of pixels filled per
second, so long as there is nmention of at which sanple density (e.g., how
many sanpl es per pixel are there on average) the pixel fill rate was

measur ed. Not geeﬁtﬁ%m b ates are usually peek rates, e.g., the rates are
measured on th rasterization of geonetric graphics primtives that each
cover a large nunber of pixels. For this reason the fill rates are

sonetines cal |l ed. as totic fill rates., For_a geonetric aphics primtive
that covers o %t@%ﬁ%ﬁ C%WB@FY BEep e QPmPﬁ‘égftB’é?Sf‘{BW%ﬁ%rerieri%e?%phi cs
render i NG ¥thahd Sordd@ERl ipthid RAbH LML gorgalﬁﬁfag)qg appliddl ihf_ovaesg)eMeh_

1§
depend not only on the fill rate, but on the maximim geonetric primtive
rate, e.gegion eifikele feresdmiplesy ay the freme\baffe aliividgskhathie dotsl arbain pixds (dye

per formed_far .ever e tri.c raphi c imitive t.t er . how few pi xel s
"t cover SR adhY et segSn. ASshRuiedfpithe ol pwierel Ebties PR KA cover s
| ess t hai@pkespih¥dbpthlcBmplexstyitiazaidetdd ihlade isvhé hvdiged MAERL M RInglRthdthe

fill rate, and_dom nated by the maxi mum geonetric primtive rate. maxi num
geomet ri €OV idpixql (emmie)dn thabmagg betogirendsred. r at e set-up linited triangle
rate 52 WO 03/083680 PCT/US03/08886 As described above, for geonetric
graphics primtives that cover less than one pixel, the tinme it wll take
to rasterize trdserizhtien pipelinedthge no dependence on any fill rate, but is all
nostly conpletely determ ned by the maxi num geonetric primtive rate. This
is the maximumrate at which one geonetric graphics primtive after

another can pegs Jriah Ifyhssks%@a@yé@grggﬁeggqures@éé&%o&y r&éoﬁ’fk@it@g t hat

the rasterization of eac% geonetric g primtive prdduce Ittle or
no pi xel reseiviegngiaphioapumsivel ditonhie dosteobputes edidsnanispddy lidtmenarplbs to a
condi ti onal U@gate funct i.ont. S or s in the frame buffer. This

f. pi.
Core o et R Sap bl En R TR it GAakY BRClRS e Mo a0

rather  many initial render pipeline stages of rendering that do not effect the frame buffer, the
pipeline stage(s) that actually generate pixel or sample values to be used as one of the inputs
to a conditional update function of pixels or samples in the frame buffer is called the

rasterization pipeline stage, or sometimes just rasterization.
scan line

Many rasterization (and other) algorithms render pixel values in the same order that
video signal formats define the sequential transfer order of output pixels, which is the same
as the order most crts scan their electron beam over their phosphor screen: from left to right,
and from top to bottom. When operations are being performed on sets of sequential pixels
from one row of an image, it is common to say that the operations are being performed on a
scan line (of pixels), even if the operation is not directly coupled to the video output signal

processing.

fill rate
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than use a conplex abstract rate, usually rates are neasured in terns of a
specific geonetric graphics primtive, e.g., a triangle, a line, a dot,
etc. Everwpmsiosasso rates for a specific geonetric graphi c®Cprisns/o888e type
are far fromsinple to specify; nmany other rendering state values of the
graphics rendering systemcan cause the maxi mumrate of a given geonetric
graphics pri mhéeYﬁlltrXtBe to vary wildly. The best that can be done is to
when stating RS " mak mum geonetric primtive rate for a specific geonetric
graphi cs pri nsimple filypes as many of the potentially rate influencing
rendering state values and other factors should be stated as well. Because
triangles are nmany tinmes the nost inportant geonetric graphics primtive,

t he maxi mum t pj [ ife ' i r

cont asting diFRoremet 359 pipBles BRI ek BlRE S bOmERTRALinm orihe,

over headraoatpuhiah a@ivanrectélerateeraie perfignod pgtoutet taslc gr aphi cs primtives

that wil|l limt _ performance when [ittle frane buffer fill |s being, done,
g, "t hdl faik of BRlerZafiu s onp ikt Thf pedormbioe acn et spn bREES o4 ot age
of the 3ghagyanih Gt HRAGIRICItHS sPhcI® vBfs cTRRRANS Bsed BibonatARR suhwHHENY ti mes

wll to a great extent determ ne the maxi muni geonetric primtive rate,
sonet i mebardivere ascelerdtons. @rpof theseliy tovanesuie the Hilliratgl of drarasterizatipn staghellaxi num

triangle, . rate,is sanmetines also.called the set-up |limted triangl.e rate.

Fr ame Bl Br i SATEL FEng T RpTRmih diprbiratbeweieihd e At Gt Gua o
accel er atipdate afmetibh6spixels ok Bﬁn}ﬁl&@fﬁpﬂm& & tha enfbufietl SWh&l AN qhalifier it . The
termvideo signal format refers to the formal interface for transferring

i nf or mat Bysn befoshihsiterar fillpatgethen thslealitychoinglledare Hsuadlyiapparaddn e pesicept .

Thi s sec b Y i ALt . I I [ s to

t hese th?\(li'-;rgeélﬁ b\gﬁﬂ arg.g}essg)g%;ﬁ 1@%@?’? %ln{e?gﬁ%gg "’ﬁ‘%%seﬁ1 F gilrllcr@eiréﬁgeetgggﬁ%ﬁf?%r to
t hei r usé&ame bulffer eketite thapts eeing@tfillddd. Therdrn biteaneashikd\WOuids OBIHIBOs per

PCT/ US03/ 08886 fra uffer The defining difference between graphics

har dwar eS%ee& ee%-aﬁ%gﬁﬁli FRe B A unigof PR SEOLy ebseEme il et s

gr aphi csnﬁaé&&@fn%ﬁﬁfo@'s%ﬁfe% Pérdsi%gcﬁldi. RoRd thgich Agretemapasgégﬁrﬁ%é P8ead of

processi ng, and conversio Ital conput Information Into I mages that

human bepnixgh indtafragwchuffar wan stilkhayefiis mastérmationgpegdrhmecheratwderzed cctelmes at or s
al'so inc loP &%glstﬂleedsplép éefcioﬁ ,dso ?cf)ng as there is mention of at which sample density (e.g., how
many samples per pixel are there on average) the pixel fill rate was measured.

Note that fill rates are usually peek rates, e.g., the rates are measured on the
rasterization of geometric graphics primitives that each cover a large number of pixels. For
this reason the fill rates are sometimes called asymptotic fill rates.

For a geometric graphics primitive that covers only a small number of pixels, the
performance of the graphics rendering system in rendering that geometric graphics primitive
will depend not only on the fill rate, but on the maximum geometric primitive rate, e.g.,
influenced by various overhead operations that must be performed for every geometric
graphics primitive, no matter how few pixels it covers. In the limit, e.g., a geometric

graphics primitive that covers less than one pixel, the rasterization time will be independent

of the fill rate, and dominated by the maximum geometric primitive rate.
maximum geometric primitive rate

maximum triangle rate

set-up limited triangle rate
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i mge processing hardware accelerators.) Wiile the earliest physical inmage
di spl ay devices connected to general purpose conputers were individual

| i ght s aratotonesBeescCi | | oscopes, since the early 1980's, npsto/usosmsser based
i mge displays were attached to external 1/O processor (graphics hardware
accel erators) based on the concept of a frane buffer. Fron1the host
conputer's p0|nt U yRi.C n
e A G s e A e
bi nary dieaime & &ill €gkeftb Xﬁté&*xze\tﬁﬁnh Bagiked]B 15 dépepdenobibn ahy ﬁ[l&at&,mﬁit liesit

possi bly binary data size, a _single bit, over tipe the termpixel was al so
used t o Bepibneompletsly deerainedsdy Wstm%awa SEPRISICRFENILINE §3tH gl his §tﬂfieact ure.
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pi xel f r BFEIHSRE ises figlerqmomitel aF Fanule KEish Bat s PoRes S EPARE iy
gr aphi csjaufhb taecﬁltl&i'h%ﬁaltlﬁbﬁglte rft’i’ﬁi:‘u@ﬁ of PE{'@ISQ% Rhrhfles ifiRe nGRlcah Rl Or age. Because
the earliest frame fers used just one bit of storage for each pixel,
frame buffer sThBrretea:Ias be geftedifscnt ﬁ)ralsffmmtgenmp@ogrdplggﬂ rymitives semphersi ze
the point that every pixel on the j e t hat € !fl was backed up
by o sepdhte: agtei BlGie Ay e IRRT o' fheetabt RS oFfdpe MG PRI

" mapped"” gfa@hids Plimfiteve Blg. \ i€ anlineCh dotE@NEYdiEmPhitin Rtesvoflespeifid he
physi cal i mage di splay device, the frame buffer is a 2d array of pixels to
be cont i BeRsENiy Seaphiss Pristiveype are\ﬁlaﬁ@@mﬁlgpﬂ& Ito specifyi many gtherreadringgtati deo
si gnal , V. >d upon
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vi deo ougphics bgmitivd gpéto ity siildiyt. Thebes tl@ht&m by détevis cewhdistatingsthendeed
what happens. The wi dith and hei ght of gqe] array, of pixels becane the
wi dt h anﬂlaﬁ’élﬂlﬂﬂtge?}?e‘i"ﬁé’%%%?at%for@réP%Cl £eoHeetie BBhIc Prifpave B¥PAS &5 88| mage

di spl ay ray -
fube {orE e D b B g s B QoA e L Y e

cont ext afwelldeo technology is a device that can store (at |east) one frane

f video inf t th t ext . of t t f
U fr 1 ¢ 1 GPPPUSE HHPELFs GiR MG e G AT PR Syt oo R NG Lo
pr 0Cessofhe Iﬁ%@hmlraﬁg@ irGte PO JWBITHE YntSre Qi€ chBpardil drRESaSRBIN frsrest Rl

pi xel s, where the external /0
graphics hardware accelerators.

The primary overhead computation in the rendering of geometric graphics primitives
that will limit performance when little frame buffer fill is being done, e.g., the fill rate is not
(much of) a factor is usually the set-up stage of the 3d graphics rendering pipeline. Because
this stage thus many times will to a great extent determine the maximum geometric
primitive rate, sometimes the rate will explicitly name its primal cause, e.g., the maximum
triangle rate is sometimes also called the set-up limited triangle rate.

Frame Buffer and Video Terms

Two important concepts of 3d graphics hardware accelerators are those of the frame
buffer and of video signal format. The term video signal format refers to the formal
interface for transferring information to physical image display device, a third important
concept. This section will give definitions to several technical terms related to these three
areas. Specific definition of these terms is needed prior to their use in the description of the

invention.
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processor could continuously send out through the video output interface
the contents of the franme buffer in a video output signal in video signal
format aswOrpws3eB® a physical image display device. The IreTtUSO®0§38¢ er t hat
t he external UO processor was connected to could read and wite the pixels
in a wide variety of conputer graphics algorithns, including rendering
algorithns. The early conputer graphics frame buffers were single buffered,
e.g., they held a nenory store for one single frame of pixels, and the
sanme pixels vweimee bghtérul t aneously accessed by the host conputer that were

al so accessed by the video output sub-system But these conputer graphics
frame buffers started addi ng considerably nore features, including support

for hardware fendesinoy BaRedl ¥MapBeshitinard doec16RrBFPand 6taki dtbdd @ used
in the video Tll te%ﬁ%ﬁf@%ﬂciurrgntgﬁﬁgage vfn thin t%e field of computer

gr aphi csonfpeertherdware snthatiariftacs Huadwiraecesierstats arg swolveden theeorpanizign, t he

termis still used to refer..to the enti.r hysi cal . devi . refer
to nost lﬁﬂ‘iﬁsﬂp&gﬂﬁ%&nﬁ%ﬁ‘@%&f g1gét@t<@n&uéqrdpf?on%?%%pgq len§a§ekéﬁ1%ﬁ%@vn%1utéﬁhg%r e
than a SiARLE (Idf @TEIHRIdh, ERBhREULERaRARobnRTE alsViEuddene byl af f o m of
t he graphics hardware accelerator is a single printed circuit board, the

term f riamge prickssingbardwars agbeleratpseiWihile thg eprlieshnhysiqed anagelsplashesvicssr r ent
conput er graphjcs use, of the te . il A1l pact of
1 o gore-apey il pgpote gk Yo sFlghe® aRPuBpRELHLIIRES SHEEL, O
har dver 8658 $980° 9rméEY sbiaPuteSbaxed i@ displsisrwdrbettichedto edephld/Buf fer wil |

be used to enphasize that the nenory store may store_s | es rather than
or in adebedsser (Eerppicsdrnivaie peeelcratpishbased Qe RpPER Oéa%r%%a‘f%?act erized in
terms of the i dt | d it d Buffdpefsioaly 185KsAikeQf rePioke! S,
whi ch al so ca ﬁogﬁﬁﬁeﬁlggtr%?ﬁ%isjoﬂr?ng@f;‘(]ﬁéf’fa?gar?heé%f f eﬁfl t Re c_harejacrtegri zation
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referred to as stored pixel frame buffers, to further differentiate them from alternative
graphics architectures that had no such explicit dedicated storage. Because the earliest frame
buffers used just one bit of storage for each pixel, frame buffers were also referred to as bit-
mapped displays, to emphasize the point that every pixel on the image that the human saw
was backed up by a separate dedicated bit in the frame buffer: e.g., every “bit” was
“mapped” to a different visible pixel.

From the point of video of the physical image display device, the frame buiffer is a
2d array of pixels to be continuously converted into a video signal (originally an analog
video signal, now also more and more a digital video signal) in some agreed upon video
signal format to be sent out through a video output interface as a video output signal to a
physical image display device. This is indeed what happens. The width and height of the 2d
array of pixels became the width and height of the raster of dots on the screen of the

physical image display device, which until recently was quite likely to be a cathode ray tube

(crt).
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This is not to be confused with nore general 3d concepts to be descri bed
later. frame buffers also have a nunber of secondary attributes that may
al so be iwoloadessi n the characterizing of a frame buffer®crasabodsséy, the
next nmost comon attribute being the video refresh rate of the final video
signal being generated. While the three nunber characterization was a good
overall way o rd r ecane
mor e comp) ox, oG ARRERE SALG Kol bR ohith (RifoloR i e A ol
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Thus, it g%m rfowadays to characterize a frame buffer t he hi ghest
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frame buf&]gg?m{giag;%éﬂraﬁe ear W?@g‘%wg%ﬁg{ﬁ%&é /O%?ggggggrgh%lﬁét H?%ﬁglmt ed the
concept pfocessbr envdd barftinepusly seplara theodgihe aided ovipus indérfase theagpatdnts ofithe y

pi xel |nthe| didlittle t-he accel.erate" or

per form B ?H%‘?’i Vld?%?utglnoﬁll@ag Ylg?ﬁjgﬁiﬂ Omﬁéﬁl Fté) arRsbryéllcé 3% nory

store foalsg1a9ldgvlbalTHeqwste&ﬁﬁméﬂtﬁﬁ tBd ex@Brnh PO Prédedor &R kenleted¢s esgad and
nmodi fi ed t he host conputer, and al so continuously sent this inage out
t hrough teag |aué(wrt§@|tmlxel$ it awidecerigy of compatst stappies algogiiams, ineluling agr eed
upon vid ) Vi ce.
Thus, "t nedaSul Qe ot o Bt SRR SRS R bR G0 02

i mage di ﬂjatzamlmkemeﬁlery sto@- for GiIhele ﬁiagietoalpmamgmsmersamb@u@wwwr worl d
wth real photon i mges_in _the physical, world. Thus, these physic
sub- syst diltapequsly accessedhy e @afr@n?mlﬁeréhﬁé?vfé? also aereptsd &Y thowdee @ﬁltpuwer e

often reg §3%‘E’e 40 as "franme buffers”, or franme buffer card. In this
t'h

docunent, e term"frame buffer” without the descri ptor "card" wll not
nmean t he sarreBmhthregsccanputér@rapmcsnﬁrdmahmffd&slﬁﬂaﬁed eddinlg cdnssleesdblly mbiee t er m
frame buff rwﬁerve otr thg definned . elsewhere, (In short: the
i mge st OHERE suppox fprpagdyarg 08 g0 B oS AR tpespmhuton

sub- syst Qéﬂﬁm@{ %edﬁh@l?e V1H&$ilte%mcduﬁjenﬂ)ﬁsﬁgé’ﬁfhﬁmttﬁé‘ﬁeﬁl@f‘é@ tphféks function
added additional conputational processes wthin the sub-system Now nore

and nor egepbiserthe fevm fPame bl dios Wgo omisel usadl &ie vandh ﬁl@fdh?tqmny stglipsedge oduct s
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buffer conponent, and can  be used that way by software. Thus, faor both
hi st ori cPhysical &wm of the graphics hardware accelerator is a single printed circuit board, the term
frame buffer card is also used in this same sense. The other current computer graphics use
of the term frame buffer is as a particular part of a larger sub-system, e.g., the frame store
component of a larger graphics hardware accelerator system. Sometimes herein the term
sample buffer will be used to emphasize that the memory store may store samples rather
than or in addition to pixels.

A particular frame buffer can be characterized in terms of the width and height in
pixels of its internal array of pixels, which also called the resolution of the frame buffer, the
characterization also includes the size in bits of the pixels that the frame buffer supports.
Thus, three numbers separated by “¥” became the standard terminology for describing the
resolution and pixel size (in bits) of a frame buffer, e.g., 640¥480¥8 would be a frame
buffer storing images as 640 pixel wide by 480 pixels tall by 8-bit of storage for each pixel.
Because this representation had three numbers, and the first two numbers referred to width

and height, the pixel size would sometimes be referred to as pixel depth or since this was

the pixel size in bits, it is also sometimes referred to the “bit depth” of the frame buffer.
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56 WD 03/083680 PCT/ US03/08886 functionality reasons, it is comon for the
termfrane buffer card to be used to (loosely) refer to any device that
coupl es awQen®8amB0 pur pose conputer to a physical imge di Ppiras03/a8886 ce,
even if that device that performs this coupling is a conplex 3d graphics
har dware accel erator. physical inmage display device A wide verity of
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devi ces. nowsadays b chareterize @ fkamebpifes byhehighest rsplution 1trﬁ9PPCHF§y oF Parliflye
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used when C onent o overaﬁf system needs to be re red to.

gi ven technology for conver5|on of electronic signals to real-tine
sequences of |nagpgkn%¥dbe used in nore than one way to coupl e the photons
to human eyes. ways of coupling lead to different sub-classes of
physical image display devices. Three exanples include, but are not

limted to, the human visual system coupling nmethods of direct view
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interface as a video output signal in some agreed upon v1deo 51gna1 format to a crt or other

physical image display device. Thus, these external I/O devices couple the host computer to
the physical image display device, e.g., couple digital images in the computer world with
real photon images in the physical world.

Thus, these physical sub-systems, often a daughter card for a general purpose
computer, were often referred to as “frame buffers”, or frame buffer card. In this document,
the term “frame buffer” without the descriptor “card” will not mean the same things as the
term frame buffer card. Instead, the term frame buffer is reserved for the meaning defined
elsewhere. (In short: the image store component of a larger graphics hardware accelerator
sub-system.)

Over time, most commercial products that served this function added additional
computational processes within the sub-system. Now more and more support for 2d
rendering were added, and today many such products also include considerable support for
3d rendering. But today’s sophisticated products that couple a general purpose computer to
one or more physical image display device still usually include a simple frame buffer

component, and can be used that way by software. Thus, for both historic and some
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nount ed di splays (hinds). 57 WD 03/083680 PCT/US03/08886 hardcopy display
devi ce There are other ways of creating and/or controlling photons to sone
degree t D oanes686een by hunmans, but that are not dynam ca&Cmyusovogssel | abl e
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space), but it also could be an optically "conductive" material, as in
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common physical image display device, frequently the acronym crt is used in place of these
other terms as a generic reference to the entire class of physical image display devices. Most
of the discussion in this document is not physical image display device specific, so in most
cases one of the class names will be used when that component of an overall system needs
to be referred to.

A given technology for conversion of electronic signals to real-time sequences of
images may be used in more than one way to couple the photons to human eyes. Different
ways of coupling lead to different sub-classes of physical image display devices. Three
examples include, but are not limited to, the human visual system coupling methods of
direct view devices, projection devices (front or rear), and head-mounted displays (hmds).
And even hmd devices may be internally constructed of direct view, projection, or direct
image formation on the human eye’s retina. |

Given this, the class of physical image display devices include, but are not limited
to: direct view crts, direct view lcd panels, direct view plasma panels, direct view
electroluminescent displays, led based displays, crt based projectors, lcd based projectors,

Icos based projectors, dmd based projectors, laser based projectors, as well as head

mounted displays (hmds).
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58 WD 03/083680 PCT/ US03/ 08886 conpress the digital information that is
the representation of the sequences of image as digital pixels to a
smal | er swoe3syyBe al representati on before mappi ng the bi PsTAfS03/b888€i gi t al
values to the intensity (in sone neasure) of the video signal are referred
to as conpressed digital video signals. video signal format Sone structure

and set of co I essary to reconstruct the information
BSRA Sp

contained in an ornms of video signals as sequences of images
again (which is the whole point of the matter). For any of these forns of
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t el evi si pnnteisdéapérgmelof fidmrman be sormdtacdinoedai-ime dspky3Ievees bdt 40940t the and
i ncl ude t.he f rmats ntsc, pal, rs 170, vga, svga, etc. Mirre recently
several H&W O eo™LPHYIO™ formats for digital video signals are being used,
and include the formats dl and dvi. There are al so several new video signal
formats for conpressed digital video signals in commercial use, including
several diffevisge sigapl ants for hdtv: 1080i, 720p, 1080p, 1080 24p, d10,
etc. video output interface video output signal Wen one or nore video
signals are generated by a first device, and then transmtted through
what ever the aphdpfir@bonBptasenting f @quare bl 2d dagsesiigaatied By a8ignalr nor e
additional _devices, the portions of the first, device that brings each

vi deo si §awlingan gompainedium, apd hrgspegd ofjhe information flayeis spigh fabtheiBage e
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electromagnetic (radio) waves, where the information is carried by some property of that
wave, and the medium is free air or free space. The signal also could be optical, where the
information is carried by the intensity changes of light, and the medium is an optically
transparent material (including free air and free space), but it also could be an optically
“conductive” material, as in fiber optic cables. (Technically light is just a higher frequency
form of electromagnetic radiation, but because in practice different physical materials and

devices have to be used to handle light, it is usually considered to be a different type of

signal.)

analog video signal
digital video signal

compressed digital video signal

The sequence of images information may be represented in many different ways by
a video signal. Encodings that directly map the intensity of small regions of the image to the
intensity (in some measure) of the video signal are refer to as an analog video signals.
Encodings that first map the intensity of pixels (as the small region of the image definition)
to digital values, and then map the bits of the digital values to the intensity (in some

measure) of the video signal are referred to as digital video signals. An encoding that first
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types of inmages: inmages in the video output signal, inmges used as texture
maps, imges rendered into the frame buffer, etc. The termresolution
itsel f reWerig/ioswsspati al bandwi dth properties of the i ma@eTasonssbol e, but
usually explicitly nmeans the width and height of the inage neasured in
units of integral nunbers of pixels. resolution is an abstract concept, it
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nunbers of pixels. 1t should be noted that these pixels may or may not be
square. Thus, one may use the phrase video resolution to refer to this
pair of nunbeg%eo S%Q%{fo%gtoerti es of a video signal format include its
frame rate and pos e use of interlacing alternate scan lines to reduce
t he bandwi dth of the video signal. Cccasionally the phrase video
resolution not only refers to the pixel width and height of the video
signal for mﬁ?mﬁﬁﬁuaqu%andrﬁ@r elgosyentions pre nEcerserydp grranstrust therinfpsmation

interl acj . t .k j ] 1 ght 06l - a
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real -ti m# ef&ﬁgﬁa‘%ﬂ g%"ﬁé% F‘%@geﬁ I’i%alb% Pad 1°c‘%larﬁ§tlllﬁél¥egiafgpfeie§?é’§n1°gﬁwa frame of

vi deo t 0ggfieldes of MRadRl M ert R0 a9 b Wideolsi @B foMnkd, be used to this
reci procal of the video format frame rate fromthe reciprocal of the

r ender i ngh¢ vastengjerity,of videowignabiormets femahetogf vidgessigels dicgde®eadrom the

PCT/ US03/.0 6 . .The. figld j . .d i i,al i f
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i nf or mat kgthaddasy, pal) i 785BRC sveaf eteNMdTBaR ehtlP§Bvaral new video signal formats for

digital video signals are being used, and include the formats d1 and dvi.

There are also several new video signal formats for compressed digital video signals
in commercial use, including several different variants for hdtv: 10801, 720p, 1080p, 1080
24p, d10, etc.

video output interface

video output signal

When one or more video signals are generated by a first device, and then transmitted
through whatever the appropriate medium is for each video signal to one or more additional
devices, the portions of the first device that brings each video signal to a physical boundary
where it is then coupled to the appropriate transmission medium (e.g., wires, coax, optical
fiber, etc.) are referred to as video output interfaces. A video signal traveling through a

video output interface is referred to as a video output signal.

resolution
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given frame in a sequence of franes. In so-called progressive video signal
formats, e.g., those that do not use interlacing, every field of the video
signal iswelososmwsdrane of the video signal. The definiti @eTafS03/08386 | aci ng
for video signal formats that are interlaced is that every franme is broken
down into two sequential fields, the first contains all the odd rows of
pixels int d':gac? i 1{t.ed. i ven
rows of pi xelhgl I'n %‘e“%?fr‘rgglg% e?e%gﬁ%?%%lss&ﬁlgﬁo:%ﬁﬁgtag%tﬁg}%? H%hg(ei%flgér%??[cs can
be tri ckiypbesfindgee tihge inthehdded dweputi signel, imegsd ukeddsdsxtwer majps, irgageal | y

generated. ' Techni cal t he_interlaced tel gvision_.standard speci. t hat
Gach 11 cleadsred st iides DCaFia: Lhg teamecsp LR SO TREr i THUBHIPINAE ¢ ne
number 0fBro Biixebfihk imbsd 8 whblel MR ubiARRxpBAHy h¥dfs ﬂl@%iaﬂleinq'h%iqht seihg are
tw ce as h?gh as the pixels specified’in the franme. Thus, a television

frame of insagk astaswred imynitdogfantegiabuimbérs okpixelsercsalptionsispa rbsiprst eenceptages from
di fferent ints.in time. Jn other case the. two fields.really are just a
apl it ¢ rimehedepln i <olieoth Bh0 R bR el ot Bosp ed Be et st when
transnmi t $6Mekimy i@e 1Hérahed Ge tdial redGiiGordis ugédWithout @h g ghatfidrincc otk gh ent
video signal format than they are now being sent. E.g., the need for

so- cal | edhis'@®cpmgnt n eprppriajheynlifier pilhatwapebe d¥€ond novie fil m nust be
transmtted via the ntsc . video signal format. field sequential color
field sequential stereo The concept of interlacing is not the only video
si gnal for mat videpr&sRrifiovat i on techni que that causes fields to not be the
sane things as franes. In field sequential color video signal formats,
there are three sequential fields to every frame, each field containing

excl usivel y Oﬁﬁﬁ gﬂ%l%&gﬁ)g %ﬁ%@{%&gga?fogmat i ﬂ@gésbflﬁﬁn,f ﬁsﬁ%\l@y &lRedtd ad PBaif 66

conponents of t Image to be sent, the second the green,

t he t hi rthtégers: Heueidti{ fd cheigistenf tiaimageds Hdieg mpresemted dessribéd wrungtslob mteger
conponent representatjons be ) In field sequential stereo video
o onal OHHES of Pigel: ha B gl do theke bl v TRHE veprue TR r o
field caphpssd e phRRBNRICS rbd@RNT O keftNe thiebhirey Bambks. second field carries
the conplete image for the right eye. These two mg(ges may be shown as

sent, e. @ther propetsis @f afvaddeisignal frmit iselwde ity framerats land pessibde usesds or
pol ari zation or inmage angle of view p@ti : rati of f .
per cepti gmﬁergaf;mtgr? te@% esocallq ﬁ%setogﬁ I%Cﬁéﬁ P yg?)(lz(gp %?Hrr%d’g&ég i s%%%y@c&és\}?%éﬁ%ﬁe WO
03/ 08368phréelVilEREOIBES® not only refers to the pixel width and height of the video signal
format, but also indicates if the video signal format uses interlacing, and even more rarely

the video resolution might include a specific description of frame rates.

frame

video format frame
render frame

field

interlacing

The term frame is used to describe a single image out of a sequence of images when
the sequence of images is being sent in real-time. When discussing the period of time that it
takes for a frame of video to go by, the term video format frame will be used to this
reciprocal of the video format frame rate from the reciprocal of the rendering frame rate,

known as the render frame.
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of the human(s) viewng the display. In this manner, only (or nostly) the
left inage will be visible to the left eyes of the human(s) watchi ng, and
only (or wosBlog368a he right image will be visible to the PCghiSo®yssss of t he
human(s) watching, giving rise to perception of stereoscopic depth.
Alternately, the left and right eye fields nay be sent to two different
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second. specidy tiatleachofidld & complete sepeeats imageitsetfijusidwith enlgritalfdhanepberaff t he

frame rate of graphics renderin ystens,, the phrase video format frane
rate w Iﬂ’lfiﬁléh‘él%ig tofifhe frawg, arnﬁ“g‘i"ﬁ é‘e %ﬁﬁtﬁ@ﬁfﬂ?a@tﬂ"éﬁ aseiyghag the PH{% rates are
usual Iy \edeRqsh aRatarh O RS, AERORIR T artOsS] AR MovilB 8bee! Weullflodk ke GRNST ant
is an explicit property of the video signal format. I'n the context of a

gr aphi cssuperiohppsatgnegss from diffedent podels or tidd, Intatleer ghyeastbe twafields aeadlyiage used
to denote the.rate at .which new.im ar.e bei render.ed.. The fr rate
shou bt £5ipl BSaftsi of BB hTRE e S SEPREeLERT B s o Re 2 £y

i N uni t syigbo EilA4NE that QREECEBLnaBEdrefteC RINIdi fldnevideo siphaifoiig thanndaey aef f ranmes
rendered per second falls belowunity, e.g., it takes nore than ope second
for a simybeingsari- Eg.(ihe neadder @ugalkﬁe%?r}aﬁbdqvm ewhep 4t frame gor second

movie film must be transmitted via the ntsc .

video signal format.
field sequential color

field sequential stereo

The concept of interlacing is not the only video signal format representation
technique that causes fields to not be the same things as frames. In field sequential color
video signal formats, there are three sequential fields to every frame, each field containing
exclusively one color component, e.g., the first field are all the red components of the pixels
of the image to be sent, the second the green, the third the blue. (Of course, many different
orders of or color component representations may be used.)

In field sequential stereo video signal formats, there are two sequential fields to each
frame. The first field caries the complete image for the left eye; the second field carries the
complete image for the right eye. These two images may be shown as sent, e.g., in rapid
fashion, with some form of shutter glasses or polarization or image angle of view spatial

separation effect on the perception of the video image on the physical image display device
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WO 03/ 083680 PCT/ US03/08886 expressed in units of tinme per frane rendered,
e.g., nunber of second, mnutes, hours, or even days of tine per franme
render ed. wOhiB®83680 why, in general, hardware rendering is ®rsxaiSoyossaeasur ed
inunits of frames rendered per second, whereas software rendering is
usually neasured in units of time taken per franme rendered. To avoid

confusio f

vi deo si (gn}g% h{imgﬂng %e{}&.u}‘gaehphirvb lag ffnetﬁggﬁnr?gpg (rﬁgﬁ@ ?Ié)tsg%\?[mh Féfglgiﬁd EQ’{ ﬁy be
used i n tikibk todbelefieryes oRbedenman() vatvhing andesnlp @ mesthy) the mgitt imageswdht s, as
the tine taken to render a enf usual Iy not determnistic.
However , P¥EsiBIF o\l gt gyes 8fg‘6 éﬁﬁ’éﬁ’ﬂ’é Selg PECORIL GFat es can
Sonet | nes%eﬂessdo RRph. %Hf%?ﬂaftél Ahe 1e@t aﬁfdrﬂgh%y@ﬁelamay%egé&@@Weffferent

performance is cr i cal suc as flight sinulation; a constant rendering
frame r apheysicsl mlag@rd}Splamﬁmea and gma luse somak mec&@msnytocﬁnsmwml@s ihageevibedn

i e on SeBORR T SioRiese e VRRid GVERD DpR P eRE R IR sl T

al so be mtlﬁdwlh@ﬁva&@&ﬁplayaswcé Kitia@edt xthat onliedeh a8 enlyeBeltits dvit Gisplay
rendering rate are used as a shorter phrase for rendering frane rate. field

rate vi iqeo A petmigally vehandive differenfediginy dsvices preysgdoraticyan ranid display the
phr ases i r r
Par 1 el o Eygle PGt 0ol BB, (iEHila Bl By S GileBhAaC ® P
a sequenjost mﬁltﬁ‘pteﬁMandSsehemggwsdrffereﬂttlmage gtmasiloadne widepisighabf nunbers of
fields sent per second. video refresh rate Once agai n because of the
potential ambiguity of the phrase frame rate, in this docunent the phrase
vi deo refreshyratenbilihedoner Bt HulBflewiitst ﬁeldr{gél‘ﬁ'@(;&s thebe EhRpihad.e i N
question is a (aonstant property of the video si format, not a

non- det efﬁmemlsbnmeme}rlnmds lnfvetuised iglmlahtcbﬁeldemmmigzokysmm sigoat formatsat el y

t he phras ﬁeo refrcta @Frat es not have uniformuse; nostly it is wused
to referV R GTefils PSS AR 2B r at e, but sometimes it is instead used
to refer to the video format franme rate. 63 WO 03/083680 PCT/ US03/ 08886

frame rate

video format frame rate
rendering frame rate
render rate

rendering rate

In the context of video signal formats, the phrase “frame rate” is used to denote for a
particular video signal format the rate at which new images are sent when a sequence of
images is being sent. It is measured in units of numbers of frames sent per second. To avoid
confusion with the similar but different concept of the frame rate of graphics rendering
systems, the phrase video format frame rate will generally be used in this document. Video
format frame rates are usually video signal format dependent constants. The value of the
constant is an explicit property of the video signal format.

In the context of a graphics rendering system, either 2d or 3d, the phrase frame rate is used
to denote the rate at which new images are being rendered. The frame rate should be
expressed in units of frames rendered per unit of time, usually in units of frames rendered
per second. However, when the number of frames rendered per second falls below unity,

e.g., it takes more than one second for a single frame to be rendered, the frame rate is often
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video format pixel rate video format pixel frequency The chi ef concept

m ssing fromthe anal og video signal formats of half a century ago is the
concept oWopBxedes80 So whil e the video signal formats car efPairlusosiedsscre bot h
a vertical rate (the field rate), and a line rate (the horizontal retrace
frequency), there is no nention of a pi er rate. On a black and white crt,

the Vi deauaLangln I dERILDUANR SRRLA0, conBBly of BELR BRUN0 RIACHS OF

I xel bOUIP arl es. emclrrcunsg a pilxel ¢once

added t Ocichclags of tde pert ﬂams rendewvd VTige & why n@geﬂe@alnpetrawaﬂerreﬁdvﬂing ¢agRgllyor a
variety of reasons the pixels were defined in such a Vr\lﬁ.%{ .as. to make them
non- s quaPEaiIFECinangs péﬁ?mewéﬁeé@é%%w?n%mrmmﬂwﬁ FeTtgRpS isgurlbhder i ng

al gori t hiys, obdy RSkts gp{lﬁler{%ﬁrpeyﬁgﬁg réld%féﬁl formats, the pixel have been

defined to be square, or nearly square 6% non-square in one case).
Regar dl ess of To aepidrcenision Wlth:’ée ainpilac dlit cﬂlﬁf’srdnEemnodplfofnbﬂ“ﬁraah@Iata?’e)ft 0 a

vi deo si fornat n now tal k . abou i xel n that video
U oner SR et Timaty S SRat o nk s et Pulesheiany bedstd R 4'e0 Wnow
the equi ysdugidht. fKeﬁGé&%gSﬁaﬁq@ EdRs drb ﬁsdé'll?%@t Eistmts, B e kinld BR4EBGY¥ndefRaSUr ed
in Hz. Note that there can be a difference between the number of visible

pi xel s i givem&ampigweialy not driermysistie. illoweveie s A aymage arargoal acndeting figee by
e ot LR A LA Phos B oss iy el IR AR RR i H R RO

orlzon al” an ari'ng which no

Vi si bl e parkehaneéd ie catiesesich a¥lighh sipmgativn, abeﬁsmttw@danﬁé ﬁamatratdes‘amryl ons of
pi xel frequency different parts of a graphl cs_hardware accelerator has to
support iapostangnabl and atveé@éomfethp%w@lbﬁgl dovelaped &0 prsurs thaidiie erghis dual

scan |i RAIN I se

skill ednﬁﬁdﬁﬁg)ﬁ&@ﬂ{ g/ﬂ%g kghngofe #hgr?gl gﬁ% eé ?%?%Iahlo{%%wt ? aI%lgt)?el sin a
si ngl e f frame rata. Iashumuaa)lssbgnaﬂedfthm m’netuﬂed; hecomtextiithe phrae tehderwntdton of t he
vi deo resolution times the hei zft i deo.resol ution. This nunber is

r ef er r edt RGeS WHeEB Up %ShPFt ar replereftIne Bt ure, it is al so
referred to as screen size, but that term nology will not be used here.
physi cal inmage display device native resolution 64 WO 03/083680

PCT/ US03/ 08888eld rate

video format field rate

In the context of video signal formats, the phrases field rate and video format field
rate are used to denote for a particular video signal format the rate at which new fields are
sent when a sequence of frames is being sent. It is measured in units of numbers of fields

sent per second.
video refresh rate

Once again because of the potential ambiguity of the phrase frame rate, in this
document the phrase video refresh rate will generally be used to indicate that the rate in
question is a (constant) property of the video signal format, not a non-determinist property
of the graphics rendering system.

Unfortunately the phrase video refresh rate does not have uniform use; mostly it is

used to refer to the video format field rate, but sometimes it is instead used to refer to the

video format frame rate.
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The i mages of many of today's newer technol ogies for physical inage display
devices are built up out of discrete pixels, e.g., not the effectively

cont i nuouwOophossbor surface of a crt. In the literature POE/USESES86
resolution of the built-in pixels is referred to as the native resol ution,
in this docunent for clarity we will used the | onger term physical inmge
di spl ay devicgkﬁﬁ&&&ﬁﬁrsép}ggion to refer to the sane thing. Mdst such

devi ces usual 'y have S8 €ect ronics to convert video signal formats with
di fferent vi deides és@layplxehfeqieany t he physical inage display device native
resolution to a different video signal format that has the sane video
resolution as the physical imge display device native resol ution.
However, this 2 i . ] f i i mages,
S0 whenever poiorBrLoyRerGRRsHE HoRE e oRVRleh endl foliils oFhiIEh Bty

pr ogr amregb ischecmieeget dfipateld. Se whiltabe videgsignaifgmadts sarefullgdefingbth af or mat ' s
video resol.ution js .the sane th hysi cal | mage displ a evi.ce native
esobut i BCEe A s g T 6 Qoo Pual FRFe BetndlPEe e dvanr o
accel er ahRhBoRbLa pikel faRS DR KISk AACVITRITH, Yol Ji8ed) 04 8@inudil ahafRr ti on of
t he docunent will develop and define several inportant technical terns

t hat neestignd, thereciee na pikepy drgrixal boundaries.use in the description of the

i nvention. Technol for .. [ faor._storin jts A defjning difference
bet veen the aionray RogkBl i ER e e dird Bl bslRU M AL
of the dh@ivileosimalifogtatsOlnrsdpiecaasditfor 1 aicty ofuidsdmk teasisels Ry define@in as
digital bits of information. Wiile the earliest digital conputers used
vacuum t S8 Wy & termaalys them nopjsgyare (ectapgrdan. WHeh dogspd vark Mréﬁsm& m@gaYnet i ¢

core mengj Yenﬁgﬁﬁ%glgﬂﬁ{hi{s. H%B&%ﬁox%gl@é%ﬂ:&iﬁeo pfé%%ﬁha@a‘rﬁse find rr%glg{a%s ?? ry for

their main inter I't storage ne 0 ca many
ti mes evéefiteddaye adnsne, roeheatesiubre (23, "6@onen-sqnmws in'onceusy). Répardiéssofher

devi ces are now used)., Secondar ry.stayed_on . magnetic medi a (drums,
di sks, t%‘ﬂ@gf’,nesset”&c.e)g}l’léﬁ]d“@@re? %’rfjg%ggﬂ?ﬂ\aecte@s\gdqu gorg}aééwes%m@&f@ 9.,

regi st er aloutSEa Pl Libh el AEcFligt (fML 4 MENIED BiaRsha Bfe ol s

transi stor ne was very fast, but also quite expensiv several
t ransi st alss kpdwsthe eqeivalenicidwpendeieine.ghe video damat pxsl Sequescy, cmpauved or s) wer e
needed tﬁz store a single bit. 65 WO 03/083680 PCT/ US03/08886 i ntegrated
circuit )

Note that there can be a difference between the number of visible pixels in one

frame of video vs. the video format frame rate divided by the video format pixel frequency.
This is because most video signal formats have both horizontal and vertical blanking times
during which no visible pixels are present. Which one of these two different definitions of
pixel frequency different parts of a graphics hardware accelerator has to support is a
complex trade-off involving the details of how individual scan lines of output pixels are

buffered, and is well known to those skilled in the art.
video format frame size

The total number of pixels in a single frame in a video signal format is the product
of the width of the video resolution times the height of the video resolution. This number is
referred to as video format frame size. In the literature, it is also referred to as screen size,

but that terminology will not be used here.

physical image display device native resolution
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In the early sixties, a new technology for building electronic circuits was
invented. The integrated circuit (ic) allowed at first dozens, and |ater

many nmor eworoangicst or s, di odes, resistors, and ot her el ecPCBriSo3/ekssé ces to
be constructed and wired together on the surface of one small single chip
of sem conductor material. For the purposes of this docunent, the termis
is defined to have the sane neaning as the term "chip", defined below The
invention of the is nade it possible to store several bits within a single

device.  Thi STNGisn@eO6f fnbly 6LOUS) &hewerltedhndldgids fhaphyisial iendpedisples for nmain
menory uses. chip Today's technology is driven by the ever increasing

capabi | i davisss pesybusliup orpoiiswete ar¢lssge nebiksIcERCi el eepmbinBeLhosRlds onto a
single sil.c00r £ Bk iy Ml iR e 1iBEARSGINIBE PAE bufll-ROSLONGRAE Y B O
separ at e packages,” advanci ng pacKi ng et noPogy 0 ti-chip nodul es",
and waf ethe aatiterebdltid@r, ai thidocumention cheityswe edh ubddithe i dreeoteem thhyd os
relationship of sjljicon _chips to ackagoeﬁl.e Al so,. while the majority of

t oday' s ‘81388 drsplavdeyice sagtiyereselution o refeg fo thesgmghiag j con chips, ot her

mat eri al g,k Qhﬁwi.bgsq{éuélgﬁgé{é%gmte%ﬁ%&pniég% SBY et SRIBRRal®Bmh® wiifte future.

Thus, for the purposes o his invention, the termchip is not neant to
limt thdffecopeideotesphdionnthen thephysioalaniage display devide neffivesiesdlgtdon togy

necessari.l.y t i ngl e piece f terial., The .term chip can,.in context,

refer ei ‘%lﬁ%’FengWﬁW W?Hf@“ﬁ%tts[h%!hagﬁ‘ﬁsgf“fnﬁtvédeﬁéf%é)thftbqn aﬁﬁge ﬁﬁ'@wa & ronic

Ci rcui t sqithay dbAvEnRRRReRAUARS. HbSebH fhatcnverisiontdds dBBhee fheeibieflofdsage i s

to refer to the entire physical part incl Udlagc? t he packagi ng to whi ch nost
W

chi ps ardsgaysddages, s iwheneifes pessitilothe granbicsdiagiwaP aegeteraianshoygld ks wel | as

el ectrical power,. clock nd..reference .vol. QL from
an indi vli’raﬁlpﬁfm%?ﬂ t|8 eﬁl;slurﬁgrrl\a}%ss g’b%tero at i ug lég?lrsl ‘gaawsg%arll%fﬁ%a? Sgﬁ(%tla tr%%??lg?\dglq? rom
t he chi phs spaekage phiysicildalspgtipplal devibohatdye redoditionar pre-dates  chi ps,

t hese el ectrical connections were individual pins of nmetal, e.g. as
appeared on the bottons of vacuum tubes. Mst of the packaging

technol ogi es used for chips in the 1960's though to the 1990's, and still
in some use today, were netal |lead franmes that were bent over the edge of
t he chi p pack@ge atiditioaslmeshanmirianhaeasoini Bd) gripbre hawtfvaneiakletdtarts ameice stil |

call ed pins, even thought .the form . ho |.on | ways . a.cylinder.. NMore
recent g‘i‘?Plﬁmé‘@WdG@?’rﬁ edeP B@‘W%ﬁ&%@é@éﬁo %ﬁ[&%@?%‘){f‘%wﬂmw&g@e@% ncl ude
among ot igfR sePerfBhlRstanRt i@ tdmaiHaAYSed toMaRIeBnédrior to their use in the

description of the invention.
Technology for devices for storing bits

A defining difference between the digital computer and previous analog computers
is the ability of the digital computer to represent, store, and process information as digital
bits of information. While the earliest digital computers used vacuum tubes to store bits,
with the invention in the fifties of magnetic core memory most general purpose computers
switch over to core memory for their main internal bit storage needs (so called main
memory, still many times even today also referred to as “core memory”, even though other
devices are now used). Secondary memory stayed on magnetic media (drums, disks, tapes,
etc.), and very frequent access limited size stores (e.g., registers) were built from the also
newly invented transistor. The transistor memory was very fast, but also quite expensive;
several transistors plus several other devices (diodes, resistors, capacitors) were needed to

store a single bit.
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external electrical connection to the chip is a hem sphere of netal, anong
ot her shapes. However, these pieces of netal are still usually referred to
as pins, wopaosamBl y when tal king about the overall archi Pettusoadsssesi gn of
an electronics systens formed out of chips, and when very particul ar
details of the true three dinensional formof the packaging are not
relevant. In this docunent, the termpin wll be used to refer to the

i ndi vidual conduits that connect the electronics within the package to the
wor | d out si de iitbgraedckage. The nunber of pins that a chip has is a

cost/ performance trade-off. The fewer chip, generally the |lower the cost
of the both the silicon chip as well as the package, and also generally

the | ower po i j HEEE : i chip
o, general Ly A MBS daT A Bms A P RAPE el Sind: BEARR s RIB, o L
of the chhpintdpaedicircuiy @npalkdwedes ifig ddesissandristet hahy nedurensidheshfiodhs dt h
required to flow. between chips will result in allown he chi ps _to have
fower | pi HSIER A QA R AR feviEFoms On Ty Raehorguriar Sreche

hi gher tBge pate EﬁhFﬁ' chRF6f QEBRARCOSmARRLE YBPIE pulpotBdGUR dotuaLAMEONT ai NS
the chip. The balancing of these trade-offs is generally perforned at the

syst em | ¢arwml ichsy/dafingd te havecthe samohimeaning asithepennt “abiip” o téfaredtbelnds- of fs i n

m nimzing the,cost of t syst em whi |. xim zing .t he perfor ce of the
Cot o 19t g Slenfin be Y PhaT iPiifle LRt Gl GBS sl e L st
and per f Qhi¥aNg&e:09a 61 ilekistdrs, ®at Qfll fah & ovapbmdive FRM6AT me@GNERes. t hat the
system product 1s targeted at. asic The termasic is an acronym for

" Appl i ca€hign Specific Integrated Circuit". For the purposes of this

invention, th ) i i i [Wele f a
specific spec?gpi%;zgentdp% %ﬁ‘?‘ﬁ sfes',edrgﬁ%:l%yg@g %%F ;I{cz):?érﬁs i}rl}g Cc%%glﬁgb 3%@%@8%

al gori t hasd n@se applse thtegratcdoirenigeonts akingle slcohlvhtp. Mahite hee targeshighnafeor a
w de veribg?c/ f uses. The t.erm@si c ig not intended to be lim:yt %gléto chi ps
desi gnedPiFEhoreachinig feparglf Packiges A vangingharigne teshpalogs ot Hmald-china of

gates, OalRufs? INS watkrQQLIRR ﬁmtﬂ %}'Iﬁ)lngro'ﬂfb)fé caitbfur tie an@ to Eﬂ@retla@foﬁhﬁjb fop is

an acronymfor "First In First Qu n the context of electronics
har dwar esilicon elfiips to paskages] Aksobivhilethe megjerity i taday tstedectioptcsifchiteate dudeomgr oups

1,21 TN A T A WA A
future. Thus, for the purposes of this invention, the term chip is not meant to limit the scope
of the invention to only chips made of silicon, or necessarily to single pieces of material.
The term chip can, in context, refer either only to the actual substrate material and the
electronic circuits that have been added its surface, or, the more frequent usage is to refer to

the entire physical part including the packaging to which most chips are embedded.
pin

Information, both digital and analog, as well as electrical power, clocks, and
reference voltages, are brought to and from an individual chip by many separate electrical
conduits that extend from the chip’s package. In packaging technology that far pre-dates
chips, these electrical connections were individual pins of metal, e.g. as appeared on the
bottoms of vacuum tubes. Most of the packaging technologies used for chips in the 1960°s
though to the 1990’s, and still in some use today, were metal lead frames that were bent
over the edge of the chip package to form sharply narrowing pieces of metal that were still

called pins, even thought the form was no longer always a cylinder. More recent chip
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particular type of data froma consuner of the sane type of data, when the
producer generates the data in at an un-predefined rate, and the consuner
consunes wba3dsica at a different un-predefined rate. ManpCrysesossse fifo
buffers have the ability to send a warning signal under varying internal
conditions of the fifo buffer, in particular a "high water mark" warning

signal ipdica r o ' 1.5 Mt LR rtal eset limt
of being Q&%ﬁ‘%&é@?‘:@@%}%?n%‘%%u@%ﬁ“é %@%&H gq%/lvi.ea_ I th g rﬁ&?ﬁémbﬁftﬁ 0 were
prod upedemhdealgchlaiongémpﬁ to ﬂm\mhq;@yﬁ_hmﬂﬁﬁh‘énefod meaal,e?mqm%cbthmws;mr snal |
R B e e
Thi s ter gydi3 tthtsilrdiParchltdchfbiqitbioh (o a BB RSs SyRfem¥Tbimhed Sif 'b?cﬂi?sﬁ|ahﬁt l'e or

no performance penalty for accessing their contents in other an a
speci f i cwherdefyipagttudardietails pbthedtuedhrse dimpensohahfornmof thehmckagng fre not

performance penal.ties do ist. In cases speci f.ic.type of ram
flovi ce. wNIFVeBE 1F s owtient ghe (gt Varrp e g o el Beies 1R g
chip to BenRb tht eleB@bnicPRitBINRE paikage totBO WA obtsidedhe padthgs.mation. This
gave rise to a new class of devices, referred by the termnenory chip.

Thi s term r ef ghenpwber ofipircthatof chie hesriafa cpsimsvioamansg tedeoffallhp favss shipec hi ps

designed_t o or e [ e and..somet i .Qr s nfornati resent ed
Ce L Or e ek bS8 v b BB ATEF SuBARSR 3y W AL, BRLBE ear o
t o speci gbiezaly the sy érdodled adrisatipaom ofithe chipWillbe. Bt e mokb@irsardhiekds, menory
chi ps had m)rleybgi ns _on_the chip.than they had internal bits of storage, so

the bit sZenstally he highepdyp bppdvdidththaids achighaplednioand oghobihe shige Thysenchi p.  But
as the r Li:S afili Lot i sur passed
t he nurrbgz?%?ﬁl dﬁugi%% th ﬁglto hpg%h gu‘tegthggonor%]h%laﬂle%%gta[ ? g@?\vgod&% géHa C 4|‘)|gl,nssorna
form of rastikimallowmpthepdtheps todavafewee pthedOn tiguctherdhand,| the ;aioeexping athbipkhague

IR TR E A e e T
03/ 08368@hi5._®ﬁéé1?2§{ e SGthedetA6 Rl 1R8I ﬂeléfgﬁhz@atsthé SRenPfevBi Bysthe and

then accessing tt s associ at ed bg/.that_ addr ess. _
system architect, as part of other trade-offs in minimizing the cost of the system while

maximizing the performance of the system, relative to the both the current and the
anticipated future cost and performance sensitivities of the various market segments that the

system product is targeted at.

asic

The term asic is an acronym for “Application Specific Integrated Circuit”. For the
purposes of this invention, the term asic refers to chips that have been designed for a
specific specialized purpose, such as performing computer graphics algorithms, as opposed
to more general chips that have been design for a wide verity of uses. The term asic is not
intended to be limited to chips designed with less than “full custom” ic design tools, such as

sea of gates, gate arrays, programmable gate arrays, etc.

fifo

The term fifo is an acronym for “First In First Out.” In the context of electronics

hardware it refers to a flexible storage buffer that lets fixed size groups of bits enter and
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This form of accessing bits neans that nenory chips are a type of ram
Modern nmenory chips conme in a verity of sub-classes, to be described. In
descri bi 'O 0Bl08®80 nventi on, in nost cases a specific cl as®Cofusowossssy chip
will be referred to. Local nenory sub-system|In nost applications of nenory
chi ps, nore than one nenory chip is used. This collection of nenory chips

are often consi dered. toget her single.mre compl ex. menpr system This
col | ect | BRVCR rEery AR el Arbai Ry SRRl i ben . or
the conpdrbulf tybbef @ith &oniBYorREmePHEE bafe tyde FPOLa! Widdh tBB Procite- _
Regar dl ess of the nunber of caonnecting non-nenory chips, the collection

will be geretesdhe dataiimat a4 up-prseefinadiratgsand the sensumeppenisymes hesdatr dm | n
ol . . . : s
That bofkEfmt LOBAALERDENe. MbnAYSLSIFneC SRS i UEULARy EOTRRS SRR (1 50

wor d si zégmaldhder varyigg aatmal cinditimge ofthp dfo byfferSpaearficudal d Shighwated ematlct al
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memory chip

Ics made it possible for a single chip to be built that contained more than one bit of
information. This gave rise to a new class of devices, referred by the term memory chip.
This term refers to a number of general purpose and special purpose chips designed to store,
retrieve, and sometimes process information represented as bits. This term is:an important
one, as much of this invention relates to specialized ways to organize and use memory
chips.

The earliest memory chips had more pins on the chip than they had internal bits of
storage, so the bits could be more or less accessed directly from outside the chip. But as the
number of bits that could be built into a chip eventually surpassed the number of pins that
could be economically attached to a chip, some form of internal multiplexing was needed.
Such a multiplexing technique had already been designed for memory systems based on

magnetic cores: data from within the memory is read or written by first presenting an
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WO 03/ 083680 PCT/ US03/08886 al so other nore conpl ex ways to conbine
multiple identical or non-identical nenory chips into a |ocal nenory
sub- syst ewptohassek@as been descri bed here. The di scussi on ofpCirasas/osseeor y
sub-systens is relevant to this docunent because the architecture of 3d
graphi cs hardware accel erators often includes the design of one or nore
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sram Even t hot§ffleHESYSFAGE!E t s were al | now on one memory chip, each bit
of storage still required several internal transistors to store and all ow
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this that 1¥)\e{1 ﬁ@%ssed ext ern %@ (ﬂ? ﬂ stati.c L andom a f

menor i es OUSFUEP SHECRIOFY ShiBs e 8§8n BT PEEHFHE LR FEF S &8P e§é’6¢%‘i’fr‘/h by
the tot als stdiblITEE clfechbh 8 fnléﬂciorﬂ% 8eys Sy bl cbiicef 1dal dil; %léb@{tfblﬁ@g éhip, ordhe
256-bit sram' , but al so the nunber of bits available all at once on

t he menpf§uteH |0§ the asrayqnaf bwomﬁ@e«ém@@sthmwm Regprdiesppbte mupdenef d si ze
of the I as
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tal ked agmate;rsitowuge'bbpﬁcﬂryunbers may be used: e.g. vga resolution is 640480.
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Specifically two identical memory chips sharing most all control lines except for
data input/output pins look very much like a single memory chip with double the word size
of the actual memory chips, and also double the storage capacity.

Two identical memory chips sharing most all control lines including the data
input/output pins look very much like a single memory chip with the same word size of the
actual memory chips, but with double the storage capacity.

The composition techniques of the last two paragraphs can be both applied to create
another type of local memory sub-system. Four identical memory chips sharing most all
control lines, but with only half of the memory chips sharing data input/output pins look
very much like a single memory chip with double the word size of the actual memory chips,
and also with quadruple the storage capacity.

Clearly these memory chip composition techniques can be extended to form local
memory sub-systems with m times the word size and m*n times the storage capacity of the
actual memory chips, using a total of m*n of these actual memory chips. This is how many
local memory sub-systems have been traditionally created. There are technical limits to the
composition techniques, there are limits on the number of chip pins on either the memory

chips or the controlling chips that can be driven by a single pin of another chip. There are
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WO 03/ 083680 PCT/US03/08886 dramlIn the early 1970's a new circuit for
storing digital bits was invented that only required one transistor per
bit storeao03ioese8r ade of f was that the bit woul d renain straluso$/assss onl y
fractions of a second before |loosing its value. The these menory chips had
to read and re-wite, or refresh all the bits several tines a second. This

new cl ass, of .nenory chips_ wer cal.l ed nam c,..random access Nnenories, or
Grans. 1 oR'sG RUFTMRrY o GReRE mASF f seifing iR okl PUBT AER AR aREieoe <Es. °bi
of storage) adsamehivay siRsRtent tHan tanbeptdesdrivadheame buffer commercial ly
possi bl e. The existence of the frame buffer also influenced the design of

drams; thus tA8f dispassion afyeeal sremory svheismss rdevanhio thisslasampntherauser ame
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drain producers (1n were selling a interesting ercent age of

t hei r pr oduedifferdnd lddabmemprpfubssistenss| arfd thives bpectfenlly drpase &8 thdBnveionur i ous
t hi ng happened 1cljurjng the transition fromthe 16kl capacity drans to the
64k | caggsﬂjg?/d YF%ns. The frane buffer conpanies, who were usually the
first in line asking to get prototype parts of new dranms, were not asking
for any of the 64kl dramparts. At that rate, there wasn't going to be any
sal es of 64kl wrdsizparts into conpani es building high end frame buffers.

The density o ram had bee rowing nuch faster than 1he data bandw dt h of
access, The K&y aRediRteoREST ot SMaphabiohth bbtet Rk B Bhasur ed | n
bits per nusBesThitsof dhtaghdt@bibe FRIVE 16 GARRE ite/mehotyn@igRIEYM1et th Phosireasur ed
in bits. Special drans with a second set of data Fi ns can access the

i nt er nal capis/isithe nymben afdpout 6 pwputdatapins adachedioihe memory ghin. Whsntahat
t hi i ns, ad " " b d
to read AipotlerimBE Ttk AEL A s ERR IFEIREORE by ML o Uo°

conpl et ebyraserwpal sitd eifert @ the@umbeeoftotsiiedn dapdd nciedWitotog catefihs gafuptdfie

dram Thus this second nmory port.is conmon]y referred to as the "video
port". THISIORY FhipRBHParalR, A4 polimiterblodhaRvmRerot BES AR TBTHODE MSBIaHChip-

addi ng consi derably nore, but specialized, bandw dth. These parts were
called vrans, an acronym for "Video Random Access Menories". Generally
they could sterm as nmany bits internally as the "current" generation of
drans. But the physical size of the vramchip was usually twice as |arge as
a dram t hat

Even though the storage bits were all now on one memory chip, each bit of storage
still required several internal transistors to store and allow read and write access to each bit.
While there were several different ways to build memory chips of such storage, memory
chips of multiple bits like this that were accessed externally are called static random access
memories, or srams for short. These memory chips are characterized both by the total
number of bits that they could internally store (e.g., “a 256-bit sram™), but also by the
number of bits available all at once on the memory chip’s pins after the address had been
presented: the word size of the memory. A single bit wide device thus would also be
described as “256¥1 sram”. This terminology can be confused with that for characterizing
frame buffer resolutions. The key difference is that memories are always characterized by
one or two “by” numbers. e.g. 256k or 64k¥4; frame buffer resolutions are usually
characterized by three “by” numbers, e.g. 640¥480¥1. Occasionally when the size of the
pixels are not important, and it is clear from the context that frame buffer or video

resolutions are being talked about, two “by” numbers may be used: e.g. vga resolution is
640¥480.
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71 WD 03/083680 PCT/US03/08886 could store the sanme nunber of bits as the
vram coul d. This extra chip area was needed to support the second nenory
port (thewOwddewsport"). This made the vram chi ps nore expemdiso®o§ses bit of
storage than the equival ent dram part. However, the parts were quite
econom cal ly good for manufacturers building frame buffers for either
graphics ternmynals or built into workstations, so nost of the high end

LAl . . . .
conput er and di'splay conpanies used them In the md eighties to early
nineties, PCs were still using |ow pixel depth vga frane buffers wth | ow
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was to display inmages of on the order of one mllion pixels. At this
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rate of approxinmately 40 mllion pixels per second. But nbst people who
used t hefamebyffcandyrampgehitectuge Wddarmglagyt er | aced vi deo signal formats,
and thus nost new video signal formats had to use non-interlaced video
signal formats (nowadays call progressive formats) even though this neant
that the videorahprmat pixel rate had to be double or nore for a given
video resolution than it would be if interlaced video signal formats had
been used. Furthernore, older electronics had the I|imtation that the

vi deo for mat s ALes. i AC
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frame buffers must support? One conmpn vi deo S|ﬁ)nal format at the tinme was

1152  pi RetayRd pratsnf nop0lrpngevere nat askingdpr arddhetidil fsampmerts. gddbatdaterhi
video si gl%?é Wgs%r’t'%ing to be any sales of 64k¥1 dram parts into companies building high end

frame buffers.

The density of dram had been growing much faster than the data bandwidth of
access. The key measure is ratio of bandwidth of a memory chip, measured in bits per
second, to the total memory capacity of the memory chip, measured in bits.

Special drams with a second set of data pins can access the internal memory in
parallel to the normal data pins. The idea was that this second set of memory data pins, or
second “memory port” could be used to read out just the data needed for the video output
signal almost completely in parallel to the more normal read and write access of the dram.
Thus this second memory port is commonly referred to as the “video port”. This attacked
the heart of the dram chip bandwidth problem by adding considerably more, but specialized,
bandwidth. These parts were called vrams, an acronym for “Video Random Access
Memories”. Generally they could store as many bits internally as the “current” generation of

drams. But the physical size of the vram chip was usually twice as large as a dram that
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requires a video format pixel rate of approximately 84 mllion pixels per
second. Anot her common video signal format at the tinme was 1280 pi xels

wi de by 1WDAH3ps3ed s tall, refreshed 76 tinmes per second. PCRIGS0Y0838© Signal
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constraints real it presen
refreshed 30 times a second using interlaced video signal format is one good example. This

video signal format requires a video format pixel rate of approximately 40 million pixels per
second. But most people who used these devices did not like viewing interlaced video signal
formats, and thus most new video signal formats had to use non-interlaced video signal
formats (nowadays call progressive formats) even though this meant that the video format
pixel rate had to be double or more for a given video resolution than it would be if
interlaced video signal formats had been used. Furthermore, older electronics had the
limitation that the video format frame rates had to be directly related to the 60 Hz AC
frequency used for power in the united states (50 Hz in Europe and some other parts of the
world). Now the people who used frame buffers wanted video format frame rates of at least
66 Hz, and eventually European labor agreements required refresh rates of 72 Hz, 76 Hz,
and now in some cases 84 Hz. What did all this imply for the video format pixel rate that
the frame buffers must support? One common video signal format at the time was 1152
pixels wide by 900 pixels tall, refreshed 66 times per second. This video signal format
requires a video format pixel rate of approximately 84 million pixels per second. Another
common video signal format at the time was 1280 pixels wide by 1024 pixels tall, refreshed
76 times per second. This video signal format requires a video format pixel rate of

approximately 135 million pixels per second.
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by current and projected several-year future trends in IC design, IC
packaging, I1C interconnect, and comodity dramtechnol ogies, as well as

t he speciwbiozmesBesequi rements of the high end 3d graphi cspreppisogesstons and
users. Starting with sonme background i nfornmation on both 3d graphics
architecture and nmenory technol ogy, the Loop architecture itself wll be .
descri bed as series of solutions to the main technical problens of

bui | di ng hi gh perfornmance 3d graphi cs hardware accel erator products. 74 WO
03/ 083680 PCTALmH3/ 08886 Devel opnent of the New Architecture Wien you're
buying dram you're buying bits of storage. But you are al so buying

bandw dth. The tine it will take to read or wite bits froma dramw|l|
vary somewhat r b r limt
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limt to tha dra But whatlfyou at,h(%y mchlpstoa5|nlea5|c’>
I's the upg¥rd 6 At SOEFR3FS ontR KISkt hO £, ISHAEY sfeylar vor

at t achedi FHE&EDJ}Mc}ﬁBh&fs ARURh&dlolhel iARSMBSs, hifd a gﬁa@ﬂi stiafn HEREHTShip a«ﬁarmer  are
three different useful techniques to attach two drams to one asic. The

first t edifferejuio baginger(smal disdrea)tvadaggmimit poricandyipasial du aperadnsttheZsecond
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pi n of tﬁ%ffgg}ggmd#ﬂl’% ‘9\%@3 CWdeed doubl es the upper bandwi dth that the asic
can get to thedaht @dheskedrAEEdNepn achidabRParBiddes that the asic had to
doubl e the nunber of pins it uses to talk to drans. The second technique is
for the asic to use only one set of pins to talk to the address and
control pins of both drans, while the asic uses existing pins to talk to
the data pins of the first dram and adds new pins to talk to the data pins
of the second dram This nethod wuses fewer pins on the asic than the first
techni que, and the nmaxi mum bandwidth is still doubled. However, the word
size of the |local nmenory sub-system conprised of the two dramchips is
double that of the first technique. If the asic doesn't need to use all the
bits in this wi der word when sending and receiving data fromthe dram
chips, the effective bandwi dth goes down. The third technique is for the
asic to share all pins (other than the dram "chip
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enabl e" pin) with both drans. This technique mnimzes the nunber of pins
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the samegchitecture is an elegant solution to the set of technical constraints (“realities”) presented

by current and projected several-year future trends in IC design, IC packaging, IC

interconnect, and commodity dram technologies, as well as the specialized requirements of

the high end 3d graphics applications and users.

Starting with some background information on both 3d graphics architecture and
memory technology, the Loop architecture itself will be described as series of solutions to
the main technical problems of building high performance 3d graphics hardware accelerator

products.
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menory bank. In this enbodi nent, each LoopDraw chip has a nunber of
attached standard |ow cost dramchips, that are used to store both a
porti on oWotohesiesane buffer as well as a conplete (redunaamtushsossBocal )
copy of the current textures. Overview Figure. 1 shows an exanple of the
Loop architecture. In the Loop architecture, as seen in Figure 1, each
Loop chip is attached.in,a di.,r.ectional, point-to-point, |ocal manner
to the adj acelg? %Pd’bef%ﬁfﬁ‘eﬁa ér%ﬁ%ymf:ﬁ‘ gh speed LoopLink interface 125.
Basic Loop architecture interconnect. The Loop chip marked "D are LoopDraw
chips 110. The boxes marked "M are nenories, 115 e.g., nenory chips.
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rate than what is achieva on a single graphics c psystem The texture
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chi ps soa ethet

times nobe %é]aaIB &thr%}l T W&ﬁ to tlfle e&g pglg%gmedstepond cﬂamhﬁuggrge lod’ £

uses fewer pins on the asic than the first technique, and the maximum bandwidth is still
doubled. However, the word size of the local memory sub-system comprised of the two
dram chips is double that of the first technique. If the asic doesn’t need to use all the bits in
this wider word when sending and receiving data from the dram chips, the effective
bandwidth goes down.

The third technique is for the asic to share all pins (other than the dram “chip
enable” pin) with both drams. This technique minimizes the number of pins that the asic
uses to talk to the dram chips, but the upper bandwidth that the asic can get to the attached
dram chips does not go up at all; it stays the same as it was for the single attached dram
case.

These three techniques form three different points along a trade-off curve between
maximizing available bandwidth and minimizing the number of pins that must be added to
the asic. But what if we were to attach four drams to an asic? Eight drams? Sixteen drams?
The answer is that different combinations of the three techniques described above can be
simultaneously utilized in more complex ways when more than two dram chips are being

attached. Clearly at some point any asic is going to run out of new pins that can be
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what is achievable on a single graphics chip system Mpping of G aphics
Qperations to the chips. Host graphics driver commands to Looplnterface
chi p grapwpag/ossBver primtives come in fromthe host coRpWtusn3/edsss t he
host interface on the Looplnterface chip. After processing the graphics
driver primtive, the Loopl nterface chip wll transformthem (armng ot her

G aphi csComman c sPrl nterface
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chip to possible desti nati on LoopDraw chi ps. The circular arc 302

r epr esentis gives peintin ting paskegipaaid deepbierhnmdodyroppinia tHedaaxiBNIpamomtod j t s
cl osest ﬁe%%% 1?aﬁ>'léjtola18%@§%1c g@{amtdr%laphl csCommand Loop packets

foll ow. cirréufar are représents a virtual "direct path" fromthe
Loopl nt er f aceWdiiephéi®3s dlvaid &rﬁeaxrobhﬁﬁat clekeppdsy ﬂmreqb typidally)’ a ey linsarcast

G aphi csCommand Loop packets follo The, act ual ferably inyol ves
mul ti pl ercksipaskip betyesy the earormanee EATEhmS (G- gﬁ&l&ﬁmm ﬁmsﬁ@nf the
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the destination LoopDraw chip is reac e e pat hs between Loopl nterface
chi p 105withdotmkauoibheof attaclgpDRiramy, theiquis hardeenvelops kwnnd fhermahmusatcedering
clarity. te - raI in the Loop architecture, the unidirectional

(o of patarmgnes R

The novel Loop architecture in accordance with one embodiment of the present
invention arranges both the texture storage and the frame buffer storage in the same
memory bank. In this embodiment, each LoopDraw chip has a number of attached standard
low cost dram chips, that are used to store both a portion of the frame buffer as well as a

complete (redundant but local) copy of the current textures.
Overview

Figure. 1 shows an example of the Loop architecture. In the Loop architecture, as
seen in Figure 1, each Loop chip is attached in a uni-directional, point-to-point, local
manner to the adjacent Loop chip via a very high speed LoopLink interface 125.

Basic Loop architecture interconnect.

The Loop chip marked ‘D’ are LoopDraw chips 110. The boxes marked ‘M’ are
memories, 115 e.g., memory chips. These memories in one embodiment are drams, but may
be other forms of memory chips in other embodiments (explicitly including srams). The

chip marked ‘I with arrows pointing in and out is a LoopInterface chip 105. LooplInterface
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ring is arbitrarily chosen to always be shown as flowng in the
counter-clockw se direction. There is nothing special about this choice.

I n ot her wolwamsasents, the direction of flow could be cl o®PK®USe3/0888¢ ead.

| ndeed | ater sonme enbodi nents will be shown that contain both clockw se
and counter-clockwise flowin a double ring. If a nulticast G aphi csCommand
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the destrorintesiace eupprigwhenn fo SUPOHSYEHE opHerethptWigba descihaddpter.ve. |1 n

this case thelQ .S, : el : ver the
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what is achievable on a single graphics chip system.

Mapping of Graphics Operations to the chips.

Host graphics driver commands to LoopInterface chip graphics driver primitives
come in from the host computer via the host interface on the LoopInterface chip. After
processing the graphics driver primitive, the LoopInterface chip will transform them
(among other GraphicsCommands) into a sequence of GraphicsPrimitives. The
LoopInterface chip assigns some substring of this sequence of GraphicsPrimitives to a
particular LoopDraw chip, then sends the GraphicsPrimitive out as a Loop packet along the
ring, where GraphicsPrimitive Loop packet hops from Loop chip to Loop chip until it
arrives at its destination LoopDraw chip. There, the Loop packet is processed and not sent
any further along the ring. State changes are sent along the ring as multicast Loop packets,
e.g., the Loop packet will be processed by (potentially) every LoopDraw chip in the ring,
and forwarded by (potentially) all but the last LoopDraw chip. In a preferred embodiment,

the LoopInterface chip assigns GraphicsPrimitive command to a particular LoopDraw chip
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LoopDraw chi p and continuing through as many of the rest of the LoopDraw
chip as necessary until the destination LoopDraw chip is reached. The

pat hs betwo®n/0gwepDraw chip 110 and the ot her LoopDraw clrCparsas/essso©t shown
for the sake of clarity. It is inportant to note that on average the
nunber of chip hops that a DrawPi xel Loop packet has to take is half the
total le n a ure cou b ra for the other 15
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cl ockw s&h@ya@@@rw@ﬁﬁﬂ@uyegucmm@rraﬁhchl p each, and would all included two
hops through the two Looplnterface chips along the way. LoopDraw chip
processi ng of a DrawPi xel packet Each LoopDraW chip's attached nenory

contains all f vvhere
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i nter _p0| Eé}lg Cbra%f c"fl?uéll% th%tﬁn%c{@f@glpﬁlcg@ I ”'Qﬁ‘ﬁ]}dﬂ ;g#é{;%e@éﬁl&g ﬁ%::%ufgf ﬂ%thb y t he

app! yi ng pre ane equ I'n"one e
col or f;fépéraolsy@ﬂimﬂmnﬁum leUgps sfattingdion Hedigopltgsteahipdrd coatiguingt hey are
flat-filled within a or a portion_of a pixel. The cqnditional sanple

updat e f GHERTOHOGkEViEE f%rmhméana@dm thyleopDay ﬁblp 3§ HeeaTFHY stk 1Be dagtivation 55

wel | as mmand,
such as gﬁi@?&%&gﬁ@c}{e %%?l Tﬁ’%ﬁﬁ% %Df er %‘ﬂ%@i& &Hot he d)%ﬁ‘lhcéttl:l Elg
Gener at i hpolﬂbrawaﬂ‘psamMpmhowrgﬁoaﬂs sdeneicdrityn of streans of data that will

generate the yideo,outpul slanal are SLglnated bR RAPL LS LaGS Y P A

Loopl nterface
ring is arbitrarily chosen to always be shown as flowing in the counter-clockwise direction.

There is nothing special about this choice. In other embodiments, the direction of flow
could be clockwise instead. Indeed later some embodiments will be shown that contain both
clockwise and counter-clockwise flow in a double ring.

If a multicast GraphicsCommand Loop packet is sent, it would follow the path of the
longest unicast Loop packet, e.g., the Loop packet leaves the LoopInterface chip, enters and
is processed by the first LoopDraw chip, 110 and is also passed on to the next LoopDraw
chip, until the last DrawLoop chip 110’ in the ring is reached. (Unicast and multicast Loop

packets and their control and routing will be cover in more detail below.)
LoopDraw chip processing of a GraphicsCommand packet
When a graphics primitive, say a triangle, reaches its assigned LoopDraw chip, the

LoopDraw chip applies most of the 3d graphics rendering pipeline to it. For example, the
triangle preferably is transformed, clip checked, optionally clipped if needed, vertex shaded,
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to the first LoopDraw chip connected to it, which then accesses the sanples
inits interleaves of the frame buffer that contribute to the first video
out put piwelo3/sas8o sends this partial sumon to the next PecopBox08s8hI p.
Each LoopDraw adds its contribution, and when all have contributed, the

vi deo out put signal |eaves a (possibly different) Looplnterface chip out
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Looplnterface chip take for antialiasing and generation of a vi
si gnal t as eonginged locally.pund nem¢regobsioe. ovehihed.oopLinki s di agr am t he sane

Loopl nterface chip both starts and finishes the generation of the video
stream in at |east one enbodi ment the starting and finishing

Loopl nt er f ace Pati ¢fe DeawTakel TR6B phéke o ELSHDaREhT ©acle PoRiblERREhAdPN Of
texture fromrendering to the nmultiple texture nenory copies Generation of

textures are H&ABPEY el | arly to how video output signals are generated,
but rather than | eaving the ring when conplete, the pixel stream continues
around the ring a second tinme to be deposited locally in each of the

(enabl ed) Loopixaw4 shéwpsa loddestraat] lsorvdsepath bf froinsa G0t hgopDrawtdhely © catlgoN0 new
G aphi cs rman(% LOﬁp ]ﬁ%ckets Hbl owi ng. t hrough the_ring, so.the bandw dth
that woultf siPigehoeriian dipsgiat I@aygﬁie&mm fedep- Jdeicecalansig 402 awpi xel
Loop pac h&: of a il i Pi xel
Loop pack tiseglﬁsao\rlfﬁlﬁ%lwiaﬁgﬁtgﬁkﬂa@% F};egﬁ’?’%@&WR%}gﬁgggﬂ htg? Q'F,%&ggé}gr awe%ﬁﬁt s by
t he host 1¢@nhet &raRBxd! bagkpaskets éolthoy. dthercarsulat src@0d cgeeentsi anvittaal “tireet

oo bRk O SEDEE S5 Rth 58 1 HLRM S 0B P SN, BAPDUE Ecc
chip, theaflesHollswd THRWetual Sath pidferhBly SAT AR tidtiPRhobd &Brtin@ Hon®the firkS
LoopDraw chip and continuing through as many of the rest of the LoopDraw chip as
necessary until the destination LoopDraw chip is reached. The paths between LoopDraw
chip 110 and the other LoopDraw chips are not shown for the sake of clarity. It is important
to note that on average the number of chip hops that a DrawPixel Loop packet has to take is
half the total length of the ring. A similar figure could be drawn for the other 15 LoopDraw
chips; their paths would look the same, only rotated counter clockwise by one successive
LoopDraw chip each, and would all included two hops through the two LoopInterface chips

along the way.
LoopDraw chip processing of a DrawPixel packet
Each LoopDraw chip’s attached memory contains all the samples for 1/n of the

pixels of the frame buffer, where n is the total number of LoopDraw chips in the system (n

typically 16). This is a traditional 2d interleave of frame buffer storage. This is how a

79



video output interface pins. (Al so, sone of the real-tinme constraints of
ensuring that the video output signal is fed wwth any stoppage to physical
i mage di swbDaw/08s80 ces can usually be rel axed sone when t PamafSes/nsssg to the
host interface.) Transfer of textures fromthe host conputer to the
LoopDraw chip copies Textures fromthe host conputer enter the ring via the
Loopl nt aﬁrﬁqﬁ LBy i SSPhvAEIRY AdstinABomn.| Berfeaying@6tldldep Dr aw
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architecture requires only two djfferent customchips tq be designed and
fabri cat _@@n_@bnptﬂ&d?fé@rwﬁéeaét%{np cORPRBER! Do @Hﬁ’ﬁflﬁ%ﬁ{aﬁlsi ]‘ﬂ"rteﬁgmp Faw ng
chi p. Thlnso e%n]l d%@ﬂthnt%%ﬂt@tf@alﬁé% Jring Z“é%ﬁplle%f)ﬂl%gn&ﬁ! RBRE nQJa/l}fCétb? A &hi ps

types neede en using conventional methods to design pro r the
hi gh endby applging airghiousndBicagt ppkd ematien &BL. InAne euhpdintastthoerlPt  Short,

Local Communi cation Unlike other high-en rchite r . .

ar chi t ect¥pRde campPaRent yRUEHER S 111tw(§{ﬁt8§€19%1ﬁ§b%1tﬁgzérgef?—grﬂte{?gsﬁtgﬁgmfpgg Thi s
i s becauge, hitioh B afpial]. TedoRmeAATMMpRAIPdar fufictioads bontialleddbthi by existing

uni directional, and over a short physical distance using the LoopLink.
Massi ve Pachip site Prlves 28 wiel aapassitly |aéd1f191fla1sa&fé@r@wm@%g}e@f@ﬁ?ﬁfeix ,
powerful, and (hopefully). J. Sty r I ts, the nore
progr am §?IBH’§H§TF&8$3§<%%%H% §?%%@n rﬂge %ggg{ggw%pgﬁ%gﬁt% {gafoerc ggr amabl e
shaders. Wth single chip-based 3d graphics hardware accel erators, or

i ndeed any 3d graphics _ hardware ,accel erator based on a fixed nunber of
chi ps past a §onerstippPrAvidsp ouprptignalty, the

Generation of streams of data that will generate the video output signal are
originated by a LoopInterface chip. A LoopInterface chip sends a VideoPixel Loop packet
to the first LoopDraw chip connected to it, which then accesses the samples in its
interleaves of the frame buffer that contribute to the first video output pixel, and sends this
partial sum on to the next LoopDraw chip. Bach LoopDraw adds its contribution, and when
all have contributed, the video output signal leaves a (possibly different) LoopInterface chip
out of its video output signal pins. In one embodiment, multiple video output signals are
supported by adding additional instances of LoopInterface chips to the ring. full screen
antialiasing is achieved by applying high quality antialiasing filters to areas significantly
larger than one pixel area of samples during the process of generating the video output
signal. Specifically, nearly arbitrary 4x4 antialiasing filters (such as the Mitchell-Netravali
filter family) can be supported at full video output signal video format pixel rates.

Path of VideoPixel Loop packet from a LoopInterface chip through all the
LoopDravs; chips, and back to the original LoopInterface chip.
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nore powerful a programmabl e shader gets, the slower the overall graphics
hardware rendering systemw || get. By contrast, because of the uni que way
t hat t he wowp/ossehi tecture is designed to scale, so | ongPa3/usos/assB©@opDr aw
chi ps are added, the progranmabl e shader 82 WD 03/ 083680 PCT/ US03/ 08886
power can grow by the same proportion without any reduction in perfornmance.

Because a sipigh®skBeROm8Watithix Al tht ViddePinel beopadkerSiont appgicalt e in
programuabl e shader power to the 3d graphics rendering power of any

cont enpdrapinteifang chintake fas sateiasingging generationelavadec qupw et tra vidgd powver
of Loop I. r . [ aw
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positioned in a (single) ring, tw, three, four or nore Loophiterface chips
can instead put into the same position in the sane (single) ring. Since
each Loopl nt eGérmcaionhifppextivgdran rendericewi themadtifle saxtirpmenfoy e9pies i s easy to
build even single ring Loop architecture based 3d graphics hardware
accel erators that can connect to nultiple host conputers. The advantage
that this abigGifetatinTedtOrel RManlRRIsiRiCA1 16 hbasadeslitplitaphasrhar dwar e
accelerators is best illustrated by an exanple. Consider a scientific
conput i rggneratedybetrather thay lepvingithe 50 ahanspaplets Sreansel siream KeRtNgs sever al
very powerful .conputer sy The.. U i ut er
yst e Ehar g TR hE Bue JegB bR RR b o PRSI Rrk T
r esour ceashiph. Negihhly ahemeis 8Going do) dlerc aemotrew. GRphicsGemnmsd Lpoweadkats
conputers tend to fregquently get assigned t rformlarge batch jobs for
a si ngl dlpyispdpoughthe rb“@nsq@ﬁbaﬁé)‘?’lﬁﬂb@g%wt)'bldg’égge%ta er’c‘?ﬂr&.’ Not all of
these | %&ghicgé&?ﬁ&ahh L’aﬁfgaélié{s%a%ﬂa%@ié@L%@ﬁ&&l&t’%;is frb AR TRBLY fHUGH | ODbS
use interactive grap s to examne the results of the |arge
conput attesmrafondingi Thd ¥idebPixshlesbp gatkets wlso flowi, gind ke pSorityr aphi ¢cs har dwar e -
accel erator could only be physically attached to a single conputer at a
time, the 3d graphics hardware accel erator would be unavail abl e for any
use while anypbal SRk Penddrdrafils ©F thShd@chBPger Were being run. But by the
ability of the Loop architecture based 3d graphics products to physically
attach to two or nore conputers at a tine, even if only one conputer at a
L ;?g wa ?gy ag i g}{tsqt]dg‘? %?{ og ré%%%'}ée%sireshu?trs %%c’gicrégdsas(ﬁ%ﬁlﬂetro 3,284 bGP Qe&fﬁﬁ@' a¥ideo

output signal, except that when the completely assembled pixel stream reaches the

destination LoopInterface chip, the results go out its host interface rather than (one of) its
video output interface pins. (Also, some of the real-time constraints of ensuring that the
video output signal is fed with any stoppage to physical image display devices can usually

be relaxed some when transferring to the host interface.)

Transfer of textures from the host computer to the LoopDraw chip copies

Textures from the host computer enter the ring via the LoopInterface chip, and then
get passed around the ring for each LoopDraw chip to pull a copy into the local dram store.
Just as with local texture generation, when texture downloads are in progress, drawing is
usually not also in progress, and thus the bandwidth available for texture transfer is not just

the normal bandwidth allocated to GraphicsCommands, but also the considerable bandwidth
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fully used even if a conputer has been preenpted for other tasks (or down
for mai ntenance, etc.). Another way to use nultiple Looplnterface chips is
t 0 connecwotdgnsicker several different rings into a singl @Crarsgs0s886
graphi cs hardware accel erator, and share one (or nore) host interface(s).
This allows very large scale 3d graphics support systems to be built,

includ| pon
physi cal ™l nagig]é% %@4 %%g%pgﬁ%&# ?@g&%ﬁ@%’%ﬁfg{%p {1@ %gﬁglﬂt tiel same
tinme. (Ahgsag thific that i gehautngihe viley ospmasigha. but connect ed rings as you
have separate high resolution physical imge display devices.) Such |arge
scale systens are actually a common requirenent of high end i mrersive
projection based virtual reality display systens (Caves' and Virtual
Portals'). Support of High Quality Supersanpling Based Al gorithns Several

hi gh qual ity Adwntages ofithe Axghitesturabl e by a 3d graphi cs hardware accel erat or
when that system can support a |arge nunber of sanples per pixel. First and
forenpst is the support of high quality antialiasing filters. Because of
the way that Tike sadtida@esiHbes theSegstal advantagsSEMHY Esbpadretigectui® ring, for a
little extra bandwi dth and internal processing, large area antialiasing
filters can be applied at video output signal video format pixel rates. The
feature gr@hc #W%’O resizing drops naturally out of this sort of

vi deo archlt ure P resanpling raster pixel center positions are
not a sinple rectangular raster array, but rather are points along a

| ocally controll ed SE|Ine curve, then arlo s vid corr.ection
operations drBpilsike Logp CUMERET S‘tﬁp@@ﬁ E‘P M@Yﬁ?%%@g@reaﬂ&%nm ed usi ng
di ffer egpg ?lﬁ’été '?1?311 eﬁlggﬁln%ﬁ%e‘ﬂ% 'HR%ithtﬁiQ% 1Btk QA1 tcﬁff&ﬂeﬁtrkﬁlsfb%{‘c}gﬁs

correct in t e proper pre p ss-b ace. er effects supportable
by high ts»ampieelgdema;md fabﬁcitecttamedumrprmﬂmtst Wnthrsn@t Obﬂlalcomplmttyenthbl ur, depth

of flled i.al_.di ssol ves It| D fferentiated Products

Possi bl e (iWéTé aTS L mﬁt‘rﬂﬂg@“@'\ﬁj Bg?rmt“ﬁ S SR IR0 base
chip LOOIR?G@E(P%E@G&IH% SohveRisnal Eﬁh@ﬂodb@@@ésﬁ@ﬁ{rﬁéﬁcﬂs fdi"tlib bﬂ@ﬁi chd® epPRighaw
chips, allows conpletely functional 3d graphics hardware accelerators to
be bU|Itends3d“@aHh1f3$maéM nunbers of these chips. E.g., different size
commerci al products can be assenbled with the two chips "as is" with no
"redesign” of either chip needed. Only different PC board design(s) are
requi red to paddngeireditiongl; Shast,atoedl Communication

Unlike other high-end architectures, the Loop architecture can be implemented
without global busses or long wires. This is because all internal system communication is

point to point, unidirectional, and over a short physical distance using the LoopLink.

Massive Parallel Processing Available for Shaders

The more complex, powerful, and (hopefully) realistic a programmable shader gets,
the more program steps and texture fetches are needed to execute programmable shaders.
With single chip-based 3d graphics hardware accelerators, or indeed any 3d graphics
hardware accelerator based on a fixed number of chips past a given point of complexity, the
more powerful a programmable shader gets, the slower the overall graphics hardware
rendering system will get. By contrast, because of the unique way that the Loop architecture

is designed to scale, so long as more LoopDraw chips are added, the programmable shader
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products. This ability to rapidly and i nexpensively comrercialize products
with differentiated cost and features is an inportant asset in today's
rapi dl y cWwargiosggserar ket s. Conventi onal nethods for desi gmcmgsastosgs@phi cs
har dwar e accel erators usually require changes to the main chips thensel ves
(at great expense in engineering and tine to market) for simlar market

flexibil] 4 - : ' i r 2U
ackmourte S SR oY Secane PR RACIRARS redith oA BRI ] s

t oget hersinglé hoepDamnelip edb liksly bk ladleastfoomperbie 10 pségyramnzblefshgdar abiwven® may be
supported wi.th no chapge in the base hardware pyoduct. pports Very Large
Anount s 't Fﬁ@?&ﬂﬁ‘}cé rﬁ%%%P%PB}?’F‘é?ftaé‘é’ !?Pﬂtﬁmngaé% S’Hg{?ﬁgﬂﬁé%@ S&&Fﬂp[’ﬁseach

LoopDr avy £ ke 2804 @for ARS bEWEMNSE Lddb faf @i Bureb 888 sRferiNRirderd, Up &r 6@ ofach
LoopDraw chip (reasonable to do for volunme textures), larger internal to

syst em tesatedrepiaps chips vl liseslly he engipdwo edderget magnitude mase pewer fliihathe
above discussi on of the odi e of .th esent . .l ntion wll be

expl ai netﬁeqencoggempé)ﬂrygg}gﬁ%ﬁn%bgﬁﬁ?@g éH)rhi1 C\?erap d(’:“(/)a?ﬁ%grﬁcrlcgleﬂés}&gescri bed in the
definition of the termgraphics driver, application software is rarely
directly connected a graphics hardware accel erator. Usually an additional

pi ece of hosMubitie apteansder How CompteyAnisFioaser i ver, that inpl enents one or

mor e conput errgr aphy &ﬁhiéécfiﬁgﬁlﬁé %H%Béié%ed thiFaGRASRS i g\ﬁ%hg_ﬁ{%ﬁace
application software an e graphi cshardware -accel erator. e

appl i catdhimcsobd paittoned kes (Sadleware teollihes) foneoaables dopatterdthehpsican t he
software interface standard, (e.g., |anguage_ bjndjngs) descri bed, by the
conput eringieadpitdato the saps peftiongn the W%ém@f‘% BRECANER ?‘%ngo% SHEAce Chiphe

graphi c jhagfii ¥t décﬁééqé@ﬁs‘st tiII{t &, REChsPto b&ii@é@naﬁgr@mn]g@opcﬁ&ﬂj&ca@e it along

wi th an ata directly or indirectly associated wth t subroutine call
as a conbmed3d graphick banmivensreccelerad@s itheg car cannlaetrto coripple dpstgoaphicss Thel at ed

task. The, graphi.cs .driver software th tr ate.the iinplied task into
a form t#Y mlag%{hagﬂ’éiﬂhlﬁg %fé‘?sd&g‘%p ﬁ?gﬁ?%‘?‘étba?e%gséfrﬁrﬁﬁﬂ‘ésﬁ?trg‘ﬁ ° This is not
to say thatletdiérs W GRNMIGSrAEd ¥@hn eSMIIVAT s h s @NPRINY chY hseref dat a
sent by the application software. Sonme application software calls may

i ncl ude Thgraphicsrbardwarsi arcelertars thahhas ssverabvalp pevsrielcompuler sigemsThgyt es or
more | N Sb&Sovdif IARRLER BlpYE! s R HA el Rivd HSthe ARTS uldiASPisROLMNST S O

3d graphics resources directly connected to that computer. But the most powerful computers

tend to frequently get assigned to perform large batch jobs for a single project that can run

for hours to days at a time. Not all of these large jobs will need interactive 3d graphics;

indeed many such jobs use interactive 3d graphics to examine the results of the large

computation after it is finished. If a very high end 3d graphics hardware accelerator could

only be physically attached to a single computer at a time, the 3d graphics hardware

accelerator would be unavailable for any use while any large non 3d graphics using jobs

were being run. But by the ability of the Loop architecture based 3d graphics products to

physically attach to two or more computers at a time, even if only one computer at a time

may use the 3d graphics hardware accelerator, the 3d graphics hardware accelerator can be

fully used even if a computer has been preempted for other tasks (or down for maintenance,

etc.).

Another way to use multiple LoopInterface chips is to connect together several
different rings into a single large 3d graphics hardware accelerator, and share one (or more)
host interface(s). This allows very large scale 3d graphics support systems to be built,

including those that may support up to a dozen or more high resolution physical image
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graphi cs hardware accelerator. This is quite common for graphics hardware
accelerators that can do direct nenory access (dna) of data that is in the
mai n menowy 0008IBe host conputer. The term graphi cs dri velPCTarsnxorsse ef er s
to the set of all nessages created by the graphics driver software as it
transl ates a conputer graphics rendering api call into a mnessage that the
gr aphi cs .har dwar.e el erator gGan erst.and. 85 0 6 .

BT Usos oRasEe i B e e 7 ot OF RURE® e gy S BI nectot o e
into t V\Das:}tm Have Edpangé highsedesation piysivElSeagedispgy dplices) Slichvage séaé e and
graphics driver primtive. Note: The three terns graphics driver conmand,
gr aphi cssystempere agtually a eoramgn sgsmitement ofhagh end immerpiye prgigctiopasedrdrtadt s of .
nmessages._.of QE§E§I £ i n- naned nmessage from one of

t hese seeg%ywa ﬁi??ggﬁpﬁcﬁhg&%ﬁﬂgﬁﬁ?83§ﬁ§U|d be "a nmessage fromthe
graphics driver command nessage set", but by convention the clearer "a

graphics driver command, nessage" is used to an_the sanme thing. graphics
driver state %Woftg}?ﬁﬁélﬁ%‘ﬁﬁ@ ?S\?@PH% %pdr‘@@’flgmiso t he subset of
graphics driver command nessages whose nenber nessages change or nodify

rendering state, but do not thenselves specify geonetric graphics
primtives orSdieradighquatitistsatings aselslippovalze by erddegrapidesdtardwidrs aggopgsator

Exanpl es_of graphjcs driver state nessages in sone odi ts are t.hose to
set T el GafBalsrte dpSes M EREnBREERE b b RE R ERT AR A EmOTls PG ee,

or ¢ _ha!’]gﬁlp?&Q @€ hishQualifieantiabasi@Nfiltef (BerhhRD MG Why thet th idedroagiuit Signélris ver
primtive The termgraphics driver primtive refers to the subset of

gr aphi csasdembled aloagieming. fess higlesxith bardwid had insswhposesspeelarge Hebnetri c
graphi cs_pri.m.ti n r. dir - 1] det.l this
o, EalBlBuh g SR8 Bl diGE e ol P RN AT R DRle  ERRTFEL BB | 0
ar e thosef dymamicyides fegiztd drops eauatly buceihishatt of efdenardhittetumnifitee t 0 be
rendered, specify the two verti.ces that defi?e a que to be re der%d, or
speci fy TeRanplingagier pigek eoRter Ragitionsy3rm Bt asipple reelap@lardatie UHY: PYdRCThe
term Loo ' ' ; that is
the " subleBEIEf fohPa lRRUGLaRIA UL URLS RERRVEL IR0 FhER doReliee

ar chi t ecoperatfonsdrapi ontl Hithe red, green, and blue pixels are resampled using different splines,

then even chromatic aberration distortions can be corrected for in the proper pre pass-band
space. Other effects supportable by high sample densities include various forms of blur

(motion blur, depth of filed), special dissolves, etc.

Multiple Differentiated Products Possible with the Same Two Chips

By intention, the design of the two base chip Loop architecture types, the
LoopInterface chip and the LoopDraw chips, allows completely functional 3d graphics
hardware accelerators to be built using different numbers of these chips. E.g., different size
commercial products can be assembled with the two chips “as is” with no “redesign” of
either chip needed. Only different PC board design(s) are required to produce differentiated
products. This ability to rapidly and inexpensively commercialize products with
differentiated cost and features is an important asset in today’s rapidly changing markets.
Conventional methods for designing 3d graphics hardware accelerators usually require
changes to the main chips themselves (at great expense in engineering and time to market)

for similar market flexibility.
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phrases wll be used to denote this context. (Note that the current
invention in its nmore conplex topologies goes beyond the topol ogy of a
sinple riwgosnsassi ure, but the termLoop is intended to iPaElusd®og8BEse
topol ogies as well.) 86 WD 03/083680 PCT/US03/08886 Loop chip The term
Loop chip refers to any customchip types designed as part of the

i npl enment at i by
Loop chip 1yl e sipBRR PbERy LERRL: pdcRa A SIS Rty b AR Rer

(e_hrrbod: n&nﬁlﬁpbdﬁﬂaﬂhﬂ@ﬁlabsetogaﬂeh Wltknnabmahchfodﬁs ablotvk doremanycavstoom chi p types.

e alternate enbodi nent ex efine nl n hip type that
conbi nescop%glgagogs, maY G(S}H?PB tthd% Cg‘ﬁ‘égq‘lf}ﬁlé‘? g??ﬁﬁ?%t %‘% ﬁﬂé y y(F:) hi ps
defined in the two chip type enbodi nment. LoopLink LoopLi nkl nput Por t

LoopLi nkQut put Port The term LoopLink refers to a special unidirectional

hi gh speed Ld¥yppotts YerpLarge potings efakexturaMsmeatinect . |1 n one enbodi ment the
LoopLink is supported by two special sets of standardized is pad drivers

and packaging nulti-pin interfaces: the LoopLinklnputPort and the

LoopLi nkQut pugPettdchinelerde@@plbefiof d¥art $& Sachd dop DRSH ehlppaﬁikxﬁt£51gtﬁ1ng ata from
one Loop chip to another Loop chip._In one enbodj nent,

t r ansf erdiffgreptaeas ¢idhe Epie Fﬂ(eafrhéﬂpﬂDW E’;‘?lBt(’@é%(@ﬁbleﬁ?/ da if‘Plo"fOI%‘? FeéEJ(rPsﬁg
codes (elgucr‘lg)gr ﬁﬂ%ﬁgﬁﬁqyét&ntt%&u{ ﬁél%@aﬁﬁ g}t?or{eﬁ()p chip type is to be able

to be con 0” one or ma ructures defined by the Loop
archi tect ure Caeiin tdrmk ueédmth@'alﬁovsmmausshm @ﬂthd: embodimentsod thie pesens: a

count er - cl ockvm se Loopf nlléQJt put Potifﬁﬁf’ and a cl ockwi se LoopLi nkl nput Port. A
gi ven LogpertiongviteRe exgtal GOntEE U™ state where it can accept an

addi tional Loop packet transmtted to it over its LoopLinkl nputPort. Thus,
part of the LoopLi nk sub- system should include handshake signals where a
first Loop chgmpplibadritvasommandp packet that it w shes to send out over its
LoopLi nkQut put Port to the LoopLi nkl nput Port of a second Loop chip can
known ahead of time if the second Loop chip is or is not in a state where

it is ready AQJsREiBEY B Ae ABMILiBABS PRGKET graplits iiiver gpibtival sofiaRokt .
rarely directly connected a graphics hardware accelerator. Usually an additional piece of
host computer software, a graphics driver, that implements one or more computer graphics
rendering apis, is interposed between the application software and the graphics hardware
accelerator. The application software makes software subroutine calls that adhere to the
software interface standard (e.g., language bindings) as described by the computer graphics
rendering api, to the graphics driver software. The graphics driver software treats each of
these subroutine calls to it along with any data directly or indirectly associated with the
subroutine call as a command to perform some rendering or other computer graphics related
task. The graphics driver software then may translate the implied task into a form that the
graphics hardware accelerator can understand. This is not to say that the graphics driver
software must examine every byte of data sent by the application software. Some
application software calls may include one or more pointers to data areas dozens to millions
of bytes or more in size; the graphics driver software may just pass these pointers on to the
graphics hardware accelerator. This is quite common for graphics hardware accelerators that
can do direct memory access (dma) of data that is in the main memory of the host computer.

The term graphics driver command refers to the set of all messages created by the
graphics driver software as it translates a computer graphics rendering api call into a

message that the graphics hardware accelerator can understand.
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I n one enbodi nent, the handshake protocol gates the transm ssion of a Loop
packet traversing the LoopLink regardless of Loop packet type. In another
enbodi merwp 0Bo83s80 packet types may be broken into several PdirftfSes/essse
sub-groups of Loop packet types, and the 87 WD 03/083680 PCT/ US03/ 08886
handshake protocol would indicate separately for each of these sub-groups
if a Loop packet o ,\i; ¥Rt e of rl i B THGD- i iadl BREGH . SUD- Or oup_of
Loop packet type%ra%%%qﬂeté a '[aowe%f to tra%%grse the1 LoopLi nk. Loopl nterface
| n one eaveddpping tubsétstofimdssagesttgraphidshizivensipte ané gfapbies dhiver prgniéive.oop chi p
with at __|east one host interface for cqnnect.ing.to a host c uter, and at
east “oroEoli DI ERELRAPAE LouB PRSI pHEPUr Saira Bie ol BORTPLGaver

LoopLi nkl ppit Bafitrefet b SABT mQERRE bFBitkSs. Wien kBRI 46 bh 86 Skl PacRb@ has at
| east one video output interface. ing these conventions, in a sinple ring
nost al | framtoae whthiesk fetomativammtisally theghwiséng shanldbed amrssagerfvine theferapves
chips. The specified directi,on of flow. s .only a.convention: LI ferent
embodi mettVet gmgggea?a[gfg?teﬁ?ut%g SOBYSRLigH e ‘?{%atreralal graepg%%s&? {r]?'e'?rn (gsﬂutél%ﬁ ain
both a Gkaekisasand nedIhesmheodiap se LoopLi nkl nput Port. On the host
conputer, graphics drivers generate graphics driver commands which are
sent over the host interface to a Looplnterface chip. Upon arrival, the
Loopl nterface i es these graphics driver conmmands, in nmany cases
generating a %ﬁﬁ@kyd@%gﬁg%% architecture internal nmessages to be sent out
fromthe Looplnterface chip through its various other interfaces to other
Loop chips. In one enbodi nent, the Looplnterface chi l.so cont ai hs at

| east one pr orﬁlil%l'ﬁﬁﬁtﬂ”é’%_l‘iﬁ & %t?tﬁﬁeq"%rsftglﬂ?‘f?aﬁuli”??tﬁ? ﬁfji_pb@ﬁ ¥1‘frcf_r°flm{}\?ﬂdch can
send a Eés%?esq{lh NS ﬂ%ﬁﬂe’f%{eﬁ%ﬁ§ 888 5e 8t nodirh t@Meing §tatelRRRIbinak BehRUKEST t
around the rrng that this LoopLi nkQut put Port connects to. In the sane
enbodi mespecifagsmudrid gsaphips poiinitingsordinethgcayenameaadditianahreadess atithis tilrcough

the LoopLinkl nput Par.t a.stream of Vi deoPi xel ssage h passed

thr ough ERFTHES Chareies Gt RereRtssy Sone cpRBTRBEETe bP% wi¥Behaa i o1
ener gy, aRnPesSst, R YetRAS bof HeQw@Sal ththsRfrmatiGiemBiriees, of ahangepEmgiscotid| e ganma
correction, additional video timng considerations, etc.) this second

st age woeHreent priinligeing (HteesX possi bl y post-processed) pixel data out of the
Loopl nterface as a video output signal out through its video output
interface to be connected

graphics driver primitive

The term graphics driver primitive refers to the subset of graphics driver command
messages whose member messages specify geometric graphics primitives and/or directly
cause any additional rendering at this time. Examples of graphics driver primitive messages
in some embodiments are those that specify all three vertices that define a triangle to be
rendered, specify the two vertices that define a line to be rendered, or specify the single

vertex that defines a dot to be rendered.

Loop

The term Loop refers to the graphics hardware accelerator architecture that is the
subject of this invention. Many times the phrase “in the Loop architecture” or similar
phrases will be used to denote this context. (Note that the current invention in its more
complex topologies goes beyond the topology of a simple ring structure, but the term Loop

is intended to include these topologies as well.)
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to a physical inmage display device. In at |east one enbodinment, there is no
restriction that the stream of Vi deoPi xel nessages has to both originate
and t er mwaetod/ostssdt he sane Looplnterface chip. LoopDraw 8CWDS0B9/4388680
PCT/ US03/ 08886 I n one enbodi nent of the invention the LoopDraw chip is a
Loop chip with a local nenory sub-systemattached to it, and at |east one"
count er-cl ockwi se LoopLi nkQut put Port and one cl ockwi se LoopLi nkl nput Port.
In one enbodi nent, this |local nmenory sub-system is conposed of dram chips,
al t hough any Isadptchliip e nenory may be used. This |ocal nenory sub-system can
be configured to store nore than one of several possible data types. One
possible type is frame buffer pixel and/or franme buffer sanple storage for

a sub-porti Onr@teﬁﬁioﬁjtsfch@efefefmwﬁit% chi9bEedesASE hdpat bype i S Storage
of a conplete replicated copK of all the currently active texture nenory.

Anot her 1pu>§@n¢31t61qnyqféhe Lgo;sang la@@rgfhl@npamfopélmenpd wpefedmolaopphiat ed,
copy of aII cu t actiwv ex i type is
SO o s BB B L GHOPI Rl R BRRR A L

menory. aﬁlaﬁidﬂﬁr arfipsSdilFb@nt dtidtonh 8hip ttﬁfeageneoilte&naa@ Biﬁb@dlﬁleﬁf e)@)albitiyaleﬁness sibly
replicat ed copy of all the currently active displ ﬁ%pl i st OEF articul ar

enbodi menly ashigle i ps\hat kpRbRES Itp 2 sWEleoiivR Reh 8 ﬁn%fé@%lﬁg. & {05 .
he fi h d Il
The | I’Sé néso‘gff.ﬁléﬁﬁﬂ &%O%m%;ﬁg)ﬁgg%éﬁbédlﬁ% ﬂ s that it accept S an i nterna Yy

process a ICS p packets that cone in its LoopLi nkl nput Port
that identify this particular LoopDraw chip as one of the destinations of
the G aphics n Loop packet. This processing may cause both accesses
to the | ocal sub-system as well as potentially cause this LoopDraw

chip to cr eatgo(gﬁqmgg paddi tional new Loop packets out its
LoopLi nkQut put Por ese new Loop packets can include DrawPi xel Loop

packets. The beapdmok@appost i onal responsibility is that it accepts and
internally processes DrawPixel Loop packets that conme inits
LoopLi nkl nput Port that identify this particular LoopDraw chip as one of

the desti nati PRsteah IlddpLIka Rl dpecipl wadike@tionalhigh speetEssp ¢ldp tcnnyopc ause
accesses to the local nenory sub-system_ The third cogut at i onal

r esponsi GHp detp intgroppaget Ip oag é@bﬁ’@m}fﬁﬂﬂiﬁ’ foephimky syppgeed By ko special sets of
standardized ic pad drivers and packaging multi-pin interfaces: the LoopLinkInputPort and

the LoopLinkOutputPort.

The LoopLink is used to transfer packets of data from one Loop chip to another
Loop chip. In one embodiment, the data transferred over the LoopLink should by protected
by error correcting codes (ecc) embedded in the transmission.
If a Loop chip type is to be able to be connected into one of the formal ring structures
defined by the Loop architecture then that chip type supports at least two such ports: a
counter-clockwise LoopLinkOutputPort and a clockwise LoopLinkInputPort.

A given Loop chip may not always be in a state where it can accept an additional
Loop packet transmitted to it over its LoopLinkInputPort. Thus, part of the LoopLink sub-
system should include handshake signals where a first Loop chip that has a Loop packet that
it wishes to send out over its LoopLinkOQutputPort to the LoopLinkInputPort of a second
Loop chip can known ahead of time if the second Loop chip is or is not in a state where it is
ready to receive a new Loop packet over its LoopLinkInputPort.

In one embodiment, the handshake protocol gates the transmission of a Loop packet
traversing the LoopLink regardless of Loop packet type. In another embodiment, Loop
packet types may be broken into several different sub-groups of Loop packet types, and the
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Vi deoPi xel Loop packets that cone in its LoopLinklnputPort that identify
this particular LoopDraw chip as one of the destinations of the VideoPi xel
Loop packwo.o3fsdeer mati on w thin a VideoPi xel Loop packet pamaisnsiosssmal
LoopDraw chip state define a filter center point at which the currently
defined antialiasing filter is to be applied. Any antialiasing filter has
an acti I L i I il

Coopor a afaR bRl WulaBtiicdbkitol o] Elonof MRt oPlbins AaRRD P o1 o
t he sanpligsa typattharék theuperhtiee of b aperifibufbfgoup BELoopepacket types wiuld hepl es t hat'
are both within the antiali]e}s' ng filter active area for 89 WO 03/ 083680
PCT/ USo3lowgad &0 trayresethr Lonp ’1“1‘(1 ter center point and also are owned by a
speci fic LoopDraw chip as the contributing set. Wien a LoopDraw chip nust
process a Vi deoPi xel Loop packet, this neans that the antialiasing filter
is applied tdddpitedaer i buting set to generate a partial convol ution
result. Specifically, this processing may cause the follow ng conputation
to take place: 1) Based on the specific filter center point, convert this
into sanpl e agddneSEBDinkd@ B WhiisTention i qpiitarirdhiciad Iavpeaiewithht t he

| ocal nmenory sub-systemto obtain specific sanple conPonents, 2)

Gener at iloast ofe beshiseifededar eweeting termthostrosmuter &yl akilsast Mt IPUeHe current

filter center i Nt . i jdentified by
the - sanprd aretintdph e 3RTREE oo SRR ATRl & Sl &
conponendmshddgaentf, rthelbbginterfacathipwizormys stibass pad eidedyutpheintofteé.i ci ent s
generated in step 2, 4) Partial  sunmatio fot esults o he

convol ut VRS fieshoanyenisens, et Sl@ﬁﬂ“ﬁ%mﬁftr@gég@ Wﬁﬁﬁé‘{oﬁ’e‘éﬂnﬁl Tcﬁfk@ﬁ(\yﬂs(feo Pi xel
L0oP Packfing #8dirck o%%%gm@giﬁg.%%%gye&ﬁe@ i EoB D B whiQ 8 d\kfavbiRigPOr {1 he

Vi deoPi xe oop pack artial results value'replaced with the
one conpdiffertnt embédimedt cadathese diffatent benvpatiatisaNot berhbadiments ¢omeindidth 2er o i n

sonme cases, usually if the current . chip is the first LoopDraw
chip to Cd?@%%%al’t “W%@Béf‘&lé? E%%E&J%%A LoopDraw chip may also from

time to time SpARLIRRERsEhYed BRPhRk Arivad ossttte @edphidsiasiveOithmakduiluh Por t
Fi foStatus Loop packets, based on any of a nunber of factors, possibly
if Kk based Tg nb

i ncl udi nage bertt onert the hestrinigriaes toraeoapiseiftceshir. Upen eftdrabdhe Feprlntsriage in its

various .i.nternal gueues,,. | I I . i
G aphi csSRPROFHEHDESEEEphc ggﬁvdﬁ rl%ﬁ‘t@v%g e @hﬁg%%sgg %%%éggtg%r "gll\ﬁ!hce B&PBst
time thigchieenkPs anerghl Pedtagesie bt s@itioubfrbmfthSLadplsterfacohip dukegh itd verius

particul ar enbodi nent, the |ocal paraneter values include sone appropriate
measur e etherinterigrescdarptlesr d9eB cBiPSt he 1 ocal ring that this particul ar

LoopDr aw In one embodiment, the LoopInterface chip also contains at least one programmable

video signal format timing generator, which can send a series of VideoPixel messages out
through its LoopLinkOutputPort around the ring that this LoopLinkQOutputPort connects to.
In the same embodiment, a second stage of this timing generator can accept in through the
LodpLinkInputPort a stream of VideoPixel messages that have passed through a ring. After
normalization by the reciprocal of the summed filter energy, and possibly post processing of
the pixel data (programmable gamma correction, additional video timing considerations,
etc.) this second stage would then send the (possibly post-processed) pixel data out of the
Looplnterface as a video output signal out through its video output interface to be connected
to a physical image display device.

In at least one embodiment, there is no restriction that the stream of VideoPixel

messages has to both originate and terminate at the same LoopInterface chip.

LoopDraw
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chipis a part of. Note that this neasure can be conpl ex when non-1 ocal
LoopLi nk connections are included in the ring topol ogy. Packet Loop
packet | rwDha/ogwep architecture, a Loop packet or just a PaTRESN3/IES3E@

vari able length <collection of bits that is sent by a first Loop chip over
a LoopLink to a second Loop chip as an atomc object (e.g., sent all at
once, usually all sent before any data froma follow ng packet is sent.)
The first Loop chip either has recently created a Loop packet, or recently
determ ned_l_th hmgoéav\oehﬂmﬂ;maﬁ lo€ thetihedntian ltha/Iembpﬂ)rmmchmriem@bp chipsxeit}meé@tal to be
sent out e 03/.083680 PCT/ US03/08886 firs t hen
send t heDeBery Rcwetenyitachekto if pad plgHT PR% BRHB 8[8‘1%’ “H(d,‘\ﬁtpuﬂ)ort

LoopLi nkj ARi P dicwde E%LﬁrﬁﬁﬂﬁﬂPéﬁ QR oR& bﬂﬂboa_ Rent @69 [Hiai—ﬁ@ﬂoﬁj"ﬁuB dyStehpe next

count er - ¢l ockw se Loop chipin the local ring fromthe first Loop chip. In
one enbadicompbsedfoftdnem chmrs,eeﬂthloogh anmltahi@mamwmméoecmp@ may i nstead send a

on.of - anot hl e 5T REER B heR: Gorhs eRDEMES FhBER: oot R pifer

header @&B%d&@%@@tt)n%s%my& s Hafh b RO PixRP&IRSr ftamdbyifdedmplt 0 two
groups. The first "group is Eacket header, i ch in _one enbodi ment. may
i ncl ude storeke fqrfacﬁugmqrw efithp sutice framerhyitier. Anpikaripassible iyners siorgeios s, and

| Der ude &%E?%?%arﬁ? oh ST SRR Ry R B pn SRBARL SR BEY

be sanplgdior aaiesl, suttmislyRepiRhtet Occopgropla ties asmatth hytiveGeaptd me@oryrand
The term G ap |cs mrand refers to the set of all Loop packets, whose type
of LoopAlp%ﬂii l‘el?osﬁlb tiype tsrsseregqiofiycomnlets or nudiak %Pd?éf of ﬁwicse%* y-ghtive dextige

i ndirect t he
host corrpul?l Aﬁ%féheé?’ g%%@%%%ﬁ%&%%ggt? éS?‘hE%g"‘L"r ? gss:i'fg§§ﬁﬂr%§tle§:b§§% into
two non- @ﬁ/aerﬂhapﬁiragly aotilos @isplayflistsoop packet s: Graphl csSt ate and

G aphi csP t
annglr g;hlr Lrsn p],ql %Smlaglg]gﬁprpqugmgpt the e ﬂo%g)gsaw cﬁIB hag ﬁlree complitatlo aIOhI csState,

responsibilities. The first computational responsibility is that it accepts and internally

process any GraphicsCommand Loop packets that come in its LoopLinkInputPort that
identify this particular LoopDraw chip as one of the destinations of the GraphicsCommand
Loop packet. This processing may cause both accesses to the local memory sub-system, as
well as potentially cause this LoopDraw chip to create and send additional new Loop
packets out its LoopLinkOutputPort. These new Loop packets can include DrawPixel Loop
packets.

The second computational responsibility is that it accepts and internally processes
DrawPixel Loop packets that come in its LoopLinkInputPort that identify this particular
LoopDraw chip as one of the destinations of the DrawPixel Loop packet. This processing
may cause accesses to the local memory sub-system.

The third computational responsibility is that it accepts and internally processes
VideoPixel Loop packets that come in its LoopLinkInputPort that identify this particular
LoopDraw chip as one of the destinations of the VideoPixel Loop packet. Information
within a VideoPixel Loop packet and internal LoopDraw chip state define a filter center
point at which the currently defined antialiasing filter is to be applied. Any antialiasing filter
has an active area relative to any given filter center point. A specific LoopDraw chip owns
and contains in its local memory sub-system a subset of the samples that make up the frame

buffer. Define the set of samples that are both within the antialiasing filter active area for
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sets of Loop packets. When referring to a un-naned Loop packet from one of
these sets, mathematically the phrasing should be "a Loop packet fromthe
G aphi csGuomansBekoop packet set”, but by convention the @CEFArSes/08886

G aphi csCommand Loop packet” is used to nean the sane thing. Note: there
I's a superficial resenblance between the sets of possible nessages sent by
t he host t | t.on, . the
gr aphic sthg (ralm\%géﬁﬁgeg %%%5 Cﬁréttr %8 ha:&?sag% ?P@éedr:&éfp géegﬁ?%ﬁ%%g}% %lﬁ%ség é}rl? ver
primtiveonmessagest. Vénoh 4 heopddtw ohfp mpsipsodekea VidepPpat kedspakeathed by a
Loopl nterface, chip, the .G aphi csCommand, 91 03/ 083680 PCT/ US03/ 08886

G aphi ¢ SPGB P Dot LR RARE SOV R B d be
consi der gdyvBlutio8 FBYt. SpddificatllyMntsdirbdestilg thaR@htideqH BIlloVTROIMRAAtion 181 S 1S
not required. Indeed, in many enbodinments the si ngl:ie_ host conputer

gr aphi cstalie plage: 19 d¥asedoe theeperifia fiffenesinter goimplvionvert tig it sapilgreddressesressage

that would in turn cause a Loopl nterfa chi not just t nerate one or:
more & aptireere i Fe b Tl aRlab g NoB feheb b 0 b

G aphi csgpesifR satap@cdd@sdnehs, Pab&Rtdtiahloy chiluthafcoefictmt ftécdted With both

G aphicsPrimtive Loop packet is generated. For conpleteness, in one
enbodi methe curent fFiss canter peivle ardihs sampls locatiepselthe samplesiterified ipihepacket s,

so t hese I ' d t

of Loop. HRREpRAEKE Sor bl o'l ) CoRPoIIREPEE Sufile LoifoorARMSRSHIR IE °0

of G aphioccsiGaemsincsubayptepenkiat soeffibiess gererbied il siop2pgdieetial soinangenof nodify

br 1 4| Vi TeGF Doyl e VR hRATA eI ke oR g 1 Lppiage!

Exanpl esy 9f, ARRNLES 5 SRl LOROBCKAIraw dhi ABep EIHROM RIS 1RV dEdI9RE tO set
col or r% nt P

the current , or set one of the cur ransformation matrices, or
change abpacpzkef withéheqpartiamesultamalna képdesied githi the ensconGrughinctdprd. até ve  The

t Graphj csPrimti f th bset of i csConmmand k
whose notpbmersip! et SIEhEal foroat st Pes Gruthit deErRm R D aRangr " ©
di rect! yisGRYSES: L@B{%ﬁ’a‘i&d&ﬁiﬁ %‘?‘océ@ﬂ(&Vid@&Pi&él LdpSpakkdte. Exanpl es of

G aphicsPrimtive op ﬁacke s in sone
A LoopDraw ¢

ip may also from time to time spontaneously generate and send out
its LoopLinkOutputPort FifoStatus Loop packets, based on any of a number of factors,
possibly including but not limited to: the amount of free storage remaining in its various
internal queues, local parameter values set by previous GraphicsState Loop packets, and
how much time has passed since the last time this LoopDraw chip has sent out a FifoStatus
Loop packet. In a particular embodiment, the local parameter values include some
appropriate measure of the circumference of the local ring that this particular LoopDraw
chip is a part of. Note that this measure can be complex when non-local LoopLink

connections are included in the ring topology.

Packet

Loop packet

In the Loop architecture, a Loop packet or just a packet is a variable length
collection of bits that is sent by a first Loop chip over a LoopLink to a second Loop chip as
an atomic object (e.g., sent all at once, usually all sent before any data from a following
packet is sent.) The first Loop chip either has recently created a Loop packet, or recently

determined that a Loop packet that arrived from somewhere else needs to be sent out. The
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enbodi nents are those that specify all three vertices that define a
triangle to be rendered, or specify the two vertices that define a line to
be renderw0.o38xme®i xel A DrawPi xel is a Loop architectur @Cramsp3/pssket t hat
can be sent over the LoopLink to a nunber of other Loop chips. In one
enbodi ment, LoopDraw chips are the only type of Loop chips that perform

any procgessd i : 92 WO
037 053680 RerP UL UELER IRy PR b vel ROPoARTSORUERE e C 'Ot ng
and destlicopLinkinpui @t ofdhie econd 1BopwkipxEhe sdconpLpaje &ep 35 the mextatoantei-ne i f and
how t o pass the package on_ thyough an f or all. t he .
LoopLi nké&skpasepaiopshimisy the H%—’)’a{c‘i‘l‘i‘%ﬁﬂ’&ﬁﬁﬁgﬁé£°?$°@HM§mWW?ntPﬁgleonI y
Loop chiipGertiBALlh Eg%@rfdc@kllng r5dyLiakiBad AAWRIDHRD PaORR oREGlAY DS BE SevePAPDr aw
chi ps. I'n one enpodihent, DrawPi"xel Loop packets are created by a LoopDraw
chi p oninpndsca odipuebboplaskd to anf onp pbawslissr dgopintgsfrice skip mian-lpeallivpy packet s
t hat ha\ﬁa bien recei ved by the sane LoopDraw chip. The destination
i nf or matY®R-HHSt he Loop packet header of DrawPi xel Loop packets specifies
whi ch LoopDraw chips are to process this DrawPi xel Loop packet. In one
enbodi nment, the destination information is specified by an integer x and y
screen space pagkstéleadaddr ess, and the destination Loop chips are the one or
nore LoopDraw cfgétps fog(‘glt contain sone or all of sanples within the
speci fied pi PEPECUPRAYQA0t her enbodi ment, the destination information is a
mul ti-pixel region of screen space. In yet another enbodi ment, the
destination information is a sub-pixel_ region of screen_space. .ln still

B st

anot her  enbobhersia Withme keap pckefds fiviiediiga (e &OWRi EOPR Ak via a
nore gener .chi = i R&haR i ot directly
encodedrlfaegaér’ gvﬁ Bﬁﬁgggrerggggg%p%rg}é\k/{%??tegﬂﬁ one gg%g%j?%}tﬁ% l,eﬁ%g’opDr aw chi ps
mai nt ai ndestimttienrinformatiors khd)ypst Biesedatdgvpis packét papleadisehich i @®r ry out

rendering tasks that. afe assi.gped to it. Some.of, .this state is global,
e Gt aEg nghOe RGN i RO NER 1 BB IR BN R B B her
state i s,d Qfilled, ¥ 4 Dido otltpht SHEMb oaRYetOsséhBlye specific to each possible
source LoopDraw chip that m ght send packets to this particular LoopDraw

chip. Both classes of state are nodified by the receipt of DrawState Loop
packets.

GraphicsCommand

The term GraphicsCommand refers to the set of all Loop packets whose type of
Loop packet may be created by a LoopInterface chip as a direct or indirect result of

processing graphics driver command messages from the host computer.

The GraphicsCommand set of Loop packets is sub-divided into two non-overlapping
subsets of Loop packets: GraphicsState and GraphicsPrimitive.
Note: The three terms GraphicsCommand, GraphicsState, and GraphicsPrimitive all refer to
sets of Loop packets. When referring to a un-named Loop packet from one of these sets,
mathematically the phrasing should be “a Loop packet from the GraphicsCommand Loop
packet set”, but by convention the clearer “a GraphicsCommand Loop packet” is used to
mean the same thing.

Note: there is a superficial resemblance between the sets of possible messages sent
by the host computer software to the graphics hardware accelerator, the graphics driver
command, graphics driver state, and graphics driver primitive messages, and the sets of

possible Loop packets created by a LoopInterface chip, the GraphicsCommand,
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When a LoopDraw chip has determned that it is one of the destinations of a
particul ar DrawPi xel Loop packet that it has received, and knows that it
shoul d pewbDwmB8368®Ne processing on the contents of the Dr &aPiuses/ odseop
packet, it does this processing in the context of the global and | ocal
state maintained by this particular LoopDraw chip. In sonme enbodi nents, at
| east o . e p 1Std i+ & at

mai nt ai @a@%ﬁ%ﬁﬁ%ﬁd&ﬁ%@é@%@nﬁ@@%r%g %%k?tg. ﬁggfpe t%%rggg?ig btfgglé?%%Bl? romthe
sanme send@untdIWein3dri8acaRrRATr80RI 888 hislipopPequiradhindesd it anpne t hat

subsequent|y. sent the wPi xel Loo acket that now is .processed. This

| ocal steathediaenis E’Sﬁf"@%ﬁ@&?m&@ﬁm %f}ép}g% eé\ﬁf’@‘ﬁ?rﬁ S& calsllﬁg)%e gﬁ?ﬁ’rcﬁati on)
ay 1In o MivethQEAR! thARy AR BSRM Yauk®a I8bSMEPiRe @hiﬁ&l@@ljlﬂﬁtb%eﬁ%tepf
frame buffer sanple addresses (and thus the associated sanple |ocation and

sanpl es)onewnswhrbraghicsPpaitiveloarpackegaibt also ehigsate gmupthics pf Grapbice®sisondi ng
set of sanple ¢ onen should be .c t b I rfi ..LoopDr aw
chi p. Tﬁé’é’ PAGHHT Otglgfﬁ%%'rpéﬁtf Jéeﬁﬁ a}ndta%[g}r::%ﬁ?rﬁghel Pterlisi!Ill %H@S@ﬁ ?#He(g{]fsnput s to a
condi ti gRabragANpP! € update function on the sanple address associated wth
the wvalue. Wich conditional sanple update function w ]|l be applied may
al so be part Isi completensesain eng embaskimendtthe Laoplpteriasseldp #isAEESHES (sendi ng

LoopDr aw,.ghi ecif] articul ar
dest i nat T GRsSRER e Ehsth ¥ HesT LALE pRECE ARG e b B0 ot o
frame bubfaphics@smiandsdogises paskessd by this particul ar destination LoopDraw
chip includes three screen space subpi xel accurate point |ocations that
forma triangular shaped region. The sanple | ocations within the interior
of this regi Qi Bhes@hicdi bl € to becone nenbers of the candidate set.

Addi tional local state information may be present to distinguish the
inside fromthe outside of this region, and to resolve tie cases for sanple

| ocations th | i e exagt.| n_any,.of t hree ed ' | e, as
well as tie c eetgn?gﬁaﬁgﬁﬁ%ﬁgrﬁ%%%éq {hg ﬁggﬁeﬁgf &gp@mﬁ@é@ﬁa@tﬁ%gﬁ é%%e}%s anpl e
| ocat i onyRsse YRl Uo'@ﬁ ph&lfe@ﬁc}ﬁﬁ%@&rknwi@sﬁ&nd&ﬂ_@ﬂtaﬁej bR d6 tibBthemplia

| ocations that formthe triangular shaped region. Variations of these

sanpl e swecifiegenmtric sypbisa PaRTtivRss dipdlramasany additipnpl 1sadgsmest s Hge: | i ne

segnent antial kased l.in : i al i ots,
e e | el O RBE BT oo R RREA g sk by Rl Bl AR THAPRS St chBnt
color, or set one of the current transformation matrices, or change aspects of the current

antialiasing filters.
GraphicsPrimitive

The term GraphicsPrimitive refers to the subset of GraphicsCommand Loop packets
whose member Loop packets specify geometric graphics primitives and/or directly cause
any additional rendering at this time. Examples of GraphicsPrimitive Loop packets in some
embodiments are those that specify all three vertices that define a triangle to be rendered, or

specify the two vertices that define a line to be rendered.
DrawPixel

A DrawPixel is a Loop architecture Loop packet that can be sent over the LoopLink
to a number of other Loop chips. In one embodiment, LoopDraw chips are the only type of

Loop chips that perform any processing on the contents of DrawPixel Loop packets, other
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An al ternate enbodi nent contains less information in the |ocal state data
context, and instead each DrawPi xel Loop packet explicitly contains

i nf or mat iwo oBlsdss@l | ows the candidate set of franme buffePCTarsps/essseldr esses
of all of the destination LoopDraw chips to be determ ned. In one

enbodi ment, this information is a string of bits for all the sanples

i t hi t d I
Loop pad I SRR R ERD pRRBG IS R A S B b RGP
associ atlesbpyalcRets,rtametebufica s ancslmwotoepaadﬂreqmsmemnhmuglem)b(yfd:rtmiusafpmt| cul ar

LoopDraw chip, a bit value of '1' value_ indic s that fra fer sanple
addr ess feoplénigantputbaris hat e chipamayhicq 4p ang gt 0‘§m&m» %F EE?H &“ES that

i ndi cate urn to
he. pr 1B B e IR e e o
chip tha]t)rawd)mnﬂembopqnadmnmreer@md}ﬁyea h@nﬂrmrwbs) dndy asadpéat résubafi ons t hat

ComponerBCesE e oAU b 6P RaER RS hott b Leube e odoe or

each co lent. One possible nethod may be to use a plane equation in
screen space subpi xel accurate x and_y location to conpute the value of a

conponent of Bhedgstination infpraiatienistheplep pekst hasder eyPrawiPiied Lopgppakeats t he
|nfornat|on tore bethat
val es BoERe Mk Rer iy s A5 AP D A A R RS T (e
z-depth Mﬁlbdtﬁm@ﬁt thesBihRioniigfonpiticaniakpecifiwdydneidteicer + mdsy vayen spact her

nmet hod for corrputlang a conponent val ue uld be to t ns“;&t constant
val ue frjupipddtesprangile desREtonIRAPEREPS 365 e GRe 8F MoK OTE!E'%F

packet . écﬂltaﬁﬁ'@o eRPgi B‘f‘?&m pledRithiadne e@ﬁi@d glﬁletl'% aﬁ&ﬂelpé?ﬁﬁdd@th&’ntaﬂhléha val ues
of conponents of a sanple "are option uted in this way. O her

met hods clle{stlnatammmnagowtsl amlteplxs]aﬁglbe of, mrpﬁmwnces IJalyet a@oth@emb@dlmn'and
possi bl e I.nt er pol a ata fr.om ot her ousth recei ved

Dr awPi xelhe g 8’&9&4]? %{Wﬂ”ﬁf‘ﬁ@? pB‘FE rglc%?sqfﬁcre%m?ﬁ? i s possible.
Clearly é}ﬁyod?ﬂf@ﬁﬂhe%fet sh@@,anét%mmogteﬁﬁ)sgwé cﬁi@ﬂ@iédﬁ@ﬁ& éé{leraﬁﬁbq&‘&lﬁﬁ
individually for each sanple conponent, and thus m xed in any way.

Vi deoPi xalb-grauyiabebmg mbhamsnath_abtsploadtrmtb’eﬁwmeé asaopdpsikesssashat  can be
sent over the LoopLink to a nunber of other Loop chips. In one enbodi nent,
LoopDraw chi ps and Loopl nterface chips are the Loop chips that perform any
processi ng onpifiestaent ents of Vi deoPi xel Loop

In one embodiment, LoopDraw chips maintains internal (on-chip) state data that will
be used to carry out rendering tasks that are assigned to it. Some of this state is global, e.g.,
only one copy of the state is maintained per LoopDraw chip. Other state is local, with a
different copy of state specific to each possible source LoopDraw chip that might send
packets to this particular LoopDraw chip. Both classes of state are modified by the receipt

of DrawState Loop packets.

When a LoopDraw chip has determined that it is one of the destinations of a
particular DrawPixel Loop packet that it has received, and knows that it should perform
some processing on the contents of the DrawPixel Loop packet, it does this processing in
the context of the global and local state maintained by this particular LoopDraw chip. In
some embodiments, at least one of these local data contexts is identified as the one that

maintains state data received as DrawState Loop packets received from the same sender
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packets, any other types of Loop chips that exist wll process the routing
and destination information in VideoPi xel Loop packets, to determne if
and how twopa®s3eBihe package on through any of or all of ®P#/US03/08886
LoopLi nkQut put Ports the chip may have. In one enbodi ment, the only Loop
cEips that can initially create VideoPi xel Loop packets are Looplnterface
chi ps. en Vi deoPi.xe L1 bt Yy be
subj ect & pD%% Srhal t%er %%égggfsﬁg&gﬁgﬁt%%ﬁﬁhgg ?Jgﬁ&%g“g%eﬁ 4%!( QLI ﬂslétsné) %baok out
from t herb@ggdad aw chip. In one enbodi ment the Loop chip that can consune a
Vi deoPi xel Loop packet (e.g., not pass it on) are Looplnterface chips.
This does not always happen in some cases, a Looplnterface chip mght only
route a Vi deoﬂﬁﬁ%caf‘ﬁgcg dRBCSRlext 1%5e E&@Drﬁw Dl SEBRE $hbrmatidn) Eadfy T St
Loopl nterface chip i1s determnes that the first Looplnterface chip s the

i nt endedn8ad¥\EOBIGEBE8H nBEEAUEA 31888 6e a bamiadatelsed OF frame dnffef samplé deoPi xel
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oopL nitparearad e hiF utrELaRate jaerionartmplet oTbeLbhim feutn
conput ati QD cHlpRE Whekh anccirfé@%&l\d 468bf Sepl BnginchReh6daBY coMphiRaul t s
out as a video output signal through (one of) the Looplnterface chip's

vi deo ounypihis pantiewfrdewpByraw clupf Bigisasuspitisempensntrivilbibenbe ysedesomneedtheo Loop

packets that are ner at ed b opDr DS . i Sm

P evi oustpiSe FrBERcH Eaplg beibBE ArIsEh O sl hEHER s G RRNbE T,

event ual yatue: Wisisheshdition«d ephpit apliae Guetbpwill bhapigiedmaty Adomeysarbof théie fir st
several Looplnterface chips encountered by the FifoStatus Loop packet. The
LOOE paflﬁéalffg&%ﬂoﬁ%t-cont ained within a FifoStatus Loop packet that reaches
a Looplnterfac 10 4k [ A . FoNN ce

chi p's nodel %foqjte%g{ H%rd erﬁ %rﬁ’lotbg E‘%&Q‘#?ﬁ’?ﬁ?g‘f %%lwtg ﬂ%ﬁﬁic&l)%%} %t\l?v%?%#{)&? F\%‘?

gener at edorei@n i fagtGinddrdestiratipn lacpetavt chip pecsesy toadeferhmmpthpaekdidstewhi ch

t hat Loopl nterface chi lght int future consider.. di t 0. t hat :
Lo e el DBt b i BTSSR B 2y
chips.  ftfdeSthpR! frdehR a&]ﬁ%ﬁﬁﬁiﬂélra%ﬁrﬁﬂz pOhe mocﬁméﬂs_ mafﬂaﬁhc‘a&ﬁaagﬁlmh@ed

accelerator 1s built out of Loop chips, in the sinplest
region. The sample locations within the interior of this region are eligible to become

members of the candidate set. Additional local state information may be present to
distinguish the inside from the outside of this region, and to resolve tie cases for sample
locations that lie exactly on any of the three edges of the triangle, as well as tie cases for
sample locations that are exactly the same sample location as one of the three screen space
subpixel accurate point locations that form the triangular shaped region. Variations of these
sample set determining context data and rules also may be present for line segments,
antialiased line segments, dots, antialiased dots, large dots, as well as geometric regions
more complex than a triangle.

An alternate embodiment contains less information in the local state data context,
and instead each DrawPixel Loop packet explicitly contains information that allows the
candidate set of frame buffer sample addresses of all of the destination LoopDraw chips to
be determined. In one embodiment, this information is a string of bits for all the samples
within the designated screen space region associated with this DrawPixel Loop packet. For
a given LoopDraw chip, for bits from this string that are associated with frame buffer
sample addresses contained by this particular LoopDraw chip, a bit value of ‘1 value
indicates that frame buffer sample address is to be a member of the candidate set, a bit value

of ‘0’ indicates that it is not.

94



case the Loop chips are connected in one ring - each Loop chip has its
LoopLi nkQut put Port connected to the LoopLi nkl nput Port of the next clockw se
Loop chi pwoion/os3seo ri ng. The Loop chip types used to const POTIUSHINESS6 i ng are
some nunber of LoopDraw chips and one or nore Looplnterface chips. Certain
i npl ement ations of the Loop architecture place sone limts on the exact
nunber s of 1t Rig n8@11tﬂﬁ]toq}ﬂé SrR6S Bf teFhing 1Mal gta@%ta%nte&?bﬁ!ﬁﬁitticﬁﬁrt he

di scussi on here an QS 'hbent i on does  not contenpl ate any particul ar
nunber dfoopDirgs chip thatliooged td bamputesasplechinpenanrts farlshmplerioetivasithabget her

into a circular_|loop...In this sinple cases, .t only .chip interfaces not
f or mi ng THeROS H@théﬁﬁ%é‘l‘tfa 6‘??3?\3!3@1”?1?? CeRPgRALS ’inﬁﬂ@F Hfurlu%@? F%FE‘B%“CE} ’ H{epfe one or
mor e LoqRh ik @aRitioh aBSut o wl R ofdple thé DEub @Rk EdhRiRnC Nk pagsble
interface, the 96 WD 03/ 083680 PCT/ US03/08886 Looplnterface chip video

oEt put inrg‘ttg@d BIeR be dmuscamylanoepiatioe bf sseeenchiqs sybpixElasanrateoopid nlecaten tos (i n
t hose enbodi ts that includ h ts).. -chi h b
ot gnedoapuinae Tk or a-iphidy PhE e htd it SRS oGl kR s e te2 PEPT,

functi onatihéd e REStnGSioh afodiineh @6k ehipradad ktatel datd dubitexoWoakd bethatay abibs
graphi cs hardware accel erator built in this way out of_ one rin stru?ture,

t hedt er rafithawpefigients forithispling eguation; Hyonsrenghqdyaentihe zidspih \ePhas s er to
a 3d graphjcs r t [ ' : ' '

2ol o P RGP cBRRLREAE b fag Rlohihliod R E¥ARGN 4 Rcipdff Yiuds 2

Si 1Pl riagd bk eSjabt iberga Bawus ealnoteneptioal e prckeofasidudpartivetthan i ncl ude
addi tional connectivity gptions, in and out t Loopl nt er f i ps,

nor e porﬁllaéﬂ’?lé@ﬁﬂéé?kéﬂ Ig@%‘% ergbodigispt & 154 z‘%ﬁ?{l» Eg‘e’ ‘;‘? ¥ RPS@%LVnggf?s‘g?Hﬁll‘%s as
functiongly, %oﬂ%@gféz%nﬂﬁé RS Rio RSP RIARA & thR3hyl Offer bitehcsi®! € ring

configuratio wever, in these nore conplex casés there is still the
concept winmtingvalues of sagyplewemponeistarofonténapleisdand possiloflntetmolationddr i ng

process proce n a iml t h th ' inple .ri

Cont  gurBehgas iy hesibdy PR PR e Ao fa i ShEPE oL,
sonet i Megnigh®dd Jai1ési i PossitRé. &18arlyParyutRimbeh 8f theQicairidics @6hld conditibpsilyt hat
make up the | ocal ring. ring traffic Wile several exanples of ring

connect exlesteddndividiugBy En¢ad: samnip geraponspt pdghusppixed in any way.

VideoPixel

A VideoPixel is a Loop architecture Loop packet that can be sent over the LoopLink
to a number of other Loop chips. In one embodiment, LoopDraw chips and LoopInterface
chips are the Loop chips that perform any processing on the contents of VideoPixel Loop
packets, any other types of Loop chips that exist will process the routing and destination
information in VideoPixel Loop packets, to determine if and how to pass the package on
through any of or all of the LoopLinkOutputPorts the chip may have.

In one embodiment, the only Loop chips that can initially create VideoPixel Loop
packets are LoopInterface chips.

When a VideoPixel Loop packet enters a LoopDraw chip, it may be subject to
internal processing and modification before it is sent back out from the LoopDraw chip.

In one embodiment the Loop chip that can consume a VideoPixel Loop packet (e.g., not
pass it on) are LoopInterface chips. This does not always happen in some cases, a
LoopInterface chip might only route a VideoPixel Loop packet, not consume it. Alternately,

if a first LoopInterface chip is determines that the first LoopInterface chip is the intended
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in conputer science, many nore exanples of interconnected systens are based
on nmuch nore conpl ex topologies. Thus, term nology as applied to Loop
systens maplwg/ogmsef ul |y defined. One general concept fro®CEArspyoss86 sci ence

i nvol ving connected systens is traffic. |In sone definitions, traffic is a
formof the measure of how nmuch of the avail able bandwidth at critical or
speci fi 5 tHoPBR1 NG 5ackBt febLif tohe b1 f@NNect ed

el ectroﬁ?%azﬁp%ﬁ%ﬁéﬁgg%ypﬁoer sys%gér%1 A relaft:e C ncegt I's that of bus

traffi c, Lasplapiihieachip’s LebpkinkbiputP oatscthe opp parkes wil basubjach tir sonze imtemadr  of
sub-systens may all share.a _single dat at.h. Bus traffic is sinply any
val i d’ corfFRniaiion; ngl?aéﬁgﬁﬁ thy eé%]étu@fpe{l%pg Oiﬂjfrcé’ﬁlpﬂfifg.re%ts\ﬂgﬁ %@%80
PCT/ US03/,08386n. Con&idhBae bfg {BY B e ARV QLY S AR5 oltplt [ntdiehesigypt em of this

invention is, one mght talk about a ring bus, and the traffic on the ring

bus. But there is no single shared bus to be talking about, technically

the only busgﬁ. tesent are all the unidirectional point-to-point

interconnectslg &N different Loop chips, and thus the concept of ring

bus traffic is ill- defined. However a nore general concept of ring traffic

can be usefullﬁ defined. On a given sinmple ring or local ring, the traffic
¢

over any speclhq ermdisioSiatus refrsensdo beor pagketstthatarg generagerypy LRl aw 408 Thus,
t he aver r [ i ngl Ly [ ' ' f what
2 g0t netenehife ey @iEf p O derlrtRR-itheluBRRE ARMAN, T8I SR8 M0
ring baadeieithalbasonbeme®eby hedplusirfage tHips, slowgh sibatlivays bathedirsfuseearals. Wt hi n

this concept of ring traffic qne cap. ask i ch rtions of the rendering
conput at eppdnterace upesgetHgredLythe Elf%fté?f@%ﬂ%pg i at a given point in

time. This trafd Ls%gﬁ%ﬁgﬁq%ﬁ%%ﬁgiﬂeﬂ withh g@if@ﬁtaﬁﬂi@oﬁ%eﬁ@ﬂﬁ%&%ﬂes@ ed, or

as the percentage maxi mum or aver age) andw dth of the ring.
Di f f er entospdntedfess dfip ismftértiallyiusdsd to uptate 3aht doaphitartach ehigisemedel efithsr

eed.  or R v SR onyt o EhaShonfaf odhul FpBhbidePar s "
parti cul flocés8 raﬁ? LoBS padketiuhich il Loblhicpfab@elas migitiif tofutire Borider he

docunent” characterizes the performance envel Oﬁ)e of sonme of the
sending to that particular LoopDraw chip, relative to other possible destination

LoopDraw chips.
ring

simple ring configuration

When a 3d graphics hardware accelerator is built out of Loop chips, in the simplest
case the Loop chips are connected in one ring — each Loop chip has its
LoopLinkOutputPort connected to the LoopLinkInputPort of the next clockwise Loop chip
in the ring. The Loop chip types used to construct this ring are some number of LoopDraw
chips and one or more LoopInterface chips. Certain implementations of the Loop
architecture place some limits on the exact numbers of this chips, but these limits will not be
relevant to the discussion here and the invention does not contemplate any particular
number of chips in a loop.

Thus, these chips are all connected together into a circular loop. In this simple cases,
the only chip interfaces not forming the ring connections are three additional interfaces on

the one or more LoopInterface chips in the ring: the LoopInterface chip host interface, the
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comuni cati on and conputation aspects of the Loop architecture. This
characterization is done under and scaled to a specific set of assunptions
about thewpesfssssmnce of other conputational parts of th@CILamsp3/08886
architecture. These assunptions are not specific engineering or marketing
goal s; these assunptions are just an exanple set of conputational

capabi | it j ey : ' o) ' that will
R R R P 3

i ssues tpoatd €mcthbsel emiddéméetts that archidetsac ports). Assunptions Let us assune that

of 64" m |11 ol i LEPSTHRIEoUE BAPE CeRPRao L oF SR Io A RE ) PO ERpl o

per 98 A3k 0330 A% M-RdABR 00GRhiaarRRre AikdIsAD:. P4 aRABSteRNSrd s€d on 240

mllion Pi"xel Loop packets per second. Thus, for a sinple rin
cont ai nigrgphi6 haodpdeancaérates builhia thiggraygat of piexslg siivades, thatern ringubiérve 1

gi gapi xel s, .shaded r..sec¢qn t he regat e pixel. fill rat 1
billion?t Eliﬂﬁ 8P§“B%BF§IEB%%W?%¥“ ‘éseggﬁ%%ffglg‘aé‘§ i%%ﬁ“%sfhai‘%‘ya}re gﬁ%*%ﬁégg‘a?@teo

out put  5h@RAyMhid&eay 9B EInMIX eng coafi@irawni. Thee 248soragagine sfeped teacond.
These throughputs do not take into account any time taken by |ess frequent
t asks sucHm@le ket ure | oadi ng or texture copying. Perfornmance Envel ope

G ven the assunption above, Tablel shows the relative perfornmance increase
possible in Loop architecture based 3d graphics hardware accel erators as
the nunber oflocdlemgDr aw chi ps used increases from1l to 64. For each nunber
of LoopDraw chips, the performance is shown at two different sanple
densities. The colum | abel ed pi xel shader power is a neasure of the
relative Conpé&?éh%eyso%e erﬁﬁﬁihﬂ%ﬁ‘t@gf Eﬁ'@ﬁ%nt%qgéla&@ adlfitidhal &Snk&Ay opRioRs X el
shader power conplexity supporte y 16 LoopDraw chips arbitrarily defined
as 1.0. ifhadaat ofthe Anopinterfite phips | meth adeaplepbyiwomneaeflisateef Iadp| chipsropn be

dependi ng on. the details of rticular application..For me. .

apbl i catFERES ans yiableck dinsopAlBrEagics BraTBR arcqerg Bty wi L RS pwigainee
usabl e, QhlgliratiBR bW &I dr GRThd¥B YNN8 BEmbRx Wadks tifad 14IsaH thdisdhcas diasedur al
textures or procedural geonetry that could require nore than 1.Q of pixel

shader powe whempestiaftecondratipng of theaprdesiag poroesiarracqed i a Wayy ey Sidlds ohas
shown t hl?(;[w alae%o%n simple ring configurations. In this context, referring to the local ring, or even

sometimes just the ring, refers to just the Loop architecture chips that make up the local

ring.

ring traffic

While several examples of ring connected electronics and/or computer systems exist
in computer science, many more examples of interconnected systems are based on much
more complex topologies. Thus, terminology as applied to Loop systems may be carefully
defined.

One general concept from computer science involving connected systems is traffic.
In some definitions, traffic is a form of the measure of how much of the available bandwidth
at critical or specified sub-systems (called nodes in this context) in a connected electronics
and/or computer system.

A related concept is that of bus traffic, as applied to electronic and computer systems
where a number of sub-systems may all share a single data path. Bus traffic is simply any

valid communications taking place on this shared bus.
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densities less than 4 do not add much quality to rendered inmages.
Furthernore, while rendering i mges at sanple densities of 8 does produce
appreci abwg obesicer quality than those rendered with a samrprasdeesssey of 4,
i mges rendered with a sanple density of 16 or nore are nmuch nore likely
to produce pleasing results. Simlar quality trade-offs exists for
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two different renderings nust also be perfornmed sinmultaneously, this wll

al so place additional shared resource
Performance

This portion of the document characterizes the performance envelope of some of the
communication and computation aspects of the Loop architecture. This characterization is
done under and scaled to a specific set of assumptions about the performance of other
computational parts of the Loop architecture. These assumptions are not specific
engineering or marketing goals; these assumptions are just an example set of computational
capabilities for a particular embodiment of the present invention that will allow an
understanding of how computation, chip count, and bandwidth issues trade-off in the Loop

architecture.

Assumptions

Let us assume that in a particular embodiment a single LoopDraw chip has a pixel

shader rate of 64 million pixels per second, a sample fill rate of 1 billion samples per
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constraints on the rendering performances achi evable. In sonme enbodi nents,
going froml to 2 video output signals on 2 video output interfaces

requi r es WoIB/08¥68G¢ he resources to be divided between theP¢irdso3/;ssput
interfaces. In one enbodinent, this is a sinple halving of supportable
physi cal image di splay device video resolution and/ or supported rendering

frame rates,. or.in SonNe cases ixel .shader Ir. hi s
portion 0] ?Or{dh 8“‘11%3&}?%8%‘?55 ajé(i iereld 5 552)2@ 61}}@10&%@%(2@%@01&? %J %%Pkégiﬁégfs%gon-aﬁh d
const r ai THiS, fo@ A sinisie kRgRopAGKEE $6 LoepIdiaWdhipdthgugpicaae pixdl slaplepagket s, and
the inplied fifo buffers for Loop packets traversing the_ rjng. via the
LooELi nkvoHd bad sizarienlnehededpersgeonds e aggreentspeiel fidatepequld, pe ?BHh?ﬁ a Loop
Packet [ ~packet
is defi #ggel e‘g%é%ﬁgg?fg 5%%/6:&?%%{9 hyicigﬁlaggﬁ%\ﬂ&%df&gfut%ﬁ | YRES Hrfhat BpBE " (2L
i nsi de aofteoneult bop46 higgapixels par scoopd. i Tiese throtghpirtssiod®t tfkeantotaheyuntagp chi p
as an atomc object. Afirst Loop chip has a Loo acket.inside of it
ei t her b“é@%&?&‘@n%’ﬁg‘i“ freppet t‘}_sgﬁﬁucglrﬁsﬁe’@‘t‘ré ?aé]&lgc‘?’fég’ﬁtgﬁpcoﬁé@lget, or because
the first Loop chip has received the Loop packet from sone ot her Loop
chip. Such Loop packets are usually sent fromthe first Loop chip out over
the first LooRerfiimphes ExwagbdienkQut put Port to the LoopLi nkl nputPort of a
second Loop chip. The second Loop chip is usually the one that is
physically the imediate counter-clockw se nei ghboring Loop chip to the
first Loop ch@fenltic asemphiitiesiorel Tailel shews fiverlation petftvendnoe plondase f ace chi p
may i nstead send a Loop packet out any of several non-local o tpu}

{0

LoopLi nkrossiblegnd.ogp asghitiepiaire hasehph erphiss Bardparepcselgrsierp 83 the oy

Loopl nte i , s PGk is divided
into tmﬁ%oﬁ%ﬁ%gch%gﬁgq ﬁgget%g%s[%d&}ﬁlité gig'h}gﬁtgg%%%eg (yro ?ﬂgfjch a ’;t)%ezket
Ienlgt h,d p@ﬁﬁﬁaﬂéd@@h&mafmmdiﬁgnenasa@hmcy@@sitielhe second group is the packet
payl oad, such as a geonetric object to be drawn, aqr a pixel to be sanpled,
or a video oulhggolpmpdabeles Rigehshedes PAWEN By Ogﬂbe & BFW@H]F?‘R}’ ﬂé w
LoopLin ' | 0 1 R YR O TS i ' 598 ckets
are int ?gg?&rﬁij Flﬁdéegrso ij)a%n’}t%@sm? iri:(lg%‘tés}ihg?aﬁ?i%rrr\%Bﬁiel'lt)és&mnlgsﬁgyeﬁfgﬁused)}f pian one
enbodi mehdgplEawtthipsopbipadketefimepas k.6t Teeztienl amofugtrofyixed shadse perders an

required will vary depending on the details of a particular application. For some

applications, pixel shader powers of less than 1.0 will still be quite usable, other
applications may want to use features such as procedural textures or procedural geometry
that could require more than 1.0 of pixel shader power.

Experience with 3d graphics software rendering systems has shown that sample
densities less than 4 do not add much quality to rendered images. Furthermore, while
rendering images at sample densities of 8 does produce appreciably better quality than those
rendered with a sample density of 4, images rendered with a sample density of 16 or more
are much more likely to produce pleasing results. Similar quality trade-offs exists for
graphics hardware rendering systems. This means that it will be advantageous for 3d
graphics hardware accelerators to support sample densities of at least 16 or higher.

The pixel shader rate constrains the maximum value of the product of the depth complexity
of the frame and the video resolution in pixels and the rendering frame rate. Holding the
depth complexity at 6, a pixel shader rate of 1G (one gigapixel per second) supports a
physical image display device with a video resolution of 1920x1200 pixels at a rendering
frame rate of 76Hz, while a pixel shader rate of 1/2G (one half gigapixel per second)

supports a physical image display device with a video resolution of 1280x1024 pixels at a
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explicit length field. This length information may be redundant
information, as the length of a particular Loop packet may be indirectly
det er m naWD®3/08380 t he Loop packet's packet header type fipelrdsos/osssher
fields. However, in sonme cases just the Loop packet's packet header type
field may not be enough information to uniquely specify the Iength of the

entire ' DOfNcal i i LReRvilarHiato fapiatibs ofl | owed
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this Loop paciedie2 1V\ﬁPIPSéfatr’fi’érbé(tg"r’é‘aﬁ8%Ué‘ﬁf’id§? f?}""tﬁﬁp’t"@f@t > oy mﬁﬁgﬁs of

differe et : . : ; iBn 8PEOWk 106 ee
speci fi crltolsdg&s)ﬂlofﬁ)ﬁ%ldé %%EE%% mg%?gé#g%gigvvﬂmgﬁﬁﬁ{%‘r’lggé ?réng’jgl(l)l?lgngr oups of stages
of the 3dughaguily ewsra66adiizgami thes feqeiresas deasi P00 willipn pixelsqebbeegad if a
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G aphi csCommand Loop packet set. Thi's is the group of all Loop packet that
carry G aphi dsopmrerittctuoe passd Sk exaphfos herdvree aesslsraiems cpn be CoHIgIredbior he

LoopDraw chi ps. Loog ackets in the i all 4nto two
i nsuget pomry B 40 S Rite te} Rt ARRRESCBIRTRGe B Brpfine b 0 1 UE
Loop paclesls stsRithan Gheiildbs spadittekfaapintroagdes kaditiosal yharadl kegowmnk t i cast, and
change internal rendering state, but they do not gfener _{fe g}%xgl S
t hensel wesstraintsphites Pdepsignyldomayp theheaodiessugpertsds émfﬁ FicBESPderdied i n
general _ contai.n t : h REGEI {ak@nN@s&See | 1 NES,
dot s, anrﬂusotaﬁ‘lS rbe gg@éli{?ﬁi %:I%étgﬁér%%tﬂ%%gs ‘tg%fdggdt lg?elsy Eﬂé rendered | n(%eo pi xel s.
Wien a Loepkriaw oahherendeghypafamances achievable. In some embodiments, going from 1

to 2 video output signals on 2 video output interfaces requires most of the resources to be

divided between the video output interfaces. In one embodiment, this is a simple halving of

supportable physical image display device video resolution and/or supported rendering

frame rates, or in some cases, pixel shader power.

Loop Packets

This portion of the document describes some of the technical details and constraints
on the Loop packets, routing and queuing of Loop packets, and the implied fifo buffers for

Loop packets traversing the ring via the LoopLink in one embodiment of the present

invention.

Definition of a Loop Packet
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G aphi csCommand Loop packet, this takes up roomin the G aphi csCommands
input fifo buffer internal to that LoopDraw chip. At (progranmable) tinme
i nt er val swotobesiseopDraw chip will send a FifoStatus LoopPpaakesossss al ong
the ring back to the Looplnterface chip to keep it up to date with the
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chi p. e Dr | : t . } foak g all -
the Loop. padbaielerifeRuiE dnakleis FRgbe Ao Me AR RIS AR

G aphi csRitiigbdnt end the ingidekiaine LAop chippoet afiboslilnk ét¢ thefindideomathier kedp Loop

packet set is the DrawsSta Lqo cket t. .t f.ul.l tail of th
renderi f§10 & %@P}%&ﬁ?ﬁié\%\}{ﬁtmo%g%ég’ﬁ aj—%&? pgggﬁrt]énsh‘gg’féﬁueé%’e %\%}Iésteég%t tLgop

packets fﬁ@ﬂ@c@&% B afel $nd OSBRI CH RS aisE 1R HRF L& 8fh hikPrebdiPediBr Opri at e
state for t pixels to be drawn 1n the context of. e Vi deoPi xel Loop
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tput si i N f i, t i n .t ing, '
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chip for final normalization of the pixel data, the optional gamm
correct i &P gﬂaﬁ‘m%lf}ﬁ’lﬂb@?ﬂ{@teﬁ?%ﬁe, and out put over either the video output
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Packet eation There are three s in which a.lLqo i p.mght fi.ng itself
W th a CBGBARKEO0 e DARELE B e Eamegira i & b Oy aRBh por
(or in sgiR SHBRA SENVRieo BLIPEI pikaIAd coRplleissablgut ports): The Loop packet
can cone in fromoff systeminterfaces. An exanple of this is data that
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In one embodiment, each Loop packet’s packet header information includes an

explicit length field. This length information may be redundant information, as the length of
a particular Loop packet may be indirectly determinable from the Loop packet’s packet
header type field or other fields. However, in some cases just the Loop packet’s packet
header type field may not be enough information to uniquely specify the length of the entire
Loop packet. This can occur if the same Loop packet type is allowed to have variable length
packets payload lengths. Having an explicit packet header length field independent of the
packet header type field allows low level state machines to properly handle transit of Loop
packets. It also allows for new Loop packet types to be introduced after a given chip has
been made; so long as the only thing that the older chip has to do with the new Loop packet
is pass it on to the next chip the old chip will still function in a system that also contains

newer chips with new Loop packet types.

Loop Packet Types
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The Loop packet can be created as a results of on-chip processing of

I nformation. An exanple of this are the DrawPi xel Loop packets created as
part of tWe osmscerization process inside a LoopDraw chi pPCAushiiesssexanpl e
is data that came in over the host interface on a Looplnterface chip and

has been processed by that Looplnterface chip into nodified data that now
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'Itj;ar get ia8FGraphisyCormand hegnpaskels dipm Wtﬂﬂ%@ﬂéﬁ%&ﬁkpﬁe |th‘?xf%qpi>f6‘i‘f cams.
awPi x D <L di L f@%d'fferet
Si zes fﬁ%o# ﬁgiggﬁmﬁﬁﬁﬁﬁﬁﬁgﬁﬁﬁﬁﬂnggrlﬁﬁ %@%ﬁrﬁ?@%ﬁ@% Oone Lolop chi B
t o addr gmskenibik lGraphiosiate hingd Graphiedenitiexi.dipeacket subseés. Gmipbdishtate Loam| y

after a Loop chip i oywered on. will. it find aut at _the physical

or gani z R3FEFS %&S&Mﬂﬁ?%@& C@ﬁ’fl%fsm&lnéal reRderae §E\$€et é‘r‘ﬁ tﬁ%&’ %{? geleaie oy ¢

of . I n gfgels M@lv@?.@m?ﬁi@éﬁirﬁﬂti@é LBbp hﬁc&e@%ﬂe BaRg Bhie¥e hrdin gesdr@ni ng the
Loop chips to download from an off-chip source dynam c configuration :
i nf or matdontrimiiervetthe dite dipat ebtiuplly speciiy thiamigieselinespdnts, apd athsr ecomgifieh al | Loop

chi ps Ofprlam iiv\e/se {5 a;[cﬁ%{la’lyrﬁ%%erpc%rer{ialﬂ%fp%%lé{r\ﬁﬁeﬂ QEQ&MSI%M ohip [d€ives a

GraphicsCommand Loop packet, this takes up room in the GraphicsCommands input fifo

buffer internal to that LoopDraw chip. At (programmable) time intervals, the LoopDraw
chip will send a FifoStatus Loop packet out along the ring back to the LoopInterface chip to
keep it up to date with the amount of buffer storage space remaining inside that particular
LoopDraw chip.

The DrawPixel Loop packet set. This set of Loop packets include all the Loop
packets that result from a LoopDraw chip processing a GraphicsPrimitive Loop packet. An
important subset of the DrawPixel Loop packet set is the DrawState Loop packet set. When
the full detail of the rendering is described, it will be seen that there are also DrawState
Loop packets generated by the LoopDraw chips in order to set up the appropriate state for
the pixels to be drawn in the context of.

The VideoPixel Loop packet set. These are how data that will eventually generate
the video output signal is collected from within the ring. In one embodiment these Loop
packets are generated with initially zero rgba summation and normalization data by a
Looplnterface chip (which in one embodiment contains the video signal format timing

generator). These Loop packets then pass through all the LoopDraw chips in a ring
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initialization configuration information may set an internal id field on
each Loop chip to a wunique value relative to all other Loop chips in the
sanme systwmo3mBssBing such a unique id can be used as part pofi/usasgssed f f er ent
possi bl e chip routing and addressi ng nmechani sns. Loop Packet Destination
Specification Alternatives The foll ow ng paragraphs di scuss several ways in

whi ch uni t Lhips
connect QTR BE L0 PR G Eplhwp PR AOR g BAP o Bpfo S erne

Loopl nt egbaasnebii@saddnamalietionaiita fiaddsaftht VodwaPixel hosp pavkbi), ethen fea¢ntemuch
nore conpl ex t0€)0| ogi es than_si rrpl e ri ngétpneed be sur {ted. However an
expl or atthehoepInieriace enp prdinal pawealizgfionofthagixs! t?’rdh%oﬁ’tq?ﬂ@ $0PBfogy will be
di scuss T ARESutAlt iNBMScapihdlion a
sinmpl e Slglr}fs&tﬁoz{%\%@@ﬁs @h?l%ﬂet%? éee%ﬁg{@gﬁhgovgre&ﬁfeggﬁwfl ed. 19II'hese v%%/s i ncl ude,
but ar e tndt phsseil tpdhd lmst triterfese wﬁumloetsconmmeheomafoagmpﬁ groupé Itluwor OmeotThe
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ol | el e caanior URF 6ep TaRe Ryplg ASuBR PRekis b ieagterieunels.
LoopLi nkl nput Port, a Loop 104 WO 03/083680 PCT/ US03/08886 chip subtracts
one fromthe hop-count, if the results are zero than the destination of the
Loop packet dsxmﬁhwkﬂdbpmvhlp ot herwi se the Loop packet (with the
decrenented hop-count) is sent out through the Loop chip's
LoopLi nkQut put Port to the next Loop chip along the ring. This is

effectively arspsneandeehalys wewhiztAdmoprehiemipht fihd itseNdith allaop ppelok diatt 0 a
Loop chip that is 8 Loop chips_ away fromyou, just _set the hop-count to 8.

Two:  Asgieeds torhsseat 01§>Q§?1‘e¢ﬁ pr@%@q@%ﬁ?eﬂ (@n 1%0@@ &ppoigatss AthsT FaP been

assi gne id that is unique fromall the other Loop chips in
this sy iacg&oll—lﬁ%?ﬁgﬁ )assurre that this unique integer id is a count of how

many Loop chi Pise vaypaaketanh icomk aun fromogft sytqn intenfacea ME@iagmé@ efithirdis ﬂeﬂa
Loopl nterface chip S uni e |nt | d .be .i n|t|aI| b sen a
Loop. pacRBicamednOVPihe Par CTSt R HOTHRGEGRS THG i A A e SEHgR out af

i ni tializpbdPhkOOB JRfEEBbp chips. @ hop-count field that i's incrimnated
every tinme I's enters a new Loop chip. O her nore onpl ex addressi ng

i nformati on cbog TdOdp)wdCbW dantbercreatty asaaesidizy of hh@h@dup@qsenapfmfwﬂwnl on

m ght be used nme t a fi St LoQ ge to a
second LB I@Bfr?%%l‘ﬁ g Bfa(‘y%ﬁ Loogéfaglges? Qre%@% ftggg%sgeﬁﬁgﬁa low t he .
first LO{S&BC&B hiisideOn E@d’ﬂﬂﬁiﬁ dhiye Another example is data that came in over the host

interface on a LoopInterface chip and has been processed by that LoopInterface chip into

modified data that now must be sent out as a Loop packet to other Loop chips.

The Loop packet could have entered a Loop chip through its LoopLinkInputPort (or
other Loop packet input ports in some embodiments). An example of this would be a
DrawPixel Loop packet that is just passing through; its destination is not the current Loop

chip, but some other Loop chip further down the ring.
Loop Packet Destination Type Unicast

Unicast Loop packets by definition have a single targeted destination. For example,
a DrawPixel Loop packet will have a unicast target of the particular LoopDraw chip
somewhere down the ring that is the one responsible for the frame buffer memory interleave
that contains the xy address of the pixel in question. GraphicsPrimitive Loop packets are

also defined to be unicast Loop packets; their fixed destination is the LoopDraw chip that a
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uni que integer address of the second Loop chip based on other data, such a
frame buffer x and y pixel address. |If each Loop chip has such a unique
id, then wegBioszmsl on determ nation is fairly sinple. |f PoW/sn&osssdoop
chip, and the unique destination id in a Loop packet that just cane in
your LoopLi nkl nput Port matches the val ue of your uni que id, then this Loop
packet r'w.s ut your
LooplLi ni&?{iﬁ%%ﬁ? tcpﬁpﬂiafs\l% t'he ed {Osggg(ric ene}‘P&{% %gt% F glri:&ﬂg%gb%%{&né)mr ee:
Sim | ar ygohdwo above, but instead the unique Chl p nunbers are assigned on

an arbitrary basis. This has certain_adv ﬁaatag s inalo chlg based
syst em connedtl@lie Wbﬁ@iﬂl@m dlessbastination (hap epahray s}?“?HJfO@PrP? tcqfldbe exanpl es

have on l % 11%€§Qd ROk CR: P 13(y ld?a%ing ?t&{ﬁ‘@éssof tﬁp ar Bufl a&ﬂoﬁl@? EmbOfRenPAtket s
handled gal or exanpl e ook at ree out of the many possible
al t er natlbwésvel boop packst m’qﬂtml infognatias €an B keptredundesnd kivgpe gfaxkbcis ar e

processed. by all Loop chip Two: multicast,Loo t re processed by
al | Looﬁm&%tﬁgrgegwgg%[aupgrarq HEYS Hﬁ%ﬂntcw BEphE ﬁ?rggoq?fﬁtffoﬁéﬁe had nul ticast -
Loop packets expressly disabled. This disablenment could have been
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"mul ticast disable thyself'. Three: nulticast Loop packet headers contain a
fixed length string of bits representing the bit set of all integer chip
ids. (This inmld@s t@afléw Sdilamy mggrbﬂmai@yamfﬁfem 3065 §6n QB @&ws@p chips,

PCT/ US03/ 08886 chips in a ring.) |If a Loop chip's integer rﬂt.)ﬂx is set in
the nul tthe isenilenerbenisphion onnl-eon gup to adirgss anherd-onpcbit 1Stnr*?éie thled8t Loop
packet; oth o) t heng, I Loop
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mul ti casgpique value relative to all other Loop chips in the same system. Having such a unique id

can be used as part of many different possible chip routing and addressing mechanisms.

Loop Packet Destination Specification Alternatives

The following paragraphs discuss several ways in which unicast and multicast
destination information within a set of chips connected into a ring could be specified.
However, the ability of LoopInterface chips to connect out to additional rings implies that
much more complex topologies than simple rings need to be supported. However an
exploration of the solution space for a simple single ring topology will be discussed first for
clarity.

There are a large number of ways within a simple ring in which chip targets could be
identified. These ways include, but are not limited to, three examples in the paragraphs
below:

One:The Loop packet header of each Loop packet contains a small integer field
called the hop-count. After receiving a Loop packet through its LoopLinkInputPort, a Loop
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Loop packet if and only if the Loop chips's nenbership bit is set for the
specific subgroup id in the Loop packet's header. Adding the convention
that all woop/ogdBps al ways bel ong to subgroup zero is a PeWUsVEodsead

i nsurance to guarantee that there is always a way to send a Loop packet to
all the Loop chips. The total nunber of sinultaneously supported subgroups
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feeding it still fugt f d thin th t f
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dest i natingght b@u@dpasskmleﬁham firet Itchv@ chigxwante tppsent iapnespagetie arsﬁwgld L]op

Loopl nterface.chj decre 0] |ps
ids, or Clg‘fl ?fiﬁgtl Eﬁ?%ﬁ ﬁ W%Mm@%@%l’mﬁ ﬁéés to see
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arrives Wdtmlﬁe]tﬂﬁ]ér%ésﬁf ﬁ%?éltIPQS’@ qhimbgs syefea griquedd, ﬁh‘équl@ﬂ!}?t}ﬂnd@wfﬁé’@nl ocal
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il tipl eparclkg gss folr ?fog oqﬁérgvls(iaoltngln%)t( fo@o;[lee{nd sgould sent ouP%lIror med by one
LoopLinkOutputPort in further search of its destination Loop chip.

Three: Similar to two above, but instead the unique chip numbers are assigned on an
arbitrary basis. This has certain advantages in a Loop chip based system connected by more
complex paths than a simple ring.

These examples have only mentioned unicast Loop packets. How are multicast Loop
packets handled? Again, for example, let us look at three out of the many possible
alternatives for the simple ring case:

One: multicast Loop packets are processed by all Loop chips.

Two: multicast Loop packets are processed by all Loop chips, except for individual
Loop chips that have had multicast Loop packets expressly disabled. This disablement could
have been communicated individually to each Loop chip that is to be disabled for receiving
multicast Loop packets by a unicast Loop packet that says “multicast disable thyself”.

Three: multicast Loop packet headers contain a fixed length string of bits

representing the bit set of all integer chip ids. (This implies a fixed maximum number of

105



skilled in the art according to the teaching described herein. Mre detai
on the nmechani snms and header formats for Loop packets will depend on, and
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As mentioned before, all of the proceeding discussion was under the assumption of
directing Loop packets in the simple topology of a single ring. Multiple rings connected
together by either additional LoopInterface chips or additional non-local interconnections
between LoopInterface chips require more complex routing information for Loop packet
destination information.

One embodiment for achieving this is to just add a simple routing layer on top of the
simple intra-ring destination layer. This would work as follows: so long as a Loop packet is
destined for a different ring than the one it is presently traveling within, LoopDraw chips
merely pass it on. Upon encountering a LoopInterface chip, the routing information kicks
in, possibly jumping the Loop packet to a different (and possibly the final destination) ring,
or feeding it still further forward within the current ring (looking for a different
Looplnterface chip). As usual, there are several ways in which the routing information
might be represented and processed. In a first method, LoopInterface chips do anything
other than pass non local destination Loop packets on to the next Loop chip in the ring. A

LoopInterface chip could decrement one or more counts, match Loop chips ids, or any of
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forwardi ng, and generation of new Loop packets does not cause deadl ock on
any Loop chip's LoopLink. In one enbodi nent, deadl ock avoi dance can be
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whi ch of several Loop packets current resident on that Loop <chip al
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& aphi iDLV 2ot B SLOB ERITh BS SN BraTE Lo AT I AE e Sppec
fairly s@opinaRheYuto Eiarding ohde thd$loop bRt had Beer iU telwayRokiRistBe Qlpl mal to
just make DrawPi xel Loop packets always have a higher priority than
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PCT/ US03) 2888 6s preventable by simple low-level state machines.

Again there are several ways in which to prevent infinite looping, but there is the

(D

additional constraint of low-level error firewalling, even though it is assumed in most
embodiments that at least all Loop packet header information is error correcting code (ecc)
protected.

Once again within the header of a Loop packet a small integer hop-count field could
be used that would be decremented every time the Loop packet enters a new
LoopLinkInputPort. When the hop-count field reaches zero, the Loop packet should never
be forwarded, regardless of what the other header data says. If group and routing
information is to be provided in addition to a decrementation unicast destination address
field, this field could be re-used for this purpose on multicast Loop packets.

Another possibility (for a simple ring) is that if a chip ever sees again a Loop packet that it
generated, it should stop it. The drawback with this solution is that a) Loop packets would
(almost always) have to flow past their otherwise last chip to get back to their chip of origin,
and b) an additional bit field for (long) sequence id’s and originator chip id would be

needed to make this scheme work.
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the traffic jam of DrawPi xel Loop packets. The LoopDraw chips could in
theory send an input buffer status all the way around the ring, as they do
for G aphwosGosasand Loop packets, so that all the other PCOABIRSS8HI pS
could have a (conservative, slightly out of date) nodel of all the other
LoopDraw chip's input buffers. This would probably be best done by addi ng
DrawPi xel input fifo buffer state information to the FifoStatus update Loop
packets that are being generated regularly anyway. But it is not clear that
a nechani sm tlhmp Packejtricctiesune addi ti onal bandwi dth over the ring woul d be
necessary. A | ess bandwi dth intense nechani smwould be achievable if the
LoopLi nk handshake protocol indicated the readiness of the receiving Loop
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Second, DrawPixel Loop packets have the second highest priority. This is beneficial,
because GraphicsPrimitive Loop packets can generate large numbers of DrawPixel Loop
packets (the worse case is that a single triangle primitive may end up filling the entire frame
buffer and thus may generate up to 2 million DrawPixel Loop packets). Deadlock could
occur if the DrawPixel Loop packets can’t at some point temporally stop any new
GraphicsPrimitive Loop packets from being processed. Note that in theory, GraphicsState
(change) Loop packets don’t themselves cause additional Loop packets to be generated, so
that they don’t necessarily have to always give priority to DrawPixel Loop packets (and
VideoPixel Loop packets). However, in general GraphicsState Loop packets are closely
followed by GraphicsPrimitive Loop packets, so things would have to have had stopped
fairly soon anyway. Thus, it is just simpler and usually no less optimal to just make
DrawPixel Loop packets always have a higher priority than GraphicsCommand Loop
packets.

In theory, a given LoopDraw chip can be overloaded with DrawPixel Loop packets.

If unchecked, this could lead to dropping VideoPixel Loop packets that cannot get through
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LoopDr avPaCbﬁlmiogltYnlpﬁﬂeSB@ﬁppétﬁdl s what it reported in its last FifoStatus
Loop packet, minus the total space taken up by all G aphi csCommand Loop
packets that have been sent (to that

Loop Packet Fifo Status Feedback

Most types of Loop packet are fire and forget: once the Loop packet has left the
Loop chip that created it, that Loop chip can forget about that Loop packet. VideoPixel
Loop packets and DrawPixel Loop packets are in this category. But GraphicsCommand
Loop packets have to be carefully load balanced across multiple LoopDraw chips by
LoopInterface chips. This means that the LoopInterface chips need some visibility into how
full the various on-chip input fifo buffers are within each LoopDraw chip.

In order to completely avoid any wiring other than to Loop chips physically adjacent to each
other in the ring, at various times FifoStatus Loop packets should be sent by LoopDraw chip
back to the originating LoopInterface chip.

FifoStatus Loop packets are not sent as a direct response of a LoopDraw chip
receiving a GraphicsCommand Loop packet. Instead they are generated by a LoopDraw
chip just before a conservative model of the LoopInterface chip (from the point of view of
the LoopDraw chip) would predict that one of the LoopDraw chip’s input fifo buffers was

about to overflow. The model works as follows:
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LoopDraw chi p) by the Looplnterface chip since the one that caused the
FifoStatus to be reported back. In this way input fifo buffer overflow on
t he LoopDvewsosdepo (and attending glitching of the inage Ip€irrupos/essser ed)
can be prevented fromoccurring. The Looplnterface chip uses this worse
case predicted 110 WD 03/ 083680 PCT/ US03/08886 LoopDraw chip
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t hei r wapbvan@Mgpt o biffer sthape isHreelinepdhr laswpDraw chip that it sends
GraphicsCommand Loop packets to; the remaining free storage amount is updated as
FifoStatus Loop packets arrive back from (the long way around) the individual LoopDraw
chips. The FifoStatus Loop packets could include the (LoopDraw chip specific) sequence
number of the last GraphicsCommand to enter the particular LoopDraw chip’s fifo buffer as
a relative time stamp (other methods are possible). The model is conservative in that it
assumes that just after this last report from the LoopDraw chip, no more GraphicsCommand
Loop packets drained from the LoopDraw’s input buffer. (This is usually, but not always,
caused by a geometric primitive’s rasterization covering a large area and thus taking a long
time to complete.) Thus, conservatively, the additional “free” space in that LoopDraw
chip’s input buffer is what it reported in its last FifoStatus Loop packet, minus the total
space taken up by all GraphicsCommand Loop packets that have been sent (to that
LoopDraw chip) by the LoopInterface chip since the one that caused the FifoStatus to be
reported back. In this way input fifo buffer overflow on the LoopDraw chip (and attending
glitching of the image being rendered) can be prevented from occurring. The LoopInterface

chip uses this worse case predicted
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than is present in earlier chips.

The Loop packet transmission “hold-back™ algorithm also does not favor LoopDraw
chips at any particular position on the ring, because the FifoStatus Loop pa‘lckets travel the
rest of the way along the ring to get back to the LoopInterface chip. Consider the LoopDraw
chip right next (downstream) to the LoopInterface chip vs. the one furthest away (e.g.,
connected just upstream from the LoopInterface chip). The close downstream LoopDraw
will have less GraphicsCommand Loop packets in flight, but have more (and older)
FifoStatus Loop packets currently makiﬁg their way around the ring than the LoopDraw
chip just upstream. Thus, the relative advantages of ring position cancel out and a simple
load balancing algorithm can be used. To decide among LoopDraw chips that all have
sufficient space to receive the next unicast primitive, a simple round-robin algorithm keeps
things fair. (This type of round-robin is where any LoopDraw chips without sufficient
(predicted) input buffer space are eliminated from consideration for receiving the next
unicast primitive.)

However, the Loop packet transmission “hold-back” algorithm does have some

indirect dependence on the number of chips in the ring. If the total storage size of the
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course, in any physical product instantiation there will be cooling, power,
and space limts on the largest size ring that can be fit into a given
chassis. wod3fs3wad |y, while scalability in and of itself PCI/s0gersds t hi ng,
it alnost always increases the cost of designing tests for increasingly
flexible chips. The testability inpact of the Loop architecture is nostly
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of const rai nt@engidl Issuedowt Wlnedtllﬂea vabaop EHpdsTt of specific fixed linmits

on scaling. These limts should not be forced too early, but as an exanple,
at this point in time, one set of scaling assunptions would be to target
the archit ectTieal.oopestigitecids has tsoer pieseited avdnelfor whizhiDoasembodimentitha ri ng,
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LoopDr aV\é}ﬁphpthQ@ﬁ the storage for all 16 sarrpl es of every 16th p| xel ,
because there are 16 LoopDr aw chi Again . to make things_sinp|e Iet us
assune that pHwevesvilierestie feaf secqs %HEBP%W“@? uthe HWPPYXLOQ?P@W@ siibws al |

e Sk LR iR S s Loond v
d1scuss1on, nearly any scheme will have an inherent upper limit on addressability. This limit
isn’t much of a practical concern if count fields are used, but is if bit-set fields are chosen.
There is also the problem of lengthening delays in larger rings that may eventually
overwhelm internal fifo buffers of Loop chips (and thus represents a design limit, albeit a
soft one). Beyond a certain limit, the benefits of additional LoopDraw chips are primarily
useful in a system for additional sample density and/or programmable shader power. Of
course, in any physical product instantiation there will be cooling, power, and space limits
on the largest size ring that can be fit into a given chassis. And finally, while scalability in
and of itself is a good thing, it almost always increases the cost of designing tests for
increasingly flexible chips. The tesltability impact of the Loop architecture is mostly
confined to the LoopInterface chip, but still, additional features come at additional costs.

And while we have been talking about maximums, there are also limits on
supporting a functional system (e.g., minimum video output signal video format pixel rates)

when using a number of LoopDraw chips below a certain threshold.

112



will contain all the sanples for the specified pixels, 16 sanples per pixel
in our exanple. The other LoopDraw chips would own the other pixels within
t he 4 by wogsiosBest-or exanpl e, LoopDraw chip #5 woul d own PCRAISp3/888BG
directly to the left of the pixels owned by LoopDraw chip #5. Relating
this to video output signal, if our antialiasing filter was a 1x1 box
friver, —!neirRanhulRRRAaN, G pocsi thﬁ@”d?é aEIRRLGrd KilPBE YeshHRAQH Of every
four output scan9ines, and only conpute (as opposed to pass on to another
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fetched once per video format frane), add all of the sanples together,
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PR e ek e S L kS e
pi xel onhikefyhis aan sfack ef rik¥sadonnelvabtotdnke ©r swye hdmbadombatarst he LoopDr aw chi p
w Il have to fetch sanples out of the frame buffer? Now the 16 sanpl es of
every pixel will have to be available for use in the filtering of 16

di fferent video output signal pixels. If we don't want to have to fetch the
sanples fromthe frane buffer 16 tines in one video format frane, sone
form of on th€ideo@piipew chip sanpl e conponent cachi ng nechani sm ( not
shown) will be needed. The nunber of tines that a given 16 sanples are
fetched fromthe franme buffer per video format frane may be reduced to
four time peroyi ge@ehavdmigel bAIR Ldop addhlitettif: is @ hRSh hivre omplée andrieh
fetched and stored for use for four consecutive video output signal

pi xel s. Bdga enjputnirecessiog Hean hagyppastrs befere ippormmersial RTqAURE 13848V es) need

ly be f h f - A i i o f
? In rr)é s iensugotgg(;%eﬁaqe. i po 1on g¥ crrﬁégsst(lﬁg@lgdeb %ﬁ%o%flg] ?Péglggc?urglﬂ]iﬁ%n aghi our
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1 .
4 I's st ar ge anou excessi ve bandw dth, as the

menory  t RabfibshipSofitbing Bugfet Memay deWideoconpl exity of four being read (not
witten) on the rendering side, If a scan line aof é)i xLeI %g[ntfent (16
ne Loopinier

sanpl es) on- cRetFiBRRSiEs 15tas sepAlder asiyple Fg system with ace chip and
16 LoopDraw chips, and assume a sample density of 16. Each LoopDraw chip has the

storage for all 16 samples of every 16th pixel, because there are 16 LoopDraw chips. Again
to make things simple, let us assume that pixel ownership is assigned on a 4x4 matrix.

Figure 6 shows all the pixels in the display owned by LoopDraw chip #6, where the
LoopDraw chips are numbered 0-15. The dram memories attached to LoopDraw chip #6
will contain all the samples for the specified pixels, 16 samples per pixel in our example.
The other LoopDraw chips would own the other pixels within the 4 by 4 grid. For example,
LoopDraw chip #5 would own the pixels directly to the left of the pixels owned by
LoopDraw chip #5.

Relating this to video output signal, if our antialiasing filter was a 1x1 box filter,
then each LoopDraw chip would participate in only one out of every four output scan lines,
and only compute (as opposed to pass on to another chip) a pixel value for only one out of
every four pixels on the one out of four scan lines that LoopDraw chip participates in. The

antialiasing filtering operation would be to fetch all 16 samples of each of the owned pixels
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total accesses can be reduced to the m ninmum once per pixel per video
format frame. Note than in our exanple this scan |ine of pixels would
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what abdipesthat %Y?%?@ SATRIGS #F| ?tgﬁe?f f??-*?’&‘%et 1187 E’E@?’fap&ﬁ g’?’&% ?Olﬂ}ﬁsz‘taﬂlg qHhpi xel
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the positional distributional of sanples within a pixel (subpixel sanple
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memory traffic is equivalent to a depth complexity of four being read (not written) on the

rendering side. If a scan line of pixel contents (16 samples) on-chip buffer is added, now the
total accesses can be reduced to the minimum: once per pixel per video format frame. Note
than in our example this scan line of pixels would contain only one quarter as many pixels
as the highest resolution video signal format does per scan line. (Assuming 1920 as a
maximum scan line width (in pixels), this would be 480 times 16 samples.)

Figure 7 gives some context for this discussion. The convolution window,
represented by the light gray square proceeds through the frame buffer in video signal
format scan order: left to right, top of screen to bottom. The set of samples from one
specific pixel belonging to LoopDraw #6 need only to be fetched once, sometime prior to
the first use in the upper left hand corner; and then cached on chip for reuse until the last use
(for this video format frame) in the lower right hand corner of the figure. Each of the
different centered VideoPixel Loop packets will require different convolution kernel

coefficients to be generated and multiplied by the individual sample component values.
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of fsets. One way that the offset could be used would be as perturbations of
an underlying regqular grid (rectangular, hexagonal, etc.). Wile there are
many way Wo oappdeyo an antialiasing filter to these 4x4 arr &¢3/ush3/pissel s

with 16 sanpl es each, for sinplicity we will concentrate on one particul ar

method. This is not to exclude alternate enbodi ments for inplenenting the

antialiasing filteri : i i xel
Coop padbist e dadgiob D HBP all By - RBA b L RS ke SRl AR
cont ai nNgaéherefiitronednts Aeairchtvatixgiffeckat peiats(in tintebt sangrle fatatsarfd @ohe tehwsel ast ,
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steps of producing the fina pi xel values for output. But note that the

i ncrenent al  tHemlweasswnd that Ktegposivapkgdisttibetionabef sapples withip e piseh(subpixey
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needed, @rn@rator. This function may include a random number function seeded by the current pixel
location, so that the pixel location will always generate the same partially random subpixel
offsets. One way that the offset could be used would be as perturbations of an underlying
regular grid (rectangular, hexagonal, etc.).

While there are many way to apply an antialiasing filter to these 4x4 arrays of pixels
with 16 samples each, for simplicity we will concentrate on one particular method. This is
not to exclude alternate embodiments for implementing the antialiasing filtering.

‘When the LoopInterface chip sends out VideoPixel Loop packet requests along the ring of
LoopDraw chips, the request contains a subpixel accurate xy address (or delta address from
the last, to save bits) of the center of the output pixel to be generated. Assuming that the
antialiasing filter is a radially symmetrical filter, the filter coefficient for a given sample can
be computed as follows:

First, subtract the xy address of the output pixel center from the xy address of the
given sample. Now square and then sum these xy difference measures. The results is the
square of the distance of the particular sample from the center of the video output location,

the center of the circularly symmetric anti-aliasing filter. Now this squared distance can be
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wherever the final conponent nornalization is to take place. However, this
woul d involve re-conputing all the filter coefficients generated for all

t he sanplwe oBlhsgsshave contributed to the summed filteredpcansomnessss. Wil e
this does not require any (expensive) access of frane buffer sanple
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adding to this 16 bit filter coefficients, a grand total of
J frame buffer sample components, the computation is mgssgre, and takes on the order of as

much circuitry as all the other convolution circuits spread across several chips (16 in our
example) combined! So while an alternative embodiment might save the cost of sending the
incremental total summed filter energy along with all the other summed filtered component
values, and instead replicate the filter coefficient generation on some chip, many other
embodiment do send the partial sum(sj of the filter energy for each updated VideoPixel
given the present economic trade-off in pins vs. on-chip computation.

When a LoopInterface chip receives a VideoPixel, after having traversed and been
added into by all of the (appropriate) LoopDraw chips, the pixel only requires normalization
and a few more steps before final generation of the video output signal. To do this, the
LoopInterface chip first takes the reciprocal of summed filter energy, and then multiplies
this value times each of the pixel components (red, green, blue, etc.) in turn to produce the
final convolved value. Most embodiments would add some additional processing before the

components leave the video output signal pins of the LoopInterface chip, in some
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approximately 24 bits are passed fromchip to chip for each video output
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subpixel level for chromatic aberrations within the physical imaging system that is
displaying the video (digital micro-mirror displays, lenses, screens, etc.), we need to be able
to specify a different (subpixel accurate) video pixel center for each of the rgb components.
Furthermore, this will require three, rather than one sums of filter energy to be paésed from
chip to chip. (Three is emphasized here, as being able to distortion correct an alpha channel
usually isn’t a requirement for these sort of projection systems applications.) Of course,
other embodiments that use more than three spectral color components will need more than
three additional filter partial sums.) This will nearly double the number of bits that have to
be passed from chip to chip per output VideoPixel Loop packet, and triple the
computational requirements on the internal circuitry for computing filter coefficients. One
possible way to lessen the chip die area impact for the ability to separately distortion each of
the rgb video output pixel components would be to take advantage of the excess

computational power of system that have a surplus of LoopDraw chips, as might happen in

a high end system with 32 or 64 LoopDraw chips per ring. Now possibly the LoopDraw
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LoopLink Required Bandwidth

This portion of the document will derive some example bandwidths used in
embodiments of the LoopLink for the different rendering tasks. These bandwidths are
presented here for the sake of example only and should not be taken as a limitation of the
present invention. There are three types of traffic that can occur simultaneously:

GraphicsCommand Loop packets from a LoopInterface chip to one or more
LoopDraw chips;

DrawPixel Loop packets from one LoopDraw chip to one or more other LoopDraw
chip(s);

VideoPixel Loop packets from a LoopInterface chip to a LoopDraw chip,
VideoPixel Loop packets from one LoopDraw chip to another LoopDraw chip, and
VideoPixel Loop packets from a LoopDraw chip to a LoopInterface chip.

Note that the all three of these traffic types occurring at the same time is not an
exceptional case, it is the expected usual case, it is the one that the overall design of the

system should be designed around.
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production of 100 pixels, e.g., nost drawing operations will be in the
range of one pixel non-textured triangles through 100 pixel area textured
triangl eswo®o/0838@l | but a few extreme cases, the rel ati PETAISOYORSSOF

bandw dt h taken up by G aphi csCommand Loop packets should be well |ess
than that of the DrawPi xel Loop packets, and also well |less than that of

t he Vi deoPi x [Wee) cket I e ckets may be limted by
t he bandw dt ﬁé%rfd%flﬁgﬁﬁ% ll%reélljxgelr?@g%sg:%([ qlen%(r}gor?hceigat%%% fromthe host
conputer) to the 3d graphics hardware accel erator. The bandw dth of the

LoopLink is usually far higher than any host interface bandwi dth. Unless a
appl i cation sbheigtativehandwidt) segniredtogiapy GWE{?PQ?W%& IBQEPanStSHQHH’éWed

withint i gggg M@ 0
packet s @ggﬁ%gfg{eﬂg%rbﬁﬁa&%% %n\ﬁfggf%ﬁrﬁ&gﬁg 'egg%%%}fﬁe%ﬁ%ﬁgr aphi vr:]% Cié?i 5er
command spesifyigea sivghd iriznglecoskdgentrptetupsyandssif 2 mdhpuDeawRivelrLaopgatlkets t ed
bandw dt ost interface to the 3d graphi¢s har re.accelerator. In this
case, as&k‘lﬂécrﬁ‘?r’c tn,agglgigxlut ft ﬁgulﬂdﬁsto geﬁ?ré&f‘ﬁ@éa F’é‘g\%%é‘m‘? 1’??3?‘901? BEECL LN t he
bi t rat ef nbli€ at 4P MR Mipicdl Mol fangdskallivanoSompRodiiction 8f enefixéiie

G aphi csCommand Loop packets generated by the Looplnterface chip in
r espons eproducgioapifils piels eig..carsirdrvingepsagionsttilbean thegarge f\ae pixche host -

interface of 1he Loopl ut.erface . chi i ] Ik b i ch
| ose 1 et piARRES R Ao ol R o, sl SEbLIRR REMCC,
conput er cR&s tieaRtatide aplbayt dfitahéwidiyker Gp be Geathadoafinindd @ pgelagphi cs
har dware accelerator would it be possible for the 3d_  graphics h%&gggre
| a

accel er athonld s welblesp Hisnithal of thedr@™Pérsb Lpa Reakets; #yl alsoawell fess than

| ar ge anﬁg%d&;‘m &'1?)%%59@?? t he LoopLink. To be quantitative, nost of the
next genératri on hos tertraces will likely have maxi mum sustai nabl e
bandwi dt hs i nGidpaicsTemntendimogipgelteyd mapbe linkied by thebrdwidh bbththosgi gabi t s
per second. The aggregate _traffic of the G aphi¢csConmand Loop ckets
present Hterfgethe SARRGCHR 19 ; ﬁ&oﬁr?o’fnﬁléteﬁ)&&aﬁ% #Fﬁgﬁaﬂhqggﬁﬂg}”ia?&‘igﬁgaf%e

agar egat ¢y 0ORWAARKRtho LeHIiisthniiierCHANER (8l ad 00 ARGIRL pudRAdlhe
aggregate Loop packet traffic of the 119 WO 03/ 083680 PCT/ US03/ 08886

Vi deoPi xBhlekoapppmeiien softvBantas exphicRlygantrdispligy ligoasirtiobs|caclsdpvittae ket Bl The

desired pixel fill rate as an exanple for the systemin on [ t is
one gi ggfﬁpﬁi@f Lﬁgwageeacf’(ﬁﬁ ratory mé?St:ql%Bﬁlgs E’F‘F@%P R@{eﬁsﬁe?egtggm%%§gﬁ naI_oop
packet cgReh ShifdGre created by graphics driver command messages explicitly sent by the host

computer over the limited bandwidth host interface to the 3d graphics hardware accelerator.

FO

In this case, as the bit rate of the host interface is likely much less than the bit rate of the
LoopLink, in all likelihood the bit rate of the GraphicsCommand Loop packets generated by
the LoopInterface chip in response to graphics driver command messages that are sent over
the host interface of the LoopInterface chip will also in all likelihood be much less than the
bit rate of the LoopLink. Only in cases in which the host computer has sent display lists
over to be cached on the 3d graphics hardware accelerator would it be possible for the 3d
graphics hardware accelerator to see GraphicsCommand Loop packet ring traffic requiring a
large amount of bandwidth on the LoopLink.

To be quantitative, most of the next generation host interfaces will likely have
maximum sustainable bandwidths in the one to two gigabyte per second range: 8 to 16
gigabits per second. The aggregate traffic of the GraphicsCommand Loop packets present a
lower bandwidth demand on the LoopLink in comparison to the aggregate Loop packet
traffic of the DrawPixel Loop packets and the aggregate Loop packet traffic of the
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mnimally of 4 12-bit conponent val ues (plus sone address information and
packet header), this is a mninumof 50 bits, and probably a few bits

| arger. (Wo 0dkssso enbodi nents, nore than one shaded conp@Q@niSovedsse may
have to be sent to a LoopDraw chip for it to perform the pixel fill. In
t hese enbodi ments, the nunber of bits per pixel filled could increase to

significantl i@&ﬁxéltlao% 3)91 Retd f @l l DrawPi xel Loop packets had to traverse
every LoopLi nk, a glgapP el per second would require 50 gigabits per

second of barRhniddfdth Requirediky DriovitivelrLoopPaekets ng of n LoopDraw chips, only
1/n DrawPi xel Loop packets have to traverse all n LoopDraw chips before
bei ng consuned, only 1/n DrawPi xel Loop packets have to traverse n-1

LoopDraw chi rﬂﬁ,[el%ﬁﬁi@é@%itaeﬂ MY RORSHBAMpSS ©r thedYstehn ANk ¥mbbainldhewRingel Loop
packets never |eave the LoopDraw theyl\évere gener ated by. The asynptotic

val ue f @igaphied peisseqomheta sanple densily of e ixed Loop Ragket eQsistiBg i n

Dr awPi xel . L to b dwill . -
i 2 D adPREBDY BEp I S beaReo B SR G polisareRE i Rh 8 pldBlidaief]y P
on the LARRkEL Hinth@irs BPPObits, aHd pabaERiafew Hitslldrgéralla othdrlembedintdnes atoré 0 25

gi gabits per second. Still,these Loop packets present the single |argest
bandwi dttherdenreshadeshcamponenioyaliamay Bafsdaibe sentie 8 doprlrasyciyp é‘gd%i%mr f%E%o p
Packet s Vi deaopi ] : te as
Vi deo ol eRelhtgh S RaRRGHG, PRSfol R BELRLAGRRE AR o I ARAR: |2

hor i zontsinifi€intigeeorkitim 305) al so used for transmitting data within the

ring). So the required VideoPixel L ket iS.-13.5 . i xel

Gecond to - dbaleyaEreblopERakE RGO TS PP kLI G PB D! xol

rates r |4 : i i f th f
%ﬁ@g%@g&@%ﬁ%@ o4 4800 ShanAwidih PRt gniof the range o

1280x10 _ _ Hz. The size of a VideoPixel Loop packet
depends Howttee, idetraid of mEodgirawwhips] @dy din DiaavPixd Loppipadksiptarata Gaversenct i on

each ci it t , Jut f 24-bi t ' [
PCT/ Usodib bee DBk B gRErRPRpPr e T DR aEr el RS i o
per secopgd.ersthes Eo!&@@ﬁwp@rﬁﬂfs%e?oreﬂfeﬁ@%hsdrﬂ&i, s¢ and finany estDkaRtw Ubbp demand

on the LoopLink. (IT chronmatic aberration color correction is enabl ed,
t hese nuprdokets neey leavsheloepDrawttosy were gengrated by. The asymptotic value for this

sequence is 1/2, so a rendering rate that requires m DrawPixel Loop packets to be generated
will see an average traffic of only m/2 DrawPixel Loop packets on any given LoopLink.

So the expected traffic on the LoopLink to support our gigapixel fill rate will be
closer to 25 gigabits per second. Still, these Loop packets present the single largest
bandwidth demand on the LoopLink.

Bandwidth Required by VideoPixel Loop Packets

VideoPixel Loop packets need to be processed at the same rate as video output
signal video format pixel rates (a little less if the horizontal retrace time is also used for
transmitting data within the ring). So the required VideoPixel Loop packet rate is ~135
mega pixels a second to ~240 mega pixel per second. These are the video format pixel rates
required to support the video signal formats of the range of 1280x1024@76Hz to
1920x1200@76Hz.

The size of a VideoPixel Loop packet depends on the details of the numerics of the

partial convolution function each circuit takes, but four 24-bit sums is a good
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Total LoopLi nk Loop Packet Bandw dth Addi ng the maxi num nunbers, we have 16
gigabits for G aphi csCommand Loop packets plus 25 gigabits for DrawPi xel
Loop packwD3/083680 23 gi gabits for VideoPi xel Loop packet ®CTfusn3/ess8um t ot al
of 64 gigabits per second. However, 64 gigabits a second is |l ess than the
actual bandw dth achi eved when you create a |ocal menmory sub-system from

(6 32+ S bRk RhyREE ThE e 1l o ITbRaBUSFE LUl Bl oop B ¢ han

st at ed wSenttheeewoaéla:rgestbaraivﬁdm&emaad@nelsssmeontroI busses. O course,

there is_both apn _input and an out o] nk on.the sane .chi h as
all the (Efc?ﬁmfmﬂcpﬂbﬁga‘fl@’rc i QOTEgrLy ISPBI@QF‘P hJB RS “%%z‘/s’?seerhy fﬁ)‘fz%oﬁ
t echnol qﬁ}ggt hat supports 64 gigabits per second both in and out of a

o

single is a viable candidate for inplenmenting the LoopLink physi cal
| ayer. One such candidate is the current 2.5 gigabit serial |inks used for

a variety of hi spee i nt sfo cnos chips. Assuming that nultiple
2.5 gigabit &(hé)}g?é)(?gfrﬂﬂﬁlr aﬁf‘% ({ﬂ% at the pin level, this wuld
take 26 such Add}ﬂfgtheQﬂa;aﬁhﬂuidﬁ@odmwhaasd6cgigabu§ fdx@@lblhéﬂ(}“onﬁflancﬁmori—oop
architecture chips. The 2. gablt nunber is fromyear 2001 shi ppi ng

chi ps. W@kﬁtanhdaﬁé%abﬁs fqarﬂ?raw @thLP%PaOKe"ﬁP@Rfl?@tgl&‘i%(fora\'ldﬁ?%‘& 9%n in a
| at er yﬁ’??{gk%?s?)f Lgﬁﬁoqglo%éll ga%ﬁgggt _gher nunber, not just in clock

rates, e use ‘wo vol tage | evel s per pin.
Physi CalHWévennggigabiegaweedndhy lean thaﬁ)tlﬁ:é acgual ®hydvpidibndchteveg wiben you cieaig 20f t he

Loop architecture's LoopLi nks, rese s SO i ntriguin W ions for the
physi cal O%W%Kﬁﬂ%ﬁy%?m ﬁi?&hﬁﬁ "d?aéar gﬁg 39%1“ @t‘g@fsﬁ ﬁﬂ S 3he .

docunent agh as
i oty g e S gy

PCT/ USO3t0&BR&e, bEoaustrtbete areoaisu addpgss end torified bussasliQfi contsk, thpigrivheth ano

bui | di ng 1 buf Qe Lo | 9 build
one. bi o PRIGEAAE SURAL SRS of e LA g ool R G B ey on

si x LoopRrAa&psubkfstéown. But boards with 8, 16, or even 32 to 64 or
mor e

Any pin I/O technology that supports 64 gigabits per second both in and out of a
single chip is a viable candidate for implementing the LoopLink physical layer.
One such candidate is the current 2.5 gigabit serial links used for a variety of high speed
interfaces for cmos chips. Assuming that multiple 2.5 gigabit per second links are employed
at the pin level, this would take 26 such links, on both the input and output LoopLinks of
any Loop architecture chips.

The 2.5 gigabit number is from year 2001 shipping chips. With advances in
manufacturing, a product aimed at production in a later year should be able to assume a
higher number, not just in clock rates, but also in the use of more than two voltage levels

per pin.

Physical Wiring

The regularity and exclusively point to point wiring of the Loop architecture’s
LoopLinks presents some intriguing new options for the physical construction of

commercial Loop systems. This portion of the document will explore both a traditional PC

board building approach as well as a more packaging speculative option.
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LoopDraw chi ps would be simlar, though perhaps inplenentation having

| ar ger nunbers of LoopDraw chi ps woul d add sonme LoopDraw chips to the top
and bott owpmB/083s80 ri ng. Thi s design has the advant ages of poaiusg3/fssgered on a
single PC board, and having easy air flow for cooling com ng from nost any
direction. However, this entire |arge conplex PC board is very likely to
be required t - e ccommpdat e nost any changes in the

i ndi vi dual sec eib%ﬁ(glmﬂ%e %@r adi tional Approach It seens a pity to have
to build so many nearly identical replications of a single LoopDraw chip
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Tor manuf act N el prgoscbds R igs s ybien s (oAt Beie ' Dot
t he bath?%uTJ&BQEH%IﬁYM G g Pechdaf) Hes LRk Binkil# ¢k Fizar 8l Be stmplictl e smal |

PC boar its own. Thi's small” PC board woul d have only a small "nunber of
short disiysisd ospQreat shiphare showhoButPcm@lsmﬂn&rié,olf¢vent32é@é49rtr@é¢1_ to the

previ ous adjacenf. and t .adj acent ,boards.in the ring. .Th n
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wavegui des, not wires. But, in one enbodi ment, so] dered on Coaxi al

connect or s shihis design hagthe advanisges efrhpingiosmed,pe £ sBigle BE hogrd, nddwying t hi s

alternatjve._. i cal st EQn: . SiX | j ca | s SA A oopDraw PC
Gaught or=pea BV EF boSRIRERUES hRmBjhal HRBH|GhPHoR BT wisSfR Brec P OE bl 6.

I n  the dongl:ePC bberdge oy likelycalleasquitedtto be charghé td mepiinmidatanestehy on ar e
represented by a single black line. In actuality, this would be an

appr oxi rfkeBagss g idyabisHORbax. In Figure 9, the LoopDraw chips are
shown as hanging off the edge of the PC daughter boards. This is not
mechani cal | y advi sable. The point here is to show that due to the use of

hi gh speed sEidMNbn{Trmkgonal Apprmaniver of connections that have to nade to
coupl e each LoopDraw chip into the ring (e.g., two connections per
LoopDraw chip) is small enough that the old 122 WD 03/ 083680 PCT/ US03/ 08886

PC board and geanect ?i'“cy RHVe 8¢ BEIRd §PmBRyEaeI i Bdritiaal replicakienadl esitigle be
i nproved by alternative techniques. But now that we have these separate PC

boar ds, hémDsawshipoandenemarytssbrsagfenyaa & siegle asge Be boadattarrwd bamyichg| e
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LoopDraw chip and connected dram block could be a simple small PC board of its own.

ril

This small PC board would have only a small number of short distance signals that would
have to come off it and attach to the previous adjacent and next adjacent boards in the ring.

The LoopLink interconnect pins that this small PC board would need for
connections are all running at 2.5 GHz or faster. Technically, what is needed are
waveguides, not wires. But, in one embodiment, soldered on Coaxial connectors should be
able to perform this function.

Figure 9 shows this alternative physical construction: six identical small, simple
LoopDraw PC daughter boards, all attached to each other by a number of coaxial cables. In
the figure, the group of cables that form the LoopLink connection are represented by a
single black line. In actuality, this would be an approximately 28 wide ribbon coax. In
Figure 9, the LoopDraw chips are shown as hanging off the edge of the PC daughter boards.
This is not mechanically advisable. The point here is to show that due to the use of high
speed serial links, the number of connections that have to made to couple each LoopDraw

chip into the ring (e.g., two connections per LoopDraw chip) is small enough that the old
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on their side, every other one reversed, such that adjacent boards are

ei ther coupled "top-to- top” or "bottomto-bottom" Figure 10 shows a

si xt een IWoOlosogiesmw, 2 Loopl nterface chip printed circui Pcadasghossss boar d
on edge |layout. Here, the point to point wires are wired straight from one
LoopDraw chip to the next LoopDraw chip. This is done by making the

pi n- out f nput j ] f h
bther - B bkl QMo Syl | GRRINAREkEY bEGACT bE BiprbUROES OF cac
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7t
t he | ongest  connect Th]|Fs could be fixed as seen in the next diagram
Fi gure bh,theihside evhrvather omrrweemd Smhﬁlmtawa@ltlb@@qu areeithaceoupladp tem-tant ed

circuit dq gh ((a)r rtr)l(_)tard on e h alljt YES, %)ruse Ol(]_) In?earira%e%ﬁ ds and
m rrors ' Rir @049m-1BTHotRBLy %ﬁ Qs ‘{ %‘ﬁ QPDIE, & HOSPIREREE D show
a si xt eepinkARRLAWau té%kd‘&&édg%q%&irl PHBYel he@dirg td ?Mhﬁwﬁ&lﬁbfmﬁfed board

radi al on edge | ayou This |ayout has_the sane airflow advant age as t hat
of Fi gurseralgmufrommnetﬂwpmwphlpde tlw next LaepRugw abén- t Blis issdope hymaking he

reduced th
odueod ik bt A% b RS bl SR Sk s B oSG opt 1 o
uni f or mdeyign Hitsa ﬂﬂﬁl@ﬂo&mae\bﬁrps&r@mown plus € noepgmﬁacetahtpsme tatebl i ng may

have to blow through the ring, Loop.c S, which .ma eed .th t
cool i ng,nuathsr afronnreefééfleéghtrr b&’a’(’f’éﬁhﬁ“ﬂégeﬁ%{b@rt Frglr{mlyg.vggpg ﬂr‘%‘? PR nt(:a s m(;fS

pi n Iocaltﬂeoanls | RapBE @Iggolﬁgallaém hi ARRERNY ¢ d8&ieSRomdeA $d HSktAr ON.
ngt p oth

Optimal ‘W re I'S” achi eved Ins on both sides of the package for
t he t op-fr@p righvtotlefrr bot t om daught er board configuration. (This vvoul d al so

make it easier, for a kage to su rt lar u IS Si pins.) The
Fi gure 13(a) Hr?dmf?sg"ﬁ togl}ar cﬂ“ib&ﬁﬁ%l %ngugwgr@ﬁ'bﬁt IOP@%S ackage i nput
and out hﬂ&{ﬁ%ﬂeﬁﬁ@%@ulﬁ%@rﬁp@eb@ s&nd8 $he NERE diakRBD Fidiké NPUVIREK howrput pi ns
are | abe 100" etc. in a 2d array; the LoopLinkQutputPort output pins’

are | abedixder b@@DreWcZ Lionplatezfhce ﬁhla)Pﬂnﬁdl qircyit flpyghtesibegrd gy cdggch” Byeus hown

to sinplify t.he illustration t
for each signaf" 2 elf?ﬁllnﬁﬁgrga%%(g H&IS éé{[}?gﬁ’r%ﬂ&h‘?ea%% % gEarg%er?&gggn
ground pijRglar %?a%n%@o@ﬁb@&%@&@er%dpﬂlﬁ@@[ @&881ﬁnterface ch1p printed circuit daughter

board radial on edge layout. This layout has the same airflow advantage as that of Figure

11, but the length of wires at the bottom is beneficially reduced, limiting the maximum wire
length. This is an even more optimal design possible, from the point of view of connection
length and uniformity. This design has even shorter wire lengths, but the cooling may have
to blow through the ring, and the Loop chips, which may need the most cooling, are all
located in a confined space.

The physical constraints of pin locations on chip packaging is an important design
consideration. Optimal wire length is achieved with pins on both sides of the package for
the top-top, bottom-bottom daughter board configuration. (This would also make it easier
for a package to support large numbers of signal pins.) The Figure 13(2) and Figure 13(b)
diagrams show a simplified IC package input and output connectors from both sides. The
LoopLinkInputPort input pins are labeled “100” etc. in a 2d array; the LoopLinkOutputPort
output pins are labeled “000” etc. in a 2d array. Thirty-five pins for each are shown to
simplify the illustration. The actual number would be larger to account for each signal being

a balanced pair, and the required nearby power and ground pins.
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Positions of pads on both sides of chip package for flipped back-to-back
LoopLi nk connections. Note that all the output pins appear at mrrored

| ocat i onswD®3k8880 nput pi ns. Thus, when the chip sides aPETE&08886¢l, t he
wiring fromchip to chip beconmes a set of very straight wres in space.

| ndeed, the external wiring |ength could be kept to di stances not too
different than the internal wires fromthe input/output driver pads on the
surface of the silicon chip to the external (solderable) pins on the

her neti cal | y mgioad of padsamkagesidégef chip pdekhge fohilipped backt-toi-radk froopkinky of
the Loop architecture, real world packaging constraints will determne if
this i s sonetdePAKURBS-t h t aki ng advantage of in a production product. Sone
transm ssion line setups require explicit resistors for term nation, and
these nmmy be fabricatable off-chip; and therefore may be external or built
into the packdok tigt all Kbe ¢utpltepit appeBLas porrorethecaginnniol tbe inpot pias. Hae been

for a single sinple ring. System archifectures f.0 rings..w or
nor e Lod’gl%”éw EﬁB gideg B{ﬂgr v%%eoéﬁgel e %ﬂm ot %% Rip ﬁ)g%or?ér%gat Sﬁ%ﬁogﬁ& S%/rv%tgﬁout
depar t i ngidiaRpidaensietd, ithe Sternhl Wiringeitith esuld Bekeptha tisaipoes not tagdiffetat
support one or  nore sub-rings? This section will describe how mul thI e
si npl e rthaythedaiampbwires freuy g iInpug/gutpredrives pads gdhe syrirceof tesilicon Ghip to he

host interfaces, don t ve 1o . uter, they can al so be
used to tﬁ%ﬁ’ﬁg@[ﬂ {%8{38{31?2631’%95&“%‘8? .Q‘%geil? gl%h%a{r%gf{? pﬁlglr%{gebn of the docunent
will di sggss, wisilowisdddithitdp@bertpof the € abp bichitectpeptal wordd parkegings to perform
much the sane function, There will be many simlarities..between .the

concept sconpiraints gvil gleterpimedh this ispemgdune yorh F%W

g 2f@ntaes R eREAdClPR nore a
mat t er r&6ne frlisthiSe&t fi G4 RRexpBAPREKI Bbr SriRhARioh! AEiSthee! Ng
dat a pa%xgg'fvag'ﬁ&%?%%#ﬁlgsgﬁkﬁeg@ %(Llﬁ%vwxgth t han thé_ LoopLi nk; the next
porti on regbes fddeisatable et thipgarsl thpkfore inag be esierngl duult pate e pickeginge same
or close to the bandw dth of the LoopLink. Indeed, in one enbodi nent the
additional data paths are just additional LoopLinks. First, let us change

our graphi calwgwm%sg]%})@ﬂ little nore abstract. Single ring schematic.
124 WO 03/ 083680 "PCT/ US03/08886 Figure 14 shows a ring wth one

Loopl nterface chip 11 and 7 LoopDraw chips D1-7 in 3d perspective. The dram

chips attac he,iihé[ gxa&n% esLs%Oth%a%\{cvb%Qril B a%ﬁn%le”ﬁ&p?e%‘@? System architectures for
rings with 8 to 64 or more LoopDraw chips could be designed by one skilled in the art
without departing from the spirit of this invention. But what about rings that support one or
more sub-rings? This section will describe how multiple simple rings can be connected
together using host interfaces, e.g., the host interfaces don’t have to connect to a host
computer, they can also be used to connect to other simple rings. The next portion of the
document will discuss using additional non-local high speed interconnects to perform much
the same function. There will be many similarities between the concepts in this section and
the next portion. The differences are more a matter of degree; this section describes
connecting simple rings using data paths with significantly less bandwidth than the
LoopLink; the next portion describes connecting simple rings using data paths with the
same or close to the bandwidth of the LoopLink. Indeed, in one embodiment the additional
data paths are just additional LoopLinks. First, let us change our graphical notation to a

little more abstract.

Single ring schematic.
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Figure 15 shows a double ring system wth the second ring connected ring
via a second Looplnterface chip in the first ring: Double ring schematic.
The presewoa3n83660 and 7 LoopDraw chips in these rings is @cmushayossease of
illustration. Typically, the nunber of LoopDraw chips is a power of two

regardl ess of the nunber of Looplnterface chips present. In Figure 15, a
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over a. singl MG FFHEARUE peci al case of stereo support, where one ring
conputes the left eye view and the other the right eye view, the

application software and the graphics driver can ensure_that nost of the
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messages t hatingibgnre 15pesesend _Lemlpt%ﬁée AP ﬁogﬁ%ﬁ?%fléﬂ&‘?(ﬁf% dﬁ“ﬁﬁ’fs tHey be
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command nessages ra e nore uni cast of such.)" Thus, two
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taking up.much nore host jnierface bandw dt h t han Si. e-rendering woul d
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so long as the special View natrices for these rendering conputations can
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have to share bandwidth to/from the host computer over a single link. In the special case of

stereo support, where one ring computes the left eye view and the other the right eye view,
the application software and the graphics driver can ensure that most of the graphics driver
command messages sent from the host interface are identical for both the rendering of left
eye view and the rendering of the right eye view. This means that there would be a small
amount of non-identical graphics driver command messages meant for only one or the other
of the two rings, and then a large amount of graphics driver command messages that would
be sent only one with the intention that they be processed by both rings. (This is in effect a
multicast of graphics driver command messages rather than the more usual unicast of such.)
Thus, two parallel rendering could be performed by two parallel local rings without taking
up much more host interface bandwidth than a single rendering would have.

Another alternative is that the second ring is a sub-processor for the first ring. It
could be computing shadow maps, reflection maps, etc., so long as the special view
matrices for these rendering computations can be known a (partial) frame ahead of the final

rendered image’s rendering.
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anot her Looplnterface chip within another ring. In conputer science
connectivity terns, the «class of structures that can be built is an

ar bi tr ar ywoonfexssed graph (also called a network), not | ®ET/l:08/08386 or a
directed acyclic graph. And since Looplnterface chips can be cabl ed over
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standard host interface connectors. One or nore of the host interface
connectors |r1)the back % the box coul d have external cables plugged into
the connect or@MHUOLIRRAPOXE) of the cables would attach to one or nore
host conputers. But it is also possible that one or nore of the host

interface connectors in the back of the box could have zeternal cabl es
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such as a 2U G aphicsSlab with 16 LoopDraw chj opl nt erface chi ps,
a very hsppe ff Hhﬁﬁé?orﬁ?m&]i@t@é% gy t(‘}ﬂﬁ’le@ J(’j’gfegﬁ%oé’ﬁ%t ‘ELJFO {R5dS can be
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sof t war se configurations may be user custom zable, rather than
factory @mphiaaﬁ‘slz‘ed Shortcuts 126 WO 03/ 083680 PCT/ US03/ 08886 Most of the
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GraphicsSlab 2U box need to brought to standard connectors on the back of the box. Some
of these standard connectors would be video output interfaces. Other connectors would be
standard host interface connectors. One or more of the host interface connectors in the back
of the box could have external cables plugged into the connectors, the other end of the
cables would attach to one or more host computers. But it is also possible that one or more
of the host interface connectors in the back of the box could have external cables plugged
into the connectors, where the other end of the cable is not connected to another host
computer, but instead connected to the host interface connector in the back of another
different GraphicsSlab box in the same or a nearby rack. Thus, using just a single standard
product, such as a 2U GraphicsSlab with 16 LoopDraw chips and 3 LoopInterface chips, a
very large number of different topologies of graphs of rings can be constructed using only
cabling. (And of course, some configuration software.) These configurations may be user

customizable, rather than factory customized.

Shortcuts

126



can be distributed across a nunber of Loop chips that are connected in a
sinple ring, e.g., each Loop chip only connects to the Loop chip

i mredi at eWwp opfogxseai ng it in counter- clockw se order, andPChaShda§s8€hi p

i mredi ately following it in counter-clockw se order. This portion wll
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wher e poi nt to point transmission is nore optin zed. These two Loop packet
types can account for between half and two thirds of all the ring traffic
on a sinple r count for hi gher percentages when | arger nunbers of
LoopDr aw chi p(é&gfp%l ptq?gk%%%rlu Thus, adding non-local connectivity to a
sinple ring would help with these Loop packet types the nost. Shortcuts
Various enbodi nents add non-I|ocal. connectivity to a le ring.in a nunber

of di fferentTfWa‘i}@P QRS PBeth iy Hs WRl thtan%f‘é(f%%nﬂﬂ%%? BRAEEES YRSt o al |
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have additional LoopLink interface pins beyond the usual
usually do not amount to a significant amount of ring traffic.

The Loop architecture GraphicsPrimitive and DrawPixel Loop packets are not best
served in a stream format; they would consume less bandwidth in a connectivity scheme
where point to point transmission is more optimized. These two Loop packet types can
account for between half and two thirds of all the ring traffic on a simple ring, accounting
for higher percentages when larger numbers of LoopDraw chips are in the ring. Thus,
adding non-local connectivity to a simple ring would help with these Loop packet types the

most.
Shortcuts

Various embodiments add non-local connectivity to a simple ring in a number of
different ways. One embodiment might add non-local connectivity to all LoopDraw chips.
While this approach is the most direct, it adds additional pins to the Loop architecture chip
type that can least afford them, and adds more additional connectivity than is usually

needed.
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two. These additional LoopLinks could then be used to add the desired
non-local connectivity. The main limtation of this approach is that it
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Loop packet types have to traverse both interfaces. But depending on the circumstances,

because the most desirable connection between non-local interfaces are to other non-local
interfaces, in some embodiments the non-local interfaces do not have to have the same data
width and pin interface as the LoopLink interface. So in order to avoid unnecessarily
constraining the non-local interfaces to be identical to LoopLink interfaces, they will not be
referred to as LoopLink interfaces, even though that would be one such embodiment.
Instead they will be referred to as shortcuts, a name close to their function in Loop systems.
Examples of Added Shortcuts, including different Shortcut connections, and

different ways of drawing the same connections

Figures 16(a)-16(k) shows a number of different way of connecting Shortcuts, as
well as in some cases showing two different ways of drawing the same Shortcut
connections. All the examples in Figure 16(a)-16(k) show rings containing 16 LoopDraw

chips, represented by the diagonally hatched circles 1602, and 1, 2, or 4 LoopInterface
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Shortcut support (e.g., those that only have the standard one each

LoopLi nkl nput Port and LoopLi nkQut putPort), or a new enbodi nent in which
every LoowbrBesicace chi p has one additional Shortcut inp@CTAarsd3/essseut
port. In some enbodi nents the Shortcuts nay be allowed to differ fromthe
standard LoopLi nk interface, however in one enbodi nent they are just
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but using onIy one Looplnterface chip. Figure 16(f) shows a shorted
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Fi gure 16yagds are pessitdpdhat e sfill aghieve Shgahart Viuspanstibeeal, 1f Bt desgedb sl chi ps.
The ring,shono c&rﬁiéﬂr&ﬂ) § v&ﬁ%g)apf)ﬁ‘eﬁf% ¥nS 5L P th€%E BPiccbRfince with the

teachings herein.

In Figure 16(b), two LoopInterface chips are used just to add a pair of Shortcuts. If the
constraint is added that the Shortcuts must be built utilizing LoopLink interfaces, similar
connectivity to Figure 16(b) can be achieved. Figure 16(d) shows a simple ring having a
single LoopInterface chip and no Shortcuts. Figure 16(e) shows the equivalent connectivity
to Figure 16(b), but using only one LoopInterface chip. Figure 16(f) shows a shorted
connecting length embodiment similar to that of Figure 16(c).

The quantitative improvement in the functioning of a graphics rendering system will
be discussed after some additional connection embodiments are described.
Figure 16(g) shows a ring with four LoopInterface chips with Shortcuts that do not have to
be the same as the LoopLink interface. In Figure 16(g), the “Shortcuts” are forward jumps
over four LoopDraw chips. The ring shown in Figure 16(h) is very similar, except the

“Shortcuts” are backward jumps over four LoopDraw chips. When the performance of these
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"Shortcuts" are backward junps over four LoopDraw chips. \Wen the
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Fig. 17 is a redrawing of Figure 16(i) as a double simple ring.

All these example configurations were shown for systems containing 16 LoopDraw chips.
These example configurations can be generalized to embodiments containing other or larger
numbers of LoopDraw chips, some of which would keep the same number of LoopInterface
chips, while others would also add additional LoopInterface chips, either in the same
portion as the Lc;opDraw chips are added, or in different proportions. One general class of
these embodiments would be a generalization of Figure 17. Distribute n LoopDraw chips as
an outer counter-clockwise ring of n/2 LoopDraw chips, and an inner clockwise ring of n/2
LoopDraw chips. Insert a LoopInterface chip for bridging between the inner and outer rings
every m LoopDraw chips, where m is a positive integer between 1 and n/2, and n/2 is an

integer multiple of m. Slightly less regular embodiments can relax this restriction on m.

Performance with a Single Pair of Shortcuts
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130 WD 03/083680 PCT/ US03/ 08886 Consider the connectivity of Figure 16(b)
or 16(e). A local ring has had two uni directional |inks added that bisect
t he ri ng wormmsisBons. Now, in sone cases, unicast Loop p&chaise3/esnet ake
advant age of the Shortcuts to avoid traversing the LoopLinks of all the
Loop chips on the ring between their source and destination Loop chips.

o e Sont GRS BAANEF Gy Fiefif 11 ok 16ee) % Socal Y GBS0 MOBRSI-0|

le
sour ce/ dest i nat T on pairs are’ equ I'kel'y OW ng paragraph
di scusseirettienal Hplacddded tiaddisag thdese cornecti@soNbwiinsote dabes, tocat Loomg. The

inpact is that sone of the Lgo ackets (those tha woul d . ha o travel
t moug h Parles C@rta]ﬁ%?@’aﬁ%ﬁﬁg\ﬁ/%@gﬁﬁ‘gf t%‘i(ﬂl‘gtr@éeﬂm?%h}fslé)og Hﬂ%ﬁ\é%tl t \(;

avoi d pasRy, %ﬂgfa thH@ﬂﬂ? b&twebi ek 28R AN QBitRSHo b @Ip1al assunption is

that every Lo aw chl'p s sending an equal nunber of Loop packets to
every ot her Lisspiimyetatistipally bedinedd niggittaid, €.g.,umicabievlpsn el apuree/destinpiéone

there are.n Loo a hi ps i t.hout. the Shortecut. op _av .

bt ot gt s moRa ‘i\%é@?‘)p“&&‘%@?m%?ﬁ{‘ disgpssegths ] S@%gag%ﬁ 555y chi p,
t he i ncrgERyHoatbutd 36 8hei16da ring.e¢ﬁ@ﬁn1§m isBaeathe@T fad Lodphrickaothosekhatnt er f aces
in the ring %oes up bly the bit size of a_ DrawPi xel Loop packet tines

0. 5* ( n- Moyl havetogragel thyqughtetght shmorecbeorDIAw chips} waBldiget fodise ithSharicu} ess
than 0. 38. Performance of i .cut Pairs The follow ng paragraphs
di scuss f’%o’l%r%%s&?g%ﬁou%r%%%kﬁgléﬁ%ﬁgf{%ﬁ%t her configurations shown in

Fi gure 16. Capngirigfiniihesdapitngs siarplay foopDiagectep & sendihp an eqlal nkinjar ef 17,
and Figure 16(i). Assune that there {s.a_ Loopln erf&ge chip for every four
LoopDr avkasminsskitataevernethgr bogpOraw shivaipciuingitself. In the genqialedse Wheteect i on) .
Table 3 | ' 66866k eGerd!l | the
LooplLi nktﬁ%k%‘t’é@er %@@bﬁg&?ﬁg@&?{%@g?gﬂw t{](?g%gd(%e’e{oﬁe bit si ze@of_ a

Dr awPi X ebraks®oge] faok phckef sent pbresecarsebyod Leopddrap! dhip, ithgyinafenshtad bandwidihd f or
double sinmple ring of si . ver gl obseryations can, b de fromthis
Lable. PSRt B Ao GOBRICHE 5ioriFPep TS heFE EDRRI PRI GOt | eas
than 0. papixd Q%%ﬁbaclé?ﬁﬁﬁg 0.5%@f-1 5Bl 0.5, WiihehIghbH AL, ShdkRnienhfadtips not
gai n as nuch. For = 8, the gain over the sinple ring is only 1.077. This
makes seandessthan 3l | rings the Shortcuts have linmited gain. Third, gains
i nprove for larger values of n, but the rate of i nprovenent .

Performance of Multiple Shortcut Pairs

The following paragraphs discuss the impact on performance of the other
configurations shown in Figure 16. Consider the double simple ring (generalization of
Figure 17, and Figurel6(i). Assume that there is a LoopInterface chip for every four
LoopDraw chips (e.g., only two LoopDraw chips in a row in each direction). Table 3 shows
the incremental bandwidth needed per second on all the LoopLink interfaces in the ring as a
multiple of the bit size of a DrawPixel Loop packet, for the case of a simple ring of size n,

and for double simple ring of size n.
Several observations can be made from this table.

First, the fraction 0.5*(n-1) /n ~= 0.5, for small n is somewhat less than 0.5 (as
shown). Second, for small n, the double simple ring does not gain as much. For n = 8, the
gain over the simple ring is only 1.077. This makes sense, in small rings the Shortcuts have

limited gain. Third, gains improve for larger values of n, but the rate of improvement
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131 WD 03/083680 PCT/ US03/08886 flatten out for very large n. This nmakes
sense, because the Shortcuts in this structure are relatively local. To
reduce thwoioaosaeent al bandwi dth | oad on for very | arge vacCxasopdssse nore
gl obal Shortcuts |inks would be added (e.g., not a double sinple ring
anynore). Finally, for aring with 64 LoopDraw chips, the gain of the
doubl e sd i t he: Si L & ; or of
three. APPSR ik R S e M e N PR 3o e
and G aphiatis€lyhomhd oredpcephe keranartad bardwidih/ehy on ferdepeladesaluss ofin, i n or der

to scale to high i xel. fill te the nu r .of .unicast DrawRj xel Loop
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This was done to "better illustrate the trends. The %eneral structure al so

wor ks wehe sifiple riagstrunturods slmiost a fastoneé thret dge voledhe bardvadthemanheper

i nprovenent _factpors. s epxsimlarly,. Far e I = he sinple
ring coefdoPOrERE ﬁpsfoﬁ.%alfg?ﬁ?l)&e;:]%n%{gﬁ%Plé S@‘lgrrllnﬁ‘{%ﬁrﬁp‘fﬁ%péz%é?%f ecfeéaﬁ }}é 0.185. The
fol | ow ﬂﬁdﬁﬁﬁ&&ﬁ 3phSindir8&us scdlow Hplireixep @l fratesrahe sursios foif gicadtilrasPoah be
used. The discussion so far describes the difference in marginal unicast
packet degepdiackets Bronenarerpertiona to paprowidieegreater rehefdar lreger yalyes of n.

i nt erconnecti ' T j ieul ayrs i-on
embodi mont _af fouit SN I RS8P VAl i i r8oRBbk 0P, Bhis GRRTGRE )
gi ven cauneciliuytrity tieotrdnidg Urtat denaralwinioturb @lsb evarkswall for mhdny menbiensnm bandwi dt h
in distinguishing anot her enhodi nent of the LoopLink interface, e.qg.,

r educi ngPeEFeHfASROWSES Ot R84 (hedIProyemest %S%ﬁél@ﬁ@bﬁ?ﬁﬁ YRR f&?&,
and/or usj i il a0, thb A6tble SHBALBRE LESTicibN Sk 8dIgRT,

Si mul at i o%?’qgggkg}%gﬁggéélfggl'gf-ﬁgg?atr?ci ng |f tGh%ﬁﬂlioopgi nk lf nt elrface is not the
limting constraint, then different connectivity configurations m ght

al | ow hi gher XL ooum r ender i .ates that .others do. The rel.atjv
per f or ma%ces ﬁ%ﬁgwlﬁﬂ¥@% (%%Hﬁslb‘m‘E{%hgﬁ%erf?wgncﬁecgﬁﬁé'r\?{é(r?lhsucn &F the
assunpt i @aqdt rat disti@iodab!tal eRatbes (s dibRFeneé inapiNadunie ikt padietespabiopped)

that the Loop packets traverse wll fluctuate about the average fast
enough tbradwidib costdgr difflerentprbedimeatsof ifarcppnestiensafd.ogp chipseFhehgicsrof
under | oad o that all b | ' il : ' ' is,
how val i%p?rglmp%rl %ngg(glﬁ’r?pﬁbg)\#]}g {;—‘gra\f\fge!r:égp? |%(r: g}t, é;gérngl Fz’n&%tr\a};é%e' o(?ﬁ%ﬁ%/y wélﬁgl%ﬁ ]?gl%c ant
pi xel ar@efa gitvhecaiattivty @afighratibe wionki# toehinimiap thpandamsmbandwidh gui t e

uni f orm : .
Xistinguishing another embodiment of the LoopLink interface, e.g., reducing the number of

pins used to implement the LoopLink interface, and/or using more conservative data clock

frequencies.

Averaging, Simulation, and Dynamic Load-Balancing

If the LoopLink interface is not the limiting constraint, then different connectivity
configurations might allow higher maximum rendering rates that others do. The relative
performances between different configurations have been given under the assumption that
the path length (number of LoopDraw chip nodes hopped) that the Loop packets traverse
will fluctuate about the average fast enough that the ring will almost never be in a state of

overload or underload, so that all bandwidth will be utilized.

The first question is, how valid is this assumption? For graphics primitives of any

significant pixel area, the statistics of the DrawPixel Loop packets will be quite uniformly
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132 WD 03/083680 PCT/ US03/08886 distributed, and only pathol ogi cal cases

(I'i ke one pixel wde, very tall vertical triangles) wll differ
si gni fi cawDlog/083680m t he nomi nal assunption. For graphics pPCEUSIYesssevi t h
quite small pixel area the limting factor will not be the delivery of

DrawPi xel Loop packets, but much nore likely will be the maxi num geonetric
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cast 1y PR RreampUmEdActoL VHLPR GRS HE R RV Lo OF PGS, Dot e |
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Loop packet Hanirg saidathés, shesasert ofisvatenstios quite amenahlstto Zaigy snple but

"shortest-distance" algori.th but, one .wth stati ; 1 i
par anet @ngat@wygmﬁu%#logsﬁpﬁ,iﬂ&e Wﬁ‘i%"@%%ﬁlg%eg gﬁg}égéglg%@s@y %g)?lgse nt age
val ue stieRthchidl PerféBeinsé B predibel &y tienotdinblcasslehptivesis Fidy euilyererifiablel i gi bl e

Loop packet actually allowed to take a Shortcut. Analysis of a particular
connect ipvior jo uikiingjthegeivehclipyht show that the best overal|l perfornance is

achi eved i1, @y AlaKo fROhm bl et B> SHOARBAGK S Sditibdibnyse | L he
Shortcut. An 'eXanple of & dynam ¢ tuhing paramster 1s a bypass percentage
val ue, Yefted Rk fo@ande@andeabtainddifiihegigmitandordecaizgnwhiehainmaet, Logdper e t he

Che T npackat ML oKF G oIS SoRapendta rnl Shorisened g En. burtne®
| oad- bal gacing. Hi@mnggn&lrérﬂ& shals This portion of the docunent

descri bes 'sone’ of ‘the intermnal architecture details of the LoopDraw chip.
An i nportant (s éxanfplelofasteti¢ funingararamatr is e bypase pesentege vilpe sigradsaful | y

abstract npdels for thinki.n bout .it..Because the. Loo rchi t ure has
ol ded rieghey wiere O i deEpSefRe piima of Deile Tep PRk eokalo g
traditigned o SebA@NIRAAINGs 8¢ £HirliOAidoREedtiRit canfirgich might ghovathaatieibakl y
unf ol ded nodel is a useful guide to understand the new architecture. Figure
18(a) poreralperfonmanceds Bekioveshf. pay.onby $¥0 o fhscatisthlabpempaskeispcgly Bsser e

the Shortcut.

An example of a dynamic tuning parameter is a bypass percentage value, similar to
the static tuning parameter example above, where the bypass percentage value varies and is

a function of dynamic statistics of the ring traffic flow. This example is also a form of

dynamic load-balancing.
LoopDraw Chip Internals

This portion of the document describes some of the internal architecture details of
the LoopDraw chip.

An important part of documenting an architecture is describing usefully abstract
models for thinking about it. Because the Loop architecture has folded nearly ail of the
traditional busses and interconnects of traditional 3d rendering architectures into a single
ring; a partially unfolded model is a useful guide to understand the new architecture.

Figure 18(a) portrays the LoopDraw chip internal block diagram as if there were
three separate data transport rings running between the chips, each with its own processing

section, and own direct port to the attached dram memory, for the purposes of clarity.
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three separate data transport rings running between the chips, each with
its own processing section, and own direct port to the attached dram
menory, fwo oslgsepur poses of clarity. 133 WO 03/ 083680 PCTPUSAZNOGBIG
Figure 18(b) is drawn according to the internal connections of one

enbodi ment, with a single physical LoopLinkl nputPort and LoopLi nkQut put Port

bringing all : j HBeTe olB -1 bBH'iiP{bntavOi a
single dram n%g'grreég@@ﬁ%g%l ?rcg(éljrd |q?gkgbldjﬁ%%atl)g{mm1}eegﬁothe neegis of the three
pr ocessiangephysivas LodpleinRapuHortzaitlilaop PinkEutpuwP @y biilgngald thefLdope 1990 s,
applications were striving for_nore. control over the renderin ocess.
They dediflgds e mdeutof dhq Lopniray Cﬁ’é’e? ? Single e ey CB%ﬁrOllﬁr%gﬁ&ﬁ% s
during rAgL&nIFaheR of e sJifld sdRb. f i xabl e control of per vertex and
per pixe operati1ons (progranmbl e shading). Sone of these desired
expanded controls are starting to show up in recent products and expanded
gr aphi cs api far, .thgu the amount of control available to

appl i cati onss?h?ﬁﬁ%?rﬁé?OIwagﬂh%rograrmabl e stage has been extrenely
limted. In the com ng generations, applications are assum ng that nuch
nore flexible and powerful control will be available to them at

pr ogr anmabl e Bratheendiof theel 994’y epilisriens we devinggiopmees sendol oy the)op
architecture. i s _desi - : =1 i chnol ogy
That. wi ITPSEme R Tab Lop cblresis Rk B8 Leind fRrikde ol P RETAIR baBENED, 0
enbodi mefting rhnapixiam skivishaifor amiefikadt cantropdfgdrivegerasslipepixeti gh sanpl e
density supersanpling is_ always_avail e at .no reduction in renderin
speed. HIPgFHEONS @xag@ma%ﬁ\ggwa ome (%L%%Fﬁﬁﬁdeﬁﬁpﬁl gegRtreln aresifBe f‘gof
much hi i b Bef SAPELS s 286 Rirl 8644, @ ankiiReh texture
access %g&ﬁgvﬁpg?ﬁpélegﬁ rgggt%\ta@grﬂ@ege a Ia{l/kg?s of r’(:orrp ex taéxture to be
accessecdoatidl agildbloyo pplipntiomsiblties pepiyel peigramaedde stage harobaeaduisemnely i n
renderi ng speed. Conpeting architectures typically start slow ng down
after ondmigd-at nost two layers of sinple texture are accessed in a pixel
shader. Theseyifs chhiR! gcnBANBAS a¥hildatiSntine hdsuminfitht migH Bofefdxilsitaad ef f ect
and support shaders nany tines the |length and conplexity of conpeting

ar chi t ecpawee] cantroiovitldguyeilane fothemsgprogrrmsphie garts of the 3d graphics

rendering pipeline.

The Loop architecture is designed to leap-frog the real-time 3d rendering technology
that will be available from any source in the near term. In at least one embodiment,
LoopDraw chips 3d rasterization pipeline assumes:

High sample density supersampling is always available at no reduction in rendering
speed. Higher rendered image quality is delivered through the support of much higher
sample densities than competing architectures.

Enough texture access bandwidth is present for several layers of complex texture to
be accessed and used by programmable per pixel shaders at no reduction in rendering speed.
Competing architectures typically start slowing down after one or at most two layers of
simple texture are accessed in a pixel shader. These per-pixel shaders will support a much
more realistic effect, and support shaders many times the length and complexity of
competing architectures, at no reduction in rendering speed.

Color and geometric data within these shaders will be processed using more accurate
and sophisticated numeric formats than competing architectures at no reduction in rendering

speed.
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Col or and geonetric data within these shaders will be processed using nore
accurate and sophisticated nuneric formats than conpeting architectures at
no reductwornsiossesenderi ng speed. 134 WO 03/ 083680 PCT/ USP8TAB88@836 he
three functional blocks in the LoopDraw chip each inplenment a section of
this pipeline: The Rasterize block transforns incomng vertex data, and
all ows per-v 1 cat rgjgggﬁ i Rl ieE-
Geonetric pr ﬁr%%ﬁfﬁﬁzg‘ﬁgﬁlgﬁ%ﬁlg&éﬁie@% , ?Xﬁc}?g?@{%@%ﬁé&g a’?gct he ﬂ\/tiﬁfg’wport

i f necepimiiyie: After rasterization into pixels, user supplied pixel shaders

w il be applied_to texture and. light the pixels. The.sanmple Fill bl ock
sanpl es tﬁg sﬂ’&&@éteﬁ‘lzﬁér%ﬁéﬁﬁfﬁg?sg]ﬂlﬁ%m (S’Ete’éfiat?haél%gaé%ﬁlg}t%ﬂfyeﬂ%d per f or ms

a condi ta&])_ &kiof PRRYrEmHRER! el HiBRS 10t DPlitd GdodlRATc MahiiRes hRlcipicheckedane

buffer. e Convolve bl ock ‘applies an application supplied circularly
symet r iand fight ¢ligiped 40 thy Wiewpast ifmecasspay. Irastenizgtign &nte pixels Beer syrpedbuf f er

on the fl he video outpu si gnal . pi.xel. | ues are bei ng generat ed.
Thi s suﬁ’ﬁgﬁlgéa({?@vﬁ% eg?PPEiﬁQP? {e§mfﬁ%ﬁ§%}$gﬁe%rﬁ 1Xe\a@il%ti aliasing. In at |east one
enbodi ment, thR sﬁhﬁfe&@ﬂllﬂo&@aﬁﬁi}kls&h@ﬂhdé&ﬁiﬂsTagﬁiﬁa thé edyes ofithy gabmetrg,
contained within the LoopDraw chig die. Scaling |ssues This pgrti on

di scussesdprdormsyecnshitienal papaple apdate funghionen hegebaz vadirs i thstrape

scal abi | iu Abstract vs. Actual Sixteen LoopDraw chips in a ring has been
assuned 1n nost exanples herein to nmake the discussion and exanpl es

sinpl e. For srsCasbivedflodsaphips amaspliakout suppliddosirmiaky syamaetdecal e of t he

Loop architecture, puttin 6 Loo aw,chips.into eagch.local rin be a
reasonat?_lnga]l‘%s&lfeglﬁﬁ‘rfto B@c%g“é’ Sc gjtegghﬁlv%g ?ﬁa%rer?&ﬁ%é?n g}?le}lys"ﬁfcfﬁe ggggﬂ%f%%}o/f t he
sui t abi Ig 4 pikel xla@uésoa?@%ﬁgfg&kerﬁéd.lmﬁﬁ@boﬂtw@ high'Whaligt fulled@enabl e vi deo
resol utions (1920x1200) an sanpl e denSities (16 sanples per pixel), 16

LoopDrawntih]iq;s_a’;t@upports full 60 Hz video format frame rates, and with an
order of mag rfnta??e%stnc%e%m oo rllgn)%, tBIe )élfr"clzuitsr}r/] ?odﬁ{plgrﬂgrﬁ%ésettﬁ}ggblocks may all be

contained within the LoopDraw chip die.

Scaling Issues

This portion discusses the trade-offs involved in supporting various forms of

scalability.

Abstract vs. Actual

Sixteen LoopDraw chips in a ring has been assumed in most examples herein to
make the discussion and examples simple. For some sets of assumptions about performance
and scale of the Loop architecture, puiting 16 LoopDraw chips into each local ring may be a
reasonable trade-off between cost and performance. One such example of the suitability of
16 LoopDraw chips in each local ring, at reasonable video resolutions (1920x1200) and
sample densities (16 samples per pixel), 16 LoopDraw chips supports full 60 Hz video
format frame rates, and with an order of magnitude more complex pixel shader support than

" an equivalent technology single chip based 3d graphics hardware accelerator is likely to be
able to.
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an equi val ent technol ogy single chip based 3d graphics hardware accel erator
Is likely to be able to. 135 WO 03/083680 PCT/ US03/08886 The foll ow ng
par agr aph&odidogisse the additional benefits and additional pcafusasossset ure
support requirenents if nore LoopDraw chips are added into a local ring. To
get a fgzl I_for the issues, consider the exanple at the far end of the
range: 0 chi | -I | 126 ' I 1i%ioaySt em has 4X
e frame banF ey e R sl RLR HAER nd dtionEneAls dtd ubuigioR 2
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I n performanc h I xel, fill.rat. h nmb f
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rendering rate. Alternately, if the sanple density js kept at 16 sanples
per pi xéloopBaw chips assumed ék mest ofithepranons FY ARl IRy, §3° f@Poﬁ%éblF ﬁ?:rrae‘ﬁ?étgpf rom 4

pi xel s tQ,.8 pi ) ; |

CPus. P BE e AERRARPNGHE Lo kel I oREpuPRaL A €
c(:o tnvg Ih Utwitindoever tréil&n%ffst io pierformamiebhe fireldilrmtodoss met ehange biubthiemgntbier t er
a e sane . sa e nsity),. i ' h l.e d ' .

ecpi ng FAEnBE PAES B GO a4 ap rBieaintie o SHEPIEY FHEVERSBPEPTRD Ehe
pr ecedi %lpﬁrt??P&QthadJ%vMsﬁﬁfo@taﬁl@rﬁph%i\%éﬁir&rﬁieriﬁgﬂﬁw dth is not used.

Anti al i asing ters larger than dianmeter 4 are of dim nishing value for
ordi nary ant i/ltéramelyyifos poxds dersity it kepy atckirsapwlesuer pixgh bykihe dignpter of

supporti var.i aus ..forns_of ur filters hi

| ocal ritﬁ‘gargli’é)‘ﬁ%% ﬁiltﬁrc]_rsélé?g%fe&gr%’l %plé(gﬁé? g ﬁ’%@q &ﬁ]g}?’% f%rggicmoﬁg (s:alrrglses
in a pixghhdheirwessdabicl heT ROkl a1RH BEtX Gdrdpixeldhdedsr pokes.dlere,the dRst ances,
the DrawPi xel Loop packets now are nulticast to the approprjate quartet of

LoopDr awnarkicpsyolniaethpower veant imingtessing theafizs; of gheaniigliasing Hlterdahibe S30E hi p.

This cannot.,b ne wth r ffsi ] : ' I
ci rcui t SARRIP %&8@@’ H]é:ée&s]tng eegam?geg%éc})lrs {tiay%‘mg‘g{o%%w %51\}1% | %%It? at are not
needed f@Riméteck shmbgthk @8smplean tirrpragiilg pacagidph). The 4X more sample write

bandwidth is not used. Antialiasing filters larger than diameter 4 are of diminishing value

for ordinary antialiasing purposes, but they can be quite valuable in supporting various
forms of blur filters.

To make the 64 LoopDraw chips local ring support increased sample density, we
had to divide the samples in a pixel between 4 different LoopDraw chips. Under these
circumstances, the DrawPixel Loop packets now are multicast to the appropriate quartet of
LoopDraw chips, rather than unicast to a single specific LoopDraw chip. This cannot be
done without trade-offs; some very minor additional circuits and modes need to be
supported by the LoopDraw chips that are not needed for local ring less than or equal to 16
LoopDraw chips were to be supported.

A slightly larger change is the additional buffering and working contexts needed in
the system. Because now each LoopDraw chip could be receiving a DrawPixel from one of
64 rather than 16 LoopDraw chips (including itself in both cases), there must be 64 rather
than just 16 graphics primitive drawing contexts. These contexts are not very large; in one

embodiment the triangle drawing context consists of 3 fixed point control vertices and
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LoopDraw chi ps were to be supported. A slightly larger change is the

addi tional buffering and working contexts needed in the system Because
now each wWowps3sy chi p coul d be receiving a DrawPi xel fromCanso»H88s6&4

rat her than 16 LoopDraw chips (including itself in both cases), there nust
be 64 rather than just 16 graphics primtive drawi ng contexts. These
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these intermediate size ring system are similar to those described for the 64 LoopDraw chip
size local ring case discussed previously.
Above, when the phrase “dividing the pixel’s samples” by 2, 3, or 4 ways” was used,
no fixed assumption about how the dividing is done was implied. For example, the 4 way
dividing could partition the 64 samples into 4 equal size non-overlapping quadrants of the
pixel. Alternatively, the dividing could have been by sample sequence number, resulting in
each LoopDraw chip receiving samples pseudo-randomly positioning anywhere within the
boundaries of system. This detail does make soﬁle minor difference on how the dividing up
interacts with the mechanism that pseudo randomly perturbs assigned subpixel locations of
the samples in a pixel.
So far the discussion has been in scaling system up from 16 LoopDraw chips. The
following discusses the reverse: scaling down to 8 or 4 LoopDraw chips. The
implementation detail implications of supporting a lesser number of LoopDraw chips

depend on how these lesser systems are to be used. The system implementation

optimization assumption that downward scaling runs into is the layout and batching of the
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From a practical point of view, there are legitimate markets for system with less than

U»—'

16 LoopDraw chips in a ring. First and foremost, as will be described elsewhere, in some
cases a ring with 16 or more LoopDraw chips might be (temporally) partitioned into
multiple ring segments each driving a relatively low resolution physical image display
device. In addition, there are a few price sensitive market segments that would never the
less be willing to pay some premium for a Loop architecture system with 8 or 4 LoopDraw

chips: editing and broadcast ntsc and pal applications are one such market segment.

Scaling Limits in 3d Graphics Architectures

Some technologies scale vary easily. For example, if a toy manufacture needs higher
voltage and/or power from the batteries that are power a new version of a toy design, all the
manufacture has to do is expand the battery compartment to take eight standard batteries

rather than four batteries. The toy manufacture does not have to have a special larger battery
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t he general purpose conputer contained not just one, but nultiple
within a general purpose computer. This means that such computer programs would not be

able to run any faster if the general purpose computer contained not just one, but multiple
parallel general purpose processor elements. The act of taking a computer program and
modifying it so that it can run faster on a general purpose computer containing multiple
parallel general purpose processor elements is called parallelization. If this modification is
performed by a human, then one refers to the act as “hand parallelization”. If this
modification is performed by a computer program, then one refers to the act as “automatic
parallelization”.

The quality of the parallelization, whether by hand or automatically, can be
measured by the ratio of how much faster the modified program runs on a general purpose
computer containing n parallel general purpose processor elements relative to n times the
speed at which the original, un-modified computer program runs when run on a single one
of the general purpose processor elements within the same general purpose computer that
contains n parallel general purpose processor elements, for various values of n. This ratio is

referred to as the speed ratio. In the perfect case, the speed ratio would be 1.0 for some
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explicit goal of making the nodified
high performance general purpose processor element on a single relatively low cost
integrated circuit chip. A chip such as this is commonly used as the single general purpose
processor element within a relatively low cost general purpose computer. For a more
expensive general purpose computer where cost is less of an object, it would be desirable to
use general purpose processor elements that are faster than, even if more expensive than, the
low cost general purpose processor elements used on the relatively low cost general purpose
computers. However, once the integrated circuit chip technology allows an entire relatively
high performance general purpose processor element to fit onto one relatively low cost chip,
it has proven hard to build even “cost is no object” single general purpose processor
elements that are more than only a little bit faster than the less expensive ones. Thus,
modern higher cost general purpose computers are built out of n general purpose processor
elements that are not much faster than the current low cost general purpose processor
clements. These high cost general purpose computers deliver higher value to customers by

allowing computer programs that have been successfully parallelized to run faster than they

would on a less expensive computer, but also through other non-processor features, such as
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not run ﬂgﬁﬂyel@fl@\g lcd8EnRByatddG catt chip, does it become impossible to build a standard 3d
graphics rendering pipeline out of multiple chips that will run the standard 3d graphics

rendering pipeline appreciably faster than the low cost single chip solutions, or not?

Indeed, several of the new chips created for running 3d computer games in home
consumer devices: the “home gamming” market (either home PC’s or dedicated 3d gaming
“consoles”) are relatively low cost relatively high performance single chip implementations
of the standard 3d graphics rendering pipeline. But does the rest of the analogy follow?

The answer is that it does not. The reason is that the equivalent of automatic
parallelization for the special case of implementing a standard 3d graphics rendering
pipeline is and has been successfully achieved for decades now by computer graphics
hardware architectures.

The reason is that it is possible for 3d graphics hardware to automatically chop up
the single serial stream of graphics data (the normal input to the standard 3d graphics
rendering pipeline) into multiple pieces that are assigned to the next available one ofa
group of highly parallel graphics processing sub-elements. This parallelization is automatic

and invisible to the users of the standard 3d graphics rendering pipeline, and the quality of
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In contrast, the customers that comprise the medium to high-end professional

markets for 3d graphics hardware accelerators prefer performance and capacity to a sub
$1000 price point. Therefore, fundamentally different graphics chip set architectures must
be employed. These professional markets require 3d graphics hardware accelerators with

100 times the storage capacities and performance of the home gaming chips.
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har dwar e accel erators prefer perfor ”@leer t%nd capacity to a sub $1000 price
poi nt. Therefore, fundanentally diff rent graphics chip set architectures
nmust beilenpl oyed. Thess pr of B$si onal00Mar ket s require 3d graphi cs hardware
accel er ators vviih 100,,4 i nes ggg sto capacities and performance of the
home gam ng chips. 142 03/ 680 / US03/ 08886 #LOOP sanpl e pi xel

pi xel Magi num DRAW den¥3 ty shHder shd video CHIPS power rate format
pixel rate 1 1 1/16 1G200M {p@ 1/810bA2G I00M 2 2 1/8 1G 200M 2 4 1/4
1/2G100M 4 4 1/4 1G 200M 4 8 1/2 1/2G100M 8 8 1/2 1G 200M 8 16 1 1/2G
|ooM 16416 1 16 200M 146 32 ¥1/2G 1W8dM

4 8 1/2 112G 100M
8 8 172 1G 200M
8 16 1 112G 100M
16 16 1 1G 200M
16 32 2 172G 100M
32 32 2 1G 200M
32 64 4 112G 100M
64 64 4 1G 200M
64 128 8 112G 100M

Table 1 Number of LoopDraw chips vs. Performance
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32 32 2 1G200M 32 64 4 1/2GI100M 64 64 4 1G 200M 64 128 8 1/2G | OOM
Tabl e 1 Nunmber of LoopDraw chips vs. Performance 143 WO 03/ 083680

PCT/ US03/WwB83/0836p0 xel shader depth conpl exity physical remd#risagosssas e i nage
frame rate display device Size in Pixels 1/2G 3 1920x1200 76 Hz 1/2G 3
1280x1024 76+ Hz 1/2G 6 1920x1200 38 Hz 1/2G 6 1280x1024 60 Hz | G 3
1920x1200 76+ Hz 1G 3 1280x1024 76+ Hz 1G 6 1920x1200 76 Hz 1G 6
1280x1024 76+ Hz Table 2 Pi xel Shading Rate vs. Perfornmance 144 WO

03/ 08368QiRCIHAISO 3/ QGIB Gomplexiy mpbysi@f Si nphdering ng out er/inner ring LooPDl1

Aw CHI PS coefficient coefficient . 0. 438 zgq 16 0.469 0.289 32 0.484
0.213 649 492 0.170 128 0.496 16’.§gf48 25%%.%58 0.137

display

device Size

in Pixels

172G 3 1920x1200 76 Hz
172G 3 1280x1024  76+Hz
172G 6 1920x1200 38 Hz
122G 6 1280x1024 60 Hz
1G 3 1920x1200 76+ Hz
1G 3 1280x1024  76+Hz
1G 6 1920x1200 76 Hz
1G 6 1280x1024 76+ Hz

Table 2 Pixel Shading Rate vs. Performance
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Tabl e 3 Increnental bandw dth scaling coefficient 145 WD 03/083680

PCT/ US03/ 08886 What is clained is: 1. A nethod of rendering graphics,
conpri si NyO wBE8IBYI ng i nformati on required to render a gr 2chiuse3/ss8860e; and
sendi ng, responsive to the received graphics conmand, information necessary
to render a portion of the graphics scene to one of a plurality of

G aphics chips arranged in a |loop. 2. The nethod of claim11, wherein the
receiving is performed by an Interface chip in the |Ioop. 3. The nethod of
cl ai m 1, m\Nembérroft he sendbimgleiringper f or enset/ibyer zing| nt erf ace chip in the
loop. 4. ;HaepRElRathsOf Cl @lefficibne Wher ei Qefidensendi ng i ncl udes distributing
graphics primtive conmmands to respective nultiple ones of the G aphics
chips in8he loop. 5. Thed#st hod of cl &t 1, wherein the sendi ng i ncl udes
sendi ng ggaphi cs state i@gigrnmation. 6g28bhe method of claim 1, wherein each
G aphics chip contains an_interl eaved rtion of a frame buffer. 7. The
net hod off2cl aim 1, wherei %*%he sendi ngo' rther conprises an Interface chip
using a le@ad bal anci ng net.ged to deci deiiehi ch subset of the plurality of

G aphi cs ?gl ps receives 651;6 i nfor rrati(?p48necessary to render a portion of

t he grapr‘}' s scene. 8. Thé method of cl'aim 1, where, one of the plurality
of Graphi2sé chi ps recei ve®&4%he porti odl®f infornmation required to render
the graphics scene and passes it on to a next G aphics chipin the loop if
the receiving Graphics chip is not a final destination. 146 WO 03/ 083680
PCT/ US03/ (5%&3 Irgrempentel tapdwidte peabipgsertBgieat Graphics chip in a | oop,
conprising: receiving informati on necessary to render a portion of the
graphics scene; performng a portion of a render process for the received
information; and sending a result of the performng step to at | east one
of a plurality of other
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G aphics chips in the loop to continue the rendering process. 10. The

nmet hod of claim9, wherein sending includes sending graphics primtive
comands Wpoi083s80 | nt erf ace chip to the Graphics chips. 1PCTNse3/masshod of
claim9, wherein sending includes state information fromthe Interface
chip to the Graphics chips. 12. The nethod of claim9, where the received
information contains information to render a primtive object. 13. The
nmet hod of claim9, where the Interface chip assigns a subset of the

pl ur al i tWhatok c@impdiscs chips in the loop to render the portion of the
graphics scene. 14. The nethod of claim9, wherein the portion of the
render process includes a clip checking operation. 15. The nethod of claim
9, wherein the RORihONoPlenbidithe BRGIEES, BEMERSHRg: NCl udes a clipping operation
if needed. 16. The nmethod of claim9, wherein the portion of the render :
process i ncl ugesivingenfoexatidransiqviged to7endene graphirsgcdte; i m 9, wherein the
portion of the render process incl E . t hod of
claimo, mher%?ﬁmﬂﬁgﬂﬁgspﬁgﬂ 5?ﬁ%%§9§§ﬁ@§§ngpﬁﬁéﬁg5¥%§Hﬁﬁé§m°%%§?2§ting
each gen&ﬁ@érﬁagpo@ﬁéﬁ?bf #he graphicd gEcnmBbheod platalishafiraphivd ehipOafi2dREIHB0

PCT/ US03/ 0888 19. The nmethod of claim9, wherein the portion of the
render ploopess includes subjecting each generated m cropol ygon vertex to a
programuabl e shader. 20. The nethod of claim9, wherein the portion of the
render process includes texture operations. 21. The nethod of claim?9,
wher ei n t he ppr Themetfodtdfelaimrigeherirnthe seceiving isgesformedipy acbterfice shippi ng.
22. The nethod of claim9, wherein the portion of the render process

i ncl udesin the oot | ati on of hi gher order surfaces. 23. The nethod of claim?9
where sending a result of the performng step includes nmulticasting the

screen space boundaries of the projected graphics primtive to all the
3. The method of claim 1, wherein the sending is performed by an Interface chip in

the loop.

4. The method of claim 1, wherein the sending includes distributing graphics

primitive commands to respective multiple ones of the Graphics chips in the loop.

5. The method of claim 1, wherein the sending includes sending graphics state

information.

6. The method of claim 1, wherein each Graphics chip contains an interleaved

portion of a frame buiffer.

7. The method of claim 1, wherein the sending further comprises an Interface chip
using a load balancing method to decide which subset of the plurality of Graphics chips

receives the information necessary to render a portion of the graphics scene.
8. The method of claim 1, where, one of the plurality of Graphics chips receives the

portion of information required to render the graphics scene and passes it on to a next

Graphics chip in the loop if the receiving Graphics chip is not a final destination.
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G aphics chips, along with the plane equation of Z 24. The nethod of claim
9, wherein each Graphics chip contains an interleaved portion of a franme
buf fer. 280 03lg368et hod of claim 24, where the continuati ofCofushiresssender
process perfornmed by one of the Gaphics chips renders into an interl eaved
portion of the frame buffer owned by that G aphics chip. 26. The method of
claim 25, whefe,r eri i j r .t of. the franme buffer
i ncl udes per%r‘?‘ﬁnﬁ%g%’gan%#l{ektdfoqylt4]éf)dﬁg}rcgt¢%§¥%g%@%hﬂélﬁﬂgtﬁ od of claim 24,
further conpricsdivigy igéneiation necesdaratosiendy aquirtprt ofshe gaphiey s¢ener ement al | y
gathering inforpmation frqthe i_nterl ealy[zecl frane ‘Euffer%. of the G aphics
chips. 28. THERBERMSR RATIER af #opder RIALSSE o heErce NP B ¥R oitat i on i s

subject 1o anhiidbhishithMROpGRThG stif> MRACLRAICOUREY LEARLOSESE 29,
The met hod of clarm 27, wherein antialiasing processing is increnentally
per f or me@raphiceakips & thp hoapstochhipnue3be renderipgprieoessof cl ai m 27, wherein an
Interface chip in the loop initiates generation of the information
gathering fromthe G aphics chips. 31. The nethod of claim9, wherein each
G aphi cs chi pjapname®BY 09Elaine B! Wherein sehdingiichales s@inglireplied praditdfe cl ai m
31, wherein the texture information includes a texture map. 33. The net hod
of cl ai nec@Fmarfdgirome thei Interfaes ehyp tathedirapies ¢ePYer i ng process, sending a
rendered image to the Graphics chips for use as a texture. 34. A graphics
met hod, perforned by a G aphics chip in a |oop, conprising: receiving, by
a current G aphi Tise @bihpd of claim @, whireinf ssading ngbudes statesinfayoyatiom frgmetphi cs
primtive command to render a graphics primtive, and passing the graphics
pri mi ti vitergsarBindo the (ﬁraﬁg&’f’c &phics chip in the loop if the graphics
primtive command is not intended for the current G aphics chip,

perform ng, by the current Gaphics chip, a portion of a rendering process
on if the 12. The method of claim 9, where the received information contains information to

render a primitive object.

13. The method of claim 9, where the Interface chip assigns a subset of the plurality

of Graphics chips in the loop to render the portion of the graphics scene.

14. The method of claim 9, wherein the portion of the render process includes a clip

checking operation.

15. The method of claim 9, wherein the portion of the render process includes a

clipping operation if needed.

16. The method of claim 9, wherein the portion of the render process includes

vertex shading.

17. The method of claim 9, wherein the portion of the render process includes scan

converting.

18. The method of claim 9, wherein the portion of the render process includes

subjecting each generated pixel to a programmable pixel shader.
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graphics primtive command is intended for the current G aphics chip;
sending a result of the performng step to at |east one of a plurality of
ot her GraphBo8368hi ps to continue the rendering process; &ad/usesnessasi on, of
a video output signal, at the initiaion of the Interface chip, by
incrementally gathering information frominterleaved frame buffers of the

G aphics chips. 35. The apparatus of claim 34, wherein the performng step
obtains texture data froma nenory associated with the Graphics chip. 36. A
| oop ar chi t ecturehd metiod odélannPywheweirt thppertionh of Hiegsnder pedogsli ingludes1 49 WO

03/ 083680 PCT/ US03/08886 . a. plurality of G aphics ips.n a loop, each
G aphi csSUBHCHIA § n%ﬁ?edirﬂllcg‘mobﬁga%ﬁ% to %Qf%gglgnq%&%%@d%f fer; and at

| east one Looplnterface chip in the |loop to handl e external comrunication
for the loop and for comunicating with the G aphics_chips. 37. The

archi t ect ur e 2. Theinnthad of vlaim 8 whegtrihe pertion of e ispdar Rroceys Beldesiphi cs
chi ps has an associated nenory containing texture information. 38. The

ar chi t ectHMES W% m 36, wherein each one of the plurality of G aphics
chi ps has an associ ated nmenory containing an interleaved portion of the
frame buffer. 39. The architecture of claim 36, where the | oop has a
single ring s&heka methodefclaypnd, whetein e portongt the igp rﬁ?‘:%’é‘fﬂg‘d{i%e | oop
has a dowhl.e ri tic 41. The architecture of claim 36 further

i ncl udi ngls ltac‘il%%g{éa%g&ghortcut connection. 42. The method of claim9,
wherein the portion of the render process includes processing the graphics

primtive by gZ.t 'rl‘ﬁg rsrjeﬁ{og'or}%la?lg%r, gv Ier%?ri th:é %grtion of the render process includes

tessellation of higher order surfaces.

23. The method of claim 9 where sending a result of the performing step includes
multicasting the screen space boundaries of the projected graphics primitive to all the

Graphics chips, along with the plane equation of Z.

24. The method of claim 9, wherein each Graphics chip contains an interleaved

portion of a frame buffer.

25. The method of claim 24, where the continuation of the render process performed
by one of the Graphics chips renders into an interleaved portion of the frame buffer owned

by that Graphics chip.

26. The method of claim 25, where rendering into the interleaved portion of the

frame buffer includes performing a sample fill operation.

27. The method of claim 24, further comprising:
generation of a video output signal by incrementally gathering information from the

interleaved frame buffers of the Graphics chips.

28. The method of claim 27, wherein the gathered information is subject to

antialiasing processing.
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29. The method of claim 27, wherein antialiasing processing is incrementally

performed on each Graphics chip.

30. The method of claim 27, wherein an Interface chip in the loop initiates

generation of the information gathering from the Graphics chips.

31. The method of claim 9, wherein each Graphics chip has a copy of texture

information.

32. The method of claim 31, wherein the texture information includes a texture

map.

33. The method of claim 27, further including, after the rendering process, sending

a rendered image to the Graphics chips for use as a texture.

34. A graphics method, performed by a Graphics chip in a loop, comprising:

receiving, by a current Graphics chip from an Interface chip in the loop, a graphics
primitive command to render a graphics primitive, and passing the graphics primitive
command to a next Graphics chip in the loop if the graphics primitive command is not
intended for the current Graphics chip,

performing, by the current Graphics chip, a portion of a rendering process on if the
graphics primitive command is intended for the current Graphics chip;

sending a result of the performing step to at least one of a plurality of other
Graphics chips to continue the rendering process; and

generation, of a video output signal, at the initiaion of the Interface chip, by

incrementally gathering information from interleaved frame buffers of the Graphics chips.

35. The apparatus of claim 34, wherein the performing step obtains texture data

from a memory associated with the Graphics chip.

36. A loop architecture formed of only two types of chips, including:
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a plurality of Graphics chips in a loop, each Graphics chip having an_
interleaved portion of a frame buffer; and
at least one LoopInterface chip in the loop to handle external communication

for the loop and for communicating with the Graphics chips.

37. The architecture of claim 36, wherein each one of the plurality of Graphics

chips has an associated memory containing texture information.

38. The architecture of claim 36, wherein each one of the plurality of Graphics

chips has an associated memory containing an interleaved portion of the frame buffer.

39. The architecture of claim 36, where the loop has a single ring schematic.

40. The architecture of claim 36, where the loop has a double ring schematic

41. The architecture of claim 36 further including at least one shortcut connection.

42. The method of claim 9, wherein the portion of the render process includes

processing the graphics primitive by a transforming operation.
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