1 COWPI LI NG FOR PROGRAMVABLE CULLI NG UNI T Background The present

I nvention generally relates to digitally represented graphics and nore
particularly to inproving the performnce of generating digitally
represented graphics. 5In the 1980's and 1990's, display adapters for
conputers and gane consol es appear ed with graphlcs accel erators, offloading
the Central Proces gr.a 0 n|t|aIIy t he
di spl ay adapt er s =o¥ : 1 "JUI-ventually t hey
al so included support for accelerated 3D graphlcs Nbdern di spl ay adapters
use a processing unit often named Back gcs proce55|ng unit (GPU). 10Due
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or expl I ng®par a ut atlons wever, this o ten gefiefates nore

heat , remmltﬂalhygheynlsmmlqded\mpp@dﬂbnmlemte(hhﬂ grapdiiasr Modernndispday f or cool i ng
t he GPU Moreover, there are Jimts . to the clock s eedeEb each GPU.
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enbodi ment of the presént nventioh Figure 2 is a schematic bl ock
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Performance may be increased by increasing the processing power of the GPU's by

enabling higher clock speeds, pipelining, or exploiting parallel computations. However,
this often generates more heat, resuiting in more power consumption and higher fan noise

for cooling the GPU. Moreover, there are limits to the clock speeds of each GPU.

20 Brief Description of the Drawings
Figure 1 is a block diagram illustrating how different entities interact in a display
adapter in an embodiment of the present invention.
Figure 2 is a schematic block diagram showing the relationships between different
programs used in the display adapter of Figure 1.
25 Figure 3 illustrates an example of where interval arithmetic can be used to cull a
tile in the display adapter of Figure 1.
Figures 4a and 4b show flow charts for culling processes that can be executed in
the display adapter of Figure 1.
Figure 5 shows an overview architecture of a typical general purpose computer
30 embodying the display adapter of Figure 1.
Figure 6a is a display view illustrating an exceptional case of input values in the

display adapter of Figure 1.



Figure 6a is a display viewillustrating an exceptional case of input
values in the display adapter of Figure 1. 2 Figure 6b is a graph

illustrating input values in the case of Figure 6a. Figures 7a and 7b
are illustratory perspective views of textures which can be used in the
di spl ay adapter of Figure 1. oFigures 8a-d are iIIustratory Vi ews

of textures I ch.can | Flgure 1. Figure
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cent r al inthe displayadaptgr obfiguredpU) 570, shown |n Figure 5. Al though any
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1s culling based on depth buffering. Here, a conservative test may be performed to prove

20  whether that tile is covered by the contents in the depth buffer. In other words, the test
determines if there is another rendered object fully covering the polygon in the tile, from
the viewer's perspective. If that is the case, the entire tile can be culled, i.e. singled out for
less processing, e.g. skipped. This then may result in performance gains in some
embodiments. The hierarchical depth culling may be performed either before or after the

25  culling of a programmable culling unit 108. This unit may be a fixed function, which
means that it does not execute a replaceable program in one embodiment.

In the programmable culling unit 108, culling is performed according to a
replaceable culling program 118, also known as a replaceable culling module. The details
of this culling program 118 and the effects are explained in more detail in conjunction

30  with Figure 4a below.

In a fragment rasterizer 110, the tile processed by the programmable culling unit
108 is broken down into fragments, overlapping the polygon. Each of these fragments



3 corresponds to a pixel and contains data to render the pixel and to test
whet her the pixel should be rendered on the screen. The fragnent data may

i nclude raster position, depth, color, texture coordi nates, stencil, al pha
(used for blending), etc. For every pixel there may exist a plurality of
fragment sanples. 5In the fragnent program unit 112 the fragnents out put
fromthefra rast.eri.zer, ar roce usm t program 120.
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aut onat addieffsctygamhraa fag, as eelllas g whea gossiblé,lidedtify fragments thateloprod geahtoabl e

culling unit 1 and a fra nt program 120 for use in the fragment program
unit 119¢ r"é}f}ﬁeg -1 gngnb?ﬂgf?gammr can wite individual culling and
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segnent (1) of a conbined program 222, originally witten for use as a
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15  fragments are written fo target buffers.

A combined program or compiler program 222, shown in Figure 2, can be used to
automatically generate a culling program 118 for use in the programmable culling unit 108
and a fragment program 120 for use in the fragment program unit 112, Optionally, a
programmer can write individual culling and fragment programs 118, 120,
20 As an example, consider the pseudo code segment (1) of a combined program 222,
originally written for use as a fragment program:
DP3d,n,I (1)
KIL d<0
TEX2D ¢, t0, rl
25 MUL out.col, d, ¢
This program performs basic diffuse lighting by computing the dot product
between the light (I) and normal (n) vectors into a result (d) using the DP3 instruction. The
n and I vectors varies per fragment. The KIL instruction terminates all fragments where
the surface normal does not face the light, indicated by d being less than 0. The TEX2D
30 instruction performs a lookup of a two dimensional texture into c. Finally, the result (d) is
multiplied by a diffuse material coefficient (c).
The KIL instruction is an opportunity for culling a whole tile of fragments. But in

order to do so, it should be conservatively proven that the condition for the KIL instruction



30 instruction perforns a | ookup of a two di nensional texture into c.
Finally, the result (d) is nultiplied by a diffuse naterial coefficient
(c). The JUL instruction is an opportunity for culling a whole tile of
fragnents. But in order to do so, it should be conservatively proven that
the condition for the JUL instruction 14 is fulfilled for the whole tile.
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processi ng f Fhefdentodmplement (s chaip of crnservalive evalnatins. theprogiimmable ) enent ed
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by intervals, a, b, o, where an interval, e.g. , .1 S defined as: a 4,74=
(x| oS 7R e ispGpRE RRBREN S R TR e ehn Tk TERTLA TrE e

ADL3 ¢, ausiﬂ%pﬂﬁciﬁle§ oPlrfervAQriliRii. ARG difpRIexampRIdbdsidep a QREAAHIADDI S

I npl emented as:” (5) As can be seen, the result of the interval

addi t i omstueticsi ns al |l possible results of "normal" additions, or nore

formal ly, it&%gibt@tcggg_eba + b given that a(f)a and b e

For the corresponding programmable culling unit interval instruction, the operands are
replaced by intervals, 4, b, é, where an interval, e.g. 4, is defined as:
15 i=laa]={x | asx<a} 3)

The programmable culling unit ADD instruction is then:
ADD A, b o &,=4+b )

20  where the interval addition operation is implemented as:

a+b=la,a)+[p,b|=la + b a+5] 5)

As can be seen, the result of the interval addition contains all possible results of

"normal" additions, or more formally, it holdsthata+be @ + b giventhataec g andbe

25  b. Itis therefore conservatively correct. In similar fashion, the behavior of every
instruction in the fragment program instruction set is redefined.
In addition to using interval instructions, the input may also be defined as intervals.
Therefore, it must be possible to compute conservative bounds for quantities interpolated
over an entire tile of fragments. It is to be noted that although interval arithmetic is used
30  herein, any suitable arithmetic representing the whole tile can be used. For example,
affine arithmetic or Taylor arithmetic can equally well be used within the scope of the

present invention.



25b. It is therefore conservatively correct. In simlar fashion, the
behavi or of every instruction in the fragment programinstruction set is
redef i ned. In addition to using interval instructions, the input may
al so be defined as intervals. Therefore, it nmust be possible to conmpute
conservative bounds for quantifies intérpolated over an entire tile of

fragments. | tdaSal t t althouagh | rval arithmetic i.s used 30
her ei n, any &lﬁ%ﬁggg?ﬂgﬁﬁg\{%’@% r%p}%ﬁgﬁ%ﬁfg LR céhggf?% used.
For exafipirethe @binbiied progriniEl ). CTlo deFivgdl odlliag pidurmhiie can equal ly wel | be
used within the scope of the present invention. 5 Wth the reasoning
above, the culling program 118 can be automatically derived fromthe

conbi ned pro%‘rﬁ, my(l)s The derived culling programis: DP3 d,(6) 5KMel <O
Furt her nore, gr‘é’ "He fragment program 120 is deri ved% rom t he conbi ned
program (1), to be identical to the conbined program 220: The fragnent
prog{amis: <Qi, n, 1(7) M. d<O TEX2D ¢, tO, rI MJL out.col, d, c 15For
an entire tile of fragments, assume that it is determ ned that the input
interval 334 of its normals 330 is cz = ([--/S/ 2, -1/ 2], [1/2, -s5/2]) ,
and the i nt eFudher8®ée, here the fragmghttprogracl2038 detivedifrom theldaipbindd [-1/ .5, 0])

, il lustrated i.n .Ei qur The, z- . coor di es, are assuned tq be zero,
whr o st [ Sctorth idedipainthe CHRhag SRgram A2 “To heenoRimeg miror va

representations results ind = .7=+ -sh)/ li, -1/ A. It 20 can thus be
concluded that d can be at nost be d = -1/J . Since this value is strictly
10 DP3d,n,I (7)
KIL d<0
TEX2D ¢, t0, r1
MUL out.col, d, ¢
15 For an entire tile of fragments, assume that it is determined that the input interval

334 of its normals 330 is 7 = ([—/3/2,—~1/2], [1/2, +/3/2]), and the interval 336 for its

light vector 332 is = ([1/+/2, 1], [—1/\/5,0]) , as illustrated in Figure 3. The z-
coordinates are assumed to be zero, which simplifies this example. The dot product

between these interval representations results in d=h-I= [_(JE ++/3)/ 8, - 1/\/@ LIt

20  can thus be concluded that d can be at most be d = —1/+/8 . Since this value is strictly
less than zero, in the culling program explained above with reference to Figure 2, this
whole tile can be culled without executing the fragment program for every fragment, as
will be explained in some further detail with reference to Figure 4a below. This is a source
of a performance gain in some embodiments of the present invention.

25 Figure 4a shows a flow chart for a culling process that can be executed in the
display adapter 100 of Figure 1. When this process starts, a polygon has been selected to
be rendered. In a select a tile to process step 440, a tile is selected, where the selected tile
is at least partly overlapped by the polygon. The culling program is then executed in the
execute culling program step 452.

30 In this embodiment, when the culling program requests input values, the process

continues to provide input values to culling program step 454a. The input values are




| ess than zero, in the culling program explained above with reference to
Figure 2, this whole tile can be culled w thout executing the fragnent
program for every fragnment, as will be explained in sonme further detail
with reference to Figure 4a below. This is a source of a perfornmance gain
in sone enbodi nents of the present invention. 25Fi gure 4a shows a fl ow
chart f i : ool in%ea] n . bR ln er 100
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grzsizt)dhi cgﬁ%?%éﬂtcgsg'for further processing. An exanple of such an enbodi nent
woul d conpr i $he culling piagearh heyalsdesutmit résadts biher thafi AicaHingdRAtitiog UThds®g uni t
106 (Fin%gre 1) gnd t he programmable culling unit 108 (Figure 1). The
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bei ng processed. In the execute instructi set 0, an
i nst r ucpdrtorms eulliBgibesedentf dapthevrlfiasithat aseibweputed by herdgram, typical |y
fragnents. This is typically a conventiponal processi of .rengdering of the
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subset of the tile, typically fragments. The fragments typically collectively cover all pixels

30  ofthe tile, that overlaps the triangle being processed.
In the execute instruction set B step 460, an instruction set B is performed for a
subset of the tile, typically fragments. This is typically a conventional processing of
rendering of the fragments after the tile stage.




7 The instruction set Ais typically |l ess demanding than the instruction
set B, resulting in a reduced nunber of instructions processed for the tile
when the culling condition is determined to be true, resulting in increased
performance. In one enbodi ment, the instruction set Ais enpty, leading to
a considerable reduction in processing, i.e. 5 increased performance. The
fl ow continu to. lnterate unti.l ere.are.no re files,.at ep 462.
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of Figure 1. .The .conputer .has a contrall.er 570,. such, as U, , capabl e of
execut' 15 Sarigr T PootRd Se Shr B lte sprits ing¥irtcE SebA o B o
volad i | exdtRtdiastnRlidn s&US btep 466 afly DRMHoRd#iB A AROr8 GiT@ Step BBP0Y all t@nd a

di spl ay 20 adapter 500, which may be the sane as the display adapter 100 of

Fi gur e thejoerrgspemdmgtstaps e Figwre 4he di spl ay adapter 500 is in turn connected

to a displayght sych . L or.. The. controller A70.is also.connected
to persi stenp% s‘fvt% B"Ffag‘g pors\?,d@g@%ﬁv@ﬁesator%ﬁglgé)ﬁg@%nﬁegtFSéi H° R@ﬁﬁﬁsﬁd Eﬁtﬁ opti cal
st or agebéféd the deling prog@adias exdedied! Invhiststdp, 8l raldlahtidbutRlhed af¢/6dlcdaedD, DVD,
HD-DVD or Blu-ray. A network interface 581 is al so connected 25 to the

cont r ol indhissrebadgnensusingdntesyab adtbanstic and piavidedt so thatthe sulling progiamesenl ar ea
networ kacc%s%gs% \%tf‘e@n'gfi% ‘(f)ig%]:é{n[(eﬁ & ']i?ﬁsjﬂemla@m rs.%ffo%_ﬁl}eﬁﬂéﬁ]trv%hﬁscs& a%%h area

netWor k" or w rel ess AN b ea e a per 1 pheral
i nterface 57Fjgutd1®skdhd dn/éveeviaw aochiteatiuesadita typichl gensfaliperpbdBeongputerydsgar d 579

or any other .peripheral 580, .including a_joystick, a printer, a scanner,
etc. 30?4113?@15%%53%3( aPW&W%P%ﬁ'@H{ﬂ%-é“ﬁ&H@P&@ b@%&némil 1 st ag

describ | | t ' [ . wel | be
erbodi of CF 7 St o a0 ol Bicions. (11 Copiellr 70 iFabmBOERI Y %' o

gr aphi ceolatile meméry2&d, suehgs a ggnamicoasdine s¢eesabeterypfRord} andmisplay| nt er net
dev2| o esaéal\p/{e?%})o, v‘m%h gia%%rtﬁé sa%t}é: as tﬁg %is%&%ﬁgﬁgr 100 of Figure 1 in some

embodiments. The display adapter 500 is in turn connected to a display 576, such as a

monitor. The controller 570 is also connected to persistent storage 573, such as a hard
drive or flash memory and optical storage 574, such as reader and/or writer of optical
media such as CD, DVD, HD-DVD or Blu-ray. A network interface 581 is also connected

25  to the controller 570 for providing access to a network 582, such as a local area network, a
wide area network (e.g. the Internet), a wireless local area network or wireless
metropolitan area network. Through a peripheral interface 577, the CPU 570 can
communicate with a mouse 578, a keyboard 579 or any other peripheral 580, including a
joystick, a printer, a scanner, etc.

30 It is to be noted that although a general purpose computer is described above to
embody the invention, the invention can equally well be embodied in any environment
where digital graphics, and in particular 3D graphics, is utilized, e.g. game consoles,
mobile phones, mobile Internet devices (MIDs}), MP3 players, etc. Any computer




8 architecture may be used. I|nput values may be cal cul ated using interval
arithnetic, in one inplenentation of the instruction set as descri bed

above. A culling program can then be executed for a whole rile of
fragments. However, in order to do so, bounding intervals for the varying
(or 5 interpolated) inputs also need t0 be conput ed. Initially, the

val ue o ryi ribute is conputed in all four corners of the tile
e 4

usi ng interpolati en the bounding interval of these four values is

conput ed, anthput valaes mapbt eslcalated usinglinterak atdibiiedc i@ ond hpiealenitioh bE
varying attribute at the triangle vertices are al so conputed, and called
afri = fhg instrugtion set agdgscribd abdysy Adiuliing pregraynsandhen beeXespier for awheler i but e
over th ' = : ) %’ﬁm )] . There
are ot hg%et%ﬂ;dg totsgg{r?pgﬁgéewt %dlaﬁt? ?rd\ijsgi 2&&}@1&{&% nﬁr/vagso?r(ljgi er ggg?rlG fragnents
overd appitergolatetl) inputsrilsvadded to becempitpd.i onal case may be dealt with, which

Is illustrated.i,n Eigure 6 Here, perspective cqrr I nt erpol ati Qgn over a
triangl e 685ﬁf“§alr3f’lﬂlfsg‘_f"’théﬁ%%h?ﬁ tigibu & ARTREY b‘h{’alg%qué??? ‘éﬁ%‘?t‘_ can
be See”usi&%&té@éﬁa’d(w@. TRer%he bBIRAn SRRV altr¥ResE TRIrSalded ks ddnut&B dnd phs ch i's

the line ere the gorlzon of the triangle 685 would project I'f 1t was

i nfinitediled @&rge,, dNi Theboudihgfitavilasithé SarginkEtibafe db BfkriRige eedicen caused
by the divisionTused in perspective correct interpolation. w, assune that

t he boupdi | var yi ' | | nput ed
over a @?Fggégﬁﬁﬁﬁﬁﬁ%ﬁP%%%§ﬁ§b§ éﬁéaglg?%éﬁﬁ%%sF#ﬁggﬁﬁﬁéggﬁﬁgeg%y§%0m5 t he
perspectiye correct .interpolation fynctijon 690, as well asythe val ues 691
a- d G qtffrtate Qrraibs tils cpp g cowped 88 ¢ FHBaX (e 4B A% i qu)]s-r“aaﬂra@@d. The
boundi ng interval 692 of these corners is clearly incorrect since this does
not conP@EFRWAYY tospmphis the nteryalsse.g.y gonsidering#ll Gagmens oxeriappings sl , as

this functi op o Lo et )
excopt ] onal - peads ARGl ool by B doE e n ki Mt i BEBleee. | ng
I nt er vaHefepperspdotise ooreedt apaipoltivh evarojriangle 685 s itlestrdted t hi s enbodi ment ,

ly ti) | i tri I t sed, d
o ot btk SR s e ot
| ntiey po%xi%ilécﬁﬂn 1RO 88 PARLIERBRA find Whée tﬁ@ﬁbﬁ}%ﬁldfﬁé&ﬁaﬂ@& %85 %qur’Bje% {fputing

per spec ely correct 30 barycentric coordinates tor the corners of atile.
The per# pasinfustely lacgge: €bis rhiaroyicg effectds e domiloNbackprojeetiaxgueskindthas a
rational. functi and t enom hator i s | ess ero_for ang1 of the

. n f the han .
1 e C ot toram pAmcelive otfest SRaPYRBOR N Bt are (e bouiding fnté
of some varying attribute is desired to be computed over a tile 688, which overlaps the

projection line.

20 Figure 6b shows the perspective correct interpolation function 690, as well as the
values 691 a-d acquired when the four corners of the tile 688 are interpolated. The
bounding interval 692 of these corners is clearly incorrect since this does not contain all of
the values of the function 690 in this interval, as this function approaches infinity at the
projection line. _

25 This exceptional case may be dealt with by setting 4 to 4y as the bounding
interval for tiles overlapping the projection line. In this embodiment, only tiles actually
overlapping the triangle are traversed, and perspectively correct barycentric coordinates
are used to do the interpolation.

The problematic tiles can easily be detected when computing perspectively correct

30  barycentric coordinates for the corners of a tile. The perspectively correct barycentric
coordinates are expressed as a rational function, and if the denominator is less than zero

for any of the tile corners then the tile crosses the projection line.,




9 N-di mensi onal texture | ookups are perforned as foll ows. The general
idea is to provide a fast and efficient neans of conputing the boundi ng
interval of the texture data over a given area. The remainder of this
exanple will only consider two-dinmensional textures, but generalization is
straightforward. 5We initially comput@ two m pmap pyram ds for each texture
that is subj .to interval -based texture | oo . shown jn Figures 7a
and 7b. each NGHEHENERAGe AredS R areRpstired ol e ashiel R 0, e
conpo ne?ﬁm‘iﬂé@fa@ﬂ ANdBFAtieMS MO VP oéxﬂpxﬁi:?th@ bdhdify infEAl B the RRUSNGMD 1N
Figure /b, value of the four corresponding texels, e.g. elenments 794a-d,

i mredi ap¥na givetearei.tTherempindenofdhis ¢xample willoaly eansider twerdinensionah as a

m pmap 10 ram d of .boundi ng .intervaks. This type of pre-conputation can
easily e&“ﬁé%g’me%e"&ﬂ?ﬁ%&dﬁsisv%lﬁﬁt T clll'arl y to how standard m pmaps are

aut og gener at &vk inthgly dosiputy tWongipidp@ieirathiids QiU texnire Mas Ik subjecoput e t he
bounding interval of the texture data_ over_an axis-aligned boundi ng box, .

whi ch i Hiterval-basgd fexire lnokap.vat thovm ia dgyres T ang 7o, gach-dempentee-grelemeitopr i at e

m pmap : | - Virrian il r =| ¥ i
t wo- di nzg'glﬁloar\%?p?%ﬁg%rogg%ﬁg@)&tg% TR r%’P errléttl lesgé&'}i{%% eger sﬁ%&?tﬁgpg%géo%?rnat es
(i .ea, dmey?]m?pamh t tewhhmthunefl mgahregﬁhdﬂoar bc&yasd gm;ﬁingfélxels,?e.g.r@em@mv% opriately
rounde ch that .t, is _fl.oor and . i s.cede or. i e {x,V}. en
transfo?%d:t@f‘i‘qﬁii"’éelbﬁ“ﬁfjﬂdt epyrafméﬁ“qe fipa) B Ul SO Be 85eRS A TMRE P oxel wi de
204 a s Lon; ' : ' ' jdest

id gﬁﬁ%ﬁgﬁéﬁﬂm fhrodid, *rhpobsqz?és offﬁ@%x—%ﬁ.\%ﬂbﬁ)&% Sasily$R HaRdIE By el

di nensi , we det four bl e cases of texture coordinate I ntervals
as i || udtivext sithilarly Fo bew etngard dnipiepaineayt-genepited.a square of 2x2 texel s

fromthe texels 796. with the | r left corner at the texel .of Xty ), in
the access s VREmPeTIoBBIEsHSRBrIAPIR, Noarish It Grpitialiihruodhe ifentl ¢ of 1"t he
t ext ur etHeq@dtufe data 6V28 An GLRTRKEAGH Brunte HRRURHRNGS tHeextR! Rbflivdte t he texel s

that actually 25 overlap the texture coordinate interval. That is, we
di scar dint¢real: Bitgtl we spmgute anrsgprogtiels mipmapflevebasse 795 Figures 8a-c. Since
t he m prmap trlansforrred t owll bE rounded to the nearest integer

codrdi nat es, [logi(mas(er fapt,t et )can be inpl emented very efficiently by
conparing just the final bit.” The texture | ookup process is essentially as

costly @fe NO(ATH! )1'is hitlb MRbhsional int&rSEIRH thEXitrRaliRQAHfdger tBRuR) 9gest

differences is thé& need to sanple fromthe 30 same level 'in two different

M PP Bdrdimkis (T 1theY inchae theMinRliarsotht R%AIrs). BRde hikabpMBriaenput e the

final result as a bounds rather _than using linear i nterpoFf$| on.” This
st r at egsbundél such that t; is floored and ¢, is ceiled forie {x,y}.

When transformed to this mipmap level, t will never be more than one texel wide
20  in any dimension, and will be at least 1/2 texels wide in the widest dimension. Thus, we
get four possible cases of texfure coordinate intervals as illustrated in Figures 8a-d. We
always sample a square of 2x2 texels from the texels 796 with the lower left corner at the

texel of (#,,#, ), in the access scheme used for normal linear interpolation. The result of

the texture lookup is then computed as the bounds of the colors of the texels that actually
25  overlap the texture coordinate interval. That is, we discard the texels shaded indicated by
reference 795 Figures 8a-c. Since the mipmap transformed t will be rounded to the nearest
integer coordinates, this overlap test can be implemented very efficiently by comparing
just the final bit. The texture lookup process is essentially as costly as a normal
"trilinearly” filtered texture lookup. The biggest differences is the need to sample from the
30  same level in two different mipmap pyramids rather than two adjacent levels, and that we

compute the final result as a bounds rather than using linear interpolation. This strategy



natively supports different kinds of w apping nodes, such as clanp, repeat
and mrrored repeat. The appropriate w appi ng node can sinply be applied to
the interval coordinates, after m pmap | evel conputation, to get the
expected result. Only the m pmap | evels that are actually used in the
culling programmay be 5 created, in ong enbodiment. This optim zation is

P i B b A 0 B G
bef or ehaspdat. The apropridty wisgsing hede ext Hiplybe ifplich estheliféRlal candinkieg, M pmap

| evel that corresponds to a file on the screen. The m ni mrum and maxi num
dept h vafterasivaar e compntation toget tha sepactedrB®lii er ar chi cal depth cul | ng

unit. It is Sl L kel t t ) max col ors
are al ready cori?gﬁ’tgg%% q%%gds%;ég%ta%ﬁ%%gé%?heot ﬂ%‘lg\/é}ggmv\n;h?fegﬁ to compute
them created Tinenerdnbadimeny s pptiraization & pactiquidrigdniportatitfor slgbethirap, usi ng
t he sane_appr,oach as for two-di nensional textures. For the edges,_ the

i prrap GASEIE PIRCS 85560 SRS SUGHAS. FRTANACHerdE IGREAders FapsPassICh il des of
t he edggasedtkdoW béfﬂfaehﬁﬂf ﬂﬁfﬁretemé‘( d(?e@ %Qeﬂérézﬁli@rhaéeﬁ&ﬂym eBtiphgg Mn or
max of four texels on all three Sides emanating fromthat coner: xel s on
opposi t kevsl thatscopfespaigle to atild ont the sereen. € frg i epth walhésgher

i levels. Sinmlarly,. the th i, i1 h
Conmon £61 GF Tistanes be {yollin ichifr sl et ayliBe Spf R st pseBIBHTER ve cube
mapLd 00kK4lS) thh the Afifi GRS RfaxIRIRHAY HetdSédEnRéd fob BompREsio blipbsescONPUt € t he

i nterval based equival ent of the 20major axis. Gven a texture coordinate

i nt er vaptherwisg weinged to epsipubetheme naj or axis, i, as and t, have different
signs over a t hen [.Or . axi ot, be.found. .However.  this can
only happen ﬁle ﬁﬁ@%oafiirﬁl%ﬁwgip S wdtlﬁf:?{ﬁ?"ﬁ%?&’éilﬁ u«?e(%@l’ B?‘Hﬁﬁg" ﬁaﬂ‘{eerval . In
thi s caggproddhessfertno-dinaciogilnatttres NFor haledpés| the Riiphmap ol isconijfatent i r e
cube map. This may be handl ed by 25 choosing the highest m pmap_ | evel, and
sanpl e aythamnor gisy of foxs texels embeth sides of theyedge, angddgrdhe aomersithe mimmap, t he

t exteur e Aol | : yfgg]q | . r i si de of
théééub%(ﬁgnglsgb%éggég%g@‘?%r@ S oneE’gé}ggé %j&iéhg%l) ér%g‘%t e&ggﬁg%gglo@%each of

t he twocaraeraTatdlgomaposite pidesdPedges Wwill theseforeshardalie sumeoiomliehigher e X i s

the maj or axi nd,y.is the axis for which we want to project {he bounds.
There a@@?&ﬁvgﬁﬁ%@laﬁﬁs@FW@@é%éﬂ promgswill dse dureir femmopgplrval s (note
that no intefN@Rly; dt‘%@’ rus@X kS dS bR ekt b WO be a
maj or axis in tk%?ﬁ%g?gg and "t eusextrema pgrlv%tls &v(?/e-b%)r{l%a@)el topgr‘%ijﬁ{ect to
conput eadchssebtmuondy oné side of thefciibe iRirst, compiredke atiervdldasedpymivalent bétheext ur e
coordi nate A o on

20  major axis. Given a texture coordinate interval = (¢ ,7_,¢,), define the major axis, 1, as

x? y’

the axis where ¢, and ¢, have the same sign, and where min(

t_,HZl) is maximized. If ¢,

and E,_ have different signs over all axes, then a major axis cannot be found. However, this

can only happen if the origin lies within the texture coordinate interval. In this case, the
texture coordinate interval will project onto the entire cube map. This may be handled by
25  choosing the highest mipmap level, and sample an arbitrary cube map face.

Once a major axis is found, the texture coordinate interval may be projected on the
corresponding side of the cube map. The projection is done by projecting the bounds of
each of the two remaining axes separately. Let us consider an example where x is the
major axis and y is the axis for which we want to project the bounds. There are then six

30  possible cases of texture coordinate intervals (note that no interval may cross the y- axis
since the x-axis would not be a major axis in that case), and the extreme points we have to

project to compute the bounds. 1t is sufficient to look at the signs of the texture coordinate




11 interval, and through a table | ookup get the extrene points. The
extrenme points are projected for the remaining two axes to forma

t wo- di nensi onal projected coordinate interval. This interval is used to
conpute a m prmap | evel and perform a two-di nensional texture |ookup,
identically to the nmethod described iygy for 5 the two-di nensional case

above. \Y; ' o irable to reduce the amount
of mrkm&grr\{ef%dtﬁ %fﬁbgﬂgﬂrp%?gﬁtegh{eﬁlc}easi the tightness of the
conput ed boufliis extremg pointsadre progectetbfon theabmiainididievd ades to/ frmi dsg-uct i ons i s
used to .generat zed,.scal ar i ruyctiops. e nmetadata can be

o o v o P el o S e L dEeTa] BiHse oobuns AEBRRRIEEs 10
r equi r egdad BérfdthONalo- hﬁy&imdnmf 2K AR loBRuR iAo (RO fefiddsdribeliGn

perfornmed.” For exanple, information about whet’her a square Is to Ecg done,
mst%adth@ft\mtﬂlmepmonﬁtcambwan be an exarrpl e of the type of metadata that
can be used gener a cal |ons en t e bo s may
be tracked tES Lo éﬁf rma“‘fe’ @dﬁ%ﬁ“@ |t?n§ rﬁ?ﬁﬂ“@ BEWHE]{S

vari abl eulaglihdépand&aqﬁcréak%ttﬁmgth oifﬂﬁ%%nipawada%uﬂqu' genélals%é%cﬁtaﬁ tO make

the code nore efficient. Thus, the culling program 118 is received and
i s subj gb,q%@hqlgtegfaéms@upw@ps B%ﬁdﬁqge@m@ney)@tlmlmd sealocinsgudions. Fhgure 9. The

enbod; iR AESE BRIt Lol REPEATT B BBt he BARERET o "
cerltai nréquired omiug}:ﬂepwvsl in®@m&ktien Bsuin sdhan@peraicids kebdpatsined. Fonst ant s,
vari abl e data ty For exanpl e, variable types may be an

t d
unsi gneﬁxqrm%g}%fo?gﬁ'é?n aboug, 5?@%%&%%% be Jone, insjead of mulaplicatipmpen nust be
in the panggx I%Pﬁﬁfﬂeooﬁﬂga&rf?t%laﬂ:;ﬁslge g'&gﬂ% &Eﬁe éﬂ?g&an caﬁ)ﬁ' correct. If

such bounds are non-exi‘'stent m nus
i nfini tipstri¢tene. Themthe hmdmayaheﬂamd |tmpuglsﬂte®oée/atl comistlettige @ul | program

in interval to determ ne possible bounds for
each va?‘?nél?ﬂt‘ég ‘I’(ﬂ%\rﬁ? ﬁt‘f@‘i’r&ﬁg@%ﬁf §g§1 ingtrygiipny, d hesafhquads make tapessibls nar r ow
comy | epothife: theUotiSmote@ibikRS | ncl ude the fact that absolute values are
al ways positive, sines and cosines are in the range between -1 and 1, clanp

operations | This theteullingryegram bidsis iréetved ahd éssubjeutes], to istatic daube bomnisbe
executed at.c i Lme.within interval es, The result is a yrange of
val i d V%}a?y&s aggP?%?lbé’gﬁlguﬁ%?r EB? B?)Wdis Wﬁyt@%?‘} ?IHQPH;WBE;?%H"PW’&& her ed
| Nt er vainterfily stah@Rddm dteehtdldiedtow | evel to generate nore efficient
interval arithm c eval uation code, which may i nprove run tine perfornmance

in some embodnessmple ofsuchestandards, inelndasi exgeatbdivaluéssfor vestailkingds dfinpatsan
I nbgr Va’k‘hé%tﬁld? Ha?%éo% based on constants, variable types, and data types. For example,

variable types may be an unsigned integer that is positive. A data type may be a value that

»-U

must be in the range between zero and one. These bounds are known to be correct. If
such bounds are non-existent, then the bound may be plus and minus infinity.
These bounds may be used as inputs to evaluate the cull program in interval
25  fashion at compile time to determine possible bounds for each variable. Known
mathematical results may be applied in order to narrow compile time bounds. Examples
include the fact that absolute values are always positive, sines and cosines are in the range
between -1 and 1, clamp operations limit the range of possible values. Thus, the code can
be executed at compile time within interval ranges. The result is a range of valid values
30  for each instruction in the culling program.
The gathered intervals may then be used at a low level to generate more efficient
interval arithmic evaluation code, which may improve run time performance in some

embodiments. For example, knowing that the two operands in an interval multiplication




12 are non-negative reduces the cost of run tinme interval evaluation from
ten instructions to only two. Thus, this conpile tinme analysis can reduce
the length of the culling program and inprove performance. Static input
bounds anal ysis provides an interval internediate representation, together
wi th input bounds. 5Even if non-infinibe bounds cannot be determ ned and

t he def gul ) | Af i nigt : till be
a benef| I%orrll b‘?e;ég@% %gu%ﬁﬁ & ?d%??frgu@gﬁn ﬁlbi%én S_eﬁlﬁét%ogﬁ%@ﬂgee% ﬁg&g% | ng pr ogram
has oneonly twor &husphit Somipile tinlel analyss @ar rafucé thedength pfithe cullingipebgrambounds
may be deferm ned i.n sone cases. For exanple, consider y = sin (x), where X
is an i AMLIMRIGVE Prformance, StatigEpuhbounds ARalyutpre visien ap InteryAl Rtepaediaien 10

pl us an ' hnfel ol }s Lijlc may still be usefiil to track this
bound t ousgﬁé?ﬂg’t%é(%ﬁe#w&%rmg@goﬁp#g% the output of sin (x) is always
bourfded by t Ezen Hmge-ififiditeliuunds cagot bagetednenedand the dkfadlt bousdsflplisy ot her

operations_in the .orogram .The dynam c in .bounds gssunpt.j gns in bl ock
012 rmy LTI LSRR stk makeal bt A bghotH R Rotians e, LEple” BautfRoc i ons
based o pias@deNa SRIBAL bidprA Ak 66LO6r rhbrelifmitdPFOVA RALHR TGS ingufy, exanpl e,
a domai n speci fic know edge may include the fact that a texture is usually

in the staigtgeboundsamay hegletevminedyin sming casesu Frpr ¢xample, sangidermade to furt her

refine statig.b S.: . n exanmple, the.result of textyre read may
gener al ??%@h@ﬁé}glwsﬂﬂﬁgg}?@?cwfogw fn W@%}eri%?a%’%? &¥bnabl e to
maken t hglug afd Fadisdnfihifpds used ivabystlbe hisdiel (8 Gravk Hid PoundehARAER R wddene
range, as nost textures are stored as unsigned nornmalized val ues. The

shader Fergrample, hgowprt ofgin @hisiawaxshounded by hgsenesdt bl hsBusfagemayased on
t he i”pﬂﬁanfbgh%l&ed%%%ﬁlﬁﬁfgtome?obﬂ%ﬁéﬁﬁ [ %ﬁgragfner ate faster culling
0 e faster co

prograns 1 n sone enb nts. e path will be valid so long as

t he inputs afhediiamidinguabbdunts absuimptioas aslslockedl 2 magbe udklHawemer , if a
nd to t he_shader, the zero to

floatin oj.nt surface, for exanple, is,bo

one r an%éﬁa@sﬁ&st ﬂjéﬁy H’é’?{‘lﬁéhﬁ‘/}lﬁﬂ oftaggpmptions gﬁsefiméi,om%smqg’tfé?m@slm i on
megl ”iﬁfﬁdgﬁ v, . . r @mgm V¥ a
corlr’%ct ed cu Ieil%gfos ad‘%r f?*%ﬁ%{%ﬂ E’ya?&??élgg I red, dbvgelg%%ér}gaasyh{:aﬁ?%%%tﬁtsl y by
ski ppi nthatatexiurgisfusnalshmmt the eanige ofizao e hagl eDynemic lasduleptivas cachemiadetosi on i s
avai |l abl.e, Degradat.i pn can be done in several steps. In the 30 case of

t ext urelglfthﬁ{_)’ée%nFﬁ@éﬁgoﬂfﬁt ain only non-negative val ues, even if the
represent at | A5%n eRathiple Afe ksAR b BYexireFbad BAY pERPARSR Entif@Y ThkiFvY & UES.
Violating the zero to one range can mnean thag the data 1s” at | east bounded

by zer occanpile tithe.nHoweverhit éhregsonpble tgimake theasswmptionctbattie salvagald bover

irely. data. 13 t put f t he dynani ¢. i nput bound
2 25t VEHRES 2 584 Bne e, s spord PR B o wodfime B ol bt e
i nput  byksadascomilt eabaiiatidally SRR 1Rt RERLMENN SssuldptibilBasdl ahE | Nput

bounds assunptions. o ] ) )
input format and use this information to generate faster culling programs in some

embodiments. The faster code path will be valid so long as the inputs actually do fall
within the assumed range.

25 However, if a floating point surface, for example, is bound to the shader, the zero
to one range assumption may be violated. At run time, the shader execution mechanism
will be aware of the erroneous assumption and may request a corrected culling shader.
This may, if desired, be done asynchronously by skipping culling for that particular shader
until the corrected version is available. Degradation can be done in several steps. In the

30 case of textures, most images contain only non-negative values, even if the
representations, such as floating point, can represent negative values. Violating the zero to
one range can mean that the data is at least bounded by zero and infinity, which stills gives

performance advantages over entirely unknown data.




In block 914, the bounds are tracked through the code at conpile time to
conpute 5 bounds for each variable. These bounds naeke it possible to
generate nore efficient code. The code is executed at conpile tinme and each
instruction is analyzed to determne its range of possible inputs and
outputs. This process starts at the bediZhning with the static dynam c input

bounds and pr 0, trd. The tput of block 914.15 t.he interval
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enbodi n%nts. In some cases, only the upper or |ower bound of a result is
needed. Vﬁ@ft‘ﬂﬂ@%m%@“hh?ﬁméaﬁwnﬁ-o generate an output as single sided.
This single g ' ' A S: t t ent
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r epresebbvadsdnr edchevatioblnd Thesertduids mhiee 1 pdssible togemetatomoreefiibient dode, up, or
both | ow and,up. Then, in block 918, the interval internediate .
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non-negative, the instruction may be replaced by a shorter sequence of
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nsea. f oinsERaid it bl Bepteto bonftte i Sk R TRl i SRR on,

vect or i mayipsspagaednoatatigehrkatidine the et 864sibd)l € code is output after
bl ock 920, and the flow transitions fromconpile tine to run tine.

At run time, Thpeuigpheikleck®Ly jsbhe iptesvalst ate repeesspigtiom dhe bayndatand i n

bl 3 ; | r .d4,...as determned in 928, the cull
prg@%#ﬁ%@ﬁ?@&%@%@ﬁ?ﬁ%ﬁ@?@ﬁ ll\égﬁjcdl?qélfo. O herwi se, various

al t er nat i vesThery ilbblock @38 dhe adervildnteeniediple @epredentatiyn becodeeiteled dnhat no
culling can. b e. Alternatively, a pew cull program nmy be requested 14

don 3
with rm?Tét"B’éﬁg Pcaq?arég 1815 represgatatipny The hepnds infgrmafanandthe side pr econpi | ed
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bl ock 9%%@%%?\%&%&89263%# g?jc‘ilpr ograg% ex%f‘?lt{l E@O%%gﬂzv?n&?%dl{éﬂ%&mst
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%% general sequence of scalar instructions, bounds may be used to confine the extent

supported by the scalar instructions. For example, if the input ranges of an interval
multiplication are known to be strictly non-negative, the instruction may be replaced by a
shorter sequence of scalar instructions, which has been optimized to only work on non-
negative numbers.
25 Finally, in block 920, the scalar intermediate representation is used for standard
compiler optimizations, such as dead code elimination, vectorization, and code generation.
The executable code is output after block 920, and the flow transitions from compile time
to run time,
At run time, the dynamic assumptions may be reassessed, as indicated in block
30  926. If the assumptions are valid, as determined in 928, the cull program may be run, as
indicated in block 930,
Otherwise, various alternatives may be considered. For example, it may be

decided that no culling can be done. Alternatively, a new cull program may be requested




5In sone enbodi nents, other bounded arithnetics, such as affine arithnetic
or Taylor arithnetic, nay be used. In these cases, the input/output bounds
may be repl aced by hi gher-di mensi onal representations suitable for the
chosen arithnetic. In sone enbodi nents, the sequence depicted in Figure 9
may be inplenented in software. In sugh case, the sequence may be enbodi ed
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| NSt r uctshidfy thPdurrehPissempiivhsSnayBe ERefEMOry 571 or storage 573 or 574.
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1. A neb#erpsderisyare prebitectures. For example, geppbiavifunctignalityraryeber integtatede, whet her
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another embodiment, the graphics functions may be implemented by a general purpose
processor, including a multicore processor.,

20 References throughout this specification to “one embodiment” or “an embodiment” mean
that a particular feature, structure, or characteristic described in connection with the
embodiment is included in at least one implementation encompassed within the present
invention. Thus, appearances of the phrase “one embodiment” or “in an embodiment” are
not necessarily referring to the same embodiment. Furthermore, the particular features,

25  structures, or characteristics may be instituted in other suitable forms other than the
particular embodiment illustrated and all such forms may be encompassed within the
claims of the present application.

While the present invention has been described with respect to a limited number of
embodiments, those skilled in the art will appreciate numerous modifications and

30  variations therefrom. It is intended that the appended claims cover all such modifications

and variations as fall within the true spirit and scope of this present invention.




If so, for each variable, tracking the bounds at conpile |inme through the

code. 2. The nethod of claim1 including using infornmation about
interval instructions to generate scalar instructions. 103. The met hod of
claim2 wherein using data includes using tracked interval bounds. 4,
The method of claim1 wherein if the Qaunds cannot be determ ned at conpile
tinme, i n% an aegsu_rrpt lon at conpile tinme of the interval bounds.

5. The HELHOLSi m 1 i ncl udi ng sinplifying one or nore bounds to single
15 si ded bounds. 6. The nmethod of claim4 including reassessing the
assunption at run tine. 7. The nmethod of claim6 wherein if the
assunption i3 det &methed cewphgingal i d, running the code. 8. The

met hod of claim 6] udi ' . t | ) 0 o be 20
Vel id. meking a ndieule Beiste TS MGG 8 Spd SR ERR R I
assupt umibhas bounds that ddncberditdingnedt asd ai m 8 wherein if the new assunption
does not work, contpr?iPIang t he code wi thout using interval bounds.

10
The nethod of claf opRasheTasiableaReking the boprdsit sompde tmedbroggh heat i ng

i nstrucgifns using bounded arithnetic. 2511. The nethod of claim 10 wherein
eval uating instructions using bounded ariflunetic includes using one of
i nterval ari 2hnet The mefHodrd chaimtlhimelinding wing iaformatiar atiduraitéreal 12. A

conmput er yeadabl e nmedium storing.instructions executed by a conputer to:
det er mi HETBECHOA & ES\CHALE %Wg?% code for a programmable culling 30

uniftp has bougds 1t 1R¢ fefiddRA cfaith QUVREEH usfiplatd insRided Rin@sdked HteR4] ©;

tracki ng the bounds through the code during
bounds.

4. The method of claim 1 wherein if the bounds cannot be determined at
compile time, making an assumption at compile time of the interval bounds.
5. The method of claim 1 including simplifying one or more bounds to single
15  sided bounds.
6. The method of claim 4 including reassessing the assumption at run time.
7. The method of claim 6 wherein if the assumption is determined to be valid,
running the code.
8. The method of claim 6 including if the assumption is determined not to be
20  valid, making a new assumption and compiling the code with the new assumption.
9. The method of claim 8 wherein if the new assumption does not work,
compiling the code without using interval bounds.
10.  The method of claim 1 wherein tracking the bounds including evaluating
instructions using bounded arithmetic.
25 11.  The method of claim 10 wherein evaluating instructions using bounded
arithmetic includes using one of interval arithmetic, affine arithmetic, or Taylor arithmetic.
12. A computer readable medium storing instructions executed by a computer
to:
determine during compilation whether code for a programmable culling
30  unit has bounds that can be calculated; and
if so, for each variable, tracking the bounds through the code during
compilation.

13.  The medium of claim 12 further storing instructions to use information




conpi l ation. 13. The medium of claim 12 further storing instructions
to use information 16 about interval instructions to generate scalar

i nstructions. 14. The medium of claim 13 further storing instructions
to use tracked interval bounds as said data. 15. The medi um of
claim12 further storing instructionsiéo make an assunption 5 at conpile

time of a%&gt%f%%%%ﬁgéﬁéﬁg&d#%@g% ounds cannot be cal cul ated at

conpile um o 2 further storing instructions
to sinplify d#e ofhearedidnobtlains i 8 datthicn s@ring inshavnes tb assiradgled itedat

interv bounds.. 17. The medi um of claim 15 further storing

i nst r ucPPYIS 3 aildatdsess the 10 assunption at run tine. 18. The
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f ur tther atswoniledimeef the anteonakbaundsrifithe mtereal bassdsganhaotrbel daldubatedbgts unpt i on i s
determ ned .not to be valid and conpile the code with the 15 new assunpti on.
20. The“FBRUMEf claim 19 further storing instructions to conmpile the code

wi t hout usingei nt ehY tedRRW BASaint 12 RELHIL¥IOARS IEBUEIRhS IS si ﬁf%ahéér _ 21.
An appar at us (l:)grprl sing: a programmable culTing unit; and 20a conpil er
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18.  The medium of claim 17 further storing instructions to run the code if the
assumption is determined to be valid.
19.  The medium of claim 17 further storing instructions to make a new
assumption if the assumption is determined not to be valid and compile the code with the
15 new assumption.
20.  The medium of claim 19 further storing instructions to compile the code
without using interval bounds if the new assumption is not valid.
21.  An apparatus comprising:
a programmable culling unit; and
20 a compiler coupled to said programmable culling unit, said compiler to
determine whether code for the programmable culling unit has bounds that can be
calculated and, if so, for each variable, tracking the bounds through the code during
compilation.
22.  The apparatus of claim 21 wherein said apparatus is a display adapter.
25 23.  The apparatus of claim 21, said compiler to make an assumption at compile
time of the interval bounds if the interval bounds cannot be calculated.
24.  The apparatus of claim 23 including a controller.
25.  The apparatus of claim 24 wherein said controller to reassess the
assumption at run time.
30 26.  The apparatus of claim 25, said controller to run the code if the assumption
is determined to be valid.
27.  The apparatus of claim 25, said compiler to make a new assumption if the

assumption is determined not to be valid and to compile a code with the new assumption.




22. The apparatus of claim 21 wherein said apparatus is a display adapter.
2523. The apparatus of claim?2l1, said conpiler to nake an assunption at
conpile tine of the interval bounds if the interval bounds cannot be

cal cul at ed. 24. The apparatus of claim23 including a controller.
25. The apparatus of claim 24 whereinigaid controller to reassess the
assunpti on atyel UN ] parat us .of claim?2 sald.controller to
run the codetzlgf tk;[teﬂea g%rgn%% ?’Sgﬂlﬁ@ge e‘fénclmﬁ%%rtt%m é@%ﬁ‘?&?éez‘?’.“#ﬂ@%‘&ar at us
of cl ai boRids if thethepoaspurhption 1@ nobkslida new assunption if the assunption is

det erm ned n%t togg‘g valid and to _conpile a code with the new assunpti on.
17 28. 2%he Apaarglus of claim 2, sard cogapiler 6o Hst ipErmetior ahawt itevile code

W t hout ;s o} %ggerﬁtte LS RGeSy MPtion is not valid. 29. The
appar at tljs o?ﬁ%l#a? 1, ssaelhgr conpl %géf! to use information about interval
i nst5uctions 300 gdhemnpparatus af elaim A%} sait-¢ampiter tER&E: ifteevad bpandatto gewdrate| ai m

29, said (iormi | er. to use interval bounds to generate scal ar instructions.
Scalar mstructions.




