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Z- COMPRESSI ON TRANSPARENTLY Background of the Invention 5 Techni cal Fi?ﬁﬁ
The present invention relates to graphics systens and, in paftiauDgﬁ
mechani processing depth or z-data for 3 dinensional (3D) graphics
ina ngﬁﬂ@%ﬁgﬁht is transparent to the user. Backgroun®CAfUSOVAIEL | abl e
conputer systens typically include dedicated graphics resources to support
t he graphics-intensive applications that are preval ent today. G aphics 10
appl i catMBASIANISM FOR IMPVEMEPSENG OOV PRESE & fTeciresp AENITLY rapi d access
to large anbunts of graphics data. A standard nmethod for. generating a 3D
i mge begins with sets of primtives that represent the surfaces of each
object in the image. Primtives are typically polygons such as triangles
or rectangl es that may beBpfheseundpliks knventionr f ace. An object that has a 15
noderately conpl ex shape may require thousands of primtives to represent
its surface and an image that includes nmultiple objects may require tens
or dven hunkickugalField (The greseny nvestion rslaies o wEphicHBISICRS 286liBr, t ext ur e,
illumnation and orientation data for each of these primtives nust. be
pr oc es BEHCuas o Rsshaysmsfor RyogsEsiag deP@\félz'dG‘étr@(1‘6”’@@%@1%?3@)3@505i nmage on a
di splay device.. 20 Inmage processing is often inplenented through a 3D

pi pel i W vavaer thfds (Risearent tydeuErry or set-up phase and a rendering or
scan-conversi on phase. In the geonetry phase, the orientation of each

primtive aidkdbid A¢aRIABbIRoRMMer sy Qs @g@élg@ﬁclﬁé@&cd ichlel gnlqhﬁ':@; e the

primtive aré determned with respect to erence coor ate system and

1 WO OR{fR333 s%ﬂrp&ftﬁe grg%cs-iﬁgéi%pliéa%gngthz;llquc prevalent today. Graphics

10 applications, particularly those providing 3D effects, require rapid access to large amounts

of graphics data.

A standard method for generating a 3D image begins with sets of primitives that
represent the surfaces of each object in the image. Primitives are typically poiygons such
as triangles or rectangles that may be tiled to form a surface. An-objcct that has a |

i15  moderately complex shapc may require thousands of primitives to represent its surface,
and an image that includes multiple objects may requirc tens or even hundreds of
thousands of primitives. Depth, color, texture, itllumination and orientation data for each
of these primitives must be processed and converted to pixei level data to generate a 3D

image on a display device.-

20 Irage processing is often implemented through a 3D pipeline that includes a
geometry or set-up phase and a rendering or scan-conversion phase. In the geometry
phasc, the orientation of each primitive and the location of any light sources that

illuminate the primitive are determined with respect to a reference coordinate system and



specified by vectors associated with the primtive's vertices. This vertex
+ data is then transforned to a viewi ng or canera coordi nate system and

rotated to a desired orientation. In the scan conversion pha@a, DtErEez 1

graphiﬁé %}5; jtives for each object in an inmage are converted into g

si ngl & S8t"%3t° pi xel val ues that provide a 2D representt&4{GRV8f 1t he 3D 5

i mge. The pixels that make up the 2D inmage are typically stored in the

entries o frane buffer fromwhich the display is generated. A

wel | - ereihe ol AT ol s bURGR R et TB Bk iR aces col o

val ues for each | pcation of a(prjm'tive bd intgrcpo al%ﬂcg.the t ransf or ned
ver t exXRPEHSP 2 MRy NG RTEG SOOTEPRAE &Y SR HdPIatY IedeshT el peci fi ed i n
3D space, ltiple primtive |ocatjons m p to.the sane franme buffer
entry (pi x@]n%eé‘fa"tcﬁ‘é"ewnﬂﬁaﬁi g’ﬁlgWL‘é:ﬁPﬁ"ﬁ'é’é%g fg"ah"é‘c'b%th’@t‘ 1 ®d™@% or value for a
primtive location js stored in the franme buffer entry to which it maps or
di scarBe@nvesicd HreR sigsie schih abrlyaluss thabrroyide 3 2D ygpessetaioniohthe 3R f i nal i mage.
During this phase, texture data may al so be determ ned for the primtives.
Oné t anwgsi dherrels dmemaknymin dDWRpLs e bekseliyotsedn thegotitoppef aframye arc visible
inthe 15 final imge enploys a z-buffer. The z-buffer includes an entry
for edeffergiogehich thetdésplay angeneigigtlf érwelBleroln mephpnisar foeprpuiatingtheni tial i zed to
zero or other reference value. Oten, the reference value represents a back
cl i ppfrage phffargeadratthmldr valges foDeach hagasaent 2 pomitere Sy amgrpalating-thal ue i s

determ ned for each location within the primtive and conpared wth the

ent r ytransforinbed variel whfador thopwhitietr $ine: pmitive Ipsegiohsocaspecified medis. |1 f t he val ue
in the z-buffer is closer 20 to the viewer than the z-val ue determ ned for
) he comate spbipde primipive Iscitions map oab itohe sqrrefrangr buffiet ¢y (piaclpdftba i s not
‘visible in the final image, and its color value is discarded. If the value
i no t hED displad beface.SThaehdreted tolonvihieciona piveitivd eniob fesiated/mlthie det er mi ned f or
the corresponding primtive |location, the color value for the location is
st or eflarhdbuflee edn2td WHRE 12068k JABIsOZHE3 33 3rdR(E 1o Woibh¥ /o2 Adilidis apfimopri ate entry

of the frane buffer. If the color value is not replaced before scan
in the final image. During this phase, texture data may also be determined for the
primitives.
One tcchniquc. for determining which locations of each primitive arc visible in the
15 final image employs a z-buffer. The z-buffer includes an entry for each pixel in the frame
buffer. Each z-buffer entry is initialized to zero or other reference valué. Often, the
reference value represents a back clipping plane of the image. During scan conversion, a
) z-value is determined for each location within the primitive and compared with the entry
iﬁ the z-buffer to which the primitive location maps. f the value in the z-buffer is closer
20  to the viewer than the z-value determined for the corresponding primitive location, the
primitive location s not visible in the final image, and its color value is discarded. if the

value in the z-buffer is further from the viewer than the z-value determined for the

corresponding primitive location, the color value for the location is stored in the



conversion conpletes, it is displayed in the final imge. Signfd
anounts of texture, color and z-data are transferred betvveen%ﬁerﬂﬁ@rﬁﬂz%d

t he graphics resources during the rendering stage. Since there nay be tens
to 5 hungreds of pixels per primtive, these data transfers can pl ace

si gni fi ¢ d dens on the bandwi dth of the nmemory chdifdé¥S0143Ha* consequent
reduction in nmenory bandw dth can reduce the performance of the graphics
system This is particular tr if th raphi’ stemis inplenented in
= compurabrage eal phs TP sl i B P s ERE BT e | (U For
UMA- based caonputer, systens, the central processor unit(s) (CPU) and 10

gr aphi c@“é‘?ﬁﬁi"h%‘”ﬁ%{%’é‘dﬁgﬂFpl%Yééé‘b@eBBa'h‘ﬁ? “menory. Menory demands by the
graphics engine can reduce CPU perfaornmance. In_addition, nenory demands by
one unit of Sigpéficagtapmmisof isptyreeolemand eatades avefeised JebYsPFEMEEORY ot her units.
For exanpl e, any bandw dth wused to transfer z-data for z-testing is

unavai |aaBths grephiasaesgwices dunag thg stnderngriage ppinet thera ey beienstognd the | oss in
bandw dt h can reduce its performance. 15 The present invention addresses

t hese dmudredsrdpixelspeeprimiivedhese daa yansferamanplage sigrahcdwi irdens pn heaphi cs
systens: Brief Description of the Drawi ngs The present. invention may be
under stbewiividshtaf theghiemay ckennd. Thecdredguowirgdycidmanmagery bapdwidih cahi ch | ke

el ements are indicated by |ike nunbers- These drawi ngs are provided to

i |1 ust ratuee the lpedtrecinendfoict grvaphics systent. Ehipis @swintlailyweerif thopraphid ar e not
intended to limt the scope of the invention. Figs. | is a diagram

repr eseystdm 3 iopEmeapp imgedngivwe enteirbatlecopitys @ nsified mampryiamhiteorge and bl ocks
of pixel-level data. 3 2 1 DIE C 2004 WD 02/03333 PCTIUSO /20114 Fia. 2 is
@ schemiag. Fepwesehisad toipuat s@tegisph basrapprpebionenigs)i(CAL) endf or scan t, D

10 graphics engine have equal access lo main memory. Memory demands by the graphics
engine can reduce CPU performance. In addition, memory demands by one unit of the
graphics engine can reduce the performance of other units. For example, any banc{width
used to transfer z-data for z-testing is unavailable to the unit that determines pixel textures,

-and the loss in bandwidth can reduce its performance.

15 The present invention addresses these and other issues associated with memory

bandwidth in graphics systems:

) ‘Brief Description of the Drawings
The present invention may be understood with reference to the following drawings,
20 in which like elements are indicated by like numbers. These drawings are provided to
illustrate selected embodiments of the present invention and are not intended to limit the

scope of the tnvention.

Figs. | is a diagram representing one mapping between the locations of a primitive

and blocks of pixel-level data.



converting primtive data into pixel data. Fig. 3 is a block diagram of one
enbodi nent of a conputer systemthat inplenents a z-corrprcsai 0 chani sm
in accordance with the present invention. 5 Fig. 4 is a bloc ‘H'nt&f& of
one enbodi nent of a z-conpression systemin which blocks of z~data and

t hei ™@8¥®7at ed status data are distributed between PATIEEHPOIEAChe and a
main nmenory. Fig. 5A is a block diagramof one enbodi nent of a | ocal cache
systemto store both z-data val ues and associ a,tagf fstat us val ues. 10 Fig.
5B is a bIFéfek A BYFatHcreprsdaitn 3 g SePRstHAME #¥30r¢ \aptati ng the | ocal cache
systemof Fig. 5S5A on a TLB mss. Fig. 6Ais a schematic representation of
anot HeRrvestiErdineYR dagk int dixséddta.cache systemto store both z-data val ues and
associated status values. Fig. 6B is a state nachine representing the state
changes f &ig. 8 s Wotkrdiagsann f alqgmberiment of & compphier spiterFilgt 6A. Fig. 6Cis a
schematic representation of a nechanismfor updating the |ocal cache

syst emplefefts g z-cOmpassian MtcBamsng &1 ackirdancd witk therpeesentbmdntient of a nenory nmap
that is suitable for storing status values for data blocks in a |linear
menory r efigonis a2lodki dipgranBéf can dmB&iimen pé€s enompretsani sygemhsn which6- bi t and
32-bit z-data formats that may be conpressed using a nechanismin
accomnthrRCs datahnti iRikes R siatiy dnth heristritiugd tatweep b émehdashecand aenbodi nent  of
conpressed format for z-data that nay be wused by a systeminplenenting the
pr esenin mém&@Rt i on. 4 21 DEC 2004 WO 02103333 PCTIt1 S01/20114 Figs. i OA-1
OC are flowharts representing enbodi nents of nethods for inplenenting
Menory reggdssA RPN dipidnesh ondBelbsdimtdi of s pdatcashelspsiehkoaks of z-data. Fig.

| I is a flowmhart representing one enbodi mrent of a nethod for inplenenting

) both z-data values and associated status values.
10 Fig. 5B is a block diagram representing a mechanism for updating the local cache
system of Fig. SA on a TLB miss.
Fig. 6A is a schematic representation of another embodiment of a local cache
system o store both z-data values and associated status values.
Fig. 6B is a state machine representing the state changes for the entries of the local
15 - cache of Fig. 6A.

Fig. 6C is a schematic representation of a mechanism for updating the local cache

system of Fig. 6A on a TLB miss.

| ) Fig. 7 is one embodiment of a memory map that is suitable for storing status values

for data blocks in a linear mernory region.
20 Figs. 8A and 8B represent emibodiments of Iﬁ-bit and 32-bit z-data formats that
may be compressed using a mechanism in accordance with the present invention.
Fig. 9 represents one embodiment of compressed format for z-data that may be

used by a system implementing the present invention.



z-conpression transparently 5 Fig. 12 is a flowhart representing one
enbodi ment of a nmethod for inplenmenting accesses to the z- béf ¥ é}gEC 2004
transparently Figs. 13A 13C are flowcharts representing enbodi nents of
differg{c’b methods for clearing the z-buffer transparentlélﬂ 10 Detail ed
Descri pt PSSP t he I nvention The fol | owi ng di scussi on SEEEUS08RIH+ numer ous
specific details to provide a thorough understanding of the invention.
However, th in kill in the art. having.,the. benefit of this
di scl osure, q§v§ﬁ' ?%ﬁggé{:ﬁa‘g eC%?rﬁsarte prfsﬁgt"}gne\'f'}ﬁ%'f“gﬂts r?gg}‘gwggspﬁoécti ced wi t hout

t hese speci f%).c det ai | Sid In addition, vari ous werl I -knowg%rret hods,

pr ocedulPLEMIURE HEBADICadg {BeM Yy @irise And Stapys YRIatrsdorlenks §E5 9% bed in det ai |
in order toréé)(igs a te‘_g‘téi on on the features of the f)r_esent i nvention. Pig.
| is a-scherdi'c 'TEPME ﬁt“'é’f‘?sﬁ‘ﬁ‘“éf’“"a"’é?ﬂgb’l‘ﬁ"&%“df‘?th?q oy EnpleendiAg a subset of
data bl ocks l,logra), 110(b) (generically, "data bl ocks 110") to which

cor r espoftiRGSPBEATPRIEYY (x, y) in primtive 100 are mapped in a view ng
coordi nate. system Miltiple graphics 20 primtives 100 are used to

approxi mat e Fithd? sy fosrhan fepgserding arecrbiedimensoffagngieod fopinedeansidg i n - an

i mge. Wiile graphics primtive 100 is shown as a triangle, it is well know
t hat arfgeestey prethez-byentpaspareayly be used to represent the surface of an
object. Simlarly,. enbodinents of the present invention are illustrated

wi th referehige I36-Hd zre Bpwdliass fepesaniag enbdine9o MNDTORA038B8s RETI USO1 /20114
conprising 4 x 4 arrays of pixels (spans), but other data bl ock

conf i geleatngrhs zrafferdtagspatemtinsed. Col ors, texture coordi nates, and depths
(c, t, z) are associated with vertices 120(a), 120(b), 120(c) of primtive
- "3100. O her attributes, such as fog and al pha (not shown) may 5 al so be
“assigned to vertices. These vertex properties are then interpolated to

pr oni de : Dctailed Description of the Invention

The following discussion sets forth rumerous specific details to provide a thorough
understanding of the invention. However, those of ordinary skill in the art, having the .
benefit of this disclosure, will appreciate that the tnvention may be practiced without these
specific detéiis. In addition, various well-known methods, procedures, components, and

15  circuits have not been described in detail in order to focus attention on the features of the
present invention.

Fig. 1 is a'schematic representation of a graphics primitirvc 100 and a subset of data

| ) blocks 110(a), 110(b) (generically, "data blocks 1 10") to which corresponding locations
. {x, y) in primitive 100 are mapped in a viewing coordinate system. Multiple graphics
20 primitives 100 are used to approximate the sur.farcc of an object that is to be represented in
an image. While graphics primitive 100 is shown as a triangle, it is well know that any
type of polygon may be used to represent the surface of an object. Stimilarly,.

embodiments of the present invention are illustrated with reference to data blocks 110



values for all primtive locations (x, y), which may be mapped to the

., pixels of data blocks 110. For the disclosed representation;,dat% bloiks
110(b) are spans for which all conponent pixels are napped f 2 dmDitdc 280'ons
wWithin primtive 100. Data bl ocks 110(a) are spans for which pixel val ues
are ndﬁ§£8m¥?%n1locations that straddl e one or nore 10PGHUSMAPIES of
primtive 100. That is, not all pixels of data bl ocks 110(a) correspond to
| ocations within ﬁyini qu éOO. Fig. 2 regresents one enbodi nent of a
gr aphi ¥ HEE8EsT @aYﬁPE@F? HiEPYSDh bidther e Bivphtordigunties A aods. z-data i s
read 2.10 fromthe entries of a z-buffer to which a given primtive maps.
VertexU§dta for the primtive is interpolated 220 to generate, e.g. 15
color, texture, and z data for each primtive |ocation. For exanple, z-data
for each | dedarp.dertute goordinates, and dsptha{q, k. zbarragsobieted sitbvattices 120G t he
primtive's vertex data, using a surface function of the formz = Co +
C,, x +120¢b). \20(cd of prirsitivie $4d Qskdrawribu@osl vich yafogesd alpbl fnetthawe) meypor di nat es may
be generated for each location during this stage as well. In subsequent
st agjesalssfbepssigied reve2GB8s. Thrageener piopemigs dare dieniimerpsiated cgrowdde t ext ure 20
mappi ng, bunp mappi ng, al pha-blending and the |Iike, may be executed 230. A
z- t estvafl#9for dié pemitivadeatdus ¢ y), stithintaybeahappbtophid pikdls vidatad BlodRy, contri bute
their color values to the frane buffer, i.e. which portions of the

pri m tiloeFoithe dibdosed sdpllsentdtiontdae B3k MEIYE). ard §pahdiRr whickaliue determined for a
| ocation passes the z-test, the appropriate entries in the frame and 6 2 1

DEC 2Q0shpMen(R4dISaE3 hapiell ftdai bt A ditin BHitAVeS 00 DatdBiRLEM 0()ak: t he col or
and z-val ues, respectively, of the primtive |location. Qherw se, the

. ')val UeSpzk forhidhagiet® daluckhe: thippes fiim BEaBhaphi Saddlabme hetseen the graphics
engi ne and nenory locations in the frame and z-buffers, reduces the

av | @mﬁaﬂ@-@ﬁumh%dwdﬁm isF iRt alTRIRNS Y @at @b 0 st 19 BLaY EGrespdnli®o UMA, this
reduction can have a detrinental effect on a conputer system s overal

per f oIdaRinE witNldridtiiveTRiphods have been proposed for reducing the bandw dth
i npact of texture data transfers. The present invention provides a

mechani sm Fig. 2 represents onc embodiment of a graphics processing pipeline 200 to
implement scan conversion. Z-data is read 210 from the entries of a z-buffer to which a
given primitive maps. Vertex data for the primitive is interpolated 220 to generate, e.g.
15 color, texture, and z data for each primitive location. For example, z-data for each location
(x, ) of a primitive may be generated from the primitive's vertex data, using a surface
function of the form z = Cy + Cyex + Cyey, as discussed below. Color values and texture
) coordinates may be generated for each location during this stage as well.
In-subsequent-stages of pipeline 200, image-refining techniques, such as texture
20 mapping, bump mapping, alpha-blending and the like, may be executed 230. A z-test 240
determines which locations of the primitive, if any, contribute their color values to the
frame buffer, i.e. which portions of the primitive will be visible in the 2D image. If the 2-

value determined for a location passes the z-test, the appropriate entries in the frame and



for reducing the inpact of depth-buffering and its associ ated data
» transfers on system performance. 10 Fig. 3 is a block |evel Zii-]agrr%mnﬁﬁé one
enbodi nent of a conputer system 300 that inplenents z-conpression i f
accordance with the present invention. Conputer system 300 includes a
processdP ®Y7E3310, a graphics core 320 and a menory syREWHS@R0!14 Processor
core 310 and graphics core 320 are coupled to a bus or nmenory channel 340
to transf data to and.from nmenmory system 330. The, dashed |ine indicates
a boundgfsbf/J ﬁ%’i‘s A ppgated ”ﬁ{tgg\gﬁ?i(gﬁa”gizf"é‘ﬁef’ reFpEelinely of e BIMEKDIGER9BNL  of
conput er stem 300 in i C rocessor core 310 and graphics core 320 are
i nt egratoé%y%ﬁ gi!'es‘f FECCHF 9" hi s embodi ment of conputer system 300 is-
likely to irTI emanft a unified nenory architecture (UM, for which the
features of |MKdaIrleepraphicydai bwesnalhe wrriassaLias g meroedocadensin ages. The
present invention is not, however, l[imted to conputer systens that enploy
i nt egr athedrame 2a¢ zpptis f%‘*fﬁcsﬂﬁ"’o@é@%’@rmwm§3WEQLMAF0rﬁmmqrhe di scl osed
enbodi ment, of conputer system 300, nmenory system 330 is shown straddling a
bounéar yFefecres kg YMA thintrdeive carthave i tetrimyntalreffectdm aomaphiep and of f- chip
conponents. For exanple, nmenory system 330 typically includes one or nore
caches $ysenisoyerah periformande. Yiacod a@thadsl have reempromsod for tddating thel ocat ed on a
separate circuit 7 21 DEC 2004 WO 02/03333 PCT/ US01/ 20114 die. Menory
syst em @8dwiltl itrpest of aprd dagctranslzrs bl preseBbidvennidn aroxidst atnashahishl e (ZST) 360,
portions of which nmay be distributed between on and off-chip nenory
st r uct Upesddrgthe #pact oideplh-bofiisgigdndd Bveciatedytzaatpsfedainaidiem ZST 360
provi des status i.nformation for associated -entries in z-buffer 350. This
f"*)stat us perfbroraned.i on may be used to reduce "or elimnate data 5 transfers on
menory channel 340. One enbodi nent of ZST 360 includes entries to track. a
curreent st aFigs3 isarbiaadtve! tib@erk odbnezenthdtinent ra@@mipbteZ syatehd 300 1BRO0. The stat us
i ndi cates how the corresponding z-data block is stored and may be used to

manage inmplemeitapsddpreiondd b oltighcsRain (B @'BJ&BCEV&:QB@. 838puter system
300 includes a processor core 310, a graphics core 320 and a2 memory system 330.
Processor core 310 and graphics core 320 are coupled to a Bus or r-ner’nory channel 340 10
transfer data to and from mcrﬁory system 330. The dashed line indicates a boundary of an
15 integrated circuit die 370 for an embodiment of computer system 300 in which processor
core 310 and graphics core 320 are integrated on a single chip. This embodiment of
computer system 300 is-likely to implement a unified memory architecture (UMA), for
) which the features of the present invention may provide significant advantages. The
present invention is not, however, limited to computer systems that employ integrated
20  graphics and processor cores-or UMA.
For the disclosed embodiment of computer system 300, memory system 330 is
shown straddling a boundary of die 370 to indicate that it méy include on-chip and off-
chip components. For example, memory system 330 typically includes one or morc

caches located on circuit die 370 and a main memory that is located on a separate circuit

7



and nmenory 330. The status may indicate, for exanple, whether z-data for a
particular 10 span is in a conpressed format or an unconpresset BbEnzili or

whether it has a reference value that nay be provided froma |ocal storage

| ocat | an such as a register. Conpressed z-data may be transferred with

si gni POBAPT | ower i npact on the bandwi dth of menor yPCEHSHAEI14340 t han

unconpressed data. Further, z-data that is available in, e.g., a |local
regi ster,..need_not any .nmenory.b gqi_vm th at ahl. e ar nore
corrpor‘njge:'ltl\gc%c}ry i)g%é]? gp tfsjéggé:%?é”sﬁiﬁz‘ﬁégcr% AR FYURBR 4GS DL 88t a transfers
nore efficiently and w.th | ower inpact on the bandw dth of the nenory
channé’Pr.t'ofﬁ%‘%nwd'ﬁé' 'Bﬁ’b%em'%ﬂ{te etﬁTgES’G’,Of SR MERERSteeErea €Fig - bi t st at us
code to indicate a data status for a correspondi ng data bl ock. Table |
summar’ FEsusgifelay ingreaier getail. 45t 188 pravisise datppmforpatjonder assesdetad Tabl e |
CodeSt at. usAccess 00C earedZ-value remains at initialized value. Retrieve
f r om FHEE nzdyfter O dhiosEspfevvsarnynbeesed ioordute onelumpsagatessed f or mat .
10Conpr csscdZ-val ue stored in conpressed fornmat. Deconpress retricvced val ue
Reder Yafs @ ez cband3491 DEC 2004 PCTI USO1/ 20114 For exanpl e, each
image may be initialized with all entries of z-buffer 350 in a cleared
state (00)CneEmbodimenuef 25d] 1684ndlyteySiTriec3 60trardkye dogeddjaustiectaels the initial i zed
values in the z- buffer are updated during scan conversion. Depending on
t he shlatkud zaladstored in-zbwffeed>0. The status indicates how the corresponding z-data :
block is stored and may be used to manage the transfer of data between graphics core 320

B and memory 330. The slatus may indicate, for example, whether z-data for a particular
10 span is in a compressed format or an uncompressed format, or whether it has a reference

value that may be provided from a local storage location, such. as a register. Compressed

z-data may be transferred with significantly lower impact on the bandwidth of memory

channel 340 than uncompressed data. Further, z-data that is available in, e.g., a local

register, necd not consume any memory bandwidth at all. One or more components of

15 graphics core 320 use ZST 350 to manage z-data transfers more efficiently and with lower

impact on the bandwidth of the memory channel.

For one embodiment of ZST 360, each entry stores a 2-bit status code to indicate a

data status for a corresponding data block. Table | summarizes one sct of 4-bit status
codes that may be used.
20 S Table |
Code ' Status Access .
00 Cleared Z-value remains at initialized valuc.
. _ _ Retrieve from local register
] Uncompressed Z-value stored in uncompressed
format,
10 Compressed Z-value stored in compressed
format. Decompress retrieved value
1t . Reserved : NA




5 access may be executed normally, a conpressed z-buffer access may be
» inplenented or the z-buffer access may be avoi ded altogether. The |last two
options reduce the inpact of z-data accesses on nenory chaqzﬁl E?ngﬁﬁdth.
In the fall ow ng discussion, a block ofz-data in which each IvA §
repr eseMf%"24333%¢ onst ant reference depth is referred to aBCT/EFE&0EG". This
depth may correspond to a back to clipping plane in the inage space. Since
this value is a constant, it nay be stored in a register that is local to
graphics core 320. Wen an access targets a span having a cleared data
stat us %OO .. the cleared val ye .can be read fromthe |ocal register,
el i mi nat PhgePRE PO B SrayRe dutd zedyithalberuricr o g-bulersd§ ichelpared  bandwi dt h.
If an accezﬁjtépgets a data_block that is designated as conpressed (10),
the t ar JEE&W 2 Thestatys ¥alyesrinZp EP9Q Beke adipsigd asthe dritntisedswdies &7 thee- and
deconpressed for use. As discussed bel ow, conpression reduces the size of
the dat Suffsr sewrdsiehdyringsean qopyersien. Pependingaanttheggatuseidem sawffes nenory channel
bandwi dth. If an access targets a data block that is designhated as
uncofrpr ¥&e6 gay e precuted nomesdly sscompamssd erbaffarecoess onp be ssdembitaaicds of z- dat a
and no deconpression is inplenented. Z-conpression.need not apply uniformy
to al |l Weraulerecess inay bbevdided aBemthelofhe lasPBvompanipl rejuca ildeipidibnat i on to
wite data to z-buffer 350 in conpressed or unconpressed format may be
made, |Zdavmaccessepyonrreéraorg ohanntidbabdvadihel at i onshi p bet ween the data bl ock to
be. witten and the primtive |locations that map to the data block. A data
bl ock 110( b)n thaddliowispdiesssitrs 2 bekabf Dhsa iwiviiineatthevigrgREdngs of prinitive
100 can usually be conpressed. As discussed bel ow, exceptions may arise if
“ythe z- wahswart sifendereptti @ fetred torh Cilkardd"Sirmis @Epth fnaf corlesDbd 19@ @40 02/ 03333
PCT/ US01/ 20114 certain clipping or saturation conditions prevail. A data
bl ok EligdEplaketin\i ifagd aad. i e thistAaddh taBidt, Rldyiveisbfedipyndary are
mapped, is usually not conpressed. Where conpression is inplenented

t hr ougRegastes that RA6cal WIFAPHAS cbie320 1Whed Rfacdesy BrbleSs S04 nd V362 LGRSy ON.
different sides of the primtive's boundaries may be governed by different

- sur f ac@a®sthtd0), QRS clealdll alde GRBPFBS FbAMhSIBER MRiskARLGHGHhANR 87 F oneous
results if a |ocation outside
buffer access and prescrving memory channel bandwidth. If an access targets a data block
that is designated as compressed (10), the targeted z-data may be retrieved in a
15 compressed format and decompressed for use. As discussed below, compression reduces
the size of the data block transferred for, e.g., z-testing, which saves memory channel
bandwidth. If an access targets a data block that is designated as uncompressed (01), the
) access transfers an uncompressed block of z-data and no decompression is implemented.
Z-compression need not apply uniformly 1o all data stored in z-buffer 350. For
20 example, a determination to write data to z-buffer 350 in compressed or uncompressed
format may be made, in part, by refercnce to the relationship between the data block to be
written and the primitive locations that map to the data block. A data block 1 10(b) that

represents locations within the boundaries of primitive 100 can usually be compressed. As

discussed below, exceptions may arise if the z-value also includes a stencil field or if



the primtive is conpressed using a surface equation that is only suitable
. for.,locations wthin the primtive. Fig. 4 represents one %O@&E‘E%D#Of a
z-conpression system 400 that may be used to inplenent the %r
i nventj on. npressi on system 400 includes a read/wite unit to 410, a
| ocal %@8%@9%30 a main nenory 440, and a | ocal regi sFEFUAYE0NMRI n nenory
440 and Iocal cache 430 represent, for exanple, off chip and .on-chip
conpongnt r.espect i for one.e [ st em 330.
Read/ v f”nn ch?ng (?ff@turaYloT gdndltions ?revatl I;I‘b(%:gacbg‘sacsl\ lrlgéb{m‘/?ﬂ)cl{lﬁ(é o0y | gi nate from
varlouz gcgjts olf ‘ﬂ’%g L3, .core 3%1 @ordln todt\g,ﬁ status information
associ AEEd"# PRTRE "TRAT B B ERS f%ﬁ”g’ £ CHYPTERE HE€cess. Local cache
430 incl udes |ocal, copi of, t he_st tus ? d z data bl qcks for processing
menor FOREEERYLS 'mﬂé’ﬂﬂgg‘fé“’t”ﬁ'b? S‘E@Fﬁw ghetga tegyil) deizalues BIR19SBYRNS cache 430 are
satisfied frommin nmenory 440. For a rrermry read access, read/wite unit
410 dendy Fﬁ’%é’dfsr‘tfﬁ‘?%ﬁ@"ﬁ‘(ea“ttl?§"@f'§s maviegayeaetin Ui teeyer Wset her the data
block is in a conpressed, unconpressed, or cleared 20 state, and retrieves
the t AinEensd THISZCOMPERT PHERFME SatEEnaTOCTonsPYs Tamip i lapGomputsideal r egi st er
490 through a transfer appropriate to the indicated status. Fora
menor yherArimtiveae sempyessedudnaar sutfecesavation ot igsely shitbly fentocdtionen t he t ar get ed
data to determ ne whether to store it in a conpressed, unconpressed, or
cl ear edthistthe grimitimel it updat es an associated data status accordingly. 10 21
DEC 2004 WO 02/03333 PCTF(1SO/21): a Also shown in Fig. 4 are a color
cal cul at i ofig.ubhieprefe@Bldne 4BBodEmentaha i-noreprpsioatsywem 40hihat roayThd)usd®0 t hat may
provi de input to enbodi nents of z-conpression system 400 to inplenment data
) accesgpoagipleFent tbx prepneinvéGion 46 Ompletsensysas 40T ot lodeswatadésrikvom vert ex dat a,
and indicates to read/wite unit 4 10 whether a data bl ock may be
canpr €6k e theall chthe338G60male remuyneid, pidadbeal eyBler 250/ Maiesnchfopnd4r i M ti ve vertex
data and provides read/wite wunit 410 with paraneters that nay be used to
conpr asidédberhps Baspreehn fdlegwide, off-chip and on-chip components,

respectively, for one embodiment of memory system 330. Read/write unit 410
implements memory access requests that originate from various units of graphics core 320,
according to the status information associated with the data block(s) targeted by the

15 access. Local cache 430 includes local copies of the status and z-data blocks for
processing memory accesses. Requests that cannot be satisficd from local cache 430 are
satisfied from main memory 440.

) For a memory read access, read/write unit 410 determines from the status of a

targeted data block whether the data block is in a compressed, uncompressed, or cleared

20 state, and retrieves the targeted data from local cache 430, main memory 440 or local

" register 490 through a transfer appropriate to the indicated status. For a memory write

access, read/write unit 410 uses information on the targeted data 10 determine whether to

store it in a compressed, uncompressed, or cleared state, and it updates an associated data

status accordingly.
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Fig. 5A is a block diagram show ng one enbodi nent of |ocal cache

that stores both z-data and data status information for

entries. Storing both z-data and data status for data bl ogk$ Bi( tHG4sane

system 500

cached data bl ock

cache all ows nenory accesses, the 10 form of which depends on data status
i nf or mat M8 be processed nore efficiently. The di sdiO¥e¥1BAbddi ment of
cache system 500 includes read/wite unit 410, |ocal cache 430 and a

| ocal

transl ation it, 510. .Translation unit 5. i,ncl.udes a.z-status cache

() 50 o s £ PR et Baion B o DA 55 ke A 6250 st or e

| ogi cal - tqQ-physical nenory address translations fora-dat ZSTC 520 stores
ot GG ’ 4

status i

3LFRAYRERVI4SHBPY R AT RIT ERODRTE SR

enbodi ment of cache system 500, each entry of ZTLB 530 stores a
I

t r ans| atTRIFMET Aata agessses. dior prpwie SCUBRgrteY

HQ%". For one
§55I9f MRjugsdrah¥ertEX puffer and

ZSTC 520 stores the status data for the z-entries stored on the page. As
di scuss@ya.3a1 Bidicriss irreagyvwiite yait 419 whethen? data plaslomanbs enaresssd- Z8YC 520 i s used
to control the size ofz-data reads and wites to main nenory 440. 20 The
di scPoséep detaroienpine! lorl 2-wlugs fogemsniigorerte dasaiens provides readfvajtc564, a data
array 568 and hit/mss unit 570. Each entry 560 includes a tag field (TAG
a st at usnif41@|vith pagmERESHatgnayrbedis§dio cergpressidasonteess datadilogkdat a fiel d ( DATA)

stored in data array 568. TAG stores a | ogi cal

address (or portion thereof)

whi ch may bdigiséds & blochpikgasrsbowiepkne apppediven! ddedal cabheys#80:00 STATUS st ores
status bits for the data block that is indexed by Il 1 [a E C 2004 WO

02/ 0333BatRGCTes bbB0da20anti 4 ath AGus anfdrni2Adi\fos taahebsddhielofl oadesofStarindat a val ues.
The di scl osed enbodi nent of read/wite unit 410 includes a read
and a vhord ®danaid dabilrarbéEfondarettorky inddi©sagiedachemilowy mehanynetessdOthar e al so
shown in Fig. 5. For one enbodi nent of system 500, a |ook-up of
43010 S form goOwlicklddpends on @5t eRAR itfernatit Meyprodeees snordefficiendnyl e,
unit 570 conpares a |l ogical address (or portion thereof) specif
read access Tt ibclbdae einbgimetlof foctlfcachd bystedssMGAcIudds réddByrite unit 410,

20

local cache 430 and a translation unit 510. Translation unit 310 includes a z-status cache
(ZSTC) 520 and a z-translation-lookaside buffer (ZTL.B) 530. ZTLB 530 storcs logical-
to-physical memory address translations for-z-data. ZSTC 520 stores status in fo}rnation
for the z-data to which ZTLB 530 points. For one embodiment of cache system 500, each
entry of ZTLB 530 stores a translation for a page of physical memory allocated to the z-
buffer and ZSTC 520 stores the status data for the z-entries stored on the page. As
discussed below in greater detail, status information from ZSTC 520 is used to control the
size of z-data reads and writes to main memory 440.
The disclosed embodiment of local cache 430 includes a tag array 564, a data array

568 and hit/miss unit 570. Each entry 560 includes a tag field (TAG) a status ficld
(STATUS) stored in tag array 564, and a data field (DATA) stored in data array 568.
TAG stores a logical address (or portion thereof) which may be used to impiement iook-

ups to local cache 430. STATUS stores status bits for the data block that is indexed by

1

unit 540

| ocal cache
hit/m ss
ied by a



access hits, the value in STATUS is provided to read unit 540, which
determ nes an appropriate data retrieval flow For corrpress‘gq %@@?F@TATUS
= 10) and unconpressed data (STATUS = 01), read unit 540 refri eves The
data fromthe hit entry, using an 10 appropriately sized transfer.

Conpr &LLEP38vP) data is deconpressed and forwarded t 8CT{USEIMAHuest or

whi ch may be CCU 450 for the disclosed enbodi nent of system 500.

Unco se C). data.is, ferwarded tao,the requestor w thout
doconpy SR Yo e 2l ol oA RR Pt dRgtr IS RBAERemE 240 provi des the
cleared data to . the requestor from|ocal register. 490. 15 For one
ot it Qe hE e R 8 A S8y Sad ot eniner MOSTATUS & TAG to
detern ne et her an access "hits" or "m sses" in |ocal cache 430. For
exanpl¥monyehagesd ddQare 3159 849y Gtk Snpr essed data may hit wholly or partially
in local cache 430 _according to the followng criteria: Ht =Tat, Mtch. &
No Bl ocki nfPr&nt emkedimerhnf mestcah 40, igokiup ob peaticpotry 3bisttigesredip t = Tag~Mat ch &
No- Bl ocking & (UNC & ! QW Match) M ss = | Tag_Match Here, Tag Match
i ndi catseenseoet erory Mecess g or gxamnls, hitmgssiunit 53¢ eererpsestadogienl addeesssed mat ches  a
tag in the cache, No Bl ocking indicates whether the another access stalls
t he clarpemion tigrepf)isprifiedbyr Erdacgesp\@ih 2e03BBIdPEENUSOF6R01h4 access, and
QW Mat ch indicates which portion of a data is being sought in the cache
| i ne awrssdiits, ahdovaduskin STATIISTS prdvidyd toleadt imitg 40, Qubidvdegivmimeyarbe used for
enbodi nents of |ocal cache 430 that allow the QM of a data block to be
accesggpiopsiep anatretriyval AowalFoi @mpnissed daxd 6T 8TUR enl Opadd imeompreskd ocat ed for the
tag in the cache (Tag_Match) but the particular 5 quadword sought is not
“‘)avai | ddnd (S TIAT UShe0 Daehdunit $40 rhiriebagitiesdatanfrdm Biébiidetrgruginmes a read access
“m ssed in |ocal cache 430, a took-up
10 appropriately sized transfer. Compressed (CMP) data is decompressed and forwarded to

the requestor, which may be CCU 459 for the disclosed embodiment of system 500.
Uncompressed (UNC) data is forwarded to the requestor without decompression. For
cleared data (STATUS = 00), read unit 540 provides the cleared data 10 the requestor from
iocal register 490.

[ . For onc embodiment local cache system hit/miss unit 570 considers STATUS &
TAG to determine whether an access "hits” or "misses” in local cache 430. For example, -

an access targeting uncompressed data may hit wholly or partially in local cache 430

) according to the following criteria:
Hit = Tag_Match & No_Blocking & [(UNC & QW_Match | CMP |
20 CLEAR]

Partial_Hit = Tag_Match & No_Blocking & (UNC & !QW_Match)
Miss = {Tag_Match
Here, Tag_Match indicales whether the tag identifying the address to be accessed matches

a tag in the cache, No_Blocking indicates whether the another access stalis the current

12



isinitiated to translation unit 510. For the disclosed enbodi nent of
, replacenment unit 510, entries of ZTLB 530 include | ogical -14-pRyspoH

address translations that are indexed by a |ogical address tag field, and
ZSTC 520 stores status bits for each data block tracked in io ZTLB 530. If
the 1 0okPdF"Pis in translation unit 5 10, the status HGTUSOR@MIEat e t he
state of the data block(s) at the indicated physical address in main
menory 440. 1f STATUS = .cleared, the z-values of the "cleared" data bl ock
are pr os‘f%séua’%‘jr(g‘#rwgsr"df%‘&? 2P PRBign Og‘ﬁéﬂa Eeifg susidn the cadidipat ed on
menory channel / 340. |If, STATUS = conpressed or unconpi ressed, the data

bl ock i & ‘g&qﬁ‘?cé‘\)gfd‘“ﬂf%m fas. (WMoYisrcimay beused o embodimentyefredahl is fetch or
a full fetch, respectively, to the indicated physical address- Dependi ng on
the z- Fsbe*0dhatatiow the RQWaofagata bjpckitg bppgeessedsepisatelyi Al paftisd bih uses YZ to A
of the bandwi dth used by the full fetch. Fig. 5B represents a nmechani sm
for updcrmyher alking yellesated forithetag i thpcache(Tag dviatctp brat the paméculavok- up does not
hit in ZTLB 530 ("TLB-miss")- For the disclosed enbodi nent, a 20 graphics

t r ans| stupdwori seugntis perpveildrainithe cagled to transl ate the, e.g., 41(byte pages
of an Advanced G aphics Port (AGP) nenory to physical addresses. GIT 574

i ncl udes eniftiténiss ft S70-dsteRhioes 868d anvcksmisseZ BTodbéacheM MBS GokRop Nt er Tabl e
(ZPT) 579 stores pointers to locations in ZST 360. That is, ZPT 578

oper at esinftialed tatrdiisBtibooniZID. F60the tiBclBdd BRGodMOt MNAPR2LBB3E: AGTI US01/ 20114
On an initial TLB-mss, GIT 574 provides the m ssed TLB translation to ZTLB
530. PentitesfZTUB5A0GHdudENdgiarl eo-phaical @dttss winslatidnd that & imbgkdtbya poi nter
associated with the mssed TLB entry is used to retrieve the correspondi ng

ystat us lagitabaddreasnag SEId3EM@. ZSTIRS 20upBat setustbig i kathiden bickk us@@ddtP retrieve the

‘targeted data block in main nmenory 440 5 according to the updated status

datm. DA@LB 530.r HyheHloH-amblitst iagramsidtia) ubib S (AR stapE BLeld it bhe staheofr et ri eved
z-data and its status, respectively. In general, ZSTC 520 is updated

whenevei dath BRchlsptule iadicaedigyaichla06kssiis mahangasdy sdhansaareetry in ZTLB 530
is replaced, the
cleared, the z-values of the "cleared” data block are provided from local register 490, and
no traffic is generated on memory channel 340. If STATUS = compressed or
uncompressed, the data block is retrieved from main memory 440 by executing a partjal
15 fetch or a full fetch, respectively, to the iﬁdicatcd physical address. Depending on the z-
data format, e.g. 32-bit or 16-bit, the partial fetch uses )z to s of the bandwidth used by the
full fetch.
) Fig. 5B represents a mechanism for updating translation unit 510 in the event that
the look-up does not hit in ZTLB 530 ("TLB-miss"). For the disclosed embodiment, a
20 graphics translation table (GTT) 574 is used to translate the, e.g., 4Kbyte pages of an
Advanced Graphics Port {AGP) memory to physical addresses. GTT 574 includes entries

for Z-buffer 350 and for ZST 360. A ZSTC Pointer Table (ZPT) 578 stores pointers to

locations tn ZST 360. That is, ZPT 578 operates like a TLB for ZST 360.



corresponding entry in ZSTC 520 is witten back to nmenory. Fig. 6Ais a
» Dbl ock diagram of an enbodi nent of a | ocal cache system 600 that 10 incl udes
a physically addressed |ocal cache 430. The discl osed enbodi epg (ofglkocal
cache. 430 includes translation unit 610, tag array 620, data array 624,
hi t/n¥8420HP1 630, replacement unit 634, and out put PSIUSEY?WGM unit 638,
Read/wite un|t 410 noves data in and out of |ocal cache 430 and register
490. CWPR and, deco data, res ectlvely, for
transfer t %Ham? Hﬁ?ggtfPévxgﬁ%”[THFPEQ%iEV"@?ﬁ“%ﬁo bBes data bl ocks
t hat g{e i ndexed bhy_physi cal addresseské ortions thereofé, whi ch are
st or et Forises g 655 areplie repdtino b e @étpalatebyssac'#ﬁmrt access is
specified through a 1ogical address, such as the prinmtive or span
coor dihhavssed TLB eqjy ippsed fpregvathp peserponding siatus data froond ST 500 Theovi des- | ogi cal
to physical address translations that allow |ocal cache 430 to be searched
for dwdated wnglatienis hseddo rremrye Jhedrraeieridataltienkgh awinoneroey 84610 20 i ncl udes a
ZSTC 614 and a ZTLB 618, which provide functions simlar to those provided
bys Z ST OEag st Te 8BRS datyhBa ameya$d pedBe hirtsSGdrnrZiidBte6 18th t he hit entry
provi des the physical address to which the | ogical address is mapped and a
cor r désponaivaig-dutet any itgflatug ST@Ge@ivdlypirogenctels ZATE 528 issipfiped whanedat a.
Enbodi ments of cache system 600 rmay update 14 2 1 DEC 2004 WD 02/ 03333
PCT/ WsGQtan3lof a dath dlpclaisrchynped.t Whed et angy de2BLE 630 &k heplbd,tye Hit/ m ss unit 630
conpares the physical address wth the entries in tag array 620. For
accessespbridais efirg ; 29T S0P iawfiash 200 iepracenment unit 634 determ nes which
of the current entries will be allocated to receive the data returned from
“ya higher FRrex i ablck didgiabl F an ERboGER 9B LRociltahe Ridierh B0d Bgr array 620, out put
selection unit 638 indicates the hit entry to data array 624 and the

Sipat weiudey phhBtdI9Rddea8a [08d cadhe 30, 6RR dielo8ddntRaintaVof In& c4lata s
retrl eved. For an enbodi nent that stores one span per cache line, if the

t ar gg30eidciudhatranslatioR OAPS ﬂﬁ&%@rm)h@iof ddta 575804 HithRist 8nit £40] | eved from data
array 660, deconpressed, and
replacement unit 634, and output selection unit 638. Read/write unit 410 moves data in
and out of local cache 430 and register 490. CMPRS and DCMPRS compress and
decompress data, respectively, for transfer to and from data array 624, Data array 624
15 stores data blocks that are indexed by physical addresses (or portions thereof), which are
stored in tag array 620. The data block targcted by a memory access is specified through a
logical address, such as the primitive or span coordinates (x, y) of the data block.
) Ténslation unit ﬁl 0 provides logical to physical address translations that allow
local cache 430 to be searched for data targeted by a memory access. Translation unit 610
20 includes a ZSTC 614 and a ZTL.B 618, which provide functions similar to those provided
by ZSTC 520 and ZTLB 530. When an address hits in ZTLB 618, the hit entry provides

the physical address to which the lopical address is mapped and a corresponding entry of

ZSTC 614 provides a status for the data. Embodiments of cache system 600 may update



forwarded to the requestor. If the targeted data is uncorrpzeSﬁﬁdq@ Lull

» cache lineis toretrieved fromdata array 660 and forward dh ¢ 0
request or without deconpression. If the targeted data is cleared, the data
is retrjeved fromlocal register 490 and forwarded to the requestor.
Read/ wr M4 410 includes a MUX 644 in read unit 640PQWUSMaviide data
responsive to its associated status. A MJX 648 in wite unit 650 provides
simlar tsu‘?ﬁ‘port. 15 for .data being witten to | ocal cache 430. Status
i nf or mat' T A &SGR date £ ety i miss wnkt 3 Uenmpeess theahrseqebaddosss t he dat a
being transferred should be handl ed. Fig. 6B shows one enbodi mrent of a
state nmEtHihreEsineermaYfe0t he state changes- possible for an entry of data
array 624. Before the entry is allocated, it is in an invalid state 654.
Wien t he ent FSf apssssp thaioaisetn asrray §28, aciidcomknt viit 6§34 deatronines svhivhddit ed t o
cleared (CLR 20 658), conpressed (CM 660), unconpressed (UNC 664) or
unconpr &ssumed entrigs Wikide Allocg88 Jo reaeahdingretwnadHeonss bighs mimdriie dat a bl ock
to which it is allocated. For the disclosed enbodinment, the status is
i ndi &at seictyye. Fog erceseybaiditnigtae atray6A0NodESE Gel6tibn ulio53Xiagibass tht hat al | ow | ess
then a full line of data to be | oaded, UNC and UNC A di stingui sh between
cache | ¢meyso titatrrayredd pat the sthiuy inforehafiat frym pREHhAEEedrasRESSW YRl Y, With
data. Entries that store 13 T 2 1 DEC 2004 WD 02/ 03333 PCTIUSO /20114 data

bl ocks dam €kRi6BE Bar aCbMbEHRAeEYAL StoRHBAC JpBNpdr 0adhd Nee, Af HEGarphien i f the
previously cleared or conpressed data blocks are witten back to the cache

in an uheospsremseel, 8404 eache Hiells R1QREY frbtldbiadah P64V, 8&ks prBMdDaHICLR 658 or
CWP 660, no transition is provided between these states and UNC 664. 5 |f

-“ya dat a iblvaeded kit rdyasside EMihcthigelc8 dath 5 BVbiiheded, RO LRGAlinGache 430, the
“status of the evicted data block indicates the operations to be

i nploeneatietd ffori da@XARAP 660 ardf foiwdeded S the riuBSGH: Jimoﬁgcﬁﬁﬁn%cﬁ&ﬁ I's evicted,
nothing is witten back tq a higher nenory |evel, an
the targeted data is cleared, the data is retrieved from local register 490 and forwarded to
the requestor.
Read/write unit 410 includes a MUX 644 in read unit 640 to provide data
responsive to its associated status. A MUX 648 in write unit 650 provides similar support
15 for data being written to local cache 430. Status information is coupled to read/write unit
410 to indicate how the data being transferred should be handled.
Fig. 6B shows one embodiment of a state machine representing the state changes:
) possible for an entry of data array 624. Before the entry is allocated, it is in an invalid
state 654. When the entry is allocated to a data-block, its status is updated to cleared (CLR
20 658), compressed (CMP 660), uncompressed (UNC 664) or uncompressed_all (UNC_A .
668), according to the status of the data block to which it is allocated. For the disclosed
embodiment, the status is indicated by 2 corresponding entry in ZSTC 614. For caches

that allow less then a full line of data to be loaded, UNC and UNC_A distinguish between

cache lines that are partially and fully populated, respectively, with data. Entries that store

13



the status of the entry fromwhich the data block is evicted is updated to
r indicate the status of the new data block. If a data block in state CW
660 is evicted, the portion of the cache to |ine storing tRel qinpraEgsed

dat a

hall'the cache line, is witten back to .nenor If a data bl ock

e q. )
in S%VFS’[O@%E:‘FI:{IC 664 is evicted, the altered bytes are WT@%‘EHOE&CK to menory,
and if a data block in state LINCG-A is evicted the full cache line is

witt ack. [ each case. .the e state is. updated in the
Ve B PR TRIRERL N o RS Rt iad G S et sl ant ry s
evicted from ZTLB gj%gg@tcpe correspondi ngﬁbi ts of ZSTC 614 are 15 witten

back 8% &T-OFHE

DYF SRR Rack I9MBE RAEAF EMaT Hconpasted Hyjet r ans! at i on

unit 6 10 if I ical address m sses in ZTLB 618. For the discl osed
y full dagacdonks gy b

embodiNte AT

5 Mgy ar LB 65¢ angMP§68, odiesitiamis@r@alyd' whi ch provi des a

TLB entry indicated @X the access. ZTLB 618 |s updated with the new TLB
ent r YetuReh hesesasi and WG 8%t ed with the status data for all data bl ocks on
t he page, The, target ed cache | ine is |loaded into data array 624 fromthe

26 i ndi calf edatailgele

3t Hap beenialiered is e3BEd fromdlotdi gaabie 48@ therstangpfar ray 620 i s

updated to a reflect the (storac,c) state of the data block. Figs. 5A 5B
and Baceged fatybloskindicatey tho agerdtivas wrbe smplemented. Borssalipigriftse ¢dfta a cache
systemthat is suitable for handling m xed status and data i nformation. For
bot hblocknih etdierEiRk 658 it ractedh nathanpriaystiamepcls toor dglaba treemiory leaiparéssed and
unconpressed formats (or 16 2 1 DEC 2004 WO 02/03333 PCTI USO /20114 not at
al | ,the statbhef thaserydforcwhiah gd dentbidck &)evicEaddhepdamdag tdrae teagitue nmoves the data
in and out of the data array according to its associated status, and

N contafolencopiasatdchn i atdatasilockdi kiate ICAMP 68N Eviciad,ahd shrfigh dfehd dacheSt at us. The
“TLBs provide access to both the z-data blocks and their associ ated status.
Bt atllus sofingthe catlprpaed diad, @ gbhaClke tathalidcad varitenbadin@ nitefor IMRNMOry page in the
translation unit (ZSTC). Wi le these cache systens have been described as
par tda@fbloak i SAEDNESEHGNeRED) Bt R ERd. bSYaréRYinah Bkhemenphyoyad in ot her
systens that need to track different types of data. The various functional

uni G5 dia WEkARsER UNT_A 320icRANAR cRRe HAd B writeh backdnckdfy. In

each case, the entry state is updated in the ZSTC to track the status of the evicted data
block. When an entry is evicted from ZTLB 618, the corresponding bits of ZSTC 614 are
written back to ZST 360.Fig. 6C represents a mechanism for updating translation unit 610
if a logical address misses in ZTLB 618. For the disclosed embodiment, a miss triggers a
read to a page table 690, which provides a TLB entry indicated by the access. ZTLB 618
is updated with the new TLB entry and ZSTC 614 is updated with the status data for all
data blocks on the page. The targeted cache line is loaded into data array 624 from the
indicated address in Z-buffer 350, and the state in tag array 620 is updated 1o a reflect the
(storage) state of the data block.
Fips. 5A, 5B and 6A-6C illustrate various featurcs of two embodiments of a cache

system that is suitable for handling mixed status and data information. For both

embodiments, the data arrays may storc data in compressed and uncompressed formats (or



UNC_A) format- Accordingly, a data block may be witten back to | ocal cache
430,0r to menory 440 in a conpressed (or reconpressed) or an unconpressed
state, or the wite may be avoi ded altogether if the data stdt 0EG 2004
cl eared. For one enbodi nent of |ocal cache system 500, wite unit 550
handl e¥&HBE3#Pi te access according to a status det er nPGEHSHEPIMhe data
bl ock targeted by the wite. Different criteria for whether or not'a data
bl ock may b?.conpres ed or represented by a cleared val ue are, di scussed
bel ow i"R' 8! dPé&C@?ﬁOﬁékﬁ%{ﬁ' entiiysy, Cahe agagsmRdogt mgreatiT@hriaaeht i ng. one
enbodi ment_ of a nmenory nap 700 to store status data in a linear portion of
menor y 088 therdsfa 3y a?@ﬁ"“%&@%%t’%‘%“@%ﬁw cogtroly opgrafiongiosiBici ated with a
data bl ock that represents z-data for a 4x4 array of pixels (span). Here,
S, ., ereprlasery 2eRulingtathestais altedrl Bstreovitistageess iodkihdhe adgpan address (x,
y). One possible 20 representation of the span address for 16 and 32-bit
Z- modeblorks and thegrassodiaigd stietye  Blotus oretondd peFidga bipck Rartag diray addpa bl ock
definition, a 2048 x 1024 pixel frame buffer nmay be represented by 512 X
2565gr 'mdmon‘y pamshe fawiotign ymit{Z900). OV yidatihese sadhh eyssppastmve btes gr oups of 512
byt es each, and each byte stores status bits for a colum of 4 spans. Wen
an accéessnb’ca a@ pdrt §aC- Wsﬁowﬁeﬂﬁhﬁﬁismay RETAlLISE dnziddytd it @thget i ng a data
bl ock at span coordinates (x, y) msses in |local cache 430, its status
bits, sySlemsthanmaedberat ddhsadtyats dfidaa. Y[ 1: 0] of byte[Byte_Index] at the
menory address: Status_Bits_Base_Address + PageY.512 + PageXEntry_Si ze,
wher e Entryl‘hSIvzleous fidrfBtidiat uasﬁag«aah.aﬁorcmdaag@%naaﬂl@n ft tNE-(pde? X[ 8:5)
X[ 8:4] Paget Y[8:21

UNC_A) format. Accordingly, a data block may be written back to local cache 430 or

10 memory 440 in a compressed (or recompressed) or an uncompressed state, or the write
may be avoided altogether if the data status js cleared. For one embodiment of local
cache system 500, write unit 550 handles the write access according to a status
determined for the data block targeted by the write. Different criteria for whether or not a
data block may be compressed or represented by a cleared value are discussed below in

15 pgreater detail, |

Fig. 7 is a block diagram GCreser_ning_one embodiment of a memory map 700 to
store status data in a linear portion of memory 330. For map 700, each status entry, Sy, is
associated with a data block that represents z-data for a 4x4 array of pixels (span). Here,
Sxy; represents the status.data for the data block at a span address (x, y) One possible

20 representation of the span address for 16 and 32-bit Z-modes is indicated at the bottom of
Fig. 7.

For this data block definition, a 2048 x 1024 pixel frame buffer may be represented

by 512 x 256 grid of spans. Memory map 700 organ.izes the spans into groups of 512

bytes each, and ecach byte stores status bits for a column of 4 spans. When an access



)

Byte Index = 16-bit Z-node? X[ 4:0): X[3:0] One factor that conplicates
z-conpression is that conpression may not be 10 desirable or feasible for
certain spans. ZST 360 provides a convenient tracking necha@i-pgyg[pr%ﬂm
deternini ng whether a span to be read is stored in a conpressed state and
whet h&oﬁz@ﬂ% to be witten may be conpressed bef or e PEH/USEUMIt t en. As
not ed above, various criteria my be applied to determ ne whether to

conpress articul.ar span for torage in the system These

cri tertlaf?el”% ﬂa&%,gio?‘bart S%ag'é:ﬂ%rfi'é’?m ‘e?’ﬁ%’ Sefﬁbo%éﬁﬂggﬁ*és i‘é”? Bify within the
primtjve, i.e. whether | pjxels of pan are witten by the particular
oper at “@ﬁ?ayamcc?sfedt%g‘tssﬁér?] Bh&ﬂt‘?ﬁé‘g—l&g%i glibs ey dddresthet her al | spans in
the primtive have the sane stencil value. For exanple, ifa spanis in a
cleared state, BhischisaPesg Addrese+iPageY'«5toh8easXrEdtar Skl pixels in the frame
and may be stored in a nore readily accessible register. The other
critemrthgraray be better appreciated in view of the different unconpressed
and 20.conpressed formats in which the data bl ocks may be stored. Figs. 8A

and 8B are bl ock di dgnanSza eprdséaittd-mgda?ncadtpriéssed formats 810 and 850
for 16-bit and 32-bi ;data,_ pectively, when it is stored as spans. For
16-bit format 810, Ptééc r ow CL"?S'EZ%%SS toxwiétﬁa@ word (QN of data (4 x
16 bits), and for 3Zapévt for+1®f8:850, each row corresponds to one double

gquad word (DQV1 ) of_ da (4 x its), 18 21 DEC 21,504 WO 02/ 03333
PCTI US01/ 20114 The zBJ’\tFaF’@E‘s o'f“%ﬁég'f@dﬁ? xel 4% €H%span are I abel ed Zo. a -
Z3.3. For @Qe enb it format 850, each 32-bit val ue may

€ %di menhcaof 32-b
i ncl ude a 92 BFPF Patrgmplicalssg-campesstion is hrbepmnressigamag nodicenci | val ues are
used éo. indicate a_.portion of ét e screen for which drawi ng updates are not
néles %ﬁ’?g’]c 6&3 b5 £ Icertain, SRS Sq.te*r‘?if’“’i" OB EXVFUEPSPKIN&Y ndow bor der may 5
i nclude a stencil val ue t@at is to be witten instead of the pixel val ue-
For oREMBRBBJPHIT™INRS WISECr H38ALT brricadys SiPEH IR sXBPEISKET¥C a0t associ at ed
with different stenci|l values nmay not be conpressed. Fig. 9 represents one
enbodRRIPR 2Fpantobs wsites By bmprissed ok foonid is Wiktieah Agwgtepabove,

various criteria may be applied to determine whether to compress a particular span for

storage in the memory system. Thesc criteria include, for example, whether the span falls

15 fully within the primitive, i.c. whether all pixels 6f a span are written by the particular

operation, and, if the span includes a stencil value, whether all spans in the primitive have

the same stencil value. For example, if a'span is in a cleared state, the cleared value isa

constant for all pixels in the frame and may be stored in a more readily accessible register.

The other criteria may be better appreciated in view of the different uncompressed and

20  compressed formats in which the data blocks fnay be stored.

Figs. 8A and 8B are block diagrams representing uncompressed formats 810 and
850 for 16-bit and 32-bit z-data, respectively, when it is stored as spans. For 16-bit format
810, each row corresponds to one quad word (QW) of data (4 x 16 bits), and for 32-bit

format 850, each row corresponds to one double quad word (DQW ) of data (4 x 32 bits).



generated from unconpressed formats 810, 850 or other unconpressed formats.
to Conpressed data bl ock 900 is one DQN which is 50% of th SID@%%’ &6- bi t
format 810 and 25% of the size of 32-bit format 950. The déskl 20
enbodi nent _of conpressed format 900 may be generated through a | ossless
conpr es¥Pd%Ef hod. One nethod is based on a functi ondfCHEPA@EEHt ati on of
the z-values fora primtive such as that used by interpolator 460 to
determ z-val u for primtive |locations tromvertex values. |Is For one
conpr esgﬁ%ﬁ'v thaahe %Wgeilsu'géhef%?" %° 'é?‘i}#ﬁr %M'ti%@“‘é‘?@bqﬂ@'&?’ég%nt ed as: (Eq.
1) Z(x, L.+ + C, _"-X + Cy*y, where Co represents a Z value at a
refer enég“}’ﬁg?rﬂ’tat,cgsé): grch 32-tyyalue gyay facludea dsibay %‘B%La"d("!"i Sty ld) z- dependence
inthe x direction, and Cy represents a |inearized z-de.pcndence in the
y- di r ecYalth SteRed yafugearp psed o ipdigal 7 Bartionyef the sepesh forvhichedaidB er i zed t hr ough
Z(x, y) or 20 a simlar function, the Z-values may be represented by the
coef f i cPrefates aremgt necessanyy forgpample. st thetjapbssyred by p wingoptrherder pay ues
thensel ves. Conpressed data bl ock 900 can store sixteen 24-bit z-values
and an @clpda a gencpofafue gt isdo perpxixes)instead phhepixdioahiet Foowfefembodimest and  an
8-bit stencil value (IDQW, provided all sixteen pixels have the sane
st enci |ofitkd ineention, sppn PREe 23O WESVAAOS 3BB dfETNUSEM 20 ikimAnoither mechani sm
for conpressing z-values for a span stores a z-value for one pixel of the
span arig comeredsefif er ences between this z-value and those of the other pixels
of the span. Since the differences are expected to be small, they may be
r epr esent ed -ysi f ihts. FO anple, for, 16=hjt  z-val ues, the
ref erence zﬁ%?@?ﬁﬁ‘%@ és)"i'bgg'én(fn%%ragé'fg&sgd B?ti] E"\?ﬁ‘l‘ ‘d@ gﬁghﬁapwf &rences for
")the remai ni.n 5 xel s 7-bit val Al ternatively, the 8

15 pj b d. .
pi xel s &4 e mc‘%’s”é"s’fss‘%gg%f’ﬁgs f‘@?@é’ﬁg‘z%ﬁﬂ%p%ﬁﬁg g"z"‘gﬁeci fied by 7-bit
di ffe Lues,. .and. kh i ning 7.kt y be specified by 8-bit
Vil oo LGP B 15k o0 ook BRRY ik B hite 8 €8 freedign e hani sm

ible. . Th hani SIE. teed to be | gssless, si
ot Bossihe,cT0sse o UPERRL 3T e Gl ST SR, b ormiarsl e2s, o1 nee
alott ?oqmgtl gl)%'ma% cog%;lenrz?tgé alro%fghgpoesslerg g@rﬁ&’kémnnrﬁ%hod. One method is

based on a functiona! representation of the z-values for a primitive such as that used by

interpolator 460 to determine z-values for primitive locations from vertex values.

15 For one cosmipression method, z-values for a given primitive are represented as:
(Eq. 1) Z(x, y) =+ Co + Cyox + Cyoy,
} where Cg represents a Z value at a refercnce point, e.g. x =y =0, C; represents a

(linearized) z-dependence in the x direction, and C, represents a linearized z-dependence
in the y-direction. When the pixel z-values for a span are parameterized through Z(x, y) or
20 asimilar function, the Z-values may be represented by the coefficients, Cg, C,; and C,,
rather than by storing the .z—values themselves. Comprcsséd data block 900 can store
sixteen 24-bit z-values and an § bit stencil value (4DQWs) as three 40-bit coefficients aﬁd

an 8-bit stencil value (1DQW), provided all sixteen pixels have the same stencil value.

19



bypass conpressing a.data block if it appears that the conpression will be
« not-be lossless. Fig. | OA represents one enbodi nent of a magl?oggtoeﬁb in

accordance with the present invention for processing a read accesst
menory.,,, Met hod 1000 may be inplenented, for exanple, usi n% t he system of
Fig. 3"8H"4i3 0t her systemthat provides a |5 mechani sRFTESEVHER the status
(compressed, unconpressed, cleared) of the data bl ocks being read-
According t 0 -access ks detected 1010 and a status for
The™" bl ook PaFELNREHEOND o Roh RN BSGRIES I AR RS S TR B 400 1 o
exanpl e, status, s .4ndicated by.an entry in | ocal cach 30 or nenory
440, d E)"é’?] i*ﬁcg§p8Ha“ {0 iflereptes Dr e %Hizf"s’?“&r“"%“é’éfe%f?her%‘&ﬁé’&' ly, in |ocal
cache I30. 20,.1'f %ﬂh(ﬁlstat us is determ neﬂ é014 to be "cleared", the cleared
val ue IS PELPIGIE PHERICCRT SRR LypsTial, Brumpp PurPEedicrosBEt 0 t he
requestor. No fetch is _issyed to the nenory system If the status is
determ’tﬁf’f\é"(‘ib‘iﬁl ’F’é?"ﬁ’éﬁ-'f?jdé%ﬁﬁr‘@ Sdhe refepracqzvalus way ey vtpedetr By executing
1020 a full fetch, and the retrieved data is forwarded 1026 to the

r eqiies b alvegyd diferoncepforths ggmaigipg Hopiads sy boteioded 720 Yalees he di scl osed
enbodi nents, a full fetch transfers 4 quad-words (QA) for each bl ock of
16- bi t AReraaitvalvatig 8 et arcdilesest othel s Tresonwy lue owy bastecified bk 7dit 32- bi t
z-data. For enbodinents of |ocal cache 430 that allow QN or DQW granul ar
r eads, differghge vabueg land thegemainiag 7 btttinaybe phaficdgbiedaldest Hther unconpr essed
form 5 1f the status is determined |OS to be "conpressed”, the data is
retri evasidtidng on s difficienep-lao@beomppessivn mkchaeismhire pessibkh@hakescl osed

enbodi nents, a partial fetch transfers one DQWfor each block of 32 or

"7y 16- bi tmecharsras ard het guetanteedtode dabless Sncdeleatifferessethajl 4dire grastef or war ded 1026

“to the requestor. A copy of the conpressed data nmay be saved tenporarily.
| f 1t heesobgioe shagris pfoddedint theralthittey bitd) Entodinended tdatahadibig ngved copy of 10
conpressed data remains valid and may be returned to | ocal cache 430 or
MeNnDr \byf#dsd compressine\asiaarblatk00ir agpesrs aMRE eSHREdsIAGANDE ascRdodata may be
fetched fromlocal cache 430

Fig. 10A represents one embodiment of 2 method 1000 in accordance with the
present invention for processing a tead access to memory. Method 1000 may be
implemented, for example, using the system of Fig. 3 or any other system tﬁat provides a

15  mechanism to track the status (compressed, uncompressed, cleared) of the data blocks
being read. According to method 1000, a read access is detected 1010 and a status for the
block targeted by the read is determined 1012, In system 400, for example, the status is
indicated by an entry in Jocal cache 430 or memory 440, depending on whether the read

hits or misses, respectively, in local cache 430.

20 If the status is determined 1014 to be "cleared”, the clearcd value is read 1016 from
a local register and forwarded 1026 to the requestor. No fetch is issued to the memory
system. If the status is determined 1018 to be "uncompressed”, the data is retricved by

executing 1020 a full fetch, and the retrieved data is forwarded 1026 to the requester. For

20



or nmenory 440, according to whether the read hit or m ssed, respectively,
in local cache 430. Fig. | OB represents one enbodi ment of & mBfHod)ap04
for processing a wite 15 access to a nenory in accordance with the present

i nventi

Met hod 1004 rmay al so be inplenmented by system 400 or a system

n.
providiﬁﬁ”@WﬁFPar support for tracking the status (confffeeshagotis
unconpressed, cleared) of blocks of z-data. According to nethod 1004, a

bl ock © 3 Gareh S RoREGR, { BB el Anl e (BN Rt o Brur tom.
bl ock tar geted by the irt { _ ST B wri ten.
Fro. 1 ol die enanty dpill f-6TRrd s r e s R BT EN afa T ( ne bl ock val ue

is already ,.represented by .the ref nce value, and no data wite is
necessaF\}‘g‘E‘H’Bﬁﬁ ‘.’ﬁ?ﬁﬁ‘ °¥?"aﬁ?§p‘ﬁ§[}°w @&F RV esgenpizs esaih “BHI T8i5RT opri ate fiel d
of local cache 430, or an entry of nenDr§T440 to 21 2 1 DEC 2004 WD 02/ 03333

PCT/ USOTESH pigich ethelateted date &) wgpapresseq

MWs of the wite. If the status is

determ ned 1038 to be unconpressed, a full wite is executed 1040 to wite

the gata to 1r{he sEREW dbtctimEEI01iSMo bd ‘TomPRESIMRYIRTs fefditd gd the status is
updated 1036 if necessary. For the disclosed enbodinents,”a full wite

t ransf eéx%cxﬂmjé)ﬁanﬁﬂ-@ﬂclp|F@Flﬁc@fsc!§%ﬂ BinbodiAtAs @'bgné%hftgﬁsf%ﬁa(:h bl ock of

16-bit data. For enbodi nents of |ocal cache 430 that all ow

r DQW

(0}
gr anul agneaRPRISEIch i;uwédrs%hi@i;n %ﬁﬂ.?ﬂﬁe*‘&@&ie%é&l%a%?h ﬁlﬂp?gse@%ga or DQN(s)

are witten in unconpresse

form | he status 1s determ ned 1038 to be

UNCONPI28§§ardkd léz%ﬁsmé&aﬁ&d ALQS2 of e C(Q?;{{I:_Js?nl da bPbé g ecut ed 1044 to

wite the data to the nenory system and t

_ _ atus™T S :
) Do 1 or el e ChREBPREPnETRRY [RIe Garde OBA b ST e tat e

e status 1s updat ed 1036 if

ock o it or t data. For s , the data

0} ORk( ShmBRYsclBara WrldidsSRiid fhd PEAL: GRABF0AAY BEndBIRIMnehiy dPeNdi NG on

whet her the access hits or ms

20

For system 400, the compressed/uncompressed data may be fetched from local cache 430

or memory 440, according to whether the read hit or missed, respectively, in local cache

430.

Fig. 10B rcprcseﬁts one embodiment of a method 1004 for processing a write
access to 2a memory in-accordance with the present invention. Method 1004 may also be
implemented by system 400 or a system providing similar support for tracking the status
(compressed, uncompressed, cleared) of blocks of z-data. According to method 1004, a
write access is detected 1030 and a status is determined 1032 for the data block targeted
by the write access, i.c. the data block to be written. Methods for determining the status

are discussed in conjunction with Fig. 10C.

If the status is determined 1034 to be "cleared”, the block value is already
represented by the reference value, and no data write is necessary (done). The status may

be updated 1036 in an appropriate field of local cache 430 or an entry of memory 440 to

21



in local cache 430. Fig. I OC represents one enbodi nent of a nethod 1008 in
accordance with the 15 present invention for determ ning tiei S§@E wEgghor

bl ock of 16-bit data. Status updates for blocks of 32-bit data are

di scussed in conjunction with Table 3. For nethod 1008, it is determ ned
1060 wE? PR81333 val ues for all pixels in a data bl ock aPETHS@HE™d! For
exanple, all p| xels froma data bl ock 110(b) of Fig. I fall within a
primti v is processed. Pixels

al
in data ﬁ?cé e ¢ IirﬁfaStat'élr reFEf\hnotm& ﬁqhes £\ S'fﬂdet%r '&ﬂé] ;%{;V fall outside the

rimtive. xel val ues re not updated 1060, the data
P ook iEmiresst agbh faéem’zf%ﬁ%h%ﬁ%g& e F Qe mERORISYTINE i n 5 bl ack

are updat ed 10‘? vari ous overri 841' ti ons are consi dered 1068_

" Over r i ‘HEOBRIRTFY formsand Ahecstadisis e “Efﬁé ¢ 'zgf‘ecr?ﬁsﬁrypr':é’&fhﬁdécaé“éur ate 22 2 1 DEC,
211H WO 02/ 03333 PCT/ USOL/ 20114 conpression or _deconpressi on of z-val ues.
For ex&MyPreimepisra Bl yvige Spmsfersst RRYs foreatheblocknh P3-by datagpddQWs fer | z- val ues.
Al t hough relatively rare, the z-bias value nmay be changed if out-of-range
7- val uachdiecketd btitdatee for copbiodimnesisiaf acp cac thas siiaynQ¥eerdMPWessi on

met hods depend on the z-bias value, these will provide incorrect results if
a di f f @raanlar accesses, 3yl waitg)andags ihé'éhﬂ dosignalerh@MEggir SIQ Y (sdlard e iiepiressi on.
Consequently, one override condition may be indicated when z-val ues are
cl anpedntonprésecddbirowed range by adjusting the z-bias val ue. Another,
potential override condition is attributable to the precision with which

2 val ues arfEsaokal iihed 0L PR B ELL:F A RS o al Lo outsi de the

max/ mn z- ues an | ma override€ conditions are

ydet ect ogidiQ08 .sgngcu%dgtog%@r.mhmgtma{g cmooe§@%&"gf§§§§tg[us s no override

condlt on i s 1ndicat erm er "all pixels of

t he dat a J:'fave t he ared, va are cl ear ed 1070, the
st af uo ety dP56 TEYR-R’ (RLBR BRI siRoginent  pRITRs e BT o compr essed.
DQW for each block of 32-bit or 16-bit data. For system 400, the data block(s) may be '
written to local cache 430 or memory 440 depending on whether the access hits or misses

in local cache 430.

Fig. 10C represents one embodiment of a method 1008 in accordance with the
is  present invention for determining the status for a block of 16-bit data. Status updates for
blbcks of 32-bit data are discussed in conjuhction with Table 3. For method 1008, it is
determined 1060 whether z-values for all pixels in a’/dala block are updated. For example,
all pixels from a data block ! 10(b) of Fig. | fall within a primitive, and are all are updated
when the primitive is pro'cessed.' Pixels in data blocks 110(a) are not all updated, since
20 sor‘ne fall outside the primitive. [fall pixel values in a block are not updated 1060, the

data block status is set 1064 to uncompressed.

If all sixel values in a block are updated 1060, various override conditions are

considered 1068. "Override conditions” arc conditions that may preclude accurate

22



The disclosed 32-bit z-data format (Fig. 8B), includes both stencil and
z-data, and 15 status assignnents consider both el ements. F@ 1€ @gp'}ﬁ],%
conpressed format 900 uses a single stencil value for all pixels of a data
bl ock. Consequently, even if the z-data of a block can be conpressed,
format WOP28%E83 not al |l ow conpression if the pixels havRCT/HSGH28Hdnt st enci |
val ues. Table 2 summari zes the status updates appropriate for the 32-bit
format according to.the type of data being updated and its previous status.
20 23 2 CHMPREEIPASAADPS eS| BT BB BV RO S, St at s
Updat esDat a Type/ Val ueCl ear edConpr essedUnconpr essed (CLR) (CWP) (UNC) Stenci |
Dat aSi ngPRY 9 &ibiss 1F gk z-1alessk Abihangh relatRo!y rrevir gbRevarhmexps draeidlpdat e

st enci | onlty. CLRD val ue(update stencil_only)(retain UNC status) Update to
CVP st apuisofatnge Zrales ¢ erfePMePat AER torpina-cPRIPIFESOTHCOPBEEROT 0 UNC
statusUpdate Lo UNC statusRetain UNC status, bl ock§ update stencil,

updat e( ongthadedeperainmithe z-bipeieates; thesrawd! psevagecingdyrest rofuith if @ deffgrent zval ue) z with

cl eared val ue) 2 DataConpressible' Update to CVP statusRetain CW

st at 6s Upidatauct io u@forspapissigrupdaieeommuenpiors Sebeqenthd aneowondsr essed z- bl ock
onl y) bl ock only) Z DataUnconpressibl eUpdate Lo UNC statusUpdated is UNC

st at us Redndition biNE be frdifcasd (Mbprlava ugs-aratlerepedan thy e lopetbiregebnadjusesg onl y) (updat e
z-values only) Z & Stencil DataConnpressiblettUpdate to CM' statusRetain
CVP st atheigbjixd ailae.t ondiP, teatisloverride condition is attributable to the precision with

which z-values are intcrpolated, which can yield z-values that falls outside the max/min z-

values for an image. If these or other override conditions are detected 1068, the status is

10 set 1064 to uncompressed.

If no override comﬁtidn is indicated 1068, it is determined 1070 whether all pixels
of the data block have the cleared value. If all pixels are cleared 1070, the status is set

1074 to clear. If not, the status is set 1080 to compressed.

The disclosed 32-bit z-data format (Fig. 8B), includcs both stencil and z-data, and
ts  status assignments consider both elements. For eiample; compressed format 900 uses a
single stencil value for all pixels of 2 data block. Consequently, even if the z-data of a
block can be compressed, format 900 does not allow compression if the pixels have
different stencil values. Table 2 summarizes the statusi updates appropriate for the 32-bit
format according to the type of data being .updated and its previous status.
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Tabl e 3 State Vari abl eDescri ptionBits Conpression Enablelf enabled (1), a
val.i d data status array is assuned to exist.|l Status Bits Base

Addr essSpeci fies the base address of the array in which the $tﬁEﬁsZﬂﬂ%ts are
storedl?2 %ZST This may be, for exanple, the base address of the nenory
map des¥Pi%H 3n conjunction with Fig. 7. C earingProvipdggisar/book for
performng fast clears of all or a portion of the Z-buffer.l Ifa primtive
with 7I§tcn01 val dentlc to those in the "cleared" SVs is sent to
the gr ap’FPr%p”asy’étaB?L:{"ﬂﬁ’ &3R" bﬁstd"§’ét‘° IR TR Y CRIEY SIS 8

corresp ndl‘??glfaccesses to the zistencil buffers altogether. The status of
the dat Of 8N fTPREIENE QS thedpyatien 2 Sﬁﬁagrgﬂb%sewéﬁtonaé@é@ﬁe@ use the

"cl carcd" value stored in the SV. Force DeconpressionProvides a hook for
per f or nioriEf and dipdate)the apRsPRERLS; btk obthe gigahizs w6, ﬁgotheﬂrh@ngmesaqu tof it. |f

enabl ed, the Zl stencil values for pixels covered by the rendering

pri M t | PEEveRF I‘“’F‘e‘b@“flﬁaﬁﬂslﬂi‘iﬁ?%éﬁsrlh%ﬁbv@nﬂfefdmem and witten back to nenory
i n unconpressed format. Cleared Stencil ValueSpecifies the reference
stenti| val Jabg @@%%SEZCWIS@@SM@IW way heheed tekeneicenfigurevalkeue for t he
z-buffer. This is the value to which all24 pixels are initialized. It

t ypi caldmpodispnesfergraphids eysten] weatdrdmcg witipthh pregdt thentiba.ckheevariops ng pl ane for
the image space. 10 Fig. I | is a flowhart representing one enbodi nent of
a net hdas atQBscribed sndblitsivendare nglicatedonpr essi on transparently. Method 1 100
may be inplenented, for exanple, by a graphics driver that interprets
instructions froma 3D progranmm figblegnvi ronment, such as Wn3D, for the
underlyi ng graphi cs hardware. Initially, a z-buffer is allocated 11 1 0 and

) s |detusmiviagidbied 140 whet her z 15 coppdcapgdnon shoul d be 1 npl gngpi §d. For
exarrpln i tiled meHBEVFS ?a#aJ_La,bJ_e—f.@r_t_he—?'%?1 DEC 23011
' Compression Enable ) i cﬁabfcd’ { l), 2 vah data status array is assumed o exist. i
Status Bits Base Address | Specifies the base address of the array in which the status bits are stored 12

(ZST). This may be, for example, the basc address of the memory map
) described in conjunction with Fig. 7.
Clearing ~ | Provides a hook for performing fast clears of all or a portion of the Z-buffer. }
[t a primitive with Z/stencil values identical to those in the “clearcd” SVs is
sent to the graphics system with this bit set, the HW can eliminate the
corresponding accesses to the 2/stencil buffers altogether, The status of the
data block is updated to “cleared™ and subsequent accesses use the “cleared™
value stored in the SV, )
Force Decontpression  |. Providesa hook for pcrformmg fast. dccomprcasnon of the Z-buffer or any l
part of it. 1T enabled, the Z/stencil values for pixels covered by the rendering
primitives will be read in their current format and writien back to memory in
uncompressed formal. , _
Cleared Stencil Value | Specifies the reference stencil vajue. ' 8
Cleared Z-Valuc Specifies the reference z-value for the z-buffer. This is the value to which all | 24
pixels are initialized. It typically represents the z-location (depth) of the back
| clipping plane for the image space.

10 Fig. 11 is a flowchart rcprcsentingr one embodiment of a method 1100 for
implementing z-compressioﬁ transparently. Method 1100 may be implemented, for
example, by a graphics ariver that interprets instructions from a 3D programmming
environment, such as With, for the underlying graphics hardware,

Initially, a z-buffer is allocated 1110 and it is determined 1120 whether z-

15 compression should be implemented. For example, if tiled memory is not available for the
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WO 02/ 03333 PCT/ US01/ 20114 z-buffer or if there is insufficient |inear

menory to accommobdate the z-status table that supports the z-huffer,
z-conpression nmay not be inplenented. Ifz-conpression is ﬂatﬁ%@@mm ed
1120, a non-conpression node is entered 1124. |fz-conpression is to be

i mpl en¥if @P3%320, menory is allocated 1 130 for a z- SPEFAlSuEtmbl e (ZST)
and the table entries are cleared 1134. ZST may be cleared, for exanple,
by bl o rrln zer oes tothe entries of ZST. The graphic
cont efo(leffeﬁ% %%S‘B %"”'H%? F EEMED R AECOTTINGRIE sk S 1abledbribl ed.  For one
enbodi ne e on@\ r’getfh od 1100, .state varjiables such as those indicated in
Tabl e § RROGS e O EFn § CARPTETSINGTAY 4t e mpkemenieli Br-commsessionds ngt aphi cs cont ext
i s updat e[d 11%) henderl ng pr.oceeds 10 1144 while nethod 1100 nonitors

gr aphi d'?%’ﬁ@?t [15h< rogreompreationmodaarfiteed THds  nonitoring activity is

i ndi cat ed % the | ogp through blocks 1150, 1160, and 1170. If a z-buffer
cl ear event F§°ﬁ8ﬁcé%‘i"éﬂt°l@5@mc§‘eﬁ'6@iﬂMOeWTEPfé'a?a’bp@FétH%forasz-execut ed 1154,
If certain z-buffer access events are detected 1 1 60, a nodified access
opefat F@s fable (ExDan B¢ tablwentriansen dlsacad 1dBoafS Bmedy be clearsd. dperations are

di scussed below in greater detail. 15 If a context switch is detected 1170,
state wEnMpkpbrblogigranstasingdRL B asrpesde thereatries e &SI 1 THe7graphdnd t he gr aphi cs
context is updated 1140. Rendering 1144 and nonitoring 1150, 1160, 1170
pr oceetPninit is Hedairshy | A9 wdedicate thit nepmpoession is epalhl¢d Fdr snelehbatigeht 4170,
nmonitoring continues on the current process. Fig. 12 is a flowhart

r epr esesibohy 08 rstasniroidblnesch af thaserieditetd id T00e B ore seaaillg ang 20 sel ected
accesses to the z-buffer transparently (nodified accesses 1 164)_ The _
)sel ectapgropade esisetion.n@hasdbs griphicsexemytlieypdatet @ ML, serdyridg pre@edappl i cation to
read the Z-buffer or to |ock the Z-buffer when z-conpression. is enabl ed.
Metthod 142 @bildmetbodp | 96 semitbh@raphiosibfeeationclontaddtedl dvedtor ehitkhe sel ected access
proceeds. 26 21 DEC 2004 WO 02/03333 PCTI USO1/ 20114 For the discl osed
enbodimmmitbrirgf actieityhio thdi:a@0 by thedospLihroagh blgtk@nhse; s 166,ahe 1178, saved

If a z-buffer clear event is detected 1150, a modified clear operation is executed
1154. If certain z-buffer access events are detected 1160, a modified access operation is
exccuted 1164. Modified clear and access operations are discussed below in greater detail.
15 If a context switch is detected 1170, state variabies for the new context are retricved [ 174
and the graphics context is updated [ 140. Rendering 1144 and monitoring 1150, 1160,
1170 proceed on the new process. If no context switch is detected 1170, monitoring
) continues on the current process.
Fig. 12 is a flowchart representing an embodiment of a method 1200 éor handling
20  selected accesses to the z-buffer transparently (modified accesses 1164). The selected
accesses include, for example, attempts by a user application to read the Z-buffer or to
lock the Z-buffer when z-compression.is enabled. Method 1200 decompresses the z-buffer

contents before the selected access proceeds.
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1210, a bit is set 1220 to enable a fast read/wite process for the pixels
- in a specified primtive ("Force Deconpression”), and the graphics stare

is adjusted 1224 for deconpression. For one enbodi nent, gfapfiFds zggﬁte

adj ustnments include enabling z 5 wites and al pha-testing, setting the

al pha t¥€2P%H¢ti on to NEVER and disabling frame buf fRGT/GG0LREES A

primtive that enconpasses the area to be accessed by the user application

is sent 1230_.to. the, ar i S _enagl ne. he Force Deconpression bit is
sot " 1oy crhd AR Sr e IeE Pinod DR, b St Pl e Slecs 0od o ' o,

deconpr ed, (if n sar and, w.itten-back to its nenory |ocation. The
saved g‘f%@h? E’i'sssfta'?ggfos"'"?%%{’ Erged(yis Pé?f&sstfﬁ%‘hc Pﬁeiﬁé’b‘fﬁpﬁgg%‘gs i's
i npl emented | 150. Restoring.th raphics state foll owing deconpression
means tPféff"t'Z‘?(:kPrﬁF&%‘?“H’ﬁcsf"g )-d’ﬁgé%ﬁégﬂhﬁséﬁ%is%‘H‘.‘“‘“@dﬁ%’é%entIy, subsequent ,
non-user-initiated wite accesses to the z- buffer may be conpressed, if
the tarEPMBIESNss Fepere snbadipigiipsrariis Hypte padivimes inplpgde eneblmeizs a 1 owchar't
representing one enbodi nent of a nethod 1300 for 15 inplenenting clear
oper ht | YiHES t1dai3s RS ISHting e Alrba 5 fradian IoNEVER cand disallingfesrsod 1300 i s
i mpl ement ed t hrough a_ BUT operation when the full Z-buffer is cleared
(Part i diuffepwetgp.sARrigiivedhay encenpissesdhy areriorbetapeesyd by thssser embodi nent, ZST i s
cleared by blitzing zeroes to its entries 1320 and updating 1324 the
cl ear ecppltcanien is serid 230t ghegeaphics spayre. f Whemthe ForcerPedoonpresSo0bitlsest not access
the z-buffer to inplenent this clear when z 20 conpression is enabled; Only
t he- st an thisstate, abthgaxel litbatedspeci bgtbraviereislreadadagespre§sed (iBnatetsary),bl ock are
read when ZST indicates its status is cleared, e.g. state = 00. Fig. 13Bis
) a f | owehdwtiiterelmack st mergora lvcaitpotihensemed graphaesataneis raseirddold 40 3athé or
i npl enenting a Z-buffer clear transparently, when Z-conpression is enabl ed.
Met od uset-36etss is implpinenetit #8d t hr ough a clear() function call when the full
z-buffer is cleared. The 27 2 1 D E C 2004 WO 02/03333 PCTI USO /20114 cl ear
oper ati on dRgentthg tongraghis e (@Hordhgidspmbhessiat @asis khavakoegregiontiot h are bei ng
cleared. |If both stencil and z-values are being cleared 1330 (or if the
Syst envicg aggie eadbladg Jonsedenbly, tsubsequent, non-user-initiated write accesses to the z-

buffer may be compressed, if the target blocks meet the compression criteria.
Fig. 13A is a flowchart representing one embodiment of a method 1300 for -

15 implementing clear-operations transparently, when z-compression is enabled. Method
1300 is impiemented through a BLIT operation when the full Z-buffer is cleared (Partial
clears are discussed below). For the disclosed embodiment, ZST is cleared by blitting

) zeroes to-its entries 1320 and updating 1324 the cleared stencil and z-values. -
Significantly, method 1300 does not access the z-buffer to implement this clear when z-
20 compression is enabled. Only the-state variables (cleared z and stencil values) for a data
block are read when ZST indicates its status is cleared, e.g. state = (0.
Fig. 13B is a flowchart representing an embodiment of another method 1304 for
implementing a Z-buffer clear transparently, when Z-compression is enabled. Method

1304 is implemented through a clear( ) function call when the full z-buffer is cleared. The
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node, whi ch does not support stencils), clearing may be inpl.enent by
Wtting ZST via nethod 1300. If only z or only stencil vg?Jegigréﬁﬁbing
cleared 1330, a primtive is witten 5 to the z-buffer to update the

val ues. Since these operations alter the graphics state, the current

gr aphi ¥ @033 (or the portion that will be altered) iBCHE§E®OIB34. |n
addition, various per pixel tests are disabled. If only z-values are

cl eare 40 z-wite |S abl ed an st.enci | ate, function is disabl ed
T3aa KB Dby B b R S B e B R R B RS par
cl ears).and to.haying a vertex z-v e | to the cleared z-value, is
render éﬁgoigﬂg?c"ﬁgga'é'?ﬁuﬁsgarf Eﬁ'%g °‘5‘1’?ﬂ33§@é9@ﬁ%%¥9'§"&'hapeé?{t“ﬁi"ééﬁ-é? the z-buffer
wi t hout dating the stencil yalues. The graphics state prior to the clear
isr esf'm%g'd”a\'i%ha‘g’.cs Pet supRSt S&P@)@i €y 'ﬂ@'sb"dF”Qﬁ’&%‘éf' élﬂblltf}%,gsji-"Wi te is
di sabl ed and @pe stencil update function is enabled 1354, A primtive
si zed f5therd300- gfipalgz of gty stereil vafusyaip peing egared LI30primigive ispgitenear s) i s
rendered 1358, The updated stencil value is that specified by the cleared
st efci o the pRpiéenie ppdals the valuss o Sines thaseoptiationralirthegianiissatatrethe- wri tes are
di sabl ed. Fol | ow ng Frin1itjve rendering 13 5 8, the graph ics state is
r est or erepBerarhicsistaie (o1 he ppaiog tipf wilkheaftereddpsaved M3dndn edditarbodi ment of a
met hod 1308 inplenenting partial clears of the Z-buffer, when
Z- conpyaioys pegpixckiegnangidesgbled.n t he 20 fol | owi nc, discussion, the area of the
Z-buffer to be cleared is referred to as the "targeted area", and
remai ni ng df edy afvaluprearZclotrtd bH40; swrigfipenabldd pod agenclepdanfiacgetied area”. For
t he di scl osed enbodi nent, primtives covering the targeted and untargeted
ar eas disableddBét. nh pauitivg Zed hahqr-byfér éor 1G9&RNf apea, fee paeinl ddgyrs)gndiphi cs st ate
infornotion is saved, per pixel tests are disabled, z and stencil wites
ar @ erabingd vednd:-tdhe suaing ihe cigpatdtzeya2®, i2rehdddidl 3300 ReMiDrifg (3333
PCTI USO / 20114 function is set to "replace". Operations of clear method
1308 geipdrie draravhethets dfie leiffer althait eglaiagd te sspeiafueedTRoOr the targeted
area (new cleared value) is the sane as the cl eared

graphics state prior to the clear is restored 1360,

If only stencil values are cleared 1340, z-write is disabled and the stencil update
function is enabled 1354. A primitive sized to the z-buffer (or its relevant area, for partial |
15 clears) is rendered 1358. The updated stencil value is that specified by the clcared stencil
state variable. Z-values are not modified because z-writes are disabled. Following
primitive rendering 1358, the graphics state is restored 1360.
Fig. 13C is a flowchart representing an embodiment of a method 1308
implementing partial clears of the Z-buffer, when Z-compression is enabled. In the
20 following discussion, the area of the Z-buffer to be cleared is referred to as the "targeted
area”, and remaining area of the Z-buffer is referred to as the "untargeted area”.
For the disclosed embodiment, primitives covering the targeted and untargeted

areas are determined 1370. To prepare 1372 for rendering, graphics state informetion is

saved, per pixel tests are disabled, z and stencil writes are enabled, and the stencil update
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val ue specified for the untargeted area (old cleared value). If the new and
ol d.cleared val ues are the sane 1374, a "clearing bit" (ﬂ’thg[ﬁ%ﬂﬂlp 5 set
and a primtive covering the whole z-buffer is rendered using the cleared
val ue. | C'éhis case, a uniformcleared value applies to all entries of the
z-buffer, zfpaé:ﬁendent of whether they reside in the tarPgewsermniuntargeted
area. Clearing may proceed, for exanple, by blitting zeroes to the

corresp sl i " ._..The.cl eared v S y be updated but, since
they ar gnt t@gésgsgrrgoag%éalggeéﬁgmg?nesé){ %laar\f'ﬁ%wgs]?béj‘ﬁeé’e%gﬂ‘a‘f’%e"?Fé)‘;heb‘@“’bypassed. to
If the n |.d r val ues are different 1374, the targeted and

unt ar ge';l gegreggrg%]gép%?fléc%ﬁ%rﬁ%t?‘@’ﬁtfgﬁc"‘l {5‘6‘&4? 'reg viye) ig the sipeses thederrechbodi nent, a
primti \('aGIuC(s)Vc%{fj Hg ttpe tar%g ed [ﬁr ga i,s rendered 1380, using the new

cl eared var e AP AL EHT HRY cliped vyuBd a mechani sm that reduces the
portion of r bandw dt h necessary to service the z-buffer, increasing
t he bandwi dt_ﬁ"&Véﬁ“i%{gwg‘y\fﬁ‘&"‘%ﬁ%@rﬂmwem‘blwoap'é#eatinmbiﬁi(szldalia may be

desi gnat ed as being conpressed, unconpressed, or having a reference val ue.
For gnes"‘é UPABHIVE caveging the shglegbufferds readesed esing theskgedtdlen horis each data
bl ock, and this designation is checked before an access to a data block is
i npl enefSed unKerr sleaes xalug applicstto elbandics of thd zdaffer, odrsndent bebethandwi dt h,
because _only a_ conpressed data block is transferred, and accesses that
target Mgy whife s the targetediaseniargetadigreR (Clbwing aay ghaced], Iy exahmediyce to a z-val ue
stored in a local register. Mechanisns are also provided for conpressing
z- dat a YifPerasroesikthp gorraseanding ontpeseaf SiSEn THe cloapd edsdsamy teppdadd ons
transparent to user applications, as well as cache structures suitable for
suppor thuth§inen e aredbhsamesnthe oo leARIO2IO3 BB 3p AT MiSEA b3Adstd. The di scl osed
enbodi nents have been provided to illustrate various features of the
pre¥ent i nvé&ithe ogw ambold olasred kildes e differdrn ¢ 3 i the edrggécegdi ntargRt@cessi ng,
having the benefit of this disclosure, will recognize variations and

modi f i ees gngofeatdddogittec| s ¢u denboadicmbotiment, whiimhiveeBerinpene ess fal |
within the spirit and scope of the appended clains. For exanple, 5

z- buf f trgatg drea ia rgyaeded ¢ 380ansidgahemedf clearddDiaiegener al techni que referred to as
dept h buffering.

There has thus been disclosed a mechanism that reduces the portion of memory
bandwidth necessary to scrvice the z-buffer, increasing the bandwidth available to other
I5  memory operations. Z-data may be designated as being compressed, uncompressed, or
having a reference value. For one embodiment, a data status indicates the designation for
each data block, and this designation is checked before an access to a data block js
implemented. Access that target compressed data consume less bandwidth, because only a
compressed data block s transferred, and accesses that target “cleared” data blocks, may
20 be satisfied by reference to a z-value stored in a local register. Mechanisms are also
provided for compressing z-data and for making these comprcssion/decompréssion
operations transparent to user applications, as well as cache ﬁtructures suitable for

supporting these mechanisms.
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O her forns include Whuffering, which tracks pixels' z-coordinates or
- functions of these coordinates in a different reference system. g,0. eye
space. The present invention may be applied to these and t‘h@ltl'f og of
depth buffering. 30 2 1 DEC 2004 W claim 1. A nethod for processing data
conpr i ¥PA?333t ori ng bl ocks of data in entries of a fi rREIT/HEHEPI4 ocati on,
each of the blocks of data being stored in one of a cleared, conpressed,
or unconpressed data states; nonitorin, erations to the first nenory
ocat s on T ofed elrut R JE VO BHAGR Rl B aevedeapst st Pon | <
detected, inplenenting a nodified version of the selected operation that
masks BiEFEIndEies: Bretanedillidia et gienbiesPratesting hayps thsibsests of wher ei n
i mpl ementing the nodified version of the selected operation includes
savi ngthés %ﬁ%ﬁ@mw’ﬂﬁ@‘@a«géfowr@v%é?d PagifirnignopldhofisHesed cahedimsniscks accor di ng
to their data states in response to the selected operation; and witing
t he rewbickinang thrdess fathviship the seisit prdessopstof theaappended clmiro Fpr xsomld.on i n an
unconpressed state before performng the sel ected operation on the data in
t hes unebufferies sadagicateefonn of Therngeptraldeahiqut sferretl, to whéapd buffehieg.sel ect ed
operation is a read of specified data bl ocks, and inplenenting the
modi f | @dierfeans ihclude ¥ rbutfomms, Whieh tracks paielste-tdredivaenarforedonadfahdst ock s
according to their stored states. 3. The nethod of claim1, wherein the
sel ectopdrdopes atd differest refechearystom, enteys gacof Tielpeeskntrigtentienmmry be | ocati on and
i npl enenting the clear conprises setting the states of the data blocks in
t he fiapplicd3ethesfand ether foess ofdeptheébufferirgt nenory | ocation to the cleared
state. 4. The nethod of claim 3, further conprising updating a cleared
""“)state variable in a current processor state. 5. The nethod of claim1,
‘wherein the selected operation is a clear of data bl ocks at specified
entries of the first nmenory |ocation and i nplenenting the clear conprises:
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setting the data states of the data blocks to the cleared state if the
specified entries include all of the data blocks; and witing a primtive
to the specified entries of the first menory location if the specified
entries do not include all of the data blocks. 6. The net 2ot b€ Alkm 5,
wherein the specified portion is a depth or a stencil portion of the data
bl ocks. 7. A nethod for processing z-data conprising: determ ning whether
z-conpression is inplenmented; inplementing a sel ected operation if
z-co%rczaﬂ'i on is not inplenented; and 31 2 1 DEC 2004 inpl enenting a
nmodi i 20495 13} Schetsgﬁ §a‘?%]90911i q:ign?per ation if z-conpression is inplenented,

i I gg the moart

wherein 1 nplenentin ied formof the selected operation conprises
savi Beriry Hotks Sdbtalt QAR DPS fiSt AéBory loBRBh NGhcklatiRe MRS kdatd iMgefiédigs of a

fir sbndd ARIcYrea CloMbrbss, brainsdnidressedidts stafesit he data bl ocks; and witing the
read data bl ocks back into the entries of the first menory in an
uncompnitsseepestiatsgo befficat memerydaatianior 2 setected opaatiod; ander at i on on t he data

bl ocks in the unconpressed state. 8. The nmethod of claim 7, wherein

det elf fesPiRgedwReraian is Actepifsh irarienefing 8 MoifiebyperrNel thes ??P%%?fa’fm_ ffBbcating a
firstagsd @Hc‘gtbeg@ﬁ%f*%d? Sg"t“%fr"éthf-daﬁtblaf’:?k%E(P%TF'Hi‘fPﬁ' et R & e henor y
syst SHPULH e 55t OB RBRABIFEEST on: and al l ocating a second portion of the
MenDL.Y, its for the z-data if the nmenory system can
supp%)ér('{nb%ecg{rﬂ{t %D?r%)srgge";gzﬁt%n. 9. The nethod of claim8, wherein the z-data is
or gapkadifglordSor ol astAbibdkY a@ordiigtiathlir astk StaRB th rediRnsd tatHéSselebleti Spdratdhcat e an
-assoegndat ed data bl ock is conpressed, unconpressed, or cleared. 10. The

met hod of claim9, wherein the selected operation is a read of the entries
of t Welinfiithegeaddatebagk intptheentégsif thedirst mamory locatiingn aretrivonipigssedistatem 9, wherein
t he Beiprepedimpdegeieead pPrergfiop PrHe date i he UpGoMPressis:, and i npl enenting a
nodi fied formof the clear conprises setting the status bits in a second

port b.oflple %ethtog gf claim 1, wherein the selected operation is a read of specified data blocks, and
implementing the modified read further comprises:

reading the converted data blocks according to their stored states.
3. The method of claim 1, wherein the selected operation is a clear of entries of the first memory

location and implementing the clear comprises setting the states of the data blocks in the first set of
entries of the first memery location to the cleared state.

4. The method of claim 3, further comprising updating a cleared state variable in a current processor
state.

5. The method of claim 1, wherein the selected operation is 2 clear of data blocks at specified entries
of the first memory location and implementing the clear comprises:

setting the data states of the data blocks to the cleared state if the specified enfries include all of the
data blocks; and

writing a primitive to the specified entries of the first memory location if the specified entries do not
include all of the data blocks.

6. The method of claim 5, wherein the specified portion is a depth or a stencil portion of the data
blocks.

7. A method for processing z-data comprising:
determining whether z-compression is implemented,;

implementing a selected operation if z-compression is not implemented; and
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menory to a value that indicates the associated data is in a cleared state.
12. A machi ne readabl e medi um on which are stored |nstruct|,h{15 that are
execut abl e by an apparatus to inplenment a nmethod conprisi #g: s eflifing a
read or lock by an application on z-data bl ocks, each bl ock of z-data
having a data state indicated by an associated status field; saving a
processor state; converting the z-data bl ocks to an unconpressed data
state, wherein converting the z-data blocks to an unconpressed data state
conprises reading the z-data bl ocks according to their data states; and

Wi t infilerbdhBng £@6difedd@ireor fHeQeksted Bodrdtion  Beompressshaslinpleiictted aft@fen execut i ng

t he meAanadling B€ kpdifidaeinosiititgselchied ppevat@s sanprseat e; and executing the read or
lock. 32 2 1 D E 1 2904 13, The machi ne readabl e nedi um of claim 12,

wher edngeomuenprosgssohdate- dat a bl ocks to an uncorrpr essed data state further
conpri ses: dating status fields of the z-data bl ocks accordingly. 14. A

Cor’rpiﬂa@f‘g g?}% g'thScf@WFﬁnfrgp ﬁba ﬁrsté:nemo&%cggrglpg E’cﬁt%"'s bits gEthe dafa Pio gifs B ) e e
t abl ! or bt : h
eﬁt ' §x E?t Oef(':{%ea %mto tagy fql'ﬁ:;‘ :stomé&;ﬁ;'/ C%n %nc%aﬁ%re%nség:ﬁst V\%Lé{‘ rea(r)re eac

ont
st ore tI‘UC ons a ar e executa e pl‘ OCGSSOI’ core to |rrpl enment

a net hod conprising: intercepting a selected instruction that operates on

t he datha ol @F claimSawhdrgin @eternifiyWhetienk-CoBfreédith iPhpraraRt coafres:modi f yi ng
the data-buffer and the status table, as necessary, to place data in the
dat aalvodting a firshpatiat ditmemotpetoteeretiatyy t he sel ected instruction, wherein
modi fying the data buffer conprises

determining whether a memory system can support z-compression; and

allocating a second portion of the memory to store status bits for the z-data if the memory system can
support depth-compression.

9. The method of claim 8, wherein the z-data is organized as a plurality of data blocks and the status
bits indicate an associated data block is compressed, uncompressed, or cleared.

10. The method of claim 9, wherein the selected operation is a read of the entries of the first memory
by an application,

11. The method of claim 9, wherein the selected operation is a clear of the first memory, and
implementing a modified form of the clear comprises setting the status bits in a second portion of the
memory to a value that indicates the associated data is in a cleared state.

12. A machine readable medium on which are stored instructions that are executable by an apparatus
to implement a method comprising:

detecting a read or lock by an application on z-data blocks, each block of z-data having a data state
indicated by an associated status field;

saving a processor state;

converting the z-data blocks to an uncompressed data state, wherein converting the z-data blocks to
an uncompressed data state comprises

reading the z-data blocks according to their data states; and
writing the read z-data blocks in the uncompressed state before executing the read or lock;
restoring the processor state; and

executing the read or lock.

32



readi ng entries of the data buffer according to the status val ue associ at ed
with each of the entries, deconpressing the read entri esq @B ssary,
and witing the read entries to the data buffer in unconpressed torm before
executing the intercepted instruction on the read entries in unconpressed
form and executing the intercepted instruction. 15. The conputer system of
claim 14, wherein the selected instruction is a clear instruction. 16. The
conmput er system of claim 15, further conprising updating the status val ues
of eashnOhatiiR reddBE naiuf R 8laif 14 WRerdidtcamitihg e zidatatthekstoahus table. 17.
The GRBPPlcsedIYSseNs fOfthee bampnsdd, wherein reading entries of the data buffer
conprises reading a cleared value froma local register for an entry

havi nglatngcttates fietds ot the adata dlodks. ace@dinghe conputer system of claim 17, further
conprising witing the cleared value to the data buffer and updating the
status table. 33

14. A computer system comprising:
a processor core;

a data-buffer;

a status table associated with the data-buffer, to indicate a status value for each entry of the data-
buffer; and

a machine-readable medium on which are stored instructions that are executable by the processor
core to implement a method comprising:

intercepting a selected instruction that operates on the data-buffer;
saving a current state of the processor core;,

modifying the data-buffer and the status table, as necessary, to place data in the data-buffer in a state
expected by the selected instruction, wherein modifying the data buffer comprises

reading entries of the data buffer according to the status value associated with each of the entries,

decompressing the read entries, as necessary, and

writing the read entries to the data buffer in uncompressed form before executing the intercepted
instruction on the read entries in uncompressed form; and

executing the intercepted instruction.
15. The computer system of claim 14, wherein the selected instruction is a clear instruction.

16. The computer system of claim 15, further comprising updating the status values of each of the
read entries of the data-buffer in the status table.

17. The computer system of claim 15, wherein reading entries of the data buffer comprises reading a
cleared value from a local register for an entry having a cleared status value.

18. The computer system of claim 17, further comprising writing the cleared value to the data buffer
and updating the status table.
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