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oscilloscopes, over time the sophistication has grown to the point where the hardware sub-

system, or graphics system dedicated to driving the physical image display devices are quite

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
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commercially viable products at many different price/performance points to be constructed
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
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paramedics, it can be very important to accurately model the effects of smoke and dust in

reducing visibility for emergency workers during training scenarios. Programmable shaders
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 systerns, 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
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as nost of the market is for home consunmer 3d video gane applications.
These 3dhus, much of the full aggregate bandwidth of these interconnects or buses is rarely if ever

used, and potentially represents wasted product engineering and/or product costs.

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

4



graphi cs hardware accel erators are either sold as sub $500 PC adl-gl‘mI %ﬁ%
or as integral parts of sub $400 gane consol es. To achieve the Tow garts
costs inplied by these prices points, nost of the 3d graphi cs hardware
accelerator architectures for these nmarkets consist of a single graphics
accelerator ASIC, to which is attached a small nunber of DRAM chips. O her

hi ps, I t
chi p, et el B! Ao 03 TebhiRE BRR elhorp O BE BRel' e
frame bufifed tivodgh @ﬁawt@aﬂmbdgmm/or digiel brieb Oﬁﬁ)ﬁelr@ﬁfJCE@dﬁrohﬁﬁe gend or mance of
t hese single graphics accel erator ASIC based systens is constrained as

descri beapicgpecelyatondSIG.ni t s of how much bandwidth is available for 3d

rendering giv ed to
e ea i o i & B Ll bIRAIE rdtfre P SENIO pRLBB A0 AP o OAER S, |
nore t hapnctdﬂeﬁsiﬁm’;‘lhat isallsophore featureant] @eﬂ‘fomheelﬂﬁiv@ Theprides $6r jaysheds, the
sane attac Ms are .used f r fetc 2006, textures,

d. 4 |y
renderi ngf?® ﬁ% ydygre aé:aﬁlﬁqag;g)ad “heeeds n??éssﬁl%tngstj% vsksintians 1§ Wehe i deo
out put  s§ GHBlto §BOCY LS ARAICRESe mkp@erﬁm/aﬂée ﬂie%&lﬁiecﬂ&é’@ﬂh%tﬁ% a‘% geef face

pins on the sane graphics accelerator ASIC “The current of
the 3d ghé@{éﬁ&@@ca@m@toess wtueHy sepakates the sestof DR AMdigsatsed pr stere 2slemdi3ti ve, but

or aph o<ioRare gt tCE PEPRAN ChER UL cTRPRRe b Fapr RoBLoRe: bpradke B ™® >

wor kst atii@fs of Bow Andch®andetid80is b0ai kbR LAPERs og&aﬁ&ﬁ' HR¥%Gedn! tE@B'RAMs
performance, the architecture of these 3d graphics hardware accelerators

usual | y wepe sioessthe Rd agdad @ﬁXﬁDFmdc?hﬁ"lpgle gd sendeting ASIE, iip @tlmn@’dm thext ur es
f h B
romt %?c?fa{lgé f MC&Q ' 6%1?@%1\,1\);:5& i 3fné Q& ?rrﬂ% :Eﬁ% Fu&% 1% %l-t? ecause

of the oW rruc | s avart rations
bet ween DRANDRAMES smb&gfstbm is doplécatdden tgles) ﬂd:n3fhﬁ16§<1h@fe&ﬁmdﬁdiﬂ@tcﬁitﬂ%&n3d

rendering ASIC |t 3 Hmthe qr greto dullcatethe entire
sub- syst FiSuEhls nsg ‘idejﬁgﬂﬁfl“ ?@18@@6@ i?ﬁ‘ﬁ’ﬁge pdeefel Igbmwt Wpg aqeppted

sub- syst from
t he tgxtﬁ?égéltggﬁdggﬁggﬁ%ﬁ ren er’i%gwgdﬂﬁfear:&n%ﬂg%g%ﬂ Hd

hi gher cadgt mapseattodpthegher thandhad evhitlois shpmirtablei byttbe pine laftmhedm:e smglee
bandw dt m.t he fra r al so may ne be hi gher
Chan' t neeS g SEeraL SR s ule i Hopic st porhiro S Ic hakgy
Sever al Beeslaeidomsl, kottet 8 SADNSEC HOQs td AFBoR W8 thaa GGRRFioAGE BRSofaEVer al

ASI C have been devel oped, so that no one ASIC needs to support nore than a
fracti orPasfwidih tq grdgfrom the frame buffer. Varied and complex techniques have been

developed to make such multiple ASIC and memory sub-system all work together to
accelerate 3d rendering, and will not be covered in full detail here. The important point is
that these architectures have all 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
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Summary of the Invention

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 Looplnterface chip uses additional pins to support a high speed host computer host



storage and frane buffer storage in the sane nenory bank, DRAM qgujflyv 2806
efficiently wused. Summary of the Invention In one enbodi nent, what Yn
prior art graphics systens have been two, three, or four or nore different
chip to chip dedicated data interconnects, can be folded into a single high
speed ring topology. To achieve this folding, sonme of the graphics tasks

have to re b I: ' dj ) 1 ctjonal, ways
then t he@%{gagg’ %tlrll&gg%\?e‘}rll i°0 ﬁ'ﬁ’ dtglg%lllsf%{cee h%lH ﬁ?glgh’ealg%%%ﬁ%gnfl{)&?%i base chi %
t ypes armtaresjuiccteth othet' Hoapltocfacecdhipg(s). LoopDraw, and an "interface" chip:

Loopl nterface., Each of these chips have a set of pins that suppaorts _an

i dentical hi ghh&Herage & ?gﬁ@eﬁa S dhord b AGToTARe Foonipragrhinsy thedecal | ng

I Nt er conpegbry st ; | ey i L44d-onal
pins to conﬁléyc%d%t %E%gflﬁﬁag*mg teg%g%?@brrrg nor |ﬂe_§&%grgg% %&@ﬁf?& %&%ﬁa hi gh
bandwi dt dparticabr vendimensiohe] syptetleave of Phelsl Thpbtatage béthe tettie maess addi ti onal

pins to su rt a.high.speed host conputer host 6 19 Jul 006 interface,
at | eastPIS%gﬁi}Y Erplie tﬁ‘?ﬂh&‘"ﬁ%ﬂ?‘?ﬁ’@@’ g‘g’nﬁi’sﬁg’sgﬁsﬁw é‘? 38 f48-onal non- 1 ocal
i nt er conmesieenitRIREEHR! 1o HORPR FIREDMAE s¢bR(Mleast B BEDIRASEdQhi ,Qir?ld bt ame

buffer is distributed across the LoopDraw chips; the | ocal nory
sub- systlenst deurderepBraw ckige hrelcoondtediogtther athestlmophakfioterfabés tb Hemsanpl es

wi thin rticu. t di pensional, intgrl eave,o ixels,. The.storage of
Uhe t ot BRI el Bnelb FERS BRRbs bl B eR4 i LoBRRS Bt iz eede: o
of ever yarbaapiisaing; Dl a feAnidBRoresldidticiEBmett 0 form a functioning system at

| east one Looplnterface chip, and at_ |east four LoopDraw chips are
connect ed t ogémhws driyer qeaympands gpivierfkom Hiedimheanputer aver thedoskintepfage o ng.

Differe ] fl I ' Jromchip to
chi b arg LABAeRrakCOBoPRRK il Effer co B B cbabB IRE MRl ST o
driver oconventds @mmare ifitodmdphackes) tciongent éswotherridgh Sofe sbmintihés irgce on

e LoonL et ager 6 et L SIATET, CRTSUTe L, commnd LLsell or
the ringubse P LEONMRAhipY Bithid 8 rit® OMRShaydh Jilieh HRORBEA% GlsBPisdliPRg the
ring. Other commands are sent to a specifi'c subset of LoopDraw chi ps
wi t hi n tlhed balarpingOnecheaisni mpleneied hy thedulppbtteifarechipstersmiosth/iw the
processing between the different LoopDraw chips.
When a Loop packet enters a LoopDraw chip, it decides if it is a destination of the
Loop packet (there may be other destinations), and if the Loop packet transmission
termination condition has been met. If the termination condition has not been met, the Loop
packet will be forwarded out of 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 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 packet 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



| oad bal anci ng nechani sminpl emented by the Looplnterface chip t49g %bbe
out the processing between the different LoopDraw chips. Wen a L‘g'gg
packet enters a LoopDraw chip, it decides if it is a destination of the
Loop packet (there may be other destinations), and if the Loop packet
transm ssion termnation condition has been nmet. If the term nation

CoopDr avsreihs Plin 2R E ey AP0y RS Mt oF RESBESRHA chi i<

dest i nathlemdiag miodes, k@op packet, the LoopDraw chip applies the appropriate
processing to the Loop packet data. This processing may result in pixels
and ot her datke fepre sergep antidigsing greferablyds achiewsdtbadhistributing thaffer . | f

so, for | : C ' t |xel Loop
acker oane e Bheri SERAGL AR She ohidfy HROR ARG Whfhs TR LB S AIAETD
packet nieang bifber. To starttthé Akesoftvideopa kebdpldaiface chip bends rbdmRi WidkoRigelp packet
and checks to see which (if y) aof the sanp]es of the appropriate pixel
inits !ﬁmp%éml%ﬁgwgﬁﬁﬁwpﬁw S5 FoRD L ORI B G R e |
geomet i gtiaGhMRNbdRriRftol Jri¥eSsantBpdat b ‘t"%%'ﬁ‘?i 's&m%'tpﬁﬁ%hebvidwﬁxéleﬁant Ics

of the graphics pipeline. In different e nts, these tests may
i ncl ude lcmppacketi Biben die VileoPingl Eanp packétesicogeswiut bf the lashBodpdadashigs of t he

geonetric aphics primtive currently .being rendered, tests of val ues
of sanpi g thitf e ailiooplptertics shim, freruining sy so v BRisASIhe Gmplsdditerdal es
for the pixd®odipoierddAhd afamIrRaliMtohiald bPBoml ¥RhmalBibéte, fe steawrbuf f er
stencil planes, test for different pixel blending nodes, etc. The feature

of full Hueleemerggs pull ofdbe heoninistfaecadiiy’sivideawiniay adetfyceds gtfimabienidergd t he

antialiasjng.fil in ncti.on o he. L Dr.aw chips that contain
the di sfiﬁaggfr[e%ljv}dgé g}%@u{)%i aérn?a%déétsgrﬂn?p@ﬁéé‘mfef%&v%% lgﬁl%ea&d %SH}%%lh?t erface
chi p senstssigalihagk didptiealeixel Loop packet out into the ring of LoopDraw
chi ps. Each LgopDraw chip in turns adds the antialiasing contribution of

the sanpl es i thdgsleep Wrplegy hatsevardl aibehadyaptggesyOnedpihahish pedprmpmeet . |
Wen th ' : . : i,
en t egﬁ@lﬂ%fég{?i%ﬁﬁﬁg%%@éﬁ? ggfﬁﬁ]rﬂfﬁv&bﬁstdgﬁ glfl} RypRSthik RGN 01 P, an

then enters a Loo e runnin W contalins the
conpl et embstf andtrésked degigniels avd Mboivetmigscustmdclabs. énotter pdvanzagkiiothabthd rimgt i onal
of .the Loophiterface

TN RN T o

si gnal igbims $hiieOmSitHRY nfay GBferéiR andoh AR SHH $6MBMaBHS FHiRPLRYe D Fhise
chip types. |

The new architecture inherently provides high speed support of general

programmable shaders, as well as very high quality antialiasing, The programmable shader
and antialiasing power both scale with the number of LoopDraw chips in the system. Thus,
graphics system configurations that use more LoopDraw chips obtain both more powerful
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.

- The 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

8



physi cal image di splay device. The new Loop topol ogy has sever aHQQHggQ 06
advant ages. One is that high performance graphics systens can now Bwlt
fromonly two customchip types. This mnimzes the cost and risk of

designing and fabricating custom chi ps. Anot her advantage is that the ring

i nterconnect scales well. Commercially viable products at different price
and perf POl Nt : e if pount nd
oy nat o AR GASLALEe GRCicREy Bibenhd RISl LR, AR Bl Adtx

i nlhler entleyelpf avintte s d htﬁrghhﬁﬂ@e-ﬁbpiﬁuatpd)tebmﬁésh@ﬂnﬁﬁgﬂﬁy ligps lé)t?ftakﬁmh‘h ; aﬁtagélager s, as
we as yery hi uality antialiasing. The programmbl e shader an

anti al i a%? H&t%&&@f &% #ndstidd be sgpdily %Vﬁgatﬂa ﬁ%—:fgs'i@%ﬁ%% GOPENE EHP Frplicpted he
system . j figurations that use nore LoopDraw chips
obtain bsg%g%vﬁg&g%ﬁig@ﬁf%%?gég@gﬁﬁmbl e shadi ng support and nore

anti al i asi ng lmapekinibiotlimentths £odpdracochim bmd ihe hedal PR Add metnchieddo itaak be ar e
fully efficient]y distributed across.l.arge_nunbers of. (identical) chips,

i ter al ISP BOPTRC ﬂﬂ%&’iﬁt‘mﬁﬁl- érra%ij%@hlgh 3%31@%@%%8%@% e@ﬁeﬁs silicon
SUPPOT t | lld HRAHR eabilPOirsRltted Hggﬂbxgﬂ%gt&érbf'sévd?ﬁ%ff@e&t éiﬂgf%'lﬂ&r‘l@r chip

graphi cs systens architectures from the sane chip technol ogy
gener at i imardsTwigh fraltitile ipstahicesiod thiise identeal dereghtenycardsqThis daseriztioh ofr aphi cs

g buf.f t \ t d. di spl | i st
o1 or age TG Gt qrofide BHLRE it e tEPle et AR Efiroe & sthot h « e
i nher entaskast iﬁ{fé’ht@z)a‘ﬁﬂ lshar8$csts) hiRDELURARIBS EiplIFY systdhe XRANRS hEusdrandar d

(e.g., commodity DRAM nenory chips. The high speed LoopLi nk interconnect
means that not only (potentially replicated) |ocal working copies of

texture 2 ng.display lists can be efficiently transmtted
e fesHiton204Re pARH

to and stor ese nenor but that next |evel of nmenory hierarchy
non-repl i cat éflgiext shoes aarthbdismpdndiiating b badanobplehdebnad idgeomiect. he

distributed store, and still be readily ayailable for fast efficient
copyi ng i nt o F8HEZsHeRy detetlof 396 W%Og%%‘?@ar\%‘é??“ﬁ%éﬁ‘é&mgﬁ one

enbodi MeRhfighffok CARELA equJanBr@mhiw@na &%ﬁ#lﬁﬁé&%ﬂﬁeﬁ?@&ﬂ%é o it can be

built as a sinple daugh ard. A'range o perfornmance graphics
syst em pr odudtigure\iohbw's ahengebieand xboitsst path of nuichs dirhphi pipuimsndiorone  of

o6t AR PSRRI Pl e otances of these

Figure 4 shows a longest and shortest path of a DrawPixel Loop packet from a

LoopDraw chip to possible destination LoopDraw chips.

Figure 5 shows thevpath that all the VideoPixel Loop packets from a particular
LoopInterface chip take for antialiasing and generation of a video output signal to a video
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 a six LoopDraw chip printed circuit daughter board
layout.

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

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



printed circuit boards reduces design costs, manufacturing COSt 39 Julv. 2006
manuf acturing test costs, as well as inventory and spares costs, A <2y
also sinplify systemrepairs and upgrades. Brief Desription of the

Drawi ngs Figure 1 shows an enbodi nent having a basic Loop architecture
interconnect. Figure 2 shows detail of an enbodi rent of a Loop
architecture,..incl.uding a conf.iqgurat.i cont gl nik ng,LoaopDr.aw chi ps and

mul ti ple. Lo RUErPanans i sEamtp g1 Bl Rt Butbhg pof RS “hacn o
uni cast 16¥@phi csCommand froma Looplnterface chip to possible destination
LoopDraw chips. Figure 4 shows a | ongest and shortest path of a DrawPi xel

Loop packet fligwied3(a)oapbisre EHbpshawvsresiions ef prdstonbeftemranddepsdesv chi ps.
Figure 5 . L deoRi : s froma

parti culrgsr%égt\“ﬂ%%% Eﬁ?@ﬁ’g‘é‘%ﬂ%ﬁ?@l{’%@e&ﬁ béfrtggg@l %‘?‘%P&g’faﬁg"‘@ﬁ@h)g‘té'ner ation of a

vi deo out put EiggmedH showa ai bxkemple o0 h piakld iigeschaaetic. Fi gure 6 shows all the

pi xels in a 16 LoopDraw chip system ovgled_ by a particular LoopDraw chip.
Figure 7 shoviEgwel5showean examplepf 2 dpulle gpe sehauitis. whose 4A convol uti on

W ndows requi;e,d [ i f [y ' LoopDr aw
chi'p o Fi qur duis? HpFRoR SRED Sl MeeRsn AR SREREA U, B e e e o o T Byour
Fi gure Qirshimgshasanexamopkeiomk. a si X LoopDraw chip printed circuit daughter

board [|ayout,. Figure 10, shows .an | e, of, a.printed circuit daughter
board on edg lg'éry?g&t“?arﬁrﬁwof%lgsﬁmé‘r@%&]&ﬁﬁg@eé@ga printed circuit
daught er boarg o 18A9Qhows a IR¥OHAg logkalfhodsll Y 2006  Figure 12 shows an
exanple of a printed 'circuit daughter board radial on edge |ayout. Figure
13 (a) and Fikjgure 1880showhawse pogphysend noidebads on bottom and top sides
respectively of chip package for flipped back-to-back LoopLi nk connecti ons.

Figure 14 shows an exanple of a single ring schematic. Figure 15 shows an
exanpl e of a double ring schematic.

| d
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Figures 16(a)-16(k) show different shortcut connections, and di %%ru n% ys
of drawi ng the sane connections. Figure 17 is a redrawi ng of Fi'Q. ??‘?
as a double sinple ring. Figure 18(a) shows a three ring | ogical nodel.
Figure 18(b) shows a one ring physical nodel. 10 19 July 2006 Detailed
Description of Several Enbodiments A Ceneral Discussion general purpose

conput er odi. nent a eral. purpose conputer is shown and

di rsrgusse]a‘.gﬂiegﬁ?&réﬁm ?ﬁeggﬁﬂiﬁﬁ%ﬁlﬂ&nf a conplete systemthat contains
one or nore general purpose processor elenments, attached nain nenory, and
one or nore external 1/0 processors. These external 1/0 processors in turn
are connect edAt &eppial Biscpdsian ext ernal 1/ 0 devices. A general purpose
conputer is capable of running a wi de range of prograns perform ng a w de
range of functions. It has not been optim zed to perform any narrow range
of specific fgunefal pipbbd yoriputert he detrinent of the performance of other
functions. general purpose processor el enent The general purpose processor
el enent is the conputational heart of a general purpose conputer. A

general purpogg. BLRGRRRAT offd %%%p%ﬂ?é &Jrﬁc%ﬁrt] 9?%@ axfdodléc%ls&d?%%en&éf er nal

YO devices or nmaln nenory, t can airn rge anounts cache
menory. purpeseecaipufniposenpcecessarthatlcontaits onslbemopagdnendl parpgeanpiroaésspir pose
conmputer, is_ capable of executing a w de range progra perform ng a

wi de rarfgEIgHts, e gpidin mem A° 96 F&é%%xtﬁt%_alc@égawegﬁw_é HESHALETAYt  been
opti m Zego hvo REJok TR e BRI 1@ B8C ot hore RREA T faViGds! RNRhéLY nh?ostehe
detriment of perfornmance of |arge nunbers of other functions. A%o her
common tesmppuidrtifcapablerfiremmingamitdarahgs of fregnamspederniog atwids rangeefit i on i s

central r,oce r uni,t, or.CPU., The.ever continuin rc f t.echnol ogy
const anRORETE Bls 19 et ShArSTEcs R R Aoy BEMh Mk Plcis gl Sti i

I npossi the dét@inient ofthe pBifbintange BEH@Er RUERASE Processor el enent on a single
chip. Later, it was only inpossible to fit a high performance general

pur pose processor elenment on a single chip. Now even that restriction no

longer appl i 65 MPPhrpbsd frocessor clement

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 /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 been 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
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possible to fit nore than one general purpose processor el enent ,gn hhgl e
chip. Soon technology will nake it possible for one single genggékﬁﬁgpggse
processor element to run multiple "threads" at the sanme time, and thus
appear to be nmultiple general purpose I | 19 July 2006 processor elenents.
Further refinenment of the details of these concepts wll not be necessary

for the purposes of describi t hi s .l.nventi o mai N _menm The term main
rorory BRSO eETRe SrBr PRl LRSS F hegE RuPaRS SR oL B esGisgt o
cache negPpihé plifosbL6MaGamite RORK¥ntief ers to the a special high speed
menory store within a general purpose conmputer, usually, but not always

each general purpose processor elenent, or small sub-group of general
purpose processar elgnents w Il have their own cache nenory. external 1/0
processor One %xé%%?éybf an external 1/0 processor is a hardware sub-system
designed to communicate with an external 1/0 device. Thus, the externa
I/ O processor_acts as_the interface between the rest of the genera

pur pose conpubhetean maimmemererolers torthg egecrplaaemery stemgong; geperakpwpasse, t he
external 1/Q.processor nay do little nore than pass on data without any
modi fi cations to and/or fromthe rest of the general purpose conputer and
the external 1/0 device. In nore conplex cases, the external 1/0 processor
is a special‘gur ose hardware accel erator, capable of perform ng conpl ex
conput ati ons ﬁh%@@@ogé it passes to and/or from the rest of the genera
pur pose conputer and the external 1/0 device. In the literature, an
external 1/0 processor is sonetines also referred to as external /0
control | ers Orhedgine cache mebi@y defeisde tluomspecial bigh spBdoneseryrsomaddthsn avst  al |

e A R e T i R R

refer t QrishRAQUESYHGRSE deferhNAIF@RGrbRER R entd Wl RV et Ghn cKaNpl es of

external VO processors 1 nclude devices that can convert interactions wth
t he rest@poHhe general purpose conputer systemto properly formatted
comuni cations on any of a nunber of standard and custom conputer
interfaces. These interfaces include,

external I/O processor

One example of an external I/O processor is a hardware sub-system designed to
communicate with an external 1/O device. Thus, the external I/O processor acts as the
interface between the rest of the general purpose computer and the external /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
1/0 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 YO 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, ATA 2, IDE, RS232, RS422, 10 BaseT
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but are not Iimted to, SCSI, ultra SCSI, ATA, ATA 2, |DkE, RSZS; Jﬁﬁléé 610
BaseT 12 19 July 2006 ethernet, 100 BaseT ethernet, 1000 BaseT % ?
USB, USB2, bluetooth, Firewire, Fiberchannel, Infiband, anal og and digital
audi o formats, anal og video signal video signal formats, and digital video
signal video signal formats. This invention in particular relates to

Xt o Nl DI RERERAI DR R ARP ShlncPIASSSeRARIANAGE Msglerat or

t hat use analbg an €0 signa 0 ‘connect’ to external 1/0
devi ces Hiberthwnph) Yisfitiall, dnabgeandidigitah yudio Foraeats; hasisg viekd eignall vidddsigiayi ce
Many different classes of enbodinents of external 1/0 devices exist that
can be feopsecanddigiti idgo signal dfeqtigpddemabiput er via an external 1/0

processor. . - Of . I i i ; Lces in
P e ol ass i noickfeRiqlinBeEa el 4PULGRE 50 GryelloBiRAARY LRRI pEIRLETD |
drives, haeiwuars adederatsrs thalrasmadaloy asd digitaidviden dgnal ésrmad todecmnedt o wastnal
renovabl e tape storage, .and renpvabl e di sk drive storage. Another class of
externaII?Qﬂ@aaﬁﬁféé%gwgaﬁﬁ%ﬁ?ﬁ@?‘%‘gwﬁﬁ #« devices. Devices in this
class include, but are not limted to, network routers, network bridges,
network firewalls, as well as the networks thensel ves. Anot her cl ass of
external 1/0 et¢arhdd®) deachhunman i nterface devices. Devices in this class

i nclude, but are not limted to, lights, switches, keyboards, nice,
tablets, joysticks, [|ight pens, button boxes, slider boxes, caneras,

m crophones, NehEHRRARS clafidhf embe@henEOTRIANE POURNIECS Exist tBhtaBAMEEr ence
devi ces, notion tracking devices including gloves and bodysuits, audio

equi prrerfonaertedsiptoak gensral prgpoise aempwaea @n spieaipl H\preesssort act i cal and
haptic (for C%ﬁeeﬁg\s%%%%t %de%%% esstorqgé {i%eglﬁé\];i%srﬁi ﬂn‘?ﬁ ssgl'n&ﬁﬁé ory
! ardcopy

out put deviceS.” “Anot her class of externa evices are di spl ay
devi ces.bubate i Sinlited thlilard il drivésp Abpisiedisib dtival edromk dhives, tédmt drivek,aser
printers, inkjet printers, thermal transfer pripters,_ .| ct. printers,

£i 1 m pridvdem drivey dydramdivgs, RmRERIE IApC SigetacnEn r&mogablsﬁﬁﬁsdmama%gr aphy

UL UL ! RS SRR NS ATR o, JSicGOT y f0
gener al thisrcss exctsiepbitare ndtdimitddeo enatenrkaiouttts) ngmodebsdges) metaiork
firewalls, as well as the networks themselves.

Another class of external /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 boies, cameras, microphones, telephones, PDAs, video
conference devices, teleconference devices, motion tracking devices including gloves and
bodysuits, audio equipment and speakers, physical image display devices, tactical and
haptic (force feedback) output devices, motion platforms, and olfactory output devices.
Another class of external I/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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part of is called a host conputer. The general purpose conputer 1%2@
any nunber of. 13 19 July 2006 other external 1/0 processors attac %
it, and they in tamare attached to any nunber of external 1/0 devices One
enbodi ment of a host conputer that relates to this invention would include
external YO processors to connect to the external 1/0 devices of a keyboard

att achod 0o o ERAMIG B RPoR blRadnis 854 2R 45 HRUAITR BTRGRRE'S) 25 o

physi cal extéragle/@idsyeéy devi ces which is a sub- class of the class of
external VO devices. The application software woul d execute on the general
pur pose pr oce38oembodimsat @fp a lygst epmputercthpigslates ot eventim worHd indjudeake i n

i nput fr i r i , t hen
cause traTfal TR ASEE (Bl B BBk LB RE: TPARAHOEN ARG BN ' 10 e
and t herappéiogticnhwe fiwaeg anda giphivs Wndieoroadcplétatai ayashedtto atdathoeTayitabe di spl ay.
host interface. An_.lnfiband ifgiqgrface S one exa of a host interface.

/ 3 | e
Wien an ©FEr which1s an pseeseidhe gssefiphysicy m@g%lgt%aléﬁéaww whighdt a &¥nput er,
the termy %tfthéﬁés‘éroft‘@%t%rﬂafﬂéscfé%cteg refer to the formal and/or physical

interface between the host conputer and the hardware accelerator. Quite
comonl y t hi sThedppiitaom sofisvabewould mxenteomibe geoerputieposelpuscesfor sbamenks nd, so

the host jnterface is sometjnes referred to as a host bus ver, as
i gher - dHATEhGHS, SpRBHE PRESTAIY AR ity TBR § Rafnan Fes PHagbe KR8 hecded t o
coupl e dirfif@meRise AEABRL b ih@ﬂ@éus%%%‘ﬂﬁﬁ%r&@ﬂ%tae@élem{o??o aasputt Rig@Rf ace is

|l ess and less likely to be a bus wt a | arge nunber of wires shared by
di f f er ermendesepimageiand shensighd thesmeas ophugyisido ontput sigeal te theeCIND for disphasut er .
It is nore likely to be a point-to-point interface will little sharing of
signals. In the context of talking about a 3d graphics hardware

accel er at or, Hdieint@faehost interface inplicitly refers to the particular
host interface that connects the 3d graphics hardware accelerator to the
host conputer. application software People, conpanies, and organi zations

general ly purﬁf@?’agg%g ceHEBH@é&n@?@MﬁJs%im&gacQP useful work. This work

is done in part speci fic conputer prograns that have been
When an external I/O processor of any kind is attached 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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purchased or witten for this task. The term application softmaiﬁd@ﬁégbasto
such prograns. 14 19 July 2006 |In the context of 3d graphics h

accel erator, the application software communi cates with the 3d graphics

har dwar e accel erator through graphics APIs (Application Programer
Interfaces). nessage A nessage is an object that is sent fromone entity,
the source or nder, .t ne or re potential .destj.nation,or receiver
entities. Th e[nﬁﬁ%g%gd f{’? é@ﬁfﬂpﬁﬁ g%aﬁggccggzﬁaéorc %ta@ml%a?wntsﬂgwf‘ﬁf ormati on
that t he:ohfhiifieatésSwitk tHé Ji0erhphitdeur @R alel d0adlérafds thrBhdH gupiits arhodi nent s of
nmessages naé explicitly separate out routing or destination information

(al so cdApplcatioa Prograener Intedpsashe rest of the contents of the nessage
(al so called the payload). Indeed, in sonme enbodinents the "type" of the
nmessage itself is separated out as yet another separated piece of
information. rhedsh@y ent systemin conputer science have defined separated
pi eces of nessage systemin many different ways. The goal of this
definition is to describe the nore abstract higher |evel semantics shared

by most nmessage, 3ysbeis, oﬁ"‘@@rfheﬁ‘?f%%oﬁ%ﬁ{e%ﬁﬁw, ﬁ{eesoﬂﬁ:ggygge Qr @fg@é&d to

descri be vari‘ous enbodr Nents o S Invention, speci et di

i nst ancasoefpormstishisstisyRmenseaivel ehidticdeThewndsshige Bielf ddnaltplsds same cordehtscast
Consi der_ an el ectronic system made up of nultipl j.fferent sub-systerns.
Assure  thpEonnalioa thahtys sousintd s g_@_ﬁﬁe e BiffereeRPa B A act r oni o
system %ﬁgéaa%éga&aféxpliaa%epam%ut Ak @Hééstiﬁh%rﬁ)ﬁﬁirﬁﬁﬁ&@fb]s%%ﬁe@ﬂ{e messages
from that sub-system oveér ~ comuni cation systemthat will get delivered to
nmor e t hdwadere fromitbe restibf thy sbretents 66 Hei rdessage(alse selhggthe padent). fadeed, an

sub-system |f the desgti.nati,on.of the S e is actly one.ot her

ub- yst'oie rediiets s Ry & bt ey RN 3 fapud Wen Yo {ffpated

dest i natgigde dTahferhitesh. Differeff sybiafh itddffpused Bei@!RNE defiltd sePH5RE Ridcss of
referred to as a nulticast nmessage. To be a nulticast nmessage, the nessage

does notmessege ystepeingagny ditferent wayre The ge#l of thys dofinition isjtp descripe therperg | y
nmore th - i i tial
desti natah:% 81%23%8 sglﬁfe'y éla %%/{vﬁ%sﬁ%hseg% gﬁgséﬁfﬁés gtsz%ﬂa%lglwkﬁ%lw ossriges{}}rg%ﬁ\{/émi ch or
how manyarés titeded ysbensdws descaibt watlidus daebodanges efithbintdntiompecifasdttaitessage,
it is may be the case than onli/ (gqrhe ar even none of the other sub-systens
act ual | ynERRSs ghmsesegs systanyedl bedaiing st ¢ he

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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15 19 July 2006 nulticast nessage, and it is still the case thqngoos
nmessage woul d- be considered a nulticast nessage. U There exist§a

st andardi zed rack nmount systens used comrercially by many

t el econmuni cati on, conputer, video, scientific and other products. There
exists a standardized "rack", a set of spaced bolt holes on vertical rails

approxi mately 19 inches,. apatt, The .hol.es on the rack rails are aced so
Uhat pr oECEstgesyeiy s PRI dhe SRAERT R e sogry p U REvdReT e ISR ol { e
into anymgdepe.r ack | eaving no vertical gaps. This is done by "quantizing"
t he vari abl e equi pnment heights into integral nunmber of a base unit. The
base wunit is one and three quarters of an inch height, this unit is called
a U Thus, oEﬁ may specify the height of a particular piece of equipnent
inunits of U e.g., a 1U piece of equipnent, a 2U piece of equi pnent,

etc. The depth of rack nountable equipnent is not fixed to any nunber, but

there are a range of depths that nost equi pnent fits under generally | ess
than 16 i nchebheg existsiartandardizerarek meunisyiiemy usedaommpergiahy 8y mYnher e on

the si XtePéc&%u&Hcaﬁoﬁ ac%gqpﬂ%&’ﬂ}i@ag)gEci%tﬁﬁcfaﬁlvcﬁtlhel?%k’é&ﬁﬁf‘ Gk lexisfiy OOl Ng

shoul d cone on or hedte arr ve. a particular market or
i ndust r ystaentirdd ‘trivek’ea et pf sprred bslt holdaodl vedichlansds appyoxdmiatiy 1Sincheésar |y,

whi |l e nman kets assune that nost cabljng, _includin ower l'i ng,
COMES | rﬁl%ﬁen%é%ﬁ?éeﬁ% fragirapls %%ﬁ@ﬁfspéf&&%r?%@ qfe S%ﬁﬁ?ﬁ@é’@é&%"}?a true.
Because @ifabfelith CADEILRAIQLRHIAY sRVBEK RAGHEURIRSE PARETHR QG can be

very expensive per square foot, sone narkets can be very insistent that
thei r "i‘ifuontiihg” the vamahde egnipmentfheightiietd integtdh euinbet @ra bask avie. TheHmse er m

Bl ade withjn th t ext of ) [ t. h t |
rack mouttiebS faf i Farges TR R R IR PR G el S P ne g )

t hat f_rospeaifyﬂiem%mbfygwaﬂapﬁb@&omquiﬁn@ﬂtﬂmﬁ@oﬂ;:,@:gs,iadﬁngmc@oﬁmunt of
power into the small box. Also, rather than being very conpl ex devi ces,
each sepiinecnox2Ud mingr @f peuiparnt: ¢ocThe depfmpfirack menpipble eqyipmentisgwbul d be
achi evabigo A3 ) AikB, Buf AERSrENAREE oPhefih ARG bR cuiBRfnt Afs i8S Standard

racks.
generally less than 16 inches or 18 inches. There 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.

16



19 July 2006 Current exanples of Blades in the conputer space Q§Qhﬁ9§006
two, or four or nore PC conpatible CPUs in a single notherboard wt

menory, possible a small nunber of low profile disk drives, one or nore
standard network connections, and perhaps a limted nunber of PCl slots,
all within rack nountable chassis as short as only 2U in height. Miltiple
such units arg _co nly, . ra mount ed tqogether_to farmweb server nd
other ' comput P aalist BFBRSLTRG EompREt Rk Sat b &G gt Gl

don’ t ne@@npebRACRUYir ¥/single dtiierb&tad with ra&hbSY psibléis kgl ftmbeasfdowet wor k
connections. GaphicsSlab The term G aphicsSlab is neant to describe a new
cl ass ofprafileghigoiees, engrarwagre stagdard nebvearls coppestions: and perhansradingitedh| ed by
this inv i i : t ] i - (k kel y
sorrev\herlgﬂ}?]%e?{a ﬁg@; glﬁgé&%@ I@Hl I%E‘MS‘E@@%?@? e?sb%l} géﬁtaﬁgﬁl&gjaﬁnmcﬂg ﬁ%g'ct to host
conput erultiple suetumits Yresdoamlag racRt@mbanted tapedier asformfwdbaseherond @had out
high quality fjna render e ,inageﬁ over long line digital video signal
channel sCopEtagiog 'Sdétﬁméwq}l dilaree praPets @i 4 Usrthat deg’t neerhesinestbdtyr oons,
| abs, a h#%% ' ' I ¥ organi zation within a
single p 3%?@%5%%§1 .ﬁ%Q%@gﬁﬁﬂ?%?B%??%?ﬁgﬁgﬁﬁgﬁé. 17 19 July 2006

Conmputer Graphics Terns Because this invention relates to the field of
conput er gragﬁgfﬁ#%ﬁggcifically 3d graphics hardware accel erators, several
t echni cal tergP hese fields should be discussed generally. 2d
conput er graphics and 3d conputer graphics Conputer graphics is a well
known term describing a sub-discipline of conputer science generally

f ocused on t hEhedieme &irapinesSiabds meent tosleswibedl nset ¢lessiof $d graphics & in the

generation.of . visual results Qnput.at i ons. ~Bega of its | | - known
il R e T R T A e e e O R bt
sone defheight (liely Sorhéeheite {1 e emigeaif edo YBG sepatatt Bexdshkf @an esiRciO HsH er
graphi cs, 2d conputer graphics, and 3d conputer_ graphics.

In the
descri ptGoBRPUsTs visildushystndyd inteHaces speh Bersh et sepd oyhhigh awplity final used
to refer -dirscl pl 1 ne. 0 : : setting,
phot o edeiderbdrazbiBed 156 Bd ARANHRSTHAN pitingls B0 Sosd O LBclgfRESC | 1O
d conputiedivigtuaptfifices, conferbnberassesdlabg, and fileratgraisithine tmbdium to large size

organization within a single physical building or multi-building campus.
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sub-di sci pline focused on 3d effects: 3d rendering, |ighting, SQQQBngbag,
3d animation, - etc., in the context of hardware support, the term

conput er graphics usually refers to the ability to support 3d techniques
in addition to 2d techni ques. Because the topic of this docunent involves
har dwar e support for graphics, including both 2d and 3d techni ques, in

t hi s docunent .t he term 3d uter graphics will be used to refer to

gr aphi cs conﬂEWEPWBE§“m nggggfypes, i ncluding both 2d and 3d techni ques.
In general, in this docunent, this convention that 3d refers to 3d and 2d
techniques wll be followed, except where explicitly stated otherw se.
Wien no di nenB¢agnsd this ipventing Irelatesl taathe dielsk effdommputsr grapbios, speeificallys3docunent

e oMbl S er L) BB BRI, e

cont ext dikwisécdrgenw@byl eft deliberately anbiguous, so that it could be
referring to either/or the 3d and the 2d neanings of the term (e.g., "what
forms of conputer graphics mght this technique support?"). Explicitly,
usage of th 9%% r J I t hese conventions. To refer to
t he subdiscip c%ﬁ{enq%# %ér}%%st%rd%gwgp qu.:egéfa%g’fcsom y invol ves 3d techni ques,
the term 3d graphics, defined next, explicitly limts its scope to only

the 3d portion of the conputer graphics field, Not hat . al t hough sone
terms include ?fﬁ@ut%araghfg@salrw lfla%mﬁeangﬁ%s&% e

_ | : IHERIENC o CRBPEBT not 18
19 July eRiGe ok AITROLERH ok thaWRICPd e & HSEBE IR Qi AERBARE iRthe

t echni ques; e definition of each termnust explicitly 1 nclude an opt-out
of the gmnemntibn plivieval sesiltaiof eompuiatiinsobemiissefdsevell-khovaonaungpa precishe

definiti f renderin bot h d 3d. This jssye i.s.not.only the

'l usi vinagtongy ity b Buyen etk Wl s eivrans deBtiPa iF e Rrsithsd Vet or e
to as " remeehretdeRnd shiapfer griptics D@ comp@er ahpMbl Ghd SO EPMbeter Sraplibt a8

t echni ques are supported is not just rendering techniques of any di nmension;
so- cal | dbe desceptent phigisHayetienethe taxp 24 eonputer arerdiesupildicrused toasier tehger i ng
conput er_ graphii€s. | LAk ,0 ' nti al
anbi gui tsf/l.g @%ﬁ%&ﬂ@%@a gf(!j 28%@%#%?@?&%1&%{1} [t?gtj soé%‘%%ll#mné%%g%%trp%;gfac@%i ence
f ocused ‘eallfyeiniingionand. Wihéle herhoiiecorimiterygaptgesusk baowed corgietjadtitethe t o

represent and, sjnu] ate_aspects of the physical rld chiefly for the
pur pos e§“BT£§§ﬁ&en§P?%ﬁd &8 B phizeie Wﬁﬂ%ﬁmﬁn’g@@‘v’oﬁ) mﬁgglmgs?%mata@aﬁw I d.
Thi's cOV&( SindhdtstfixtoR Be@vate PR Re td®l QR igPIphts ushaily18repelotes O

ability to support 3d technigues 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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better ways to construct synthetic nmountains or real airplanes ?b Nato6
conputer. For.a given problemarea usually a range of solution
avai l able, with higher quality solutions requiring a correspondlngly

| ar ger amount of numerical conputation. The term 3d graphics as defined
her e usually excludes the techniques of 2d conputer graphics. The

conblnatl f the.tech ues efi.ned. in .3 aphi cs.an ut.er

or aphi o ciurneal itebt e YR plaF PRtk s RS BR s FiseR STRM

cont eXt,teﬁﬁmu%téﬁﬁli)ﬁt@Qﬁﬂﬁﬂ@ﬁn @nlibEthe dehBkEradat the term "2d graphi cs" i's
not defined in this docunent.) 2d rendering and 3d rendering In this

docunent, t heAtsnitarzestionadispors Willl oomedinsin thodefmition efuerdaringnyatbAganédr
hi | J fill
o oor ¢ s iR R B RS Ak AN pul RS bR ROTI00

i nst ant I@ﬁmﬁdilﬂﬁlﬂéfefra@t(ﬁsl“zaideﬁﬁg hpdokad, butdhe scape efwhﬁhrceﬁ@nteagta@mc@f fonts
and synbols, etc.), int systens, sinulate the effects of _layers of
ink or parhmiduss %wagﬂeq lﬁﬂgtlr‘ﬂ@t repgariederdaiques ef anmmﬁa%lﬂwa lettiering wil |

refer taoe a%g$% e ques.
These expﬂd&nﬁ'g(ﬁ ? %ﬁgsncgg 8 S@%?%&%l&%@n Letrg %ﬂf%t% ns to
19 19 JL&Xph&(ﬂﬂEﬁnmanswﬂhredmge&ﬁspm:bnm:}pnxbxgtﬁmi ons of how photons in the
real world interact with surfaces and interiors of physical objects as part
of the process that produces images in cameras and the human eye. In npst
cases, explicifbypddsrendering in the context of a sinulated world

invol ves taking in representations of the objects in the simlated world,
including a simulated canera, and generating a rendered i nage (nearly

s PSSP A Bl or A A s SR o O e

docunentiectiliduck %ﬁﬁlﬂg&ﬁﬁlﬂﬁ‘m@f cdnhy@utMng to Fepredent and kRNSE aspeRRAFhe'g, and
rendered, when they appear w thout a dinensional prefix, are defined to

have t hethysial worhphigdy & the\purpesemoBaencsimgrstilgnd axatiopimagssrad taspl i citly

t at ed . . .
e 1 bor SRl Eor EHdeciBAG b B o b ATHEADOH adBubELFIMT Ll o | o
and the Menwayu uogrensﬁ‘uct hetheticm@untaing or'reliadirplamesrwitbin ermm{mté:rn@om ght this

h ?"
techni quglevgnulg) glret arzea usually a range of solutions are available, 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 gfaphics” 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, ctc.

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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Because the results of the process of rendering is nearly al wayig%clj’iérglﬁﬁg','

the default noun to the verb "rendering"” is "inmage". The word "ren
is a present tense verb, e.g., "The conputer is rendering the inage". The
word "render” is a future or infinite tense verb, e.g., "The conputer wll

render the image", or "How will the comm ttee decide which image to
render?". .The word "rendered’ is ast, tense verbh V0., 'T C uter has
! ender e FRAS REES of RBRSIRRiarl o o BRpohG IR XSl fouft iffetast 4O sSE; ©T

| arger teidihtefiBis JTPnesica @djcctsd phrt LEHD (FHEBY fﬂagpﬂasaaéésriﬁa%éénn ichmRerat and

exanple in this docunent, 1s that when terns involvi n? ardwar e that
suppor t the ha@ai gye- an gost ke cxplicittiedd readeringia theeenigst of Byimusied iweidd ment i on
will su r rj ter Lcs hesifdas rendering,
even t naer e s e S i GEDSRIPHL B Sh AR SRt R ha £ g e

har dwar esimuRgieraattrd, Aad gerdngtilg axghddredh Bedg@dnéa¥Bgdwhigidblcyentéd @ 4 driBT Y
results of .performng rendering i s, an, i e, which is referred to as the

. . rrag 13 2% 2
r ender ecPfiDFR)D that 1¢ ghpmesxirstge pf Whatdhe sigrbuet eamere sopd(sae cirtb#der ed

i mages, SiIE)l tm&_e to performng rendering that includes reflection
mappi ng, before the final 1image is rendered, a separate rendering is

performed to lorthddeeumenteaibibreedensen gfthvatrd frdnter” beadererentiering théct i on map
used in the next stage of rendering. Many other sinmilar exanples exist,
el udi TGRS STbRRB: angearFE S p HiRIFE pEUE aF eigncdite Fori s damey

meani NG, méin28h the teditl 34 #REBIn gt SIPT FRIE ELMidiTRES WotlerPBe UG8 cdes refer to

the inmage results of any rendering, specifically 1including internediate
r ender edvherafrom context thertanni imas left daliberatally pmbiguow, k6 thaeitwseld teaefetrire toi nal

spocr 11 canpyorthe R arCha il TR I €82 TSk, PEUIORh & ER T Re 5 Btk i

si gnal aschns@aRtisupy&@t?"® vi deo output interface to a physical inmage display
device in nost all cases wi|l be considered a final rendered imge.
rendering prdéeduse thergults ofrthe prosessif apiesng iscrrady apyaye agdmagamdheadefglaphi cs
render ndar ] ’ e ' ess, we
Can 1 of GRRISER YIRS S Sl B SRy Tl ol Soler TR B B s B RO R
pr ocess,“The coimputee idendgpingtessnagetrhetvherd “ednlder” if afmucef ortifinivetese vertneeded.
This i h h [ “th [

(Thi's i Se. f?., ‘Ql[:l}eecro1r1rJ{pu€tﬂc;—:r1l w%ilmrlggd%r ﬁ'l%%llngge”, E)r ‘gHgv?r %ﬂt (;[ (I:O%rlll?llttee 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 eﬁample 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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process of rendering”.) In this document, the terms rendering PlOCRity 2006
render process, graphics render process, and 3d graphics render process,
the rendering being referred to includes both 2d and 3d techni ques unl ess
explicitly stated otherwise. Wiile purely 2d techni ques do exist, no terns
are defined here to explicitly refer to them The ternms with the prefix
wor ds ree aS|zetht t he
Fonder pradedudefed Blese NigbBBND ot & HE BARN K rAET FRIERAE Soiclftauy

process iﬁbmdhgmﬁéﬁnedldterrermemh&ﬁigeﬂ abs ternl findA kendered iR ge! Wikl botseddsr the

whet her ﬁlﬁé r ender process is perfornmed by software rendering_or by

har dwar P8 AHaEs mgantdert e (98 ppigsomprrases; Baphing)consumppting. Specfieallys & k
about t t re

i st nott aced ol BEGS Sohvaslo G aNAdeB Ehipt il i s YL RERBLINE O g
or sof t wataface dephysiral hadgel dispei dayicedh erasesall tazesvill bbeorsidessd £ fimih cont ext,
and neit her, tﬁli' term hardware or software needs to be added. As this
docurent *PEe5d N4 | v concerned with hardware rendering, if the term
hardware is omtted, the render process being discussed could be either
abstract or hardware. \hen the particul ar neaning may not be clear from
cont ext, t he yeoderingqpbeass trender procaiss grapbics rawdeproprsscadSd wafttiveverdarender
process, har dwar e render process will be used. The ternms 3d graphics
abstractp P%r?aer process, 3d 21 19 July 2006 graphics software render
process, and 3d graphics hardware render process are defined to have to the
sane neaning as the terns without the 3d prefix; they are used only to
reenphasi ze tﬁ%&ﬂuswnéemgl&altmeqf@pmp@faup@aimceeemgrﬁermheeferred to
al so inc lljlqﬁﬁ t _of rendering in
conput er‘i grap %?’ggl érggéagg %t??i ?%ﬂcgte&f:{gél%:%gfé 1)@‘(‘g':)r%ac Ual g r3r8?er‘?1s’ (ﬁletll? ng
and pr ocather ﬁormgé ﬁ},e \&r‘tgfsamhdleﬂs (Tteme;hmq thasaleays eayn%edle@lconepmmcﬁiap al
conmponent is n SQ a graphics software rendering systemtechnically is
a hardvﬁf"é‘?s%f’f‘iﬂg %3stem consi sting of the hardware: a general purpose
conmput er, andyt can
perform t he ?Igr;[ggrqoﬁgh%%gg%rﬁlﬁg%&eﬁ%ﬁrc%ﬁébg%n%e]? af&g %%@g%st cg&rrput er. A
gr aphi csprheasshead & drasanhégsi ragdes peicess, ihs rendeying dring referred to includes both 2d

and 3d techniques unless explicitly stated otherwise. While purely 2d techniques do exist,

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 by hardware rendering (defined below). The
term also can be used to talk about the render process in the abstract where the
softwarc/hardware distinction is not needed. At other times whether it is hardware rendering
or software rendering that is 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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conprised of a host computer, its software, and a graphics har dy@ydaly 2006
accelerator (a type of external 1/0 processor defined below). Sonetines in
context, the term graphics hardware rendering system nay be di scussing
only the special purpose graphics sub-system e.g., the graphics hardware
accel erator. The usual dinensionality convention applies to these terns. As

none of . L necl rief ens _referre Q. all

el ude SapabtoTyark Rl Ao draes S SRR o ebE oot ci 1
stat ed didvenyitesamSpeaininger|thytethe withown (Bel3 8 pieinpthey aanded oflg toSyst em
refers to systens_ that include both 2d rendering and 3d rendering.

real - t i iisemphasizedhatihe particyar lopaed endgpprecess bgwgaeteprd intlseincludal 3¢i ve an
i 11 usi onelinsi human eye of being continuous, sequential inages in the
sequence need to be presented at a tine rate of on the order of 24 to 84
times a second. In this particular context, the termreal-time neans a
process that ca roduce new i nage outputs at tine rates conpatible with
this. In thi%® W™ the termreal-time will always refer to this order
of time rates, unless explicitly stated otherw se. software rendering 22
19 July 2006 Gven the conplexity of the real world, clearly rendering

t hat pr oducesThsd ginceptalf rgndefingal conapvdiargeaphioses as abstraat cpareptChbnpartalyi onal |y

S S AT T TR T

pr ocess QlonfioRBiR1E Bedtloll o @ aflfBEdMw R FRASECHRRI RERNiddllySs youl d be an
instance of software rendering. Conplex software renderings can literally

t ake sevwrdwargagBwaresypieme oensisting ofdlediardwase: & gangedt perppseagpanpugergand thel |
nmore th 1 L1 i rthan, real »ti L compl ex .renderin '
can takgstag?ﬁagé’ r?isfhﬁi}ggselrgﬁé%%ﬂf%%gf éﬁnt alt §% %raorlf%ln ?rﬁlﬁg&lg %rr%ﬁﬁa Sé)c‘i"f}’te&é% $es

render i ngh agdrerallpuayse cahputed @ graplsicdiefriiwhdeiremderibg ARitémesa §Reend er m bat ch
rendering is . u aﬁ Lo refer tQ rendering, that ,cagnot occur fast enou%h to be
consi derceaupﬂéﬁi Rhest rermputer Afs spityrare, #ii ygiaPRIcY BHdwpTeRgoHeiRtardniyPe o

appl i catd@igal (RPHALAIHEL e bRV, SANSHITES k ' It is
very i rrportaant thatc i na% reenge?gd (lﬁﬂnages %e&)%r%otdti%ggég?{agﬂggg %rrrée rate,
or at | easderipgsysgemanay be discussing only the special purpose graphics sub-system, e.g., the

graphics hardware accelerator.

The usual dimensionality convention applics 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 sofiware 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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a real-time rate. Because of this commercial inportance, it hasq$ggfy 2006
possible to justify building dedicated conputational hardware, an éexterna
1/0 processor, that is specialized for perform ng rendering conputations
faster than is possible with software rendering (assum ng the sane

technol ogy tinme-franes). Wien rendering is performed not by a programthat
can run on one or nore general purpose processor elenents within a general
pur pose conputer, but perforned by hardware specifically designed for
rendering, thGbehshe @abpledty dfahemal woflé dleiiyvignderiagtielt 9F@iudés hiph ggaiput er
sci ence, _an accelerator, or a hardware_accel erator, or a_special purpose

har dwar efitfé saidsredtipiages is ayephspspnutationally demanding task. Readerng eanibsnal

sub- syst; r r rocess
Faster CpLtiod & o ASEhABRGalHRRRLAL ol R arfthilcall TP B4 HMRSP 00!
pur pose gmemdapm@nsee;bremmlselmmu mthmgaeg@eaaﬂ ppipoposenputenPhis evould Bdiars

"faster than' mes th sa t echno|. o I frames.) This physj
dev co. (BRI THBRAEH AT EoC BN SPAN Mg PSSt SHRietLy ksscugral doys
accel er ahQodue a%hlglmﬁﬁa@%fédxnﬁlgéét@&gal mlof3nBh IGHARA im A a2V E

been many purely conputational 23 2006 accelerators ose out put
is just rdaltfansdrﬂss domplex rgnderings dap t:akteeon@enmmaes @uopos & thongwtment, tdiet h ever

i nvol vi tern VO devj ce. finiti on of ., rend t he

br epos (Fmh s st mug T i retn dui dertinn Yodind e R BRI Sor o

" har dwargn, ddrﬁng§ h@aa tael@teldtotr@nd&lﬁg thdt cER1HP bEHR Akt 6hARh th BatoRidesQpar at e

physi cal piece of hardware is berng di scussed. Al so given our definition of
render|ﬁ@ywﬁﬁ@fﬁﬁéﬁﬁkﬁﬁﬁon "speci al purpose" may seem redundant, but
historically the term "special purpose"” is often added to nake it
conpletely clear that hardware designed to excel at a narrow, speci al

range of taskKsrdwarbeenigridgscussed. graphics accel erator The terns graphics
accel erator and graphi cs hardware accel erator refer to hardware

accel erators whose dedi cated conputational process are sone algorithns from

comput er o aRfny MBRLaRHE hoPHIeaRRRUOh AR thal MNeSddBamRNt i 1Y |

explicitly inclu ering algorit but™ t Re terns as
def i ned veey anplotanbthahfivad rerslecka ismges bl prodwaed at hleeai-nmewatebem alst@sbdmeemt i on
where these, ter ve be eny s sed to.describe ag eleratorsbthat a

a real-time rate. Because o s commercial importance, 1 as been possible to _]1.18121

building dedicated computational hardware, an external I/O processor, that is specialized for
performing rendering computations faster than is possible with software rendering
(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
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concerned with other subsets of graphics algorithnms. Terms w th{9Qufy 2006
explicit specification of the conputer graphics algorithnms to be supported
are defined next, and in this docunent wll nore typically be used to
insure specificity. 3d graphics hardware accelerator In this docunent, the
term 3d graphics har dware accelerator will refer to a graphics hardware

fo por rrHeR Rt M e TPuTE R D4kl o BB R AR penfl e lBS 3 BRRE , O
i ncl udi ngith budr iMlvink iaffiek@fhal YO deideendering (which was explicitly defined

to also include techni ques of 2d rendering). Generally it is expected that
a 3d graphi csGiaR gundeliniieoliaeadesing e parposiion thardwapsdmasi seemgrdindapis et of

the 3d %@Bf&'ctfﬁfc ﬁ%%oﬁr‘%&fc‘ﬁgmé A3 %ﬁén b t§fna% "f‘th%!rr@?etél ‘Q’?{h%{ render

process wou execute t general purpo fat the 3d

gr aphi cssepiratechhysiealgde! of hatdware Sk@iﬂg&ﬁktﬁldsddOAldotgweh qedkeativhbe acceptabl e
i f other Eé)rtlons of the 3d graphics render process are executed at the

sane spd&pdegingsihgREsrosiign ﬁwéméau@%f‘p Hngsseeawedpeaat, bahstongpllyctas éerm ndeed

it is co ,1f rnq%@ S 006
be able t perp?l[él?o%hg,atg %%P aggerge}%su Séfccﬁ%éi@ﬂeﬁé&%agtgr ap dl%ge géegr%l d%&p%%cggss
and i nstaadatrhw, spessil rapge oh tskom dkeingydisoubdedbe executed purely in software
by the host conputer. Because the term 3d graphics hardware accelerator is
the only termfor a graphics hardware accelerator that is also defined to
be a external grdhflcPiReRE8R . and al so defined to performthe 3d graphics
har dwar e rendgr process, this specific (if slightly long) termw || be
used in nost cases to describe the class of graphl cs products that this

i nvention rel hi st.e ti for
brevi ty. the Ty appREERA e fioama iy LB TR 5 o e
of a ge%l‘:dbramﬁ pass: dwdiqatideoniphedtiohsl procesy m&mbnﬁalgwtwﬁem @ﬁﬁﬁk&r ator.
Explicitly cont rary to the usual convention in this docunent

di mensi GRSy Mast suchulswices dascbr igrthis ﬁpelgn@wfﬂé erRbGHLY icidg ‘bpth Hoand

def | ned.od deng i dal%d(;ﬁhﬁg%u%mensﬁmoa{s Rehfy £ df oﬁﬁavte% B8L8 8 0w AB Pl 25
support or ‘non<render i ri conput er graphi cs a orithnms. M sone-casés the
cont ext wadet usspeavdnyion hﬂleda uhesﬂbmmhdvbweeﬁowﬂtto desribeharldratocdhdtexd , for

brevity, the term 3d graphjc is used. to refer to
y concemecF qul}l oﬂleg SI?fPsets of gn ar ?ucs r\qgonthms c1"61"1113 w?tL more explpc?t specification
of the computer graphics algorithms to be supported are defined next, and in this document

will more typically be used to insure specificity.
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

24



sub-system of a general purpose conputer that is the 3d graphi CQwamg
accelerator. In this case, the 3d graphics systemis explicitly defined to
be able to performall the rendering and non-rendering conputer graphics
al gorithns as defined by the term 3d graphics hardware accel erator. API
(Application Programer Interface) The term Application progranmer

Interfac ef.ens Lo ogr.ani n | angyage or systemi.nierface
bet ween ge %@%ﬁ@%&?"@r%é@éﬂq‘“ ts‘ﬁbeslggsﬁg Iﬂ?e(r;%i P%Rhlg%lfe%\agﬁg?cegﬁ&%aéwd%%erI yi ng
pi ece of misefrigan@ionalityneillditdxadited fatlfua ek ao blyitheRbst bymbtiet. t he conput er

is making available to the application software in a standardi zed way.
graphi cs APl Beeprusoihsderar 3¢ gtaphice bardpprepgeclerafords de aphi term Ama graphict onput er
gr aphi cs |10, SO f
o aphi ot Eirara Bk lpht kot ey SERESRnt 1A EuERTR AR R e
not usuapdrforinntht $d gruphivs haefvabotehddchraceds, Jois gpeplic @ pdlighee Movig) ta will’l?]d hi s
docunent the 25 19 July 2006 terns graphics, API, and conputer graphics
APl are ‘t'f&gﬁn H9st fages to ‘%’W%Sﬂéf’c‘%laﬁﬁé{f @?@ﬁgﬁ@r‘?ﬂ“ﬁ’éﬁgﬁtd}r‘ﬂélm‘fe%@ﬂ relgippiort are
defined only by specific instances of graphics API. Note al so that any
particul ar 3d graphics hardware accelerator will generally support nore
t han one di f f gaphits systoput er graphics APl, e.g., the hardware 2d and 3d

functionality may be exposed through different APIs; 3d graphi cs hardware
accel erator and APIs do not exist in a one-to-one relationship. rendering

APl The ter m SQARUhE, whbRRNEdhext SOEBIEVRE H lerth @k fHhtesisYseR willlheiRed e form
of graphics rendering system In the |iterature, sonetines the term

conput erreffr &pHiesub-shgervd rgeneradarpesg computes thas isthe grapkice hatdwaan APl t o

f f hi h der i ]
or aphi o<t Qe BRI R e SRR Pk s ABRERMR R ORI ones

t hat makef supporodf Bie apiphics spaetleRpladiny &, not BeSnedy BICoWIISREGHE bither bERGMWdl | not
be used in this document. 1t nust also be renenbered that even when a
power f ul Ofgiddprhneaues.cas avedl agsyppart foy seprrepderng computengraphiss algerithasi bh of a

COMPUL eroGfARki.Cie chRRASHINeRlne RS ARLaiRuays has at | east some
conponent that is I nplenment S software n the host conputer, e.g., a
conput erSametjphsc where noemntaxty fdFbrevisy, shevays 3d gpaphécssgftbmas ased to refer to the

sub-system of a general purpose computer that is the 3d graphics hardware accelerator. In

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 APL, 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 APL 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 technigues. In this document the
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systemor a mxed hardware and software system The term 2d conmpgtgiiv 2006
graphics rendering APl will refer to conputer graphics APIs that su)p,)port
only 2d rendering techniques. The term 3d conputer graphics rendering AP
will refer to conputer graphics APIs that support only 3d rendering

techni ques, where in this case, contrary to the usual convention of this

docunent - i I . I r_ineclude

pot 1 2d ‘S GPHECARE B RS BERITARY b Bhehdh Bordethelle w nmerci al
conput erdimghgiphalits of appertiargdelitled oalyebypipeeifiy iddarcos oBdrapiges AP e others are
m xed 2d and 3d in nature. Note_also_that any particular, 3d graphics

har dwar e accelNeeaserthatiany paeicelos Pl graplyss bardwass ecceleraier willesearily sepport

conput er i . ﬁﬂ]%]i%g . ST

functi onne;?{e? gmrr(glge ‘gg@%%%se tﬂtﬁr%@lé%%ﬁ’? g’gﬁ%ﬂwng%p@@ﬁft ﬁgn(ftﬁ)gfﬂ étr‘{ces of
2d conpuney bgexpletthroughdifferagt APIss3d pabhide hiddstafscaccgierateland APIsldo hftML, and
SVG Specifi.c instances. of gg conput er graphics rendering APIs include
OpenGL, SXtdT BBF{o-enFldionsdP- Java 3d, Qui ckDrawdd, Render Man, and nental
ray. 26 19 July 2006 rendering state Rendering is usually a state-full
process. This neans that when application software uses a conputer

gr aphi cs rendenderpgAfI t o specify rendering to (eventual ly) happen, the
conmput er graphics rendering APl usually has explicit state information that
define the context under which the next conputer graphics rendering API

call will be ThdehRceipter dapBics Andb@nL AP f¥drs kW APAFRLD Rihel frheferred to as
rendering state. Exanples of possible rendering state include the current

dr awi ng &aplies rendesing sypteme In thedlifstagiraeromstimen the tews comptergraphienent of
z-buffery | ' i_ght nti.aljasing filter
For t ho lah ek PERHRE AL a3 BRE bl APIIPEEE oy AR IANERE T ¢ e
concept refidaingisggtay Betatike mAstdioslugyt graphicsirendering AWRIOhavegfuéd sdffvade

recorded col ] ection of formal APl calls _wi th bound paraneters to

previ ousl ! ]
the gr dﬂ%ﬂ%&%ﬁ@s P WiTE $F opeiday maldisapf 2kaphics acaglreatensy P ey sPealit di ng
of the ggl G4l hoitk RE&in &lﬁ*ssa({chﬁfeﬁﬁ ifud aRBOE &b StPasely@iwhdie APl calls

supported the graphics APlI. I n many cases,
powerful graphics accelerator is used as part of the implementation of a computer graphics

rendering API, the API always has at least some component that is implemented as software
on the host computer, e.g., a computer graphics rendering API is always a pure software
system or a mixed hardware and sofiware system.

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, ¢.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, HTML, and SVG.,

Specific instances of 3d computer graphics rendering APIs include OpenGL,
Microsoft’s Direct3d, Java 3d, QuickDraw3d, RenderMan, and mental ray.
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the sub-set is restricted to only geonetry specification and rquqhh?gooe
state APl caltls. After a display list has been created (by calls to the
graphics APl), at a later point in time an APl call may be nade 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
APl cal | s thatendetg; ststed to define the display list. Qher nore conplex
display list semantics do exist, specifically ones in which the display
list contains conditional execution paths (e.g., branching), as well as

di splay |ist Rg%%iﬁsguguﬁll%isﬁ&-ﬁﬂ roddsd, 19l Itngﬁlsft{?ﬁta eg%ﬁéﬂ%%ﬁ%ﬁ%\%ret he

APl calls are at the point of creation, 1nste

par anet ewsss beompetef graphics panderiieg APE teadpetilfipranderdmmtoi (evenaiallyhkamesthay | i st
itself. An inportant property of display Jlists relevant to this docunent is
t hat onc‘é"n&mg%t% %ucsrfgg&%mg Id?“‘ﬂ,%ﬁas“‘ %Piémbﬁé‘ﬁﬁ%f{on@?t&n, ti‘?tﬁjé’iﬁfleg@nt ents
cannot bgneidi aadd ' it . ' (W3 - & hat
created tﬁ% d?gpfgﬁﬁﬁ?g%gﬁgﬁﬁénneaﬁ%Iﬁﬁggg%%%ggéggg%%g?ﬁ?Egnag%%%?génﬁist

can be sw##e confert ihfasmatioreisirestred tingmurerderingestate.ne host interface to the
gr aphi CSp e.,cached in some.local menory on the

accel efratO{) wher e iE)a canljla
gr aphi cs %%%é?se? B ]etrg%cfefmgﬁ teigelyde thesggnt SFREHE Q9B CHiEe whenever
t he appl trgafdrRntisOhlawaies, tho¥@ibeindnh 6f S80HShE PR rfchal dEMEARRE $itlrsesOf the
display list are locally available for efficient access. graphics driver

It is tHbepotipligsingdites firthgewrashfipmefetas ni xed software and har dwar e

i npl enentation of a conputer graphics rendering APl to break up the
procedure calls, rendering state, defaults, values and data structures
passed i nto tdiepldylistf rom t he application software into a formthat the
graphi cs hardware accel erator can process to help performthe rendering.
The host conputer software that sits between the rest of the software and

the haradware \iny GARRROWPICALLEH it hkdflor a WIBIIRE A'BHANGS: 1 g@a&ﬁét lon is

a graphics hardware accel er , ive Ss'referre 0 as aphi cs
driver, teferéo gpegyinusly theordebeadlediion eff formaledRivalls with bonnd haramedtees o t he
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texture resirioRl itd 8 dpdctfidiBabSel fRhé APE cals sufpdriid@héBRiphics APL In many cases,
the sub-set is restricted to only geometry specification and rendering state API calls.
After a display 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,
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voxel map In this document the termvoxel map refers to 3d arrayg Rfi ﬁgggl
values that forma solid imge, where these solid inmages are to be }flse
during the rendering process. The term 3d texture is defined to neans the
sanme as voxel map. texture |In this docunent, the termtexture refers to
either a texture map or a voxel map. The dinensionality may be clear from

cont ext, . r . I r di.mensi onal. i IS

irrel evaﬁ?é,n 1(5){??{ § eg??yl%gg&mna%ﬁ %cgrtg);ﬁgsfj ﬁ%%blgﬁﬁgithneeéﬁgfe o(ﬁs %ll)faillsetiﬁle texture
el ement cdngeted ofABe ABplhwiligt 20 Ukcall¥ Aeailablofot efficithealessent and the termtexel
refer to the individual pixels of a texture map or voxels of a voxel map.
These terns are used to avoid any anbiguity that mght arise if the term
"pi xel" was Ugr‘ﬁghiﬁgdﬁ@érer to both nore traditional pixels |ocated el sewhere
in the graphrcs systemas well as the specialized pixels in a texture.
texture store texture nmenory The terns texture store and texture nenory
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the texture nlgb%%géqm%ﬁ[tggs%ﬁgqrg ?1?5?8.%“4%92’[%%%{%@%@ PW"WM t he
frame bubfLonRARY ofaphi @ rend Mg LAY bfcak Pl iBe HoebRRS cdIR}, RndRGH Rhte MENMOIY

sub-system bui'lt just for 1t".” environnment p An environment map is a
t ext ur e dedmltsy vaees afl dextuceresapsiedagteshoA Pl frem thaepyicotimusqfvearaldty aat a

far distanc ur r oundi a parti.cul ar conputer . sinmulated world. | many
cases,  URESdhY I HARRE: Rl S YehaGRl e BB PR AREOLR P o Tingu el ne.
a far didst adififuter ddfinfaee {ht SfsHetitdin thd'Rst SITAS s Wirk eRBR hafRRiréRd
reflection map do not have standardi zed nmeani ngs, and can sonetinmes nean

t he samecompmnpgy cpied hilgveroWiliae the hardweare ér ayesipn israosraptries hragwael | be used
excl usi Vfc'c?le%.goi%‘g%%giéi'vgg 's'r{:;%\%gé %oggsbagé;r?qé}_ﬁgst dRASK ra(;#géi?/c's ﬂa?canéar,r{%?%(iggras €s, an

envi r onnen render’e ren me.
reflection map

texture map

In this document the term texture map refers to 2d arrays of pixel values that form
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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Areflection map is a texture map or set of texture map i nmages q%‘hgﬁz@b a
particular conputer sinmulated world surrounding a specific set 0of ] Ps,
or a single object, or even a particular piece of a particular object.
Ref |l ection maps are used to simulate that property that high shinny or
partially shinny objects have in the real-world - they "reflect"” (perhaps
dimy) the world surrounding them In the literature, the terns environnent
map and reflection map do not have standardi zed neanings, and can

somet i mes nearhd R SeBretelinigit ahdithihérsn @REUBRAto tht Aiivignan piedts 6€4 ieRftre 29 19
July 2006 map will_ be used exclusively to_describe images that contain the
conpl et eNPREKHIXSHRRS aoxebmap sThespisrng atsrsed avoiduyantygpiscthat mightadse ned -
both th ¢ O ‘ : i Lority of
cases, bRt QAOF MRSATI 1ORE 1 ROt SBE KALRUA pildh OGBSy HRLRT Y 0
(1 magi negrhplicclystemeasvelbsathe spevddliced gixelriougéxtaredesert . ) shadow map A
shadow map is the z pi xel conponent of a rendered inmage where the eyepoint
is located at the center of a virtual light source that is to cast shadows
in the final geneessd 1mage. Before rendering starts on the final rendered
imge, an internmediate rendering is perfornmed for each |light source that
is desired tdestastmsimagows in the final rendered i mage. For each such
rendering, an inage containing only the z pixel conponent of the resultant
internedi ate rendered images is stored as a texture map within the 3d

gr aphi cs har dngf ®rm@@ERF £&8iend tdHRRREndiforly YERr RRBer8 WEthieiebRd] fhemdsy
shadow maps. Note that for accuracy, the Single conponent value of a“shadow
map, t hesup-sygeme of agiven dgsiga prethe texpusp mape astedlyiteted HE.gh “therextine stigeur acy,
e.g., : i in ks, fd.xe oi.nt, block floating point, or
Fi oat i ngogabd e RubS offre BLB9RT o e RxePOBle ol mERh St o
cases, aubhasteny busipjusofora”parti cul ar |ight source does have to be re-
rendered every render frame, if there is any notion of any objects that
cast shadows from that particular light source, or if the |light source
itself is in JOtbARentdhae! The well understood term pixel refers to

i ndividual "picture elerments" that make up conputer representations of

i mges. When di scussing graphics hardware accelerators, it

An environment map is a texture map 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
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must be renmenbered that it is common for extra specialized data gnplcgﬂ éol
information to be stored in with and considered part of the piQ B.,
a pixel can contain a lot nore than just red green blue col or conponents.
pi xel interleave 30 19 July 2006 Mbst hi gh performance nmenory systens for
pi xel s usual l'y gain their perfornance by supporting access to nore than one

i xel at _a . t.aneou acces
eatri ot BmuilRe ukdsh Bt SR e PREES Tl 30 Fpntne SRR Mo SR sy
enbodi et & a pdibSeh 4 pEtichlat dBE ideviRerned dboM th nlamsabk@oﬂiﬁmrcwthé gagtemis

interleaved (nmade in parallel), the technical details of the organization
of the rmﬁhsryum% I the gt mpjerity @if{teﬁfPSean/en@ronﬂwet Fappss. hayp énbe feerendared v

consi st I r A si npl e
exanpl esem %%m%%’?a&irfeﬁ@o ‘%) Eseéni]sﬁw %?tP’%"'é‘ gde?@e)e into

par al | el prxel menori es, arranged in a4 by 4 pixel interleave. Thrs neans
that every fourth pi er in x on every fourth line of pixels iny are
stored in a pAPE9%M A sub-nenory, and only one pixel at a time can be
accessed fromthis nenory. subpixel. The term "subpixel"” qualifies the
foll owi ng noun as being an accurate specifier of |ocations or areas to
nore than i ntzeghadopj mep isghe mpaslicenporeubpl mhderbd;ilmge vehemo the eyepcg'ntis you
can't c t val ye f.or onI for "subp are

conmon oo e fiit efh visspel Rohlad B ol R brian S e B ReRasdc ur o
posi ti onmagénot her occasr onal use of subpi er i's the meani ng of |less than a
single pi er e.g: "the triangle has subpixel area" neans that the
triangl es hasBefnreerﬁe@rmg St@@@ﬁ%ﬁ%iﬁ@l@t@demagﬁ an'ist@bpr:daetle renderingise” neans

that the t p xel ) ear asure,

e.g. trPer% ‘g %}ngehg?so gﬂl ?rsadn e |s Ig‘)t g’%a ﬁ(ﬂé\% e?ndSE)et Hmaﬁewr dth
and hei qhireaélmﬁhtr&t@enng,fantmgé r;dnaﬁiging dnlly thdesiied RomPynet bl the $ésunggtl e nore
t han one pi xel depth. The nunber of bits_ used to represent a single

pi xel e@@tsﬁa&em z@eﬂ‘geWéWreCH"iSs%fﬁ%@FW@a@ Wit the 34 graphiss dardwast er at or s,
because g{; @{afor?"h?e%ggl 3 ?’hf‘ﬂfﬁﬁ%ﬂ% %ﬁéﬁ%ﬂ nﬂ?g data and control_

|nformat| on is store consi of the pixel, the nunber
of bits Maeded ftracrepeg siendingle sompbreenpialed of sshadbwahamj&s: aypghad, entst 1t al so

i's urtecinrtr))nfor N . . .
d usua(?l y be represented with high numeric accuracy, e.g., more than 16 bits of integer, fixed

point, block floating point, or floating point accuracy in some implementations.
In the vast majority of cases, a shadow map for a particular light source does have to be re-
rendered every render frame, if there is any motion of any objects that cast shadows from

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
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the representation (and thus nunber of bits) of a pixel to be dﬁbtﬁﬁgag at
different internal and external stages of the rendering process N P
course, many graphics hardware accelerators have the ability to
dynam cal ly support a range of different pixel formats and thus total size
in nunber of bits. The tern1pixe| depth is used to refer to the total size
in bits 31 19 ut!ﬁ 200 occasi On?eﬂ{)s){f i n._ot her Irfl l specified units of

i nf or mati on) "mfﬁﬁ%ﬂe?"%iﬁs CLPREY S543 BRCERmYyCe

di scussimgs dpb@rtﬁl'gza@cé%f; td MBrd AR BSEHikaldt QMinktS qﬂlstsﬂnﬁ&@fesugaaeéeésﬁlsum frame
buffers and texture buffers. Because pixels used in 3d graphics often

cont ai n mes wiglegnnpe regigishorteon whish pm&e%sé)e ‘agegssddt at theoveprsrtame. For inany s

i nporta r t e different concen n pixel
depth. - TSRS BRI Ong e R Ritn b o BB RO ER R Or e
val ue of (nidde iglppatiely, ctn@feamﬁbalaifetaas pf th%brgatnﬁ]&tlbﬁbﬁﬂleﬁﬂérﬁéﬁ i§ Galfclighe t Ot al
size in informatjon units _of all of the conponents of a pixel. pixel format

The t er infrieaye ¢idhemenoay.SVhen e meapuy consists of Rigelsthis 1$@19¢e@1£th ¢ pisal Ff a
|
DX osHea . NS O MBI Ll b0 SIS

its own Bufmrallel pbtehmmoﬁ@mnphg@il infact pd pixat mterbhsd. I‘Iﬂniﬁmeatﬂsely[atréﬁ@fys peci fy
‘contain red reen nd bl ue conponents' Wi t hout

that the els..

speci fyi fﬁﬁrtﬁnyie% X P PVt Eoring e T el SATE S\oreinarbag it SYRIeGThct ur e
detai | ofndldd®y o ORANE AttPne d&hwlacgégmtﬂu}%lﬁ&?m pi xel conponent refers
to a specific data conponent that nmakes up part o the internal structure
of a pixel as defined by a specific pixel format. Different 3d graphics

har dwar e acceI%r ﬁrs may choose to support different pixel conponents
than other do early all cases nowadays, pixels would at | east have the
usual three valued col or conponents, e.g., red, green, and blue nuneric
val ue. How many bits of storage these val ues woul d need each, or even the
numeri cal forHRtesn “subpixgh] quabifignihe doligvaing npwn ailegingia 1cspwte Spgylﬁeenﬁ

B de t t . |
comon tacatibRlat albfito f i BERIKE Pt e TRRIEA L SRun Lo o S0
pi xel . Tdan& cainphie arallurefor dsub-firell,sady forra “auipixdereadf Tl dohenentsesel! known

renderin tec ) "
plxelhf%r ﬂwatmns and areas are; “subpixel accurate position”,

Another occasional use of subpixel is the meaning of less than a single pixel, e.g:
“the triangle has subpixel area” means that the triangles has an area of less than one pixel. A
“subpixel triangle” means that the triangle is less than a pixel across in rectilinear measure,
e.g., the bounding box of the triangle is less than a pixel both in width and height. Note that

if the triangle in question may still straddle more than one pixel.
pixel depth.

The number of bits used to represent a single pixel is not standardized. When
discussing graphics hardware accelerators, because of architecture specific extra specialized
data and control information is stored in with and considered part of the pixel, 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 to 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
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And for 3d graphics hardware accel erators that support z-buffer 13 ﬁﬁgm
rendering algorithns, a very inportant pixel conponent is the z ?
any of a nunber of other distance based values). 32 19 July 2006 O her
common pi xel conponents include stencil planes, as defined by the QpenGTM
specification. Yet other pi xel conponents m ght be fast clear planes,

overl ay I S a ther S r
componor{cE OFAS PRt Bher LA GRei a8 BRRYO! R ERED o el R BT one

i ssue t hdltvai®g$n thetcoberoftdistubetl te sizetof el rapl%seﬂtahdﬂmye@lwd)@ ptti@ring is
to be |nplenented Do all pixels have hoth front and back buffers? Do then

SOMe pi X eh%ﬁf%ﬁ%fe@mrp briders. Besanse nixels psadrin 8 @raphisisofisn coripin azan

i ndi vi du £ » t «Qn t he
A e e e R L L A R S

gr aphi csddp&f’dmvdeffaelﬁeﬂoﬂcm tlra.nfpmd deptheTlenformenmeferstoaditheothipdeght s t o be

i ncluded i n each pi xel co ure whi h copponents are single
vs. doulioFPoRERi @éﬁdﬁh%ﬂﬁﬁﬁ aﬁ@ és@%&gmp%ﬁmtp wvf@fm e Riegrdprsiiticer i ng?
What abagfy a&eimf&hﬁﬁenﬁhﬂman SQhEBImpaHeAiofrh @@éehy field sequential

stereo video signal formats: how is the frame buffer set up to support
stereo if it does’? In. stereo, are sone pixel conponents now quadrupl e

buf fered, or 13r1ot33er techni que used? All these frame buffer
archltecture ﬁ? onponent architecture trade-offs are famliar to one
skilled in the art, and the application of these requirenments to the new
Loop architecture should be understandable to one skilled in the art based
on t he descr i’bhe tenn pixebformaiefers) b msm@rﬁ@tsnngyrqdhépr@mntat@ncxflalp@cﬂl|Smhof al |

of 2 Pl Xl SELGATRABRENL G (BSRL RS 1£6S SEERGRT Wbl g chfucgnt g2t (e

term pi xel can ‘carr I's neanf ng e Y ®used

to be cospptifit€by s@héﬁﬁmbﬁ&ifbﬂs cﬁ&iyﬂg diﬁﬁﬁj‘bl-é@ﬁﬂturw(&)ﬁie pﬁmlfb@idﬂ@ireas w del 'y
known as _the term pixel ﬂ ermvgxel refers to the 3d extengion of a
pi xel - 8Rsuach thepmay speeify-thatsceirels apentain ged @rqeécmddﬂuworawawem S

attri butggh ggmgia#gw dse{am@eaeqné BRRECR bihet i QhiH e p@alg Ay Srrays

cells). Just a es are comon represented digita
of pi xel®mmdents.nages"” are

pixel component

The term pixel component refers to a specific data component that makes up part of
the internal structure of a pixel as defined by a specific pixel format.

Different 3d graphics hardware accelerators may choose to support different pixel
components than other do. In nearly all cases nowadays, pixels 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 pixel component values, it is also common to
find a so-called “alpha™ component value stored as part 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).
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commonly represented by 3d arrays of voxels. Anal ogously, a vo;igl dﬁaoobs
a three dinensional array of voxels. 33 19 July 2006 Wiile four a

hi gher di nensional representations are sonetinmes used in conputer
processing, the use is not conmmon enough for any standardi zed term nol ogy
to be in use, e.g., few people use terms |i ke "hyper-voxel" at present.

voxel format e termyvoxe ref.ers .to specifje structured
representatio 8?“5“\7‘8&8“5 ROHGESIB%IP %gncgrpémgaguaglig ﬁ‘i:h’ﬁ'gd in ternms of
nul ti pl eop@XHI™CREFEBARINS Y eCRtabr }ﬁf(el\/ﬂ@h%hné‘fﬁymb@lt b8 B¢ tleheslaky, SRRy NUMber
of bits, or by its own sub-structure onme voxel formats are abstract
they mayp laggscursor phanes.twiadgw B paneg and aither siseilar gppanenimidathaye apprapshent s
wi t hout Qﬁ%!f - etails as to the bit-size or other

sub- strulglture ﬁldlf%gl ﬁ’?ﬁaﬂ?ﬁ}e%cogf(ponents voxel conponent The term voxel

conponent r ef@fisiskuk thatdpe abf beendaidched offpeyehtestthabwialiele buffeiiag 1s tobe t he
internal, structure of a voxel as defined by a speC|f| c voxel format.

Typi cal i en%lﬁfbﬂbﬂfiglséé\‘?%hi&é@ angh bagk butferg? Rodbensgmfsrixelor t hey coul d
be an | MiathdnBli®, ifol2> B xisk ] A oAb fiferdCah fﬂﬁf 488y S PRIGIRAP. €X

mul ti-di si onal requires t Ication of a custom shader
t o convewithoutbffecting o’rhﬂrewmddm on thngbeseinyait fig mnmgmd‘?rls tiremhdrma)eﬂﬁhty% gnal

proce55| man a bit is kno bout t nder | yi n i ghest
qual i ty P s e 4 B hﬂébﬁ@\vﬁ%@@@g@aﬂ Phisgent pym bnet s wiag

mat herratlhaahécvmeeaa@blxer Qp%nla%oﬁigﬁmh&h%ﬁipoﬁé&s aQMe Mheggbe operation
being perforned is re-sanpling and | ow pass ' filtering of a signal at sone

f r equendypfsted? e hregswntsappashios hegla et higber udferiog Wtat At sierca Vidaomignal
frequen

ueeq to i g el B it RO s DutlR oa e EntP BpriEieng o

render edsp taRgHSort Sejet 3 it ok IR stefdd, uvetsbmepEMcmﬁpa&ﬁﬁsm Raduaghgpnal - the
i mge. The problemis, the equival ent of the under| signal, the

under | yitEeradagets apgthgpieghmigurredy Alk thesedrama utfer ﬁf: e pixel gpmmescriont ext

of rend imt of

Phe § moshiififond REIMMELE il [RAR iRl el bREE bffifatd of Bisd !
requirements to the new Loop archltecture should be understandable to one skilled in the art

based on the description here.

pixel data

Sometimes the entire collection of all of a pixel’s pixel components need to be
referenced. While in context, the term pixel can carry this meaning, sometimes the term

pixel data is used to be completely clear what is being described.

voxel

While not as widely known as the term pixel, the term voxel refers to the 3d
extension of a pixel - a “volume element”. Voxels are the collection of components
attributed to a small region of space (generally uniformly packed 3d cells). Just as 2d
images are commonly represented digitally by 2d arrays of pixels, 3d “images”™ are
commonly represented by 3d arrays of voxels. Analogously, a “voxel map™ is a three

dimensional array of voxels.
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34 19 July 2006 sanples as the sanple density goes to infinity gtgh§ hﬁs
because the way that nost rendering algorithns are set-up, the§ C 8 y
tell us what the value of the underlying image is at a specific
infinitesimal point; they can't tell us for sure what an average of the
underlying imge m ght be over sone small 2d area, or say anything el se
about what fr i I e 0o t 1.gh e l.urking..n the

nder | yi ng | niaHE KB Rlgng FRARE8TERRR b gl iiekiter b i tobitficss ng)
i's such gobtasidghe beRmbNcdMiTph beughIfapiiycsanddtdizdd tefndn6logy €Cbd n usdescri be
how various _antialiasing algorithns attenpt to solve the problem the
concept o8- fashpeoplansetgrmsdikerhyrerivoxple @bB%E- t o put the di scussion on a
firmsignal processing foundation. sanple The term sanple cones from
information theory, and specifically was first used to describe the

i ndi vi dual diwsxekefkmaeasurenents (either analog or digital) nade of sone
form of signal. The signal need not be one dinensional |ike a radio wave,
it can be two dinensional |ike the pattern of light on a i mage sensing
device. The UBR @fm LBl &Rt refSRMPA Epedific éﬁcﬁfr@@?&g?&eﬁ{ﬁﬁ'@ %a T SleBrSuch O
discrete digital values that represent a point sanple of the underlying

i mage t mefitucfusestzet ngpatlg ddbnakin tSamsplf ewltple vokdseinponeaitgteach oowhick elay,be and
many tines.@qgg simlar. or jdentical co q@@% values. Th fnathematics of

si gnal  PPBEELEY AYnE pumBE QTpAT: SOV W LB °- SORE Yt OHMAR GG al i mages

(e.9., abitadithaymal s?éc?ﬁ?'tﬁa)t théPskels0 cBN@irChell Nér8Ed, BREDRR cBRIpbRERS’, due to the
presence in the underlying i mage of spati al requenci es above that of the

pi xel arwighout spasifynaraaly fudlpr dgiails auitorthe pitsize os gthsr sub-gtgictise Yletail tpf the

under | yi r(‘)ﬂﬂ)ion g at many different points within a single pixel. This is
what nost i gh™qual ity conputer graphics antialiasing algorithms do. The
sanples still need additional signal processing before their data can be
used to generate the final pixels that are the output of the rendering
process. (SeV¥¥§] CH¥PER t er ns bel ow descri be other parts of this signal
processing.) It is of some inportance to note that in sinple graphics
rendering pipelines that are not antialiasing (e.g., the way nost graphics
har dwar e ac c eltertatno vex dh avmplemh rdfers ltd a specific dducdeporeotihbt mpkeshmtpastrof

called pixels are actually s , sanpled.at a,sanple density.of one per
el - Hh Busratsfulite St nehat e BY TappaghoSh iFR: Jo i wient at t on
of SONM®e 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.
underlying image

In traditional signal processing, many times quite a bit is known about the
underlying highest quality signal that is being processed. Indeed, in some cases, many
mathematically exact properties of the signal are known. When the operation being
performed is re-sampling and low pass filtering of a signal at some frequency of
representation channel for representation on a lower frequency channel, this information
about the underlying signal can be used to simplify and bracket the processing,

Technically, antialiasing of rendered images is just such a job with a two
dimensional signal - the image. The problem is, the equivalent of the underlying signal, the
underlying image, is very expensive to compute. Technically, in the context of rendering,

the underlying image, is the 2d image that is the limit of the image formed by the array of
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speci al average of the underlying inmage value in the two di nensi ch' 006
nei ghbor hood of that 35 19 July 2006 pixel; a sanple is the sa L*Yg

val ue (not an average val ue) of the underlying i mage taken at a single
point in 2d space. Thus, wi thout antialiasing processing, technically to be
consistent to the various terms definitions given here, older graphics

har dwar e _ac eIeratorscrrpted n to their fra buffers

canpl o SaRBYES g 1 Sk Bt e B5rnab Tt Begdpieie by R Bt rpfidies when
they ar eﬂgtﬁmsi atNeRep fth@Hcdnol P eI MisdRitt GélRltie @tmdeﬂwgqﬂla O def i nition
is a stream of xels The particular definition of sanplé JUSt gi ven here

i s the oecifip wfinitesisnadl point; Hhey canitdell unny et whas e aperagsheditbe usdsilysig | y not ed

ot herw s a | ocation I S .gont.ext be Hale] dered,
o 1 sanpiae BB e RE arRo Al A e Vs bntink Y B0k RS ARG B s e
a 2d | odfiageboraporidhss thiphgbe h@kxﬂg i ﬁl@dlﬁﬂﬁﬁjylng thape. ThiE S WhY ahtaliasihl @hdt he
sanmpl e | ocat ion. The |ocations usually have sonme explicit quantization,

speci f i ddllgreemantipliatiag) IéfsuqhQ%arépr@%%l%qm%@waﬁy%ﬁé& tpicerreetdt sanpl es.

The fun

usuallyq%% rrngY%ﬁgégﬂ@%%g§§%ﬁ%®ﬁgg§?%%ﬁﬁ%%gﬂ%?ﬂééggﬁesé&?%8@%§pcontext
of the 3He undeplyirgsintage thvascessagoelpat tiealiscasdoraoea fth kizhal(jaocssinpl e buffer),
al | sanpl es |nEI|citIy have a frame buffer address identifying where within
t he BlipRer their sanpl e conmponents are stored. This address is
referred to as the sanple address. This address may be assigned in a
variety of different ways, but one commbn one is to base the sanple
address on t hemptidress of the pixel that the sanple is located within, and
then al so include address information derived fromthe |inear sequence
nunber of the sanple. This |inear sequence nunber is a froma |inear

ordering of affe talﬂesﬁﬂfﬂ@b&ﬁegﬁaﬁﬁhmau@mhbb@t cific®} wasfifshgsegagpl e in
qguestion. sanple format The term sanple format refers to a specific

st r uct urdsgeribsheinditicual discrset measurmpnants (citherranslog s digitel) made of semr fyrmief i ned
I ter Mg, pQfon Bl Thi BeRaSRER b6t ROTRUIG Sonat AR a Pdidabl it 38 be two

dimensional like the pattern of light on a image sensing device. The usc 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)
and to avoid interference patterns due to the presence in the underlying image of spatial
frequencies above that of the pixel array to be generated, you must first “sample” (probe)
the underlying image at many different points within a single pixel. This is what most high
quality computer graphics antialiasing algorithms do. The samples still need additional
signal processing before their data can be used to generate the final pixels that are the output
of the rendering process. (Several of the terms below describe other parts of this signal

processing.)

It is of some importance to note that in simple graphics rendering pipelines that are
not antialiasing {e.g., the way most graphics hardware accelerators have been built until
quite recently) what are called pixels are actually samples, sampled at a sample density of
one per pixel. This is because mathematically, a pixel should be a representation of some

special average of the underlying image value in the two dimensional neighborhood of that
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19 July 2006 may be specified by sonme nunber of bits, or by |t? gjwl% 0
sub-structure. Sone sanple formats are abstract, they may speci 3 ? Pﬁe
sanpl es "contain red, green, and bl ue conponents”, w thout specifying any
further details as to the bit-size or other sub-structure detail of the

corrponents sanpl e conponent The term sanpl e conponent refers to a specific

data co nt t kes of the in str.uct.ure | e as
dof § ned ag?fgﬁffl% {FRSERAMEIEE ot 2 phetfirr i) APt Sy Pyl AP

har dwar e; gggRlpeimiPré sheb Mhesihd R aftidRERg pPeeRd ﬁ? techhfc8ly to/6d donkBRhACES
pi xels in t e frame buffer. Thus t he corrponents of a sanple, the sanple

conponento,the Harigug t@msqiﬁﬁnélogs EveR heneoolﬂer@@@nﬁﬁimﬁwe @f:ceéerpiomommwd er ent

componerire VAL MG AR Rt ndfRlBORREE by BARROLby B oS ot 0

| east haa@rd)hﬂlatlbwplid‘li ®Rervihky eft RetedunbAiuaan tise VI&e(QG)uthﬁﬁﬁ’%nag Wafeh and
bl ue nuneric_value. How many bits of storage these val ues woul d need each

or even b}h@eﬂmﬁmw@aﬁﬂe@%ﬁmxe&ﬁ the values nmay differ bet ween different

syst ens. I e yalues, it
is also C%ﬁ%%ﬁﬂﬁgﬁofs IqP&gﬂ{ al g%l’glﬂtéoorrl%%ﬁé‘?t% ﬁ{%} ed as part
of each d&mapiest, eifctﬂpsmbmrBaphaﬂyﬂoted@thebmsased for a nunber of di fferent
wel I known rendering techniques. For 3d graphics hardware accel erators
that support z-buffer based rendering algorithms, a very inportant sanple
conponent i s gfgjZiosaise (or any of a nunber of other distance based

val ues). O her conmon sanpl e conponents include stencil planes, as defined
by the OpenG.TM specification. Yet ot her sanpl e conponents m ght be fast

cl ear pl anes, erI sor planes,..w ndow | D pl an and ot her

simlar corrpo]r?gﬁ?g Dtgfﬁ ﬁkée%ds &?133 rgr}dt%rel%r Q}Tﬁmﬂﬁ?ﬁ‘ gpgﬂﬂﬁgﬁm irs now.
One lSSlkﬁlﬂlBﬁq'&ndg@SAQQ&mﬁeﬁimﬁth@d mﬂombnbﬁkmﬁ&ghaelﬂg%ﬂﬁ%aﬂ hi@,ufferl ng
is to be inplenented al'l npl es have both front and back buffers? Do

t hen sonlgcaiipmis éalle‘édh%@ﬂmﬁ £ocamq>n<é’hz locgtipys @%ﬁllcx 3Vi§ SpRe ckplfit buffer? Can

coreon apepReROR oS QA ool StbpRe| AEbDRgReltEl At piteE" 1 °

graphi csTheafudviurethaicaseiicas thiegr satrple Dicaticais ﬁlanommbenmpohsumlmwf&ﬁeﬂ fo &0 be

included,in each sanple, as well as configure which conponents are single
Vo oyt Samble patern

sample address

In the context of the 3d graphics hardware accelerator’s frame buffer (or sample
Buffer), all samples implicitly have a frame buffer address identifying where within the
frame buffer their sample components are stored. This address is referred to as the sample
address. This address may be assigned in a variety of different ways, but one common one
is to base the sample address on the address of the pixel that the sample is located within,
and then also include address information derived from the lincar sequence number of the
sample. This linear sequence number is a from a linear ordering of all the samples contained

in that same pixel as the sample in question.
sample format

The term sample format refers to a specific structured representation of a sample.

‘Such structures are usually defined in terms of multiple sample components, each of which
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buffered? Is their any support for triple or higher buffering? \i\ggﬁua%@bh
stereo video signal 37 19 July 2006 format, specifically field ¥ I
stereo video signal formats: howis the frane buffer set up to support
stereo if it does? In stereo, are sone sanple conponents now quadrupl e
buffered, or is another technique used? Al these frame buffer

architec | . saml e conponent .architecture trade-offs
et am P B Rl tSUSRRAGber BERSBYBY fis GUPRER SRhgyBieC B o ® v
requi r engeratbstiaot, iy Mepspeodp tar deishepledrCorthiautd] ghcenndiEnlet asdpieatst0 one
skilled in the ar{ based on the description here. RGB The term ROB refers
to the rwthoyspesityingapydpriberdistails as Kohs bitaizeorethes subratsnature getailapfghocel |
dependi n&mg&ng&g_ context. This definition places no restrictions on the
nuneric representation of these sanple conponents or pixel conponents. In
di fferent enbodi nents, they could be single bits, integers, fixed point
nunbers, bl ock f:oati n{g}g oi nt nunbers (in which the exponent is quantized
coarser than hATep Ehential i nteger range), floating point nunbers,
shared exponent floating point nunbers (in which a single exponent val ue
applies to all three conponents), or other nore conplex nuneric

r epr esent at i ohke tefth armmplewoREBnend frefers torespeagindata comporens thatmakds upgrponent
representaiions of color.. In such i ments, four, five, eight, twenty
five, or® %W‘%@ St SfB’é’i‘f ?Sa‘ie%ﬁngggdﬁﬁﬁ%ﬁ‘@c FAOE f3B%E I oyed to more
accur at ghthé BighEeity 3aUraptscsfard A48 hedatofsbeingd WREMAId Hafe, Wrhplegat er i al
objects in the physical world. Sonetines, in context, the term RGB can be
used t o dfErcdyely seplarss pixels|in thy figme buffernEham thsl compooentaof ofamplpithel or a
sanpl e. CLyl L n.fhe finition of the ter pi xel conponent
and sarrp%e@géo%&?}?nogl%@,’ Eﬁoglg#ir% ﬁu&éess??lﬂﬁratg% % ?%nﬁpcfnc‘;’ntcso%&p%e mponent s, pixels or
sanpl es Differdimde gedphiva hanlwos edkkeratos @Bt ¢hoBsd ©fsapp@ediferday sinile G eek
letter a. The termgﬁA refers to_the rgb conponents of a pixel or a
sanpl e, QERRAFYts than gihes dgnln negrly gl ates nowpdayst ssaplgsamuld affeash havathear e i s
to have i e t 0 onents
are pr es‘%ﬁ?@h?@gﬁgﬁf ?g(gmﬁg}%? t?étg'g'f E% "8 na’l %{dgﬁ) aurré%%p‘%}]%hm Fvs&?lgp be
associ athéts ofistomagsridesapplueewotld ki eadhe ocelenrthe mupeimhfematefithe maluke fi el d

of soft m@z{yediffer between different systems.

o

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

Other common sample components inchide stencil planes, as defined by the
OpenGL™ specification. Yet other sample 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 issue that has not been touched on yet relates to how double buffering is to be
implemented. Do all samples have both front and back buffers? Do then some sample
components, like z, only exist in the front buffer? Can individual windows switch buffers
without affecting 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 sample, 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
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rendering, it is quite comon when algorithnms requiring al pha tggg@wihﬁbﬁd
into the frame 38 19 July 2006 buffer, for a separate al pha c o]
exi st specifically bound to each col or conponent. Specifically if the
three col or conmponents red, green, and blue are being used, then three
separate al pha conponents, al pha-red, al pha-green, and al pha-blue exist as

wel . | nfo%?tlbseqae%ltﬁcaﬁ? %el%rggolgén% d:;[ter(f):g) V}C{%S o glsf%%%tiszs Vo(ra%nisj[tﬁ?n gﬁ%@%{%?@ﬁn

will refer 'S s X al’pha an color ¢ onen

cont ext , ug toeuppuridstBEBAY it dBedh dn bisRM, 4@ sbRbImPIR cotdpen@itX Bbwiqaadrapleor t he
sanple format of a pixel or a sa Sonetines, the nore general term RGBA

| e.
wi || be ydksed er isesetiepiechniges usreg? Al thessirasambntier architegttes, prelgamepenght | east

one enbagi ' Lt . . J ha
componentdagplg dnftbhspihiteliuf isile. GRTRC R A AT LEER Ao AHRDR |
conpone rdpplicdbinmeifiingss réduirempiests enthe nefv loovpadrgdiicmoaiookite nikletstaidable thol der
for any additjqnal, caonmponpents peyond col or conponents and z conponents,
and t hur§e kgﬁbgﬁﬁﬁgﬁﬁgPW%ﬁw‘gﬁgﬂﬁﬂé%ﬁﬁﬁitional conponents for uses that
go far beyond the traditional ones described for al pha conponents. RGBZ
The term RGBZ refers to the rgb conponents of a pixel or a sanple, as well
as a z conpddeBt. The concept of storing a z value with a pixel so as to
performz-buffered rendering is well known in conputer graphics. But

di fferent enbodi ments may use different formulas for conputing a z

di stance rel atipteNaREB rdfirk t@m@RE, PRAJAIENLS sdle H&ﬁp@ﬁéﬁsedﬁ%mp!ﬂéﬁﬁ?r ic
representations to represent these z values, including, but not lNmted to,

i nt eger ,a pik¢lxdepepdingon the eitest) Dus defénitien placesaodestiioansog thonwneriGonet i nes,

Sampro. ok B SR SRRl el Eoibolnd A i PRl o' (e

RGBA corthenenild befingl efits shtegtrsafi sallig, nuabere block Sloatin Zp Al ANMMIRAL (in as
described in the definition of the tern1§§§2. Soretinmes, in context, the
t er m RGEEMCk Hi¢ roRmb i quyntizsdgoarser hapa simple sqayenkial ineser pangey lpgtas f or mat

of a pi )ﬂ%lint%mﬁ;e&‘?gﬁélrgd 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.
Sometimes, in context, the term RGB can be used to refer to the pixel format or the sample

format of a pixel or a sample.
RGBA

As described in the definition of the terms pixel component and sample component,
sometimes in addition to color components, pixels or samples can have alpha components,
sometime referred to by the Greek letter a. The term RGBA refers to the rgb components of
a pixel or a sample, as well as an alpha component.

While the tradition in hardware is to have a single alpha component even when three or
more color components are present, the semantics is that the single alpha component is to be
associated with and applied to all the color components. But in the field of software

rendering, it is quite common when algorithms requiring alpha to be stored in to the frame
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39 19 July 2006 Sonetinmes, the nore general term RGBAZ wil | #ﬁﬁﬂ ?g
descri be pixel formats or sanple formats in which at | east one 3 HP
in addition to color and z conponents actually uses an al pha conponent as
wel |, but other enbodi ments m ght not have an explicit al pha conponent.
Soneti nmes the presence of an alpha conponent is a place hol der for any

additio d col Rone, ents, and thus
some enbr}gl FRQ%%Q a@ﬁ%gd‘n P OI%?(I]’l q%{ﬁ%l Pe‘%@ﬁ?@ﬁ? Poganﬁgtglgr f%?on&f}t far
beyond tS;&ciﬂcaﬂyiﬂtﬁél&ire@a&& @RgRnERe eed, gfeen AndhiucAaBOING LS, (ISATRice buf f er
As defined el sewhere a franme buffer is a di altal menory store for an inmage

conpr i se¥PHRLeAIN @mnqaw@ealphwdaalﬁhmwm ap .ah)@aebﬂnﬂﬁxmas #iwkr B at deaghi ch
explicit_npi t u Lom a
St Feam o Seé%ﬁggé@é% ﬁrﬁ: Pf’ﬂﬁ%/ ny tlétt?r'bfﬂGBg\ 'Evﬂmefér tQ %}lg E&aat}ﬁiq r%lald

conpri se@lc&‘fcoﬁ-q:mpérﬁstrud’camhrﬂomdtxmes;ﬂne:omnmhe fﬁﬁrmRe}B:Zanan Béd ideld t@ﬁefaatbl ed a
frame b(%fer i | ds |nfornat¥on descri bing one or nore franes of

S it
vi deo ?Blﬁel fa?féﬁempla@mwéo 2P ARG f er al ready has two _
di f f er endo iBANER rh&e?@ﬁeralqgl% R@B}thﬁ' Bﬁﬁklatde&) d%dﬂ%@'{pﬁ&i fétmts orsBRpRNL I r e
~graphi cs hardware accelFerator vs. | ust menory store of pixels, in this
docune ntfotmas trewlnohaniﬂast dogfefrdodindntt irsalditiomesole compondnts actiedlyristeanmenor y

stores of res S S | es | e densit Thetermsa |l e
dens: Ly A RUP RGNSt B ubfreT Rt BUR PSP 30 SKPURGHPH el o and

sanpl es dadgahentsonme context, e.g., when di scussing a frarre buffer or a
sanpl e buffer. SpeC|f|caIIy the termsanple density refers to the nunber
of sanpl es co¥rumgtiness the pissencepéan plph@pommnhmh:éacedmdeu fayenf additionalal | f

di scussi [ inth ont xt of a
rarge. nonmarieyKEL AT el S Euiely. RiiFun oo gt e

spati al Imclu&ﬂﬁﬂdimdml bompmﬁmseusteb €has 3@ EarMleyPridxdk sraaxssmﬁﬂfdne@desbﬁbéd%r
graphics_ rendering pipeline before the video output signal is generated
are not ARABSOTPOPEYSthe sane in area as the pixels defined in the video
out put signal stage, thus the rest of the graphics rendering pipeline and
the video output signal stage could have different sanple densities, as

t hey use di f fRGBAt definitions of pixels. Wien necessary for clarity, these
two different

The term RGBZ refers to the rgb components of a pixel or a sample, as wellasaz
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 cmbodiments may use different
formulas for computing a z distance related value. Different embodiments may use different
numeric representations to represent these z values, including, but not limited to, integer,
fixed point, block floating point, and floating point.

Sometimes, in context, the term RGBZ can be used to refer to the pixel format or the sample

format of a pixel or a sample.
RGBAZ

The term RGBAZ refers to the RGBA components of a pixel or a sample, as well as
a z component, as described in the definition of the term RGBZ.
Sometimes, in context, the term RGBAZ can be used to refer to the pixel format or the

sample format of a pixel or a sample.
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40 19 July 2006 types of pixels will be called render pixels a Vldﬁaos
pi xel s. The plural of sanple density is sanple densities. cond

sanpl e update function The nbst 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 tern1sanp|e will be used for sinplicity, but in all cases

the definitiqps a i xels ever nore Layers of nore
conpl ex " operSEpaREe e dudty Keutultn ROz hE R gBREE a0 Fiief or

oper at i Gampltafoemats We Whichni (st ofRldbodiiéht #n 8RB dNRdoRIF a8@FRbApaAHEsS. 1 n
general, a sanple update function takes these as paraneters, fetches t he

cor r espdstiafly usesras! aépmoar@onp@msw@l betstthey smbodimentpmichs de heye an epplicior ns
some fu%}%ﬂaocr& r&n&ﬂe new sanpl e val ue and the one fetched fromthe sanple
addr ess en Writes back into the frame buffer the sanple val ue that
was the resul3cindimespié presdricd 9f i alpha s®hp@ient Siafidace lﬁlt&ﬁﬁiremy@fldlﬁaﬁ@ e
updat e functions_include various Bool ean functions , .and, or,

excl usi wemmeneRs beyondicolas comppReRieEdCompongRty, ﬁl’#ﬁblﬂst s&me efnahﬂd@m@ﬁs Mgyt he

condi ti Pcﬁﬁg, I m] t

corrpone(rﬂmhgfiéj e&]r?g\%\?@%%ﬁg Pug@%ﬁggfﬁé)%gne etcﬁltlgh?lrdg)l%sg e sarrpre
addr ess.alptui doenponedits.syst ens al l ow the particul ar conpari son 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 nore conpl ex
functions), thgohasitgei dea is that whichever sanple is "closer"” to the
eyepoi nt than tflu)e other should be the one now stored in at the sanple
address. If the new sanple value "wins", then its value is witten into
the frame buffe rep n val ue. .Otherwi se, the existing value
can be Kept oS SeeRERhOR, 4 HEmEhRmET Bineld PR Soee iR Epila 17 oo
needed. cbiipsis&®of Fiatlk.gdowavebuid g nddalkend dboat hRdwareSn fihichekpBik pixefs a

condi tional sanple update function. O her conditional sanpl e update
fineti oﬁ%%l%rté)@ apwa@ﬂ StPEfﬁ’db‘#lthlél bej qreateriivony a shsam of samplea pemingit of dnal  on
the ste [ sanpl e
updat e Fup PRRR oERTRERR Bl ey ARRL Franlil . Tofiicafly e Al Rbieiay

wei ght edtillderabéd 4 ﬁanm@u/ffelala:pitélohislmﬁonﬁwrpi c&sadﬁpg nﬁmmalred?rdxﬂm of @iden

sanple co onents le.c ned at th | e address is witten
back to @ e‘g @ %%B%I&?Wéﬁ%ﬁ‘”% Feé‘ Osamnes ¥ithet i ons are
fairly %M?o%ﬁt&%&@?&?e.gﬂﬁ@ &hied Saphi8s Rirdware 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 as samples.
sample density

The term sample density is used to describe some of the relationship between pixels
and samples within some context, e.g., when discussing a frame buffer or a sample buffer.
Specifically the term sample density refers to the number of samples contained within one
pixel. The number could be fractional if discussing the average number of samples in a
pixel in the context of a large number of pixels. The sample density may not even be
constant spatially. And finally, because the size of pixels as defined by the graphics
rendering pipeline before the video output signal is generated are not necessarily the same
in area as the pixels defined in the video output signal stage, thus the rest of the graphics
rendering pipeline and the video dutput signal stage could have different sample densities,

‘as they use different definitions of pixels. When necessary for clarity, these two different
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i ndi vi dual sanpl e conponents and/or bit-fields of sanple corrpoanthu &2098
read or witten. 41 19 July 2006 Real hardware for 3d graphics c! re
accelerators generally has to support all of the update functions described
here and nore. To provide a sinple termto cover all the potenti al

conbi nati ons of these functions, in this docunent the term conditional

2 capt SYBERHBAAN BRodclig et e nd ioP BT R o B ERaIT BT 0O

Parti cul ampisdaditigent s of the present invention nay define their

condi tional sanple update function to include any Specific conbination of
the sanpl e update functions described here, as well as other described in
the literatur @aﬁ ﬁﬁ%.@hpﬁﬁﬂple update functions defined for their
enbodinents.‘%ﬁgg&gghp P#g he erm supersanpling refers to any of a
nunber of 3d graphics antialiasing algorithns that operate by conputing

t he val ue of ,fhe underlying i at e.than one  point per pixel, e.g.,

any antial i asHHg™aft GFIF%‘F\‘Pﬂg? gg@&eb |tg &ead oz it ﬂ%erf'é’ﬁpenﬁ of@pinel |

t he 3d ' il ; i . [ g 4.5 used
gcrraap%lgg,fe. (IntRE Pdstd FthisSRARIHONEHE Gy ShiBle @.hps@gs%g i st‘iﬁgﬂglgg ut in

i nterchangeably wth the term supersanpling.” This I einthis
documnentall ¢aSesdbh dsfinitoswapply togiixels ef weld) Bot sevepésiofd lnyerts af mood complirods t o

be conphstrtion priartes feah dibed B eetnb daRe obt e iR F faevormlbar Ty
opti mal ,vahu, ahd'a HEERRtioY @Riric RtrBssCTiichbGfla BRI RalcahhGRh tHld RS ahave

determ ned that these ways are nearly always Sub-optinmal to other ways.
E.g., tHsrgmetens, fetchas t}@wrremﬂ@gisa@p%g'al theedestingiongathpleadteess,i c

sanpl i ng’ [ h [ i ot her. et hods to
doct de. e iSRS ko BB Ok B AeADtrE e RILEHERE raidiclhedh Belca Bl O1C
anti al i aslidregs, ahll ¢hdnewritea bhdkaihtoathe figniedéles the@ample vafucdhituvdRahe REultast ri ct ed

assunption_or_ non- restricted nethods for renoving un-desirable artifacts
inthe iﬂ?ﬁ’cﬁg@n@éﬁ%mgﬁlby the graphics rendering pipeline due to high
spatial freq (EScaftfn AR Ui R Fuld FREE S hel Ln the
i mges, e.g., getting prt%sgﬁg é}pm?aglél} es".m% g%%?%%a%l%ﬁlﬁgggﬁak’r efers to
bot h netd@dand; haexelasive er, etre Bat ardd eaddrmgpaveryiimpodas fumitioads thpeci al cases,

e O L S 4k 1LY S

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
should be the one now stored in at the sample address, If the new sample value “wins”, then
its value is written into the frame buffer, replacing the old value. Otherwise, the existing
value can be kept as is, and no write operation to the frame buffer will be needed. This so-
called “z-buffer update function” is an example of a conditional sample update function.
Other conditional sample update functions exist in 3d rendering, including those that
are conditional on the stencil sample component of a sample. There are also arithmetic
sample update functions, including many alpha blending functions, in which a weighted
sum of the new sample color sample components and the color sample components of the
sample contained at the sample address is written back to the sample address. Other
conditional sample update functions are fairly simple state variable enable/disable of

individual sample components and/or bit-fields of sample components to be read or written.
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artifacts. 42 19 July 2006 The termantialiasing is one word hout
hyphen; if it had a hyphen then the term "aliasing”, and the tghhfﬁﬁyggggd
renderi ng” woul d be acceptable, and generally they are 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 graphics

primtive th [ rewthin the imag. . These nme ds are
Csual 1y 1 ai 11 bed b EPE R PRRAATaRis Mo aoBRafy hes ot PR s of

t he gr aphé apddte RartibMOdaRidiadditeee idilafodeDo pasiidya tibpldwRfR 16 eRet all ired

anti al i asi ng%_ techniques. To qualify as "full screen antialiasing” a nethod
shoul d Hegfentiabgpmbinationsof diese Smctiprss in thisdasument tbe ermaeaditignalisayela oo many
cases ' ]S *ful ! ' h.ndi t t hod
et o npeate ol il HE 1o I ener NG bl B4 WhBh SRLAS pLliB reddifed ™2
screen, ietoghe fjanetbufier & tpde pravessad. Ruirticldaw, entfodanans bbeha psasbatriggindionof a

w ndow. conyolutjon - The term convol ution generally refers to_ the
appl i catm@hgiﬁne h%ﬁ _ l%ﬂqaﬁﬁﬁnkéﬁﬁ atg @@eﬁ%fo iReludn Ry sneeitiy combaatiay off
sanpl es tfleﬁmhﬂﬁhﬁﬂﬁeffdﬁbﬁoﬁméscﬁﬂéd%%, a0 Weftlab %ﬁiepaeégg’{oﬁtp@h%ge it ARR &Ia' ly the

convolution I's in one conputational step applying re-sahpline’'

and " bamvpapsialfsamplerupdef fedmioandéfalcddei their embhdintmés. | n thi s docunent,
this is the definition of convolution unless explicitly stated ot herw se.
convol uti on kernel The term convol ution kernel refers to the set of weight
val ues used igypbR@mpk@yTput ati on of convolution. In this docunent, these
convol ution conput a?i ons wll always be part of a full screen antialiasing
met hod, unless explicitly stated otherwi se. This neans that the

corvol o0 K3 Wld B, LA SOTRI SRR P 22
speci f i eddgdrithinb ehat dpdraielts compitieg fhelahRoTeRnuaietlylsiidapag AlchBth ord3 19
Jul'y 200p60int 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”
tefers 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

produced using other methods to decide on which subpixel locations of the underlying

image to sample.
antialiasing

The term antialiasing refers to any of a number of restricted assumption or non-
restricted methods for removing un-desirable artifacts in the images generated by the
graphics rendering pipeline due to high spatial frequencies of the underlying image still
being present in the images, e.g., getting rid of the “jaggies”. The term antialiasing refers to
both methods that reduce these artifacts only in constrained special cases, e.g., just in the
rendering of lines, not triangles, as well a more unrestricted methods for removal of these

artifacts.
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antialiasing filter Since all convolution kernels in this docume'ﬁ f%eto
convol ution kernel filters that wll be used to performfilteri g’ |’2
antialiasing purposes, the termantialiasing filter is defined to refer to
any convolution filter that m ght be used for antialiasing. box filter 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
anywhere under the square box, and zero everywhere else. A conmon size for

a box filter Therng aﬁtléﬁﬁlsmgﬁlbﬁe wiRewdtiowd Athlyphdna $f i0Bad 4 hyfieh théh thetepmr ed to
as a 1 x | box filter. Having a sinple constant value for all the

coef fi ci AHASNE k¢ dheythan b@iwsvd renderingZ yeoudd hp aecgpiableapnd gesrpsdlydhepeare han nor e
general filters. It also generally generates a |ower quality results than
is generated by other nore general filters. tent filter The termtent
filter refersfullascresiangdlasiagti aliasing filter shaped |i ke a four sided
pyramid or a tent. radially symmetrical filter The termradially
symetrical filter refers to any filter whose filter coefficient values at

a point are ophdefin i Glrblbrbhlibdhty hat 0F Qiblet bGRRhAAs Mol fifhe blol o " S

center, e.g. not a unctlon 0 Irection the point ers
cent er. eenfost 4lbof the tes bf gtiaphzcsjmtmerthm alneyread&iedghwhmb weéttirf thact i on of a
parameter th i s the distan f a point fromt center, of the filter.
Pt o adruaelr Thest pisfocs o yhaiin Bt e BBraland dPpHLICHELES B R SISt  t he
filter. wemaioallrend dehpifés &h&ﬁ@%@ﬁ@%ﬁh&@o&a Byethe €5 dlecia@lze@y filter
whose value at an X,y point is th product of two one nmensional filter
funct i oretialissingteehniqes. T audify rae“ﬂullrmmn entliasingt e methodl shouldliaye #606

functio nl fu i,on coordi nat e ds,only a
functi ogﬁmjftg‘t T Oxvghc%r naeusg({ 6‘18 avg Oong‘ﬁnyyﬁdsle?g gﬁtﬁ;@q%ﬁ@’ f@eor di nat e
r epr eserycadeh 0B Jagtencuoass thbaeth) meﬁ{telses tobap@ierdl] the afethddass b @haﬁblédl@s%ret ic
and real quality advantages over radiall symmetrical filters when the
final pHyallearesions &2 drispm £ dé%tﬁépﬁ%uééj HaRdow, or craele|asubgggianef api xel s,

or the pixahs are on a rectangular grid. Mst of the radially symetrical

convolution

The term convolution generally refers to the application of a convolution kernel (eet
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”
and “band-pass” filters of the antialiasing technique. In this document, this is the definition

of convolution unless explicitly stated otherwise.
convolution kernel

The term convolution kernel refers to the set of weight values used in the
computation of convolution. In this document, these convolution computations will always
be part of a full screen antialiasing method, unless explicitly stated otherwise. This means
that the convolution kernel will always be from a combined re-sampling and band-pass
filter. The kernel values themselves are usually computed dynamically, as specified by the

details of the full screen antialiasing method.
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filters also have separable filter version, this additional fiI_L}ﬁ(r; !c%ﬁpge
used with sone enbodinments of this invention. Gaussian filter Y
Gaussian filter refers to a radially symmetrical filter that is an
antialiasing filter whose radial function is a Gaussian curve. cubic
filter The termcubic filter refers to a radially symetrical filter that
is an antialiasjﬁ . f'htter whose radial function is a cubic curve or a

pi ece-wi se coft# %6% ®ries of cubic curve segnents. Mtchell-Netravali
filter The termMtchell-Netravali filter refers to a famly of
antialiasing filters that are radially symmetrical filters that are cubic
filters. Thi sSihegrall yoryolutiohikerreld inghis ddefmend deflogtotonovolpiieckerngl Sdtecutbatc

curve se nts ere.the.cubic. curve segnents are paraneleriz by two

par amet oL Sagt MePELRE AR e oS RRpRphtes, 1 B SRLAOE B aaial 1y
symvet 1 i &efined kd fcBér th BRY corfvodioaTiliea thaaiiftd beiukéEfor avii@@singadi al function is
the sync function. The sync filter has no maximumradius, it continues out

to infinity. wi ndowed sync filter 45 19 July 2006 The term w ndowed sync
filter refersbogigﬁl??rradially symmetrical filter that is an antialiasing
filter whose radial function is the sync function out to a certain
specified radius (the window value), the filters coefficients are always
zero for radius larger than this w ndow val ue. _graphics pipeline The terns

gr aphi cs pi pePnef tha gingrless ik screeurpnbiplispingrierampHag pest bandaass fitersiseset of
sequent i i i : L : i J tem
Gods t hroa ROl BETR i ave MY Val i ehnie) a0 0 IhER AEORBI N, BXEL O
i n det aider@eseywindre plspeA icoransinasigesfot hhox filteyis whé pixehfihisnepd of dnnialidséng
literat these terns ¢an,refer any of nunber of _different. types of
or aph, o ieiEoide a8 e 13b 0% fer ks Mg el e Al dyS e ot
speci fi Gahitek thPbo3dfiMeragRicemphRALRAIIRIPERTT thAP TR fBRrd BReRXRkisei t term 3d

gr aphi cs
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

The term radially symmetrical filter refers to any filter whose filter coefficient
values at a point are only a function of the distance of the point from the filter’s center, e.g.,
not a function of the direction the point from the filters center. The filter is entirely
determined by a single valued function of a parameter that is the distance of a point from the
center of the filter. This radial function is sometimes also called the cross section of the
filter.

separable filter

The term separable filter refers to any filter whose value at an x,y point is the

product of two one dimensional filter functions, where one of these one dimensional filter
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rendering pipeline will be used. render pipeline In a 3d graphlﬁg @ﬁ Q&@ée
accel erator, the terns render pipe and render pipeline refers

portion of the hardware that actually inplenments the 3d graphics rendering
pi peline, and an explicit preceding "3d" is usually not added. render
pi pel i ne stage The definition of graphics pipeline states that it is nmade

up of a et . of .se i al eline,sta se. i ndi vidual s es can be
or er r od RS 5 Y ParR OB AR i FEIPHE SELE OTer it CB5HE NEGHI OEBeG: aphi o8
render i ngoffhste. (tjf%ersé Smﬁﬂ; BFBlehtk tind PEOBUITIRABHreintMIAL atdMossiBlepe! | Ne

stages consi st of, and ‘of where the boundaries are between them I'n other
cases, iThese &mmﬁﬁiteﬁ avetbiogh memmrtlp alpbtaah@aémagb/antagcm\@r radeellyess formal |y

to sonme set at r .under. ssion. Also, it nmust be

ot ed ¢ HATTRGEPA AR SR e P SR eH S HisP G R SRR R, nes ar e
abstractg Bh&?bix@ﬁser e gmelsta?@bfn a?é‘dtﬁn%hﬁk ¥rid 99165t dTehd Rdiafe @?:ﬂhieﬁ%capf the
conpl ete 3d gra stract render process, but real inplenentations of

Ics a
t he grapltesalse gﬁ*d?eﬂepargble@teewm@m thisradditionabfilicrs parshs wssd Path seme per f or m

t he oper hics rendering systemin substantially different
or der an%l}b()%nlsl %Eﬁs olr?grjl as the end result is in conpliance with the
abstract specifi catl on 46 19 July 2006 In this docunent, nost of the
render pi pel | ne Sta%éé di scussed are hardware pipeline stages or

sub- st ages, dAepseiae T#8Ecri ptions should be read with this context in nind.
shader The term shader refers to a specialized conputer programthat is
used as specific pre-defined points in the graphics pipeline to allow

fl exi ble contTid tenne?raukdﬁam fileardefietstg a rpdielte syymmSinmdlefilter dobe ikoemtiabbsing

necessarﬁag/ ecute eneral ur ose processor elenents, and may be
subj ect é'ﬁ'@é??‘l PF&%?@H §"BSnstraints i nposed by the graphics
pi peline they are operating within. Specific type of shaders include, but
are not limted to, surface shaders, |ight shaders, displacenent shaders,

vol unme shaderabicfiltsspheri ¢ shaders, image shaders, vertex shaders, patch
shaders, geonetry shaders. pixel shader When shaders are conpi | ed to
execute in real-tinme, what was several different

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

segments.
Mitchell-Netravali filter

The term Mitchell-Netravali filter refers to a family of antialiasing filters that are
radially symmetrical filters that are cubic filters. This family of cubic filters defined by two
piece-wise cubic curve segments where the cubic curve segments are parameterized by two

parameters B and C.

sync filter

The term sync filter refers to a radially symmetrical filter that is an antialiasing filter
whose radial function is the sync function. The sync filter has no maximum radius, it

continues out to infinity.

windowed sync filter
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shaders can coll apse into one. The nost frequently run exanple é‘ﬁﬁ§§ob§

t he pi xel shader, which executes the conbined semantics of surfaces
shaders and |ight shaders at the frequency determ ned by the shader rate,
which many tinmes is every pixel. \Wen discussing the execution of the
majority of the progranmabl e shader code in the context of a graphics
rendering system_ the termpixel shader is often d ho,refer,,o_that
code. pridgriamnaEdowed sy tgasirsctoaiadaly smewﬁgﬁw Hds ATIRE Dby
end- user ; aﬁﬁﬁﬁ@ Gk cs
renderigg“%&@?é%gﬁﬁgﬁ%ﬁagﬁﬁﬁaﬁ%ﬁ%ﬁ?gﬁﬁgz?gugigggrs tgﬁﬁzgﬁgi h%re sgid to
suppor t wpheyrthafitedkseosffietintsgre slvage zero doreradiud 1pgareharsthadeindowtvaliéor a gi ven
shader, e.g., a pixel shader, the performance that a particular 3d graphics
har dwar e accel erator in executing that shader is referred to the shader
rate. Any speghdhi&s gdﬁg July 2006 exanple should include the name and

t hus the units of sure for that shader, e.g., for a pixel shader, the

pi xel shader rate would be expressed in units of pixels shaded per second.

i xel d The t i xel. . shader. . ref to th | at i
P ol exi 1 eSS g s gt i T ioR pfefint PRELERk D bR’ Yot “Shader
pover  Caidhcknbial ﬁPélﬁ%' s‘t’ag@?ﬁ@ﬂhﬁdt ita I egraphicbamdeing éyem fded tlxohgimear pat h)

of source code of the pixel shader, or by the nunber of texture references
in (a | iBetgulasgempyter graphics iendssng A& lvewally eacty an fgtaida set ofipirehing gtagesaphi cs

har d i L at | i f i xel
e e S8 Gy LNk LS B Phselo S0P ARYES: o 3 Pi xe
Usual | y,diffetent9pesadfigyshicsaretid @ pedcesse batt i this dpéugednt shegddwaysovilirrefet he nore

complex or realistic the final rendered ji.mage results w_l be, procedural
t ext ur e SPREficAlio A FEHINGSIENGE PIQFEE- ﬁemsﬁl%w? gleteéklt'il‘?ﬁ @nﬁéf}&%ﬂi‘&? are

dynam c ] Y11 Be ySay f ace shader (or certain other types of shader)
G R R

as indivi the texture are needed, rather than stored as an

i mge, as standard texture nmaps are. Procedural textures have the

advant age that can.have virtually infinite size and virtually infinite
non-r epeat i nd:en(ge&pg:ﬁ?i,neas compared to a standard texture map stored as an

i mge. Procedural textures have the disadvantage that they require intense

amounts of conputation every tine a texel from . o
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

The definition of graphics pipeline states that it is made up of a set of sequential
pipeling stages, these individual stages can be referred to by the term render pipeline stage.
In some computer graphics rendering APIs, there is an explicit formal model of what the
pipeline stages consist of, and of where the boundaries are between them. In other cases, it
is common for the term pipeline stage to refer to less formally to some set of operations
presently under discussion. Also, it must be noted that most all computer graphics rendering
API render pipelines are abstract pipelines, e.g., they accurately describe the semantics of
the complete 3d graphics abstract render process, but real implementations of the graphics
rendering system, either hardware or software, may perform the operations of the graphics
rendering system in substantially different order and/or manner, so long as the end result is

in compliance with the abstract specification.
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themis accessed, e.g., they can slow down surface shaders that1H%ﬁgtEﬁﬂbby
quite a bit. Procedural textures are also called synthetic textdr y
procedural geonetry The term procedural geonetry refers to a programrabl e
shader that creates geonetry procedurally, for exanple fractal nountain
generators. Procedural geonetry is simlar in concept to procedural
texture raphics primtive eonetric graphics primtive 48 .19 July 2006
The ¢ er rib s ApFvEen Pt hrendid PiRedne cteles Grasmmniizee Batiets waelineshis? o
types of Qb 86less hhathells&%itlohs SRIHESe RATRBSthRA coRleXfinSnin@, be rendered.
Geonetric graphics primtives wusually are geonetric elements representing
parts of what would be in the real world surfaces or volunes that refl ect
light, emt Ii%Qt, filter light, or bend light, e.g., anything that |ight
interacts w t‘ﬂ". comon graphics primtive is the triangle, other exanples
include Ilines and dots, as well as higher order surface representations,
and various representations of volunes, including voxels. Qher graphics
primtives cabhelermshasler orps éxa speciplizederanpieraregrapyfhatiansed gsgpedifie

pur poses_of, t.hi s docunmgnt di.f ferentd at izon.. of i n il made

bet neon TRdTaHRRABR IR e ot G ML SRR s RGP AR ol bebgotfae T ve.

Wi | e t heroersal SHatiex codpdb el Adt ecese@ily ek @utéeon’ gederal purpbe: [HOE@RBGH lerhéhps,i cat i on
that the graphics_ hardware accel erator can process the object directly,

wi t hout anddnay bmwbigskiqrpepibisresitieions aad eonspaintsimpoaed by the graphics Pireling t hat
t he appl I ? . ' .

expl 1 o1 115 Breae ik i, Sy AER F SRR hERag Al AP R RN,

|'i brary shaders,Aight shadbss, hisphhcanonp sliadersiraylunhe skadees, afmdspheridstadédavmagbef or e
t he object . reaches até{;gq grg]gkllfq%s har dwar e, accel erat or. Most geonetric

gr aphi csSi‘ﬁii?rFriYeFR?§§h - Byl phadery, gometiyshadi®s APl directly, or
indirectly, as a collection of vertices. In addition to this vertex data,
there may al so be data specific to the geonetric graphics primtive being
speci fi ed, rapikershadgan specific to one of its control vertex, as the
control vertexs may be shared by multiple geonetric graphics primtive.
CGeonetric graphics primtives can be either two di nensional or three

di mensi onal . Wheskkddess 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.

programmable shader

Because shaders can actually be programmed by end-users, they are also referred to
as a programmable shader. Graphics rendering systems which allow programmable shaders
to be used are said to support programmable shading.

shader rate and pixel 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
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In conputer graphics, the termposition refers to spatial |ocatign, .e a
mat hemati cal point in a particular space, usually the nornal na?ﬁSMEY?ggﬁ
two, three, or four dinensional space. vertex In conputer graphics a
vertex is a conmpound object that at |east has the property of position.
Wiile certainly the nost salient property of vertex is position, a vertex

may have an f .n er of other attrihutes. The plural formof vertex is
vertic ese_xa@gf/elsglogﬁ 19’51[5&)%6 DAGG P E}H‘ﬁlth‘b‘r‘rﬂﬁé)&t“?eé‘éurf’ ﬁg"t tﬂ%f S{;‘%‘Sefr’e?g' 4s0sses,

in any GRfdishatel Qe pixBCIESG rafdWorld Be Bfiredsbdid @ftsto pi-RRY MBAS) pct 9 RhE,  and
texture coordinates. To enphasis that a vertex in conputer graphics is not

just a representation of a mathematical point, the terns vertex data,

vert ex inforna?tli n, and vertex properties are used to refer to the entire
col l ection of” S%éqeﬂ’%@ert hat mght be contained within a vertex. Al of
the vertices that nust be specified to define sinple geonetric graphics
primtives, like triangles, |lie on the surface of the geonetric graphics
prinmitive beiThs temppi '?ﬂ@d@f TRes veders t@rﬂreerel@amp@;aplgé@‘r@hmergplésﬁi cs
primtivy ch Bezi er t n t i rflaces, need
Dot oot nanaR ETA, PR Sl PEue Al 14 05y BeRed LA 25 (T ona

poi nts d@nibet of liges@ih 4 tigeas pathpesouldeaote pf e pitahthalor, of bg Uhhunssddiof | onal
points in conputer graphics are referred to as control vertices. To avoid
conf usi dextureeterinsesindahamr nafieok thekthe spireorodgetiprsially o1 2 gver sdBEPRI t he

vertice i I gl L) i . f ] | ' ot
The. t or gatdhe Aol mSRRREI e (I ARARRLE Shtel Fhidrifa sh{c) BUHEE the ed
geonet r ithe pigebghad ersraterfonthhi pied. shidee swll el Usuallydsut anealspes; infhightdr tadatave

graphics APl by specifying directly, _or. indirectly, .3, 2, or 1 vertices,

r espect i%lﬁhad\éﬁgg ergﬂédﬁ‘%@é;mﬁ‘ﬂ’f% %ir%l@“%g’r‘?d@ Beng%’ﬁ@érpaﬁsres'ilfﬁd“ﬁﬁ’i‘?ensi onal
primtives, and even the three dinensional version may be transfornmed into
their two di nensional versions by the graphics hardware accelerator. In

t hi s docunentprocedheudtextwens al ways refer to the three di nensional version
of these objects, unless

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, €.g., they can slow down surface shaders that use them by quite a bit.

Procedural textures are also called synthetic textures.

procedural geometry

The term procedural geometry refers to a programmable shader that creates
geometry procedurally, for example fractal mountain generators. Procedural geometry is

similar in concept to procedural textures.

graphics primitive

geometric graphics primitive
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specifically stated otherwise. Note that there can be sone conf Qcﬁn @ﬂ
when sonething is in a three dinensional vs. two di nensional H of
converted into screen space and rendered into the frame buffer, these
graphics primtives are many tinmes though of as now two dinensional, even
if they entered the graphics hardwar e accel erator as three di mensi onal
graphics prim,tiyves £33 2 buffer.in s disapl ed .(as well as many
ot her T ender | Ti5 RS GALcnIGRES A8 deemige e 1°§@Péf&ﬁ‘f%§£%§% s of
these groMptSattitddily ces sdnifeH6:3RKeLE fo BY refddrbd, EeohRERNE I%Rwe§t il
t hree di nensional, as they still have a z val ue defined Tor aI poi nts on

them 5osuglyargeoposic dﬁwremlngmﬁaeéwwwd he it Gheeal ghotldr sur f ace

or i i ¢ 1 Ot SabRN S ke BB UBESen b WGSBS bndRET b 2O RETES
€. 0., Udightinterbfte wethl Aaatn@i SraphitySimitlietis fleafigigle, lother Bk&mplas Rk
explicit instances of specific higher order surface representations wll

be i nf r digeard detasasaell asdugher prdes syréace reprgtentagiont ﬁ@éaaracaﬁg@rsﬁentﬁhgﬁ%@ or der
f t
Sy ace JIRHAL Aot PALERCOU A brBlS iEeIuort bonBERCLE b € 10

order sumflaegsForthé pulposdSef tidy daahche sio ch]ﬁ‘u“aﬂmtimommlf freerisig wllpemadguadr i ¢
surface cubi ¢ patches, . B-Spl.i ne surfaces, nom aJ pat ches, non uniform
rati onal eBN%@&ﬂlﬁE@ﬂéWﬂ)h@é@ngmw EpRITIC i tWgi ed surfaces,

surfaces of reyal W ftifier :ﬁﬂ&mﬁ{}é” Ml %@@ﬁse t%LtHe Qétﬂdn%l'c%gﬁ&%{tmﬁ%ﬁ thd ractal

sur faces, wavel et based surfaces, and tri nmmed and un-tri nmed versions
of all tdnegecsshardwaresccetaator mdce@edmaibne;ct iihectlyewnﬂloutmpidﬁmddlegeﬁnmt ry

refers t ari ous enco hics ives th t. take up
ese ot dRaliet sRaRuthianbiRetyoRER Fialinp opEREP £ Sonbindia miG SR ighone r | ¢
gr aphi CsAIrdods hbiese td BEHIRANHEASIAM BRebbRet inﬁﬁéir:qgﬁﬁ'%r Ofhel PaSitived Mehel OSSY
corrpre55| on can still be preceptorial |oss-I|ess is neans that while the

conpr esdibswyragningen fhyopt qongrter i saseg ofhisibreakdoyn befare e obispr essi on,
the ori I mtives cannot be bit-for-bit
reconstr% Esgl% rec%schf, vg%?h“?%ge{ﬁé}he differences are so mnor that a
human viMuest r@ombmcrgmmsqﬂirgﬁoeﬁre sgecifidbiageapghidsA Rl digstlgatiadiractt i aabl y

tell that _anythi ng was | ost..
a collect¥on of v%rnces in aﬁttiition 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

In computer graphics, the term position refers to spatial location, e.g., a
mathematical point in a particular space, usually the normal mathematical two, three, or
four dimensional space.

vertex

In computer graphics a vertex is a compound object that at least has the property of

position. While certainly the most salient property of vertex is position, a vertex may have

any of a number of other attributes. The plural form of vertex is vertices.
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depth conplexity The term depth conplexity refers to the nunber1§f&{|i gﬁa
during the rendering of one frane that the conditional update f n’ Y B+
pi xel s (or sanples) is applied into a specified region of pixels (or
sanples) in the frane buffer, divided by the total area in pixels (or

sanpl es) of the specified region. Assum ng that the only rendered graphics
primtives are_ triangles, the depth conplexity of a rendered image is the
aver age ‘higitienal properticariaat asvertpnmay possss. ip apy senbingtiem irofuden betase nefage bei ng
render ediyfids 49 ndithats 2R, ahBRLRIL EANARER! RELLBRRUANG (e A cdilifudl | TRIY
tasks of any 3d grap?il Cs RHardware accelerator 1S, 1 n response to " receiving
gr aphi csgrpphics isinvefusf 4 eprdshgatinssf antheineticad poinf it teahs térsgyl daya, veiséx menory,
to render thgse graphics primtive into its frane buffer. Wil e, nost

gr aphi o STIRHPRESd AERHRrOPHARY ATeed @ rofes it spilisollrionofgempesies @ider i ng
that do ;g tﬁ%fs&ﬁ&iné&"%iitﬁf QRyffer, the pipeline stage(s) that actually
generate xel or sanple values to be used as one of the inputs to a

condi ti onal ufHaf thefwentides drat ofuspheplesifiod tedefplesimple getmetiicanaphinsf fer i s
called the . rasterization.pipeline st , Or saonetines just rasterization.
Sean | i HETHIGHGS HKe (el O (e igtdHan e ErgRsHit AFERICRHEIIY BEIE v ies |
the samggarided Abpbver theiRRotiptRAlcohRiBErapiHES pritRithvBE sSGUaMAid patchanst er
order of "output pixels, which is the sang as the order-nost S scan

t hei r el andtatier higwnoulee surfases, nephadhtienal sethematicdl points sferified, andiight , and

fromtop to t om,,\When operations are bei.n rfornmed on ts, of

sequent | sorh thsspaapi SR R & O e deR PR SPieRRR IS "t hae < e

oper at i ofigitdingl PEhiGn cRBpiter ﬁﬁ?hi@@ar% réfeed td Reoh@bl RirtkekShe avi@n i f the

operation is_not directly coupled to the video_ output sugigaslgtaproces& ng.
C

fill ratenfysiosein thiy Jocpient the tam) eonirp] yertexvall paler torallthe ae alflediphiac s
hardvvaree%ﬁfeﬁjice ' 1%§qul§lni‘ge nmeasured in terns of the rate at which a
' c%e er ator i

given a can performa particular task. The task of rasterization
i s one such. The performance of rasterization can be neasured in

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,
these terms always refer to the three dimensional version of these objects, unless
specifically stated otherwise.

Note that there can be some confusion in when something is in a three dimensional
vs. two dimensional space. When converted into screen space and rendered into the frame
buffer, these graphics primitives are many times though of as now two dimensional, even if
they entered the graphics hardware accelerator as three dimensional graphics primitives. But
unless z-buffering is disabled (as well as many other rendering options) before rendering the
screen space versions of these graphics primitives, the graphics primitives technically are

still three dimensional, as they still have a z value defined for all points on them.
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many ways, but there are two specific ways commonly used to benq?rqarlk gﬁ
graphics hardware accelerators. One of these is to neasure the'Ti qu 8
of the rasterization stage. The termfill rate refers to the rate at which
pi xel s or sanples are generated and the conditional update function of

pi xel s or sanples is applied into the frame buffer. Wien no qualifier is

gi ven before the termfill rate, then the entity being filled are usually
assumed to beUBRSIOFder sBBacEy 'y 2006 Wien being more specific, the terns
pixel fill rate and sanple fill rate refer to the specific frane buffer

entity that is being "filled". The rates are neasured in units of entities
per second, Bhaferm glg:het orflet gurfage eefers tove aide radgé of methods fok rgprssehignger
second, and sample fill rate i asyred in ynjts of sa e er second.
ot ot heleospebfoRarhit prmii S o adP 3% e soate B! &5 e SSPRIR IR e bt e
can stilthiah@yee. ¢t SsuaRp HRIsuZfaédsQife cl?9éd, AbNFIBLSE. hBlsaRbehbResplidit fnBfaliBes Of

pi xels fill ed per second, so long as there is nention of at which sanple
densi t y qfepepific higher erdersustanprepeesprtptigrsyvell bgrinfrequent instead wevallydysvene pi xel
fill rat h i r | k. rat.es, e.g.,
the ot o oBE MG sl F Bt ishEhE B RpFestBiid M BRRILE B

pri m ti yesefahtiey afcivt ptaner, ot edsyrtg eliplumidieie difcupdedel s. For  this reason the
fill rates %:ﬁg sonetines, cal | ed asynmptotic fill rates. For a geonetric

gr aphi cORSFilisiRstonees phlighenaader syrfpses andpde: Beaighpriehess qysidiie perfacepsuper-

perfornadya . nhi ] I t i n0ox ] t]Eﬂfh eonetric
gr aphi cs pglﬁﬁgﬁg&gs’g\[}mﬁ]}g{%@%%% (f)d[e on gé'%’o %@?Fﬁ#aiégp&n ut ngn t he
maxi mumrgeara brspbngsrsunfacdsBNURR S, canigsyrfaces frilaé naabelsurfacds of sevolgiohe ad

oper ati ans.that .nust .perfornmed for ever eoneiric raphics primtive,
6 Tt t SPRHGHLSveLiR e BriRFion Sufbies, il Swtasrrvercs biped Yy g ot

gr aphi CSrinhdd dndg-ttindhe CONEbSs dfesShianmeR. pi xel, the rasterization tine
will be independent of the fill rate, and dom nated by the maxi num
geonetric primtive rate. nmaxi mum geonetric primtive rate maxinmum
triangle rate - imted triangle rate As descri bed above, for
geonetric gracp? ﬁ)%%sg%%%%%el es that cover less than one pixel, the tinme it
will take to rasterize themhas virtually no dependence on any fill rate,

but is all npstly conpletely determ ned by the nmaxi num geonetric primtive
rate. This i slheHelm sempiesied Eaometiy TRl 60 VEHMS GReNFRRE Plceegmehi &aplses ni ti ve

af ter a'}ﬂfrﬁiﬁ@e%ﬁt RS T feld ﬁHﬂi@e E[gh@ce than the more traditional representations of

geometric graphics primitives. The compression can be loss-less or 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
that a human viewing the rendered geometric graphics primitives cannot reliably tell that

anything was lost.

depth complexity

The term depth complexity refers to the number of times during the rendering of one
frame that the conditional update function of pixels (or samples) is applied into a specified
region of pixels (or samples) in the frame buffer, divided by the total area in pixels (or
samples) of the specified region. Assuming that the only rendered graphics primitives are
triangles, the depth complexity of a rendered image is the average number of triangles that

cover a pixel (sample) in the image being rendered.
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graphics rendering system even assunmng that the rasterization U ?agp
geonetric graphics primtive produces little or no pixel or saﬂglélw Bgs
that have to be used as one of the inputs to a conditional update function
of pixels or sanples in the frame buffer. This rate can be quite different
for different geonetric graphics primtives, so rather than use a conpl ex
abstract rate, usually rates are neasured in terns of a specific geonetric
graphics primtive, e.g., atriangle, a line, a dot, etc. Even maxi num

rates for a spQeifdien pgRAAESEHES 9graphics primtive type are far fromsinple
to specify; many other rendering state 53 19 July 2006 values of the

graphics rendering systemcan cause the maximumrate of a given geonetric
graphics primtive, type to vary. wildly. . .The best that can be done is to
Shen st at | ng Wit the RRan SRRy o sten FolfRe M id e B PP YRonet i o
gr aphi CsedWiviflf; gtapBick pHMitivG Fomhe Mkt ddMgpup@te Mitkidlal ¥isplay HstiéhognN®i ng
rendering state values and other factors should be stated as_well. Because
t ri angl agendgr ghase siaphicrpsimitive intnsits frampe bulen Wdlerest geaplica pinclisesdafiget i ve,

t he maxi 1 I . [ L fi.Ge.l ' '

cont r astTg nfteF B, Bl aesfagd o ERAR I Mo rece I ERIRELIAE B -

over heagipahinp Wtagbispthat fctidiy geaadrrping oo bagplevalues o oy wplias Sngéf the iipues

that will [im¢t perfqormance when Ijttle frape buffer fjl| is being done,
e.g., tHearcppditipnalapdate fyction gfipixclsiop samplgs ingthe %ﬂ{?&yﬁer i qaﬁ%d @8t -up stage
of the 35 ARBh pihelifgEd 3P sRhAfhd st (EEGRMAGn LN s stage thus many tines
will to a great tent termne t maxi mum geonetric primtive rat e,
sonetinmes the rate will explicitly name its prinmal cause, e.g., the maxinmum
triangle rate is,.sonetines also called the set-up limted triangle rate.
Frame Buffer SSHHI%% deo Terms Two i nportant concepts of 3d graphics hardware
accelerators are those of the franme buffer and of video signal format. The
termvideo signal fornmat refers to the formal interface for transferring

i nfor mati on tMary phtgEzaon (prehefber iakgoridymaenieraixe valyes i thapone axder thebncept .
hese /A8 Ll e b o5 RaRat PuRRERER: of BB AR PR e B4F5, ' ¥,
their use theordbemoe TRTHcho theifelddien bemvi@ntt tsir phogpier fwdehe rom 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
pixel fill rate

sample fill rate

Performance of 3d graphics hardware accelerators can be measured in terms of the
rate at which a given accelerator can perform a particular task.
The task of rasterization is one such. The performance of rasterization can be measured in
many ways, but there are two specific ways commonly used to benchmark 3d graphics
hardware accelerators. One of these is to measure the fill rate of the rasterization stage. The
term fill rate refers to the rate at which pixels or samples are generated and the conditional
update function of pixels or samples is applied into the frame buffer. When no qualifier is

given before the term fill rate, then the entity being filled are usually assumed to be pixels.

52



The defini ng di fference between graphics hardware accel erators 39 Lﬂt %306
areas of conputer hardware is that graphics hardware accel erat s’
involved in the organization, processing, and conversion of digital
conputer information into images t hat human beings can see. (In this
definition, gr aphi cs hardware accelerators also includes the sub-fi eI d of

i mage proces har dwar ccel erat VWile t arliest physic, i mage
di spl ay “E,‘Hﬁﬁlé%’f %}eotewg Ifﬁb%?l“'bﬂgle“a{?’@ éart‘ér‘?%ﬁf tg the sped; uaI
l'ights apgyd B@i‘?er‘é%ﬁbl {h@Sis BB g“ﬁﬁhﬁ'c?héi‘até@ax%'rﬁe\és&@@ﬁl uﬁlﬂ%f%ﬁtﬁﬂéé ﬁ?gcz’ssor

nost conput er based i mage di Splays were attached to external 1/
(gr aphi cscéral, dxgarp@ielﬁd:le“henamawxedamsanits ohpixkls peoswepd, anfl sanpllea‘iibratuifsf er.

From t he host .co ter's point of afra ffer cal | oks like
C F oot oesRteaR MRt oot sshombryolif p PR s RS Rt dadsi  r ay

of fixedigéls e # fahY bEFbRoan sﬁnmaealtmaé@hﬁatlo%ekﬁnﬁmmIcﬁaﬁ&@ﬁﬁ&ﬁn%ﬁnsat the
smal | est” possibly binary data size, a single bit, over tine the term pixel

was al so® s filledipdrisaeondasqleng ebfheta is mandion obal whigh sanpla densityt(een abw

ron s byl BREPE IR b RS kB B Bl oo o8 h

storage of arNewsmhdtdiikrafed Bt UL peckirdRy, o0t Xk rated at€ nfeasured/ 61 ¥he! ocation in
the 2d array. Thus, sonetines frame buffers are referred to as stored

pi xel f rasteizionof geomeiric graphiss pamHfesschatieaclocqvies Mg onvmbaraf matels, Bor
gr aphi CShAE %)h?l‘féﬁﬁ'i steﬂ‘gtsmﬁ ﬂﬂ&ocaﬁ%& Q‘?}Hﬁ(@)ﬁ&ﬁ rggsdl cated storage. Because

the earli est rame fers used just o orage for each pixel,
frame bLHdrear@omtrﬁ: ghplﬁcsr}a‘[mﬂwedhamo‘&ss binly -a soafipeehtdt sppiayls, theo enphasi ze

t he point fhat ev xel on.the inmage th he human saw s backed up
by a seéﬁ’?"[ﬁf‘@ g GaPles ropieTEsy? aégaometesgﬁvmﬁmpml%

" mappedyitt d?:péncﬂh(itfo%ly%ﬁ thél ] RateS b diﬁﬂhe nﬁ&ﬁ%ﬁl%oﬁ@ﬂﬂ’& rﬂilthé fg0 f, the
phy5|cal i mage di spl ay device, the frame buff is a 2d array of plxels to

be cont iinfivenskd by vareustavdrhiend opfaamnsébatsmg?hm p@r&rrwdrf@i ¢vgrageomeliiiog  vi deo
signal, now.al so re and vid in _sone .agreed upon
o Seo PO REpIRE R PR Ry Realrt R R BB e R Rt RR R e as'a
Vi deo ouirppHicspriititve titut @oveRIless Gah oh&Pigel, diesitanzHieu tiak willBeSind&ehadeed
what happens. The w dth and height of the 2d  array of pixels becane the

wi dt h arff thefilste.gmddeminated by themmaxsmymgeomericprpBiliyesaiet he  physi cal | mage

di spl ay device, which until recently was quite likely to be a cathode ray

tube (CRT). :
maximum geometric primitive rate

maximum triangle rate

set-up limited triangle rate

As described above, for geometric graphics primitives that cover less than one pixel,
the time it will take to rasterize them has virtually no dependence on any fill rate, but is all
mostly completely determined by the maximum geometric primitive rate. This is the
maximum rate at which one geometric graphics primitive after another can pass through the
graphics rendering system, even assuming that the rasterization of each geometric graphics
primitive produces little or no pixel or sample values that have to be used as one of the
inputs to a conditional update function of pixels or samples in the frame buffer,

This rate can be quite different for different geometric graphics primitives, so rather
than use a complex abstract rate, usually rates are measured in terms of a specific geometric
graphics primitive, e.g., a triangle, a line, a dot, etc. Even maximum rates for a specific

geometric graphics primitive type are far from simple to specify; many other rendering state
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The term"frame buffer” in the context of video technology is a §6ViC§prat

can store (at least) one frane of video information. In the cofl

conput er graphics, the term frane buffer initially started out meaning the

sane thing, e.g., a external 1/0O processor containing digital nenory store

for an image conprised of pixels, where the external 1/0 processor could

conti nuously nd out. through the video oufput interface the contents of
YA o s th fa

the frafft Flasy STAPIGE REP OB ST 28 (ORI PRaympe ral gha EIVPR BPRIBCIHE | nput
to a phyghoaks hiBERe tdieBhad v@ﬁ%l'y.cﬁhe ghietiOsth HeUTRE ISk WikAlstddag et er nal YO
pr ocessor S ‘connect to coul read and wite the pixels in"a w de

vari et y miximmnpgtomneige ppinitos ratedfor 4 sfredic genmletrali grgphicssmrdeitiva dypel gromanhns.

The earl onput er. graphics frane buffers re singl uf fer e.g., they
o d . ithigs ety R o g e s S Pl Bttt P Lihe st <
were 55 kQyelul y 2006 sinul taneously accessed by the host conputer that

were al so accessed by the video output sub-system But these conputer
gr aphi cs fr aniBedausef telrngles ane ey didakisribe wopidinpertais|gpomsiris grapuesprimitive,

i ncl udi support .for .hardwar.e renderin and soon _di verged.fromthe comon
def i ni t 1 DR B el ISR Fpde i Blr Y in S Rar SNBSS R ofle 1ol o
of conpuirgphicliaPRieSicediéatoker m frane buffer has two causal uses. One use
is that the termis still used to refer to the entire physical device,

e.g., to refefhapimyyovampadeeppitetioniataseenderineef| sepmetic craptiepramisiyss of
h ' i h
ow nuc %ﬁm %Qﬁgﬁ&oﬁﬁéﬁ% GhEh ﬂgﬁ df?&u?é Guffdd nﬂk@%hﬁg dIRs el?gftﬁgﬁﬂ rmgy?eg de

physi cal torm e graphics rdware acceleratof 1s’a e prin
circuit (anehaf) 4 faetor & veually drsebwf ftege afathe 3d graphiee reisledng piptlne Bseaumse sense.
The ot her, current conputer 1qLaphi cs use _of the termfrane buffer is as a

par ti cul this Sfpgedhusrmapy Gpeeywikiq argalcxipnt detgrming fhe MpaXUREMECGREIIG opponent  of

a lar gerprﬁﬁﬁ‘i% g8, DRlANRE &e%féevlriﬁre%ﬁéiﬂ?}ﬁﬁm@% SRIELARE S, §1 S8 nihxidiGm! €r m
sanpl e buffer wll be used to enphasi ze't hat tﬁe menory store nay store

sanpl es trianglerate issametimer plsadalled the s¢tenpdimis¢kstriapglpaated cul ar frane buffer
can be characterized in terns of the width and height in pixels of its
internal array of pixels, which also called the resolution of the frane

buffer, the mhae®BifRr EddVidd ®r$e | ncl udes the size in bits of the pixels
that the frame buffer supports. Thus, three nunbers separated by "x"

becanme the standard term nol ogy for describing the resolution and pi xel

size (in bits),g Emﬁo&d&ﬁg&lcj@ﬂ{s fo®5d pfapdics nRTS AR NRAS drdfiod It Fame

buffer and of video signal format. The term video signal format refers to the formal
interface for transferring information to a 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.
frame buffer

The defining difference between graphics hardware accelerators and other areas of
computer hardware is that graphics hardware accelerators are involved in the organization,
processing, and conversion of digital computer information into images that human beings
can see. (In this definition, graphics hardware accelerators also includes the sub-field of
image processing hardware accelerators.) While the earliest physical image display devices

connected to general purpose computers were individual lights and then oscilloscopes, since
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buffer storing images as 640 pixel w de by 480 pixels tall by 8; 5&%@??
storage for each pixel. Because this representation had three A 00gnd
the first two nunbers referred to width and height, the pixel size would
sonetinmes be referred to as pixel depth or since this was the pixel size
in bits, it is also sonetinmes referred to the "bit depth" of the frame
buffer. ThIS Is not to be confused with nore general_ 3d concepts to be

descri behe garhy 1980’s, mogheompierbased imags displays errrchedio et & y
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buf f er (separate dedi cated bits of storage for very pixél in the |rrage)

did Iit tsizs) pixgbvalee @)r everydgeagipy in thet2d: m&e%ascénetmmesmwuff@mender i ng,

| et al on rend ore f dlgltal

represen?fe egﬁo %s,rsqdrﬁ %ﬁé@%ﬁ%@gﬁﬁgﬁéﬂac grgg}gﬁgg}eh]ﬁ%%aﬁ) %y t he host
conput ergrapich abiERcedithitial sbusestplichidsdicaeg eotige. Biaauahe arfiedgamaut put
interface as a video output signal in some agreed upon video signal format

to a CRbublers usesiist pag/it ebstosage fu carhspixgly frgmgibuferswaye alsp ﬁ%f§fée‘b§9t?§rh*ﬁal 1/ 0
deV' ces ﬂiﬁf;@hglsgﬁ?a%% h&ﬁi@ﬂﬂ&@ﬁuﬁ that Q&&pﬁéi &?1115 lﬁﬁﬁthgﬂ ﬁp!hﬁ%lo S |rrages

cou ges I N e conpute
|n the piasdiaciadd woby @lsepitatisdedidapabipmytbe Gamedulfes w3 ,cvery ‘ﬂnﬁtf’e\rasa daught er
card for, a eeral 0SE uter, were often referred to as "frane
buf f er s" tarff‘éh& EEYISIE%RP‘ in this docunent, the term"frame buffer"

wi t hout the Cﬁ&%ﬁh@?&[ﬁ oeAlEh of¥h bhﬁ,%al fRade &uilﬁays@éﬁ‘cet e ARt ® a term
frame buffer card. Tnstead, the termfrane buff is reserved for the

meani ng Zdefiayed pieistebssortinuonslyshoyartedinie 4 videpesignabwigimiyonentlogf a

| arger qrrl&%hsll S %%(vd & foft %l 680 gltfﬁ l\Jflbdeg & gﬂ"ﬁ 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).

The term “frame buffer” in the context of video technology is a device that can store

(at least) one frame of video information. In the context of computer graphics, the term
frame buffer initially started out meaning the same thing, e.g., a external I/O processor
containing digital memory store for an image comprised of pixels, where the external /O
processor could continuously send out through the video output interface the contents of the
frame buffer in a video output signal in video signal format as input to a physical image
display device. The host computer that the external }/O processor was connected to could
read and write the pixels in a wide variety of computer graphics algorithms, including
rendering algorithms. The early computer graphics frame buffers were single buffered, e.g.,

they held a memory store for one single frame of pixels, and the same pixels were
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Over tinme, nost commercial products that served this function aﬂgﬁpl 06
addi tional conputational processes within the sub-system Now é'%ﬁg
nore support for 2d rendering were being added, and today many such
products al so include considerable support for 3d rendering. But today's
sophi sticated products that couple a general purpose conputer to one or

nore physical i e display, devices still usually include a sinple frane
buf f er &%ﬁﬁ@ﬁ@%‘?ﬁw Vb best gomper thaywey ﬂi»*&fwélbwﬁﬁs}{ﬁqocﬂu%t h
hi stori cugndse@e functionality reasons, it is common for the termfrane

buffer card’to be used to (loosely) refer to any device that couples a
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rate. In the |iterature, several conmpn shorter terns are in use to refer

i n cont ephysical fgrm of theggraphics hardwarginerylerefos is agingle privted cirpripoagd.dihe ym | nage
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di spl ay afeke eem ffanechdfer isyastdyecidadamarh R Tarigsr arbexystem, plgadhke fime ttoese ot her
terns as a generic . reference to . the entire class of physical inmage display
devi ces. COMBBETAH 4 HEHEERtICSHEVPIR ErRIS b TR Saachitss 5P AR rmge

di spl ay s@ﬁiﬂ&ﬁ;f?&%ﬂfhh%eﬁ% érﬂbhaﬁ%ﬁm%%%%n%}? sRke I§ sfk@SEnféBma | | be
used when that conponent of an overall system needs'to be referred to. A

gi ven t dbimot ingddition te pixeksr si on of el ectronic signals to real-tine
sequences of i e e.used .in.more .than one to,.couple the photons
to human eyes“f'k pgﬁ?@f ?#e%wgg%c%beccw%%e o Sogﬁ?{? fvé(}tg ﬁ?gt‘ﬂgf}tclpas ses of
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devi ces, chgrasjesigetionplypipriudes e sigadn bits ¢fdhe pixclsibatteanframe butfesuares ay s

(HMVDs) . Thus, three numbers separated by “x” became the standard terminology for describing the

resolution and pixel size (in bits) of a frame buffer, e.g., 640x480x8 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.
This is not to be confused with more general 3d concepts to be described earlier . Frame
buffers also have a number of secondary attributes that may also be included in the
characterizing of a frame buffers capability, the next most common attribute being the video
refresh rate of the final video signal being generated. While the three number
characterization was a good overall way of describing the early frame buffers, as frame
buffers became more complex, most alt of them could support more than one pixel array
resolution, video refresh rate, or even more than one bit size of pixel. Thus, it is common
nowadays to characterize a frame buffer by the highest resolution it supports, or to explicitly

list all the important resolutions, pixel sizes, and video refresh rates that it can support.
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And even HMD devices may be internally constructed of direct vi i&l I
projection, or direct 1image formation on the human eye's retina: J@’&@HOG
this, the class of physical image display devices include, but are not
limted to: direct view CRTs, direct view LCD panels, direct view plasm
panels, direct view electrolumnescent displays, |ed based displays, CRT

based projectors based projectors, LCCS based projectors, DVD based
proj ect ors, I%%?blﬁggéﬁra%roj ectors, as well as head nounted displays

(HVDs). hardcopy display device There are other ways of creating and/or
controlling photons to sone degree that are seen by humans, but that are
not dynani cal The cadiest eitérabl IO provesscothyt idipdphenteditheicorespt afufame puffert er s of

paper and of fil an, .be nsi dered non.real -.ti ' ay deviges,,.but are
ot 1 he et SRR R o/ SERFRERT S bt i iciimot 44 BBl e B

i nf or matgjop ﬁadc@i@fa@@ﬁﬁgiefﬁnﬁ 29eanRhag, 1of aldtk 3dRE8S S They weRdné¥lya Si gnal
traveling in some nmedium. and the speed of the information flow is such

that t hengmeyestors &yuedigisalirepresenliitiog oden faege thatpeuidheascessethandsmgdified | s
referre ' ' .S i r I oni c,
wnere. ¢ 18 ol Bop iR U A8 confhBNe R sndE ol BRNENA Vs oBRME T O
and t he inetfhetnas Svideo ebtpotsigild sonaoapeditipes vidkbaignal formbistosi GREr coul d be
el ectromagneti ¢ (radi o). waves,. where the inforpation is carried by sone

pr oper t % Keieal lma%%hs AY deYiee- M}EWSF@?‘?PE%% devaes pownle thedwet " The

si gnal Is ; | - L0 5 ' he

i nt ensi %ﬁ@ﬁgéﬁe%eg% y%?%#é%ﬁfgﬁ@%geﬁggi& hﬁrqogﬁééﬁﬁ%%? ?ﬂéggelg?/ﬂ ﬂ_ite(r%gn pge%ent

mat er i alwdridwithidéahghétor eénagas imtie fhysiealspabk) , but it al so coul d be an

optically "cgnductive" material, as dn fjber, optic¢c cables Techni cal |y
CLgnt i's | ustUS g FCd ey emp e ardagehiet VAt i P el BUPSSS on, but
because dothpRfeGhére ®fieh tdrelr&nto RMiaheaufRPL o Bdnte BiTter cBRY L@ Rk be
used to handle light, it is usually considered to be a different type of

si gnal . Jthatsano gamedwdies| yitkout thy daserdptor,Ted willged mea Srepresdbiagdasfie al
video S @Rk, me 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 being 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 devices still usually include a simple frame
buffer component, and can be used that way by software. Thus, for both historic and some
functionality reasons, it is common for the term frame buffer card to be used to (loosely)
refer to any device that couples a general purpose computer to a physical image display
device, even if that device that performs this coupling is a complex 3d graphics hardware

accelerator.
physical image display device

A wide verity of technologies have been developed and put into production external
I/0 devices that allow electronics systems to dynamically generate and control photons of

light that are perceivable by humans. Such external I/O devices will be referred to by the
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These sequences of inmage information may be represented in many gyJ rzgﬁé
ways by a video signal. Encodings that directly map the intensi |1
regions of the image to the intensity (in sonme neasure) of the video
signal are refered to as an anal og video signals. Encodings that first map
the intensity of pixels (as the small regi on of the image definition) to

di gi t al | . dth th th t al | th
denal o Pl Hade G evict IR, Blngudf st vars St B ivis ai i a
vi deo  si@§hpdevids aRcaphble of Hﬁian{lbaﬂliyt geneRHRE S&fehdt8 oft iHdrRk Adiapewdthon

that is the representation of the sequences of image as digital pixels to
a smal | aealgimeraie.dgn the liteapre sevaral dogrmereshorter teappriedn vkretosites, infontet,

di gi t al al I
et orr edo 3 B D PR ot BB R RopPlyde el Bl . sore

st ruct urdispid Iisdved ObcatOnyRRddeqap b (CRTHISEL sectly @60 Bsbd biE far tHtamost
information contained in_any of these forns of video signals as sequences

of i magesERe PRyl wgieélapi?éf degige; fjequgptly thgaeronymotRT pnvsed inplacnel natter).

F d
ot doscscloE ol dihend et 40 el SREBIGRINEAR Sl iPUbAATICOLE
sequencadostfoftiradjesission irethér doedment iasotephysideldnmipg disblal deviee spetifec, va it

majority of video sjgn formats,_for a vi deo si dir ctI descend
f rom t hdROStCRsee OP%PQ&% aghnynerawilidiedts W%S‘i? §°@E%gbﬁ%“ﬁ¥q SyplgEl 1930' s
and 194Qes4s @M refapkhge the for mats NTSC, PAL, RS170, VGA, SVGA, etc. Mire

recently several new video signal formats for digital video signals are
bei ng used, ah@ivien(td:ollueloghéorfoonmisnDfelactdormw;ignﬁihwl@alatrimeamn%wér al new

vi deo si.gnal forpmts .f.or coppressed i eo signals in I‘CI al

v acC; marBErs oL BY bR o BRRRRS Fy s o iERes R eve ga TR,
1080 24[vayeb? co@iling 1¥4dis Qi ffstbittsubiclissdsTod pRysioHl ﬁﬁ@gmsm d&li@Rathrdben one or
nore vi deo Si gnal s are generated by a first device, t hen transmtted

t hr ough expEpkey éncledee bufinse apfrlinited tﬁe@w ltniag visgal system Gﬁua@ag wickhads of o one or
R e
appr opr i faideevenaidim desvicen nig dieuntefnallg constiucted of divect vied torgadtion, 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, LCOS based projectors, DMD based projectors, laser based projectors, as well as

head mounted displays (HMDs).

hardcopy display device

There are other ways of creating and/or controlling photons to some degree that are
seen by humans, but that are not dynamically controllable - hardcopy display devices. Thus,
printers of paper and of film can be considered non real-time display devices, but are not the

focus of this invention,

video signal
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fiber, etc.) are referred to as video output interfaces. A vi degi s‘hﬁnil
traveling through a video output interface is referred to as a iy 2006
output signal. resolution 1In this docunent, the termresolution is used to
refer to a property of many different types of inages: inmages in the video

out put signal, inmages used as texture maps, inmages rendered into the frame
buffer, etc. et%rmresolutionitself re{)g.tosatial bandw dt h
properties of " igguationsepreygning a spIenp imaggsisicaimied\pPYaesigal  ne wi dt h

and hei gbivefhg ih®md MBUABMTBAS e 8FeddbIURE inForffatibA AIB A8 budhUNREhS irgePi Xel s.
Resolution is an abstract concept, it mnust be applied to sone other

speci f i csequance pt flowisg atiteal-timeratsathatwignalusrefefraditpess.a videmsignakeSich t he

ay e th | ution i dwith ifiers i .
oSt il e SRR 3l oh R ST il s A iig bl R
resol ut i g VHagd addtbe BEEAm iDaR cRELRENT Yorkfuchveigedals THOSknfIQoURIbd S its

resol ution, usually expressed as a pair of integers: the wdth and a hei ght
of the i¥eEmagastifradior waves: wherg dirinfamatipn isgrmicd by sometnsgesrty ofibdier s of

pi xel s. S - NOt - igel 0 re.
Phus, *ontves BRSNSl d ARL: £0ESACR PHE serlPafePlouiBle fificabSuRAURLS,
nunber s.infdratiopisapridd tasthe intensity dBanges ghAEhtf @ardnthé micdiumuanidpsicdllyvame rate
and possi ble use of  interlacjng.alternate scan |ines reduce the
bandwi dttFragpareidnaferial dingluding ﬁemw %?Pamagét% it sy %@f s #eerticaly| uti on

not. onl o ek Rakdi, L HEhoBHE AN, PR RS, b EPAURLORRend 0T TR

but also indicates It the video signa r mat nd “even
mor e r arfetm of tleetramaigetic esibition, but bregist in pektickadiffespegtiysicel metedrlsptd on of
frame rajes. frame, video format_ frame render. fr fiel i nterl.acing
The ¢ er P REnaE 5 he e 3 haBuEenh IO BrwiPaortideel e o fithresk Binkinceof

i mges wh&hlyhe sequence of images is being sent in real-time. Wen

di scussing the period of tinme that it takes for a frane of video to go by,
the termvideo format frame will be used to distinguish

analog video signal
digital video signal
compressed digital video signal

These sequences of image 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 refered 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
compress the digital information that is the representation of the sequences of image as
digital pixels to a smaller size digital representation before mapping the bits of the digital
values to the intensity (in some measure) of the video signal are referred to as compressed

digital video signals.
video signal format

Some structure and set of conventions are necessary to reconstruct the information

‘contained in any of these forms of video signals as sequences of images again (which is the
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this reciprocal of the video format frame rate fromthe reC|procaI of the
rendering frame rate, known as the render frane. The term fiel d9iily2886¢ o
descri be a sequential portion of a video signal format that conveys gl obal
but potentially partial information about some aspect of an inmage froma
given frame in a sequence of franes. In so-called progressive video signal
formats se that __do not_ use_interlagcin very | d. of _the video
si gnal .‘gh%{geenaogﬁ%ﬁwﬁa; Foremyi ddese Srgsat £ viden ditmak ﬁxeepemﬁwwfwiepwaci ng
for videg cibafihd dRbaRlimabliab il fohh fhtigaethinkBifepfiteitiiol 6AEE | s broken
down into two sequential Tields, the Tirst contains the odd rows of

pi xel s sequences 0frmgugem|rcfgrredMmYIdeimﬂ®MOnd contains all the even

rows of npixel in. he t ans th he CS can
et ¢ Dol Embpby ot Vil ORemS ipie fof Aodrs YBtasiEnur dlrodly desSegRaame

gener at efkst tEe%ﬁmrpﬁhéd/s@m by sltﬁfﬂ%ﬂihie%' 1ﬁ\ﬂ'1e'5193'0 SARANDAVES anSRBRUE Yhel hat
each field is a conpleté separate imge itself, just with only half the

number (ff)rmitiis RIS, IPAIh&S(jHO %GAE §Y GA. i, Marroreeently sevesalfiesy vidso pigrdl s ar e

" of ewi BBA" AU RS R e P Wbt e BS lsf Bu gpve™ e

super i nposed Thege alsoaavethl dey eidbo ﬁghaﬂthrnhEﬂS for RBm fd@sﬁtdigﬂtal@lmfslgdaﬁe t wo
fields really are just a split transm ssion of a_si ngipe i mge. Yet other

conpl i cdticemenessiplise,ipeipding saeerldiffergnt varigats fof YRAIVs 10RR 736 40891, gi nal | y
created | rent video signal format than they are now being sent.
g., tﬁégﬁgég:¢g§€%g called "3-2 pull-down" when 24 frame per second

nDV|e filmmust be transmitted via the NTSC video format. video signa
format. field seqlentlal color field sequential stereo The concept of
interlaci ng i C4¥UPHAENSHRSE vi deo signal format representation techni que
that causes fﬁg&ﬂ&Hﬁﬁﬁnﬁklbe the same things as franes. In field sequenti al
color video signal formats, there are three sequential fields to every
frame, each field containing exclu5|vely one col or conponent, e.g., the
first field all the red co ents of t of t g be
sent, the sechRd PREOPEEYd Fhefeetsy a8 ot ol Wed PRI ane
or ders Ghrogh e@iawvelcmapm@pﬁaté einﬁﬁﬁmaf EAURS/ dBdYsi @R HS&k o nhéte fall@itignal

sequential stereo video_ si %nal formats, there are two sequential fields to
each 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

In this document, the term resolution is used to refer to a property of many different
types of images: images in the video output signal, images used as texture maps, images
rendered into the frame buffer, etc. The term resolution itself refers to spatial bandwidth
properties of the image as a whole, but usually explicitly means the width and height of the
image measured in units of integral numbers of pixels. Resolution is an abstract concept, it
must be applied to some other specific concept that deals in some way with images.
Sometime in the literature the term resolution is used without any qualifiers in context. In

this document an appropriate qualifier will always be used.

video resolution
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frame. The first field caries the conplete image for the left eyg;;fh
second field carries the conplete image for the right eye. Thegg‘¥&%§006
i mges nay be shown as sent, e.g., inrapid fashion, with sonme form of
shutter glasses or polarization or inage angle of view spatial separation
effect on the perception of the video i mage on the physical image display
device of the human(s) viewing the display. In this manner, only (or
nostly) the left image will be visible to the left eyes of the hunman(s)

wat ching, an ob@@bﬁéﬁérw of DALy dighdlGofrh 4134 itd FRABHYA, |u|sua1§/eex)gfe§éé?ll & alRirldre
right eyes of the human(s) watching, giving rise to pérception of
st er eos dofsgersudp idthaint arheight b thetimegdsdfcingampresdntgit desyribediin udis obintdger sent

to two different . physi,cal,. nmage, di spl ay .devi ces and then use nme
rechani SHUERERFav Rl boRE GrERafrify ridh; AR ohE iR piraceceyes
of the huspisethephraésyided fesblifiof asRi@to MSpaifMamRach eye has its own
private display device situated so that on %m?ach eye onlbé sees its own

di spl ay @eT preperfiseain €idee yignldprmpatdnaduderits feame witspidayossibleiuseof ar e used,

rat her t. -api i i.ngl e i di spl.ay. devj.c t he
(rel'd scoRatB ol 3Bulitno ALORDaRIVRNCH il TS s 3P GRYsftRANS e
sendi ng phtasediddoge@itionTag enBirefan® thépiasewididanl ledignak thebaddb%igidll y 2006
It also should be noted that nmultiple of these field techniques can be
conbi neoffsmsfév'él%t sodpdifgietitdne Ydes sigea) dopt ysqsipierlpcies @ne cesromersfatshy i al

col or Ve 9i8h SRBjuiibR nfBASincludl8 bk clid Kot Yrhrahlethfls, o each frame.

frame rate video format "frame rate rendering frane rate render rate
rendering rate In the context of video signal formats, the phrase "frane
rate” is used.to denote for a particular video signal format the rate at
whi ch new i n&&aé‘%'f:’ are sent when a sequence of images is being sent. It is
measured i n Upddcstoghatiurer s of franmes sent per second. To avoid confusion
with the simlar but different concept of the frame rate of graphics
rendering systdsigiamehe phrase video format frame rate will generally be
used in thi Scfﬂ’ ument. Video format frame rates are usually video signal
format dependent constants. The value of the constant is an explicit
property of tiherludifdgo signal format.

The term frame is used to describe a single imége 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 distinguish
this reciprocal of the video format frame rate from the reciprocal of the rendering frame
rate, known as the render frame.

The term field is used to describe a sequential portion of a video signal format that
conveys global but potentially partial information about some aspect of an image from a
given frame in a sequence of frames. In so-called progressive video signal formats, e.g.,
those that do not use interlacing, every field of the video signal is also a frame of the video
signal. The definition of interlacing for video signal formats that are interlaced is that every
frame is broken down into two sequential fields, the first contains all the odd rows of pixels
in the image being transmitted, the second contains all the even rows of pixels in the image
being transmitted. Note that the semantics can be tricky here depending on how the
interlaced fields were originally generated. Technically the interlaced television standards
specify that each field is a complete separate image itself, just with only half the number of
pixels in height of the frame, and thus the field’s pixels are twice as high as the pixels
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In the context of a graphics rendering system either 2d or 3d, 140 ¥Bbhase
frame rate is used to denote the rate at which new i nages are bei ngy
rendered. The frame rate should be expressed in units of frames rendered
per unit of tinme, usually in units of frames rendered per second. However,
when the nunber of franes rendered per second falls below unity, e.g., it

t akes nore t.han one secaond for, a single fr to.be r.ender | nstead t he
[ rane T QPEPEIGPE St b & ST Hon RS o5 1T MoV o rd fo Lok B e, o
nunber %ﬁpé%ﬁﬁ&fé& imAERH RS diffhas FJ%intsOiﬁl tBNE T Ha%S cREs, thd BrddGdidd {eﬁﬂ’? are

rendered. This is why, in genera hardware rendering 1is usually neasured

i n uni t gusifa sphitresmissieieoiodsinge imageo Vgt othbrsoazdicatidrswetise whem trensmigirigs

usual |y asured in units. of .tine taken.pner franme.rendere To avoi d

cont ust o i LAY fheioTiealy R B A R s e P o

Vi deo  siRabeih@EdRIS g., tHiGeBl FRS6-daRaEIEI-D PANTIoRIE Wih ©4\Hdnle [8R6kaLH! Y be
used in this docunent. Renderi ngeframe rates are usually not constants, as

t he ti nen@wR &ilmmapst b trapsmittedvipdhe NT&Fevided fozoat | y not deternini stic.
However, as an average or a goal, rendering frame rates estinmates can
sonetimes be | oosely specified. In sinulation applications where
performance iv8d&rdignat &@maguch as flight sinmulation, a constant rendering
frame rate is ,a very _inportant goal, and a verity of nethods have been
devel oped t o i sgwentigd ColoRe graphi cs 63 19 July 2006 rendering system

does not takeydi® E%ﬁgf Ro? given frame that is allotted by the target
frame rate. It s%égltljll aIS{s%oobe noted that sonetines, in context, the phrase

render rate or rendering rate are used as a shorter phrase for rendering

frame rate. field rate.video.farmat, field.rate I n.the context.of video
si gnal  for marke PRecHs f mtacineds oLty niy yidep: siems! FEmALEPRFEIEN at o ar e

used to s@nRhR thitlcadsed fklds G'h& beuthé &nSiheHa las HBMERLN HARI Jegbéhtl coib Ch new
fields are sent when a sequence of frames is being sent. It is neasured in

uni ts ofvidrorsignat fagmats Blersare dane sqquentin Sskdd to evetie framef gaeb fiickdgoataiwiog agai n
poce SRR AR S PR 8 AT pE O B
that t hefitiadendgs to belsst,ithdsdcbndtheqees! tirtthirdthepdid YODEoudte mehg aiffgégnal
format, ogc(ijérs (a)lf grocr(])-l(g’ec}osnrprgngriltSréprgsre% a%%ﬁ%’ 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
of the human(s) viewing the display. In this manner, only (or mostly) the left image will be
visible to the left eyes of the human(s) watching, and only {or mostly) the right image will
be visible to the right eyes of the human(s) watching, giving rise to perception of
stereoscopic depth. Alternately, the left and right eye fields may be sent to two different
physical image display devices and then use some mechanism to ensure proper image visual
delivery to the appropriate eyes of the human viewer(s). In the case of most HMDs, each
eye has its own private display device situated so that only each eye only sees its own
display device. Technically when two different display devices are used, rather than rapid
display on a single physical image display device, the field sequential stereo video signal

format is just multiplexing and sending two different image streams on one video signal.
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of the graphics rendering system Unfortunately the phrase vi deq rﬁfl 2556
rate does not have uniformuse; nostly it is wused to refer to t

format field rate, but sometines it is instead used to refer to the vi deo
format frane rate. video format pixel rate video format pixel frequency The
chief concept mssing fromthe analog video signal formats of half a

century ago eI S ile the vi de signal formats
careful ly def F\]éo hﬁ?‘ﬁ‘?g 8‘@@?‘?%5} tinlg Bf%eFF\sArﬁl liié?cg}“-\qHF’e()‘an f9IPinSdne rate
(the horg i at e.
On 8 bl o D S e I cHR T A S A BTRILERIL sof Snal D51

and t herwhexe &renpangiskefigddoio qaclkhmisoundari es. I n many nodem circunst ances a
pi xel concept had to be added to the old as well as new video signal
formats. In some cases for a variety of reasons the pixels were defined in
such a way asfrie Flke t hem non-square (rectangular), which doesn't work
well with many 64 19 July 2006 3d rendering algorithms. In nost nodem

vi deo si gnal ‘flmatfﬂme{ﬁfﬁi(el s have been defined to be square, or nearly

square (e.g. r uare in one case). Regardless of squareness, once a
pi xel has beéf %@r?'% %%l%fatlve to a video signal format, we can now talk

about a pixekndatrgtewi t hin that video signal format, e.g., the video format
pixel rate, or, as it is also know, the equivalent frequency term the

vi deo for mat rﬁ?@@&ngff?*équency, measured in Hz. Note that there can be a

di fference between the nunber of visible pixels in one franme of video vs.
the video format frane rate divided by the video format pixel frequency.
This i s becadsshawsitextiofiedes isig,nailfoﬁmtsmhesﬂhasee‘ﬁmtd”rafwﬁé uedtaemnelforarti cal

bl anki n%ﬁ}_{i rlrlfs 'cﬂe‘ﬁ” ¥\/m ch.no vi si i xels are present. Wi ch one of
t hese t T et F%‘ﬁ%at‘éﬁtwﬁc PVAMBEHSATE P FR A SPAVEBEG o5 of a
gr aphi canﬁgém@éeg@eﬁeh% Aburd¥is vhts §flﬁﬁ%érs bEfrAmeCRAPPE %eddnddes ﬁ&&d

i nvol vi ng det ai | f how i ndividual scan |lines of output pixels are
buf f er ecronfasipn; ithwdic|simkita bt didferdns sencshi ofl thelframerate ofigtaphies dwdeding mat  fr ame

oL, TS bl ARG o8y Bl b R SR R RSB, oo

the vi defornift St dats archidusliyWidbeEighsl 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, instead the frame rate
is often expressed in units of time per frame rendered, e.g., number of seconds, minutes,
hours, or even days of time per frame rendered. This is why, in general, hardware rendering
is usually measured in units of frames rendered per second, whereas software rendering is
usually measured in units of time taken per frame rendered.

To avoid confusion with the similar but different concept of the “frame rate” of
video signal formats, the phrase rendering frame rate will generally be used in this
document. Rendering frame rates are usually not constants, as the time taken to render a
given frame is usually not deterministic. However, as an average or a goal, rendering frame
rates estimates can sometimes be loosely specified. In simulation applications where
performance is critical, such as flight simulation, a constant rendering frame rate is a very

important goal, and a verity of methods have been developed to ensure that the graphics
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referred to as video format frame size. In the literature, it
referred to as screen size, but that termnology wll not be uzgghﬁgzoos
physi cal imge di splay device native resolution The i mages of nany of
today's newer technol ogies for physical inage display devices are built up
out of discrete pixels e g., not the effectively continuous phosphor

surface of . a, . In the literature the video re qu he built-in
pi xel s |T§n¢%¥“§rs?’%t8mtd8e%§°t tRitRmAe e on & ghfefage Ftris da-‘tyc‘hﬁﬁﬂ%e Lt or

clarity fendad, Ittb‘il%ﬁldtdl'é% benas th'é@sroﬁﬁd?im’e%' ﬁ%bntekf*&%eplﬂas%%@dér gaybee native
resolution to refer to the same thing. Mst such devices usually have some

el ect r onendering ratma,wemsted\as debormr@hsdseforrrmaiesmgnﬁtame rdief f erent vi deo

resol utions than the physical inage display device native resolution to a
different video signal format that has the sanme video resolution as the
physi cal | maggd gitsp! ay device native resolution. However, this conversion
can degrade the quality of the displayed i nages, so whenever possible the
gr aphi cs har diidgeefonmatdiadd sstor shoul d be 65 19 July 2006 programmed to
ensure that its video output signal's video signal format's video
resolution is the sane as the physical inage display device native

resol ution. Tiweh@ethtdxt@fidided eipiall foR04LE, AN plaes Fiel diate3shdor d@hfoeBat fasldvar e
accelerators are IC technol ogy and nepory chip_technol og Thi s portion of

the docufrife wiedito denate &5 ammeicipsrvidre siangbioamat thp spte ahwhic agwifichds qr@rms
t hat ”e%gntt\gh&h %Oé&%%flﬁf Elsiﬁélﬁ%@e'nf I%%éa%@&urﬂ%ﬁﬁ'#ﬁﬂfb‘e&%

i nvention gy for V|ces or storing bits Ining erence
bet ween setepedisgiondl conputer and previous anal og conputers is the ability
of the digital conputer to represent, store, and process information as
digital bits of information. Wile the earliest digital conputers used
vacuum t ubes i@t Atd S, W th the invention in the fifties of magnetic
core nenory nost general purpose conputers switch over to core nmenory for
their main internal bit storage needs (so called main nenory, still many

times even tqgday alsq refer or e.. e en t .ot her
Hovi coe are RURE b G o AR A B R e R RE Hheas i ERe LR S G s,
di sks, tdupement thé phrhse FAEL Mty FateGiPHneatigtRUskd @ in@daithe tisd fesin (e. 9.,
reglsters) were built fromthe also. newy invented transistor. The

transi sta¥estasp A ycanssny groportyof thesvideosigeil dermab nok papgidgierminist 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.

video format pixel rate

video format pixel frequency

The chief concept missing from the analog video signal formats of half a century
ago is the concept of pixels. So while the video signal formats carefully define both a
vertical rate (the field rate), and a line rate (the horizontal retrace frequency), there is no
mention of a pixel rate. On a black and white CRT, the video signal is a continuous analog
signal, and there are no pixels or pixel boundaries.

In many modern circumstances a pixel concept had to be added to the old as well as
new video signal formats. In some cases for a variety of reasons the pixels were defined in

such a way as to make them non-square (rectangular), which doesn’t work well with many
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capacitors) were needed to store a single bit. integrated circult lﬁ?ﬂé?gg
early sixties, a new technology for building electronic circuits was
invented. The integrated circuit (1C) allowed at first dozens, and |l ater
many nore transistors, diodes, resistors, and other electronic devices to

be constructed, and w red together, on.the surface of on mal.l si.ngle chip
of sen c}ﬂf&ﬁ‘i‘f{rﬁ‘rg "}(ﬂ&r@{‘mélm“?qﬂ; mloH@m e;?ogé@?i i’tsh_ed’ _te,bef’%gfr’}%legr mlC
i's defingge iy SRR (X8RN doR3qidEin SleBasGNR Bpardid@f dRggarBRlsow. The

&\dr U
i nvention o%&tlzﬁe’ I C mede 1t possible t% store several bits within a'single
devi ce. ornthiapimhbagomd defined rhitive ér s yideasigaali foimdtawe cawnex pdksbod af or mai n

menory uses. 66 .19 July. 2006 ip,Today' s.technol o is driven. by the ever
er eas TGS aaE i thab idpo epalapiong. iy tho ikl e Fbkptesd Hibipec

Ci rcui t SoRf thePeqivating fiedkdne P FormNitR-vidldhl foRnifptel iRk G mBssuAddan HY. aced one
each into separate packages,” advanci ng packing technol _o?ﬁy of "multi-chip
nodul es", andNetaftleat taraban hen diffesanico hetwaam thy nwrher of vigihie pikels it ee one to

one rel ationshi.q _of .sil.,con chips Cck ) : [ LQrity of
Coday- s TirBEe ufir Ve, iRYFEREPal find PuERRRIES peinPs sl frplFediBhg
mat er i al'Bhit Rdfecisk ntRNvidee sighd dotnidaiavedbath hayzoned andvartits dlinkidgémed ut ure.
Thus, for the purposes of this inventjon, the termchigfis not .meant  to

€

limt tHBringsyhch ae visibde pinglsare prasanb Which oaaphihesaioie ditfersnt defytiongof
necessarj. ' . | i [ ]g% L@ context,
refer eiél{%lréegﬁﬁé&gi 5&?%% ac Sg%gg% gC{S}l g%dgvaﬁ%—?%re %egt&anﬁig u’? gllgct ronic

Ci r cui t sconipéx thadesoflf @solvinklthe detasls sfihdvadedividual stdrelims o ofitpetjpienls assage i s
to refer, t he_ entire physical .including the packaging to which nost
chi ps ar@féﬁ%‘tea%bf.wﬂ{lfpo pdﬁﬁsétsmal%g}eﬂﬂdi gital and analog, as well as
el ectrical power, clocks, and reference voltages, are brought to and from
an individual chip by many separate electrical conduits that extend from
the chip's padiemgrmanfrpaetiagi ng technol ogy that far pre-dates chips,

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

t echnol ogi es Mgt QEmBE dFPitels inhesidHE Gathe it HOURD sighal RDemAS9 hesprodund stil |

in some use today, were netal |ead frames that were bent. . .
of the width of the video resolution times the height of the video resolution. This number is

several transistors plus several other devices (diodes, resistoggy

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

The images of many of today’s newer technologies for physical image display
devices are built up out of discrete pixels, e.g., not the effectively continuous phosphor
surface of a CRT. In the literature the video resolution of the built-in pixels is referred to as
the native resolution, in this document for clarity we will used the longer term physical
image display device native resolution to refer to the same thing.

Most such devices usually have some electronics to convert video signal formats with
different video resolutions than the physical image display device native resolution to a
different video signal format that has the same video resolution as the physical image
display device native resolution. However, this conversion can degrade the quality of the

displayed images, so whenever possible the graphics hardware accelerator should be
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over the edge of the chip package to formsharply narrow ng pi eGgs; 4 20552!
that were still <called pins, even thought the formwas no | onger a yS a
cylinder. Mrre recent chip packaging technol ogi es include anong others so
called "ball-grid-arrays”, where the external electrical connection to the
chip is a hem sphere of netal, anong other shapes. However, these pieces

of netal_ar I usually.referre 0. as, pi.ns, .especi ally.when tal ki,ng
about ¢ hROBTh fo MR bt s RacRO iRl ieB il ERR BBy s¥udre Troolhiedt 8Lt o
chi ps, athd siheas theghysiparitlagsliidplag bt Saiple redtutionue three di mensional form
of the packaging are not relevant. |In this docunent, the termpin will be
used to refer to the individual conduits that connect the electronics

wi thin the package to the world outside the package. The nunber of pins

that a chip has is a cost/performance trade-off. The fewer the nunber of

pi ns on a chi Pwogdditivadllverit hq;drﬁnﬁireﬁsfﬁrg@gfaFMcs hiawagt fectiBaitdt hiedon chip
as well as 7 19 July 2006 the package wll be, and also generally the

| ower potRERO _sadi‘ﬁlﬁ’i‘?IB?W 1H‘l?§hf_t9|1ﬁ&y- WHSIPO_EEH Hitbe dorament wilpdevslop agri p has,
gener al 'deﬁ@%eﬂrﬁhf@loﬂ t%e&ﬁfh%ﬂe%@tﬂapﬁ%eﬁgﬁ b8q ﬁﬁé’dﬂ?—Log t‘%g{[ﬁg Vﬁﬁgf%thgm of the

chip. Thus in gene esi gn deci sions reduce required
to fl ow ddsetimtmarofdhé myemtid. result in allowing the chips to have fewer
pins. On the other hand, the nore pins a chips has, generally the higher

the potential performance is achievable in whatever systemcontains the

chip. The balmhalggwfortd@eﬁgsf({rggﬁ,m?fbfitg is generally perforned at the
system | evel by the systemarchitect, as part of other trade-offs in

mnimzing the cost of the systemwhile maxim zing the performnce of the

system relatj}v t ot he urrent and, the. anticipated future cost
and perfor mam‘%:l g %iéi}élﬁ id?ti? %‘??ﬁerg’f{%?enttﬁ%d@% OTHPUE AR Previals AR7IPE COTRBHCES o

syst em s debiubility f tigr digite domputeAR lepretéif, dt@eMIPrécdss irdBntibR BY Bidkiqr

" Appl i cg)’hi or}wgfpeci fic Integrated Circuit". For the purposes of this

i nvent i dhtS oprstipna¥ e the eqrkiest digite] prampuiers uped wachia fulis £ glorabifsor a
speci fi i-al d zed. our I 1 t raphic

o Gor  t e R enGEH i Mot o SHEIARE e AR et B Bl BT or
wi de verswiichefveutsasre MhmotyefomhSi aindntantal bit stoeapd @dedsqsdeallel mdied t o chi ps
designed with | ustont | C design tools, such _as sea of

than "fall
gates, dar8oQr ?@@%ﬁ%ﬁ@ﬁ? ﬁﬁ‘?’i‘atﬁﬁf@’ 35 weferraddg &s “eqre memopy), 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, and capacitors) were needed

to store a single bit.
integrated circuit

In the early sixties, a new technology for building electronic circuits was invented.
The integrated circuit (IC) allowed at first dozens, and later many more transistors, diodes,
resistors, and other electronic devices to be constructed and wired together on the surface of
one small single chip of semiconductor material. For the purposes of this document, the
term IC is defined to have the same meaning as the term “chip”, defined below.

The invention of the IC made it possible to store several bits within a single device.

This was good for registers, but still far too expensive for main memory uses.
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The term FIFO is an acronymfor "First hi First Qut." hi the CO%QTUI 9606
electronics hardware it refers to a flexible storage buffer that e¥s
fixed size groups of bits enter and |eave in non-correlated bursts. FIFO
buffers are typically used to interface a producer of a particular type of
data froma consuner of the sane type of data, when the producer generates
the data in athian un- predefined rate, and the consuner consunes the data at
a different fmppredefi ned rate. Many types of FIFO buffers have the
ability to send a warning signal under varying internal conditions of the
FI FO buffer, in particular a "high water nmnark" warning signal indicates
that the st orbedayedgelaiolagyiis dyyeminthe exerrineressing eapebilitiesrior poftingveirag

exhaust e : t. . 9 v 2006 ile originally FIFO
were pro Sclg%tgggﬂi?&r)le% l\lﬁe uaa%/féé%ilugév?mg%\ﬁéﬁééhf\%}s&lﬁ eg}oéﬂ] tc%é'i{%er
smal | ciplatddtonkltath inensdparaisedk agey \Wiwtseitg pavking toehndRlydT “alultd chipr ger
circuit on % Single IC._RAM The term RAMis an acronym for "Random Access
Meror y* . Mples”y andyvater sealgantegrations sraengpthers cambisrthe end rongmelationshiraf | s
little of; f .S S i > - [0..0t her
than a spuery s O IANEE, BEAP Sitie R mARRRES! Oy D Bkbrof OB Bud i bAT

per f or metnp ef pidinan thips other enatetals than siiedn arasesl todays pad nfalyccd ype: Wk iRAM

device w || referred to. mary chip, 1Cs de it possible for a single
chi b to e s, BhEie oS SR oYeationdhe G THR isart Mamior HE OR ScomR
gave Ii S thOin¥eMeN t6loaBsciRps HEW S8flicohe&lte3arkig tQXingﬁgaiéc%FB}"ﬁ%fEﬁw chip.
This termrefers to a number of general purpose’and Special purpose chips

desi gnedlhedenn ghip can rigtconteyte refenrmthsorndy tothe aptuokebstrite fraterial amhtheepr esent ed
as bits. ;This.term.i I nportant.. on as ch of . .this invention rel ates
to specia Cltrzoéld: QYL ﬁj@?%f'vgea?éﬁ% ‘ﬁ{;ﬂdtsﬁg@’%%lt MK, frdueRtpsageds 19 B8t thenor y
chi ps hatle emtire phi$ical part ilgudifg ﬂletﬂamgiﬂ}em wiaéh mabethiRlardbhbedied. St orage, so
the bits could be nore or | ess accessed directly fromoutside the chip. But
as the nunber of bits that could be built into a chip eventually surpassed
the nunber ofpins that could be economcally attached to a chip, sone

formof i nterpnal mul ti pl exi ng was needed.

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
packaging technologies include among others so called “ball-grid-arrays”, where the
external electrical connection to the chip is a hemisphere of metal, among other shapes.
However, these pieces of metal are still usually referred to as pins, especially when talking
about the overall architectural design of electronics systems formed out of chips, and when
very particular details of the true three dimensional form of the packaging are not relevant.
In this document, the term pin will be used to refer to the individual conduits that connect
the electronics within the package to the world outside the package.

The number of pins that a chip has is a cost/performance trade-off, The fewer the

number of pins on a chip, generally the lower the cost of the both the silicon chip as well as
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based on nagnetic cores: data fromwi thin the nenory is read or Itten by
first presenting an internal address Qust a string of bits), and then
accessing the bits associated by that address. This form of accessing bits
means that nenory chips are a type of RAM Mdem nenory chips cone in a

verity -cla s, 1o, bhe described. |In describin is.lLnv ion, in
rost o BARBL ATT BE oot AoB BspSRRE IR Ot i R o Pscphiso Wi b o
menory  seik-thy slofspida tRip ik VeedO@fly tHehi pRetidaiihi @ Rk HABisAENERITIE Wtd MdPS .
nore than one nenory chip is used. This collection of nmenory chips are

of t en coté phtieshin dGBs inagenausl desigmdpicisionsithat scedusk the handwidh regpiredta flawi s

col l ecti ) i . si-ngl ontrolling chip, or
t he con%?%?gno? i’E he l&%@étgﬁr?aﬁ?x%@ %8%%@%?02%3‘{638%%3%“ 'ﬁgln 88&‘%#%? the

Regar dl easregiing dxhipaidsegenefallyahahighér the potentidperfonn itk RSachidigbleal | ection
will be referred to in this docunent as a |ocal nmenpry sub-system In

si npl e CHIAQVeT PG CRARS @%&w&@tbé}%%a T Hiesg iradtoetisis cepprplbyperborasdi t i es
that b I | . ngl r i wi der
wor d si %%ﬁ %ﬁnylg{?&g etg? ge}!'rs‘ﬁc:grt1 grrcgigtéew’cag ac @?&EEE‘%@? pﬁ%#ﬂq‘fllﬁh %/\%ﬁ% @g(rgl?siqc al
menory cHitssystear whije nesimialng thopdrfarmahéanafithe sysemt, rélative ahabothphd / out put

P 1S ook e L LS. FURLDALS e chLp e L double Lhe vorg si 2o of

i dent i cakgABRD Eat B PotemBFHING iTMSetcdla. control lines including the data
i nput/output pins | o0k very nuch ITke a single nmenory chip with the sane

word size of the actual nmenory chips, but with double the storage

Such a nultiplexing technique had al ready been designed for nemggysvsb66°
wWr

capacity. TheA osition techniques of the |last two paragraphs can be both
applied to create another type of |ocal nenory sub-system Four identical
menory chi ps sharing nost all control lines, but wwth only half of the

nmenory chips sharing data input/output pins |ook very much Iike a single
menory chip WNEHegbASIE 1% aeackeypan &rz dpphicatioa Spetifis Intagtsd\CiewitFor thind al so
with qu LeofR itk (o 256 r ] nposi tion
t echni qtaﬁaggﬁbgano%e éxt enlgg’?h? ga?l?loéé%q rgcgﬁ?orén}%%s'totpy S Hggé%)ls egﬁéc\f/)mfot(%% mtinmes
t he wor dpsdifiesardhlisédpurpoes sudhes perfoagiag camantet yraphics hlgorithms, 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 Qut.” In the context of electronics
hardware it refers to a flexible storage buffer that lets fixed size groups of bits enter and
leave in non-correlated bursts, FIFO buffers are typically used to interface a producer of a
particular type of data from a consumer of the same type of data, when the producer
generates the data in at an un-predefined rate, and the consumer consumes the data at a
different un-predefined rate. Many types of 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 indicates that the storage capacity is within a certain preset limit of

being exhausted, e.g. about to overflow.

68



actual nmenory chips, using a total of m‘n of these actual nenory Qﬂhf%aos
This is how many |ocal nenory sub-systens have been traditional Py ct eat ed.
There are technical limts to the conposition techniques-, there are
limts on the nunber of chip pins on either the nenory chips or the
controlling chips that can be driven by a single pin of another chip. There

are also ot LN0r.e. ¢ ways to conmbi ne ltiple identical

non-i dent i camlﬁgpﬁ‘m@ﬁ?&%?”ﬁf%mgdw @aﬁs "Hﬁwgﬁ Cbﬁ%i%%?‘%ﬁ? ‘E"H%ﬂﬁ% WPeen
descri bedstbther SR Birabtihat AR befuséPAAWHIRI WILNin IHOd SVt FBl atdr EfhBVAY tO
this docunent because the architecture of 3d graphics hardware

accel er 2#8l81Gf t en incl udes the design of one or nore different I|ocal
menory sub-systens, and this is specifically the case for the invention
descri bed herein. 70 19 July 2006 word size In the special context of a
single menoryR&M p, the termword size refers to the nunber of bits of
data that can be noved to or fromthe nenory chip in parallel, in nost
cases this is the nunber of input or output data pins attached to the

menory chip. WieRHA R AMTOS 2 @bnyik B aﬁ@&rﬂ%c@%s%sl\lﬁglg§bﬁe’efﬁigt?§1 i?umoe’ as

in a local nmenory sub-system the phrase wor fer he nunber of
bi t s t hatliffemntifte nrmwets ifort whioh thetd is diftle drenogpenfopmardce peaatoy for abéepsing their

parallel, and.s not limted to the nunber of pins on_just one nmenory chip.
SN Ev e R P b Bredetied Gag FomaHih SBh &t ReROR) PFegshach bl i
of stor ageformhdde peh@fid dSekisCHANad chith of Grbifc st AkAdLRSERR and al | ow

read and wite access to each bit. Wilé there were several different ways
to bui | defesiedite: chi ps of such storage, menory chips of nultiple bits |ike
this that were accessed externally are called static random access
menories, or SRAMS for short. These nenory chips are characterized both by
the total nundasryathipits that they could internally store (e.g., "a
256K-bit SRAM'), but also by the nunber of bits available all at once on
the nenory chip's pins after the address had been presented: the word size

of the memor ﬂcSﬁha%lie '?t%o%sigietffﬁ(’)% gﬁglgﬁlﬂﬁ% e t@@%ﬁﬁh@:ﬁgpﬁ%ﬁéﬁé Bip§f as

"256Kx1 SRAM'. I's termno e confus
char act enfopnaijorf. Thisegdva tifeto 1 Bsotlass diievicE) ecfiemyd di By die esrremesotsheiip.

gzle e?l;}g%%ng&«\é\g Sto Iagglg{b%fc%) x %rea? pt?l%osoenaerid()siaeéi\é\f)pli;ggs; c %g%gsfigﬁedetb %forg,SGK or
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
internal address (just a string of bits), and then accessing the bits associated by that address.
This form of accessing bits means that memory chips are a type of RAM.

Modem memory chips come in a verity of sub-classes, to be described. In describing

this invention, in most cases a specific class of memory chip will be referred to.

Local memory sub-system
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are usually characterized by three "by" nunbers, e.g. 640x480x| 19 july 2006
Cccasionally when the size of the pixels are not inportant, ana It Ys
clear fromthe context that frame buffer or video resolutions are being
tal ked about, two "by" nunmbers may be used: e.g. VGA resolution is
640x480. DRAM In the early 1970's a new circuit for storing digital bits

was i1 nvented that onl re Lgred one.transistor per bit .stored he trade
of f was that HEO%?PP%HP%F% SRRy Shus; RoFe fhan gng mempLy ehip fsuisgd. Thig oo ond

bef or e | @iisttitth bftrferdedyUips HidISitdd\@nSideRADG Yotk 1aP 8 shdf thére' BAPlexdNEnory
re-wite, or refresh all the bits several imes a second. This new class of

nmenory cHpigsL. Thisreelleetianad ragmeririchips mm&ldmeejéo frsimglei @st,roldilng Rhigiver ther
e : e o . .
Cper " bi 1oL S oy bl Pkl s 851 She Bp ek SRl I B8 V©

comrer ci @hhyctip@s®hithémorfbigxihe ceNetionfwill b réfeab®to Hauhik @bcdh&® ak Aidcdenced
the design of DRAMs; thus there was a synbiotic devel opnent of the stored

pi xel f rBFBORUPSYStSRd DRAM ar chitecture and technol ogy. VRAM By the nid
ei ghties, DRAM ' ' ) i i nt '

per cent age of tsﬂ{é?lrg%%r&ggﬁéél |ér?'fAl %&E ﬁ%gt%%ﬁg%s%le%%‘g%@?sfcg Ogitrﬁ?@r&gghr%ani es.
But a curehevesvery hearly lilappsengid nobmidrp ghipheodld,dfift ihad awilerovort Bize bodsor 4
capacity DRAMs to the 64Kx | capacity DRAMs. The frane buffer conpanies,
who wer S BRIEEI9198% FAPAFY-st in line asking to get prototype parts of new

DRAVG, were nffecarkilytyd RlenffY nRindcd -gg@x@mﬁw@%ﬁm lifibs exoBft fof At €,

there wasn't going to be any sal es of M parts 1 nto conpani es
bui | di nglatainght/@rputipizmteci uéyemsch likice stegls ineynony clbRAMbgblzdbawgrdsizeng nmuch

faster t t he .bandw dih of .data cess. The key neasure is ratio of
bandwi dtqﬁqﬁ??%uarlrm?yfhﬁpﬁ’,mﬂ@%&ﬂpggﬁﬁ egf’f@eﬁ@?‘m&‘econd, to the total
menory capaciTwo fentitte nfeimy ¥hiph blihrinFRAsH bR Eohthol inkSincfIagpSR Hithon was
special DRAMs with a second set of data pins that can access the internal

menory iAPEAUEIE insderk Yrey ruichdike asinglompgoryrehip pithahawsene wend sizeiof thieecond
Pt O PRSP B POREDL AIFIBRBRS, SouL, Be uoed, Lo read ou
paral | el to tTe cvatpesition tehnigaedofathellast twtoeparagraphs 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
also other more complex ways to combine multiple identical or non-identical memory chips
into a local memory sub-system than has been described here.
The discussion of local memory sub-systems is relevant to this document because
the architecture of 3d graphics hardware accelerators often includes the design of one or
more different local memory sub-systems, and this is specifically the case for the invention

described herein.
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access of the DRAM Thus this second nenory port is conmonly reggngbgsas
the "video port". This attacked the heart of the DRAM chi p bandw dt

probl em by addi ng consi derably nore, but specialized, bandw dth. These
parts were called VRAMs, an acronymfor "Video Random Access Menories".
Generally they could store as many bits internally as the "current”
generati on of DEAI.\/B. But the physical size of the VRAM chip was usually
twi ce as | ar ge%8$'%¢ DRAM that coul d store the sanme nunber of bits as the

VRAM coul d. Titg fafcSiibR 2h Qfhgfiel] e i nmenory
port (the "vi de%%%ratg). Tr?i s made t he "VRAM chti%gg%ég&g%%ﬁg?g% per bit

of st or agenbeh ahbithef datafibiatcaindemdRANS pafrom thiowewery chihén panlld, inanest qui t e
econom cal |l y, good for .manuf acturers ui | di fr buffers. for, either
o aphi ¢SS he BFegE APl oSt e mio afEencd 3F Fedterafivihis W enc
conput emuailfér df sRIAYy E19PPABicERsi diGedlad IFAdIe! & thRGodHl thefidP bt Systepn, 98 | Y

nineties, 72 19 July 2006 PCs were still using |ow pixel depth VGA frane
buf f er s RhFass wasdsize defiersite theerunptex ef bitsthas carghrimeved igtooaridug of the gpeip afesi gns

oot " GanAM bafig Al o8 (R O R R St e oS Ot

the sanme as tel evision standards: 640 pixels wide by 484 pixels tall,
refreshed 30 tines a second using interlaced video signal formats. These

vi deo signal ¥¥ats required a video format pixel rate of approxi mately 12
mllion pixels per second. In this tinme frame, the late 1970's to the late
1980' s, CRT technol ogy was still advancing in resolution. The next

resol uti on gdatenibsughdhelstepigabits wages] mfw omohdimemotiechipfeaclobr ofistbiaigen

i | s. t hi. int,. th t hi gh | uti t andar ds,
ey iSRRG ol b Fanir i S G oo el WS i Fh i de by
1024 pi xghBe firkd were'se¥eraIshifekeBOwhsB %_uﬁd ﬁ‘%ﬁgﬂfjd‘ﬁﬁ& Bﬂsidcﬁ %%H%%Qﬁﬁn\ébdeo

signal format is one good exanpl€. This video signal format requiTes a
vi deo f shitstof pruleple bis ke thinibpt wstemacassad externallyl dre palpsidwsitic rpetom seeeend.  But

i gnal - apelcor SEAM RSB Ot Thos i Poafbitd oniBS RGO

non- i nt el df ditsckaat thégeaild int@nabt Sorerewa day s6icaitl SRSDY, asalVeb{ tHemat S)
even though this nmeant that the video format ixel rate had to be double

or nor e BPCROYiIAYatie all Abase onitmmemaRy ?@p’\ﬁgmwﬁséthefadfiﬁemmb&@@d vi deo
o at P T e e Frnariry R s i o R B AUE ST EE, 1'% ed o
t he 60 Idesoh®ed as “256Kx1 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 64Kx4; frame buffer resolutions

are usually characterized by three “by” numbers, e.g. 640x480x1. 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 640x480.

DRAM

In the early 1970’s a new circuit for storing digital bits was invented that only
required one transistor per bit stored. The trade off was that the bit would remain stable for
only fractions of a second before loosing its value. Thus these memory chips had to read
and re-write, or refresh all the bits several times a second. This new class of memory chips

were called dynamic random access memories, or DRAMSs for short,
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frequency used for power in the United States (50 Hz in Europe 3§g lﬁ)ﬂﬁﬁOG
other parts of the world). Now the people who used frame buffers wanted
video format frame rates of at least 66 Hz, and eventual |y European | abor
agreenents required refresh rates of 72 Hz, 76 Hz, and now in sone cases
84 Hz. What did all this inply for the video format pixel rate that the

1152 pixel s B g HBERey SPEFRET R A o B o Rl R Bl Tl

vi deo sigadd thteon@pt of £ftathe Baffar dtntdBercially PBEsitle XEe dxaidhcobf BiRITaxd Natel y 84
mllion pixels per second. Another common video signal format at the tine

was 1280PYsfexélse lvﬁléf@cwhf dzspg@ PkBRAMS|thus thereveas gsymbrgicrdenelepment ofgkond.
Thi s vi gﬁﬂy rate of

appr oxi (rjrsg eﬁ?g%gbafngﬁj i'on p1 Xe yﬁngcr ﬁ%%@%ﬁ%QE%‘%%%BDRAM pl aces two | evels
of SRAM caches on the VRAM changed fromthe traditional asynchronous
interface to L pel i ned, clocked, synchronous one, went to a 32-bit 73 19
July 2006 w d noved the Z-buffer conpare onto the VRAM Today's DRAM
SDRAM is very simlar to 3 DRAM it uses synchronous, pipelined, clocked
I nterfaces, and a small SRAM cache on chip. 3DRAM differed in having a
(smal |l die arEﬁ)hwh'xdleaj)glUiafs JORADD producars (ingleding TT) wkne sekbiagatihtarmtiﬁg)r

Z- buff hi bl
Ot or st of YTl e TheRe pibbaionn! fEmnin e combeire HeasHEee o

descri becmntghﬁpp@féﬁraqhﬁgmeqfar@m@ﬁ\ﬁoﬁmie%km%ﬁé&@mm th fe d4gRWCOSt, very
hi gh perfornmance, real-time 3d graphics products. VWile highly technl cal ,

the i nfespaeitiDRAMs. Fhe Samedufisr ccanp@ll@r gheh@crmu@lally thediirst md:rnehalnng tcor
I e nanes a S
ﬁ)é\?vngr gcﬁflt p 9“‘:&%@‘%'@4%“5 &I"%IV sSSI a encl’tsf'ﬂl(1 &imgggﬂ% é4§§m on I ow

end 3d tgatarateg ﬁﬁrd@mrﬂ@mi@ﬁoa)emhyrsmewﬂmmdbf{m @%Qﬁﬂ%ﬁpdﬂﬁs%ﬁ&ng

conput er gipfﬂ A GaphicsSlab is a self contained sub-systemthat uses
|ndustr3}1‘§@ F‘Bei?lﬂﬁeﬁsnt erfaces to connect to one or nore host conputers.

The physi cal Packager BRAM i APUNCF R HE MO Elster than the bandwidth of data

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.

One solution was special DRAMs with a second set of data pins that 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 VRAMSs, an
acronym for “Video Random Access Memories”. Generally they could store as many bits
internally as the “current” generation of DRAMSs. But the physical size of the VRAM chip
was usually twice as large as a DRAM that could store the same number of bits as the
VRAM could. This extra chip area was needed to support the second memory port (the
“video port”). This made the VRAM chips more expensive per bit of storage than the
equivalent DRAM part. However, the parts were quite economically good for manufacturers
building frame buffers for either graphics terminals or built into workstations, so most of the

high end computer and display companies used them. In the mid eighties to early nineties,
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typically be in a rack-nountable chassis, wth a height in the %W%ZOOB
multiple of U, say 2U, for exanple. This docunent describes a new

graphi cs hardware architecture, called the Loop architecture, that is
highly suited for building G aphicsSlab products. The Loop architecture
presents a totally novel solution to the way in which nmultiple graphics ICs

are co cted t.nget her to r | end.3d. rendering. .systens.. The approach
Caken by Grarshf BiaRis pirel b VPR SR apSets R IR S BriREpiel o

t echni caind GoiRtYudRtheaper AR stusRE SanBhRAISRARM by current and projected
several -year future trends in I C design, |IC packaging, IC interconnect,

and commodi t yADRWoirdh Holedks display techrolpgrawas sdl slpmst encluseatly €Bdibassrent s

of the W . 3d | l.Li cat.i.pns._and ers. Starting w.th so
backor ot esiRaiol e RIS Bad RRuyt Sl finFark G R e ool 58

t echnol agy484tpigeld ediprefifesivdt Mairtésen deeo sitg InterReediides bipeal foaNAETIRS: Of
solutions to, the main technical problens of building high performnce 3d

gr aphi c&i¢eedghal oraeisargitaday viden Bameat rixelzate pd approyinmdels 12 peilliondpkelnt  of
gt apn’ . e , : ; . . _

St or age PRESEoh& ih tif At the 1487 o e NBYs ERTHAIIIRDMIRI, | oo
or wit edbartcing inanscintDRAThehélt rvatufioncelmat to diglsnidisges ofor the opRe @ s

pattern, but.a best-case upper limt exists. Wen you build an ASIC, and
you at t £8f TSR Ricle Y i ﬂggﬁ,fﬂl%rﬁévez\%w%l&m\éﬁ Frelbfign sEndass gp BUBRAM chi p,
you haV%iﬁ&%hmée@ﬁg&h@E&Enaw&*éﬂbéfngsslbggm{162@ dikad w 10BYLiaky! T you

attach two DRAM chips to a single 2 |'s the upper bound on nenory
bandwi dtrbfreshed Balimes asetdndtusingli@eflacdvide sigrahfiredt ivemo gyod bxansplel it ed?

The answet i S at |t depend s thereg are .t hree. di.fferent.. useful

Ceohnt quateosgenal bl {sabRBRee Bimhbs et i S i AT S Peror ¢ ne
ASI C t 0 sesdrdaBBlit MEW pebpIs Wi wkd Brbe ddeces DR lﬁ@%éwiﬁ% ierlRe@videB pRaf the
pins of either DRAM are attached to the sane pin of the ASIC. This ™ way

i ndeed dematsand faisapps pews yitteristanal foraets biad tnsiepondnteraeednadactigal t ached
oA g S ARSI gk G oL AR PRy O P11
one set pifel piteabad v Headdublemrinh@e 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 7

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.
3DRAM

3DRAM places two levels of SRAM caches on the VRAM, changed from the

traditional asynchronous interface to a pipelined, clocked, synchronous one, went to a 32-bit
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address and control pins of both DRAMs, while the ASIC uses EXiﬁékﬂﬂ&Epﬂé
to talk to the data pins of the first DRAM and adds new pins to ta 0
the data pins of the second DRAM This nmethod uses fewer pins on the ASIC
than the first technique, and the rmaxi mum bandwi dth is still doubl ed.
However, the word size of the |ocal nenory sub- system conprised of the two

DRAM chi ps, i s ,;doubl.e that .of the first, t iLgue, 1f th oesn't need
to use arac@hd Hved %#%Hffgr TR e %P&h?/ﬁmgﬁ?ﬂaﬁgs %M%ﬂ& ¥ a from
the DRANMnill 9S3DRARL: 6f i€ syin¢Bronany pigdlifed Rk EPMerfalBE ahdlh kehatl RRANIQUE 1S
for the ASIC to share aIIﬁg;ns_ ot her than the DRAM "chip enable" pin)

wi th bot4echranshipTHPB AN di inigrei (sl divearea) vidao cotpusipos, addaspetible ASI C

uses to I ' t .t er bandw dth that the ASIC can
get to t%@ogg% %%ﬂ@aggﬁﬁ%ﬁgk?%%ﬁ%%SQUﬂﬁﬁ5§§ up at all; it stays the same as
it was for thRDRAMUR méltd disibebaldBMacide@bleih@fiembidece t echni ques form
three different points along a trade-off curve between naxim zing
avai | abl e bandwi dth and m nim zi ng the nunber of pins that nust be added to
the ASIC. But what if we were to attach four DRAMs to an ASIC? Ei ght DRAMs?
Si xteen DRAMs? The answer is that different conbinations of the three
techni ques descri bed above 76 19 July 2006 can be sinmultaneously utilized
in nore conplex ways when nore than two DRAM chi ps are being attached.
Clearly at sonme point any ASICis going to ran out of new pins that can be
economcally added to a single chip. In nost applications, a limt exists
after which wider and w der word wi dths have | ess and | ess usable bits, and
t hus the usabl e bandw dth does not increase as fast as the word w dth.
There are also limts on how many pins can be wired together w thout
having to sl ow down the speed of nenory reads and wites. There is no one
correct choice for this problem the choice is part of a |larger set of
trade-offs in the over systemdesign of the |arger systemthat the ASIC
and the DRAM are a part of Again, at any given point in tine, there are
limts on the nunber of pins that can an ASIC can econom cally have. These
limts are i nposed both by the then current packaging technology, and al so
by the armount of the ASIC chip area that can be devoted to pin connection
sites. Thus, after subtracting out sonme pins for use other than attaching
to DRAM at a given point in tinme packagi ng and DRAM t echnol ogy constrain
t he maxi num
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anount of bandw dth available to a single ASICto talk to DRAM Wule)g%a@re
is always sonme roomfor cleverness, there is typically a nearly

rel ati onshi p between the perfornance of algorithnms (e.g., 3d rendering

al gorithns) and the avail able usable bandwi dth to nmenory store. Thus, if
you define a product as a single ASIC w th sone nunber of attached DRAM

there is har egvel qu Earlound t he maxi num renderi ng perfornmance achi evabl e.
The novel accordance with one enbodi nent of the
pr esent |nvent| on arranges both the texture storage and the franme buffer

storage in the same nenory bank. In this enbodi nent, each LoopDraw chip
has a nunber of attached standard | ow cost DRAM chi ps, that are used to

bot h he, f f d
oot Toosl ) aofiet fotinedl adcPinee BTTecRIIOE) ofndi pestiBle ftonfiaie RirfafcSh" 12

exanpl e ety hiBE pb@eRnRcEHeAlaGhs BE grapRick Bﬁ)dh@@p\?\@ﬂ@ RighBetethificalhe Seen in
Figure 1, each Loop chip is attached in a uni-directional, point-to-point,

| ocal rmf@neathrblsme@mil akcerdlativebphighlayely sathat, et sxamivlh inglividwal dstofs PRk
| nterfa tﬁég{ a%gg 9‘?%%{%‘[‘&%1‘56 cture inter connect The Loop chip narked

"D are LoopDiaw c oxes marked 'M are nenories, 115 e.g.,
menory chi ps. These mem)rl es in one enbodi nent are DRAMs, but 77 19 July
2006 rmay be other forns of rrem)r){mchl s. i.n of her enbodi nments .&expl icitly

i ncl udi ng SRANESW PTOfBICEfingeRta? (dsephiqstlal; isAntgadusglagibiaitiangoimndav eadt is” a
Loopl nt eyx4f f es a Host
Intgrfa?fa1 ?ﬁf%&s{%ﬁm nIES @P‘Jeﬁ{ a%gﬁe F&}%ﬂgpgﬁl?gégélggﬁg gy s %‘)vﬂ enabl es a
3d gr aphsraphicsfigtetsiarsgl faontairted ctibrs pster lileat hnpndmtrg:htahémrﬂt]@mtafaztesmrl bed in
nore detail eIo Fi e 2 sho re det of . a si xteen Dr 110

Chi b andotRsT o rbitF he Copfulss JBe cbiFY dreiirint e SuRPRGS IR YWhhi p 110
cont ai n%é&ﬁ}ﬁb i8fa hdenlotAmBlRMb SR, Wil o th@ﬁelsmmdmﬁle%@@%\mlS The

u

frame b is partitioned by a regul ar pi xe h each

LoopDr a\ﬁmcmaplnbeﬂﬂmdncnglem deseffess atriepnid gr@phw%haaé‘gwgr@egﬁqgmeﬂ caliqdﬁh‘h t he
ahi ch pieep o e, 08 R SuMa o f R G sRebitfoth BB LRGE, T o7
Fi gure Zrdistetthnad pregails d waeppmweisdlyionas the way in Wthh multiple graphics ICs are

connected together to form high end 3d rendering systems. The approach taken by the Loop

architecture 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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i s own dedicated conplete copy of all systemtextures within itgg R@ﬁbooa
DRAM Two Looplnterface chips are shown to support system options

will be described later. To summari ze the overview of Figures | and 2, the
frame buffer is partitioned out into non-redundant pixel interleaves in
the |l ocal nenory sub-system of each of n LoopDraw chips so as to maxi m ze

the sanple fi rate, .pLqv n the order of n times higher sanple fill
rate than wha eY%"%W%@&'SI@ %‘&I?ngﬁe graphi cs chip system The texture

store is replicated in the | ocal nenory sub-system of each of n LoopDraw
chips so as to maxim ze the texture fetch bandw dth: on the order of n
ti mes nore redhebanaing beying PRAMywpat rd tmying hitswdlstozagen Bat giunagt alsg bapinigc s

chip sy n hi.c erations.to t ra hi cs
ari ver” CuRuidE Pl Bl AR R s 305 0B 4 PRAM B vant i ope 1 n
f rom t heddpesding oMk RceséipatiéehiaHest BHs€1ipRe Bnfitetifte Loopl nterface chip.
Af ter proceSS|ng theégraphlcs driver primtive, the Looplnterface chip

will tra wml Horfgdorrattacy wpis czfé@maﬂﬂl)e ASI€go ghespigsiefee of
G aphi CS&O‘% Chlsl?a,%“h o(g)é %%g or$) cﬁ’w%ﬁ?h %%%g@@hqstrl ng of this

sequence I ves t hen sends
t he G apRutosiit Ilihydul at@clotivo BR AaMlchipp t a.@llﬁgte E§$I@?§Is 'tHiﬁlppélf @nd\Waghi@no

Graphi csPri.m p packet hops.from Loop chip to Loop chip until it
arrives %ﬁﬂd?”ﬂfidl&é%ltﬂg Feo ASGram s attaghed mesasy ching dowides?pHheiasweris

processega@pde dﬂ;ﬁ&s %@ﬁ{ere aiaxlnfe@aff{%%m%&&ﬂem?%dea@&%ua%fioopmpg@glgt of e Sent

along the ring as nulticast Loop packets
processefiSKy (potentially) every LoopDraw chip in the ring, 78 19 JuI y 2006

d f d tential al t the |ast. L hip.. |
et orr od ool b ReERine BnEASIC 1 nie il oy &?&@% e PRAM y e
command duip,& %Q{dnewhﬁ:rpMM@DMm(@daa%d%kﬁ@ﬁnﬁ pifl bRARRI LS CCThR)

using a | oad bal anci ng met hod. Ot her enbodi nents use "ot her appropriate

met hods, WasieHeed dawbleoibe nppedendeidthitactis A aph g@tstmhnmmhtdoBBAMc ket from
2000 ! 36Easliat 8 FRE ASRERAL SRRSO ORER o SRAT Bl o000,
froma LIORAMH. erface chip to p055| bl e destinati on LoopDraw chi ps. The
circular are , 302 re esent s a virtual "direct path" fromthe Looplnterface
chip 105 to i The ser ghmque is for the ASIC to use only one set of pins to talk to the
address and control pins of both DRAMs, 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 method 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 technigue. 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 DRAMSs. 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 DRAM:s to an ASIC? Eight DRAMs? Sixteen
DRAMs? The answer is that different combinations of the three techniques described above
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LoopDraw chip 110 that unicast G aphi csCommand Loop packets fol nglq% 6
circular arc -304 represents a virtual "direct path' fromthe Loophitértace
chip 105 to its farthest LoopDraw chip I 10" that unicast G aphi csConmand
Loop packets follow. The actual path preferably involves nultiple hops
starting fromthe Loophiterface chip and continuing counter-clockw se

t hr ough f the L : hi i | the destinati
LoopDr B g anele e B e 6OmEn a5 BBpRCE iRt DRANIPSH t he
other  LiaiiXtaiohed)(RsarB/  srak P@fﬁ@wsy ASIC Id®imdGuR buCdfdfeh! pins 3 &nbel N

general, in the Loop architecture, the unidirectional flow of data around
the ri rgonemigally adeaditpy sitgbsdrp.tlo neoshayplichéonsholimitaexists aiveir dhichwides
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The screen space boundaries o e are nulticast

L ) he pro&ected trian
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The individu i . I precess ar.e then nmade
Tnto D bt xal Bs EEtSis SRAGE 30 i e ietoh, RSy R RS o
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T 3 G TR RRTE A S R ML MR
LoopLi nkyith some number of attached DRAM, there is hard envelope around the maximum
rendering performance achievable.
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
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Pat h of a DrawPi xel Loop packet froma LoopDraw chip to each poqgiﬁhf 00
destination LoopDraw chip. Figure 4 shows a | ongest and shortest pa % o?
froma first LoopDraw chip to each of the rest of the LoopDraw chips that
Dr awPi xel | oop packets follow. The circular arc 402 represents a virtual
"direct path" fromtheLoopDraw chip 110 to its closest LoopDraw chip 110

that Dr | xel ackets fal.low ..The circul ar. arge .404 represen a

vi rtual %%ir’geg%‘th%?ﬁ%ﬁ“ﬁ”ﬂn%‘ Y Solgpolﬂle mfiwl %(eﬁgﬁ'lﬁg “ﬁi\'f‘ﬁ%SMpDr aw
chi p 110Thidelip BradkediKebith aepys peiatket & dnaloupit.a I6ifaRl chigpt 6. pr ef er abl y

i nvol ves nmultiple hops starting fromthe first oopDraw chi p and

cont i nuilFRpPiHedecerhin 1 Gaprplesably sludss & Hest Infesfape b ObhandehLpomknterfiseessar y
i i ' ' ' . T h { L Dr
ohi p 1100085 THE R/ PERIAMNIET Ba bahBEFARGn IEnREIIE, IRLIBED rOoPDr 2"

cl ari ty.arthitectire isplesdribet] in tmora\ddt4l béla. on aver age the nunber of chip hops
that a DraV\Pi]églllrF.o p packet, has to take is_ half the total |ength of the

ring. Asiml w's ae detaid ofip sigteen dioopReavpi Hushin snd Hap beemlntesfhens

their ad:hgbs t | ¥ d. I e
succesgi ve l%%ggﬁhéal%@%ﬁ'i gg%lg%ﬁ%%{% %ﬂﬁﬁ%nfsﬁpﬁggéﬁ#m o%lgff ﬁ?%{ggh t he
two LoophédllbrattaceddPRAM 1 K. dihg fitahe badifer islpmotitidmad/by hirpgylaot e § il afid,a

Dr awPi xel . packet ch LoopDraw chi.p's attached nenory .contains all the
camp! o Y5} SfoppDEre S BRUPEnGE 1f nReRH RO SR APLEIeAAA T Boch ¢ of a
nunber odrid. @OMRd@r&] tAS fl1Bd i ¥ixeMa MR battbRh&RhtbY whth piddl 'ilﬁefléavg 19 July

traditional 2d interleave of frame buffer storage. This i's how a 8
2006 pdrelangs kawhichdoepPrave clisp x dllso showsdi Figude 214 theipckaloopdmwdesp hamt i on.

I nterl egyi | | occur the nulti-pixel. l.evel ropriate.
ven t ha® P dBRitufla BbBBlerdpYor B kot el Bick i KA mb AN NP i .
the sarfploptwifideichipshed shownab skt SsRmadERnMHabivill bbgedeayatRtdres of the
current GraphicsPrim ttL%/g (in our exarrfl e a triangle, the boundary was

mul ticast earlq @mafize thepyreew aidigues) prd2.ithe Ens batliols peditisaedotions to
det er M 6olddel ba Rt ifteRBNS fitth@loc ARGy Au%cgg&qegfofe%@ﬁome” subj ect to

the conditional sanpl'e update functrion. I'nterpolation may  or may not

be per f drowpBram chips sopd to maxiporedid sdmpls fittphte, roviderpent thbagdes of feimegxanpl e,

: . . I I

Ibg gcn)rGrp&l 09 Isaunrrelr)‘ite ﬁllnlrtateertﬁe?nl \% z?tqs X&Jigv%gleoofn a:[ sqgglez g?a% cs %hi%osgrs)toemn?n e }:/e?mﬂg ey
- store is replicated in the local memory sub-system of each of n LoopDraw chips so as to

maximize the texture fetch bandwidth: on the order of n times more read bandwidth than

what is achievable on a single graphics chip system.
Mapping of Graphics Operations to the chips.

Host graphics driver commands to Loopluterface chip graphics driver primitives
come in from the host computer via the host interface on the Looplnterface chip. After
processing the graphics driver primitive, the LoopInterface chip will transform them
(among other GraphicsCommands) into a sequence of GraphicsPrimitives. The
Looplnterface 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,
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by applying a previously nulticast plane equation of Z. In. one1g@mpbgﬁ@t,
the color sanple conponent values are not interpolated at all, e.g., they

are flat-filled within a pixel or a portion of a pixel. The conditional
sanpl e update function is controlled both by existing on-chip state
val ues, as well as possibly additional control bits within the DrawPi xel

conmmand, h a nahl i n r, di-sabl ing.the buf.fer check d .other checks.
Goner at 150 o ieE ot el o B B aod P S st £ R ed RdtRingy 1)
gener at eht DBopntkefcO thip UsigisdRabhiREMimBive bmataad 1Y paticaapLsdpDhachighi p. A
Loophi terface chip sends a VideoPixel Loop packet to the first LoopDraw
chi p corfabecalled & graphigiehim’) unag adeadkbalansingracthadyp Other embpdigmentsiiser | eaves

of the f ff. C ri o the first video output pixel, and
sends th({tgg%ggltﬁ ?‘g{el{sl%?h&%h oljf)ﬁ[g&ﬁ)gi& LoopDraw chi p. Each LoopDraw adds

its contribution, and when all have contributed, the video output signal
| eaves a (possibly different) Loophiterface chip out of jts video output

si gnal pi ns. Hath ehaneash GarnhisCo ilog Porkes frogia boerlategfacs dup feeach

supported by Qbi'égie%ﬂt%hi%ﬁhmﬁf:ﬁ@ces of Looplnterface chips to the
ring. full screen anti a]l Irasing 1's athi eved by applying high quality

antialiasing filters to areas significantly larger than one pixel area of
sanpl es duri th rocess of nerating.the vid ut put signal .

Speci 11 cal |y sty 085 Gronees M aTars Al ShseHt TR CSEREISOp he

Mt chel |5l &¥A 4 Lodpihfefhcd & \td’rl):?sﬁ%[b RRHSHRRT JoBPrAY clipd.! T dRQRUEPUL

signal video format pixel rates. Path of VideoPi xel Loop packet from a

Loopl nt e¥0Raepressnisn vinmelilireal path hizom thpborrduiethéenhip Hoitobtsattosest t he

he i adapRe? EBis ATt Crphiolciitng Lo BEReR IR R AR S O

anti al i sangprRsKtgeenal tdRcifatid’ Vo @ee DodpitterfBdedihap 10 taity fudidest out put
i nterface. ile in this diagramthe same Looplnterface chip both starts

and fi nilxee®raw khingd Qe st pegash Graphicsogueang:lraopmackats followe 3B agiyd path
o ol ; O LNt e _ X t
bo ¢ e dhstetdbfy Bl Bk BAIEL AN AL o ROBLRNEIIACE A ahTc St MRS 1O

mul ti pl echatet-aloekwasnmilirpuglogs many ¢gthe Labvplorawodhip extecessaryarmgil Heentisechtion
simlarly to how vi.deo ou t signpals are ener at.ed ut. rat her than

eavi ng REDRFR G FEocBip  BF aethg Rewaes Lporiers Eohi PR BRt b aiing t he ri ng
a second ddpfRaw @h#pe afaRA Shdves fdr Aedak¥ of BlaBich of the (enabl ed) LoopDraw

chips. Norimally en this is going on, there are no new G aphi csComand
Loop packet s Note - in general, in the Loop architecture, the unidirectional flow of data around the

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 Looplnterface 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
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flow ng through the ring, so the bandw dth that woul d had been tlglggﬂy%ogy
G aphi csConmand Loop packets and DrawPi xel Loop packets is free an

avai l able for the texture |oading. The Vi deoPi xel Loop packets al so fl ow,
and take priority. Read-back of rendered results by the host conputer

Read- back of rendered results proceeds simlar to a read-back for

i ' i gnal. t th . | et el
Sl ciipBe BroERpLaN PR i REEER brlioiny “Hat f Ferldiurichistadedhne
resul ts @an ooriverted (lagetizdd)thed afh geadiRl pian ubREt Bf)prbfimmbbissixQut put

interface pins. (A so, sone of the real-tinme constraints of ensuring that
the vi cbedesibgusuahgnelndestermangpnhlightingst oppage to physical image displ ay

devi ces can Uﬁj?g I ansferring.to the host
interface.) Trans ée%rIl Sggcetbg’)%@ éaﬁ%ss %? ?fgerﬁ%%%e% s eo%mugqcaftoﬁ‘}nﬁ@%%&f} AHlaw

~ chi p cophef.odpBiaw etsipd, alomptwith the plane efpitio8lof ENTRE iddRedudl Pikeli @nbf&d by
Loophi te%f ace_ chip, and then get passed around the ring for each LoopDraw

chi p t o PePEehshagprprramss ataflen mads infsRiarwRixel Loop pagketsandgientout over the ext ur e
i . . : i . i N LI t
gt e Vg SPGB AL

al so in progress, ava exture transfer is
not | usdestitmiondrompDriyaniipiicithe oak kastatzag the p@miplel bstGisnomeathe, Lobppaddeso t he
consi der.abl e 82 2[9 ailulzﬁ-ngZOOG bandw dt orngiﬂl% al l ocated for draw ng.

| ndeed th&oRsuiedecallydndmevergnes ut gyse :}r{ﬁ’l’ width with the ring traffic
that is generating the video output signal. Advantages of the Architecture
This section describes the several advantages of the Loop architecture.

Two Chip Typdiathvgf a Pravixeldawpaacket fivot aLeodipporhifstordagh pessibl¢ destieatjorhi gh
end 3d gr aphiﬁosgD?r‘g%gcts, in one enbodi ment the Loop architecture requires

nt - cu

only two di fférent® Pom chi ps to be designed and fabricated to produce

products, with nost of the conplexity in the drawing chip. This is in
stark contrast to the much | arger_ nunmber of custom chips types needed when

usi ng conventligH&r* shewhadenaes aad sheiesppasti of frony wfirst heonDrghy abinttoreschvef y hi gh

b e e e R L

i mpl ement@esents a virtual “direct path” from theLoopDraw chip 110 to its closest LoopDraw chip
110 that DrawPixel Loop packets follow. The circular arc 404 represents a virtual “direct
path” from theLoopDraw chip 110 to its farthest LoopDraw chip 110 that DrawPixel Loop
packets follow. The actual path preferably involves multiple hops starting from the first
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 Looplnterface 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

30




wi t hout gl obal busses or long wires. This is because all interngg ﬁ“itzgm;
communi cation-is point to point, unidirectional, and over a short physical
di stance using the LoopLi nk. Massive Parallel Processing Available for
Shaders The nore conpl ex, powerful, and (hopefully) realistic a
programmabl e shader gets, the nore program steps and texture fetches are

needed to _execute progr.a bl e shaders W t.h singl.e chi p-based raphi cs
nar dvar e aBEaSeRr S ST Rtendd A 5omRrayy iR cEhic dnilemang evdl alr
based onoguf bR nimiBEE] Iéﬁrel%h%ﬁglmeﬁé. a given point of conplexity, the
nore powerful a programmabl e shader gets, the slower the overall graphics

har dwar e r enWéen tiep BrasPargldiopp pgeket raBghasdtstdestitation éoapdavwothip,dl thei que way
t hat the ifectu i s desianed to scale, .50 |ong as nore LoopDraw
chi ps arseahg’g%e‘g{tﬁp%a%&xggﬁ?%ﬁﬁsg "%]%Bla e%néﬁe\fﬁf@%ﬁ@% power can grow by
the sameGpipbRePliméivewid hewkanpl d eidhgb) thabbuhdasy #8y et cBeieduse a single
LoopDraw chip wll_likely be at |east con&oar abl'e in programmabl e shader

power t oSubjasktoRpsgibleinteaiolationgompatptioanter degermang theis veluppba particalamgghwle hi p
based 3 hj i tect
based oy QPR uiP el QNG5S (R GRLORIRmptIaRE o, TROBIMANGERAY| | 1o

one to tewmay uerte pefformgher o sdmpte cempondgt by karhpla BompHese b Fern a1y,
single ch ' re accel erator. Miltiple options for

i p based. 3d graphjcs hard
Host Con‘BL?{g’@!cmt Riligis igeplaider %E’?gwm@ ERTBPONES! e AL e 60TBRIEd ¢ hat
anywher @yPashifiidh & phARRISIY BUkRES pldnicQuiif d17. BOSHd LAREMER. AclSlePd! &) riNng,
two, thrée, fouf Or noré Looplnterface chips can 1nstead put Tnto the sane
posi t i orsainple tmmpenent (Biesgkehotintepol Scdaalleagh tHeyeapd fatefilicdoritiihiapixdbas it

own dedi cat ed,.host 1.nt ace, ...t 1S eas ui |.d even single ring Loop

o ohi t ect aHeTigs Skab I ThagHkoned Sl ot Bitchin §<6nralat ol by SRsERE o

nul ti pl eorlPelsp sReRIE! £ wdlhgs pRevBdRanhh&IntblbEs #ithinithyDEIwEgt 0 Loop

architecture based 3d géaphl cs hardware accelerators is best illustrated by
a

an exanploamaxh sidhes caaliigandifapling thepubutfay cherk andethesthecds gr aphi cs

har dwar e accel erators that has several very powerful conputer systens. The
nore powerful a particular conputer systemthat they have is, the nore
useful it is Gendnation of Jiegroapiut signslesour ces directly connected to that
conputer. But the nost powerful conputers tend to frequently get assigned
to performlarge batch jobs for a single project that can ran for hours to

S?Zl ° a 2 ti GeneitfonflstrOfmd HERS 3l Of1 fRABRVhbLid2E etiul LighaGH ve 3d
originated by a Looplnterface chip. A LoopInterface chip sends a VideoPixel Loop packet
to the first LoopDraw chip connected to it, which then accesses the sainples in its
interleaves of the frame buffer that contribute to the first video outpuf pixel, and sends this
partial sum on to the next LoopDraw chip. Each 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 LooplInterface 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
ELoopDraw chips, and back to the original Looplnterface chip.
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i ndeed many such jobs use interactive 3d graphics to exam ne thegr bb 6of
the large conputation after it is finished. If a very high end gdﬁgfap I CS
har dwar e accel erator could only be physically attached to a single
conputer at a tinme, the 3d graphics hardware accelerator would be
unavai |l abl e for any use while any | arge non 3d graphics using jobs were

bei ng run. Bug. t il of e op.akchitectu based 3d, graphics
products to u%ﬁgﬁs/eisggﬁ%&gtptag@%a&%f%oﬁg?&%eﬁ g‘OS%R?)%F%&EO%? pgrt{oplr.?g, even i f
only oneLeplituifece dhip faké forRmtiMsingSmdideterdtich & APHES Suthar AW & Acwe) er at or,
the 3 d graphics hardware accel erator can be fully used even if a conputer

has beerPiPEdnistiace. Momlegp s diageres thespmg dwaringerfagaichipdwiingtetts ansk niyhes

Anot her i ' ' 0..connect. t.qoget her
coveral EfprRatafortht bideh &rosnghh Y184 BRE bl i Reb G pi e

accel er atanpnterfabesthipsaloarne hiartorbenie) santestysical éhip.ace(s). This all ows very.
| arge scal e 3d graphics support systens to be built, 84 19 July 2006

i ncl uding those that may support up to a dozen or nore high resolution

physi cal i magge s RInf 1@ Fonftenibitn SRMhe fulliple &éﬂﬂ@ﬂ%ﬂ{}%ﬁépﬁeg o have as

many separate but connected rings as you have separa resol ution
physi cal inmage display devices.) Such large scale systens are actually a

common requi renment. of .high end,i Si V. rojection based virtual realit
di spl ay sgst eﬁ%“%@?é’&ﬁgﬁ'ﬁﬂﬂ\%hﬁqﬁgﬁﬁ S%ﬁf]g(lt‘%!l?ﬂh”)‘fl‘?@&ﬁ&ﬂt@%‘fﬂ{sﬂf@h Qual i tyy
Super s argghéﬂa&dm&erﬂthéé 4eR iéabﬁ&% HRENES Fhehb&fpletéaltetpyxdl SBLAH ESntRNLEs

supportable by a 3d graphics hardware accel garafor when that system can
support #oyngdrthering aisesond ftinesiopiealsppited pocally in Eichaf than@nddedriawpDiay t he
support | i ntialiasi filters. Becau of t wa hat the
vi deo ouc?‘i HDSPNE%% I 1|1é51¥ ds é ﬁ%llggg’ %grc?naée P?lge‘?'icﬁﬁl,’ ?Sﬁmgnﬁc{f?oé’ ‘é?k?té
bandw dtﬂovafﬂglmrﬂm@rthahngrmﬂsshﬂlﬂvidﬂh&hg&mﬂ&ﬁadBééhitﬂieindﬁyili_?g filters can be
vi deo out put signal video format pixel rates. The feature of

lied at
35 ﬁa?nec Fraes %%IFIEIPCEEO‘H? prskets and Parwhixglooprpackets isdterandavgilableotor the
arch  eabiiRlodding e VSRHTRY 139p pAALR R H&Y, SEWMRIpRRAL! ! Ons are not a

sinple rectangul ar raster array, rather are poi'nts along a locally
controlled spline curve, then various video i nage correction operations

drop out. If fhe.red reen, and bl ue_ pixels are resanpled using different
spl i nes, thg?ag'\?é‘ﬁ(8?1’%8&‘3?4’663&8%W‘§Fih8ﬁtcﬂrf§¥1Wti ons can be corrected for
in the proper pre pass-band space. O her effects supportable by high

sanpl e densities include various forns of blur
Read-back of rendered results proceeds similar to a read-back for generating a video

output signal, except that when the completely assembled pixel stream reaches the
destination Looplnterface 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
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(motion blur, depth of filed), special dissolves, etc. Mltiplegg juiv200
D|fferent|ated Products Possible with the Sane Tvvo Chi ps By intenti ¥1 ﬁ
design of the two base chip Loop architecture types, the Loopl nterface
chip and the LoopDraw chips, allows conpletely functional 3d graphics
hardvvare accelerators to be built using different nunbers of these chips.

di al _products an_be ass th the two
ch| ps algnlﬁgﬁ&hn? hﬁﬁ%}“’ﬁ %‘é :f%rncira\g]fn 13'1%? i (t,?ﬁtg%fe%@ﬂggmsmﬁ‘? WelrEterent PC
board delsingwidth vathethe eiggiraéfit thex ip geskisengthé Viles dhipat 88nalpr oducts. This
ability to rapidly and i nexpensively comrercializée products with

differentiated cost and features is an inportant asset in today's rapidly
changi ng markets. Conventional nethods for designing 3d graphics hardware
accelerators usually require changes to the main chips thenselves (at
great expenseAdvaneapgs nftheiArghissechrei me to market) for simlar narket
flexibility. 85 19 July 2006 Even with a single 1U or 2U racknount
packaged product, the ability to attach nultiple G aphicsSlabs together

wi th exter nal Tigablgisn AkdPnes {h‘é se%@ﬂyad%&ﬁ%og ﬁ%:lédé)g%?@}ﬁfe o, TRy Dbe

supported with no change in ase har pports Very Large
Amount s of Texture Menory By attaching | arge nunbers of DRAMto each
LoopDr aw chi Pr gg‘/ assigning different areas of the texture to each
LoopDraw chip {7 e to do for volune textures), larger internal to
system texture maps can be easily supported. Certain terms used in the
above di scussion of the enbodi nents of the present invention will be

expl ai ned i n WhHe tetLase aschitegiuapsippertehighend bovermhighAnd ddsgraphiesd i n the

definiti [V |icatiagn, sof.t

direct| gc(lz)]’ir?ffrtlseE‘{]&H3 egﬁgg]}%% %g 3 pdvvﬁﬁleécglcrgg TRPEY [:ﬂ &ngl\ﬂ ?ﬁa?HStﬁﬁ‘o‘i%l‘l? Sonal

pi ece ofto bladsmgmaallmdtfelfnca&fdttm@f@ucapgfdaﬂbIxﬁﬁhﬁfobﬁlcﬁfthe tdiaplekifpinagNt s one or
nor e co ut er i derl ng APls, is interposed between the

appl i cat %an ngg’é 1%1H’(Ft é"’@‘fr@gm the mipchdgaeienumties of ewsiara chipyiypes

appl i catje8fedsoh t I t he
sgl‘o t war 3 elenterf%l\g%hﬁgt%&hggiﬁl ?fﬁﬁéf%&? %h&él yﬂgﬁng %fth% K ggg??%elﬁ y the

conput erengBdgviphscs magkieter i ng AP, to the graphl cs driver software. The
graphics driver software treats each of

All Unidirectional, Short, Local 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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these subroutine calls to it along with any data directly or in%rﬁﬁ*gﬁ%
associated with the subroutine call as a conmand to perform sone rendering
or other computer graphics related task. The graphics driver software then
may translate the inplied task into a formthat the graphics hardware
accel erator can understand. This is not to say that the graphics driver

sof twar e t ] V. te.of ta _sent, by the | i cation software.
Some agh e ol SR BF pRSRt ot Bt y AN o5 oo PnsERBmaiR BERUSTR it o
areas dogiggls LoopDidw ¢ldp will tikelpeasleast diBiparable ifiptSiramBRbR SRR Gowef fover
software may just pass these pointers on to the raphi cs hardware

accel er ah§ 54 graphicsrendering SOWSHHARY fCERtCGIPRITY él@gh:ap%mdmsgd 3¢ exphicat or s t hat

d | f | Skl L ' ry of the
oot *Conui b MREtoRIRE Dok ooBlardtlutd ibed Syldhs Mg, 32 BEFPRY 01,
mes s agesmoredatopidriny chipe wiljliaphilcise olid toewo veddrs\af ma@stuilé nior@pewehed Shah

comput er graphi cs rendering APl call into a message that the graphics
har dwar eh&S Wﬁfyéﬁiqmwgﬁ@.g@@lcﬁ@%aye selsTatdthe graphi cs dri ver

command set of nessages is sub-divided into two non overl appi ng subsets of
nmessages: graphics driver state and graphics driver primtive. Note: The
three terns g¥aphlesptimsferHow Gvarputer duterghimost dr i ver state, and graphics
driver primtive all refer to sets of nessages or packets. Wen referring
to an un-named nessage fromone of these sets, mathematically the phrasing

shoul d be "a TRSEaFLartHi R RR b Sneddb N anFARIBAdiHRSEa I e Rhce DUt by

convention the clearer "a ?(aphi cs driver conmand nessage” I's used to mean
t he sanechilhfarche ppsitisned in @tsingle) ringatveo, Three, tfoumargnerp fioopinthrfage chips aare ref er s

to the f.qr lcs driver .co d ssages. wh e ssages
change gi#a?r%&d? ﬁ;ntrgéﬁéé%r}:er%o%fogt% ,thebs{j“afﬁ% ggnﬁlgf n{’%g&l Ceﬁ??’gi EO@%@?%B metric
gr aphi cshaptit ovd dedécat@t hadt inegfacy, iCBUASy RIBnilddsed siagielringdde akdhgtedtird Ni S
tinme. a }. s of. graphics driver state nessages in _sone enbodi nents are
those t ased 39 graphigs, srdppreciseepratasy thabeangoanest tq multinle heshpompuetgest Ehemat i on

o aphi o e RORLABART uiyeRte Lo wehilichRl valoh o8 SrBM ARkl )5 (o the
subset cfcglempshs tdedhrillugratabimneanekampbs Cageidenhasatifie rhaputims aabesr speci f y
geometr i3% &5&3&' I?asrd\%rie rzlljcéeilevrgt%rs ﬂgt/ I sg\irerraq (i,tel.})’ powerful computer systems. The

more powertul a particular computer system that they have is, the more useful it is to have

3d graphics resources directly connected to that computer. But the most powerful computers

tend td 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,
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cause any additional rendering at this tine. Exanples of graphiqP‘ﬂ§i§566
primtive nessages in sone enbodinents are those that specify all YFee
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

har d I ' that is. the,. bj ect t.hi i nventi on.
Vany ¢ ol e o B Vb5 Hp 5o 4 BBleme? oG pieh Wbt GomtibSaimei cq w1
be used displapdetic: dthhssamim (A gdydtfi id fodfave h@m@hlj? 3 atd PMRBhA&Rd fihgst S

nore conpl ex topol ogi es. goes beyond the topol ogy of a sinple ring
struct ur%,yOBE’[aV? PF'é’a‘ff’g‘? high sesglution phsies dmage Sﬁlﬁ%ﬂ%@sﬂlﬁl§ﬁﬁg®ma®i es as

wel | . ' l: fers 1o any, custom
chi p 1 ypag Rttt b och e Ko Rarktf RIS IRHife BB Elfy el Mt

ar chi t eakalitg didphrysysteminijOavesBhind VirerabPartals™)0 Loop chip types: the
Loophiterface chip and the LoopDraw chip. OQther enbodi nents coul d define
addi tional and/or different customchip types. One alternate enbodi melnt
explicitly dedy ' I t : ines into a single
cth nuchyofq%ﬁgﬁﬁﬁﬁg?g%ggw??ggggﬁﬁﬂgﬁﬁagﬁﬁgﬁ?g%ngganed in the two chip
type enbodi nent. LoopLink LoopLi nkhi putPort LoopLi nkQut putPort The term

LoopLink refesrs to. a.speci uni di rectional, high speed, Loop chip to Loop
chi b data | ncevenhERERaR T AispHRE: ot S gRoRi bR VBEARSHEEy ¢ vo
speci al wiainsh&fsystemadadatsioresiatfe MAshel bF YA HeANS pPREAGE NG fAWhdst RitRe
I nterfaces: the LoopLi nkl nputPort and the LoopLi nkQutputPort. The LoopLi nk

i s used supperf ahlkigh guyiy ketidiasing ddices. Beeawsonbthe oy thaiithe videmoatphissignal isop

hip. | ' ransferred.over .the LaopLink shoul d by
;r Iolto ect gg%ﬁ%@?g ﬁ%ﬁ“ﬁe@%qﬁégﬁ%%ﬁ%&ﬁ@wtﬁ&ﬂ%g%ﬂ’éﬁ I’F?Ff'fﬂggh?r&ﬁémassi on. If
a Loop cintiptidsypefilicss tan treapplibe at iddeodpingsihbddedformansixeiratcherdeGearade ri ng

defined by the Loop architecture then that chip type supports
Z: ' Fg;g[o 2 a@%tmngqggp%/igi:ngglmps n%turalfy out of this sort of video architectuee. I¥t€1e PP

resampling raster pixel center positions are not a simple rectangular raster array, but rather

are points along a locally controlled spline curve, then various video image correction
operations drop out. If the 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
Looplnterface 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
cither 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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counter-cl ockwi se LoopLi nkQut put Port and a cl ockwi se LoopLi nkl ”ﬁgtﬁﬂ{r%Oé\
given Loop chip may not always be in a state where it can accept an

addi tional Loop packet transmtted to it over its LoopLinklnputPort. Thus,
part of the LoopLi nk sub- system should include handshake signals where a
first Loop chip that has a Loop packet that it w shes to send out over its

LoopLi nkQut pu re. opldi.nklnput Port of. a secaond ,.Lpo hi.p can
known ahead oﬂ? |‘]élrleﬂrllgfq fn@ﬁeeﬁg ﬁ%ﬁ{gaikgg 0 R?%a esdgpéliwg, tﬁﬁﬁblhﬁ'@a@??’ﬂ)e wher e
it is rmalipld CraphieSMbs Rgbhe Wb RxRaRkeibl@\Elowsitsr hadPistigh nput Port. In
one enbodi nent, the handshake protocol gates the transm ssion of a Loop
packet §ondigurabipAYmaY e sumeried kvithapshanesia the basgbprdverskprodugtpe. | n anot her
enbodi nent, Loop packet types may be broken into several different
sub-groups of Loop packet types, and the 88 19 July 2006 handshake
protocol woul suppods daieLagpdmdwelyof Texh@adlenadryt hese sub-groups if a Loop
packet with a type that is the nenber of a specific sub-group of Loop
packet types would be allowed to traverse the LoopLink. Looplnterface

I n
one enbodi ne [ ' SR A I glﬁg:]l hp, i .chip with
at | east onQB %g{é%&?%%%églcﬁgi b?%rc; connggﬂt%iér%ﬁ{“ é a ag;s]dth?%gﬁrr%@f gér%@l armd at

| east ondffeanhtress ofdhotsktirs & tashflobpREw phip Reatonabid tode farlvohltié Betures),

LoopLi nkl nput Port,. 1 n some . enbodi nents, .the Looplnterface chip also has at
I eagt ohgré%f Hpaeinal b SYRECTR APREpLE RS C@%Fﬁﬁasflﬁég@%@Hventi ons, in a sinple ring
most al | dat aCeviih tbrink QYSdGRAYRS Sove UREKWIcHELT tRE %U&hiﬁlgﬁts%f%'p‘%esgfnf Loop

chips. The specified direction of flowis only a convention; ferent
enbodi ndpventign vl bsexplained i pentedelvt.i ons. Not al | enbodi nents contain
both a clockw se and countercl ockwi se LoopLi nkhrput Port. On the host
conputer, graphics drivers generate graphics driver commands which are
sent over  t hegrbyists driveecb@fi@nd o a Loopl nterface chip. Upon arrival, the
Loophiterface chip processes these graphics driver comands, in nmany cases
generating a nunber of Loop architecture internal nmessages to be sent out

(£ om he Lok megachy R oL Ly B gt BRLIAGER 1 © 0

| east orrarcly digectlrabiastedvd grephiss pprdivarteaicoai eratoir.filsugllg en additioal pwee of can

send a eorsé ceo%pqter\go engéi, éeglrap & %I%Qree:rs, th(g;tlfl }mplements 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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through its LoopLinkQutputPort around the ring that this LoopLi RQupgbbert
connects to. In the sane enbodi nent, a second stage of this timng
generator can accept in through the LoopLinklnputPort a stream of

Vi deoPi xel messages that have passed through a ring. After normalization
by the reciprocal of the summed filter energy, and possibly post processing

of the pixel / rection, additional video timng
consi der at i onggéiélg?@g% %ﬁ?%@ﬁg%%g%gpds@h%ﬁﬁggﬁﬁo ?"ﬁ%n‘flﬁossi bl y
post - pr ocestappihgpubsets cfatdsapes: @iphidialrivepstateiang taphtsdBiver MidRReOUt put
signal out throygh its video output interface to be connected to a

physi cal NPigadte Biregtenys gaphisedriyes cammangsgraphies duiss giatee ped graphice diikerno

restrictin; hxel bot.h_origi nate
o t ey i AithR A b LS SFPIINE WHERRSREER O 28 bG8t Rl o0e 1
one enboloment ob fhestsets, meatheniaicali ithe phegsPreashonldite “asnasdgedrors Mapriptis a

| ocal megr sub- system attgg?heg toit, and Cit | east qne counter-cl ockw se
LoopLi nk&WNSH GPBERY MEspeE S <11 NP%‘@“EB%QE K7D Graeerhics driyepprmaand di nent
this |OCﬁbssg@mgﬁsﬁqBM%aﬂeﬁhﬁlgﬁposed of DRAM chi ps, al though any

suitable menory may be used. This [ocal nenory sub-system can be confi gured

to store nore than one of several possible data types. One possible type
is frame buffer l‘glkx&rl%) antdior frame buffer sanple storage for a sub-portion
of the entirée™f? i f&°  Another possible type is storage of a conplete
replicated copy of all the currently active texture nenory. Another
possible type is storage of a partial, potentially replicated, copy of all
the current | yThdermy graphies drigerftatorsfers tohstshieset pbgreplicedtiyeseomsnastior age of a

conpl et (T f r n- Y ext yr mory. Anot her
possi bl gn%%%gi‘iﬂog% gﬁgg%r %Pssggésocnp%%%/%q%?& ar ﬁ%r#gpsga;{%fb&ltgg P%%F@ﬁ‘?q‘é?f copy
of all tspecifugeoarsttiy gaphicy prigitipek ay diré@lyaudeng agattivhglubaderBhogiigat, t he
LoopDr aw, chi hog.s t hree, conputational, responsibilities, The first

conput at Iiﬁlﬁﬁﬁesr SHahagsisiiver sfate angssages jn someaphodimenis protthosedp sst ther ocess any
G aphi csuaehRon Irrhdtid 0P| e at
identify this paF??%&Fgfgﬁgig% chip ads%m%ltﬁlzadg?(%f h}e&%ggfﬁgﬁgﬁ{sﬂéof t he

G aphi cs@onnteandialisstamplilberthet . This processing may cause both accesses to
the local nenory sub-system as well as potentially cause this LoopDraw

chip to create and send additional new Loop
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.)

87




packets out its LoopLinkQutputPort. These new Loop packets can ggl}&i? 6
DrawPi xel Loop packets. The second conputational responsibility is 9 it
accepts and internally processes DrawPi xel Loop packets that come in its
LoopLi nkhi put Port that identify this particular LoopDraw chip as one of
the destinations of the DrawPi xel Loop packet. This processing nmay cause
accesses to the | ocal nenory sub-system The third conputational
responsibility is that it accepts and internally processes VideoPixel Loop
packets that kepechigh its LoopLinkl nputPort that identify this particular
LoopDraw chip as one of the destinations of the VideoPi xel Loop packet.
Information wthin a VideoPi xel Loop packet and internal LoopDraw chip

state define i hthe current| i ned

antial i asing %{%@%g %éfeésg‘%a%&%i@@} eglsgin (ga%}?%‘t(gﬁ{le has an
active amplemettationvd th@L@crp/arglmwemré iThtoae emeadmeng@mé areAwdRRpichip LoopDr aw
chip owns Hd cont al s in its |ocal penory sub-systema subset of the

sanpl es WPESt erfarg chippnd the Lpertorawrsdip. Quhensabodimentts eadtlefinet hat ar e
both wi téaaﬂlohmmr GHRrE o] Uiy RE ONERn R, é-ylﬂﬁod%e&t Lptibiliy 8 %@ the

current filter center polnt and are owne a speci Aw chi p
as the cuwhy a singleichip type ﬂlaV\h@nbmeﬂ_mmstmglemmmﬂdsbf the ﬁ.maSnzﬂxtyfbﬂmelﬂvéel

Loop pac ns that t ntlallasmgfllter is applied to the
contri bLf'Elf egg?‘?’t“otﬂ‘e @Pm eﬁ’g?(ladﬂrg?n convol ution result. Specifically,
this processing may cause the follow ng conmputation to take place: 1)

Based on the specific filter center point, convert this into sanple
addresses ugewphdiikch can be performed read accesses of the local nenory

sub-system t ecific sanpl e conponents, 2) Generation of
convol ution g@%ﬁ‘f}}lﬁ%&)@%éssoci ated with both the cur-rent filter center

poi nt, and tHeopammOaitpdRati ons of the sanples identified by the sanple
addresses generated in step 1, 3) Convol ution of sanple conponents read
fromthe |[|ocal nmenory sub-system by the coefficients generated in step 2,

4) Partial s gﬁlpﬂogghgﬁ Rt 63 Hsphia niect 'am'gHtg%%a L‘Mog%gfpg? IRgh", ﬁ'g ‘o

results alre contalne xel oop
t he Loopfn;ai/ata:imtqysoﬂn@dpm mi@mhndnﬁarttthé heopliinle 3Rupedrted bgapoppedigltsesiorh t he

parti al ul.ts r.epl ac th the one conputed in step 4. Note that
t he par ts{ ﬁ G;@ SIHV% ‘?B‘T“\ii\ga@é‘gémﬁﬂ -Rupiptertagess dhe LeqphinkinputPerh and ur r ent
LoopDr a\ﬂl@nd)di)]‘_,nlﬂ&)&tp@tpf)ﬁrst LoopDraw chip to process the VideoPi xel Loop

packet .
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 LoopLinkTnputPort. 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 LoopLinkOutputPort to the LoopLinklnputPort 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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A LoopDraw chip may also fromtine to tinme spontaneously generayg wzéggd
out its LoopLinkQutputPort FifoStatus Loop packets, based on any of“a
nunber of factors, possibly including but not limted to: the anount of
free storage remaining in its various internal queues, |ocal paraneter

val ues set by previous G aphicsState Loop packets, and how nmuch tine has

passed sj LR thi aw._chi S sent out . | f oSt at us
Loop pac{}eg. z%l%%é&%éélﬁ%{iﬁgf@%?ﬁ%ﬁ%ﬁ@h OfE Fi‘gp?fg@%ﬁe Sﬁ@'ﬁ&%’é’? ét?a %?Wﬁ?tncl ude
some  appithpriypd tanialsemembér dfiespedific wib-efRpef Lobp Eﬁtﬂ(e’[ 8pad whild®et hat this
parti cul LoopDraw chip is.a part of Note that this nmeasure can be

conpl ex %W%ﬁ@%ﬁﬁhq Litkk  connections are included in the ring

t opol ogy. 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 chLpopmluterfaee LoopLink to a second Loop chip as an atom c 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 refeitd smbddgha b ARAnt R é—p&%n&gﬁ { i

somewhere el se needs to be sent nout FmT e 91 1 %ﬁlcﬁ%%é‘a&hcrgﬁvﬁgg chip
wi | |t helsagond hpstantedfaqs foncimeiecting toavtest ¢ansputerppld ath@st et dantert o 't he

LoopLi nkhi put.Port af. e _secaond .Loop, chip.  The second Lo chip is the next
count er-ag%)%lﬁﬁ\j‘g%&ﬂ}%@_ngﬁﬁ) rtiaﬁdtoﬂﬁell% @e@@mﬁgﬁp&ﬁg.ﬁ) € Loop chip. In
one enboghB&Ritneats, thB®oopMweft: Sip alshfas- AABINbAE (id6S oPlPiniBMcé NSt ead send a
Loop packet out to any of its several non-local output LoopLinks to any

one of aHenEsse sopientiens; icesioiplqring mosi-allstatd wowld flow ¢ovofsrichickwissacket
e g S S B TR IEHTS o S
i ncl ude dififetent ambsdimichoeanahogadiRelen! @igtdtions dest dlNahbddiiméits esrtEhieMh a and
el ude Qo GRREIEH U S CRmBRHEN B ect o be drawn, or & pixel to
be sanpl.ed, 0OfnghIMHABCRMIAY EraPhitslirit@s GHIPAE bRpARS ATPLYcommands which
are sent over the host interface to a LoopInterface chip. Upon arrival, the LoopInterface
chip processes these graphics driver commands, in many cases generating a number of Loop
architecture internal messages to be sent out from the Looplnterface chip through its various
other interfaces to other Loop chips.

In one embodiment, the LoopInterface chip also contains at least one programmable

video signal format timing gencrator, which can send a series of VideoPixel messages out
through its LoopLinkOutputPort around the ring that this LoopLinkCutputPort connects to.
In the same embodiment, a second stage of this timing generator can accept in through the
LoopLinkinputPort 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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G aphi csCommand The term G aphi csCommand refers to the set of q?IJWQ
packets whose type of Loop packet may be created by a Looplnterface c
as a direct or indirect result of processing graphics driver comand
messages fromthe host conputer. The G aphi csCommand set of Loop packets is
sub-divided into two non-overl apping subsets of Loop packets:

G aphicsState and GraphicsPrimtive. Note: The three ternms G aphi csCommand,
GraphicsState, and GraphicsPrimtive all refer to sets of Loop packets.
V\heR r ef err: lnlydnﬁemb:])dnmm ﬂtﬂgdm‘fbnﬁgﬁk}fﬁdep@nmeiEdﬁ a}l.h@ﬁehj &fith a local

mat hemat i ca e rasi ng, shou e "a Loop packet fromthe

G aphi cm ¥ %@E@é‘glﬁ%fefm, atdgast pye eammicgretqekpised wop Lk OafputRort

G aphi csfammRRebokaR I%‘?Eﬁﬂ(hl u?Pdfﬁqgoﬁ(ﬁemg&ﬂﬂleﬁ this R +Qh§gf'sum%§émt IGh
is a superficial resenblance "between the sets of possible ssages sent by
t he hostis composedrof ¥4 Meanhépst althidugh gnpplitabde hemdanaey beaeder at or: t he

hi dri . d hi dri t , d hi dri
ar it ve. mes Uyl HRROIbER el fan s sSRfBHEN etk ke e hseiiay a
Loophi t gick@BR dal fpest e PoRblE efeqs TR bufier ﬂi%el‘]a&'lh%r%lodﬂl@ buﬁe@%%l']eéié St at e,

and G aphicsPrimfive Loop packKets. Wiile there could be cons abl e
semant i cérrge B gishbrppitionrpfsheentire fratna bufah ddiothen possithé type ss siomge efpui r ed.

| ndeed, | . di e he singl e..host conputer graphics._driver

sof t war eéoglé) ﬁg ¥%’h§|£€§§ F%pyg&ta%”%g §uﬂﬁﬂ8'\f’§ HYg, f"?‘mf? H@@Oﬁ% s’ﬁg‘t@gﬁ e H%Fquﬁ\B(Bed in
turn causstotagk@0ppaitil, fpatatially feplitited, U8y bPalg@RRLALAY AHPe RxtilR hfemory.

G aphicsPrimtive Loop packets, but al so generate a nunber of G aphicsState

Loop packiqtkerpesableityraiy stormas of acemplamer paral copyief crepptly ssfctivg textwee Loop

acket i I i ' t he hiterface.
i b al hemBRT A poslo (PER FBRESH: od 808, FRRANIEY e MicatelRay

f or mal | yfatlehadsmnttymbiévesdigflay igs. G- aphi csConmmand set of Loop packets.

G aphi csSt at The.term hicsState refers to the subset of

Grthi psOom:[H&H_aHlfﬁ?aﬁgE%a@w% %gﬂ?@“&@r"hﬁbé"ﬁt EkerRUEhantie or nodify
render i @%p%hﬁ%ﬁitie&@he%st%&nﬁ;%%ﬁﬁlrE%nsiﬁﬂlﬁfisftMﬁQ? t§ hixd 'Eé?ﬂﬁl]f's :

primtives or directly cause any additional” rendering at this time.
process any GraphicsCommand Loop packets that come in its LoopLinkInputPort that

s

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
bas 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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Exanpl es of G aphicsState Loop packets in some enbodi ments are i§Qffy bho6et
the current color, or set one of the current transformation matrices, or
change aspects of the current antialiasing filters. GaphicsPrimtive The
term GraphicsPrimtive refers to the subset of G aphi csConmand Loop packets
whose nenber Loop packets specify geonetric graphics primtives and/or

615 Dt 0 A A PR MR

GraphicsPrimtive I'n sone e t fat specify

al |t hr eeonidinitingesst. Wigdn aledopDeaw chipi i lpfoce®s DVideBPRET Bsbp shcketsi@ci fy the
two vertices at define a L&i ne to. be rendered. DrawPi xel =~ A DrawPi xel is a
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type of Loop chips that pertormany processing on

Dr awPi x etiak¢ plape: Ja Blasddson the kpecifiOfltdDedtet yoiRf) @6nveirythBIntdfsalpiadabisps
primaril rocess t.he ‘irﬁfUtiE? and destigjatiggg I nformation I n DrawPi xel

Loop paciiepsvhich caphep eql Fead ageesesn of Shedacal marpony sukgyens fo ebfaidugh any of

or all odpetifie sataPRRIkIPOEMD WY Eﬁh&rﬁﬁ&ﬁ" 8f cdn61utibh '9? éﬁ)@ieﬂ@}é@sogagem Pmllfoop

enbodi ment, the only Loop chips that can initially create
packet s the sutrerdgitienventérinont, and the eanepib bebatiemstof thdraawisidentifizdpyphe ket s are

created Draw chip .on a direct result of rocessin

G aphi cs%pi% %@%S?_So%eﬁe‘ﬁge@@f tlhg)( 8%‘(%‘%5)@&’?%?‘88 ﬁ?é}?oBS’PtF F?é‘ag@g%ﬂfoopu aw
chi p. Thecalesdnidtgsi@Bystéth O MR éoidiehts PehekRQPIRAGKEY) PeAREsuRh AP Xel
Loop packets specifies which LoopDraw chips are'to process this DrawPi xel
Loop padhetesulisoifhe consgheimneith theresiafresuitnalready compioedrin the VidePembci f i ed

by an i ang [.xel. [ es nd. .t d I natjon Loop
chips are tHe c%?\t_’e or%r%ggﬁgc@)%%%r%g)\ﬁp R 4‘%§hlp ﬁggop%@ﬁ?%pﬁt@gﬁge g’?éeé??}xe f
sanpl es LwidphiankdtIvettsthe phitiabrtsylissalue replaesiobiie theayiedinparl in k36 4. H8gt i nat i on
i nfor nanéhor}hi sﬂ_g ]ror‘ul tli -pi xel region of screen space. In yet another
enbodi neft! ©PHEAdES ﬁsr?atll@? Eﬁll_rﬁ“eﬁ? ResOmsiFapes sualiy ifghs eyrrang poepDeswv dbp een
space. |ifd firkd LARPVIG chipaBDAsieEnt Vi&éb%?egto% Qéi‘ﬁ%{. | nation Loop chips are
specified via a nore general Loop chip sub-gr on abel i ng nechani sm t hat
i s not directjoeplBtsechipmay alsedrom Hiderte sisesspontanecusly 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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DrawState I n one enbodi nent, LoopDraw chi ps maintain internal (?QﬁNEbOG
state data that wll 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 mai ntained per LoopDraw chip. OQther state is local, with a
different copy of state specific to each possible source LoopDraw chip that

1 ght ticul hi f stat
o o TioL B i Sl dadYeia BT gp kB PRI ¥ Bk OO O ES o v
chi p hasLogtldnkinpetitoitiodthd secori] 100vp ohip. (The sdasitlivdpicBipSs e rbxt Bamidreul ar

Dr awPi xel, Loop Eacket that it has received, and khows that it should
per f or m clegkEse, Laen.chip iy thsoqah sng Simethie dirgfLoopehm: Anmownbadiopntpdtheet , it

does t hi e ocal

i nt ai rgd e ped pteer S bl scrdh BRI OIS R BE o | cast
one of thcﬂanmputdabnghmtwmiy&mesaf ankehts ]Iocqbﬁltas’ademwﬁlﬁoﬂ-hﬁbl inp®@ nt ai ns
state data re e| ved as DrawState Loop packets received fromthe sane sender
94 19 J LoopDraw chip as the one that subsequently sent the

Dr awPi xel Loop packet that now is processed. This |ocal state data context
(of sending LoopDraw chip specific information) may include any

i nformation mwgetslm@eno determ ne a candidate set of frane buffer sanple
addr esses (and UEL associ at ed sanple | ocation and sanpl es) owned by
this particul & 9513 aw chip for which a corresponding set of sanple
conponents shoul d be conputed by this particular LoopDraw chip. These
sanpl e conponents will then be used as one of the inputs to a conditional

sanpl e updat eThadast whingnLeqrepaskefys éwahﬁrletgsf,wamsawm grioup keepacket! ue.
W ch_copdit Qa3 AAELSHRE T LRT Lo R APRLLER TR 50 e par

of the Tocal "data con opDraw chi p

speci f i alestimtiah m;‘toahetlcdﬁbm t}@lt'ﬂidsec@dd)glﬁﬂp QrpaakekQ@ﬁylbsdﬂvﬂﬁclﬂﬁdeﬂenat 1 on
LoopDr a rm ne this candidate set of frane buffer

w ¢hi necessar C‘(Pi‘e
sanpl e imhodkued ma et 69811 IR{OPRRHANA g COMETHT FRIETtiMbE Sropms ava pRElo
i ncl ude%etgaﬁ%gdsglrgeﬂae@g%g Ql%)é&:ngﬁ?ecéé%&ﬁﬁ point locations that forma

triangular s aped regi on esarrp ocatlosvm'thintheinterior of this
region are eligible to become nenbers of the candidate set. Additional

| ocal state i@lf Oﬂlcs lon my be present to

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. 7

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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di stinguish the inside fromthe outside of this region, and to ygsg) 906136
cases for sanple locations that lie exactly on any of the three e g%s 0
the triangle, as well as tie cases for sanple |locations that are exactly
the sane sanple location as one of the three screen space subpi xel
accurate point |locations that formthe triangular shaped region. Variations
of thes Tpaal b Al rul es;.al so . e present
for li n:GTs gnentt%ge?%daﬁfa&)a Clglélgllél Ieﬁfnbg&’ eé%eg%ﬁm?%% 55 ,Cogﬁill?ea(fopﬁfgag%bgot S,

| ar ge dotesjantisallyedimilady geopaticilar engigridiment, 1y ie nooreRhiced. IdiRBd,dn ifdngngl . An
al ternat e enpodi nent ,cgnéai ns less information in the |local state data

cont ext , ™ FWéﬁ?a%n & 895t SPIRRies SePligs priyey sREWatessndsa single gaphigsns

i nf or maty 4 ' ffer. | e_addresses
of al 1 ol eh PRBAIE i eel O S e} PuEh LbplohiRe Bt B i SPIPURAR

enbodi meane,or wirs Gragfloeskeimiitive Leorapakets,rimt also lgetaatb armuadber bherspaieas

w thin the desjgnated.scr.een, space regi gn associated with this DrawPi xel
Loop pacKP PAEEYs pye H‘?ﬁ@*@b%@e d@%ﬁ%bglef(g'ﬁplﬁﬁljé*@?lﬁﬁ{-??ﬁ’ Backetisng that are
associ atedemtddn franme buffer sanple addresses contained by this particular
LoopDraw chip, a bit value of '1' value indicates that frame buffer sanple
address is t duseomplasenises, inpna ¢nebatimaitdhe Bognterfacditip wkab generatbs ' 0'

i ndi cat g3: it 1S 95, 19,Jul 00 now turn to t ortion of

t he sam%ﬁd%@ elfoopd aglge’%% Sgg%etsgﬁ[(f)o%ﬁac eﬁﬁ&?‘f"?v%b’l af mﬁ%m %ﬁh‘g that is
used to GaphivsiCoimend stodpoppadketsf or sanple locations that are nenbers of
the candi date set. As sanple conponents include nmultiple conponents, they
contain information about how to conpute the value for each conponent. One
possi bl e mt(%‘%ghj]g?s}fm@e to use a plane equation in screen space subpi xel
accurate x and y location to conpute the value of a conmponent of a sanple
at a given sanple location. Wth this nethod, the information stored in

the on-chip l.Qcal state.data cantex ul d that values of the
coeffici enf s %3%%31’3*“3%@?%?%? foot}‘r‘_?\sl\‘%?%?#ﬁré Hroramand Loep packetst h val ue
of a samgHge mempnb@waaakm%ﬁ%ltﬁ%bdecaﬂf[yg@fj@n\e@étaté\%ef Motfzﬁén@s%@eéor

conputing a conponent value W ust “insért a constant value from
part of spemfypeerstriqayplietippoitivieoor dfectlieauseraayilditibndl caplefag kisthis time.one

enbodi I ! n, blue, and possibly al pha yal ues f conponents
of 5 sapruBerSEASERO Lad biked ™ ionrubuglpEnBanhobrsube coron
conput i gloyalrsesormfof iRsmirene RRMENETRIEN Alati @O SrMRh R RPNk (RO SRkl e

| nt er pol at.i on. of
P antial?asing 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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cached data from other previously received DrawPi xel Loop packqutﬁﬁgngger
previously conputed sanples is possible. Cearly any nunber of thes

techni ques could conditionally selected individually for each sanple
conponent, and thus m xed in any way. VideoPixel A VideoPixel is a Loop
architecture Loop packet that can be sent over the LoopLink to a nunber of

h L i g ' [ L hi f
chi pe_ar 20FT PR SR T BRIERhe roliRE Sh el A ER UL RFIITES
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sent )t;ac?(rOS?ftgi”\g%ﬁ?lflﬁser%lﬁﬁﬁi‘ﬁﬁB#ﬁ?S%332‘38?1 eeé‘r‘fﬁ‘é?ﬂYet‘ﬁthﬁ? pag beRPIMBp t hat
can consghi a Vi deoPi xel Loop packet (e.g., not pass it on) are

Loophiterface chips. This does not always happen in sone cases, a
Loophi t er f aceTkshigstingtigmrinfomngtierointtbe hoap paskel hesfler cddrapRixicbLoompcketsns ume

it. Aterna . piof ' . Loophiterface chip.is.-determ nes that the

first Lo%’gﬁlht% ‘L‘ew“é:gel“ogﬁptﬁé‘@ﬁjp%%mi Hpéorﬁﬁ%%ﬁﬁésrfyﬁ!ﬂﬁ? {ro%ﬁf@k_@{lﬁ]%‘a desti nation
of a Vi dewiiduabntl the@egatkieh infeasitioads iftciiegbyaneneberthidy dosdenlspayehi ter f ace
chi p's LaqopLinkl nputPorts, the Loop packet wll|l be subject to sone internal

conput atBSH, 2ddeessnand thedpstinationd-osp ehipg are the aag eymere kapeDewwphips that esul t s

out as ' ' | i ggg&g : f Lnt.er f chip's

vi deo oﬁ%oétat%?or{? %r#E zgg%f(%?ﬂﬂl% |1¥1§{§t at gélﬁﬁcgpﬁ(g?r.%]i %l?qfdore%t%%lbﬁéﬁrl%’?’gg%es to Loop
packet s deh&n(;jatiamé{l%anaiffi isd nhl;ltiipbxﬁim') d!aﬁg’av; cihsicp?en é;[mc{azr hugﬂﬁl_ aﬁcbtﬁerrmﬂiwk t hé&d)

previ ou scribed. In one enbadiment, FifoStatus Logp packets are

event ualst*‘%//dfésglﬂgﬁ%'&‘?waﬁ%bﬁ HUDFREEldeging BE?CT?EH‘O‘;@@?F- Eostilbanpies by the first
several eniaphaitemhbasraRitRng6REaUNLEPSsheRYedifi& ﬁbfa('ﬁ%r@%klﬁﬁigh%ﬁ et. The
Loop packet payl oad contained within a FifoStatus Loop packet that 'reaches
a LoopIsibereutiebeliigmechapismehatiinhotditestyl enevdapanx end haddresepl nt er f ace
chip's nodel of the

DrawState

In one embodiment, LoopDraw chips maintain 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

94



relative availability of the LoopDraw chip that generated the F%bjih?tz%s
Loop packet to process any Loop packets which that Looplnterface Chip
mght in the fature consider sending to that particular LoopDraw chip,
relative to other possible destination LoopDraw chips. ring sinple ring
configuration When a 3d graphics hardware accelerator is built out of Loop

cach Loop oy a8 e of gy hlRe Al Kol % B IREASEh Bkl ulllow i/

LoopLi nkpiopedsethrt of the next clockwi se Loop chip in the ring. The Loop
chip types used to construct this ring are some nunber of LoopDraw chips
and one or nore Loophiterface chips. Certain inplenentations of the Loop

hitecture L : f f.dhi hi.ps,.... but
Chese Iimts nriiGeat QAR dobdUonfo ooy B6RIMES it b R w enc 1 on
does not incwieenp ifbenaion neeessirytd deternminerbeandifate bétps fiamedbufogamplbus, these

hi | t t th into a.circular loop. ILn this sinple
cases, | CHESSSE GRRAND 1% ESPTHECSPIE 17GHAR P FHIIFS AGrebHESt PEREIEF o ¢ hr ce

ddi ti ' | | ring:
The Loop| merer T ace oy WL 4 Btr e Ble TR0 P iDL bR e Sy BRI chohlB [ 20
chi p vi devthizmpastienlpmieapDaew chipndhesepatplepiointpenéss wilt tiep beased axoade dfdepLi nk

i di ts that i.ncl.ud h ts). The Loop architecture
has. beeri EAE eARQRITSRNRs 0k FUOE Bp B ST adthess doetsi wiBkeor mi ng
as a ful {atud Wikich ooaditiGth] GirapIBiupSatD AIdNBH XiRBE BpSIIARIy alddbd et GORE ext of a

3d graphics hardware accelerator built in this way out of one ring
st r uct url@calidata qomigst.r i ng refers to this one ring of chips. The term used

0 reTer o ARl RIS RELALPLAR BAIAD o B, L,
a si npl estoiedgn a pdadularideginddon LeepBanechehedsmentosdedmiiiy thisl daEidhtc Q8
chi ps. B e PP EGHHESHE VGG £Y oS DU A Bnun bOPTFON B and
usabl e ggcludahQNBleer dpREIRPiLS BRSO ARGEHR BEGD T b i hdutis kndlg simpl e
g 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 tic 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.
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configaration. However, in these nore conplex cases there is stﬁéllb?? 06
concept of a local ring, where nost of the operations of the re d%
process proceed in a way very simlar to howthey do in sinple ring
configurations. In this context, referring to the local ring, or even
sonetinmes just the ring, refers to just the Loop architecture chips that
make up the | raffic Il e several exanples of ring
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going on all around the rest of the ring. Thus, a statistical concept of
ring baadwddlak lden other gegvionsly 1geéivied PraovRixed.oop geilets awl othergueremitsty W t hi n

S B8 LA T A TR o B |
tine. Thekcted aidividuginfob eadiBasplesbnpdnent, and thus mixed 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 Looplnterface
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 Looplnterface 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 Looplnterface chips. This does not always happen in some cases, a
Looplnterface chip might only route a VideoPixel Loop packet, not consume it. Alternately,
if a first Looplnterface chip is determines that the first LoopInterface chip is the intended
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terms of absol ute bandw dth used, or as the percentage of the tq a‘{ul 0
(maxi mum or average) bandw dth of the ring. Different sources o yilng
wi thin the 3d graphics hardware render process can al so be conpared to
each other in ternms of relative bandw dth used, or bandw dth used rel ative
to the nom nal or expected use of a particular rendering conputation.
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invention that will allow an understanding of how conputation, chip count,
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us assume t hateHa¥S parti cul ar embodi ment a singl e LoopDraw chip has a

pi xel shader rate of 64 mllion pixels per second, a sanple fill rate of I
billion sanples per 99 19 July 2006 second, and can process and feed on
240 mi|1ion VlieekhFebStatopefrack ét Eogepackesaind arelgunsratdddy TodpiDFpl €hi
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tasks such a ur.e adl ng.Qr_.t.ex . CO er f or el ope
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possi bl iddphh&tb‘&e%ﬁﬁsﬁﬁ%ﬂﬁl@y @@&Q@uﬁ&t@ﬂﬁﬂ%@ﬁnﬁﬁb@/@ﬁfs afdeel SrRL or s as

t he nunber of Loo aw. chi ps_used increases from| to 64. For each nunber
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relative conp
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 Looplnterface 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 Looplnterface chips in the ring: the Looplnterface chip host interface, the
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t he pi xel shader program w th the rel ative pixel shader power qgrm“g?bw
supported by 16 LoopDraw chips arbitrarily defined as 1.0. The actu

anount of pixel shader power required will vary depending on the details
of a particular application. For some applications, pixel shader powers of
|l ess than 1.0 will still be quite usable, other applications my want to

use feat s procedural  textures o rrocedur al. geonet that coul d
require %%znt%% C%.J%%gF O Birke ‘n%eﬁfﬁa% rangg%%g@%gﬁf%ﬂyB%W%%ag#%%ﬂi cs
sof t war eporg fhethbsedenstialiaoits fasinshdeRudthgirtsyanpl e  densities less than 4 do
not add much quality to rendered images. Furthernore, while rendering

i mges at sanpreelepprrsrhifesBirghasgegn designedsadeat slpp simanle piryctiyets eapableaii t y

than th [ r i . ' ' r ender e, ith a
sampl o qererpER iy ki S LRIk Choctiry R 3 IRET S 1 1
resul t s.grigphicd lawdwarelacteferhtondeilidh filsis exiy susof afe rirgs sbives thatetnaing réfepder i ng
systens. This neans _that |t wll he advantaggous,for 3d graphics hardware
accel er 4P #18 operiag ghetips- dhabera wed & rof@do 84 d graphigsdiardvgarg acqsicgater builthe

pi xel s ks i a e depth
ol exity af PR PHNE A FL: e ORI ThRo Bl Sl A el B
render i rgpifnpleming: at e. Hol ding the depth conplexity at 6, a pixel shader
rate of 1 G (one gigapi xel per second) supports a physical image display
device with a video resolution of 1920x1200 pi xels at a rendering frane
rate of 76Hz,jowhiing @ pi xel shader rate of 1/2G (one hal f gi gapi xel per
second) supports a physical imge display device with a video resol ution
of 1280x 1024 pixels at a 100 19 July 2006 rendering frame rate of 60Hz,

or a physi calgl e display. deyi ce, wi.-th vi.deo, r lution of. .1920xl 200

o1 xel 5t o rseliRepleau b SEpsherfof 1R Gl SRpRiniy gohans
reduced ibyndouf EfehOLoGIntey¥ace dHEpRmodd tandlbx 1§ cohffedWetesT IDbpRBps LA pAL W th
twice the pixel video resalution or applications requiring twice th

e
render i AgR ysablegs fipstiongl 3d erapdics hsrdware agoeleraiors foan instithy simpigrieg 2
sunmmar i : | L . render
fram r <poueRigHIRAER P UBHYAL AN, BReARBR, WPl ot brd RSt L0

i mge dirsyy weredewit oftheaperations diabé e2didngproséss aroveed hya the vempsimilantyi deo

format pixel rate, .shown in the |.ast olum in Tablel._ A physical imge
7 sl sy MNCEL 0 e A GorrBEirine. In 067 CorbtheeSamne Gl o o, o PYfie at
60- 84Hz somReimel it feGie! R¥eritto juSBRE Lo Ahikdnlr @RipR ee hiakD&p tRAGLNd

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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video format pixel rate. A physical inmage display device with ami_ﬂggz 06
resolution of - 1280xl 024 7611z needs only 100 mllion pixel per secoOn
video format pixel rate. Loop architecture based 3d graphi cs hardware
accel erators can be configured to support fromone to two or nore video
output interfaces. Sinultaneously servicing the needs of nore than one

vi deo out put § ce | i.tional hared. resource constraints
on the vi geo %%%grpgsf%rsk%%@g)? ﬁrgr}eeﬁtgg(r%gg{ee Igl{épsﬁlts)tfepe%ﬁgﬁsfm‘f%gma 1% PR% t
render i nighk abous4 riag bos, had peridaficed tis magd hianBoudke is hd 'lsﬁ?lgl&i shhredlbg@tadece

addi ti ogq%ﬁ(,sh red resource constraints on the rendering performances

achi evablPe&ing 3pogp techuipgly theeonl s busgs pregentasmel] thepgidireptionsbpeint-frupoist gnal s on
2 video g | [ ; lyi ded

bet vieen {acnadbEGISE BT oo R SR tna th EORRAMIR 8 wbfie ] 10T,
hal vi ng ddfinedupport abl e physi cal inage display device video resolution

and/ or supported renderin frame rates, or_in sone cases, pixel shader
power. Loop PACWEYE aFapre ghpsrak eonoent of Hag fatifendedusiully definedo P agivemhe

t echni calimgRtrid 6 1894 g BE LAFM Sver 9y §08ifle ARKR iAggnd queui ng
of Loop gggket sé, and tnhg’ I nmpl 1 ed Igfl%% bﬂl}f% eﬁgﬁpgr nglgb%;é%&lgt%u?r aversing
t he ri ngovghlytheesamso Fhis khd avemge tefifbooiaresingtd Lodpdigk Bsicgobd approgimhation.

Definiti of .a Loop Packet ,101 19 July 2006 |In .the Loop architecture, a
Dockat 1 S ienR B B SEShd gt ded: Tobs ettt oo B s 1 & ont
from t hebanB&idle caf bOained ¥Wing ThdPsauBtatRLibAAWRKINMGtd. 0 the inside of another

Loop chip as an atomc object. A first Loop chip has a Loop packet inside
of it eiVWHE thiscenewt ohapg trpfficaneican pskctvhish peions af theaendsoips peketations

because i Lp.h cejved.the.. Logp. pagcket from sone .ot her
Loop chi%&gﬁje%t&%o%agﬁggg’ag&e @?gétésﬁxé?nl Ontételﬁtt S ggnlsﬁﬁgé? Fade mf%g%ﬁéﬁi p out
over t heefoy sftabselofe tehiwidth hesdpbst askiidip@roédtogd oftthe tofe (heoiphinnkt ARedgRBprt of

a secondq Lqop, chip. The_second Loop chip is usually the one that is

physi caﬁqaygwﬁ’ého FremeaPiTeet rouretobrdie sathiethg R eranhicsiberhyenrgden t he
first Lopgodsfibdh altdbOOSnSHREGERE ok frﬂ@rm%;é“éﬁ@faﬁ%‘ba&d@ﬁ?ﬁ%%@d,%}erface chip
may i nstead send a Loop = packet out any of several non-Iocal "out put

LoopLi nkendwidsimesedfrelative toethe howmplahbeexpacted uehofd gartiaran rosddringnput

Loophi t e {8685 on

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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I n one enbodi nent, the data within a Loop packet is divided intqggnﬁyzooe
groups. The first group is the packet header, such as packet |ength;
destination information, and type. The second group is the packet payl oad,
such as a geonetric object to be drawn, or a pixel to be sanpled, or a

vi deo out put pixel to conplete assenbly.  -1n one enbodi nent, the LoopLi nk

h fixed bit width: | i the hit size of L ket
"ot eqer S ghd Ehbprdpess dng fSed 472 auflur UicePHESikppaRcrie Bapontn one
enbodi meThys, fAGRIhRRIRAGk RIS PREKSIDAGAIESS, ‘[H%‘k%ﬁ:\‘%&ﬂe%ﬁdél @%A&éiﬂf‘a?e an

y bBe redun

explicit | en%tgh field. This |ength i'nformation ant
i nf or mat Wowld bgd gizepixdnshadedper sacqudy theagmeate poyel filaktetwanmd/bde billicar ect | y

determn fromt Log acket ' ck header type fi.eld.or othe

el ds. Tevare i Gy n88RaBBET ¥ 1BRENT s iR ndliaiides ribabrel ype
field maytewsuld®ea0ugapintio HeBdecont. tThed@ isGIhpuRRGIcE Yakt Mfto heOEPaRf the
entire LOO? packet. This can occur if the same Loop packet type i1s "all owed

t o have Wag taksn by less fiepuens faskesush 9a jaxoye loading dtidextuppoopgingn explicit packet
header |l ength field independent of the packet header type field allows | ow
| evel state machines to properly handle transit of Loop packets. It also
al l ows for neRerfoampng@ealkelopeypes to be introduced after a given chip has
been nade; 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 ags¥suRBskbasLc a%%gg, ?&f"%’l rzgg%‘gg ﬂ%ﬁﬁaﬁg% g&g%n%&%‘é’reﬁgew packet

types. Loop Packet Types 102 efs fraversing the
ri ng ar epossiblegd Lasp erchitecturmblasédchbgraphicsimirdaaie acédiérbiocomt tht aembaagket s

nom nal |,y are address to all. chjps the ring; target bits may instead
i ndi cat equﬁ’?tra%ﬁgkpsélé IBFWaﬁEEOBhLFOe@‘EE‘Lﬂf Fch ugibep 0 gwains: B6op
packet . ﬁéﬁfohhhﬁbetibﬁ{(ﬁv@iﬁwﬁ@Ef%x‘éﬂt%bxhﬁle%éh&iﬁeé | arge nurnber of di ffgrent
Loop packet éﬁfes most Loop packets belong to one of three specific sets

of Loop pack labelgd pixehshadereowasjioa meguoeipbthe frelatiegmendéxityhe 3d

graphi c | ' i inplicity of verbiage, if a packet
pis a ﬁ%éng%rgﬁ%jltaa%c}gb %é’?(’:%gtptgeg{elazlfv%ﬁigﬁSl}/%ewqwerjcﬁ@f) &ify s W‘L‘*g%g’s‘ 6an s
Loop padkepDravlbkipe athitraily defisedals 1L e patakieisoumn dfpi@@pshﬁﬁeﬂ#w\eﬁm e

i mportant s eci,hi c associated subsets = of Loop packet are: e

G aphi c& Tl gepdspsatkiag oadhe defflsofiaparticalagepplicationdior spwep packet t hat

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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carry G aphi csCommand Loop packets fromthe Loophiterface chip 4 JJI?2006
LoopDraw chi ps. Loop packets in the G aphi csCommand group fall into”two
mai n sub-groups of Loop packet: the GraphicsState and GaphicsPrinitive
Loop packet subsets. GaphicsState Loop packets are usually multicast, and
change internal rendering state, but they do not generate pixels
t hensel ves., GraphicsPrimtive Lopp.packets are usually unjcast, and in
gener al re&%ﬁ%ﬁ@%@t%ﬁo&= g5¢ Hﬁfﬁﬁ‘g‘?ll’éﬁeﬁ?ﬂl@’ gﬁ%“& Wih 2 vidsp geselutiopiofies,
dot's, anrh2ok B0 HRESRE 4 ihdertd fMrhd YRS of RIBL THRE Ul o | i xel s.
i deritle G a hi ¥£'-I)_oog g%ﬁg?%?ﬁ%eg'&a{

> i44ab
Wien a LoopDraw chip receives a phi csConmand es up
room i n fpler of Gyshitecs Galneahdigheémyideo Sigmd fotmt frath tiwnitestha pixet vidbdadsolutiopDr aw
will. send a

chip. At_( ranmabl e) tine .interyvals, the LoopDraw i

Fi f oSt at ‘ﬁsﬂgﬁg%‘ﬁ“’%}%%{f?“&&i” 'S thﬁbenflﬁ%ng frarge Baé%%(arg Sulfpr‘?éteég Wi CEPPace chip to
keep it mpxib@nSA T 1 RurhReriaa@hdduppbriitll E8fel leTbACRPRESAE TRIMY | nsi de
that particular LoopDraw chip. Thé DrawPi xel Loop packet set. This set of

Loop padkedd fama rgies with 2 t.fhe sxstpm hpsmrestagpatitity thas e physicshimagaodigeaw chi p
processiNgiA S aphi csPrimtive Loop packet. An inportant subset of the
Dr awPi xe oop packet set is the DrawState Loop packet set. When the full

detai |l of theTabduedie comgraled beske maethunh videb fdrnide pBebfitd Bldwd hahe1af e al so
ckets generated, by the Loqg}Dra_w chips in order to set up
BVl

DrawState., Loo € . .

t he appr%ﬁi%tﬂgT@t?%lt- é Plypical W@gﬁiwx@ ey avider reselytion oht WOK1M0 The

Vi deoPi _ : -\ y

v de0f sl PASKE NSk, FOSREs RGBS I Do RYERLIBHY |
enbodi nendea fosnat fixd pate ph phptical amegadindaptiedcawith aividebiradollytionesfo RGBA

ti | izati ta.b L | nt er.f hi whi ch i
embodi maREORARALHE TeRe: (RUA0 SRR PorbPAaEond ey orGBHBraFe) | These: Loop
packets then JprRoSréticomebaatd 3d BRphRO BRI LCIUCERratdts Rard bdhnHearelidoJul Y 2006

(collecting up pixel data conponents along the way, adding this into in one
enbodi mSHPPAThEOMREBAC SHrAamotViderdoutbwinalerfacasi Simultaneouklysieddcing thehe

Vi deoPi et)...the .enter .the,Looplpterface chip for final
ni)r ﬁgl : ;ﬁgﬁ%ﬁq}g?rg?lﬁ%l (%Dle)él é(?&cfg‘}t%ﬁ n'tﬁﬁrefgcoedfl?%(kugﬁs %‘H‘aﬁ %@f‘?‘dgr@%‘ﬁgﬁa gr alphi cs
pi pel i neosttedets onkitt Vdéqugnad V@inat thitegan bBuipERe. Wk diffdraiteéiRE8sPI NS, oOr

to be passedléug t he host .interface to the host conputer, or to be passed
around S alsp bg periepmed simultanepusly. this gullpdse nlacs additignelshargd sesamise(or ot her

map typebndtthirits bR BRUSAderinE PALHAZCRI 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 resotution 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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Loop Packet Creation There are three ways in which a Loop chip qiggmlyfz'o@g
itself with a Loop packet that needs to be sent out over its

LoopLi nkQut put Port (or in sonme enbodi nents, other Loop packet output
ports): The Loop packet can conme in fromoff systeminterfaces. An exanple
of this is data that cane in over the host interface on a Looplnterface

chip, but no eds to ent ou oop packet. to qgth L.oop.chi ps.
The Loop pac\li\ié’tr}gﬁ Ho%grcﬁﬁ%cngda%&gta@ggﬁﬁa tBE’eGr?{aE‘ﬁ]?lﬁtl?ﬂggE%@LSFH@’ &bﬂs

i nf or mat thetis séit frodx BEThadObf ¥ oo g Hr PTRVELMR o HRARsIBAGKGIother 188 €D as
part of the rasterization process inside a LoopDraw chip. Another ekxanple

i s dat a RS endeminokiger Atfhst Ineptchimhasaflawe peket insideogflingithef hemusshthpt and

has bee t+ Loopl nterf.ace chip.into di fied dat t hat now
mst bo 8HPEGE AR Rt iR L aaORIRb ! B RuE U BT Lo BN brEReBEH st e
coul d halvspepuckétdtbm sbae ptiehLpor EHiPUSIRAKITIodp ekt 446 iy Rert frdi® the MR&her
Loop packet i nput ports in sone errgodl nments). An exanple of this would be a

Dr awPi x 0oy patcavst therfist Liogpjolin's ba@suiwg@%tma@ggﬁ@ thetlpogbistkinptfahof s not
th ' Ok k ' WEA . the ring.
Logpcg;::‘fet oggg?pngl?k 'grnh%p%rﬁﬂ%?o a(gshlf]? Srﬁg]g%&tﬁgég%{h%glg’ Iggt%slcag@v@%f I nit : o%

have a simmgdiatt avgetredodasitd ndghtoning Foop ekiprp e firsal.d¥pooMph.xel Loop packet
will have a i cast .target of the particular LqopDraw chip sonmewhere down
the ring tha?ﬂli(gleteﬁ’é’eg‘ﬁgmr‘@ ‘l‘i’é’P‘HF » s Loppknterfacaehip mawinsteadiiangd & nosr | eave
that conaidtout Bgy 5tsedddl Ssitiorhl dufut RodHlink i WeHdl M ti ve
Loop pag«_ats grg&’a_lsseo defi né)d tolfigue uni clas%]toﬁglgg)tfgg@k%&@%g&g&fixed
dest i natdhipis nenddwsl inpvpDrapintetfagest hat a 104 19 July 2006 Loophiterface

LD 2 95 e L e S BRSSO B Gr Gob g The ™
packet o ghobigis the Phdkethdaded, Bl ds@fcifet Rigtt) aeﬁma%@ﬂvf&ﬁlaﬁeﬂ,r&a%{ﬁ the
pi xel . But 1n another enbodi nent, the |ow [evel Loop packet control
i nf or matYhsreeeend! greuk he pedkatrryinadasigh ab mapemptricekiset it drawncastpizdr get
oo b B8 shifipRl6BES ARl pitd: 8 PorhflercGMALR). 11 of all DrawPixel
In one embodiment, the LoopLink has a fixed bit width; in this case the bit size of Loop
packets are integer multiples of this fixed size (some bits may be unused).
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

102



In order to allow building rings of many different sizes fron1tqg‘ﬁﬂggobgop
chips, the internal nmechanismfor one Loop chip to address another Loop
chip is made flexible. In one enbodinment, only after a Loop chip is
powered on will it find out what the physical organization and count of
Loop chips are in the systemthat it is a part of In one enbodinment, this

flexibility c be achi eved by designing the.Loop chips to downl oad from
an of f - chi % slgﬁ#@&P@ﬁa%ﬂ?ﬁ%a" 5%?5%8@5@6%“?&‘?8@%&?%@ HEA® P89S0 chip is
i ni tial i gRHicasidloop$4alad fomMIlF Bredldirds QR0 GllicRDHs Oh the Gh Lot be

manuf actured identically, the "initialization configuration inforration may
set an iipsteadiakidate thataindy esrtadradésigneted cbirispre o mocasmithifboopapagketr el ati ve to

Il oth hi ' he .sanp system VANy) uch a.unjque id _can be
ised as. AT OB HeRp orReld Pl BT ol PR PRG pAbC G et 168
nmechani sgikets belBnLacHs of Rk sPevifi ©SetsSPRICdolpl fadkdt Abkoflatedvidt thy&Smdjbe
foll owi ng paragraphs_di scuss several ways_ in which unicast and nulticast
dest i nat§rewos crﬁqSéﬂg%ﬁ B 3gigranhirsgendering pineting §'ox simudisitg of verbinge, if rAgoroul d
be specifl.£d is HMENEL Iy )1 It chj t.0. connect out
to zgdi Léa‘gﬁ%lp ¥ fangs '?Jr‘%ﬁfuhggp ? %‘g{e{ ée\r{rﬁ’gﬁeﬁ?g‘g gi‘%}%%&tﬁ?t&)plgl%glﬁ’i[e’ogptpﬁg e(%'si npl e

ri ngs neHbse thréesesupilardpatickdtiomaleimes thexploingiorant gcifioasspelatid oBsdsipace
for a simple single ring topology will be discussed first for clarity.
There ar OPé’F‘agetﬁ{ﬁ'rber of ways within a sinple ring in which chip targets
coul d be i deffd fiiaglicsRERANMNSp hAGELLE, i {1 ree
exanples in the pgr%ag?apds bel m%eﬁ%ﬁyﬁéﬁﬁggkgéﬂ E‘é%gar&g?ﬂlgegch Loop
packet c@mydimphiesGomainknd hogypackéts dioth thedldophhtérfiee khip-te thentoopBfrtve chips.

i Vi a L K t.hr h its Loopli.nkl nputPort., a Loo chi
Gubt r ac P BRaSRls B R St Tt o B PP i 808 gRuBt Abkohe.
dest i natgagRetOfhe ChepHiOSt#S addGYaphRRBrimkPRAL RpGHBket sihsdeR SrdpRRSGR Doop

ot herwi se the Loop [)acket (with the decrenmented hop-count) is sent oOut

t hr ough Rakkets gepselpmylticaspandribangeintersyl renderinhstateelxut theyods mitigonahtong t he

ring. Thj:s.l [ : ' nism.e.qg., to send a Loop
packet e fslistivey (ctGe@RRHLE Bot bR BRI BTl G aefeder ¢ he
hop- courdontain e vEwex s shatractudibyt spetits yiingles, Iitiek, daltd, 28d biber fdofetgyery Loop
chip has been assigned, an integer .id that is unique fromall the other
Loop chifsenifiyes tﬁia§9“§§¥ﬂ’€ FedeiipePixels (e s1gopDraw clup receives 2

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 sct. 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
LooplInterface 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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this unique integer id is a count of how many Loop chi ps away a1ga‘m|'}(%bgr
Loop chip from a designated nmaster Looplnterface chip. This unique Tnteger
could be initialized by sending a Loop packet neant for initialization
through the ring, where the initialization Loop packet has a hop-count
field that is incrimnated every tine is enters a new Loop chip. O her nore
conpl ex addressing.informati on could follow |ater. To see how this

addi ti on H‘FCE‘PE ¥l fata, sORRPNEHES "ﬂg’é%lt,h_ee‘(‘?é’u _ Hflglg’(ls_’ [ e Wﬂl%ﬁﬂt&%nt s
to send RGERSHAURatd MITREANGakOR Bata HAAR. of TR PidREBixL Edb?:) RRS, 87 29
information could allow the first Loop chip to conpute hpe uni que i nt eger
addr ess otterttheLeepdotedfatodpp &rifnabasravhlisatiant dféhe platidats tidhomiohalbgammbalf f er x

and y pixel address. 1f each Loop,chip has .such an. unique.id,. then

dost | nat LEire Rt EARappsfRc s R Fifo g1 e heesiodbd mtSHatD o anc
the uni gyeeqRsIH MpithédRost fhtérfacd t4-BRMoMADKRIutdrN@lto blePpadscd aFtint thi¥ BHSne or
LoopLi nkl nput Port nmatches the val ue of your unique id, then this Loop

packet ' smpigrothesgings ferarsans @ taxfure sapder ¢tber maptypahia sshesgnentendseing(sbut  your
LoopLi nkQut put Port in further search of its destination Loop chip. Three:
Simlar to two above, but instead the unique chip nunbers are assigned on
an arbi traryLdgstxketrestidhas certai n advantages in a Loop chip based
system connected by nore conplex paths than a sinple ring. These exanpl es
have only mentioned uni cast Loop packets. How are nulticast Loop packets

handl ed? Agaifherf A tFe8WRLEin H&ich ldio'oﬂ%%@ﬁigﬁaﬁﬂﬁﬁ?ggéﬁ wﬂ% StL%?sgg;Ee 6 BQpS! bl e

alternatives for the sinpfe ring case pp s are

pr ocess etteths/todiel sehitomp ogén ipsLooplk OutihutPerd édr ih sarpe pabkdiinay ethpr begssed by
all Loop c?i ps xcept for individual Loop chips that have had nul ticast
Loop pacdké %toé‘}Pb]?Bglgsy di sabl ed. This disablement could have been

comuni cat ed THydobpdakdtXah orRBFNTbAME Gdich fnbdtacks &n%xgﬁltpﬂ% ifg?is‘?éjdété?r

receivin mul ticast Loop packets by a uni cast Loop packe says
"nul ti cdBet cgmean peerithy best interfagroncs: Loaplatedacstchipp bpt pax ketds e helsans ouioast ai n a

fixed leﬂ%(ﬂ)

i f. bi representing the bit set of all integer chip
ids. (Thi's H%q(%atggg fgéttc’ﬁﬁ% V'nmum nunber of  chi ps inaring.) If a Loop

chi p' s i nt egeThe khdpigackes caebe tieatel @s Audstit 0Ash-chpad6seassihR @0 irdfhinsatlo@ORn 106
19 July 2006, chjp shgul d accept the nulticast Loop packet; otherw se not.
Not e t hefampleofdhis arpd %Rrﬁé?m?@qceﬂprl@@k%thaltea@ééﬁp@aeﬁ TieftFaHen pocess

mul 1 CashsibORRoPASKS! hift Andtihdr SiAPk if ARDNBRE Larh R bver the host interface on a
Looplnterface chip and has been processed by that Looplnterface 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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those for unicast Loop packets, or that wasted control bits are.@lmyszooe
present in the (nuch nore frequent) unicast Loop packets. A layéer 0
indirection is added by creating (a fixed nmaxi rum nunber of) subgroups,
each with unique integer ids. Each Loop chip has a state bit for each
subgroup that marks nenbership within a particular subgroup called a

he i nt o iahBroqtf drioef RESenn tithe R REeGosPRipifis oticiond Bulpeip 11 1<

br oadcasdeida@st 0. A given Loop chip is the destination for a particul ar
mul ticast Loop packet if and only if the Loop chips's nenbership bit is

set for the shesermbodinmt.chedestiaation ehi of o BpayRisfidioop tadkderuldAddi ng t he

conventi:QR: t. al wa bel 10 bgr o zero..is | ow

over heac}9 ?Iﬁés@a{%%gefi lg% %%Egkﬁ%w?ﬁgﬁéﬁeﬁse?@ﬂgem I ﬁ@;ﬁ O%e 0@8}?885116 Loop
packet tlowdkvel Taep basket cdtitis infdfigatiodtcah be kB Ed@das M Isindple PUsipYicig uppor t ed
subgroups, does not have to be very large; eight groups would only require

three bi'ndcast tacaeh ifermpatiop iy eiiaus pispert within hesonize Hisld efcalbiBrawhixddegp i f
uni cast ﬂaggas.packets al ready need an n-bit destination field in the
header, 'then the multicast bit when set could re-use this n-bit field to
support up to 2n different sub-groups. As nentioned before, all of the

proceedi ng di scussi on. wa der. the_assunption of _directing Loop packets
in the sinpl el_%to_éi k%) %?’“ﬁ&%ﬁﬁgwmw digferant e from dhe Q:”ﬂ?%e‘&l’ééupst oget her
by ei t hahe afiéthill RERENLRABE PACLERL&S Y RRIrQS aﬁ&ﬂértﬂd%%c'hir%ﬁg 'i‘ﬁdd%‘}l%}dble. In

i nterconnections between Loophiterface chips requi re conplex routing
i nf or matdngrenfbedinengpnbaafierta Labpshimistpowerddronoriltet find outGriet énbyeidisieint  f or

hi evi his. | ' dd i npl i |.a) f th i mpl
ot o g LR ARy Pott Ly R0 e s eIl R neBhs P ong as & Loop

packet iembod@sértnet flcxibibtytiah be heitvdd B0 dshah ol the LORS ciibs foSddWBSRNdoy
traveling within, LoopDraw chips nerely pass it on. Upon encountering a
Loopl nt éffodbehip spyyee dypamis gpniigyratimdnipamaden whethe Liogp chipds ititiglizednfitng t he

Loop pa O i B K : L .hal inat ;0 ring, or
f eedi ngce?{fg&g%ef ?v?nc?uaélt é)?)%g{rs \?\.g(raf@%% tSt h]it?énﬁllfl %ggéﬁlﬁ%ﬁ?&?ﬁﬁ%&ﬁ%%%ﬁg for a
di f f er entitializatiph cbefi fraatorcinfyinatiés mag yed an ihteaiadidfield 98 \eastaloopdtip tdw Whi ch
the routin iﬁ_{or rﬁgél on _mght be repr,efhent ed and processed. In a first
met hod, “PUBISIVANEFIEYe @rﬁﬂp@ﬁ%@ﬁmsa’@ COPRESYHHENtIRHEE SwdiR Mg id

dest i natcheBe bRAsRARKT P Ui G ehtRsd6% chiORSDARI AdardsBR rn'le%ﬁ nifins.
Loopl nterface chip could decrenment one or nore counts, ngtc ioop chi ps
ids, or any of several other things to see which of the multiple

LoopLi nkQut p ‘tto%’B rPtaéket% ﬂegtﬁlrgaltirtl)g Stpgcihga'%ion 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 cach Loop packet contains a small integer field
called the hop-count. After receiving a Loop packet through its LoopLinkInputPort, a Loop

chip subtracts one from the hop-count, if the results are zero than the destination of the
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sent out. Once the Loop packet arrives within the destination ri
the previously described | ocal destination determnation algorithnms could
apply. This inplies that nulticast Loop packets could be sent such that
the inplicit scope of the nulticast Loop packet is within the destination
ring. lcasting.to nmultiple ri.n s a re c |l ex matter, but nmay be
per for nel\%!) P %Cfr?%‘ ® g’ﬂf fo‘P%%d?lﬂ’ ?tﬁ%rwd?qgtﬁﬁi‘eﬁ? BRdkgt (tvﬁa{rtﬁ‘% dergmpntad heprsewnthed
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architec erforned hy one skilled i the art according to
t he teacﬂ?@aégs?cn%teg‘g%sg%‘%%ynﬁ"‘&%’é?“ﬁJ%&F&@ﬁ{ho%'&a?‘%t?%ﬁm constraint on Loop
packet f orwar @ivogAsdugrrthithinsysias inighlidaton Bﬁ‘le@iv&gﬂ{, Ghig 85 BeBfhdsRied Ui cast
Loop packets al l\ggés termnate at their specifie S%?st ip;atsi on tas%gt. But
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ere is that infinite lLoqping of Loo ackets is preventable by sinple

| ow | evet E%?palfaéi{f‘?d&?ﬁ‘ﬁtn fr .“g‘ ?WWH@PE«’%&’@ gy Where ﬂ?ﬁ%lﬂﬂlﬁamﬂ lgoptpacketevent

I nfinitegsagp ' I i f w1 evel

error fi revvaqPFiQ%SI,nb%%g?]%'? Esgll}gﬁmﬁa%ids&a st Eﬂ%ﬁ%ﬁe@%g{;& ig%gﬁp héﬁ}eg MoRat at

| east altommdepadsaeskiog infogdation wiubd follbiwdater. S 'oevee howdhis réditiong) iceaat{daCC)

r ot ect ain w.thin the header of a Loo acket a small integer
IEI)Op- couﬁ‘ﬂi‘(’?1 %%%é@gﬁ:sﬁn\ém t Iﬁgéﬁr}‘toﬁatc i @&eﬂgegﬁgﬁ%é‘da é’?ﬂzf@l Loppre t he
Loop pacdi. Teis I8 chal@reskRi0 RhioRk it dLioner éllo\a)/‘th%%&t‘L%gggﬁfp%%Bhgﬁe%Q

reaches zero, the Loop packet should never be forwar regardless of
what t h&"tusdptesezddresgat the sespad Lopp ghipdsethen otbert datey su¢hnd temebiuffer s to be

provi ded,.| NEY L on _uni.cast .destination. address

field, ?‘ﬁ‘?g’ e &‘%gsu:l@ea%%ir%gf’ BAD Hef e %“i‘gmp‘ﬁrlﬂ’otg%n S ‘i?g%PmL%‘BB

packet s.is faidy bietplpdbgitbarkathoopiohip, andihepinRueidegination idiata idopshackdt Phaver

sees agaiﬁ%I a Loog do ckeL.r% at 1t geperated, it should stop it. The

dr awbac RUSHCERE thy S Qoptnsipnul arhmatehss the yplup o€ kerdmighglidy then this Loop
packet’s for you; otherwise it is not for you, and should be sent out your

LoopLinkOutputPort in further search of its destination Loop chip.

107 19 July 2006 Looplinterface chip this particular Loop packet.]g;mglr?gmgf

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 Ldop 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 sét of all integer chip ids. (This implies a fixed maximum number of

chips in a ring.) If a Loop chip’s integer id bit is set in the multicast header, then this Loop
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(al nost al ways) have to flow past their otherwi se last chip to qg&hngéﬁ éo
their chip of -origin, and b) an additional bit field for (long) “seq 8
id's and originator chip id would be needed to nake this schene work. 108
19 July 2006 Loop Packet Priorities It is desirable to have a fairly

si npl e nethod to ensure that the normal processing, formarding, and

generati Q0 ket s. does t cause d | o n Lo chip's
LoopLi n k%l? AT lﬂgaccﬁgt tﬁf" ﬁ%‘i cas@e%&’l H?&E&a?}ﬁﬁava%ﬁg‘gﬁte@‘@fg@

consi st erfjuiréahatdfoopPatiesd HeARYELIR vl dabEL do) Iﬁhkétﬁaﬂérdﬂérbﬁﬁ/(l&f 'tﬁélﬁ'f ent
groups of Loop packet types should have whén a Loop chip deC| es which of

sever al thespiopapicett 4.oep preksts, pethrbeastedoepntriohbity ase plwayh ippeset! in ithedimomhe t hat
they wi's t chip's LoopLi nkQut put Port. Such a set of
y llﬁ feofr%%eﬁtﬁ %hlecﬁg(# LOH;' %a%l&?% p_ p p ;

policies are giv deoPi xel Loop packets al ways have hi ghest

priority. TheArlm oftinkd@ectioni is added 181 dipdtidg (A0std PRAYSER humBBOST) UEERIRY,
devi ces wi fail if the video output signal ever pauses. |In the special

case of 4 éﬂlthr‘@ﬁ‘l}@rlﬁ'tﬂ’gﬁdﬂ%t Tiseh hgop ekin hgae Rtatedit fox eaghesubmiopithat mowks o t he

host  coRUbEY Eﬁ%l grtain
others. Note t]ﬁlg P?ébrgnﬁ%h% &%e&glﬂg% hz%&:%ﬁﬁé easg"flf‘lln?lw1 0|9pt he

pri ori t ypacketthae a rﬁaad Gieldt fonstotihg thetdhizgérshdiebprgsehesatle ubigokinteuet ttl?fohtl&t
corrputer i.t can be sent out across a different host interface to

r eal St“ilbé@%g it IBEE‘@GB&SF‘B%FO ¢} FEeh ko ep 1 tf?ﬁ&%“’ﬂ‘?‘%?ﬂ By agatticular prlideast er ent
gr aphi csLqy fhoRét8f aRCHBY B1RE Phop ehifCIRIRDelRM N sa%we%P%}ggg gﬁb%ﬁlﬁ)t c.).

Second, DrawPi xel Loop packets have t he second hi ghest pr 's IS
benef i ciigdlin theJewpuseketisdshdar sidding thevmniation sl letloop &hipg ahmwﬂoelolng tge

b WP L th t
oo b eiOhB el A8 10 SR BRI Rlcade 0 BrtRhes LB R el e B fus may
gener at eLdop packel terill temooproavA Xﬂétom(ﬁﬁmlﬂéﬁdﬁ%ﬁrﬁﬁltar@@@ﬂ* pofed bthgr@fieur i f

npor a

t he Dra\;gexel Loop ackets can't at some point te stop any new
G aphi c<i9¢f Rt hayete. ﬁerﬁé@g@tesgfﬁgmhpﬁém me%lgé@uemttseoﬁs«nbgmun t heory,

G aphi ddi t | L
G o s R AL Bl ISR GOV A L Lo
gi ve pr |dwsmnapon dieldt iavke kexlder, ﬂmphep)amltﬁ:hﬂ: biteunlabn ¢t dﬁﬂxPrdﬁJe thisepbipHelkias s) .

However, sSt ate Loop packets are closely followed by
G aphi cssﬁPP g’ef‘}_@%% s#€P%0 things woul d have to have had stopped

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 LooplInterface chips or additional non-local interconnections
between Looplnterface 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 Looplnterface 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
Looplnterface chip could decrement one or more counts, match Loop chips ids, or any of

several other things to see which of the multiple LoopLinkOutputPorts belonging to the

107




fairly soon anyway. Tbus, it is just sinpler and usually no Iesslg'mly%loeto
just nmake DrawPi xel Loop packets always have a higher priority than

G aphi csCommand Loop packets. In theory, a given LoopDraw chip can be
overl oaded with DrawPi xel Loop packets. [|f unchecked, this could lead to
droppi ng Vi deoPi xel Loop packets that cannot get through the traffic jam

f Drawkj xel.. kets,. The L [ ld in th d 109
To uy. LT Rgt R fi oy ke hack Ao pont Bt e e LRaRpackS t hey do
for G aphitioeonhmiEe 4QBRaMACHSS, Dne 8PthEhRdvidlsty &Jé@ﬂl%dh@éﬁl Id@%%ﬂz?ﬁ?ﬂ" chi ps
I date) nodel of all t

could have a (conservative, slightly out of he ot her
LoopDr avdetermpnasionrpbgarithms teuld appllyi Shindopliespha maidtigasb Bodpesitcketd coaldibg addi ng

Dr awPi xe]_ | ELLEQ buf fer st information to the FifoStatus, update
Loop pac%?gt %ﬁ# }ﬁléatt tléerlgmglé;ftr?&o%ee(ﬁiéﬁ%%[}lcﬁ OB PPEKCh R WHRin thg destipation g | ear
that a NeGhasidomhatpliriRt iconst e hhedabuRaso tfrakeby bhe ring
woul d be necessary. A | ess bandw dth i ntense nechani sm woul d %e achi evabl e

i f the L¥HRdIRkhadhaconedies psribe treshing idaseribed bereihe r eadi ness of the

receiving Lo b .. . wi thtypes that ar nenber s of
one of severa Ofd;él](? aeIE g%@%gjg%éa%lg 1915838%5%%%55(@@%&%%%]50%& afzﬁertg Wé&ﬁQCPE’Bgtém
packet s andidah bhidgtiesd fporh@ther YorstamtphakaisetwiRasn dRhréeess f bdildimuph whil e
Loop packets . wi.th lower priority LoQ acket types would be (tenporarily)

pes
bl ocked.PaFculgfiimplemanistion 9f thesedpearclifegtuse, #émaﬁicwpgnmmmlﬂﬂedrm
debuggi nge ﬁﬁgcc‘!(\;ﬁ&iiﬂg to ﬁfe?&eﬁ:hf@%ﬁgcrfﬁ%dglereiﬂmen state machines | ock-up for
u

sone reason), It 1S use t ave certain special state command Loop
packets with @nd omariaesadsittonel emdtrhiat oseboop peckeeiberatiingedpritackat yeptd ority
cl asses ;supported. Loop Packet Fifo Status Feedback Mst, types of Loop
packet abreed?%uﬁsgﬁa Hn?’&ﬁ%‘ét% HIBE}?EEOTEBE‘%B%}?FV&YE kemipate af taeir speseicd oop chi p

that crerb@shtioh tarkBaBul@ARIERITRDoP PAcHR RO, sbh@neR IREH%%
Vi deoPi xel | Loopar%ackets and Dragf?i xel oolb pacl%gts are ?ﬁst 'S g%dtteogory.

But G apFieEes Mo farmepsipmencettbe henfepackets bagbgeafall thy whp awubdkiwrioen acr oss
T SRR, N RTS8 8 D) BT o i
i nput  Flrédebinfcs drforasepping omvagdia ) Theflon dvreah that infiite I¢kpingd oF 16pP! et el y
avoi d a'}))s/tcl\c,gtsr xjs% eV%ElEi {e I}yhs%?lp{eolml;_v(—)lgx%l%Elltepliagh?r){essl. cally adjacent to each
Again there are several ways in which to prevent infinite looping, but there is the
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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other in the ring, at various tines FifoStatus Loop packets shoqbd_gﬁgggggt
by LoopDraw chip back to the originating Looplnterface chip. Fifo

Loop packets are not sent as a direct response of a LoopDraw chip

recei ving a G aphi csCommand Loop packet. Instead they are generated by a
LoopDraw chip just before a conservative nodel of the Looplnterface chip
(fromthe poigt pgé Kltﬁy\/ of, the LoopDraw chip) would predict that one of
the LoopDr aw cHIRF &AM FO buffers was about to overflow. The nodel
works as follows: 110 19 July 2006 First, the amount of free input FIFO
buffer space that the Looplnterface chip |last knew for sure (at some point
in tine) was It kedesivehlato bayetaafrinkycsimplemheshédiotenfirk ¢St dtersorinebprocgmamiget s sent

by the opDr.aw chj p. Fr.om t.hi s,amun next subtract .t he anmount of space
{aken: bySERy It sk Pocelfrahtor SEEP Bient ot ol Pt Getlok oA FL PO at s
Loop pacdi@h’s MespEiaRr! In ontkReiboditikint, aichdlatk Adaddnce Ba bodtRiRkd Bf aBaGfehaken up
by a worse case nunber of G aphi csConmand Loop packets either al reag%

i p)
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programmabl ),  but the actual anount of input FIFO buffer free space is
consi derssbpipaligicgdre ERENI$Me conservative prediction, then the LoopDraw

chip shoul d Ia4 I 1.3 r.
correot {1 e opEoa ol TP AL (AR RSt e il "ol R AR
hyst er essamplenmastitysiStlamage Uisply plackest willsfad af the wateo dogpus sighaltever faveepient | y

Loopht { JFABpEHf 746 ot B GerdeEirl e Boiae b bade® Gt mognontaer el 1ot 1 o

| nput  FldoRigukkir 8k pibREAESy bSatls RFbd 1BwRAAMN kP BRI ANGMBisPNbIRahatl this SEPES

G aphi csCommand Loop packets to; the remaining free storage anmount i s

updat ed 18 be pigpadenqugs reason tplawiee the paiority/d throrsksonrtbahthe fata isdreingveepd ar ound)

(D TS hPIRERM SRRy IR LSRR} PRRARTEEN S el o

to ent errciliémpar pdeadd fal-timephydval éhbge disphy-Qhed (aalifferent graphics hardware
accelerator, a compression and networking card, etc.).

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

the traffic jam of DrawPixel Loop packets. The LoopDraw chips could in theory send an
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as arelative tinme stanp (other nethods are possible). The rmde 1
conservative in that it assunes that just after this |ast repor?"?“r% Pﬁe
LoopDraw chip, no nore G aphi csConmand Loop packets drained fromthe
LoopDraw s input buffer. (This is usually, but not always, caused by a
geonetric primtive's rasterization coveri ng a large area and thus taking a
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space t dnerbeistthel mightepnsenp difioatibend widthever thatingweulGbaphiessapm nand

shoul d n h i ent i mu
Space | dr YRty osP Rl R A BIPRERRI RS 1 IR BB Sl A
target Llindiphledtheabadifessios thelrasdving Wbbp chipné acorptiLodp k&b ity sRakg ated
receive the entire multicast G aphi csCommand Loop . packet, or the

Loophi t SRS eﬁmﬁ i Severpl differgat %et%m%@rmch@ ts ol thispyay Ivmpaghets

al gorit t chi ps
fhat haversmend icRp fobl FaRBIBN Gt hHBloubl S 196h pRlepREIANE U hor
yet recqmmdyLb@pmkmanmeswadﬂbngtempdrarﬂjrbdﬂocrkedsendl ng the conmand when the
| eft out Loo aw, chi s hav acet eceive th mand vant age
of such a coﬁg}ﬂ&n%’ P?H?ﬁ ‘f‘?aff‘e‘i%ﬁi’l‘fi ‘S‘Pﬂ%‘g&frﬁ?ﬂﬂ%ﬂ‘%%ﬂdﬂ‘f‘@&fuent and
cancel Quite td3gH (6. gRVRRBGEISRAShin& 1bBi- ﬁ?tfémniei}easeﬁpﬁ it BseFANE nbACAlPCess)

them in all LoopDraw chips.) Eventua y, nore recent LoopDraw chip

Fi f oSt atsiecialstiie paoiend Logp packatswm@l pioréees apoarraddietwgsadhe gancedl Loop
transm d Loop packets again. This Loop packet
transnl ??%%P%H“ﬁaﬁg iﬁﬁﬁﬁggplthn1has the advantage in that there is no
direct assunption about the nunber of chips in the ring. Indeed, even the
Graphi csCommand input FlFO buffer size wthin the LoopDraw chip coul d
change in fdﬂwpéﬁéﬁﬂﬁﬂbévw§§8ﬁ§ia@% long as the FifoStatus Loop packets
can represent a larger available space than is present in earlier chips.

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
LooplInterface 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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The Loop packet transm ssion "hol d-bacle' algorithmal so does ng ? Lﬂ}‘f%os
LoopDraw chips at any particular position on the ring, because

Fi f oSt atus Loop packets travel the rest of the way along the ring to get
back to the Loophiterface chip. Consider the LoopDraw chip right next
(downstream to the Loophiterface chip vs. the one fin-thest away (e.qg.,

CoonDr i 1Tirdne SPE0Y Catirgapine ESF O ot BRCRELeoAFAEg P Wbt have
nor e (angeRl @ 5dre (At sbRretpini$n %@Pw@@&%%hﬁmﬁ%&n%ﬁé@’m% aE‘tq?&(JS‘?étﬁs Gy around

the ring than the LoopDraw chip”just upstream Thus, e relative
advant ageskes$ serit by theokeaplbawehipcel out and a si rrpl e Ioad bal anci ng

al gorithm ca be sed. T deci n that all have

sufficient s AgF Xt g%@&’? %ﬁ?‘ﬁ"gQP fﬁk?ﬁ\f?@an& si npl e

round- rCﬂ?ﬁaEhﬁ's(Q&hhiaﬁdeBQ?B&kei RE&9&] difde the FﬁbSﬁt&smP%ﬁcﬁe@mg séfbin is

wher e an Etr aw chi ps without sufficient (predicted) |nput buf fer space
rﬁ\imi &

are eli ot emaddtgnal ameunion! spage takanaipndngwetee caseatumhenp€ast

primtiy Home he L ke back: orithm
does hav(gr éhl mﬁl ?}e‘c?p B%C%gtﬁ gﬁ%reatl%%\éfﬁ%g%ﬁ%ggfa% Acﬁ\e k(hmtl}? Y¥ing. 1f
t he tot a;bcamn@gme snoapnm‘w tHip) orkBad cdBldbe syntZaRGhe &gbblﬂ@&ﬁ&pmeﬁscel nput
buffer on.the LoopDraw chip is close to or less than the total size of all

the trarféfobefotsthe petentivrasnamatrgdafostauy b eamgraskeopuldiready they Loemlaterface
artifici holds wll generally be generated (though the systemw || still
functi on@ ‘General Issue: How "Wred In" are System Linmits? The Loop

ar chi t ect ur e Ifilsis hrmemtps weehisedo asro ¢the attoal thtdshdidishouda &e prdppathmmebitc),t he

sane t i 1 di ng bl ock .l.oo | pS,..C al |l ow for s, of ny different
si zes ?ﬁ?“g thogep amoffmwgfﬁl%ﬁ %ﬁwpaeflﬁpamﬁléﬁ A uiaprdhan e tecture
It cert abAletvitivelpraBetdidthelRsd L&ipnr% o] bﬁl%“éeﬁéra{e d Fifadiaht 25

é,qpl §qg + have
heavily restricted the scal e of "past graphi cs hardware acce rators
have beewﬂathsucu@rgntﬁrmw@nn@teﬁresp@cermcsxpstem spanni ng wires other than power

A Do e BRI s e B ORGP B oo B Rk ™ P

Loole nlﬁersanﬁtﬁ’@lﬁfequémlgrtlfmbpwoﬁﬁwhb@geuﬁe Kituation paicAl) from one chip to the
next chip in the ri n% ver, there are real secondary upper limts on

t he nunbldi Sltﬁétwléﬁﬁﬁ 5 h§§hq I:,gqp[nterface chip has a (delayed) “worse case” model of the
how little input FIFO buffer storage is free in each LoopDraw 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 LooplInterface

chip uses this worse case predicted LoopDraw chip GraphicsCommand input FIFO buffer
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can be strong together within a single ring. As seen in the desyj W&?BOG
nmechani sm discussion, nearly any scheme wll have an inherent upper

on addressability. This linit isn't much of a practical concern if count
fields are used, but it is if bit-set fields are chosen. There is also the
probl em of | engt heni ng del ays in | arger rings that may eventually

overwhel g i nt er Chl thus represents desi gn
ot e B wbich FoSpfen 838 e R T iR Oratifies S RaRpEshend

addi ti orgd sehRRrsalcts DnBsardé; diek Mk hll\)é su!ﬂﬁcﬁ@ﬂt'mﬁﬂnﬁn%ilsﬁfe%ﬁ fd)frecéidéiﬂfe' onal
sanpl e density and/or programmabl e shader power. OF course, in any

physi cal Winle gbemand)s Fanmuliicagid copanekes, kil yeetdawpDrgy clpmmust lavé space

limts | ven c sis. And
finall y@\ﬁ:ﬁh&%&ﬁ ipREFER0 bt |b|§‘ seib 08 (RRofIR m“lh%a’“ osatie ﬁ“pa[sﬂ Rost
al ways |1mkaaszemc Il_hepl(ia&@facé)f:hlﬂ@ﬁllgllﬂdt ﬁguttaﬁﬂts&l(fﬁdata r(M(ﬁ@&brﬂﬁlleﬂ afdofittin®y e
chips. The b|||ty | pact of the Loop architecture is nostly confined

to the LOY ep SROBBHAS to Bist therspbyet O%B%nnl?réwmpﬁé%ﬁt BREsspaenor dtem,

addi t1 onakpiaStatk of Mlict1ldoBDMRY BRKERRRGR ér@tl Iléééwedatﬁ.@%m&%a BOing LT € ar e
also limt supporting a functional stem | Trum vitdes. out put
si gnal vl:hciem-sf.endmgtthepcomhamchwh&) the\Abfénqusoolp@rm nhnpbhavecsfpad:.mn&emw thbi ps

bel ow a certain shol d. .11 19 J 2006 Tak | ng al | these i ssues into
account , SOgHR4Rd- Erh a&FﬁgFé?g? %%1 t gy CopplaeRCoRHBATd AT r e

f1exibi |ﬁ‘ entnd@akéeRbef &e@@fd&%césébrg%hﬁ ?atmtgkiﬁe Reddl 8 sty @ha P%égsﬁ %H'f s will
result in the establishnment of specific fixed limts on I ng ese
limts shellllg¢onbrawehips) Eventeadlly, saré lgccertidioog@raamdap§@Statusa{boopmaskqh®| nt in
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maxi mumagisber of 64 in a single r| ng to provide suff|C|ent roomfor
support of e_&;mded systens. Past a certain point, additional rendering

power is bet t BES Eopppiakeidrapsmission beldghacky pleppihen hasrthe ﬂ@{antalgﬂgsthab@am
separ at &ﬁﬂp a een |later, as
mul tipl gg%{?ggg&?gnn ct eélbgﬁﬁgga a‘%qg:iraH Qli th%nngtﬁjd%d Y‘Q} ?’s as a stack of
ri ngs cdmaphiceCortmanhmpor FIlFﬁ)Mffmstzemﬁmﬂmrlmopmaieo}nmbﬂdtch@i@ inaf the
advant a of .t he Lo Chlt ct hat ch nmore conplex and_rjch

7 deo. ol b oiusrn g s e il Leiberbra chh puRmm drer Brdabler s i s
easily sphRPRAL @ti,lr@senfl'lﬁlegﬂﬁ%ﬁlbg)n descri bes the video output architecture

t han can achi eve 'th
The Loop packet transmission “hold-back” algorithm also does not favor LoopDraw

chips at any particular position on the ring, because the FifoStatus Loop packets 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 making 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

112



Rel ati onship of Frame Buffer Menory to Video For sinplicity, Ie? L-Iﬁ.ll 2006
consider a sinple ring systemw th one Looplnterface chip and 8 o%pBr w
chi ps, and assune a sanple density of 16. Each LoopDraw chip has the
storage for all 16 sanples of every 16th pixel, because there are 16
LoopDraw chips. Again to make things sinple, let us assune that pixel

ownershi R _is. assigned .on 4 trix. . Figure .6 shows all the, pixels in the
di spl ay (g%ﬂ@ﬁg@ 8%%[9‘8%%&'#(3{)0%6 Ivaggpéa\? ﬁ%‘p 1?;8%5‘?&0&?}\'/? ithan tgggo)% ti¥er ed

0- 15. TiraDRAVAIEROR bufersabolcheehd Me HeRRPOAWhE hinp, thén aMificlal GORE JiM al | the
sanples for the specified pixels, 16 sanples per pixel in our exanple. The
ot her Lespeielivbe seprsatad (thavghihe syséern vl stilhfuastiondni t hin the 4 by 4 grid. For
exanple, LoopDraw chip #5 would own the pixels directly to the left of the
pi xel s owned by LoopDraw chip #5. Relating this to video output signal, if

our anti al i astigigrdl IssuerHy@sSWirdddh” b@Sistent Bimits?t hen each LoopDraw chi p
woul d participate in only one out of every four output scan |lines, and
only conpute (as opposed to pass on to another chip) a pixel value for only

one out of 1 lfhe% g&%@%ﬁﬂ%@t@@e has\teby Pxfegéﬁtedaéﬁ;(ﬁ‘lgsfgﬁ}hfcpﬁn 8&?618?(?% fend QYT Scan

| ines that Loop p participates 1n. Ial'iasing ering
oper at i camagwb duliéing bldokticiopahips tén sitow fesink of anhy différbe siwem edbobuiltl s

(each of e sanples are. o f hed .once per video format frame), add all
of the <& OnﬁJB‘é?ﬁflﬁé?P‘ggMﬁcﬁﬁéﬁ%ﬁﬁefmﬁe results over by four bits (for
each col or/ alIPE@ta@rﬂm&ntﬁﬁt mbstidf he SMifektukd linfigkioRNtHaPRa RS Ke form of

normal i zation of all the weights of the box filter: sixteen weights that
are al | resifictpd the stale ofpalst 3id \grapihing haydwisge pecelsiratarsyhase bednyvidedr Bimreseadt at i on

is just ,ashift right by foyr bits, as is well, kno to_on Kill in the
art ) a3 sprdihe et s e BpnETpid tnd e M Bek ey e RrbirEnar der
- a fundtdmea n@in BoophuterfabX elip)) QIIDMb &ife @6nncdiany Q@Cﬂbo?agﬁﬂl@u%t%ﬁ Butgges
participate in all scan lines of _videq output signal, and has sonething to
add to @aesodhg beapLanklaputBart &yt pins ezay hejnednt tywraint frgmeenedhinstodhgneiiout how
t he LoopkX.ay thbk gwi Il have to fetch sanples out of the frame buffer? Now
the 16 sar@ﬁes of“every pixel will have to be available for use in the
filtering ofHdGewr,thee ardrex sdemdanyt yyipeer Bingnah tipd awehiser DobpReawdcliipd thaant t o
have to fetch the saggl es . fromthe frame buffer 16 tinmes in one video

format {FRRESTERGEFEFHY N GFRgieris e VARSIt BeEkf®hent cachi ng
mechani #Rcu89dn, 2BAN AnPMchémb &iMBLALE: inHAentUpPBEEmATon addressability. This limit

isn’t much of a practical concern if count fields are used, but it 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 testability impact of the Loop architecture is mostly
confined to the Looplnterface 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.
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format frame may be reduced to four tinme per video format frane, |uf|y2ﬁﬁe
the sanples for a pixel are fetched and stored for use for four

consecuti ve video output signal pixels. Saying this another way, now the
pi xel data (the sanples) need only be fetched once for every scan |ine of

vi deo out put I gn four tinmes in total. This is stil |.ar ge, anount of
excessive ban’[ﬂjﬁ”gg ﬂi ﬂ’_§§e IBFHES 1R ATt F’V&‘Falﬁﬂ?:e ?fgﬁléf‘&&lf?/ M‘%h? g?%g‘%?%(f%t h
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scan line of pixel contents (16 sadnples) on-chip buffer Is a ae , how t he
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f t f _Not han i t hi | i f | | d
cont ai n TR tighs sGomd B8 beBr o BETERE: dsRo e REBfh sBSoome b G o ¥l teo
si gnal fespa@ingdRQEnRRns $&RAN bé RGar P&&ufﬂhngct&l%ﬂaes@@ﬁr a RSP o | i ne

width (in pixels), this would be 480 tines 16 sag es.) Figure 7 gives sone

cont ext aspDesv ships drasisg.cmd sTRROTEOAASINM HRMRE in asEledentomtotidet he

scan of Gl Sp BAGERNT of BIrAHA S MEwls" PIF o Bdpoleh st EBRyReiRE o °f Form
one  spawivfer & fittersuppettehy 0@ use ol pRRPlaparilel Higsl cath yephtdlg chiicefegdo once,

sonetinme _prior to the first use in the upper left hand coner; and then
cached dhe Best gomppter. Oncs WiHbieseemlater,qasmylaple rings conngrted yntg adamger systent r ane)
in the | Ikl @Qﬂd %%r £l ) 115 19 July 2006
different%?%gﬁgﬂelgg%a I e% i eIcoﬁ%%%!agggbg?fsﬁlv%rﬁ&?gquﬁtg&%different

convol ution kernel coefficients to be generated and nmultiplied by the

i ndi vi dual sanpl e conponent values. The other 15 LoopDraw chips all have
sim lar convolution w ndows and sanple fetch and cache requirenents,
though with dyfifeOaRfutpoints in tine for sanple fetch and cache re-use
than each other. Al sixteen VideoPi xel Loop packets whose 4x4 convol ution
wi ndows require include processing of one specific pixel from LoopDraw

chip #6. Ce ther alternatjhves - why a 4x4 grijd; what
about an SXZﬁjéyﬁgggé?a?%ge%%e ﬁ? R {& ecil%rg ! ﬁl%fmg‘ih ?8%%%’%%} dl\' at her
t han 16%iddbatutiut pedvessing i hhd dppesired befpud inddnan&xial sroRas Is dagilyher t han 4x4?
Each of these gff_erent_ assunptions leads to different trade-offs in pixel
access anepPtakls Teisgwaian deseribehYidemoutpe aselitsaivretan san ashievetlisskill ed in
the art based on the discipline here. Any of these variations are

considered to
Relationship of Frame Buffer Memory to Video

times that a given 16 sanples are fetched fromthe frame buffer1g

For simplicity, let us consider a simple ring system with one Looplnterface 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

114



fall within the spirit and scope of the present invention. Thi s1§iﬁﬁg?§bgn
covers the franme buffer access, but what about the antialiasing Ti :
First let us consider how the subpi xel |ocations of the sanples in a given
pi xel are known. Here we assune that the positional distributional of
sanples within a pixel (subpixel sanple |ocations) is a non-locally

repeatin attern generated by har dwar e sanpl e _address generator. This
funct | oﬁ%ﬁg}y}%enxs onihe anioRos loHs apary b hosRidERHCHY Pettigipalfs i iepi xel
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enbodi nents for inplenenti ng the antialiasing filtering. Wen the
Loophi t e¥¢iglats ththiars allewrdly io 6, aviddiédrior by 10dpinpatkshmetieepatsentatiamig jushe ri ng

f chi i ..sybpj,xel dd
el o advitoef oot R SR Pl gSal @' GR BRI IRECN or "o The out put

pi xel to be mmﬁuﬂmthﬁsﬁamﬁwiaiiﬁgﬁueﬁ@ so@Bthiril 4 lgle Mgrdet | & Binctisn afs adi al |y
symmetrical filter, the filter coefficient for a given sanple can be

conput ed*4Pird eighBorhppd.dNow sadhilroapDravh ehipylogsprtigipatsfin alh scamlinss of pi xel
t f.r ' t
Chese. xy Gl et SAE RS, Sindilfe (D AR o1 R B Tl 8T OT

of the dioss thiceayabottievptktlioopDerw skipwil hhvotn feteh sadplee butadf thdfame deo

out put locatjan, the center of the circylarly s tric anti-al]asing
filter. hﬂ%@f’iﬁ?&i té%]ﬁ%?aé’éplaﬁ eyRpPLEe Tlldave ithe drallale Sigme i e dliepag up in
an (e. g.of 16ifGeRIVi8 FutSiRA 8. 1Rt doRBRS.rS BB ' filter
coeffi cioent : lNO\(?VH{Vﬁg%H ('%hhe fi tareéihagloef fi cioent has bevgﬁo {%%ﬁ%@@%gﬁegm

mul ti pl yramile Gahebuffériddimésdn one stideq farert fisingesonzmnidrmloflon teabebpbswi bl y

ot her) s | e _conponent nd add t.he resulting..value into a running sum
of the SO CeRer R cashRE S Hat R G b hin SShesink e S ok | T o

coef fi citiids that sagder d fintples drelftbheg fomtef frdnid biEffer petiled fpmhbihas Iﬂ&?’! s
vi deo out put pixel. A LoopDraw chip conmputes a separate filter coefficient

for eactbegeducsd to Bus Hmsinss vidgo formst frame; iff alh firessamplasifpg mpixgl are sgtchadeamndi nt o
the singlGed BRUO &r FHP doBELcufiPIRANS Btputidtii bAER! Saying this another way, now

the pixel data (the samples) need only be fetched once for every scan line of video output

signal, four times in total. This is still a large amount of excessive bandwidth, as the

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 signat
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
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filter energy), and then pass this (as yet inconplete) output \ﬁ@;@ﬁbﬁﬁb on
to the next LoopDraw chip in the ring. The increnental total su Per

energy will eventually be used to normalize the other sumed filtered
conmponent val ues as part of the finial steps of producing the final pixel
val ues for output. But note that the increnental total summed filter energy

does not ,_have to be explicjily passed.along wth the other jncrenental
sumed fqlff?@%@n@&ﬁg‘éﬁf@ﬁﬁxei hop Bokels vl remstre o Feret cepeplgyortising be
I
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have contrjbuted to, the su iltered.conponents. i.le this does not
oaui 1 o G PRSIy oD RUEOiietent PR B GRIdP: Sl PR S S5Eh
conput atihfedch ofgsSi ve, and takes on the order of as nuch circuitry as all
the other convolution circuits spread across several chips (16 in our
exanpl e) conmbined! So while an alternative enbodi nent m ght save the cost
of sending thg, _incr ntal ,total su d filter enerqy along with all the
ot her summed ‘ﬁlﬁllxgereggﬂﬁ or%l’éﬂgﬁf’p PEA© e‘g,OSSﬁﬁﬁ Fﬂ%‘{"i‘gﬁ’%ﬂﬁlﬁfi‘i"@%ﬂ@“{rﬁe filter
coef fi ciigtludgpdeeRing@T 0fB s FiREFonTROYpDIaRethip #ebodi ment do send the

partial surn(s) of the filter energy for each updated VideoPi xel given the
present econom c trade-off in pins vs. on-chip conputation. Wen a

Loopl nterfac I PalLecel I . te Vil S been
added i nt o by ST LERFRCHER BNk IRARIAES Wl Bt SRNELE0 I

requi r egrid@rikthitiif tietecire 8 and2 L obpravoctdpstaties tHaaf167 aViidt itthe getpar flkéron of t he
vi deo out pyt si gnal

. To do this, the L Interface chip first takes the
reci pr odS4UEF AinmEePart 19 ﬂ?ﬁé’ixﬁ%/?acafhﬂfotggﬁ?hﬁﬁﬂﬁﬂi fpyreRtions (gads i) ue ti mes
each of {i#¥6cRi tkfle-SFRY EH%B%‘T‘E@Ceﬁsr ﬁﬂpiﬁél%ﬁéhe Pl Swhi ﬁlaggle%cédﬁk&gggr yoduce
the final convol ved val ue. Mst enbodi nents would a sone addi tional

pr ocessiong skidled irethetaet thsed qrothg dlisgipdine Gerec daporfdidss vheations tteeconpidered duit put
signal pigs.of the Looplnterface chip,. in sonme enbodi nents this consists at
| east O]&laliﬁfltgxm{hgﬁgﬁﬂ?g@%@@pgpﬁﬁmﬁe ﬁ%mﬁrﬁlé)fls into a non-linear gamm
space (a sinpiies diabiseioh @eketPihe fhhite BiiffdrAGccag Rt tviat beRsthe hntR@atiaf FBLe
convolution in the way descri bed above is that the un-normalized partial

sum val Jdst it vapensideb RS IthemPpicklocationeb teremptes dn paiysagixol prg knhenl oopLi nk
pins from Logplx 3 LAl £t the 889&81){51 (aﬂ'trﬁ)outi%ﬁgl%lfﬁ%‘lﬁfes i £Hi%8 (subpixel

sample locations) is a non-locally repeating pattern generated by a hardware sample address

generator. 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 Looplnterface 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
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nunber of sanples that may contribute to the final sum and the1gi 2006
nunmeri c accuracy of the filter coefficients, the partial suns requite
significantly nore bits of precision than the individual sanple
conponents. 'the nunber of bits is the | og2 of nmaxi mum nunber of sanples
that mght fall within the filter, plus the nunber of bits (dynam c range)

of the ener ated .coefficients. For exapple, for 4 filters with a sanple
density Grarpe! e igRoarpties P%’Pfl&arp%mpi% i gentey i Vit otPudpraiennat el y
4*4* 16 ST 52% ®  aliadi | i | | ze 1,.and

addi ng ttge t&%? ?s 16 b‘lsiti;c 1#1‘??% r c%tg?ﬁ tgﬁlé%%llgg,)ﬁ%érgfﬂ gndﬁ{gtg?g?&g?magg%ﬁxqeﬁmt ely
24 bit s wedapasaddesstomokhipgnto (ehi g froon-eap SRAMpblauthgiuhagsisqedred onponent .

But to put thi ective, this is still less than half the pin

S . n_per
bandwi dt Stf'l‘écé’d&fiﬂtﬁﬁ/gﬁqﬁigmﬁr awPi xel Loop packets to render at a depth
conpl exity ofN&w tisf thd filedebéMicRat Bisteen fablenexBweanultiplyshRaaka tRwdadhe W can
briefly describe what woul d have to be nodi fied to support sone additional
f eat ur eged,rgregn; blugaaidaplenfood possitl s oben)saiplersemmonents, and add ¢hedesdiingt i on

above, all _ of,.th ne f | e had ingle filter coefficient
Tatue. o ¢ BpbRERARTife Bk, BeSR IS lihal BPfodpll phbindRE hee o (o
correct filfer@oeffiviept ¥elddeinel a fmhingaanatfilter abefitidhisFoSthiv ldoodthg petursi cal

i magi ng systemthat is displaying_the video %%i gital mcro-nrror

di spl aysh Lreplkey chip eeuapytes apepayate {iterrostficient for eaph ef thed Sspaples jn &

di ffereng H@m C I; L :

corrponeﬁ%uéé.1§ ur%ﬁ"l‘armr@e,lﬁéﬁlgﬂw ??hérjééé%}arr%& twfﬁe%ug? @eg?ﬁé@or%&g%ﬂ%géﬁgum of
filter dilergyerpy), bad thenped thisqas yet opnipbete)vytput (VitkeoPéxdl oneorfileaskzed her e,
as bein abb? to di.stortion correct an al pha channel wusually isn't a

r equi re%éWP BY MRIRDYHME of projection systems applications.) (O course,

ot her enbodi MERificrbRRhtat®eal FBifel TAR: bR B8P wAPSRnEAlly B8h9Ed SUTRARERLE W | |
need nore than three additional filter partial suns.) This wll nearly

doubl e totlzersumid fdterdsi companent wakues as part pbthe dinézd dteps ofproduging thedinap per

out put Vi.deoPj xel. Lo ket triple, th cOo | gnal r.equi renents
on Phe itas AES forohifty P SGle wlThs bl o Pl SR Dl tpley BRE Piocet br e
way to |haseerbd dlictiiypacied abingavithiheother dicréhentadinhinied filtereEfafiinehty
distortion correct _each of the rgb video output pixel conmponents woul d be

to take et sgemed filtrenssayeoyld kaspomptaishengbitey cpallyneded. it have a
sur pl us xﬂieﬁé\%g&g hﬁ%@%ﬁﬂﬁ%ﬂﬂ]ﬁ%ﬁdﬁqg REfAKS Hla%%\%lolv?evéf‘ ltl?(is %00k iﬂ%lt}ggg end

system w t chips per ring. possi’bl'y the LoopDraw
chi ps caoedcdmipatieg slhthedilter nexffiaisnts gagerbtod damghluthe saniey thiat vk pohtrivugdodi xel

Loo acket, an . . . .
PP tﬁe summefsj filtered components. While this does not require any (expensive) access of

frame buffer sample components, the computation is massive, 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(s) 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
Looplnterface 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
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still support the high video output signal video format pixel rq?gﬁ“ NBoY
other simlar trade- offs are possible. Another conplication is e %upport
an antialiasing filters larger than 4x4. For exanple, even a 4x4 filter
not centered on a pixel boundary in x and y would in general require 5x5

pi xel s to be accessed for filtering to be perfornmed properly. This non

I nteger alignnment egsily occurs.in video,.re-sizing and distortion

correct i G %%.eagﬁ&‘leé?getoﬁ’él ﬁ@%ﬁ?”&%‘_”ngE‘Ogﬁ’]ﬁtﬂrgc?/&?z‘gdn&]wﬁut si gnal per
ring hasiR@indits fsstdists ARALNATaN GRTBAA] €BhVRHoh ST e Wit LintdWndi-HE&QrOUt put

signals supported fromone ring, even assumng that the sumof the video
format Haxeha space dopk: table lewkopkd t he singl e channel  maxi mum vi deo f or mat

pi xel rate? How is.the frame buffer mapped? es. video generatipn .now
happen separ 408t ok A TRAGTPa Har PR RRRR SRR L WMo HEREH 3 afivedt

t oget herthgaRBuNRYmTalizA8 paiidPdum Vdl8ésofiafl (BGvolved) PREcpidnefts atdywissedar € many
different ways to nmake this work, overall system architecture argunents

have to wethgdiogpbinkipingendeonRey chindo bpepldiy, chimrfiesausgof thidatae are to be
o ¢
Sk 11 e TR gPOS YA EPSHATRE e 6L ik oS ole HBERGREAC KU RETS,

Bandwi dtthe Tilterscopeidiéns) tinf partiel sdms et siinificatldy imose bitsref @eciniph ehanahelwi dt hs

used in  enpodjments of the LoopLink fqor the djfferent rendering tasks.
These bdRdiidue @eorpponentst bhe fP’ré?‘éﬁngLIW Kdhgloed of magimp EmBET 9f and

shoul d Juk M ' f e Tt gl MaTa¥ re are
three t &%@g Rgftﬁa??gg? t‘?i%ll '?V ﬁg]%%tg%ﬁ{ggg) 1111% ﬂé% %nPgleousFW%ﬁg%dﬁg@so&mnﬁand Loop
packet s denemied coeffiphintse Fbaocanphd, fort 4xddierowithmrsempleatzpbtiaet Ih apd withrl@wPi xel
Loop packets from one LoopDraw.chip to _ane QL. D ot her LoopDraw , chip(s);
11916 JUFPeHBPOnsT 8 gERBrm S S DEIRAEY H 516 B 20O SpTRICLTRL e BhMS (o o
LoopDr avipiiiRg cithEfiaRinsele, &:RIRIARBAL €his 15 bRMIRRGod RO 2\yahd Rytdldfanot her
LoopDraw chi p, and Vi deoPi xel Loop packets froma LoopDraw chip to a
Loopl nt eppeamatklyp24 tistase pasaed frera chin torchipsler efch Hdepeoutputpixdd comiperent.
occurri . S ' .8 . ' i1, expect ed
usual oA pif fisif Fhsbedhe i P huf e BAE B MR bR Regpdeph 8 e
DrawPixel Loop packets to render at a depth complexity of 6, so it should be supportable.

Given this background, we can briefly describe what would have to be modified to
support some additional features in alternative embodiments of the invention.
In the description above, all of the components of a sample had a single filter coefficient
value computed for them. In many cases this is sufficient. But if we are to correct on a
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 passed 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 correct
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
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system shoul d be desi gned around. Bandw dth Required by G aphi Cﬁ@Jﬂﬁ?ﬁo
Loop Packets The relative bandwi dth required to pass G aphi csConmman 0
packets conpared to that of other Loop packet types can vary enornously. A
G aphi csCommand Loop packet specifying a single triangle could generate
upwards of 2 mllion DrawPi xel Loop packets (fall screen triangle), but it
could al soggenerate only a single DrawPi xel Loop packet. or _even none at

al | . Morechigh snd systeng xathr 325 LapPram: ciivs pemsing Movergssithothe eepBrave| t o
product i g i 1 g - W i

e, oftpsoulRPIEE Bnebadlons IS4 e OBELAVIBIPIM Foricll 4l
tri angl esill sSppomthel Higlbvitlea ofitput Bgdal eideo foase pixet tagesr Mlaay bther sinmlantradd-

bandw dt ftaken by G aphi csCommand Loop packets should be well |ess
t han t hdt™Sof® PREEF-awPi xel Loop packets, and also well |ess than that of

Lhe Vi deoPl xehndfabopfitisich is @RRp6 CRIFMIASHOTMCAAGKE! hufBY418r 1 M ted by

the bandw dth of the host interface (the connection fromthe host
conput erégxatmple, keerGaldxt filberiros cérderddan e péxst bberdatom x anfewbulddmigehidnalof t he

LoopLink is u l.ly, f hi gher, .t an ost .interfac ndwi dth. Unless a
appl | cate B B maYs The MRt SRRl PPt Ry S hrER Ry IR PhS iesenchea

Wit hin tdtignsidnt EsAPBLSs MaVidapicssi A6 ehddislofion dBRRbtidd APAsCSs Command Loop
packets seen by the ring on a given frane are created bg@%raphl cs driver

comand nessayeir Sepenenatipy of e pinglsyvidaecoutpy signalyes ting haphean diseessedni t ed

bandwi d ' : ) i | _ ' hi
caser s p RO ERAAEE Hbfl dpfr ol BRPLEentl HBORARER ST Bl oven " e
bit rat easedminhehatliiogum oktheividealfbrohdt el fvesdidel gotixtegdahe siafletchannel

G aphi csCommand Loop packets generated hy he Looplnterface chip in
r espons dMPHTYIL KPR E’THW Rigel ré%%%wﬂlsﬁb% gélasimffﬁwaweé? LoRs VigeR generHionn ost

interfa : i | i3 1 i ch
| ese t nal™t RpPeR sRPRLY B R il o o ogafds  dl il i o e
conput erAsasial dirdre o mp haingld gition; tdierrare mabg ddfarénd dvayn ta mekSdhigwanshi cs

har dwar e accel er at or, . ld it be possjible fo he, 3d 120 19 July 2006
Or ph c PR AEE SRl G psPmeg L t b wpiehed ihishide ATORE e pibns | ng
traffic TiRgebhigduRGn® ard REriTRUAal Ahd BAAcHicBAdIrafils, bhe ateQPR Linierstddd Hye

quantitative, nost of the next cigj.ener_at Lon host interfaces will |ikely have
maxi nmumahgs skilled i the pedtpm thereachings iethindocumentio gi gabyt e -per second range:
8 to 16

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);
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gi gabits per second. The aggregate traffic of the G aphi csCorrrraﬁrgéL?gg 0
packets present a |ower bandw dth denmand on the LoopLink in co H R ?o
t he aggregate Loop packet traffic of the DrawPi xel Loop packets and the

aggregate Loop packet traffic of theVideoPi xel Loop packets. Bandw dth
Requi red by DrawPi xel Loop Packets The desired pixel fill rate as an

exanpl e for the systemin one enbodj nent is one gigapixel per second, at a
sanpl e densi t‘ﬁldafﬂylfsl. Loap Backsts, ompé%fﬁrfb%%& t%ﬂgq@mwg: i ni mal |y of 4
12-bit c@jR it I S t | nacket header),
this is a m&rs\]i??rlum fﬁggetiﬁjtog{so%%g)% Brﬁg‘ﬁgg@g tggégévé%%ogﬁlr%?g}él > (I'n other
enbodi neviidsoPimelr leoopt fagketo fremsthbapdrew whigrierat Looplnterfamychipave t o be sent to a
LoopDraw chip for it to perform the pixel fill. In these enbodinents, the
nunber of bits per pixel filled could increase to significantly nore than
50.) If all Dugafthat@he HPORRAGHAE HralRAyDQ JLAYRIGIE IREEMY HhROR MK @

gi gapi xel per second would require 507 gi gabits per second of bandw dth per
|i nk. Howeeptional ease, it isile efpeoted gopbeans dh$ s thewhy that the demliRlegigh of tep
packet s ha@%@ thf% ](tﬁjrbavcgerse al | LoopDraw chi ps before being consuned, only
1/n Dr aiPPxer 'L pep 8@?‘%%’5@ to traverse n-1 LoopDraw chi ps before

bei ng consuned, etc., and finally 1/n DrawPi xel Loop packets never |eave

t he LoopDraw t hey were generated by. The asynptotic value for this

sequence i s WandvidhReqahedby MgenhigseommandlogniPeelsstsn Dr awFi xel Loop packet s
to be generated wll see an average traffic of only m 2 DrawPi xel Loop
packets on any given LoopLink. So the expected traffic on the LoopLink to
support our dllgaelatiet bindwidthatquivddltb phe GraphisslormabLgoropdekets cp@pargécond.
Still, these Logp packet resent the single |argest bandw dth demand on

t he LooﬁEiﬂi‘ﬂE."%B ahpeR PR ‘?Séénb’?Y\ﬁn&EB%FsiﬁélA 195G ergand Logp pagkes ) y

2006  VigleqRiixgh si %ﬁﬁ%@f@&ﬁd @@ﬁatkﬂpﬁﬁrd@%?g?lgiﬁf%?xtlt?{ag@%l 35 p%. e% as

vi deo ouf put” st gnal vi ormat pixel rates SSs |
hor i zont(&ill sca¢angiciengle)rbut it caild elsa genbrito pnivta simgelDrawPig eldladap peickédtj or t he

ring). So the r i ted VideoPi xel Loo acket rate iLs -135 ., a pixels a
Cocony ayeh Bief Sl Vs Sip' R load gt P RAT SR bR el crenc iRl b Xl
rates rgedictiod of 206 BIXER! &.g! IRsvdraRhepgRdiond REITBE & 188 r4nBe of anogixef 1280xI

024@6Hz to X ) . .
non-textured triangles through 100 pixel area textured triangles. So in all but a few extreme

cases, the relative amount of bandwidth taken up by GraphicsCommand Loop packets -
should be well less than that of the DrawPixel Loop packets, and also well less than that of
the VideoPixel Loop packets.

GraphicsCommand Loop packets may be limited by the bandwidth of the host
interface (the connection from the host computer) to the 3d graphics hardware accelerator.
The bandwidth of the LoopLink is usually far higher than any host interface bandwidth.
Unless a application sofiware has explicitly sent display list over to be cached within the 3d
graphics hardware accelerator, most GraphicsCommand Loop packets seen by the ring on a
given frame are created by graphics driver command messages explicitly sent by the host
computer over the limited bandwidth host interface to the 3d graphics hardware accelerator.
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
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1920x| 200@’6Hz. The size of a Vi deoPi xel Loop packet depends on1P%]£2§6hl S
of the nunerics of the partial convolution finction each circuil ta )
but four 24-bit suns is a good approximation. This inplies - 13 gigabits
to -23 gigabits per second. These Loop packets present the second | argest
bandw dt h demand on the LoopLink. (If chromatic aberration color correction
i's enabl ed, thes&xvnunbers ma¥qrise by a factor_of two.) Total LoopLi nk

Loop PacFaphigshadivererrcoderaiog ta sre Grarhigsiramrnasbheor paskeding tatig regabings f or

G aphi cqg%g%n{_?p&n B,g& gi gabits for DrawPi xel Loop packets
plus 23 gigabits for dl efggﬁ%ﬁ@gg&'packets, for a sumtotal of 64

gi gabi ts per Beboquhntitoiweyveanst ofthegieyapértesatimndestanttriases|veilidikichdimvehe act ual
bandw dt h achi eved, u.create a |ocal nenory sub-system from ei ght
ar al | el MERACHREAR Hrewiding Ml dneisdoe EMMIGRF 0o KPERH B 1o 32+ S20M =
82 gi gi Qi i89e) secbhd. Fidfelagatcdfie HRAM @ﬁﬁgﬂr%;%s@éﬁﬁﬂnd'ﬁ)oﬁﬁa&rts efiaa St at ed
here, because there are algso address and control busses. COUII?SG, there

i s bot h lowsar banduidthdgmand outheutodpbinklinkmparisdngo samaggrdda Idvptpakles al | t he
control piRs r this. M | ocal ry sub-system, An in.1/0 technol ogy
Chat " sugBsRE of & Dyl Risel LodepREat o T AeeseiieTp A & ni'e chi b i a
vi abl e qgmda@pigeﬁpjopigmk@genti ng the LoopLi nk physical |ayer. One such
candidate is the current 2.5 gigabit serial Iinks used for a variety of

hi gh speed interfaces for CMOS chips. Assuming that nultiple 2.5 gigabit

per second |1 . e”y I |, this would take 26 such
i nks, on bot%ﬁ‘ﬁg‘ﬁﬁﬁ% P'Hlécﬁyd;%a le’}%ch ogp@ﬁcg%g of any Loop architecture
chips. The 2.5 gigabit nunber is fromyear 2001 shipping chips. Wth

advances in nuf acturin a product aiped at production in a |ater year
shoul d be abl etdésa‘afﬁmél I rate We&ewieefo}' theswystesip ong cpbgdimephisege put

250, Pl B Vg T U o] Sl 1Y 2%
Loop ar ghinfregliuefed §2-bit component values (plus some address information and packet header),
this is a minimum of 50 bits, and probably a few bits larger. (In other embodiments, more
than one shaded component value may have to be sent to a LoopDraw chip for it to perform
the pixel fill. In these embodiments, the number of bits per pixel filled could increase to
significantly more than 50.)
If all DrawPixel Loop packets had to traverse every LoopLink, a gigapixel per
second would require 50 gigabits per second of bandwidth per link.
However, in a ring of n LoopDraw chips, only 1/n DrawPixel Loop packets have to traverse
all n LoopDraw chips before being consumed, only 1/n DrawPixel Loop packets have to
traverse n-1 LoopDraw chips before being consumed, etc., and finally 1/n DrawPixel Loop
packets never leave the LoopDraw they were generated 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
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LoopLi nks presents sone intriguing new options for the physical 19 July 2006
construction of commercial Loop systens. This portion of the docume%t2 wl |
explore both a traditional PC board building approach as well as a nore
packagi ng specul ative option. The Traditional Approach The traditional
approach to building frame buffer cards for the Loop architecture would be

to build one bi C ard e resul.t would . ,ogk simlar to that shown
Figure 8. Fo?“gf’ﬁﬁ‘f’ioﬁ?‘f@%k%ngq ObsPETsEaRI @ht sgf"é‘feéatgﬁ%meo BUtPUboar ds
With 8, difnal 9de8\Biinad pikePrdods (a bt REST HRAUDRAMACRIRS: 1AL IRl T 2T

t hough perhaps_ inpl enentations having |arger nunbers of LoopDraw chips
woul d adiganssrsing defeDvidvin g qing)t B thiseequined dfidedPoxel dwop patketrate ismd35Thi s

ey ai e biReE A BREANES 00 e kol ST oS R vidko PR bRl e o O
entire |@ggieed ©IPPEKHRGIdRMIghal forvefs\ofkide@hye 401230x 1AM T@Y: {0 be changed

to accommpdat e nost _any changes in the individual sections. The
Non- Tr adl R0 h0@HBach 1t seems a pity to have to build so many nearly

i dentical reply ' YR glel ' Ly sub-system on

a single lar giéﬁ%%&%%\égef)ﬁx%ﬂu%ﬁ agf(é#@%% I%\séliogrp%é;?&%}osro naen%'%g’é%r#lﬁrol%ﬁb‘f

t est i ng, pstislakhnguticlefmgigomench ciredionked, bot, foat 24-bitfsuind$d a géw@l basi ¢ LoopDr aw

chi p and connect ed lﬁ:@g/l} |l ock_could be a sinple small PC board of its own.

Thi's smeARPTEETRLHRH- d- ehaleigAPs 1 ~Shigabiy peferecyrd JheserLappagkrie

si gnal s jbat WRUb&hndA%Est ban Pl @lfant QHgLe&p;[ﬁﬁg. to the previous adjacent

and next” adj acent boards in the ring. 'P e LoopLink interconnect pins that

t hi s snllf clir@nbioaatetrmation dolneewtrdetion iscmabledt theseswarbersahby riscioy afhcadr oZ. 5 CGHz

or faster. Technically, what is needed are waveguides, not wires. But, in

one enbddi® nt, sol dered on coaxial connectors should be able to perform

this finction. 123 19 July 2006 Figure 9 shows this alternative physical

construction: six identical small, si r{BI e LoopDraw PC daughter boards, all
1

attached to ehethl looméinkohoap Ragkeidtandvidtbaxi al cables. In the figure, the
roup of cabl . . ' ct.l e _r.epresent by a
gi ngloe bl ack ‘ig;&}%g er#l %%%W?{’)#egﬁ \XK%EE%? aéitgﬁora 8?13%%3 ‘Vﬁg%o% de

ri bbon qmakets phus 25 gigabits for DrawPixel Loop packets plus 23 gigabits for VideoPixel Loop

packets, for a sum total of 64 gigabits per second.
However, 64 gigabits a second is less than the actual bandwidth achieved when you create a
local memory sub-system from cight paraltel DRAM chips with 32-bit data buses running at
320 MHz (8*32*320M = 82 gigibits/sec). In fact, the DRAM bandwidth number is higher
than stated here, because there are also address and control busses. Of course, there is both
an input and an output LoopLink on the same chip that has all the control pins for this
DRAM local memory sub-system.

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.
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Figure 9, the LoopDraw chips are shown as hangi ng off the edge E~hn§268?
daughter boards. This is not nmechanically advisable. The point here’is
show that due to the use of high speed serial |inks, the nunber of
connections that have to nmade to couple each LoopDraw chip into the ring
(e.g., two connections per LoopDraw chip) is small enough that the old PC
board and connector approaches to manufacturing nmay be able to be inproved
by alternative techniques. But now that we have these separate PC boards,
there is no rgas Rglﬁgnﬁfquire themto be |located on a single plane. Figure
10 shows what i's possi ble when these cards are turned on their side, every
ot her one reversed, such that adjacent boards are either coupled' top t o-

top"” or "bottpmto-bott e 1 sho a. SI

Loopt nt er Face e Agl el Pt et S B S B FodbmePREPHES Fer e,
the poi ruodpmrn@pﬂésemsrsme@ﬁﬁgmhgeew optibad fl thd pHeMcaNDdnbBbRaW chip to the
next LoopDraw chip. This is done by naking the lgl n-outs of the |n§ut and

out put L@B‘p‘l’mﬁl@ [-persystemes. Fhismertionrigbe defumeat wilbexmdere ey atraditiged Pgn wi t h
full hi t he total
a 1411 36 L o0n AL DR UGS BhiS B 900 &I LGS CNIpS (the tota

nunmber augh boa even f e mrroring Wwring
to line up). The air flow now may be hori zontal across the diagram e.g.,
either fromleft to ri ht or fromtight to left. The wires at the bottom
are only crud@Fyn@&§Wﬁ ARREOYBUI d be the | ongest connecti on. This coul d be
fixed as seen in the next diagram Figure 11, which shows a sixteen
LoopDraw, 2 Looplnterface chip printed ci rcuit daught er board on edge 'V

| ayout Fi gur elkXragstemat iygpreaheo baiidieg ﬁtraﬂler’dutffeoceafdﬁcg tireel dab, arhiﬂtectlmtw

R oonl e r bl pE B Sid thehie o i TR w1060 malaf ot R A s oy ot

Thi s |ayFB#tsnﬁ1ﬂ§:1tB/Q%1}5ﬁH%o§ft>Dfa|w0&lﬁ1 a&e@ﬁ@@@ mﬁbbﬁlﬂ‘su@ﬂl @C1g%reeverl§z td6l the
length of wires at th omis ene|C|aIére uced |mt|ng t he maxi mnum

wire | etﬁgltmre LoppBravschips woeld besinilapthongh pet spsgmplrsesnitasions havinglarges poi nt
fovi f d hor t
G T R S R T e e

Loop chirigz. which nmay need the nost cooling, are all located in a confined
space. 124 19 July 2006 . The physical constraints, of Ppl n | ocations on chip

packaging is Hys fieeb%}hagﬁ]@e @fg@pﬁges of being formed on a single PC board, and having

easy air flow for cooling coming from most any direction. However, this entire large
complex PC board is very likely to be required to be changed to accommodate most any

changes in the individual sections.
The Non-Traditional Approach

It seems a pity to have to build so many nearly identical replications of a single
LoopDraw chip and memory sub-system on a single large PC board. It would be much
simpler for manufacturing, testing, stocking, debugging, customizing, etc. if just the basic
LoopDraw chip and connected DRAM block could be a simple small PC board of its own.
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.
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consideration. Optimal wire length is achieved with pins on botqgghﬂ§§oaé
t he package for the top-top, bottom bottom daughter board configuration
(This would al so nmake it easier for a package to support |arge nunbers of
signal pins.) The Figure 13(a) and Figure 13(b) diagranms show a sinplified
| C package input and output connectors from both sides. The

LoopLi nkl nput ort put are | abel ‘100", etc n.a.2d ra t he
CoopLi nkout piiBeiee St i AierheundSfistironduegiefs st e Sofcfidifie,

Thi rty- fiopRaR P &Jugﬁ@?ﬁozﬁrﬂ@ afh@Uhel %0 esdhthdriby aldignbiek bpéda.&?au c&Hles. iihe
actual nunber woul | arger to account for each signal being a bal anced
pai r, artbe filgares évqmrmgnofn@hlebﬁap&mrthahdog}pmhn@ln@ph@l aIP@sprmemﬁﬁ bo*fa pads on

bot h d k d back-
Mot o ¢ haoelf plailife 1 305! B oliB BE S BRSS9 28 8P B Gpaf PRI 07
pi ns. ThRigure MARLIPOrHR |0H1p§ hﬂmloarﬁsas heveh s 6 thd diige W T BagMet bofrdso chip

becones a set of very straig wires in space, Indeed, the external wring
| ength clus i mm@équ@aély@dwabl@e&"hm@mt lesge & toshow that dueyirthe wee ohhigh nal

W res fr r n chip
to the (%Q%%'H@&%ﬁ%era gf&)néﬂgﬁg?ﬁgﬂﬁﬁﬁﬁeE#%g?ﬁﬁngaé%ﬂgﬁ%hbgggkage
Agai n, vnfmli fitd thiegingYea., thd cdniictiper fey LobpDivey dlipyis annaﬂnehmgthuhﬁ the eldl worl d
packagi n constralnts Wil | dtermnelf this |§somat gvvori t aki ng
advant ag}%j beard gnd copnsgivs ApRRachss Symapufacighae may ae Ablede BR IPRECSRY ups
require gxpl.i Qéiaiﬁﬁﬂﬁﬁ‘Jrs for termnation, and these nmay be fabricatable
of f-chi p; and1 ore may be external or built into the packagi ng.

Mil tipl e R ngBBuppothat Wabaeatheselsegarsto PlCasoandsy thebxeis mofreason teieqgire theimipl e

ring. st.em a chltec ur.es S wi.th.8 ta, 64 or 0 aw.chi ps
Coutss bavdediegh e ppelsats Fiteeld f%mdvial s botb un BBl CraR g PaHe: ne
spirit ofn thBic SideNWRAY b1BBr orBUEvarbL s&laqyat aﬁjaeaﬁ bohak aféJd?ﬂh@f soupRRY “@bp-toIDI €
sub-rings? This section w || descri be how nul tlge sinple rings can be

O

connect €dp” o detther-todhsitter. h Fégure A0 shavecesixteen §6 Loeplaramp 2tLoophderfase €bipdon' t
have to ( &Fc?%cuﬁtodaﬁgiﬂg%oar éeﬁé%ougpe%iﬁr%a&gghﬁl? e oﬁéﬁﬁesga%s GRRgect to

ot her si r‘rp e rlings e nex CUI’TE CUSS usi ng

addi t i ondaigho frotoaad Ldup@lﬂa\s pl&@do ithet e DG s dhip. PBHIS Brdonabe makidperhe ane
function. There w |l be simlarities between the_concepts in this
secti on Rifrguissd theinpp %ndmmlt Loplink jteriasiemnigior images of padraliteldeside nore a

mat t er Qfes%ﬁgwlﬁﬁa w1l §L§(ﬁﬁﬁh@@hﬂﬁ%§é éh%%, plus 2 LoopInterface chips (the total

number of connected daughter boards should be even for the mirroring wiring to line up).

The air flow now may be horizontal across the diagram, e.g., either from left to right or
from right to left.

The wires at the bottom are only crudely drawn, but would be the longest
connection. This could be fixed as seen in the next diagram, Figure 11, which shows a
sixteen LoopDraw, 2 Looplnterface chip printed circuit daughter board on edge *V’ layout

Figure 12 uses the same cards and mirrors Figure 11, but now arranges the cards in a
circular manner to show a sixteen LoopDraw, 2 LoopInterface chip 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.
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connecting sinple rings using data paths with significantly I esqg%ﬂ}ggb%h
than the LoopLink; the next portion describes connecting sinpleri

using data paths with the sane or close to the bandw dth of the LoopLi nk.
| ndeed, in one enbodi ment the additional data paths are just additional
LoopLinks. First, |let us change our graphical notation to a Ilittle nore
abstract. Single . ring schematic. Figure 14 shows a.ring with one .

Loopl nt er f acelRaRHysi %ﬂlilaﬁafnf@&ﬁmla%w pa CEP:pagl?agli?%ﬂS%anas%%éﬁ%. The

DRAM Chi&ﬁsia&ﬁasﬂ%drﬁ%1ﬁﬂgeh1lgﬁgg% ANMGRURREASiSs HPborR AR of fHe LIS é%rsgoms a

doubl e ring system™ w cond ring connected ring via'a secon
Loopl nt e¢hé topetophbgstomrbothen dangtterrboagt cobbightation. (Tissevhddraliso makd itecagieesence

of 6 and, 7 LogpDraw chi in these ri.n L S | y..f or e .l tration.
Typi cal 197 PRESRLABIOGR RO peRas o rigen ey e SanT Bl 4B o1 ' The
nunber QfiadeBRR kIR & sBRI R I0SpaRk£28Mbut aldl oftipdtédhnd@orsFrone BOMAGideOPNt er f ace
chip 805 has been added to the first ring in order to connect to/fromthe

Loophi t dedopténkdeprysP &t irpubping bes lekadeshd0¢ eig. inPridsiriay; hedoopliskOptwRase t he

host interf [ fd pition aaful l nctj-onal bi-di.rectiona

inter- syoglttpeuﬁi’grﬁs. © fﬁ%\ﬁfé ﬁ n‘B@Q t%%tm ggldr?fr a¥’s trﬁh@t'h}g%@nﬁ °§tea%}b?'$ﬁb%‘?'n Lonl y
connect siplifaht fustratior. Mhe hbtasltnuimbiRg wohliEbeslagenth ddctght §ordadh bignal Hegyl cal
second 3d a(ilraphi cs hardware accelerator, with its own video out put

i nt er f acebalapsed pae andibe reguiretheearhnpowsrangd geound@insoophi t er f ace chi ps j ust
used to avoid having two host conputer interfaces. The trade off is that
both ring systenms have to share bandwidth to/fromthe host conputer over a
singl e |ink. Raitidne of padsical botlasidesodf chijt rckagesfop Agped budketoeback &.obphigk
conputes the left eye view and the other the right eye view, the

appl i cation s‘i?flfl%ﬁ'loés'and t he graphics driver can ensure that nost of the
graphics driver comand nessages sent fromthe host interface are
identical for both the rendering of left eye view and the rendering of the
right eye vi eVptethit oll tlecaorsputipins appearet motrbeed becationnital the inprbpins. Taius,

non-identjc raphj cs driver, command .nessages ,reant for oply one ar. the
other - oyi<irtae PBeR G reistie RV RAR AR SRR AP B ek T S0 mmand
nessageswirdsdh spadl thdedd bhelktstthlyiZ@ Genghiecigdbe Répt Yo @iRRInvdstdat tddediffdegnt | on
that they be processed by both rings. (This is in effect a )

than the internal wires from the input/output driver pads on the surface of the silicon chip to

the external (solderable) pins on the hermetically sealed IC package.

Again, while this is a third property of the Loop architecture, real world packaging

constraints will determine if this is something worth taking advantage of in a production

product. Some transmission line setups require explicit resistors for termination, and these

may be fabricatable off-chip; and therefore may be external or built into the packaging.
Muitiple Ring Support

The examples so far have been for a single simple ring. 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
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mul ti cast of graphics driver conmmand nessages rather than the ngge lépbe
uni cast of such.) Thus, two parallel rendering could be performedjl'gi WO
parallel local rings wthout taking up much nore host interface bandw dth
than a single rendering would have. Another alternative is that the second
ring is a sub-processor for the first ring. It could be conputing shadow

maps, reflection, maps, c., so long as the ecial. view matrices for
these r HEBPYRGRistmp L dUGrSeR o TG RABAST A Q4FaF PP JoohPAAENENERd of t he
final repdensd sihResin sﬁﬁﬂgaéth?gths%@f Schi ARV dis bR iahP@ARA HieET f ace chip

to a ring allows for the connection to anothef Looplnterface chip within
anot her Irgapdink; thecwrrpperéion dejceiveeconctg simpleyinge nemg detagathslveigsthef

structures that can.be built is,an arhitrary connected graph (aJso called a
et wor kysamer glost B g Sandipadt o g FoSerky ksl Reotiemipc iR td feifonsl

Loopl nt edafasfhsdit psst 6@dtiO BBk VEEst, [bOCus\DSho QTR Gl ﬁ@tﬁﬁ@ﬂ’ RfalsS
desired, there does not have to be an equivalent to single root"to the

graph. Titlemor¢rebsiteethi t ecture and the packagi ng of the invention inpose few
limts on the sort of connected structures than can be fornmed. Partitioning
i nto Boxes The packaging at the box level of a sinple ring or a nore

conpl ex col | esihplemingfschemdtigs Wi | | now be di scussed. Wile conpl ex

mul ti-ring structures could be packaged within one chassis, there are
sinpler ways to support arbitrary graphs. Assune for the nonent that a

sinple ring, n |t} . ] | I g‘ﬁF% . 1
standard i nt oﬁgﬁrf\g“r %8 l%r?oljlif% ‘glbt%gﬂgmﬂ{)éﬁwﬁ?ﬁér&ngﬁb g%avx%éﬂ Is”u p ygﬁcgul%ﬁ)ﬁ 7
G aphi csfB3dlperspbdtivef ThdPRaN ohips aftartheéd xd theriabpDiLy thipamd not shovirhe

Loophi terface_chi inside the ., Gaphi csSl ab 2U box need to_hrought to
st andar d conﬁFég‘E‘_'Srqg Sb?lwf P\go‘ﬂg‘é KgFYYeR: Bk thegsnend e qonpected fing ¥y

connect QeSO IRE YA BULPHEst HRger faces. Qther connectors woul d be
standard host 1 nterface connectors. One or nore of the host interface

connectors in the back of the box could have external cables plugged into
t he connecto&ijbgge ot her gnd of the cables would attach to one or nore
host conputers.u ?n$§d$%w‘?so possi bl e that one or nore of the host
interface connectors in the back of the box could have external cables

pl ugged into_the connectors, where the other end of the cable is not

connect ed t o HiforeeRCTRh andchhppnlew obins in these Bt s mabtiosgaseft he host
interf aQﬁuﬁﬁﬂBﬁ.Gf‘ﬁﬁca'llS}, e %uglﬁglkoﬂfooimﬁvb %ﬁipg' #'a power of two regardless of the

number of Looplnterface chips present.

In Figure 15, a second Looplnterface chip 805 has been added to the first ring in
order to connect to/from the LoopInterface chip 810 on the second ring, This is possible
because the host interface is by definition a fully functional bi-directional inter-system bus.
An important point 1s that the host computer only connects directly with the first ring.

The second ring could be a logical second 3d graphics hardware accelerator, with its
own video oufput interface, and the ring to ring link via the two LoopInterface chips just
used to avoid having two host computer interfaces. The trade off is that both ring systems
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
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19 July 2006 different G aphicsSlab box in the sanme or a near b¥9r~@?&z 006
Thus, using just a single standard product, such as a 2U G aphicCs g Wth
16 LoopDraw chips and 3 Looplnterface chips, a very |arge nunber of

di fferent topol ogies of graphs of rings can be constructed using only
cabling. (And of course, sone configuration software.) These configurations

may be yser . cystom z e, .rather than factory cystom zed .Shartcuts Most
ofthe dBrssrt Gl gRE bEBIinclon Bot g e sitreied 5% BRURREn LEHF Fan cBRFR at 1 ons
can be dhfkichd? ot 8ehpAlek A8 SeroftMAIM&kaded PRhGhASHE hiRire Ak GRRAKGESELH N 2
sinple ring, e.g., each Loop chip only connects to the Loop chip

i mredi at Biug, propasalich gendering cadd he perforsted ditivopaal gk localaingstwithoubapinghi p

i medi atuelﬁé f.ol | ovgong. ité i NS89 nt &\lrt-cl ockw se order. This portion wll
focus o THEUHERATG Roshiterfass bradryt thin d sipglerendering would Have, o g previ ousl y
coul d act ual | AndiBerufRehatiOe isREANEsdchRd ﬂﬁ‘% {sor dnEec@borSoeariteiipsitof the
rendering process. Optinal Loop packet Flow The sinple ring connectivity is
wel | bal® saspusisgshaden wapg, reftestion aaps.eHatsodong asfbe specipd vifved as stream

Comput ot ARL Rn A RIS O Rlhs YR SR Pl KR OUA Y Bl o o

fal | i ntrenddsédimapetsagnderingand can account for nore than one third of all
packet o al so MAGEE I RUHoThLGoPRISTEa CUBAT § 0B A LU SOMOUHRA Damount Lo
o AR L AMES L S SR ra R AR E Sty e e,

st ream faassmf stradieys thatita tednsio fean arbiralyacwimeded giaph éalsoeatied winetwork chene
types CairutRelReT e get foane aeh ARG apCrpEEen TR g SeplRg orPar 1 ¢

on a si mphestidofuteds FRLRYENS dediRll, the@iREs RAMEEOIASEM dBRldnRidahglBUNDer s of
LoopDraw chips are in the ring. Thus, adding non-|ocal connectivity to a

si npl e rreRy” woile@randt hip.the elebiiecturg 6pd Predieskagingelsthe frventigrsimpose W9 Jul y
2006 Shﬁﬁﬁscéﬁ the sort of connected structures than can be formed.

Partitioning into Boxes

The packaging at the box level of a simple ring or a more complex coliection of |
rings will now be discussed. While complex multi-ring structures could be packaged within
one chassis, there are simpler ways to support arbitrary graphs.

Assume for the moment that a simple ring, but with multiple LoopInterface chips is
packaged as a standard into a 2U rack mount box with internal power supply: a 2U
GraphicsSlab.

All of the signals for external /O to and from the LooplInterface chips inside the
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
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Vari ous enbodi ments add non-|ocal connectivity to a sinple ri ng1§gu¢¥w@?er
of different ways. One enbodi nent m ght add non-|ocal connectivit o all
LoopDraw chips. Wiile this approach is the nost direct, it adds additional
pins to the Loop architecture chip type that can |least afford them and
adds nore additional connectivity than is usually needed. The nost "pure"

nbodi d t L i t ur, hip .t - "Cr "
cohi b 1 naRTsASe i sSBh 0% St e BT F ARRAD -0 e itin BObt PHEBSEPIRRor L
LooplLi ”kﬁod&‘t',tsul AR 2Vtaghidl i aﬁnqeq%}jb&wah}z&mpﬁebpmﬁﬁ&é &fifs, Bi NS

beyond the usual two. These additional LooplLinks could then be uséd to add
t he desiveelangmaundeealof diftemend cepologigs of Brephywif nings erint et dopsirustted wsing erdpr oach

is that it.ad not her new cust om chi desj.gn to the engineerning efforts
necessar PO LAY SO TSHAHE COR S SRS b est coUrgsgs Py O egct ur e.
i n exchang@ndiibls PaBer thad BR&ERP chdlorhed suppor t abl e amounts of ring traffic
in a system A conprom se approach woul d be an enbodi nent that instead adds

the desired additional non-local connectivity to the standard

Loopl nterfac hchi R design. Wile the Looplnterface chip also already has
ortetits . . . .

to support a Targe nunber of interface pins, it is not as |oaded as the

LoopDraw chi p. A given system configuration would contain many fewer

Loophiterface chips than LoopDraw chips, so raising the cost of the

Loopl nt er f aceéMesiiqidhe gailed dingyesionshiar Bassfogpsed gnboBirsnderfigsompristens | n
additio [RAeTc =8 ' %FI”&D . LSk F . rt the
host i n{hgplfbgéle on tf&g& éosop nt ee?’?g}éggé:ﬁlfl%gﬂglgg%%%&%feg l‘gg Sﬁﬁ@%ggg’pﬁ " pins in
t he i nplcadehbep tlap only ddnacctoto- tho dabp chiprimaiadiatdly preceding étde covxier- bri ef note

on the interface . detajls_of these non-l.0 i.nterfaces. | of these

o 1 oc Ao o 8 fibFop ShpeTURLEY Bh Lo e TR eriovirtire PHE L oopLi nk
i nt er f acphis ASriibA il F6&s ch WM RARKRLI AdPRBaNAUEi9ity pAKSHRALSRIN | nterfaces.
But dependi hg on the circunstances, because the nbst desirabl e connection

bet ween previohdy apuld netalinbeusedite improye Herperforminye Aif somaawmetigeéthe i n sonme
enbodi nent s _t he non-local interfaces do not have to have the sane data

wi dt h ad&*PrREPAIE’Y ace 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 t@eHmalduion meekedkdoveuch enbodi nent. Instead they will be
referred to as shortcuts, a nane close to their function in Loop systens.
129

The simple ring connectivity is well balanced for computational processes that can
be structured as stream processes, e.g., computational data flows sequentially through all the
computational nodes (chips). The Loop architecture VideoPixel Loop packets fall into this
category, and can account for more than one third of all the ring traffic on a simple ring.

The Loop architecture GraphicsState Loop packets also mostly fall into this category, but

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.
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19 July 2006 Exanples of Added Shortcuts, including different ?Eqéﬁ%@%
connections, and different ways of drawi ng the sane connections Fi
16(a)-16(k) shows a nunber of different ways of connecting Shortcuts, as
well as in sone cases showi ng two different ways of drawi ng the sane
Shortcut connections. Al the exanples in Figure 16(a)- | 6(k) show rings
containing 16 LooBDr aw chips, represented by the diagonally hatched
circles 1602,8}?;95'[’13 ¥ 2 or 4 Loophiterface chips, represented by holl ow
circles 1604. The Looplnterface chips are either without any Shortcut
support (e.g., those that only have the standard one each

LoopLi nkl nput Patrieus carerdirhendpad dvie@ulopaltcPongcliyity to asingbe enpoci menberioffi whi ch

every Lo nterface chi as one . additignal Shortcut input and out put
port” T roBsfRar RS Brianed it Seh e noh M sEmeR bl ouPRPe fieFom « he
st andar dwi@ie Bhik BifprbadhSs IRGRest IR R adddadaRforRIBIAS td BB 1 obp 8dchitedi@rel UES
addi tional LoopLink interfaces attached to the Loophiterface chip. (Wich

cases art@pe thaf ean lgpst pifpel themnarnskpdds moseadditensé coynectigty thas issuspalih al |

cases, tﬂ% %{ ack lines with arrow heads indicate the direction of data

fl ow over fl € LoopLinks or the Shortcuts. Figure 16(a) shows a exanple ring
with two LoopTiymbdtaparet Rindsdinkkint wooldHead icdatcsa nev Lo rchBéddreShipwspa- ri ng
with a single pair _ of Shortcuts, effectively allow ng some unicast Loop

packet s & ciogkehip thahweylddeve theasual\ogpkiaklputhasiamddwophinkOutpuyiPort

Fi gur el . “éﬁﬂr . . . , t he

i n'? erf agﬁe (I)“ F%ﬁ%ﬂtiﬂg% ora?%ﬁa% %{i‘)#l%ég&agE‘ggﬁ%lg%&%tg%/fg&tpé@ggy%ﬁgE%auﬁéglas t he
LoopLi nkiwionTheseadditiohsl IFaogilirdes L6 thent brenstSth oy adtiths desdged @an-loel be much

| onger wires than_the LqoplLink nnecti ons, _hetween the chips, but this is
just an CSPP?C#%(W%@ e é)%ﬁﬁ@gramﬁ ?ft?ﬁ!t ﬁﬁ?ﬁwez@e@)wgtﬂwﬁ he same
connect | desioh t@the iy 6 ndebidsai th Bulld G YAl ePHSl iﬁﬁb’l RaRhidraned
differently so as to mnimze all the connection |lengths. Figure 16(c)
shows onlgepatehiteptvios)iimrexahange ioh sarhe irfeecagesrin dla Jupnortibdagnbents ofting treffice pt
short. I\{?n;g at her configurations of physical chips and printed circuit
boards aré B%S%]Tble that can still achieve this short wire length goal, if

it is desiredA complomisd iproahevaddbe guebbdinenihbi infieaddR iR desired one
skilled in the art in accordance with the teachings herein. In Figure

16(b), tarditionainanriersl seanccHivity tothe stpadadLgepnigTage ghip desiep. WhilsHsr t cuts. | f
o vopT i past E TS
€ ¢o %t@#ade%h&pﬂ@alf%?& hhd® Sﬁ?ﬁ(ﬁ & z’%é? tgﬂdﬁl?eé'%? it %L%)p%ya#l%h&%s

LoopLi nk 1 nterfaces,” sim connect 1 vi ure e achi eved.
Fi gur e 164dey as lensoapDrawph. A gigethsystengeanfiguration would contain many fewer

LoopInterface chips than LoopDraw chips, so raising the cost of the Looplnterface chips
would have-much less of an overall cost impact. In addition, in some embodiments many of
the existing pins that support the host interface on the LoopInterface chip design could be
reused as pins in the implementation of the non-local connectivity interface.

One brief note on the interface details of these non-local interfaces. All of these non-local
interfaces have to be compatible at some level with the LoopLink interface, as the same
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.
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single Looplnterface chip and no Shortcuts. Figure 16(e) shows 35%
equi val ent connectivity 130 19 July 2006 to Figure 16(b), but iﬁ%V89P9
one Looplnterface chip. Figure 16(f) shows a shorted connecting | ength
enbodi ment simlar to that of Figure 16(c). The quantitative inprovenment in
the functioning of a graphics rendering systemw || be discussed after
sone addi tional connectiog enbodi nents, are_descri bed. Figure 16(g) shows a

ring with fodiXayues ¢idided Shogstydncipdine dfrent Fhertey Lonpestingt, afdve to  be
t he sane as td?ﬁ“eﬂeﬂ@@%&sru‘fdkﬁrﬁgtﬁ e!d&nﬁé#ﬁh? 16(g), the "Shortcuts" are
aw c

forward junps over tour Loop I pS. e ring shown in Figure 16(h) is
very simlar, except the "Shortcuts" are backward junps over four LoopDraw

chi ps. Wen the pe e, of thes ri.ous enbodi ments is dj scussed
Fater, it owi s Loah TR hdh BEtkoal QA DR UDerE St & 11 ow
nor et hapelf fGns0MmuRhLsislWRg thb AT ediGldyl oif draiin@iHeRbRakh¥RaRhysi cal | ayout
that supports shorted nmaxi mum connection lengths (simlar to the ideas of

Fi gure X@tugctians AlFthgexamples i) Figuri iael 65 0showimings canteinieg 1@kbepPrawnt wi t h

t he sane,nunber of ips. as Figures. 16 - i) .(e,q.,, four L I nterface

chi s witiPrarBieguipd i ezl bifnseriiids b0y bl LR el | 2o

in the emiyRdt Entsdn Itdve eirfled P60, Thd NSoFRRRAGCE LIBPS are RAThACMItIRRY n to

be a forvvardegir?g 1(1; bgjciz\lllz(\?vard rrirel of LoopD(r)gw chi ps,ﬁvvith t he ;bi Itﬁig to hop
t

f r om oneShogrvigupperh(e®, thaee betenly by the signdard gap erchdoonlpnkInyeR ast t he
Loopl f ' I eft. ang i ' . Fj 16
e’ sand CREERLRRY, Bhe noP chBSqfnl i fich BFerl TR RS, g gl 15 *°

r e- enf oradditiohalsShoicglifputléd vaybud bse. Ineome ebodimsendnthe Shemcnomay 8e - cl ockwi se

ring of ejght LgopDraw chips_and an_jnner clockw se, ring of eight LoopDraw
chi ps, ilpHeq Ff?s&%%& fm{zb@s stendard 4 carbmk jaterfpce, hgweayer g onp ctabpdimont theyo| ook

positio ; |45 ' | | ' : n
R gher 5 PRSI EEETHER, Lt B achdd oL PR Bl XYRROE LRGN | g
st r uct urvdjiclawill bapgjetred ogeoe p ahieAnt dasnbasist) lintallwiabds, the bk heds witheubive si npl e

ing. Fi,g, .17.i dr awi f Fi 16( | | i mpl ing. All
hege eXBi Bl g BrRrh AL o dondestaetitob e Br bR BoRaRs hy 16 L gopDr aw
chips. Thes emga&armta? SEON 4 Btindile 8RS wiRwRE @RNRER ck ERps [ ut aF18adieRAt S

containing other or [arger nunbers of LoopDraw chips, some of which would
keep t hdigurd ofh) shers ofing sathi siegle paie of Shorteuts, effectively allowing some unicast

Loop packets to take a “Shortcut” that bypasses 8 LoopDraw chips. In Figurel6(b), the
added Shortcuts only connect to other Shortcuts, so the interface for the added Shortcut
ports does not have to be the same as the LoopLink interface. In Figure 16(b), the Shortcuts
appear to be much longer wires than the LoopLink connections between the chips, but this
is just an artifact of the example representation. Figure 16(c) shows the same connectivity as
example 16(b) but with the various chips positioned differently so as to minimize all the
connection lengths. Figure 16(c) shows only one embodiment in which the connection
lengths could be kept short. Many other configurations of physical chips and printed circuit
boards are possible that can still achieve this short wire length goal, if it is desired. Such
alternate configurations will be apparent to one skilled in the art in accordance 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 Looplnterface chip and no Shortcuts. Figure 16(e) shows the equivalent connectivity
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chips, while others would also add additional Loophiterface chi H§’Jtﬁ'§rtﬂﬁ%
in the sane portion as the LoopDraw chips are added, or in differen
proportions. One general class of these enbodi nents would be a

generalization of Figure 17. Distribute n LoopDraw chips as an outer
counter-clockwi se ring of n/2 LoopDraw chips, and an inner clockw se ring

of n/2 . 2006. LoopDr chips. Insert a pl.nt erf ac hip for

bri dgi né% ﬁFeI vrvggllé@h%lgiuﬁlﬁgron%ﬁ%fle%%’?m%i%?ﬁsc pe\rlf eh&@a%’ﬁﬂﬁf\ﬁgeﬁ?%s “where m
I S a posédnnéingleRgR enbeliivaapsimiRne haef BAdeN6@)] s an integer nultiple of
m Slightly less regul ar enbodinents can relax this restriction on m

Per f or mance wi BhaupnBiatiyp énprovement iste fuetioningoefs @ephmm@ndmmymleml mﬂk of

Fi gure : . ' - t uni .. gi rectiona i nks
added thlbée?&gluggécdtéf%g%l? %dlggﬁgé%g%@gﬁ(gﬁmﬁg &0 esﬁlg%eéls, uni cast Loop

packet s Eiguretldke) shdwantragevidi fouhEoShlateifats shipOwith Shortéutader 8o A6t Haks to
LoopLinks of all the_ Loop. chi bet ween their source and

oraue
dest i nat?% eﬁ%ﬁa%‘fhieﬁsof)PIe@&dﬂﬁ_e?fgcegﬁaEF iié%r\_‘r’ Ic]:g(lggp’fh%‘ér‘ﬁlwﬁ@éﬁ” prefgTvaEtivips e. g.
uni cast W&?"fﬁu%bgﬁﬁw ERbE AH IR O i Plehfe (R 1’%391[%) dihilhd, KELpe O, Lhe

fol |l owi ng paragraph di scusses the I npact hese ortcuts to
t he | ocalShoitogts” Fedatkmpad fumps oveatforsdwepDtaw bieips. GBherpthe lpetfsrnidnte sethichat

| d have. to t el th h ejght .or.nmpre Loo w chi ps) woul d get to use
PG R MR L A T TN S
assunpt i wiffit FoWabreaHaH the LEOKRRN AATEN FRrS 16€ IR d118Ra %s%gﬁfgg&ut%t Loop

packets to every other LoopDraw chip, Tncluding itself I neral case
where  tfippertashoriad mespmimwortichen lengthh dtimileho tBhaleecof Figor 1@(@rade, for

additiorﬁ#ér%vl%gj Dr awPi xel Loop packet sent per second by a LoopDraw chip,
t he i ncrefient aF R)'andwi dth needed per second on all the LoopLink interfaces

in the ring grigsreUd(jpyhdwicarditier sinbedigfentwitPriesMRimealumtRe Bf BRFKAY Fikh/dBSs
5. Wth the Shortcut, the increnent fraction iS |less than

0.5%(n-1 ~ 0. cut, _ _
0. 35, " PlS(F 1S Bo oM ORI TR hPE TitFHorigutrh d e tacimr i e

di scuss | QM% > : r i ti in

F: gure 1%35%%{3% | Igg H{]ﬁg%{g‘fg%@gﬁﬁg{%ﬁlg%ﬁ Q%PQ érglé‘?g 2 aﬁngr? algﬂ 8“%%3%%}% 17,
and Fi guo®&k@(fogward Asd ubreckvuad rinpef BoopDrawlahiyp] withniicuhiligho hop Glonemer y f our
-Il'-gglpg g"@%gﬁ@? to(t%é Qttier g\pe! f(J)[uVr\qult_)gBPa%r &\Jllypf? tI]\]lort)es thlatn thg Lrogl\gvldtei}fa%g%ﬂipqllagveegt on).

on the left and the right side of Figure 16 are the same Looplnterface chip.

The dashed double ended arrow is meant to re-enforce this. Figure 16 may also be
drawn as an outer counter-clockwise ring of eight LoopDraw chips and an inner clockwise
ring of eight LoopDraw chips, with the four LooplInterface chips at the 3, 6, 9, and 12
o’clock positions, as is presented in Figure 17. This embodiment supports even higher
effective bandwidths than the others shown in Figure 16. This ring structure, and larger

generalizations of it will be called a double simple ring.

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 Looplnterface
chips, while others would also add additional LoopInterface chips, either in the same
portion as the LoopDraw 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
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the increnental bandw dth needed per second on all the LoopLi ”k1i9”..[<|.ﬂ{rfzﬁpﬁs
inthe ring as a multiple of the bit size of a DrawPi xel Loop packet, tor
the case of a sinple ring of size n, and for double sinple ring of size n.
132 19 July 2006 Several observations can be made fromthis table. First,
the fraction 0.5*(n-1) /n ~ 0.5, for small n is somewhat |ess than 0.5 (as
shown) . Second or snmall .n e. douhl i ple ring does not gain as much.
For n = Igo pﬁ%%Wc Wrn SVL? Lf’ﬁ%ltngeﬁ?ﬁ? @ﬂpﬁw}r} 1 l?esgw%notg%;nn% MR ESense,
in snal leveiyi@d.dopBra ehips, UiSer& 818 a JokHivt Bl R bBrwetR16d nd8iaR§ niBLRVe for

| arger values of n, but the rate of inprovenent flattens out for very

| ar ge n.iteEgismpkiplesofgnntlichtlydess yegnlarembodnenssican relaxthis sestriatiootonme. ar e
relatively local. To reduce the increnmental bandw dth |oad on for very

| arge values of n, nore global Shortcuts |inks would be added (e.g., not a
double sinmple ring anynore). Finally, for aring wwth 64 LoopDraw chi ps,
the gain of the_ double sfinple ring over the sinple ring structure is

al nost a f actiFiognange with a pglepair ef Phastegtsndwi dt h demands per  LoopDr aw
chip for VideoPi xel and G aphi csConmand Loop packets are relatively

i ndependent of n, in order to scale to higher pixel fill rates, the nunber
of uni cast DrGwiideethe coongtipay kEFRugl6@ oprl 6@prA lanbling Basthad pwewntli ng

greater jreljef for larger values of n. Table 3 on]y shows the results for
val ues eﬁgl?%ilr‘]résr@adﬁga@ ngS?t > Tl PRIIREEO o8 Wt B SoBstcaess, pirastLear e t he
trends. phBestgenahed a@v‘aﬁféﬁé B BieXhSRcP E&&o%ﬁév&ﬁﬁ%ﬂﬁ%o%fi[@r@ IE)?; all E-xgr bet ween

these powers of 2, and the inprovenent factors scale si
exanpl e Lobprchips 8 the ting betmske theimsgureehd destimation Eodh 48k, t he doubl e sinpl e

ring coefficignt is 0..18 he fall ow par agr aphs di scuss ,how hi gher

per f or mance (f%sﬁ?ninbnl.%sg?tfséﬁaglyc%{mﬁg e g"gﬁ}%ﬁ@vdﬁ“&?ﬁs 36‘?13]2 SOres/ deshuatiqny o g

t he di f fpaire aeequallyakgi Badur MRt CaRwiRApKaErapRAAGHIsYs th aap 8F MdGRsthelOr

di fferent enbodi nents of interconnections of Loop chips. The choice of a

par ti cult®p Shermee e e lesshiag nEhe impackisthet some of ipdiasmneeknst (thosatlat One way

to makevﬁﬁﬂe ' LV rati Ld be to Jdunimze the
maxi mum an(}tlemévc ttﬁ n?kéﬁ@ﬁoglg? %%&? é%:n%%é ]gog% ﬁ%& C@k@g‘g?mng%ﬁﬁgfus?hjee @8@8‘& nk

i nt er f adeavad gassirgaticmigh@ dftiee hoopdirawahipspi ns used to i nplenment the
LoopLink interface, and/or usi.ng nore conservative data clock frequencies.
Aver agi ng, Si Rreut ,as%lﬁa)t]@g;ﬁ% Eexifzgéﬁg 3R GhHyis sending an equal number of

Loop packets to every other LoopDraw chip, including itself. In the general case where 7
there are n LoopDraw chips, without the Shortcut, on average, for additional every
DrawPixel Loop packet sent per second by a LoopDraw chip, the incremental bandwidth
needed per second on all the LoopLink interfaces in the ring goes up by the bit size of a
DrawPixel Loop packet times 0.5%(n-1) /n ~= 0.5. With the Shortcut, the increment fraction
is less than 0.38.

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 LooplInterface 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.
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I f the LoopLink interface is not the limting constraint, then ¢ fjtﬁ{i%bﬁ
connectivity -configurations m ght allow hi gher maxi num render| ng ra

that others do. The relative 133 19 July 2006 perfornmances between

di fferent configurations have been given under the assunption that the path
| engt h (nunber of LoopDraw chi p nodes hopped) that the Loop packets
traverse w |l fluctuate about the average fast enough that the ring wll

al nrost never be in a state of overload or underload, so that all bandw dth
Wil be utiligegral bhgeriaticnk cEVBSHa@8 frbf thR@wwal id is this assunption? For
graphics prinmtives of any significant pixel area, the statistics of the
DrawPi xel Loop packets will be qU| te uniformy distributed, and only

pat hol ogi cal i 8.0 ver tall ver les) will
di ffer signi ff@%ﬁ?‘fgy aﬂrﬁ%lmgﬁ 3 ir?z ngggs 1§rfomf§3v éﬂﬁﬁipathﬁ%é 5§Pﬁgm tives
wi t h qui shewsixasécong)j foe kmall ﬁﬁthbh@ulblb@inﬁpl@ﬁn? d6ésiot \Whinl as MchDRord e gd@lki very
of DrawPi xel Loop packets, but nmuch nore [ikely will be the maxi mum

geonet r i B PYSHES Vgl iRg isi9rlnhPEh Thismakeschssi Wtsnﬂf’%l Iﬂﬁﬁﬁtthe Slamtqu{;ﬁ h%tﬁ d
this, t hﬁﬁﬁe@ ﬁ %lr&ﬁ‘%{{?%’ﬁi‘% fg,ﬁia}g,‘er t@%@@@&l £ PPtk nﬁ}%rgg

accur at e nurre question o any gi ven
conf i gurfitteon bst fot V&gllg«gant Tk npked mmhemmstlm&ﬁﬂeﬁteﬂl hys :iti%tdil@ﬁﬁlena'

assunpti 0 fai verlfla rior to huilding the actual chips.
Fi naInFy, PBV%&Q%C%%WE "gfba’clqll dihdjogd op derevery largeskees of n,
conf i gurabieQSoal BRbH&Its Hﬁ{sf\%mﬁﬁ addAte % n@p'ﬁ éélﬂﬂ‘gsﬂrf Hﬁ%ﬂ{)%g&éi hm f or

deci di ng which unicast Loop packets w take a par cut is not
a sinpl e " shofinalky, fon anegwgh 6éll@opDrdmph1putth®gm oﬁulmrdoublatsnnplehngymam c
t uni ng

per cont Ae CURE Bl rEREHSIE RS, Sl BF Bt and WHE BEb e dsduberdiunber

of eli glltﬂc@]];ml@hipdbkmdewi}déﬁédd/ bhﬁw&nﬁﬁnd LafepakeRQrd fetivefynal ysis of a
particul.ar connectivity configuration ht show}tjhat t he best ° overall

per f or nrdRdPendent ehpdpeidsrito sealg to lngheyp il ratesy éhemur@:em loutigs DyaeRistls
tual | f i t
bypacs. Hepackae e St o B ey YOS i e AR vl e

above, wher e Tdbée bypﬂa$howetlreemtmg dorvallues ofﬁlthlze&reé}mivdréiofﬂ ThikWwhd @dhe@b

dynam c stl soft fflcflow This exanple is_also a form of
d))in ami ¢ o f} ﬁg]eﬁamgs ’lrhe g nera structure also works well for %pany numbers in

between these powers of 2, and the improvement factors scale similarly. For example, for n

= 48, the simple ring coefficient is 0.490, the double simple ring coefficient is 0.185.

The following paragraphs discuss how higher performance configurations can be
used. The discussion so far describes the difference in marginal unicast packet capacity
bandwidth cost for different embodiments of interconnections of Loop chips. The choice of
a particular connection embodiment affects other system constraints. One way to make use
of a given connectivity configuration would be to minimize the maximum bandwidth in
distinguishing 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
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LoopDraw Chip Internals This portion of the docunent describes qg%gfzokge
internal architecture details of the LoopDraw chip. 134 19 July n
i nportant part of docunenting an architecture is describing usefully
abstract nodels for thinking about it. Because the Loop architecture has
folded nearly all of the traditional busses and interconnects of

traditi 3d der i ng, i tect i nt i.ngl ing; tjall
unt ol decPaHBAERnTS DERireR ffercal cuB e GadRE bk H D T ek el bR F gur o
18(a) pofk ﬁoaﬂaqeﬂégg (RPN SFDRW dHiShéds th%éél? 116k ﬁ&r@d@p?%_ckéts Eherg vere

three separate a transport” rings running ween the chips, each with
its own ywibBeseategbow distdverage fastl cawighdhat dlag riggwill almoshrevat bainirediatORAM

menory, for,the purposes of clarity...Figure 18(b) is drawn according to the
i nter nalo%ealﬁﬁ(gglf&b%go ’SSﬁ%at&h‘%ﬂ%gmwg%’etWJhZ%Rsi ngl e physi cal
LoopLi nkhi put Port and LoopLi nkQutputPort bringing all the Loop packets

into and out of the LoopDraw chip, and a single DRAM nenory controller
arbitrating bEiBEhqastoniseliew yalid isdhis spaennios? Bexgraphisepnhiives offiny

Rast er i i: ' ] : f : ' |j.cati re,striving
For mor &euatat pBE! b8, (Y siGicEAF uf DB AT EBord ookl i S BT

| i ghti nglistpiduiat] adsonippsholbgical dasds (k& ehe piash wide sty il Vedtbdabiriaaglel)oRill and
wi shed far. more fixable control of per vertex and per, pixel operatjons

) b
( pr ogr arftBT Bewhgathdyom Smomypal sseuertinns Frrerapkprpreiived ith guye small
starting,tg ;SRR LSS i ng{/%gh?li&?ﬂo% 9&.&5@%&1&%6@ facto0 | ar

t hough, "t he anount of ~ cont bl'e to applicationsS'in the per pixe
pr ogr anmadiedikstyayil brathe beammentgeemetrys prinditive exde, il whidhecasothic pging &raoatt | ons,

applications are assumi.ng that ch nore flexible.and .powerful control
Wil be avai|ABaE Tad THEheE Sont BLPAtmAATS I paensbletn fly Simplp it o

render i ngcRaRai@icallfiRulaa0Rs. aheYith&Glddfien bﬁh@%ﬁogmqn%givle@e&iﬂgu?aioh&e
real -time 3d rendering technology that will be available fromany source

in the dikgly acpahperfprmance Squedigied betoeiminnat assumptigyDs £l kasply Brifiable
rasteri ﬁ&r?&bﬁiﬁ@%&@%ﬁ%ﬁ&ﬂ?@ Hi gh sanpl e density supersanpling is always
t

avai l abl*e™"at™ no reduction i n"rendering
Finally, to take maximum advantage of the “Shortcuts”, in some configurations

better performance can be obtained if the algorithm for deciding which unicast Loop
packets will take a particular Shortcut is not a simple “shortest-distance” algorithm, but one
with static or dynamic tuning parameters.

One example of a static tuning parameter is a bypass percentage value stored in a
register, where the value defines the number of eligible Loop packet actually allowed to
take a Shortcut. Analysis of a particular connectivity configuration might show that the best
overall performance is achieved if, say, only 80% of the eligible Loop packets actually use
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.
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much hi gher sanple densities than conpeting architectures. Enough t
access bandwi dth is present for several |ayers of conplex texture to
accessed and used by progranmabl e per pixel shaders at no reduction in
rendering speed. Conpeting architectures typically start slow ng down

after one or @t .nos wo .l ayers of. 135 19.July .2006 .. sinple texture are
accessed in ag%in%g?&as“h%%lp%meéﬁlﬁﬁﬁgﬂ{ F&Q%dﬁg?%nwnlg{{ggﬁgﬁéﬁmﬁt nuch
mor e 1 eahbdéls Corehihkin abaidt. BepRGE thShePRArshitRtYe hisTRlcl hgadeAgbhmand
conplexity of _conpeting architectures, at no reduction in Tendering speed.

Col or ani@didensbbysses st interganneeis ehisaditionsh ad rendaring atshitentereebded singleng nor e

accur at e .St LG formats tha etin rchitectures at
o reduciBa bR 68 SR ERLIG AGdR It n SRR PR e

LoopDr aw chi pFigaeh S(apoe@ntthal sqDira®hif intdtha bldokRBidrag as ThBelBasder i ze

bl ock transfornms incomng vertex data, and allows per-vertex application
progra cscpaie dptadraspt BassTypring fetwesa tha shies, srohivith ifeewa peocesing
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antialigjsi‘ng;_ filter to the sar?pl es%gl ues F}r:comthe fergh%c uffer on the fly
as the \droisetingbgiween diegieads ofithethreegproesssiageedsionng generated. This supports
very high quality full screen antialiasing. hi at |east one enbodi nent,
the circuitry to inplenent these three blocks may all be contained within

the LoopDr aw THY RasthirRati®CPipehge | ssues This portion discusses the trade-offs
i nvol ved in supporting various fornms of scalability.

speed. Hi gher rendered inmage quality is delivered through the SH@W‘%%@B%
be

By the end of the 1990°s, applications were striving for more control over the
rendering process. They desired to have the lighting operations moved to a per pixel basis
during rasterization, and wished for more fixable control of per vertex and per pixel
operations (programmable shading). Some of these desired expanded controls are starting to
show up in recent products and expanded graphics APIs. So far, though, the amount of
control available to applications in the per pixel programmable stage has been extremely
limited.

In the coming generations, applications are assuming that much more flexible and
powerful control will be available to them at programmable parts of the 3d graphics
rendering pipeline.

The Loop architecture is designed to leap-frog the real-time 3d rendering fechnology
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
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Abstract vs. Actual Sixteen LoopDraw chips in a ring has been as|§u'gﬁgéd§
nost exanpl es herein to make the discussion and exanpl es sinple.” For s r?e
sets of assunptions about performance and scale of the Loop architecture,
putting 16 LoopDraw chips into each local ring may be a reasonable
trade-of f between cost and performance. One such exanple of the suitability
of 136 19 July 2006 16 LaopDraw chips.in each |ocal ring, at reasqnable
vi deo resg@ﬁﬂl]ﬁtﬁ%wge %rigmﬁeéoe)apgﬁés@éﬁwEh%ngli-mﬁésshetie@sy RPQTtIPUEh xel ),
16 LoOPDR8H Mk PMAPRL Suphb!sh&Rrdthaift B8 kWM Ehad {Hfcfif G5, and wi Lh
an order of magnitude nore conplex pixel shader support than” an equi val ent
t echnol ogymrsiting laschithétprels.ocm ed r&8ihctjpmphieoderiraysgpoet.e accel erator is likely to

be able to. e follow n ragraphs di.sguss.the additional benefits and
addi t i onal ia‘f’ L&y %Wﬁhgc E%ﬁb‘g{hfrpﬂ’g%ﬁﬂh@é%ﬂ?ﬁgﬂmﬁﬁ?sédE%‘B%_E?f“é@\ﬁ‘?ﬂﬁ‘?aﬁ% are
added i g s%ﬁhi@ﬁ@dted hiBericlform&i8 thaa &ﬁ%ﬁtiﬁ@ﬁrcﬁi@&t&r@§ MERy re&%h%fe&ﬁ&??%g

exanple at the far end of the range: LoopDraw chips 1n a loc
Noni nal |Speehi s system has 4X nore frame buffer storage, 4X nore pi xel

had : tialiasi. t | uf i t Lf.th
el 1111 ol g Rt bR R By hittarh PR R sertii el biF o e
fill pergipelimence. By breaking up the pixel fill function into tasks for 4

LoopDraw chips (rather than the one LoopDraw chips assuned in nost of the
previ ous exanpieBisterizgdiockdmpsiosmp incoming verigyslatae pnd Povesperyanpt es of a

pi xel , an. | i .10 .64. I .. pi xel
N ih o BRRERidIEbaRnG bl opeans R Refel Hasidols BrififiRd TR A5 B8R,
Chﬁgge, a]lcmﬂtﬁlﬂj?lelippbdh&thel wiéwpabifineseskarly] Aﬂemgtle?'mtﬁh i%@ pﬁb_{bl&t)?ﬂs&‘}ﬁuﬁd@ieﬂo t he
nunmber of, sappl es vol yed per pixel, as well as the pixel shader power
supportdﬁ?‘é Sg?&eésljﬁﬁg‘ﬁaﬁﬂi’ﬁggteﬁ Ty &t r}glﬁlﬂﬂ"d?lﬁﬁlﬁ-el y, if the sanple density
is kept at 16ranRl#SFMHlof BlplesiHE sidagq gi@ﬁ%‘gﬁhsﬁﬁe od s o He! g"%l)fn%ﬁ}/,ng.
filter is increased from4 pixéls to 8 pixels, 4X | arget area tconvofution

ker nel s andeesiappos reslidonah sainple updaté Funstiso oy dte RGBAZ alyss mb thfralee power .
Here, the 4X nore convolution power went to increasing the size of the
anti al i adl 6 filter (at the sane sanple density), vs. increasing the

sanpl e densi tPhdYorSlVetiloKegplibgar mmﬁﬁdnadu'ﬁgﬁémréuidﬂyes@mn@éuaam er the sane
(the exanple in the precedi ng paragraph). The 4X nore sanple wite

bandwi dtastipkasing filies e themmplasivabien o the &egeibafigeen thedlly i therwides outpat e of
dimnis r&‘lgﬁﬂl ﬁ&%f’@alues are being generated. This supports very high quality full screen

antialiasing,

In at least one embodiment, the circuitry to implement these three blocks 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, putting 16 LoopDraw chips into each local ring may be a

reasonable trade-off between cost and performance. One such example of the suitability of
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for ordinary antialiasing purposes, but they can be quite val Ua*ib“:‘ldlgzoos
supporting various forns of blur filters. To nake the 64 LoopDraw chi

| ocal ring support increased sanple density, we had to divide the sanples
in a pixel between 4 different LoopDraw chi ps. Under these circunstances,
t he DrawPi xel Loop packets now are rrulticast to the appropri ate quartet of

T 5 canttotoBDr 3R ip ot et srReRae fled sfliten (AR Sthd
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needed for local ring |ess than or equal to 16  LoopDraw chips were to be
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LoopDravubtpd,ruops (i ncluding |tself in both cases), there nust be 64 rather
than just 16 ’ﬂ-[eg%hl cs primtive drawi ng contexts. These contexts are not
[

very |arge; Howiigsen grenhs dﬂﬂ@ésstthﬁa%#l‘én%bmﬂﬁ‘gmﬂo@@émabonm sts of 3
1xed POhitkofiRAIE Anpbfbh ARl nld-ORbL SR U 2L AIRAFAYIILE lrm  Plus

perhaps a tew oring curren seman Sétt t he
bufferi r@taifeiﬂ!foﬁthelssme%gccﬁtﬁﬁibﬁmefwm’ph abﬁaeﬁhle@ﬁlrddhé ﬂmgarﬁlfl Mjobtblrziw the 4X
| onger tencies for und trip ring conmunicati on, he i rrpl enent ati on
| evel , t £ 0 30 T O%}ahwgs pypieaR %‘1%&195%&%&“{’%&@%%) Xmees depend

on the GaRUiRhadk phiveE 4% mbRUAHalidsi &&ﬁﬂ@gnm&ldng&%r "hu B thé &%1@9%9 have

to be nade some amobunt larger. There are di mensioning return gr ow ng
i mpl emeris Hniited by dhebodpduinly thee is mulhareasd impibainititpetfoonamet. t he Loop

Fhan 64 bhEHRR e Aol b FHBRRE Lophliius® Eeahen temr cat i ons
woul d  fligeg D chipd ssuERABNAREEOf the pmldhaeﬁﬁnaés)l&chees@f}nmerf&raaqﬁa&:t@f ps,

the application could have higher overall system performance if
addi t i orfdith mmbsmﬁ adhkglswasteingesasr the usable sammiedensgy ¢o %sﬁmad@%phrlp@mm

rings of,. I I.n ring.
1 T R ey ShSort! @ fophlRR, TRESRATINM G Ror Bults S Beldmpt ot e
ar chi t eatfgampled fitled pexrpﬂcﬂ goalp lsuppedd tisoainibivg odfanpiléedonbblved pandiéldish

one enbodj nent. The previous discussion treats the

wthin %’iﬁ% {ﬁ er |
case of © H’d‘e aéﬁr RtsE BrRpRriahle st @ 2iyga rendering rate.
Alternately, if the sample density is kept at 16 samples per pixel, but the diameter of

the antialiasing filter is increased from 4 pixels to 8 pixels, 4X larger area convolution
kernels are supportable, and we still also get 4X more pixel shader power. Here, the 4X
more convolution power went to increasing the size of the antialiasing filter (at the same
sample density), vs. increasing the sample density by 4X but keeping the antialiasing filter
diameter the same (the example in the preceding paragraph). 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 muiticast 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.
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The fol |l ow ng paragraphs di scuss nunbers between 16 and 64. I|f gg%bbén
dividing the sanples in each pixel four ways, they can be divided t way's
or three ways. This supports pixel sanple densities of 32 and 48 sanpl es
per pixel. Oher details and trade-offs within these internediate size
ring systens are simlar to those described for the 64 LoopDraw chip size
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menory system can have vari ous e, and cache.assunptions built into its
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suppor t dgkgef thie 58 LoapBLIVPENHH It i6 Yhité pARIHIOMaSAVE st applRafSIBwHBADI Y
sub-system has to be also used for texture fetch.) If the optim zed

"si ngl e fingiflatgipst somevwdiere iprth@range pelo tordnlawDyavnshivs, the ppplicatigmeatd with 4

or 8 Lo ' ' ' ! 9191 | )

Convol utios TEERd el At porkhale heaRiG R HBRHAE R 1 ps, a
| ocal rbuild nedtiple@ohmsrgeriosa pings of dnivdles sine, rathepihax irtcyeasingalnd disd o Ng
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di amet el ﬁmg-ﬁmlwaPﬂwttt%nateéwéﬂﬂgwsﬁ fapspaueace qfy %d@%_,eraa% wel | as
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one embodiment.

The previous discussion treats the case of moving up to 64 LoopDraw chip rings.
The following paragraphs discuss numbers between 16 and 64. If rather than dividing the
samples in each pixel four ways, they can be divided two ways or three ways. This supports
pixel sample densities of 32 and 48 samples per pixel. Other details and trade-offs within
these intermediate size ring systems are similar to those described for the 64 LoopDraw
chip size local ring cases 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 some minor difference on how the dividing up
interacts with the mechanism that pseudo randomly perturbs assigned subpixel locations of

the samples in a pixel.
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or even greater (at |ower overall video format pixel rate, e.g., g 2008
NTSC). Once again there are few "hard" |imts, but rather there i's a’series
of trade-offs based on constraints inposed by relatively |ow | evel
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Ot her t S¢RN c‘)’vgllﬁ'lejéOr %%O?RS)I?I% cc(‘ﬁ@ lﬁgh‘?/\glilg wopld be %fﬁ‘ﬁ?%l,y S&Pﬂ%}fﬂg’??cym e

manuf act ure c@gelutiduialsd ida Mt iR PWET With fohl BRE Y6 TRoPDrad LasdiaNgeal WO 250cc
engines to a single notorcycle rather than a single 250cc engi ne. Rather,
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on constraints imposed by relatively low level implementation details. There are no absolute
arguments for placing a hard lower limit on the number of LoopDraw chips. But gathering
the constraints and trade-offs that bear upon the engineering decision of the minimum
number of LoopDraw chips local ring configurations to be fully supported in a given
embodiment is useful.

From a practical point of view, there are legitimate markets for system with less than

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 (temporaily) 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
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enbodi ments of the current invention will allow 3d graphics hardgayg
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Graphics Differs from General Purpose Conputing Most conputer prograns
witten to run on general purpose conputers are inherently serial, that is
they were witten under the assunption that the prograns woul d be
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(though still rare) case in which the speed ratio is vary close to 1.0 for
some r arggeplees hagdwars ageeleratorss end peiatspubthat thesbnstipgntp an atdliskiforaid gmpliss

called " [ cowrhin t iven.range. .ln. t.he nor | cal se where
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How 3d Graphics Differs from General Purpose Computing

Most computer programs written to ruit on general purpose computers are inherently
serial, that is they were written under the assumption that the programs would be
sequentially executed at any point in time by a single general purpose processor element
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
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current vabw dosgivgethei‘sleerupp of thepompers progedre pessitde ifThissen bi g Rempslt

gener al pD se _co ivei i.gher val ue to custoner al | owi ng

ur ng ut ers, de hi 1s by
conput erPYHREE CEMRUCH SPRRIRS BRI ue i Sese0era] PYPASE RrQCEPOL@Iatiye [ nningt er
than t heje oMBihIcodpuler RESaRRENEAME pFRERUE BlemeRilih (R Sthd &gg@gﬁ%er hi gher

non- processor features, such as increased capacity 1/0 sub-
over al ICORUfgEDl y, supporting nuch | arger anpunts of main nmenory, nore

1.5 CoTSoHE A 0SBl e ! SEe RSB0 "
not needo ttiese: firidict éatmios Sompiiey proayani0 If i Baldsirél B€a particular program

to run significantly faster on a general purpose computer containing multiple parallel |

general purpose processor elements, then the original program must in effect be re-written

by a human (generally at great expense) with the explicit goal of making the modified

program achieve this desire.

Modern integrated circuit chip technology has made it possible to put a relatively
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,
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anount of 1/0 or main nmenory capacity, and may only need to rianqﬁupagggan1
at a tinme, and nost of these progranms may not have every been han

paral lelized, or worth the cost of hand parallelization. Thus, the failure
of automatic parallelization is one of the reasons why relatively

| nexpensi ve general purpose conputers containing only a single general

purpose phaedIiter GS%EQH%}EI eﬁfrj?%s(ﬁ E?Iélﬁ%lﬁi‘sef[ré BHiICHR PR .g%rgéralg%ﬁrgﬁ?%?%?oc%gs pun

many comnputer prograns; y nore expensi purpose
conput er elements dhatiargnatomehtfhsier tharethg eneerdllow pustpesarappepesIvscesdoenent Wil |

not run n ragrams_any faster. Running conputer. prograns on gener al
pur pose %BSW%ﬁ[geﬁgesggB oﬁt‘i §FGBnBUBPS Y tﬁ%ﬁ%%"&l’ L‘gﬁ@?rpg%‘ée iorysienseyby
el ement salfdvARE RomPuePPlokAis tht HaVPb@éﬁﬁ&\ﬁ%ﬁﬁuﬁ?ﬁ%ﬁ%ﬂzeﬁttﬁ?ﬁ?ﬁﬁé an%e?ph' cs

rendering pipelines (such as QpenG.T graphi cs hardware
accel er aveuld anta fess expasgive edmppiersbutatsoi throuple ofenpoparoakdset feamtdspsuchiagi t s

ist; e.q. | ati vel i gh f e standard 3d. graphics
Conder i npoisepelRatu S st BiePEuOh ofl s ERRG sREE ych e cost
i nt egr at gflowts 6€inbinGhéRorylRese fldxibIe CoMBairARRES hidl @ehBiliid Mnd largbandard 3d

graphi cs rendering pipeline out of multiple chi ps that will run-the
st andar dnugaber §f spei kon-pasplirdized eoppyen pragrams st theisabieyiniast er than the | ow

cost single chj | 2 1 ed everal of the n chi ps
created for r%@ﬁfp%@@%bﬁ%ﬁ)ﬂ?@t%&%ﬁ?% fofa e@bﬁ@@rf’é‘?yﬂ% eg‘g!g.lgff he "home
ganmi ng"anyeuri ef I/Oedrtrhain mmyeap@itp,rmﬁe@amﬂfde&domﬁ@%mmm tgfe) are
relatively | ow cost relatively high performance single chip inplenentations
of the At @f hpse progrmssmapeldiaye §vesy been hwad perallclizads ox werth dhercostoft he
anal ogy fallpaniicinfiopnswer is that it does not. The reason is that the
equi val ent of automatic parallelization for the special case of
i npl enent i ng 'Bhust thedsihue 8flagomptic paralldizdiorn isgne b4 thekBasdtis wh20fhkivedy pel i ne
i s and has_been succ ssfullz achi eved for decades now b){ conput er graphics
har dwar e"SFRAPYE ST EPUPHSE CoBRUEH Goatapiug only asinglg.getepil gusngse BH@Ceemhi cs
har dwar e:érerd - OmR ipkdadr by cHoll ok Purchdve t&i’d?l@lh&yﬁﬁﬁﬁﬁiteréﬁ%ﬁ%%o&e gr aphi cs
rende

data (the normal input to the standard 3d graphics ring pipeline)
i nt o rulithgrerilpmereexpenrsive ganerah putpgsreedmmyiters eonfeiningavere|thinl eaneqreecraf a

020, O PPl AT o=

Running computer programs on general purpose computers containing one or more
general purpose processor elements stands in contrast to implementing industry standard ‘3d
graphics rendering pipelines (such as OpenGL™) within a 3d graphics hardware
accelerator. It is a natural question if the same parallelization limits exist; e.g., once a
relatively high performance standard 3d graphics rendering pipeline can be implemented on
a single relatively low cost integrated circuit 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

parzillelization for the special case of implementing a standard 3d graphics rendering
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and invisible to the users of the standard 3d graphics renderinggpj 9hh53,
and the quality of the parallelization are highly inpressive: speed“rati os
of 0.98 (within 98%of full |inear speed-up). Over the years, graphics
hardware architects have discovered the conditions wunder which such near

| i near speed-ups are possible, and the conditions under which they are not

possi bl e;?]igél‘i/ﬂe%s IRS hasBeech @Eﬁ%&ﬁlﬁé ShEed P63t @Wg@%&&};@rﬁwd esi gned

for the me ganmm ng mar Ir 1nternal arc nevert hel ess
i mpr essi headwaisesehiteotwmees. ganmmi ng chips (e.g., in the $40 cost range) have
applied a w vari et enhancenent techni ques to achieve

v .of . perf ,
hi gh i nt er nal * 3pEaHe! lgﬂgi’t Fﬁggi’?ﬁgg’gg Fqigdlgfgﬁhg}s VeI i automatacallgghop up
unf or t ungg elnyld %ﬁﬁ?st&éﬁ"ﬁﬂﬁ&ﬁh%s%t?@% £OHRal i?;?_ﬁt ©8hd HLABRESd %BH{CEC' udi ng

nearly all of the potential” ways of aggregating chips toge r to higher
| evel s ofndsringaripeling) inty muitiplppretosrthetrice assigned tothemirt gradailbbee ofchni ques

for achieyin e i r agtomatic. parallelization n _using multiple 3d
gr aphi cs§ é}lﬁ’ ggﬁgﬁfyd)ﬂagﬁa?gap &S/Eroa?f:‘qr‘sé%év%beéeéﬂem%r %%?lﬁ?l% %E;tt‘?n'@ﬂﬁl ces

t 0 opti rdndentibidletdithe figks d15Re biandHeBA gk@m@.trexﬁieﬂﬂgﬁip%ﬁnaraﬁ@m&@aﬁ%fp based
home ganm ng products. These design choices include mnimzing the nunmber
of pins tBapamaleligeiipn arcchigliiapeessives spesd reties 9f 0.9% Evidhin 98% afffull tinearnal

| it Lol i Cidt: [ t t.hei flity.t trol
he or dabed: R} OB e Jells diip SRRIVRIC I AERMe dkyerdlhe bR Ds get
a say), wadedr dhivhgoclcher tiasarapesdugshee padsiblé, ahdeiescondiioROTh®RA whith they

representin graE@i cs data. In contrast, the custoners that conprise the
medi um tBC ROGIRSERY: prof essi onal narkets for 3d graphics hardware

accel er at or s Whak flosP&f ﬁl@H@?fé@erﬁ'ﬁgw%%&ﬂlﬁé/s (%1 Fharé Hpsigw lg%i hbHg Poi nt.

Therefore, fundanentally different graphi'cs chi’p set archi ures nust be
enpl oy edzanFhipg engrkesf thewiintnmlal aehikehgesy mquievetidiesginayphisbs. Thesdhane
accel erat ors. wi i ti

cecel o ol bs 1936759005550 SRR GRRRTAMES ) BilcRhamnee, o ohe
?g n Z :)E)K/I cafastRmebhRERiqids 46 AchiGH High RAMRAI $Had® sh@ Wi BimizPinsSke bRLGerhal 1/ 16

pins. But unfortunately these architectures achieve this performance by precluding nearly all

of the potential ways of aggregating chips together to higher levels of either quality or

performance. Most of the possible techniques for achieving near linear automatic

parallelization when using multiple 3d graphics chips in parallel have already been

precluded by design choices to optimize the chip for use in their target single 3d graphics

chip based home gamming products. These design choices include minimizing the number

of pins on the chip (to achieve the low cost), the choice of internal algorithms that have

implicit assumptions about their ability to control the order in which graphics data is

manipulated {e.g., no other chips get a say), and design choices about the data formats

supported for representing graphics data.

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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121/8 1/2Gloom 2 2 1/8 1G200M 2 4 1/4 1/2G loom 4 4 1/4 g%ﬁggyggé

1/2 1/2Gloom 8 8 1/2 1G 200M 8 16 1 1/2Gloom 16 16 1 IG 20
1/2G loom 32 32 2 1G 200M 32 64 4 1/2Gloom 64 64 4 1G 200M 64 128 8
1/2G |l oom Table I Nunber of LoopDraw chips vs. Performance 144 19 July
2006 pixel shader depth conplexity physical rendering rate inmage frane
rate display device Size in Pixels 1/2G 3 1920x1200 76 Hz 1/2G 3
1280kl 24 76+ Hz 1/2G 6 1920x1200 38 Hz 1/2G 6 1280kl 24 60 Hz 1G 3
1920xt 200 76+ Hz 1 G 3 1280xl 24 76+ Hz 1G 6 1920x1200 76 Hz 1G 6
1280x| O2 - f -Pa. vs. Performance 145

#LOOP ~ sample  pixel pixel aximum

DRAW  demsity ghader shader  Vvideo

CHIPS power  rate format
pixel rate
1 1 1/16 1G 200M
1 2 /8 12G 100M
2 2 1/8 1G 200M
2 4 1/4 122G 100M
4 4 1/4 1G 200M
4 8 1/2 1/2G 100M
8 8 172 1G 200M
8 16 1 122G 100M
16 16 1 1G 200M
16 3z 2 122G 100M
32 32 2 1G 200M
32 64 4 122G 100M
64 64 4 1G 200M
64 128 8 1/2G 100M

Table 1 Number of LoopDraw chips vs. Performance
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19 July 2006 n, Nunmber of Sinple ring outer/inner ring LOOpDRAj@SﬁgR?OO
coefficient coefficient 8 0.438 0.406 16 0,469 0.289 32 0.48 . 84
0.492 0.170 128 0.496 0.148 256 0.498 0,137 Table 3 Increnental
bandwi dt h scaling coefficient 146 19 July 2006 CLAIMS 1. A nethod O
rendering graphics using a rendering conputation performed by a plurality
of interconnected nodes, conprising: assigning interleaves of a
super-sanpled buffer to respective |local nenories of the plurality of

i nt er connextlebadendesepthrconipiaxifya pliysitali but eddswper - sanpl ed frane buffer;
receivin sequence of graphic dgjyer com ., determ ning graphic
connandsq?% accordance with the s%g%gnce oﬁagggghic driver comrands;

assi gni ng the graphic commands todigys of the plurality of interconnected
nodes, this assignnment being indepepdept of the assignnent of interleaves;
perform ng, by at |east one of the _interconnected nodes, a rasterization
pi peline stage of the rendering E&Wﬁ&tation in accordance with the

gr aphi cs emymand assigned to respeciiove nosigs; sending, by | east one of

t he node rformng rasterizatio for a sanple fill pipeline
st age ofﬁﬁgg render?ng conputatioﬂﬁggogﬁgg%%gH%he plurality of

i nt erconnéX¥t ed node$ in a manner wWepdadent 3®Hzt he assi gnnments of

interl eavgg; perforging, by the Oﬂ%&dﬁ%lth t erconnect ed nodes t hat

receive a sanple fill command, a sanple fi pi pel i ne stage of the
renderi nd%onput ati n, in accordalf@@1200  76+1z :
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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with the respective received sanple fill commands, a result beinRg ng%gsof
information in the super-sanpled buffer interl eaves assigned to the
respective nodes; performng, by one or nore of the interconnected nodes, a
convol ution stage of the rendering conputation, in accordance with
information in the interl eaves of the super-sanpled frame buffer. 2. The
met hod of claim 1, wherein receiving a sequence of graphic driver conmands
is perforned by an Interface Chip in the plurality of interconnected nodes.
3. The netMombefofc| ai m 1, Sivpderdign det epwterfinng rgngaphi ¢ commands i n

accor dangg,dMpiri eque gr aphi i.yer conmmands is perfornmed by an
I nt erfacgﬁ0 Chi pwitdrgﬁl'zsﬁe pl ﬁ%ﬁcgglf/ of in?oé!ﬁ%%\réﬁect ed nodes. 147 19 July 2006
4. The nethod of claim1,%d#erein assi@Ahg the graphic commands is
performedeby an Interfaceggdyp in the Pherality of interconnected nodes. 5.
The neth (1 of claim1, wherein the rasterization pipeline stage of the
renderi né conputation is @é% ormed by %¢13 east one Graphics chip in the
plurality4of interconnect.es nodes. 6.07fe nethod of claim1, wherein the
sanpl e fillzg pi pel i ne stagg, t he ren? ‘{gi ng conmputation is performed by at
| east one aphics Chip in e plurali g of interconnected nodes. 7. The
met hod of25€l ai m 1, wher ei ®4%he convol ud.i3¥n st age of the rendering
conputation is perforned by at | east one Graphics Chip in the plurality of
i nterconnected nodes. 8. The nmethod of claim1, wherein the rasterization
pi pel i ne skakle3 Incrementgdiandwidily seatjag ceafficiee convol ution stage are
performed by at | east one G aphics Chip in the plurality of interconnected
nodes. 9. The nmethod of claim 1, wherein assigning the graphic commands
uses a |oad balancing nethod. 10. The nethod of claim 1, wherein the
rasterization pipeline stage of the rendering conputation includes a clip
checking operation. | | The nmethod of claim 1, wherein the rasterization

pi pel i ne stage of the
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rendering conputation includes a clipping operation if needed. %§uh39%006
met hod of claim 1, wherein the rasterization pipeline stage of the
renderi ng conputation includes vertex shading. 148 19 July 2006 13. The
method of claim. 1, wherein the rasterization. pipeline stage of the
rendering conputation includes scan converting, 14. Tlie nethod of claim
©19, wher eCDATKES rasterization pipeline stage of the rendering conputation
i ncl udes perform ng progranmbl e shadi ng on vertices. 15. The nethod of

claim 19, wher bi A meidod gfrendering grophips pehg a eersibAge cothpititfon pRRABET BY

. conput ati ' rform ng programuabl e shadi ng on pixels. 16." The

" net hod ofyﬂug#ﬁggﬁﬁ%ﬁ@gﬁﬁgpﬂg@sr H8&t i on pi pel i ne stage of the
rendering conpaskighin@rinteriedwed OF aR@péaffipia I i ng on

mi cropol ygon . vertices. 17. The rrgt hod *of %@%@%@%@Fg&%ﬁ ories of
rasteriz ?dﬂ“‘iﬁﬁb’eloifriéteﬁ%ect@d nodes, erestihgyr Bndistribotedt figepBarpled Sfgmd Ncl udes
texture qpefptions. 18. The nmethod of claim1, wherein the rasteiization

pi pel i ne stage of the rendering conputation includes displacement nappi ng.

19. The net hodeddiviog aisequence\begapliic dHPer RudRdrdgat i on pi pel i ne stage of the

rendering computatiqn perforns progranmabl e shading. 20. The nmethod of
claimai, Meréié#f‘@%ﬂg &Fanhife comman b ifh deeardance deith thn seqenéo bfgtaphic

subst ant igglvePQmihisof the graphics rendering pipeline. 21. The nmethod of
claim1, wherein the' rasterization pipeline stage of the rendering

conput ati on pretgyse ithe |amfitic commeikiath wheofofhehRurardeE iﬁt@fc{gﬁﬁ%%d 22. The
met hod o;m&ésa' m2l,. merflibeg%éh% rasterization pipeline’stage of the
r ender i ng°CohpHT APIEGHCP wdeprudgptof the gspigament ofgntefeajesct ed to screen
space boundapesimig, By 1685 bht 5f He ihRRSELLAL RfaNd shading ar aphi cs
prinmitives to_ targeted )hones of t_heei nt erco'%‘c?%dc{&gigg”aoﬁ%ng}%p%h the
pl ane eqtfaes shthgrenderinggomputatipy ip e@erdapae witheherptaphids 0bmfiladl Bkslgnegher ei n
perform f&e&ﬁk@ﬁ?@ﬂ&%m i on stage includes
sending, by least one of the nodes performing rasterization, a command for a
sample fill pipeline stage of the rendering computation to ones of the plurality of
interconnected nodes in a manner dependent on the assignments of interleaves;
performing, by the ones of the interconnected nodes that receive a sample fill
command, a sample fill pipeline stage of the rendering computation, in accordance
with the respective received sample fill commands, a result being update of
information in the super-sampled buffer interleaves assigned to the respective nodes;
performing , by one or more of the interconnected nodes, a convolution stage of
the rendering computation, in accordance with information in the interleaves of the

- super-sampled frame buffer.

2. 'The method of claim 1, wherein receiving a sequence of graphic driver

commands is performed by an Interface Chip in the plurality of interconnected nodes.
3. The method of claim 1, wherein determining graphic commands in

accordance with the sequence of graphic driver commands is performed by an Interface
Chip in the plurality of interconnected nodes.
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initiating informati on gathering and Processing fromthe intech@Qﬁﬁﬁ%@os
nodes by an Interface Chip. 24. The nethod of claim1l, wherein ones”of (he
i nterconnected nodes have texture information. 25. The nethod of clai m 24,
wherein the texture information includes a texture map. 26. The method of
claim 24, wherein all of the interconnected nodes have a copy of the
texture infornptiTga. T, hed 1] al erein.more than one of
t he interconnect ed lﬁgggg a&gﬁ?hg’ggﬁﬁ 2%$%$é@iﬁ%ﬁﬁﬁﬁ%ﬁbﬁpnﬁ%mﬁ?ﬁé met hod
of cl ai meerformed b an infetfanti Clyp irs thechlurglity ofémerbagbctdafides 0 t he

i nterconnected nodes for use as a texture. 29. The nethod of claim1,
further including, after the convol ution stage, sending a rendered imge
to the interc@nEed esbtidas S : -30. .The net hod cl ai m
1, wherein the intercqnnectéﬁﬁﬁb3b§ﬂ§§g§g%§§%¥%§@h§%]mggFﬁgﬁﬁg Pﬁgﬁe
schenmat i dendering computation dsl pefforhesi by at leatteorei Graphies iGHi® i B FlataBe, ppdes are
connectequﬁx) é&g#@h%eging schematic 32. The nethod of claim 1, vwherein the
i nt er connect 60 Nodesy “§Fe connect ed usi ng at | east one shortcut connection.
150 19 July 2006 33. The nmethod of claim 19, wherein the rasterization

pi pel ine stage of the rendering conputation includes accessing texture
maps, wher ei n % hildieamigihed ofgclaie | Lidebereinppiei sanplorfill ipdiastsug of kHeri ng

t echni quegdif 'ESm%: : rior to the texture accessing

" returning in?%% mat ger%h%% H%E%&%M% IS?St@PQi(t#?%lg?S%;ﬁ’é’r@i the plyrglityeod ur e

filterintptersotmectpdemdesacl ude one or nore of direct access, nearest

nei ghbor access, bi-linear filtering, tri-linear filtering, bi-linear MPP

mappi ng, tri-linear M PP mapping, anisotropic filtering, surnned area

filtering, procewns Methddbfchin LATRerBPH LBBh AESTENt , MBpPL g,

percent age cl oser shadow filtering, %{giz‘- gg%nggfgggr\}vs (&lttlhfé%&@%g
Computation is performed by at least one Graphics Chip in the plurality of _

interconnected nodes.

8. The method of claim 1, wherein the rasterization pipeline stage, the pipeline
stage, and the convolution stage are performed by at least one Graphics Chip in the
- plurality of interconnected nodes.

9. The method of claim 1, wherein assigning the graphic commands uses a load
balancing method. '

10. The method of claim 1, wherein the rasterization pipeline stage of the

rendering computation includes a clip checking operation.

11 The method of claim 1, wherein the rasterization pipeline stage of the

rendering computation includes a clipping operation if needed.

12. The method of claim 1, wherein the rasterization pipeline stage of the
rendering computation includes vertex shading,
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35. The method of claim1, wherein the rasterization pipeline szgg‘ﬁ] gfzohge

renderi ng pipeline incl udes surface tessellation. 36. The netho "ai'm

35, wherein the surface tessellation includes the tessellation of surface

primtives. 37. The nmethod of claim 36, wherein the surface primtives

include one or nore of polygons, higher order surface primtives, and

inplicit surfad@s. TBSmelh®! BB f in.t her order

surface primtives includes Tgﬁgqoir) %%@%éco%?@géﬁpflge% e\’38 §1Ef'rfaces,

surf aces AP rermpyatiorBaeiudes sqpacomesting3- Spl i ne pat ches, NURBS pat ches,

sub-di vi sion surfaces, and sub-division surfaces with edge and vertex

sharpness control. 39. The nethod of claim35, wherein the tessellation .

includes the apl iTiR: inetho@fof lkifiPhaCRABR t hod of .cl a| m1,

wherein the sanple fill pi pel i ne stgage i {rlrlc Ste@auoﬁgﬁ})% 531'1

updat e f UFFAEFTHIE computatipnjnelydexgmeforming pThgmathaﬂmgloﬁmmﬂoes V\,her ei n at

| east one of the interconnected nodes perforns the sanple fill pipeline

stage locally within the node w thout any additional commni cati ons

out si de the nolte. T2 mdthed wEtdhash 0f, Whabi the &S 'u hjﬁdﬁl !

conput ation.includes. generation of one or nore o g@g&'

t ext ur es, CPASIIg OmRtAtiondngludes perfe @ﬁ@épl‘(i'gmgmbleahaﬂlnglaﬂpwdﬁaps 43. The

nmet hod of claim 1, wherein the convol ution stage invol ves subjecting

i nformation gat hered from each node and to antialiasing processing. 44. The
met hod of cI arlrﬁ 43‘he\m@h@i bel‘aﬂnalﬂ,lxﬂielrﬁﬁltﬁgrm&ngﬁ&i Bébelifie Sa@i;r ?q? ptally

perforrre gag_@ E thqod of claiml, wherein at -l east one of

the int er conne FRtiien mgludes, perlorming presammehleothading aromicropolygen | ocal | y

Wt hin dwertraaﬁie vvr thout any additional communications outside the node.

46. The nethod of claim11, wherein the plurality of interconnected nodes

use a single physical connection for all direct information transfer

between any twe N@feSnethod of claim 1, wherein the rasterization pipeline stage of the

rendering computation process includes texture operations.

18. The method of claim 1, wherein the rasterization pipeline stage of the

rendering computation includes displacement mapping.

19. The method of claim 1, wherein the rasterization pipeline stage of the
rendering computation performs pi'ogrammable shading.

20. The method of claim 1, wherein each of the interconnected nodes can
perform a substantial portion of the graphics rendering pipeline.

21. The method of claim 1, wherein the rasterization pipeline stage of the

rendering computation process includes tessellation of higher order surfaces.

22. The method of claim 1, wherein the rasterization pipeline stage of the
rendering computation process includes multicasting “projected to screen space
boundaries” of the results of tessellating and shading graphics primitives to targeted

ones of the interconnected nodes, along with the plane equation of Z,
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47. The nethod of claiml, wherein the plurality of interconnecnghppgggﬁ
are all connected in a manner that is point to point, unidirectiona of
a short physical distance. 48. The nethod of claim11, further conprising
comuni cati on outside the nodes including connection to one or nore host
conputer systens for the transm ssion of graphics driver commands to the
nodes. 49. The kM1 urt.her conprising comruni cati on_out si de
of the nodes %%2 ugﬂﬁgkggﬁﬁgc |%HMF3GBﬁ§“§?Hﬁ§$@3ﬁgg?ﬁﬁﬁﬁﬁﬁﬂéﬂmﬁwgﬁens for
the transimitiaingrinfoofatien gethedng ABQSodetsiip ot BROBSer one
host co %e system 152 19 J%Iy %%%6 . The neth%gm%?ﬁgﬁggﬁfﬁf%?inther
conprisrﬂé IEation outside of the nodes including connection to one
or nore physical inmages display devices for the transm ssion of final
rendered i mages fromthe nodes to the physical images display devices. 51.
The method of 24.dihwe tethodr dfhelaine dywvlicsein Bneo BIR GRtbicoinRRIIEGTs HASe
plurality of thercgnnected nodes and a second plurality of I nterconnected
nodes. 52X 8%of claim1, Wierein at |east one node is forned of a
single processing chip and at |east one nenory chip. 53. The nethod of
claim1l1, wherein the rasterization stage of the rendering conputation is
per f or ned | oc@5 yTtisymethnd € clain: Bé)whereimnthe texaire ifoiRatin 186 uARIEEx DS A
systenlf%&g¥endering graphics using a rendering conputation perforned by a
plurality i nt erconnect ed nodes, conprising: neans for assigning
interl eaves of a super-sanpled buffer to respective local nenories of the
plurality of interconnected nodes, creating a distributed super-sanpled
frame buffer; 2feahe msthodeafelsinndd.awhergnealt of tfe inteaqimnected nvéss mem@nds;
means fOEQﬂf$Fﬁ£ﬁ£&&ggg%ﬁﬁg&ﬁ,CO””BndS in accordance with the sequence of
graphi c dri‘ver comrands; neans for assigning the graphic commands to ones
of the plurality of interconnected nodes, this assignnment being
i ndependent of .t assignment. of

P 57. hf:he meﬂ%?i op cla,gn 24, wherein more than one of the interconnected

nodes have the same texture information.

28. The method of claim 1, further including, sending a rendered image to the

interconnected nodes for use as a texture.

29. The method of claim 1, further including, after the convolution stage,

sending a rendered image to the interconnected nodes for use as a texture.

30. The method of claim 1, wherein the interconnected nodes are connected in
a single ring schematic.

31. The method of claim 1, wherein the interconnected nodes are connected in
a double ring schematic

32. The method of claim 1, wherein the interconnected nodes are connected

using at least one shortcut connection.
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i nterl eaves; neans for performng, by at |east:-one of the mterqgmftzggs
nodes, a rasterization pipeline stage of the rendering conputation
accordance with the graphics conmand assigned to respective nodes; mneans

for sending, by least one of the nodes perform ng rasterization, a comuand

for a sanple fill pipeline stage of the rendering conputation to ones of
the 153 19 JuBy, Zﬂ&&neﬁbur@a&ﬁh 9, WhERIL ARRSEAZ)
dependent on the assignnments of |nterf}eavgis% nmeans ?ngﬁelg}ef%? gﬁwoy t he

ones O ti®& ‘lege‘?@@iﬂﬁmledclndmc@mmtg textore mqasawhex&h‘pdhﬁ a‘cbbds

sanple fi age,of t end n utation, in accordance
with the %ﬂgs E%*E’ R ‘ﬁgff’lé ﬂ&f‘g nggiapaﬂat?eﬁmlt toptlie textunsdat e of
i nf or mat |Messmgt1bmugg{fgﬁﬁmned buffer i nterl eaves assigned to the

respective nodes; neans for performng, by one or nore of the
I nt er connect ed nodes a convolution stage of the rendering conputation, in

accordance wt %l | nterl eaves of, the super-sanpled frane
buffer . 154 341 PO dd°F él&m ?? wheéleif satd texﬁlr ltelqng techniques lrlrllg lude
one or more of direct access, nearest neighbor access, bi-linear filtering, tri-linear
filtering, bi-linear MIPP mapping, tri-linear MIPP mapping, anisotropic filtering,
summed area filtering, procedural textures, bump mapping, displacement mappmg,

percentage closer shadow filtering, and deep shadow map filtering.

35. The method of claim 1, wherein the rasterization pii)eline stage of the

rendering pipeline includes surface tessellation.

36. The method of claim 35, wherein the surface tessellation includes the

tessellation of surface primitives.

37. The method of claim 36, wherein the surface primitives include one or

more of polygons, higher order surface primitives, and implicit surfaces.

38. The method of claim 37, wherein the higher order surface primitives
includes one or more of cox_1ic surfaces, ruled surfaces, surfaces of revolution, Bézier
patches, B-Spline patches, NURBS patches, sub-division surfaces, and sub-division
surfaces with edge and vertex sharpness control.

39. The method of claim 35, wherein the tessellation includes the application of

displacement maps.

40. The method of claim 1, wherein the sample fill pipeline stage includes a

conditional sample update function.
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41. The method of claim 1, wherein at least one of the interconnected nodes
performs the sample fill pipeline stage locally within the node without any additional

communications outside the node.

42. The method of claim 1, wherein the rendering computation includes
generation of one or more of rendered images, textures, texture maps, final rendered

images, and shadow maps.

43. The method of claim 1, wherein the convolution stage involves subjecting

information gathered from each node and to antialiasing processing,

44. The method of claim 43, ‘wherein the antlallasmg processmg is

incrementally performed on each node.

45. The method of claim 1, wherein at least one of the interconnected nodes
performs some fraction of the convolution locally within the node without any

additional communications outside the node.

46. The method of claim 1, wherein the plurality of interconnected nodes use a

single physical connection for all direct information transfer between any two nodes.

47. The method of claim 1, wherem the plurality of interconnected nodes are all

connected in a manner that is pomt to point, unidirectional and of a short physical

dlstance

48. The method of claiml, further comprising communication outside the
nodes including connection to one or more host computer systems for the transmission

of graphics driver commands to the nodes.
49. The method of claim 1, further comprising communication outside of the

nodes including connection to one or more host computer systems for the transmission

of rendered images from the nodes to the at least one host computer system.
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50. The method of claim 1, further comprising communication outside of the
nodes including connection to one or more physical images display devices for the
transmission of final rendered images from the nodes to the physical images display

devices.

51. The method of claim 1, further comptising communication between the

plurality of interconnected nodes and a second plurality of interconnected nodes.

52. The method of claim 1, wherein at least one node is formed of a single

processing chip and at least one memory chip.

53. The method of claim 1, wherein the rasterization stage of the rendering

computation is performed locally by a node without communication to other nodes.

54. A system for rendering graphics using a rendering computatlon performed
by a plurality of interconnected nodes, comprising:
means for assigning interleaves of a super-sampled buffer to respective local
memories of the plurality of interconnected nodes, creating a distributed super—sampled-
frame buffer;
means for receiving a sequence of graphic driver commands;
means for determining graphic commands in accordance with the sequence of
. graphic driver commands; '
means for assigning the graphic commands to ones of the plurality of
interconnected nodes, this assignment being independent of the assignment of
interleaves; .
means for performing, by at least ‘one of the interconnected nodes, a
rasterization pipeline stage of the rendering computation in accordance with the
graphics command assigned to respective nodes;
means for sending, by least one of the nodes performing résterization, a

command for a sample fill pipeline stage of the rendering computation to ones of the
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plurality of interconnected nodes in a manner dependcct on the assignments of
interleaves; '

means for performing, by the ones of the interconnected nodes that receive a
sample fill command, a sample fill pipeline stage of the rendering computation, in
accordance with the respective received sample fill commands, a result being update of
information in the super-sampled buffer interleaves assigned to the respective nodes;

means for performing, by one or more of the interconnected nodes, a
convolution stage of the rendering computation, in accordance with information in the

interleaves of the super-sampled frame buffer.
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