WD 2005/ 066778 PCT/ US2004 /114 3 3 211 VI SUAL AND.

GRAPHI CAL DATA PROCESSI NG USI NG A MJULTI - THREADED.
WOQARGHDGEGTURE TECHNI CAL FI ELD [ 0001] The i nvenkRGIES2004/043320

rel ates to visual and graphical data processing. Mre

particularly, the invention relates to use of active

semaphore nmechanisnms to. performvisual and graphical

dat a processi ng operations. BACKGROUND [ 0002] A

"semaphore” (also. referred to as. "critical sections”

or = mutex") is a hardware and software construct

that allows coordination or synchroni zati on of

oper at i pR{TAT) ANTH SR ARHICAT. B AIOPROTESSEOGRESING A1

shar ed Tesour CW%@&IE@ JURE N deneral, a
semaphore is a —S_ST‘OTE&‘Tﬁ—a_desi ghat ed

| ocation in operating system nenory that processes can

chectniALGhRPpe: Based on the val ue of the

SEemmapnor e, a process can either access the shared
r rceor.wait fo [ nd check t
SR or 28 i¥ehion 8 Eishiling wtphiTh! G o Rore
corrpute systens, are typically .inplengented as

arly: fisceyenden E@i‘tﬁbg’ﬂ&fv‘ Qhaste ssaRiore meshagjssite
"test and set” or. simlar types of instructions
(perigrm visvekandigrephiesd data pracessing opgrationt . bit test and
reset). Using this semaphore inplenmentation, a
producer - consuner conmuni cation rel ati onship. can be
BAGKIGROEND hr ough shared (e.g., global) data and
one or nore semaphores. The semaphore all ows shared
detez]t o he‘semaptoret(aldOreXoRed ok 7¢8ti AT ORI W “hiidekBPM a

_hardware and software construct that allows coordination or synchronization of
operations in which multiple processes compete for shared resources (e.g.,
memory, files). In general, a semaphore is a value that is stored in a designated
location in operating system memory that processes can check and change.
Based on the‘ value of the semaphore, a process can either. access the shared
resource or wait for a period of time and check the semaphore again.

[0003]  Semaphores in conventional computer éyst;ems are typically
implemented as software routines using hardware support of atomic “test and set”
or similar types of instructions (e.g., lock, bit test, bit test and set, bit test and
reset). Using this semaphore implementation, a producer-consumer
communication relationship. can be established through shared (e.g., global) data

and one or more semaphores. The semaphore allows shared data to be modified



by a selected one of nultiple processes that are.

attenpting to nodify the data, which provides data
weansheirahcy. [ 0004] This semaphore construct PGI/US2004/043320

"passive" because threads nust perform polling

operations to acquire a semaphore. The. polling

requi renent consumes processor and system resources

that could otherw se be used for other purposes.

Therefore, traditional semaphores can result in

i nefficiencies. BRI EF DESCRI PTI ON OF THE. DRAW NGS.

[ 00 ShccHPord WS préodsbds it AtkribinaY nRidiHRERLE,

a no y way of

[ifmtation, in the figures of the
acconpanyin r aw.n in which |ike reference
nﬂ'ﬁ‘ifg%% 9?%@?“%08815%%6 ‘ar el enments. [0006] Figure 1 is
a bl ock diagram of one enbodi nent ,of a ssi yel
T000 « PEASEP TS CORNTIC By PR P ase Tedfamet perform
Figures 2a-2d are conceptual illustrations of
dpplting eperaiéensitm acqmiiecseaphiso 1&g PeHinggequitespnt gonsumes
synchroni ze. thread. execution.. [0008] Figure 3 is a
s prgebsoraraingybtemsesouecasithativould atbgrwiserbe usedtor@tifer puposes.
I1ght source to a viewer. [0009] Figure 4 is a flow

dirfgkRmR, HadRdaaleeagheres tardiesilaih inefiiciengies.usi ng active
semaphores. [0010] Figure 5 is a flow diagram of one

enbodi nent of Z-buffer-based three-dinensiona
graphi cs. rendering using proactive ordered

S SRR NERTRBTHN P HASSR L Us2004 10 4 33 2 0

[0005]  The invention is illustrated by way of example, and not by way of .
limitation, in the figures of the accompanying drawings in which like reference
numerals refer to similar elements.

[0006]  Figure 1 is a block diagram of one embodiment of a massively multi-
threaded processor architecture.. .

[0007] Figures 2a-2d are conceptual illustrations of dependencies in
which semaphores can be used to synchronize th;ead: execution.

[0008] Figure 3 is a simple example scene in which rays are traced from

a light source to a viewer.

[0009] Figure 4 is a flow diagram of one embodiment of ray tracing
using active semaphores. .
[0010] Figure 5 is a flow diagram of one embodiment of Z-buffer-based

three-dimensional graphics rendering using proactive ordered semaphores.



[0011] Figure 6 is a flow diagram of one enbodi nent of

vi deo. decoding using active and/or proactive
WGe208p6rG7es. DETAI LED DESCRI PTI ON [ 0012]. Met hexdBUS2004/043320

apparatuses for visual and/or graphical data

processing using active semaphores are described. In

the follow ng description, for. purposes of

expl anati on, numerous specific details are set forth

in order. to provide a thorough understanding of the

invention. It mﬁll be. apparent however, to one

skil]led in t hat 1e|nent|o anb

DR ¢ hdlBuhis 4 PO glapin) SY SR sRBpdiEtnti Rigtdecban
structures and devjces are shown in bl ock di agramform
i wsing e aHBOLRIBrAIVESTBINICHS t he i nvention. Overview
of an Exanple Use of Active Semaphores [0013].

Descri bed herein is an architecture and associ at ed

nmet hods in which nultiple parallel passive threads of
| DETAUCED OESCRIPTEONaf ter referred to. as "threads")
coordi nate access. to shared resources using "active"

hor §fethodiGnd BEFRANRE B vkl bRE/RF bRGhical @i ﬁﬁizéééﬁlg
b cause the senaphore entity sends nessages

A s R Bles Sl M ot e%‘zgéénpéﬁ%udd‘ for puposes
oty RS pire RS e B ey Bl o Hode o

dependency, which can_be | ndi_cat ?% by a semaphore.

t thoeongh ynéaretanding afhe inventiass ToMallSG appAtemcheRpshda 989
is used to indicate, that the thread is in sleep

nskilded i8 thrP0@5the §&/EREorEN bepraciced withogt @emspepl@@ Higtails.
When the dependency is resolved a nessage is passed to
Chidthalinstances, structures and devices are shown in block diagram form in

order to avoid obscuring the invention.

Overview of an Example Use of Active Semaphores

[0013]  Described herein is an architecture and associated methods in which
multiple parallel passive threads of instructions (hereinafter referred to as
“threads”) coordinate access to shared resources using “active’” semaphores. The
semaphores are referred to as active because the semaphore entity sends messages
to. execution and/or control circuitry to cause the state of a thread to change. For
example, a thread can be placed in a sleep (or inactive) mode by a thread
scheduler in response to. an unresolved dependency, which can be indicated by a
semaphore. A thread state variable corresponding to. the dependency is used to

indicate that the thread is in sleep mode.



circuitry (e.g., the thread schedul er) causing the

dependency variable to be cleared. In response to the
wetwaned7slependency variable the thread i s pl aREHUS20040¥3320

active (or wake) state. Execution can proceed on the

threads in the active state. [0015] Continuing wth

the. exanple above, if a thread attenpts to. acquire a

semaphore and cannot, that thread is placed in an

i nactive state. Because the thread is inactive, it

cannot poll the semaphore to determ ne when the

d en indicated b phaore i s resolv

RTAS oo e M rsh Ot 8 HREREE: bt T koh P o

in the inactive state til a S a%g is received

(@rQtry ¢ gore theeads eusigthe dspeprency variablednbe

the dependency has been resolved. |In response to the

nelsyadieln responseripdhaiclpared depandengy vepeblgdhe theeagitiaplaced in an

whi ch al | ows execution to proceed. [0016] Figure 1.

| &ctive lpdrowdkedlstatgs. Eneaftioncan prdveell orethie thieads ifrths aotive ytate.
~multi- threaded processor. architecture. As used

hpoesn.  diatihdhewith RS SlauPley above! if a thidh® a8@Hpts to acquire a

architecture refers to an architecture that i ncl udes

oS leBlo oRA PAGEE ] en il plfied e i BULGRZRR
suppqr.t. one or multi t hr eads. l.ti-.threadi,ng, on
RBAG ippltecl sfhoLdl BeghApie 18 bt WERS I teRBhdeney
by allowi ng active threads to.be executed  while.
otdispted by tesrgmaphore isrepoiucd: 2 & ©eauired inAhg prioratt. | Hherthesad
inactive state. pending on a semaphore does not
crsnminsan thednective slatedmdl a megsagedereceiNed (6-3-herythe sagnaphere
description with respect to a massively nulti-threaded
aemtity)tinditating, thdt tie dapeRBNOy D86 ré¥0cVedSIn Bebporist4o the3
211 semaphore constructs and associ ated net hods are

apBshd Methicad RPladed i the atlive stdRdwhich AllbRE tiécation to
regardl ess of the nunber of threads supported.

proceed.

[0016]  Figure 1 is a block diagram of one embodiment of a massively multi-
threaded processor architecture. As used herein, the label “massively multi-
threaded” architecture refers to. an architecture that includes multiple processors
that can support multi-threaded execution. In one embodiment, each processor.
may support one or multiple threads. Multi-threading on a single processor
achieves high execution efficiency by allowing active threads to be executed
while other threads are in inactive state. A thread in the inactive state pending on
a semaphore does not consume/waste processor resources. Notwithstanding the

description with respect to a massively multi-threaded architecture, the



[00171 Massively multi-threaded system 100 i ncl udes
menory hierarchy 110 that stores data and instruction
W@ 200806a1%ed during execution by one or nore pROUESMD4IEH3320

cores. Menory hierarchy. 110 may i ncl ude dynam c
random access nenory (DRAM, one or many | evels of

i nstruction caches, one or nmany levels of data
caches, and/or one or many | evels of shared
instruction and data caches in any manner known in
the art.. Thread di spatcher 120 is coupled with nmenory

hi [ ' ' .

" REDAELY cohe st AR TR A BRI gy -
assocj ated. with a new thread... Thread di spatcher 120

2 e s iR o Ciramidien 6T B SUpBPriRds cage

bus 125.. In one enbodi nent, thread dispatcher 120 is

r $8Ydhsi BYlessyelyrawiighregdedheystenhQigelpdepmemesy bierarchy 110
processing cores. Upon receiving a new pending

t lthrab stdres tihin @ad indirsgtainah de vi@Ddwmigestatiomoby qreaaesaeng
core that has the resource to. execute the pending

t BfRadinaitdred] Mabdih@ferarthe110eR thehide Aynb@icRhashabcess

processing core... Upon the conpletion of an existing

¢ ] . ’ : ¢ :
R PR A G I IGRAE AR HHRS P mefy Ll
th rocessin aQre ] e ture.pendi : .
¢ AP ERREE bl & S By B Corffrpd A BB B caches n
mul ti pl e processor cores 30,, 13 139, .150,. 151 and
ey b KRG i s Frep s HeRar IR0 couplsel Vigh emory
associated control circuitry._ The processor cores can
bbicragelit § 1@ateceives inforpatiensio as lstruelionppintepgrd dain gndior

functionality. Any nunber of processor cores can be
i dath pdinter assosiate® Wi hOEnay6 Bired. FbTgaddepatchen120 ds@cdhipled

with the processing cores via message bus 125. In one embodiment, thread
dispatcher 120 is responsible of managing the thread resources of the processing
cores. Upon receiving a new. pending thread, thread dispatcher 120 selects one
processing core that has the resource to. execute the pending thread and dispatches -
the thread onto the selected processing core.. Upon the completion of an existing
thread on a processing core, thread dispatcher 120 is informed, consequently,
making the thread resource on the processing core available for future pending
threads.

[0018]  System 100 is illustrated with multiple processor cores (130, 131, 139,
150, 151 and 159), each of which include execution circuits with associated
control circuitry. The processor cores can be identical or the processor cores can

have varying functionality. Any number of processor cores can be included in
5



system 100. In one enbodi ment, the processor cores are

configured in rows, each row having a row controller.
wa05esdmpl e, row control l er 140 can be coupl eRCT/UB20PH/043320

processor cores 130, 131 and 139 via row control bus

145. Simlarly, row controller 160 can be coupl ed

W th processor cores 150, 151 and 159 via row control

bus 165. [0019] The processor cores are al so coupl ed

wi th semaphore entity 170 via nessage bus 125.

Semaphore entity 170 includes nenory and control |ogic

provi de sema re f ctionality as desgcribed
h yse 100, e CBIROQReR S DrOGBRR SIS Al ORRGHrGe o, each
interacts with the processor cores by transmtting and
r ewe havingja s senfeallen sFeresemplserevi spngplen B40 ermba qoupled
bel ow [ 0020] . Thread di spatcher 120 is al so coupl ed
Winkith predeesoR ooies ¢B0,i18Y ahd 039 via roweestay dbub U451 Similary, cowe
enbodi nment, thread dispatcher. interacts with
S eSRRIIRE ?6(%&1' HeXeohpled Kiithlibaebdor drest150)16adindY1 59 via row
transmtting and receiving nessages as described in
grcglﬁ{ fief ail below.. . [0021]. Control circuitry in
eac proceSS| ng core nay contain thread scheduling

try.to manage the shal tipl r
ei@g ng A5 PTPGESE SARSS 3t a&cec§ gﬁlﬁd% rsgl%a g&% eﬁﬁgﬁﬂo via
contain |nstruct| sche du n rcuitr exe
o esep Dis 119, rmaphors FSRBL D RIS ifmci; 4 SR GOt t
execution, one or nore of t he proceSS| ng cores will
aptosiget semaplare Smnstionality 8s dspenteshherein inare embadigerter
to gain control of a shared systemresource a thread,

t beraptlord ity D70 imtspantsiwitly theypeaagssioo nores by dransmitingyarich
control of a semaphore corresponding to the shared

S Y&deRAng MEsaktsGf deRribed ogeaaeitailbelow.

-u(

[0020]  Thread dispatcher 120 is also. coupled with semaphore entity 170 via
message bus 125. In one embodiment, thread dispatcher interacts with
semaphore entity 170 on behalf of a thread by transmitting and receiving
messages as described ‘in greater detail below. .

[0021] = Control circuitry in each processing core may contain thread
scheduling circuitry to manage the state of multiple threads executing on the same
processing core and may also contain instruction scheduling circuitry to execute
an active thread of instructions. During instruction execution, one or more of the
processing cores will attempt to access shared system resources.. In order to gain
control of a shared system resource a thread, through the corresponding execution
core, must gain control of a semaphore corresponding to the shared system

resource to be accessed.



WD 2005/ 066778 PCT/US2004 /0 4 3 3 2 0 [0022]. In one
enbodi nent, in order to gain control of a semaphore,
WQ h5/0668TRIeSt i Ng processi ng core sends a senaphOr/ES2004/043320

request nmessage to, senmaphore entity 170 over nessage
bus 125. After sending the semaphore, request nessage,
the requesting thread is placed in an inactive state

i n which execution and associated operations (e.qg.,
pol i ng of semaphores) halts. [0023]. In response to
recei ving the. semaphore request nessage, senmaphore
entity. 170 determ nes whether to grant control of the
sdi®For eln perambodunant dn PFisT ta gaimeentrol ofisemapleore, the
semaphore is granted, semaphore entity 170 sends a

S gequekloTEprocasking whre dgulsmeesapleore cequbst meuRSioisBiaphore
thread. In response to the semaphore acknow edge

NMeAsEUT0 ovbemeaageiiisi 128, Wiee8hding theSdiRkRdrd Rquad message,

active state in which execution using the redqueste

I YROGERAL M 4IUS E}acémiﬁ'ﬁntiﬁ’h%ﬁ{'@ §t§%qré Eﬁléch &&@H{ugrg%g use

of thé shared resource, the thre sare

S t Q. S€e hore enjfity. 170. In

; SRR oD AN R TRBNEReA Lhat L o ge.

S ore entity 170 rel eases the. semaphore. and

o TR TnaPerpiiedd acet ane B8 pemsphoicssguen mswacoypoaphore
resource. [0024]. In one enbodi nent, semaphores are

s GppY AR detsymings whether to gent cqnirohafitho semaplge tortheireqsting

that are executed by a processing core, as. well as .
ntwealy ¥ h¢mshrephaphereais gemtpds jemdphoreneity BEGaHdD gk¥Bghore

processi ng cores and senaphore entity. over, for

exckmpivicdga nisespa gethb wequestitly threhd) Blrb§¥di@é & the semaphore
enbodi nents, different and/or additional nessages or

| AkinbWiddic Rfes$e@b, tR€requesting thread is restored to an active state in which

execution using the requested resource continues. When the thread has
completed use of the shared resource, the thread sends a release semaphore
message to. semaphore entity 170. In response to.the release semaphore message,
semaphore entity 170 releases the semaphore and allows other threads to gain
access to the system resource.

[0024]  Inone embodiment, semaphores are supported by instructions
(semaphore instructions) that are executed by a processing core as well as
messageé (semaphore messages) that are passed between processing cores and
semaphore entity over, for example, a message bus 125. In alternate
embodiments, different and/or additional messages or instructions can be

supported.



supported.. 7 WO 2005/066778 PCT/ US2004 /114 3 3 211
Semaphore Entity Based on a Linked List [0025] In one
wenssdéatent , tradi ti onal per semaphore queues BEEUS2004/043320
repl aced by a buffer pool having entries that are
used to forma linked |ist for each semaphore. Thus,
each semaphore can be a head pointer to a linked |ist
formed fromentries in the buffer pool. The |inked
list can be either a bi-directional linked list or a
uni - directional linked Iist. [0026] In one.
enbodi e .a_senmpphoy e &?.le i ncl udes a pointer for
3¢ R HB PSSO (A EEA LISL 1 one enbodi ment, the
pointers in the semaphore table are head pointers
t F9R5] ndile gneembodimarf, Geditional presgmaphore gueuss atevepla¢ed by
the correspondi ng senmaphore... A free. pool pointer
i atuffatpes] hdvingwidesahattand dsed tefooin a buldd lisiufoeeach semaphore.
semaphore entries include a NULL pointer. [0027] In

OTRusC BRAGE re EACH: SIRAA PO 168 linked HiE FOHHRA fom entries in
rel eased-state field, an ack-suppression field, a

thr . (g : . , .
il (T Yh Rl o ) B fifrcR bl eIt B i
different. fiel.ds can be used, for exanple, the
pﬁalé?ﬁ%f}ﬂéﬁlﬁ'%?‘ﬁt‘sg‘r can be omtted.. In one enbodi nent,
each semaphore can al so include a, single bit (or
ot0026] | dm eng GRYodigent  pemanhorgable ncludesa Ppintex dor cas R
corresponding to. the semaphore is enpty. Semaphore
Meseaphers spo2gfl. Enoncambadenau ithe pgmterm@hggema@ﬁ@@l@@p
is used for a thread, or a thread di spatcher on

bark &lkedd pdintarstthat émdicate @ hemled adinked listsd be oseidHfer thenaphor e

corresponding semaphore.. A free pool pointer indicates the head of buffer pool
and unused semaphore entries include a NULL pointer.

[0027]  Inone embodiment, each semaphore entry includes a released-state
field, an ack-suppression field, a thread identifier field, a previous pointer and a
next pointer. In alternate embodiments, other and/or different fields can be used,
for. example, the previous. pointer can be omitted. In one embodiment, each
semaphore can also include a single bit (or other indicator) to indicate whether

* the linked list corresponding to the semaphore is empty.

Semaphore Messages

[0028]  An Acquire Semaphore Message (ACQ_MSG) is used for a thread, or
a thread dispatcher on behalf of a thread, to make a request to the semaphore:

entity for ownership of a semaphore. In one embodiment, the ACQ_MSG



entity for ownership of a semaphore. In one
enmbodi nent, the ACQVSG 8 WD 2005/ 066778 PCT/ US2004
W0 208/0&738 211 contains. a semaphore identifi erPGT/652004/@43320
thread identifier field, an "auto-release” field and
an "acknow edge- suppressi on" (ack-suppression) field.
The auto- release field is used for a thread with only
a head dependency. That is, the thread depends on
previ ous threads, but no. subsequent threads depend on
the thread.. The ack-suppression field is used for a

thread with only. a tail ndency. . That is, the .
t R Asaentore Byt ol R AyeRT Ok ekh b mto pelease
the thread does have subsequent threads depending on
i field and an Aexyoewladge-sppprpssinge dadkysupprepsieny dieldli Bysaautorer
or other control circuitry associated with the thread.

[ 80284 fitld i neddoba threadnvith oy heatdipendegcy.hEhAR, ZhESBread
the semaphore entity enqueues the semaphore entry for

t Bépen@sitiepievios eirehdsbiad nb. isﬁlks@gudn't fhireadb défRd oh MedPkead.

semaphore by renoving the head entry froma free pool

| irfd aﬁ%%gﬁfggéﬁﬁg ﬁﬁd el% §5e>dt 3 E@é&d with ﬁl@f a4l feﬁ)@ﬁééncy. That

senap 0 senaphote entry are
updat sed the information i he Al . _the
¢ e B Ghreak A8 Roffernd ph iy iEPiopfheials miF eamp R foes e
the ack-s ression field are | aced by .t he

r SHpSeient thicads deneading ga it eeﬁé&%%gﬁﬁ%}l%@ thready
and the. ack-suppression field in the ACOMSG If the
sdigpaiehst er pihaneantmo] eircuitsy srseciatapwithites threadt he ACQVBG
no. nessage is sent by the semaphore entity.

0629 sdn oné embedimentnppar recéiving ¢ ACQt MSGsthe sghsiphore
before the ACQVSG is received one of the follow ng

aéitity Bsquetied Ak Sdimaphofk¥h& ot the kdiRest tlvesd R 18&KSd G5t of the
field is not set an ACK MSG with the thread

'rrgggséggéeﬂlﬁﬁgfe?%%{ﬂgv{nﬁgm hdaf ARYBBROL BesPUdl likt A8 ablifig it to
the tail of the selected semaphore. The fields of the semaphore entry are updated
based on the information in the ACQ_MSG: the thread identifier ﬁeld, the
release-state field and the ack-suppression field are replaced by the requester’s
thread identifier, the auto-release field and the ack-suppression field in the
ACQ_MSG. If the semaphore linked list is not empty before the ACQ MSG no
message is sent by the semaphore entity. Otherwise, if the semaphore linked list
is empty before the ACQ_MSG is received one of the following actions is taken..
[0030]  If the ack-suppression field is not set an ACK_MSG with the thread

_identifier is sent from the semaphore entity on the message bus 125 to the

requesting thread. If the ack-suppression field is set no ACK_MSG is sent from

the semaphore entity. If the auto-release field is not set, the just-enqueued

9



requesting thread. If the ack-suppression field is set
no ACC_ MsGis sent from the semaphore entity. If the
waesvéeiease field is not set, the just-enqueREHUROND43320
2005/ 066778 PCT/ US2004 /114 3 3 211 semaphore entry is
mai ntai ned in the semaphore linked list. If the
auto-release field is set the just-enqueued semaphore
entry is renoved fromthe semaphore linked Iist.
[0031] A Rel ease Semaphore Message (REL_MSG) is used
for a thread to. nmake a request to the semaphore
entity to free awnership of a.se hqr e on
SHBBEROTE ALY (7R REeR B AEPRIE HERED, A Suto-elease
identifier field and a thread identifier field. In
diedd isrsobibie fustrenquened semaphe ealy isgsmp verbirpmdhespmpphore
control circuitry associated wwth a thread hol di ng
dimked &ibt. p of the semaphore, i.e., the thread
identifier is at the top of the semaphore |inked |ist.
Jposu]r ec ai Rélodke Semaptded MéBsagt (REE VIBOY (ke fUriatthiread to
renoves the entry fromthe head of the senmaphore

:\%@%?;rﬁh%e%{ to the Q%hoﬂe%ﬁﬁgb.'ﬁ@_o%@ﬁﬁi tsem‘hﬂgotrggfn one

e I ssue y control circuitry assoc

wi t.h .any .thr ' “ro.

Kataaiiiny Br R 0 AR SRR St er B nd arend,
rel ease-state fiel o th r ondi entry.in the
Gdenipie ielch th pusiom oy e Kifle MSF Sihanly bE fishitpriontiol
the entry. inthe linked list.. If semaphore entry is
aircpitey assasdnted with a thread-halding pypership of thesgmaphars, i.e., the
renoved fromthe head of the senmaphore linked |ist.
Thread édentifiertis yt the toptdfdie ssemphom dinkérkliste Higonfeceiving the
linked list.. If the next entry is not NULL, it wll

tFEE XMBGtaé senhdphbieentisweinoosh thé enthefrdrh tikeitbaliiof thehas
the rel ease-state field set, it is

semaphore linked list.

[0032]  In another embodiment, the REL,_MSG can be issued by control
circuitry associated with any thread sharing the semaphore.. Upon receiving the
REL_MSG the semaphore entity unsets the release-state field to. the
corresponding entry in the semaphore linked list regardless of the position of the
entry in the linked list. If semaphore entry is at the head of the linked list, the
entry is removed from the head of the semaphore linked list. The next entry is
then becoming the head of the linked list.. If the next entry is not NULL, it will

- be examined. If the new head of the linked list has the release-state field set, it is
again removéd from the head of the semaphore linked list.
[0033] In one embodiment, this recursive process continues until either the

head of the linked list is NULL (the semaphore queue is empty) or the head of the
10



again renoved fromthe head of the semaphore |inked
list. [0033] In one enbodi nent, this recursive process
weansoeass until either the head of the |inkeRCT/US1004/643320
NULL (the semaphore queue is enpty) or the head of the
10 WO 2005/ 066778 PCT/ US2004/ 043320 |inked list has
the rel eased-state field unset (waiting for the
rel ease of the semaphore fromthe thread
corresponding to the entry). If the head of the |inked
list is not NULL and the ack-suppression field is not
set ACK M5G i s, sent b the semaphore entity to
t ﬁ‘@k?ﬁg%gas ﬂlaéﬂ?%?ql-éfatecﬁela Heseb(yaiting for thexgtbasecdithe f i er
field.. If the head of the linked list is not NULL
afemaMeratemdhgibread soesponding to the satry). ribtheASkd MR lifiked
sent. [0034]. The Semaphore Acknow edgenent Message

( ESKs kBGNULE and éreicRisepprossidn@elé & iR 8ar &1 R0K MG R sent by
notify a thread that the requested semaphore™ has been

agieffhore RYit9 BEtHE TRGSH %ﬁﬁe&ﬂﬁh@m&é@ﬁi %:fﬁxl Br fleld.

semaphore identifier field and a thread |

fi .S | Ly by the se ore
oMt neal oINS 5 pbETHE B e BB BB iy mo
t rgad identified by in the thread identifier
f:&g?@h?@é%?flg Upon receiving the ACK MSG t he

r(fog’si Vi ngqhgr ocessing core unsets the wait-semaphore
st098dl \ aribgSemaphore Asknowledgement Message (AGK_MEG)tisr ead
identifier field. If the, thread is in an inactive
sgeneeated biethe sernephorst eatity fosnotifina heehd that theregaéstedeemaphore
state. Semaphore Instructions

has been acquired. In one embodiment, the ACK. MSG includes a semaphore

identifier field and a thread identifier field. The ACK_MSG is issued only by the
semaphore entity and received by the processing core executing the thread
identified by, in the thread identifier field.

[0035]  Upon receiving the ACK_MSG the receiving processing core unsets
the wait-semaphore state variable of the thread identified by the thread identifier
field. If the thread is in an inactive state, the thread state is changed to an active

state..

Semaphore Instructions

[0036]  An Acquire Semaphore (ACS) instruction causes an ACQ MSG
message to be sent to the semaphore entity with a semaphore identifier of the
requested semaphore, the thread identifier of the requesting thread and with the

auto-release field unset. The thread is put in an inactive state with the wait-
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[ 0036] An Acquire Semaphore (ACS) instruction causes

an ACOMSG nessage to. be sent to the semaphore entity
WaRaRoe73emaphore identifier of the requestedPCT/US2004/043320

semaphore, the thread identifier of the requesting

thread and with the auto-release field unset. The

thread is put in an inactive state with the wait 11 WO

2005/ 066778 PCT/ US2004 /114 3 3 211 senmphore state

field set. The ACS instruction is paired with

(followed by) a Release Semaphore (RLS) instruction

( ] e - . 4 nstructi ai an

b ST PR B, AT Tsuction 1 B BPubRed by
ire, Se h W th Autg-Rel.ease (ASR) instruction

ileass S o B eE b iR S RES: 1

with a semaphore identifier for the requested

s ByaHrionPairgan he ved Hoetioal sestiomapplicatiansquest i ng

thread and with the auto-release field set.. The.

t [0082d | AmAtquire Semaphare twitheAstoR eleast {ASR)hi@istwittibn causes
semaphore state field set.. In one enbodi nent, the ASR

| A8 ACIC MO te et toliBe sdddph6fb oty with & séfhaphore identifier fi
instruction.. In one enboéjihmsnt, t he ASR i nst rlugl%i gﬁ or

| fresisted i -
[ B Bste meroRoR et ool PS8 FRUNET 1l ifh e
It - hread.state to. be. chec ... .Jf the

P BRI i ERa B B e i T Rl it

state,.. |If_the state is not set the.. thread remains

o st GeId ety 1 ongerRbacmgal, the ARFinsirustioieannot be

semaphgore entity. in response to. a WIS instruction.

Lpaired withrfhe RES instiystion clnj ape embptlinesnt, theaA SR firstrictienps sl

was acquired previously by the thread dispatcher

ubr figeads svithCpivbtBadnlepertehéy.of the thread at the

thread dispatch tine. The WIS. instruction is not

Uf0es8]i T ANWait Semaplitpe GWIS) insfruetich datises &le wit-§dhaphore
thread state to be checked. . If the state is set the thread is put in the inactive state. .
If the state is not set the thread remains in the active state. No message is sent to
the semaphore entity in response to a WTS instruction. Use of the WTS.
instruction implies that the semaphore was acquired previously by the thread
dispatcher using the ACQ_MSG on behalf of the thread at the thread dispatch
time. The WTS instruction is not used if the ack-suppression field is set in the
ACQ_MSG previously issued by the thread dispatcher.

[0039] A Release Semaphore (RLS) instruction causes a REL, MSG to be
sent to the semaphore entity with a semaphore identifier for the semaphore being
released and a thread identifier for the releasing thread. The releasing thread

remains in the active state. If an ACS instruction has been previously issued for

12



ACQVSG previously issued by the thread di spatcher.

[ 0039] A Rel ease Semaphore (RLS) instruction causes a
WOREISM3GE’8 0 be sent to the semaphore entity wWETUS2004/043320

semaphore identifier for the. semaphore being

rel eased and a thread identifier for the releasing

thread.. The releasing thread remains in the active

state. If an ACS instruction has been previously

i ssued for 12 WD 2005/066778 PCT/US2004 /0 4 3 3 20

the releasing thread only one RLS instruction is

issued. _If_an_ASR in ction has. bee reyiously.

| e Gegacing oicad onb) kI D IRDSR IsSuoRL & AT R A BRen ks
issued.. If a WS instruction has_been issued for _the
r béenguéviepshhisaited for the refasingibrepd pe. RbS Instaigtion isdespedolf a
be followed by a RLS. instruction depending on the
aAWTS inetremiva has beendssmed foreheACiohEae twerd, the WIS indtmeteh

di spatcher. If the auto-release field is unset, no

Riny loP fifaly 46t bePlbwved b5 d®AS ihtnictien defieddinglopabieaib-gdlease
is Set aa RLS instruction follows the WIS i nstructi on.

Fﬁ@gg&g%%ef’i&@gis@s‘d Q43 BY R hrsd ai\éﬁaégregﬁm £utb 004k AR

i¢
ructions I's exec y a processor, the

I nstruetj.Qns . ar.e execut.e I 1 . are
e SRS i in Fusati: I oot aR RSk B Rr
required, for exammle, a shared nenory | ocation,
omsw‘ét}ﬂnpfoléqwsoxt%gﬁ%ﬁ&#@cﬁ%y be required to access
t he resource. Thus, execution of the thread of
instructions is acconplished in any manner known in
3 of apdehye Semaphokgeeded. [0041] In one
enmbodi ment, . when a semaphore is needed, an Acquire

are executed when resources are available. When a resource having a semaphore
is required, for example, a shared memory location, ownership of a semaphore
may be required to accéss the resource. Thus, execution of the thread of
instructions is accomplished in any manner known in the art until a semaphore is
needed.
[0041]  In one embodiment, when a semaphore is.:needed, an Acquire
Semaphore (ACS) instruction is executed. . The ACS. instruction can be executed
by the processor executing the thread of instructions requesting the semaphore.
As part of, orin resﬁonse. to, execution of the ACS instruction, an Acquire
Semaphore Message (ACQ_MSG) is transmitted to the semaphore entity by the
processing core executing the thread over the message bus. One format for the

ACQ_MSG is described above. . Other formats can also be used.

13



Semaphore (ACS) instruction is executed.. The ACS.
instruction can be executed by the processor
We®Ws0647rRy t he t hread of instructions requestiPgr/UsRe04/043320
semaphore. As part of, or in response to, execution
of the ACS instruction, an Acquire Semaphore Message
(ACQVEG is transmtted to. the semaphore entity by
the processing core executing the thread over the
nmessage bus. One format for the. ACQVSG is described
above.. O her formats can al so, be used. 13 WO
2 667,78 PCI/ US2004 /114 3 3.211.[.0042] . art of,
ofUBR ) o Aot & TR BBt PP o A i e
.the thread requesting the semaphore is placed in_an
 thepaireruesting (e SETeaphotRs Rl Linga nghise gtaks vt e
set. By placing the thread in the inactive state,
i m@h@pismﬁdﬁ sett By plagiegide dhreadhint theinactinestate vihstmbtions
i ncludes polling of the requested semaphore should
t inethé thirdad ake setreagiutade whishlirdnddsollinkw diet reqifstddl sagbptbre
the thread in the inactive state processor resources

adHduRMtA¢ i) 36 HiHE edh Bt POFefiedS BYPthcl thD fhreddh B8R

pol l'ing the semaphore. For a proceSsing core

SRR S B e R ARGyt G S AR or A B5 e
t dSy. [Q043] T h tit [ t .
R kO Bt FOPLRG SeBR bR ik e
the linked |ist of the target semaphore. |If the
SBRBINERSRL refQUIpRSEnd fysiem g@%ﬂw Bé ysas\bysefberpstive

thread, the semaphore. entry is placed at the head of
ttheeaderaphore |inked |ist because there are no other

entries. |If the semaphore is. owned or. controlled by
df643jer The sahphoteentiyaregitsibe AGQ MSG andphcadhat t he
tail of the semaphore linked list.. In one.

asiesicBiférmatios ehtdy in thé 1ihked list of the target semaphore. Ifthe
semaphore is not owned or controlled by another thread, the semaphore entry is
placed at the head of the semaphore linked list because there are no. other entries.
If the semaphore is owned or controlled by another thread, the semaphore entry is
placed at the tail of the semaphore linked list. . In one embodiment, the tail of the
linked list is identified by traversing the linked list entries in the buffer pool from
a head entry to a tail entry and the new entry becomes the new tail entry. In
another embodiment, the tail of the linked list is directly identified by the tail
pointer of the linked list stored in the semaphore table.

[0044]  As threads complete use of the resource corresponding to the
semaphore the thread holding the semaphore releases control of the semaphore,

which is described in greater detail below. When a semaphore is released the
14



linked list is identified by traversing the |inked
list entries in the. buffer pool from a head entry to
W@2@0abé67et ry and the new entry becones the neRCT/ESI004/043320

entry. In another enbodinent, the tail of the |inked
list is directly identified by the tail pointer of

the linked list stored in the semaphore table. [0044]

As threads conpl ete use of the resource correspondi ng

to the semaphore the thread hol di ng the semaphore

rel eases control of the semaphore, which is described

in greater detail bel ow. en_a.semaphaore is. rel eased
| RresponEhe SoRsigE SO LA RS 0o FamphosliTied ok, g
semaphore entry at the head of the semaphore |inked

| rerpoyed and &wgwqmt semaphoye ertriarthe Hekedgisbberomes the head
the linked |list beconmes the head of the |inked |ist.

[ of#s]linldklista semaphore entry becones the head of the
semaphore linked list, its state fields are exam ned

by0045¢ SeWBEh®sEmhbid htrylHecdiies 16 Kea?}{ﬁﬁﬁe?s%%'iﬁgﬂ re linfLd
CK Gg. IS

is not set, an acknow edgenent nessage (Al

22%??2‘?%?%%@5%“?%’5@5 ?%%&%%%*@?m%g%@ﬂpf%ﬁm
b ehod B BchER e R e R Mt Blsmofia Tom

entity that the recejvi entity. has been granted
CUHRSFBRPTRe e e St horgated it o smapbera epiry nOne
response to the. ACK M5G the corresponding thread is
afarmatios the AGRMSEtisidgseribad abavec Qhérformmts ¢ansllsolbetiseds
in the thread resunes and the shared resource

c $he A€o MBS G indiaatestie tizanegiving entitxithdt ¢hereetwbng dntityhedTbeen
the thread has

granted control of the corresponding semaphore.

[0046] In response to the ACK_MSG the corresponding thread is activated.
When activated, processing of instructions in the thread resumes and the shared
resource corresponding to the semaphore can be accessed. When the thread has
completed access to. the shared resource the semaphore is released, which is

described in greater detail below. _

Example Release of an Active Semaphore

[0047]  Inone embodiment, a semaphore is released when a Release
Semaphore (RLS) instruction is executed. The RLS instruction can be executed
by the processor executing the thread of instructions requesting the semaphore.

As part of, or in response to, execution of the RLS instruction, a Release

15



conpl eted access to the shared resource. the semaphore

is released, which is described in greater. detail
wh2losnee7Bkanpl e Rel ease of an Active Semaphor eP@UOSZ0)4/043320

In one enbodi nent, a semaphore is rel eased when a

Rel ease Semaphore (RLS) instruction is executed. The

RLS instruction can be executed by the processor

executing the thread of instructions requesting the

semaphore. As part of, or in response to, execution

of the RLS instruction, a Release 15 WO 2005/ 066778

/ UsS2004. /114 hor e a

ofc igsshe FIEL IS Pl sl g ecsetnama ot me
the REL NMSG i s described abqgve. O her formats can al so
bormgtier theRIga YISGHs descpbeddore Ofher famatsmalsobe used.
semaphore entity matches the thread identifier field
of0048k REL régBGhsaito thetRIEL dAapthe semaphokeehtity statches thehe
correspondi ng senmaphore entry is at the head of the
| thidedd dénitisier fitldef S RIPD QVISG with the ¥etaphoyEhinkdddist. if @ad
entry fromhead of the linked list. The subsequent

easrf ording hovs el isdt tﬂlﬁfe@&%?ﬂfehﬁxk&ﬁﬁ&b g@tséﬁiaph-gpe?

sena ore can a{phen be"granted to the

B lZiﬁ%%“%%ﬁ%té%ﬁ%@fﬁ@Fﬁmf?Mﬂé‘ fsed B ?ﬁe “Hegtheph
B o KTt bevoimes e Rped ER « Crpsprasplions e (o bagraatade

I\/bdel 34@049] Based on the formation of the I|nked

thrg dhe poyn hepd entry o Hithe pergespending semaphore
aSSOC|at|ve semaphores or ordered semaphores. Based on
t emdry is notaidind lswil ofi theflinkkeé ligtOlkie kBGathoomentityeset ércapleaseestate
entity, semaphores can be
field of the semaphore entry.

l-'h

Behavior Models

[0049]  Based on the formation of the linked list used, semaphores can be
classified as associaﬁve semaphores or ordered semaphores. Based on the
transmission of the ACK_MSG from the semaphore entity, semaphores can be
classified as active semaphores or as proactive seinap:llores. Thus, four types of

semaphores can be supported.

Overview of One Embodiment of Associative Semaphores

[0050]  An associative semaphore allows concurrent threads to access the
semaphore in any order. In one embodiment, a semaphore is initialized by, the
thread dispatcher at the beginning of a session with a NULL linked list (or a

single bit to indicate an empty linked list). No other message is sent from the
16



classified as active semaphores or as proactive

semaphores. Thus, four. types of semaphores can be
wauppoearerl. Overvi ew of One Enbodi nent of AssORGEUS2004/043320

Semaphores [0050]. An associ ative semaphore all ows

concurrent threads to access the. semaphore in any

order.. In one enbodi nent, a semaphore is initialized

by the thread di spatcher at the beginning of a

session with a NULL linked Iist (or a single bit to

i ndicate an enpty. linked Iist). No other nessage is

S R PCT/ US20

¢ itead i dP e Yl R ’ﬁ%,e g s?imcﬁeﬂgﬁ it on
d ljst. is buj It on the fly byt

eﬁgﬁﬁfhﬁ%ﬁesr? o Pyl BT RS 1R GyHipie ieads O esiastiors

i nstructions. E)OOSl I n one enbodi nent, a thread

mid5d] a B goe smbpdiment aélsrgarhmak(rs\pereq@eetr&phnwobmve

executing an ACS. or an ASR instruction.. The thread

r sdreghior lyrexeastingrinaACS er aekﬂﬁhmtmﬁyn.,e'xmthtéaﬂgelaaﬂﬁl

instruction. In one enbodinent, a new ACQVSG wi | |

I assotibtive sefapEste by ckefutiag R RIY iRgricPioh N SROYFSIdieht, 2
thread being placed at the tail of the semaphore

DSOSy S e
P Bl LT BRE o BBt OB TR SR e omer

a rede d order. order is predeterm ned by
%‘gé;l&&?%%? ’éermﬁiﬁt he time of dispatching..

The order can be application dependent. As thread

di spatchr ng i s sequenti aI |n nature the t hr ead

Dyeryiewnef, OngEmbedimentof OudencdSemaphoses| f of each

di spatched thread to. the serraphore entlty to build

[0052]  An ordered semaphore allows concurrent threads to access the

semaphore in a predetermined order. The order is predetermined by the thread
dispatcher at the time of dispatching. The order can be application dependent.
As thread dispatching is sequential in nature, the thread dispatcher may send an
ACQ_MSG on behalf of each dispatched thread to. the semaphore entity to build
the semaphore linked list according to. that order.

[0053] A thread entering a critical section may use the WTS instruction to
wait for ownership. of the semaphore. The ACS. and ASR instructions are not
used as the thread will have already been placed in the semaphore linked list. In
one embodiment, the semaphore entity can only provide control of the semaphore
according to the linked list order. Threads waiting on the semaphore will receive

the ACQ_MSG in the linked list order.
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t he semaphore linked |list according to. that order.
[0053] Athread entering a critical section may use

WQ WSS 78 nstruction to wait for ownership. OPCE/LH82004/043320
semaphore. The ACS and ASR instructions are not used
as the thread will have al ready been placed in the
semaphore linked list. In one enbodi nent, the
semaphore entity can only provide control of the
semaphore according to the linked list order.
Threads waiting on the semaphore will receive the

Semaphores [ 0054] As described above, with an active
s&QPéghor eAs dpscrlmdvaboys, avithsamonctive saysapheresthe AGIG IMSG s wkd
a thread froman inactive state to.” an active state.
Thecauseatiphition afiatthteyd fromednviasctive &tads toBAREHASIMEThe
fromexecution circuitry executing threads. The

S SHRANOICoriB) debaivaltil o hARGNAO MSEs Aot SR Ghfiry

execution circuitry corresponding to.

t . i l.st.. U I i

¢ PR e, P SRRAL Sotity BFR skl oppBRIC MG B
eng.d exam.nes the state of.th w_head_ of the

- Bl SR rtenferRidif ik hredd ab B et Gevempbores

t e lon circuitry corresponding to the thread of
t k3 IRE hUBeh Tomou gt teed of tinesaapho inked Lidthe smmaphore
semaphore can al so, be an associative semaphore.
CHaity pxamiges thy staterdd gl newnhead fof fhedinked list, Setmpy taemit

[ 0055]. A proactive senaphore transnmts one and only
oFvbsADENtVECK. MSG toghe execution circuitry corresponding to the thread of

the new head of semaphore linked list. An active semaphore can also be an

associative semaphore.

Overview of One Embodiment of Proactive Semaphores

[0055] A proactive semaphore transmits one and only one ACK_MSG to the
thread at the head of the semaphore linked list whether or not the thread is in the
inactive state. This applies to threads using ordered séniaphores with ACQ_MSG
sent previously by the thread dispatcher so. that only one ACK. MSG sent to a
thread. A thread using an ordered semaphore may. contain a WTS and/or a RLS
instruction.

[0056]  For a proactive semaphore, the ACK_MSG is sent automatically by,
the semaphore entity to the thread at the head of the semaphore linked list. In one

embodiment, there exists a possibility of a “risk condition” that may exist if the
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thread at the head of the semaphore linked Iist

whether. or not the thread is in the inactive state..
Warkios/oeipd i es to threads using ordered senmaphoP@BUSE0041043320

ACQMSG sent previously by the thread dispatcher so.

that only one. ACK M5G sent to a thread.. A thread

usi ng an ordered semaphore nay contain a WIS and/ or a

RLS instruction. [0056]. For a proactive senmaphore,

the ACK MSG is. sent automatically by the semaphore

entity to the thread at the head of the semaphore

linked List.. In one enbodinent, there exists a
OB pFa ity o end B SRR GU A the Rermapheye Bkied st b the
the 18 WD 2005/ 066778 PCT/ US2004 /043320 tining of an
eitfiread dispaieher and the imedhe Hensis wisible torthe exaentidmociruitry.
linked list by the thread dispatcher and the tine the
t Becaue bethwctions aze initiatttbyethe dhieaddispdtetetibut Yocur Besw@hs e
both actions are initiated by the thread dispatcher,

bdiffepaf datatpataLme tinﬂﬁ%@‘)ﬁﬂl@iéte_v@ﬁth BB GnsidbRd, 1 M ng
of these events nust be considered.. [0057] If thread

e i 0 ' § [ .on, .t her
T L R SRl 2 OO T Bl Glph, et
[ Lo N fhe thr .Because. t he _wai.t- semaphore
¢ BE b1k bORut i oY RGO B e Recae Bnarar
even |f e:{g}e H\WS instruction of the thread is reached
b&fRaPLhore farep P@M#@blem%glé%tbtea@ Aispateharegyn ifghe WTS
linked list the risk condition will not occur. The.
wiestrpgtionrof the thread ésngached bafore the dlardad is coqueved tothe

i nactive state without sending a nessage to the,

seamgphoredinked listythe riskAfraditionevitlawtpdoar. eTenWITS)instaReisn an

ACK MSG to the thread, the execution circuitry

ceaisessthe freddto @atir the iNtiae btateaviGat Sonding a message to the
semaphore entity.. When the semaphore entity sends an ACK_MSG to the thread,
the execution circuitry. causes the thread to be active again.
[0058]  If the semaphore is configured by the thread dispatcher with the ack-
suppression field set a risk condition may result. In this case, the thread will not
be placed in the inactive state. Instead, if the thread reaches the RLS. instruction
and sends a REL,_MSG to the semaphore entity before the semaphore is
configured for the thread, the semaphore entity may not be in condition to. process
the REL,_ MSG. .In order to. avoid this risk condition, the thread execution and the
semaphore entity can ensure that the REL,_MSG does not pass the ACQ MSG
issued by the thread dispatcher.

[0059] Thus, in one embodiment, in order to avoid the risk condition, the

thread dispatcher completes thread configuration before completion of semaphore
19



[0058]. If the semaphore is configured by the thread
di spatcher with the ack- suppression field set a risk
wW@200806670 may result. In this case, the threaRCH$3004/043320
not be placed in the inactive state. Instead, if the
thread reaches the RLS. instruction and sends a REL
M5G to the semaphore entity before the semaphore is
configured for the thread, the semaphore entity may
not be in condition to. process the REL MSG . In
order to. avoid this risk condition, the thread
execution and the semaphore entity can_ensure that
t Renframrationaf the ask-serpression iyt spicibisdhrepd digpaichsy completes
t hread di spatcher. [0059] Thus, in one. enbodinent, in
oseraphpre conbiguratipie beforsicompirtioniod threadeonfigtwationl if the ack-
di spatcher conpletes thread configuration before

C supplrasion fichf is setrdebarse thkTh 6l ARPEERG ATspotcissiehii2B4d

/0433211 configuration if the ack-suppression is not

S@éﬂﬂl}!&@é}ﬁﬁ%&éﬂ%ﬂ%@%&%&%ﬂ; %»gg&@gpr e

configuration before conpletion of t

B ke picad el AR i I BB ERRAP R Erbapbiy  cac
-tnasmlon FAFHA SerepBan AaRBIshAEARRONY ek

is conpleted before semaphore configuration, the

t thatindicates that Hread configuipliqniis spmpletehederg sendingmessage ton
signal that indicates that thread configuration is
ceavpé eardighution of thersdinaphoze. nWhsw gamaphorecanfiguration is
configuration of the semaphore. \Wen semaphore

ceonhpleted dtfocsnthiend configurstiondithb eireiddisputeirte can send a message
configuration, the thread di spatcher can send a

NBSARER cohfghraliéd e tBe SAMHphOe 2Rl Wi 16f 2 Ei@ﬁaﬁﬁ{{gﬂﬁ%& that

and wait for a signal that indicates that t

SRR &%g&gg,&ggﬁ s W3ndpPot S OB SRR Y R HlrSRRHLNG

nread.

M

serial configurations can unnecessarily limit the throughput from the dispatcher,

the configuration operations can be pipelined.

Thread Synchronization

[0061]  Figures 2a-2d are conceptual illustrations:of dependencies in which
semaphores can be used to synchronize thread execution. Figure 2a illustrates a
1:1:1-(one on one) dependency. The dependency of Figure 2a can be a strong
sequential order dependency or an associative dependency. For a strong
sequential order dependency, a single proactive, ordered semaphore can be used.
In one embodiment, in the ACQ_MSG sent from the thread dispatcher to the

semaphore entity to request the semaphore, the ack-suppression field and the
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serial configurations can unnecessarily limt the
t hroughput from the dispatcher, the configuration
WQpwsaea7ohs can be pi pelined. Thread Synchr oniRGE/US$2004/043320

[0061] Figures. 2a-2d are conceptual illustrations of
dependenci es in which semaphores can be used to.
synchroni ze thread execution. Figure 2a illustrates a

1:1:1 (one. on one) dependency. The dependency of
Figure 2a can be a strong sequential order.
dependency or an associ ative dependency. For a strong

sequent i al der. dependenc a,sLnhgl e proactiyve,

o Fr Bl Al bt ET o ol bR o4 SRR BlarSh v rs s
the ACQVEG sent fromthe thread di spatcher to the

s dnplippEepaifoioplpin andreleasedhe seaphettaphor e, t he
ack-suppression field and the 20 WO 2005/ 066778

P{006252 0 (Hor/af Basogiavedependanoy raxingle ectiviegisdociatevelsomaphore
unset. The thread of instructions includes a WIS-RLS.

| B&d bendeld 0 fin G smbodiditainnheACQ BISE sént fioen SRERMIIRitry
[ 0062] For an associ ative dependency, a single active,

agRQmliAd h e RRTRRNRARPhGR RS, tY $&flest i1k &Hﬁyﬁ&i@?ﬂ& pgat

in the ACQVSG sent from execution circuitr executl ng

2 sl 880n' g Lo SIBRABIE (R deb Both G4 ER knubdifor

p e ack- suppression

aut o-rel eas i el r oth unset. The, t hread. of

" sthions Sioden &1 A6SRLN ket SPGB e 1 o

obtain and rel ease the semaphore. [0063] Figure 2b

i eADPE: es a 1: N (one on many) dependency, where one

thread has head dependency on N other threads where

t 963N otFiguretZriustratesa Ibt(onclerpmany)sieperaiehcy; where. one

Here N is a positive integer nunber that can be one or
thread has head dependency on N other. threads where the N other threads do not
depend on each other. Here N is a positive integer number that can be one or
greater than one. . For a 1:N dependency, a single proactive, ordered semaphore
can be used. In one embodiment, for the N independent threads, ACQ_MSGs are
sent by the thread dispatcher on behave of the N threads. In the ACQ_MSG sent
from the thréad dispatcher to. the semaphore entity to request the semaphore, the
ack-suppression field is set and the auto-release field is unset. For the single
thread, which has head dependency. on the other N threads, an ACQ_MSG is also
sent by the thread dispatcher. In the ACQ_MSG to request the semaphore, the
ack-suppression field is unset and the auto-release field is set. The N threads of
instructions include only an RLS instruction to release the semaphore. The single

thread of instructions includes a WTS-RLS instruction pair to. obtain and release

the semaphore.
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greater than one.. For a 1: N dependency, a single

proactive, ordered semaphore can be used.. |In one
wepisdéatrent, for the N i ndependent threads, ACEIUBEE2004/&13320

sent by the thread di spatcher on behave of the N

threads.. In the. ACQVSG sent fromthe thread

di spatcher to. the semaphore. entity. to request the

semaphore, the ack-suppression field is set and the

auto-release field is unset. For the single thread,

whi ch has head dependency on the other N threads, an

Al I Spal so nt by the thread dj spatcher. In the
A% t oﬁ%‘ﬁﬁ%@%ﬁ@%@hﬂb%@%ﬁ on;qRe) deperdengppwheas Non
fitﬁ?d is unset and the auto-release field is set. The
N

plshaye dpad depgdeney po asinglecthredd butrthy NathreRiSdo not depend
instruction to rel ease the semaphore. The single

t Ioneeach other. For adN:A idependbmg, udiﬂgleq)rc\%ﬁv&eﬁiér&gééu%h&ﬁ%an

pair to. obtain and release the semaphore. 21

200 5sGH 0F bie BEFOAIRRAE nd Bredd aisfaté’héi? id %g;ﬁ)%ibl%%é gc

illustrates a N1 (many on one) depen

e R A R oAl B o o b egenten

t he t hreads do not depén

d i:nal rpactive, ordered semaphore can

o R Gl <RGN K R TEi perhi v BrARRIMSGS to
responsi bl e of sending ACQVSG on behave of both the N
d%eﬂgﬁsgi?‘f’gsempégﬁstﬂﬁ -fupBressian felddners and thetanteartlease field

one enbodi nent, for the single dependent thread, in
t lemsHohprbe dNhdepeading threadseindberACROMS G tdwequest the
ack-suppression field is set and the auto-rel ease

f semaghorestheasle supprdssion fiek] idludem enting guioreRasSHe1l & dpe
ACQMSG to request the semaphore, the ack-suppression
f Tl single dependént dinead SinstHicBoAEineRd& dnlyPAfRT S ifGliction to
release the semaphore. The N depending threads of instructions include a WTS-
RLS instruction pair to obtain and release the semaphore.
[0065]  Figure 2d illustrates a N:M (many on many) dependency, where N
depending threads have head dependency on M dependent threads. In this case,
the N depending threads do not depend on each other,.and the M dependent
thread do not depend on each other. The N:M dependency case is a more general
case comparing to the 1:1:1, 1:N and N:1 cases described above. For a N:M
dependency, a singlé proactive, ordered semaphore can be used. In one
embodiment, the thread dispatcher is responsible of sending ACQ_MSGs on
behave of both the N depending threads and the M dependent threads. . In one
embodiment, for the M dependent threads, in the ACQ_MSG to request the

semaphore, the ack-suppression field is set and the auto-release field is unset. For
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The singl e dependent thread of instructions includes
only an RLS. instruction to release the senmaphore.

wab@sMbadapendi ng t hreads of instructions incl URE/ESAH@43320

RLS. instruction pair to. obtain and rel ease the
semaphore.. [0065]. Figure. 2d illustrates a N M (many
on many) dependency, where N dependi ng threads have
head dependency on M dependent threads.. In this case,
the N dependi ng threads do not depend on each ot her,
and the M dependent thread do not depend on each

of,her .. The. N.M depengde IS a re general case
c i e thioeh S A 350 4 Fechedt BacusTraine: e o
above.. For_ a N.M dependency, a_single proactive,

ofwpFession disld s ypset and thsautesislpasq field jrset.¢ i dependent he
thread di spatcher is responsi ble of sending ACQVSGs on
béieade obinstruttions eludechafyearcR b intstmetiisto aclease tiee ddmaphore.
dependent threads.. In one enbodinment, for the M

deheNdipéndity theehds of hstritionéIaviude b WTSRISSinstritfion pair to

semaphore, the ack-suppression field is set and the

a%tgmraghgaégeftﬁ@gegﬂahﬁoﬁnset. For 22 WD 2005/ 066778
PCT/ US2004/ 043320 the N depending threads, in the

WGt . r t he ack- suppression
freld i s%lljl%? g#&?ﬁ%&%?% a%? ggjér)aé d.can equggao §“§’B g‘%fn.orel'he
M dependent . t hreads of instr i.ons include only an
R EAE gdenstes; o exmle Foiad Vo af derorency: mrambctive
dependi ng threads of instructions include a W'S-RLS.

i Prdeted sehaphopesiare used. ThaMal deneadency isproecsserkas described
semaphore. [0066] The dependencies of Figures 2a-2d
czhevpwithgespeetdo Figpe 2¢ ambthe 1:N depehdoncyt épprodessal sslescribed
For exanple, for a N 1:N dependency, two proactive,
above with respect to Figure 2b.

[0067]  As described in greater detail below, the semaphore mechanisms and
the thread synchronization techniques described above can be applied to many.
operations performed in a computer or similar electronic system. In the examples
set forth below, various graphical processing techniques can be performed using
the semaphore constructs described herein. While the graphical processing

techniques provide useful examples for use of active and proactive semaphores,

use of these semaphore mechanisms is not limited to graphical data processing.

Semaphores and Ray Tracing

[0068]  Ray tracing is a technique for rendering three-dimensional graphics
and can support complex light interactions such as mirrors, transparent surfaces,

shadows, efc. In general, ray tracing is based on modeling reflection and
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ordered semaphores are used. The N 1 dependency is

processed as described above with respect to Figure
wQ@00aMeb7the 1: N dependency i s processed as desRCT/B8a904/043320

above with respect to. Figure 2b.. [0067] As described

in greater detail below, the semaphore nechani sns and

the thread synchroni zati on techni ques descri bed above

can be applied to. many operations perforned in a

conputer or simlar electronic system. In the

exanpl es set forth bel ow, vari ous graphical

processi_ng technj s can be perfqgromed usin
Jefraginorhy regmsvelyde °‘M%‘§211 3 (F)lb‘ihﬁ awqu‘gtlﬁékes at the

graphi cal processing techniques provide. useful

ey iypimsss fhgpughsesaghe. ad tifage obanhy hebersnitwe bounces karbetyeen
use of these semaphore nmechanisns is not limted to
ghée pdita@ppositivnao pliofissbiunge odstwedn @sccapdsifioy of & it to
[0068] Ray tracing is a technique for rendering

tihe ﬁ?ht‘%oﬁﬁ:@?is‘?é‘ﬁhe& (PR U 16§ sedidht.CAB tIRURP N frace@ FRhFke

Ilgh i nteracti ons such as mrrors, transparent

UL FmAIRTELE i 14 o HERFO e, RNl A
Pt? SRR 43%2%#&1?5‘%%‘ Sy irain e o an dhe o, SR )

bounces throu h a scene. A trace of a ra bet ween two
B0y gk Formamce, KB brRaflssianreMogel ioRGompyist

bounce or betvveen a screen position or a bounce to
tGraphicg i AGM iraws). on Sraphiesrl; ¢ {Janol 22) and Gassusyi(ed), Adn
the ray is traced fromthe view ng perspective (e.g.,
dntradiestion té Ray Meacing, YAtademic Press, Neer Yadkp198%

determ ned for each pixel. Various techniques for ray
Hogoy]ng mnt&ammrnglanhh@garstn ro@ Gacih@tec hﬁpgassoh@m

and Torrance, KE , "A Refl ect ance del for
(RARHEES be rendered by with starting the eye rays on each screen position. A

screen position is also referred to as destination pixel. Each eye ray will traverse
the three-dimensional scene space and generate one or many ray segments due to
the reflection and refraction interaction with the objects in the scene. Ray
segments associated with different destination pixels are independent of each
other. The processing of ray segments associated with different destination pixels
can be computed in parallel without modifying shared resource and therefore
without using semaphore mechanism.

[0070]  As there are many destination pixels on a image screen, the ray tracing
problem can fit well on a massively multi-threaded computing architecture. For a
single destination pixel there may be multiple ray segments. . As the contribution

for multiple ray segments to a single pixel are accumulated, the final color can be
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G aphics,". ACM Trans.. on Gaphics 1, 1 (Jan. 1982)

and d assner, A.. (ed), "An Introduction to Ray
wae@sheg78 Academi ¢ Press, New York, 1989. [ 00BOI/UYHe@4i043320

rendering an inmage using ray tracing techniques, an

i mage screen can be rendered by with starting the

eye. rays on each screen position. A screen position

is also referred to as destination pixel.. Each eye

ray will traverse the three-dinensional scene space.

and generate one or many ray segnents due to the

re : | . ien knteraction w.th.th bj.ect

| e b AVttt A of ook e hen Bp el Pebiasl For
destination pixels -are independent of each_  aother.
THSaP I when His T8y Soemiprisg heiele BISel e Brosessed weing different
different destination pixels can be conputed in
pdhrepdson pmapsvely mudithreadgd shmpeiing aditectuze, dngiupdate of a
therefore w thout using semaphore nechanism [0070]
Ayitdirfmabcadonmhichde atsharad resounoe fatlthe threads he¥Beiated with the
screen, the ray tracing problemcan fit well on a
MeEfe Ydtel, rilifes th Wise 4 Q deBaHINS inBehaAlsa] B Chathle, £ @
singl e destination pixel there maybe nmultiple ray

2 SRPBRIcy mefhnl &0t le O v iba Bk Pl Y

nts to a single pixel are accunu fi nal
cgbw cang e %4ﬁV\D 05/ 06ﬁ778 PCT/ US2004 ./ 0433211,
ddPEl e {08 a5t ye andiqr Pioachys Symaphents. opcrations,oR fracing ray
associ ated wi.th the pixel. For exanple, when the ray
séaﬁamtgﬁpﬂu‘ésngmgﬁe Pig@ssogiated i a sarmpon pixel) can be
different threads on a nmassively nulti-threaded
c G¥prtedig parallgl. t laong embodiment; tarssemaphora ideptifiet ¢ag bei nal
color, which is a shared resource for the threads
aslsteunied By hashing the destamatioppixel addressgulfitiege hfecfewere of a
semaphore nechani sm. For exanple, a N. | dependency
neemnaptioses availsblé tiad iklepumientiiRelb ot PikdiOhay share a

raci ng.

t s:r;aph%re. This is a performance issue but not a functional problem. In this

. embodiment, the semaphores can be used dynamically without global
synchronization. Without using semaphores, operations for tracing ray segments
associated with a pixel are performed sequentially. Thus, use of semaphores with
ray tracing techniques allows for. greater parallel processing..
[0072]  Figure 3 is a simple example scene in which rays are traced from a
light source to a viewer. . A large number of rays travel between light source 300
and viewer 330; however, only a small number of rays are illustrated in Figure 3
for reasons of simplicity of description.

[0073]  Ray 340 travels directly from light source 300 to viewer 330. Because

ray 340 is not reflected or refracted, the pixels corresponding to ray 340 are
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[0071] Using active and/ or proactive semaphores,
operations for tracing ray segnents (including ray
Wa2e6t’38 associated with a common pi xel) canP@EUS2004/043320

executed in parallel. In one enbodi ment, the semaphore
identifier can be determ ned by hashing the
destination pixel address... |If there are fewer

semaphor es avail abl e than i ndependent pixels, sone
pi xel s may share a semaphore. This is a performance
I ssue but not a functional problem. In this

enbodi ne he .se res. n.be used ngm cal |
WP by e SoLGTaIRRD ROy il B 2 o0 oAy hecin
semaphores, operations for_tracing ray segments .
aseapyiatiens far 1@&9@@8%@&@%?%@@@8@@ BaP Isymore
Thus, use of semaphores with ray tracing techni ques
atéroplex becauge thetlipht jsaeBédtes bypotgent §30.ng. [0072] Figure
3 is a sinple exanple scene in which rays are traced

f[ooMp | Aghisciiseed sbove,Gap tridigyBperatiohs i $EmBuIE 1380 avd 355
rays travel between light source 300 and viewer 330;

h ; I ;
SN orRfc i furte, THRM TR ol ORIORE for s ol 21 P

[ [ r l. | 300
{355 oA ierhiged B Budaah 360 ol QWb PRS0,
refracted,. the pixel.s corr ondi to ray 340.are 25
st B R Bt RO vy e Bl 0BEROEG by
the color of light provided by |ight source 300. Ray
t Caerdinptiop ofthetiyoithreads ap bepecomplished-uingaptiye s¢maphptss as
ray segnents 350. and 355 is nore conplex because the
| degotibédabioa®] ect ed by obj ect 310. [0074] As di scussed
above, ray tracing operations for segnents 350 and 355
CR0O75E peFigareweid a flow diagtanedf one Bk dinicdy of fagiabihg using
operations for segnents 350 and
active semaphores. The ray paths are determined, 410. Determination of ray
paths can be accomplished in any manner known in the art. The components
(e.g., hardware components, software components, etc.) used in the ray tracing
operations determine whether multiple ray segments contribute to a single pixel,
420.
[0076]  Ifa single ray segment contributes to. a single pixel, 420, the ray path
is traced, 425. For this single ray segment, any ray. tracing technique known in
the art can be used. A pixel color is determined, 475, based on the resulis of the
ray tracing operations. The pixel can then be displayed, printed or otherwise
rendered for viewing.

[0077]  If multiple ray segments contribute to a single pixel, 420, one or more

of the multiple ray segments can be traced in parallel. Ray tracing for multiple
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355. can be perforned as two. threads, the results of
which are. conbined to provide the pixel color

WO a7y fromthe nultiple ray traci ng oper aRGUEHS2004/043320
Coordi nation of the two threads can be acconpli shed
usi ng active semaphores as described above. [0075]
Figure 4 is a fl ow di agram of one enbodi nent of ray
tracing using active semaphores.. The. ray paths are
determ ned, 410.. Determ nation of ray paths can be
acconplished in any manner known in the art.. The

conmponents. (e.q., hard ents, software
CORRSRS i bl gl BV CRIRONEI. S oL NELE e
det er ni ne whet her m.l|tl ple ray segnents contribute to.
adenengent uppn dre resulsf the Y PBping pperatiensifgt heMisaysegmens.
contributes to, a single pixel, 420,. the. ray path
i%r&deﬁparﬁ@ﬁcyﬁdnandﬂhdasdésmjbefdabaye.segrrent, any ray
traci ng technique known in the art can be used. A
P[0078] C ol When thetiRpeideheieslare4ddolveR o tHRFedulS of flﬁ%ﬂlﬁﬁe

of the ray tracing operations. The pi xel can then

:ﬁﬁfﬁ% epd'tioﬂﬁ Qﬂz a%mﬁﬁlgﬁsﬂvﬁﬁ)e A éﬁ(@fj&ﬁﬁqf tl&'émy]hgdmﬁg

multiple ray seghents tontr

SB&%% Qﬁ@&%gul <Lt :Qc'}gm at rlagrrr'icgl{lg togé'ﬁtrirc?x{sgg&ﬁ glx'eg then

S Ccahn e trace

2005/ 066778 .PCT/ US2004/ 043320 ray .
gﬁ%bﬂéﬁfﬁgecﬁﬁnﬂvgflﬂ PHerviss readeref £or viewingy dependency
where the pixel result is dependent upon the results
t? {)ay traci ng operations for the N ray segments

e ":.‘A.A.-‘.: HRENS ‘5.: 4!.)!.= "‘ j: -';7_‘3__
[0079] In Z-buffer-based three-dimensional graphics rendering, rendered

T

objects are divided into render primitives such as points, lines, triangles, triangle
strips, etc. The render primitives are projected onto the viewing screen. Render
primitives projected onto. different screen pixels can be rendered independently.
When multiple opaque primitives are projected onto the same screen pixel, only
the primitive in front of other primitives (with a smaller distance measure from
the destination pixel, the so called Z value) updatés the screen pixel color. .

[0080]  The Z-buffer is a screen size buffer that, on a pixel-by-pixel basis,
stores the Z value of the most recent update to screen pixels. Obscurities are
resolved using Z-test. For any primitive that projects on a screen pixel, the
primitive’s Z-value is compared with the Z-value stored in the Z-buffer for screen
pixel. If the primitive’s Z-value is smaller than the Z-buffer value, the destination

pixel color is updated with the rendered color from the primitive, and the Z-buffer

27



[00781 When the dependencies are resolved, 440, the
results of the nmultiple ray tracing operations are
wazwoned7zt ed, 450. A pixel color is determ nedeCHUS2004/043320

based on the results of the accunulated ray tracing
operations. The pixel can then be displayed, printed

or otherw se rendered for view ng. Z-buffer-based

Thr ee- Di nensi onal Rendering Using Active Semrhore

[00791 In Z-buffer-based three-di nensi onal graphics
rendering, rendered obj ects are divided into render

imtives. s ints,. .Iin trian an

b s viaesd ety o ePripiive B uahe s 3R IS e Bt e
the Vi ewi ng scr een. primtives projected onto
diZ-bedfayeluee thedgstpatian ﬁlx@h?PIB’easr"éﬂH@r@%icoﬁespondmg Z-buffer
i ndependent | y. When mul tiple opaque primtives are
prvra]wad;mbhangad t he sane screen pixel, only the
primtive in front of other prlmtlves (Wlthasnaller

dijeost)ce hIEsdente produdt coldistel Séreaphictufespihs @Hmitived pedjected
call ed Z value) updates the. screen pixel color.

[ QRRPthe Hiﬁe s&eéirg&armugt o FerdiBFeASH 1R ot oRidf.f Bhe Zliﬁ?f

on a pixel-by-pixel basis, stores the. Z value of

TSt BRSNS Rertfd SEbAIbABS s DR rqxeagdr%gf‘git .

r SRFAEFE L g Fany prim

on_a screen t|ve Z-val
camarte o p Rty igpdel atshisbens, of il dhdeppndest
screen pixel. If the pri mt|ve s Z-value is smaller

t [pEItiVRS can @ rendered Ay iadependeny dyeadsa Depepdeppisshetwenndhe
is updated with the rendered color fromthe primtive,
apdintitiegs, forlewdrhple tix7Z- W0 @6 apdge PCTCUBRBDPiXel byt 3

3 211 value is updated as well.. If the primtive's
Znwtiple prismittegsadani e regolggdasingy the banaphbe methhnibie described
val ue, the destination pixel color as well as the
capp®spondi ng Z-buffer value is unchanged.

[0082]  Figure 5 is a flow diagram of one embodiment of Z-buffer-based
three-dimensional graphics rendering using proactive ordered semaphores. The
object(s) to be rendered are segmented into. primitives and portions of primitives
based on the projections to. the viewing screen, 510. The semaphores are
configured for the primitives or portions of primitives based on the projected
screen pixel locations, 520.

[0083]  Rendering operations are performed on the primitives or. portions of
primitives by multiple threads of instructions, 530. The threads can be executed
by one or more processors and can resolve dependencies using one or more of the
semaphore mechanisms described above. For example, three-dimensional

rendering for multiple primitives by different threads that are projected onto the
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[00811 In order to produce consistent screen pictures,

the primtives projected onto the sanme screen pixe
WOon®s/0es7§ endered in the strict order.. The Z-BUK/%2004/043320

based t hree-di nensi onal rendering can be realized

using multi-threaded processing on a nmassively

t hreaded architecture. For exanple, independent

primtives can be rendered by independent threads.

Dependenci es between the primtives, for exanple t he

Z-buffer test and update on a common pixe

multiple primtives, n.b ol ved usj

AR e TR S PeAe 4G epereng bers o ?)g‘é%ian@‘zgt}n@on
5is a flow di agram of one. enbodi nent of .
Zcojor wrdathefsach threadas depanderfivpon thepesydisiof one ormaiayr thregds
usi ng proactive ordered semaphores. The object(s) to
bepdating ¢hecinger serees pive pteeeling the. thyead.nThis L €431, dpstndency is
portions of primtives based on the projections to.

t hghdVede descrifei @Béve. 510. . The semaphores are,
configured for the pri m'tives or portions of

p UO@! ' V%@g@@ﬁf%&g&? %&rgjéé;s?f\%g %bﬁgfh%%egd #! the given

catl ons rations dare

Eﬁrﬁ%} Iwgnvﬁ bl Dok eteP e RS e e

can, be ex one, or, npre processqrs and can

r &d&ﬁféh?j h@éﬁé calor yalug dordhe sy poctRdmix QS 0nch final rendered
semaphore nechanlsns descri bed above. For exanpl e,

t piciee isi genergicd aler the prigitivesgré tenderad,t5601 dhp final rendeped

by different threads that are projected onto the 28 WO
2ot EBilien RGisplapdl) printed 4r 8therwitd pressmtedsfor eiewiny. x el
can create a 1:1:1 dependency where the Z-test and
destination color update of each thread is dependent
Uyisieo Deeodiag Using AdtiverSenaphomsly t hr eads

[0085] In some video coding standards, for example MPEG-2, groups of one
or more segments (such as macroblocks) within a picture (visual object plane, or
VOP) can be decoded by independent threads of instructions. In some video
coding standards, for example MPEG-4, decoding of a picture segment such as a
macroblock has dependency of decoding of other.pic{iue. segments. Therefore, a
picture can be decoded by multiple threads of instructions on a multi-threaded
architecture. Dependencies between the threads can be resolved using the
semaphore mechanisms described abové.

[0086] MPEG-2 is described, for example, in ISO/IEC 13818 “Generic
coding of moving pictures and associated audio information” published in

October 2000 and related standards. MPEG-4 is described, for example, in
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updati ng the sanme screen pixel preceding the thread.
This 1:1:1. dependency is handled as descri bed above.

WO 0®84¢6778Nhen t he dependenci es are. resol ved, BAOUS20mE043320
thread for the given primtive or primtive segnent
perfornms Z-test and upon successful Z-test updates
the Z-value and col or value for the projected pixel,
550... A final rendered picture is generated after
the primtives are rendered, 560.. The. final rendered
pi cture can then be displayed, printed or otherw se

p} L~Vi.ew pg...Vi deog codi ng . Using Active
séf@@ﬁ@ﬁgééﬁq £ patidigruisy JF%%@PE’@S@MHW@BZ,OOQ@M
exanpl e. MPEG 2, groups of one or nore segnents (such
afelated ptandasdscs) . within a picture. (visual object

pl ane, or VOP). can be decoded by i ndependent

t 1083@Hs. FigurenGisrafiaw diagram bfiormcsmbodimian of oRidb Acoding
standards, for exanple MPEG 4, decoding of a picture

SQGHPAitive4all/op roactiRCdealbR6res. "e AGR ANALRS Yeibis the
decodi ng of other picture segnents. Therefore, a

P 50 S O T
BRI E 0B pib s o SR Puseea L pesse ora

MPEG 2 is described, for exanple, in SO EC 13818
--R%E%? todbe f@sef?q‘igﬂ% etﬁwpﬁg 610 Lhe sagments candecioz example,
audi o i nformation" published in October 2000 and

r pelise groypyotiipeks, mppmblagks er grewpsrdfmeatrotanks soranpbther
in 29 WD 2005/ 066778 PCT/US2004 /0 4 3 3 2 0

| 8@hlcEiation dDthe ffaG@edbibg defodeddi o- vi sual obj ect s"
publ i shed in March 2002 and

[0088]  In one embodiment, before decoding operations are performed on the

segments by different threads of instructions, 640, inter-segment dependencies
are determined.. If a segment has head dependency — decoding of the segment
depends on the decoding results of other segments, 620, — one or more
semaphores with head dependency are configured for the thread of instructions
that processes the segment, 625. If a segment has.tail dependency — decoding of
the subsequent segment(s) depends on the decoding results of this segment, 630,
—one or more semaphores with tail dependency are configured for the thread of
instructions that processes the segment, 635.

[0089]  Decoding operations are performed on the segments by. multiple
threads of instructions, 640. The threads can be executed by one or more
processors and can resolve dependencies using one or more of the semaphore

mechanisms described above. For example, for a segment that has head
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rel ated standards. [0087]. Figure 6 is a flow di agram
of one enbodi nent of video decoding using active
W@ es/0667p8 oacti ve semaphores.. The fl ow di agr aleTER004/643320

the decoding process of one picture of a video

sequence. The same process can be repeated to. decode
multiple pictures of a video sequence. The segnents of

a picture to be decoded are determ ned, 610. The
segnents can be, for exanple, blocks, groups of

bl ocks, macrobl ocks or groups of macrobl ocks, or. any

ot [ I to be decoged. ]

[ Bonfr AR Binehls, Apehdbipy pEEs< Remintiga peroseivehusing
are perfornmed _on the ments b i fferent threads of

| qrEnentigrrd p -1 Paadrnyheds cHsdhendsof the B
determned... |f a segnent has head dependency. -

d slepandgnt ssements aseepnbigired yeigesemapberes wathdait defiendencies and
results of other segnents, 620, - one or nore

s éiceqrteaiepending segnemt! istepfiguied ewithasemaphont inglhradgbafior t he

thread of instructions that processes the segnent,

6 Abpendbney. TRBMEN tdePasichey Is @B deasyribed M8¢0di Ng of
t he subsequent segnent(s) depends on the decodi ng

SO0 S QWi e RSTRALc 88 sommien? B ol B30, gt of

t j ' t th :

o &5 deb R Binent BEEEHTHEER0, 4 Bl RS e segpiated fom the
f t t [t]pl th ds of

" BetPeied sREnbia o 60 Mhe Bk TesadBararecon Bnby one

or, nore processors and can resolve dependenci es using

oflisPlayedrpriptedrorofherwisgppasented foraievaingsms descri bed

above. For exanple, for a segnent that has head 30 WO

2005/ 066778
Conclusion

[0091] Reference in the specification to “one embodiment” or “an
embodiment” means that a particular feature; structure, or characteristic described
in connection with the embodiment is included in at least one embodiment of the
invention.. The appearances of the phrase “in one embodiment” in various places
in the specification are not necessarily all refeniné tok'-i:he' same embodiment.
[0092] In the foregoing specification, the invention has been described with
reference to specific embodiments thereof. It will, however, be evident that
various modifications and changes can be made thereto without departing from
the broader spirit and scope of the invention. The specification and drawings are,

accordingly, to be regarded in an illustrative rather than a restrictive sense.
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PCT/ US2004 /0 4 3 3 2 0 dependency on N segnents,
dependency of these segnents can be resolved using a
wa2mwapérgres configured in N1 dependency node.PdFrES2004/043320
threads of the N dependent segnents are configured
with semaphores wth tail dependencies and the one
dependi ng segnent is configured with semaphore with a
head dependency. This N 1 dependency is handl ed as
descri bed above. [0090] Wen the dependencies of a
segnent are resolved, 630, the results of the decoded
S &Sare. generated, 650. A final picture is
g ted fromthe aggregated segnment results, 660.
The final decoded picture can then be displayed,
printed _or otherw se presented for view ng. Concl usion
[ 0091] \Kg?té?éﬁ%gaﬁ: the specification to "one
enbodi nent” or "an enbodi ment” neans that a
particular feature, structure, or characteristic
déscri Beaethad copprisEg on with the enmbodi ment is
included in at | east one enbodi nent of the
i nvent iesacuting BHerstathpad of imstractivis td progbysasfrst dgraphicut element
enmbodi nent” in various places in the specification are

nef ah essSebeldispMyed; ef erring to the same enbodi nent .,
[0092] In the foregoing specification, the invention

has beeRedfinghisBE&thdthidid It i
enbodi nent s gﬁesrégg]f. It \?mfﬁs,&ﬁﬂ{g)\%g\t/%ﬁé%g%g%o grgfapthhcg%
vVal] s [Felg changes can be made thereto
w%ﬁ%ﬁ%@%é‘%?%&%@?ﬁq%ﬁe broader spirit and scope
of the inventian. The, specifi.catjon and draw nhgs are,
o cor dPIEHE the B%s hueat S GSmatians1n A4 infive 5168 TrsaphEro
than a restrictive sense,. 31 WD 2005/ 066778
pdetecitpmpofat lepstiong of aset of predetermined conditions related to a

relationship between the first graphical element and the second graphical element;
maintaining the first thread of instructions in the inactive state until a
message is received from a semaphore entity; and
resuming execution of the first thread of instructions in response to.

receiving the message from the semaphore entity.,

2. The method of claim 1 wherein the set of predetermined

conditions comprises an unresolved dependency..

3. The method of claim 1 wherein the set of predetermined
conditions comprises the lack of a response from the semaphore indicating that a

resource corresponding to. the semaphore is unavailable.
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CLAI M5 What is clainmed is: 1. A nethod conpri sing:
executing a first thread of instructions to, process a
W0 200806graphi cal el ement  of an image to be di BEI/ES2904/043320

executing a second thread of instructions to. process

a second graphical elenent of the inage to be

di spl ayed, placing the first thread of instructions in
an inactive state in response to detection of at

| east one of a set of predeterm ned conditions rel ated
to a relationship between the first graphical el enent
and the, secgnd graphical elenent; maintaining the
first thre adT}EﬁmFtﬁgg plieleing A fusther comprising maintainingtan

until a nessage is received froma semaphore. entity;
arindicatiamafraptatg nthé frst gfreadnf ifstrustionsand dor thé second thread of
instructions in response to. receiving the nessage

f ringtmictienssemaphore entity., 2. The nethod of claim1.
wherein the set of predeterm ned conditions conprises
an unresol ved dependency.. 3. The nethod of claiml
wherei s t he £ ] L L OpRL Lses
the | adk of SeraababbiiFngs itk n ko SR ARARE hEsRn
t resource. corr ondi ng st o .t he se hote is
iiiisaf pobP A s S P BRRGR bl AesBpRs gt an

;rr%lgéoczaédqtggea&f claiml further. conprising nmaintaining

6. The method of claim 1 wherein the first thread comprises a first
set of ray tracing instructions and the first graphical element comprises a first ray
segment, and further wherein the second thread comprises a second set of ray
tracing instructions and the second graphical element comprises a second ray

segment.

7. The method of claim 1 wherein the first ;thread comprises a first
set of video decoding instructions and the first graphical element comprises a first
picture segment, and further wherein the second threa:d comprises a second set of
video. decoding instructions and the second graphical element comprises a second

picture segment.

8. The method of claim 7 wherein the first picture segment comprises
a first macroblock and the second picture segment comprises a second

macroblock.
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indication of a state for the first thread of
instructions and for the second thread of

WO ps0ectd ons. 5. The nethod of clai m4 wher ei PCT/H$§2004/043320
i ndication of the state of each thread conprises a
state variable corresponding to a dependency, if any,
of an associated thread. 6.. The nethod of claim!l
wherein the first thread conprises a first set of ray
tracing instructions and the first graphical el enent
conprises a first ray segment, and further wherein

the second threa rise secqnd, set of ray

traci n99 i nstﬁl?c‘f‘?%ﬂ i@’%@%’bﬂ’& tstdhwend somprisese first
conprises a second ray segnent. 7. The met hod of

clsgt of thregrdimensionah geridering instivations ewhibeifsggraphidal element
set of video decoding instructions and the. first

greepiprised a ffserander promitiviesad farthérveereipitetsecndIBaagnt ,
and further wherein the second thread conprises a

QBRIMIsELS seebnd ¥t 8¢ treeaRbnEiBnAl REAdeHES irRBEcHE ahfifhe

second graphlcal elenent conprises a Second picture

' he first
p|c%uré;r‘ié}ﬁua-{g conp @ﬁ&sQE&J S?%QIIPDOI%CK and t he
second picture segnent conprises a second nmacrobl ock.

33 WD 2005/ Q§6778. P S2004 /114 3 3 211 9. The

met hod 10f ¢l Hhefpath %ﬁg’é‘gF‘fP?W@e‘feP}@FﬁFﬁF@@&rE%‘ﬁﬂWeses a
first set of three-dinensional rendering instructions
arrgmprigesianest adirsinainiat fiest ing afirstdcpale. sad afirstitrisngle strip,

render primtive, and further wherein the second
t land firther wherein the second render primitive comprises one of a second point,

a second line, a second triangle, and a second triangle strip.

11.  The method of claim 9 further comprising:

determining a distance value for the first render primitive;

determining a distance value for the second render primitive;

comparing the distance value for the first render primitive and the second
render primitive to determine a relationship between the first render primitive and
the second render primitive; and

displaying a selected one of the first render primitive and the second
render primitive based on the relationship between the first render primitive and

the second render primitive.

34



conpri ses a second set of three-dinensional rendering
instructions and the second graphical el enent
WeawpeE®s a second render primtive. 10. The PE/HS0045043320
claim9 wherein the first render primtive conprises
one of a first point, a first line, a first triangle,
and a first triangle strip, and further wherein the
second render primtive conprises. one of a second
point, a second line, a second triangle, and a second
triangle strip. 11. The nethod of claim9 further
conpri sifg: . Lhing.a distance value for the
first r%ein]’derAB(r%?én&%l vg?l?l Y8 er mi ni ng a di stance.
val ue for the second render primtive;, conparing the.
di st ancECGHIPCIFCYHIY Iqdeqetvesand cxpents 2 Brst Hiread\af instictions
second render primtive to. determne a relationship
b etoREspPndiRE tofaj f:?fgﬁt grapiiend elepranhof animagnand 4 seeondthosud of
render primtive; and displaying a selected one of the
f i insttuctionsleorrgspomding toa seoshd graplied elthenf 6MHEImage, wherein
primtive based on the rel ationship between the first

r ethél exechtibmtirduittrahBhits b Q&ng@%@@féﬂué’s@ Hl@?é’a%%%ﬂg}g%%e\sé She fidt

WD 2005/ 066778 PCT/ US2004/ 320 12. An
CORRLH B ADina8RGHkd | | __recei.ve and
execute a first c‘st égf;rggﬁg@ g‘%“r?’s‘!lér'{g{:%t?%%ag rg%“%’l’?%%ﬁ?f%’icﬁg
t . f i jcal.element of an i nage and a second
tﬁ}agjgga%%gsq%%agﬁ]sﬁaapgﬁg"%@rrespondi ng to a second
graphi cal el ement of the inage, wherein the execution
ci r cui 2 CIZRAGFF £Rtity couplgd ¢ epakiion qigsudEde rensive the
pl aces the first

semaphore request message from the execution circuitry and to selectively. grant

control of the semaphore in response to. the semaphore request message by.
transmitting a semaphore acknowledge message to the execution circuitry,
wherein the execution circuitry, in response to receiving the semaphore.

acknowledge message, removes the thread of instructions from the inactive state.

13.  The apparatus of claim 12 wherein the execution circuitry
comprises:.
a first execution circuit to. execute the first thread of instructions; and

a second execution circuit to. execute the second thread of instructions.

14.  The apparatus of claim 12 wherein the first thread comprises a first
set of ray tracing instructions and the first graphical element comprises a first ray

segment, and further wherein the second thread comprises a second set of 1ay
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thread in an inactive state in response to the first

thread requiring a resource having an associ at ed
wa2wapérore; and a semaphore entity coupl ed w tICT/EH$2004/043320

execution circuitry to receive the senaphore request

message fromthe execution circuitry and to

sel ectively grant control of the semaphore in

response to the semaphore request nmessage by

transmtting a senmaphore acknow edge nessage to the

execution circuitry, wherein the execution circuitry,

T e e L o S A

inactive state. 13. The apparatus of claim 12 wherein
tﬁ@ggyétution circuitry, conprises:. a first

execution circuit to execute the first thread of
instructions; and a second execution circuit to

execut 85t he Toe eppraatinhpolelainpt2 whereinthe fivsh hreatUconiimises a first
apparatus of claim12 wherein the first thread
csetpifivides dacddinginstremions ind thy first geiphipal dlementCoipiisesartst
the first graphical elenment conprises a first ray

S BIbARB begniét, dnd rfiufie wHeRsiRihe sbddd ﬁ%&@é&n%ﬂe@ @4econd set of
rises a second set of ray 35 WD 2005/066778

conp y 35 .
PﬁHeUﬁ@é%ﬁﬁ%tﬁTcﬁgﬁs Zdlnt 5AhA GrapRLT dGhéd gs?lgggestaﬁscond

secon ement conpr secon

?sg;g{gg%?ﬁnieg% The apparatus of claim 12 wherein the

conprises a first set of video decoding
instructions and the first graphical elenent conprises
a first picture segnent, and further wherein the
second 1&hr ed8e apnpttsseiclamslouherein dhe st pigiugessgment
decodi ng instructions and the second graphical el enent
ceemprises ¢ fiastgrassehdock and the second picture segment comprises a second

macroblock.

17.  The apparatus of claim 12 wherein the first thread comprises a first
set of three-dimensional rendering instructions and the first graphical element
comprises a first render primitive, and further wherein the second thread
comprises a second set of three-dimensional rendériné instructions and the

second graphical element comprises a second render primitive.

18.  The apparatus of claim 17 wherein the first render primitive
comprises one of a first point, a first line, a first triangle, and a first triangle strip,
and further wherein the second render. primitive comprises one of a second point,

a second line, a second triangle, and a second triangle strip.
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pi cture segnent. 16. The apparatus of claim 15 wherein
the first picture segnent conprises a first

worzwsoel7oeck and t he second picture segnment conPET/E$2904043320
second nmacrobl ock. 17. The apparatus of claim12
wherein the first thread conprises a first set of
t hr ee-di nensi onal rendering instructions and the first
graphi cal element conprises a first render primtive,
and further wherein the second thread conprises a
second set of three-dinensional rendering instructions
and the, second graphical, el enent conprises a second
render Brimi 'Eli'ev"é’l’a‘%?s gl 3 furthey sompriging p metrory coupled
wherein the first render primtive conprises one of a

- f i widh thssixpeution circwiby to stars the fift fweadt ofiinstgiconsamd the second
first triangle strip, and further wherein the second
r ehobed ofiinistrudtions. conpri ses one of a second point, a
second line, a second triangle, and a second triangle
strip. 36 WD 2005/ 066778 PCT/US2004 /0 4 3 3 2 0 19..
The appgy at ' : £:Sl.Ng a nenory
coupl egmr'vvi ?%e't gﬁé@é%ﬁ%@%l rcﬁlr{;%%[?%t ore the
first t T ks tions and the second . thread of
i nst ruc Iali%gtgo.n% 3 8&%’% é %30;5%8? Strepat t8fex8‘f"§‘? ﬁ’f'?és PLAvsiRRAtions;
corrEri sing: at |east one additional execution circuit
t &xecute threads of instructions; and . a thread
di spatcher coupled with the execution circuitry and at
| east @fhread dispatcher coupled with the execution circuitry and at least one

additional execution circuit to dispatch threads for execution.

21.  The apparatus of claim 12 wherein when the first thread of
instructions is in the inactive state, execution of the instructions ceases and the

execution circuitry does not poll the semaphore entity. to. determine a status of the

semaphore request message.

22.  Anapparatus comprising:

means for executing a first thread of inslnicti&s to. process a first
graphical element in an image to be disi)layed;,

means for executing a second thread of instructions to process a second
graphical element in the image to be displayed;

means for placing the first thread of instructions in an inactive state in

response to detection of at least one of a set of predetermined conditions related
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addi tional execution circuit to dispatch threads for

execution.. 21.. The apparatus of claim 12 wherein
WaRwn06d1®8 first thread of instructions is inP@HES2004/043320

i nactive state, execution of the instructions ceases

and the execution circuitry does not poll the

semaphore entity to-determne a status of the

semaphore request nessage. 22. An appar at us

conprising:, means for executing a first thread of

instructions to. process a first graphical elenent in

228%@9‘?%45%53’%“?‘* PRAPHEE roBEA s i B et alpppica

gr hi elenment in the inmage to be displayed; neans
‘%ﬂ) CI ng the first thread of instructions in an
|nact|ve state in _response to. detection of at |east
one of Meagaforgraingpining the firsh dueadnfdnstivotiensinltixt inactRe siAB
2005/ 066778 PCT/US2004 /0 4 3 3 2 0 to. arelationship
b amntibemesdage isirecsivegrfeqmn b sathaphlosmentity;and t he second
graphical elenent; neans for maintaining the first

t hr ead nadans o8 kdsumiing@cutior dTehd MAEhAE oFtdkActdilh | 2
nmessage. is. received froma semaphore entity; and

@@?gn;e% récBRHE RO nRE&! yhloﬁﬁmeée&%mé diftipy.t T €ad of
nstructions I n respo se to. recelving the nessage
fromthe senaphore entlty 23 The apparatus of claim

22 vvhe es.a first set of
ray t r i ngtrp?\'g? %%ﬁmbﬂlaiﬂ@hce’amnses a first
el em%nt cogﬁprl ses a f| rst}] ¥

set of ray tracing instructions and the first graphical element comprises a first ray.

segment, and further wherein the second thread comprises a second set of ray
tracing instructions and the second graphical element comprises a second ray

segment.

24.  The apparatus of claim 22 wherein the first thread comprises a first
set of video decoding instructions and the first graphical element comprises a first
macroblock, and further wherein the second thread comprises a second set of
video decoding instructions and the second graphical element comprises a second

macroblock.

25.  The apparatus of claim 22 wherein the first thread comprises a first
set of three-dimensional rendering instructions and the first graphical element

comprises a first render primitive, and further wherein the second thread
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segnment, and further wherein the second thread

conprises a second set of ray tracing instructions
waesvée7second graphi cal el ement conpri ses a BERUGIRH04/043320

ray segment.. 24.. The apparatus of claim 22 wherein

the first thread conprises a first set of video.

decodi ng instructions and the first graphical el enent

conprises a first macroblock, and further wherein the

second thread conprises a second set of video,

decodi ng instructions and the second graphical el enment

co ] d crobl ock.  25. The apparatus of
o SPbESS aletoR S o sHhBF citpensianal rendksing inatmictions anddhe
set of .t hree-di nensi onal, renderi ng instructions and

t h&°°PPJ Si2plical plerachit comprifss @ seeandisendse primitiver st r ender
primtive, and further wherein the second thread 38 WO
2005/ 066778 PCT/ US2004 /114 3 3 2 0 conprises a second
set of 2Z&hr eeAdystenspmpakingendering i nstructions and
the second graphical el enment conprises a second
render pmemoty sontroBér; A system conprising:, a nmenory
controller;. execution circuitry coupled with the

Menory &@eitiodl dirthitlyLolisied with tﬁ‘@&gm%é? c?ou §ll?1]= t}) ig%csegve and

thread of instructirons correspondin

9" SRBiE 3! Iﬂggg . n i mage and a second thread of
instr uctg Féﬁs co({r](?felg‘%o%ur? g?ﬂsgcqn%s%‘mgg’&}ﬂﬁ st-gsanhical element of
el gnent of, the i e, q\leerei n the execution circuit

¢ e and.a wen instractions ¢agespgadingtb psesond gtaphical
first thr&ad in an inactive state in response to the

i jglement of the image, wherein the execution circuit transmits a semaphore request

message and places the first thread in an inactive state in response to the first

thread requiring a resource having an associated semaphore; and

a semaphore entity coupled with the execution circuitry to receive the
semaphore request message from the execution circuitry and to selectively grant
control of the semaphore in response to the semaphofe request message by
transmitting a semaphore ackpowledge. message to. the execution circuitry,
wherein the execution circuitry, in response to reéeivf;lg the semaphore

acknowledge message, removes the thread of instructions from the inactive state.

27.  The system of claim 26 wherein the execution circuitry comprises:
a first execution circuit to execute the first thread of instructions; and

a second execution circuit to execute the second thread of instructions.
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thread requiring a resource having an associ at ed

semaphore; and a semaphore entity coupled with the
W@WSsN6G70% circuitry to receive the semaphor ePCEY2984/043320

nmessage fromthe execution circuitry and to

sel ectively grant control of the semaphore in

response to the semaphore request nessage by

transmtting a senaphore acknow edge nessage to. the

execution circuitry, wherein the execution circuitry,

in response to receiving the semaphore acknow edge.

nessag reppves, t he.t.hre f instructions fromth
Moot 128 ot ARgseeSe bt wBersindhe B spREcommEes mirst
the execution circuitry conprises; . a first execution

c Petafiray rasingdstnedonsaidrthe Gist grephigal elemend somprises grfsst ray
and a second execution circuit to execute the second

t begzaant,ahd further wheicomtbe s@oni\threaDENQEEEY Bsecond set of ray.
PCT/ US2004/ 043320 28. The system of claim 26. wherein

t acihp istrudtivne astl thespeond geaphical élsinents@dinppikey B3tcbidi@ly Ny
instructions and the first graphical elenent conprises
agddnfett. ray segnent, and further wherein the second
thread conprises a second set of ray tracing
instructions and the second graphical el enment

conpri sgs econd ray . nt. .29...The .system of

ol arm 25 SRR Pl VR 4B i g SRR st
set qf . video decoding instructions and the first

ot ﬁ% vidsp g@*)é%ﬁ%st'&'&ﬁ% and the,first graphicalelemant eemprisgp a first
further wherein the second thread conprises a second
suracigplock;; and durther vdierein the seqond threadcamprises 2 second sad of
graphi cal el enent conprises a second rmacrobl ock. 30.
Thides dedodimgahstmkctons ap@ therdeeorel graphieal elensnt @ingiriseea second
segnent

macroblock.

30.  The system of claim 29 wherein the first picture segment
comprises a first macroblock and the second picture segment comprises a second

macroblock.

31.  The system of claim 26 wherein tﬁe ﬁrst thread comprises a first
set of three-dimensional rendering instructions and the first graphical element
comprises a first portion render primitive, and further wherein the second thread
comprises a second set of three-dimensional rendering instructions and the

second graphical element comprises a second render, primitive.

32.  The system of claim 31 wherein the first render primitive

comprises one of a first point, a first line, a first triangle, and a first triangle strip,
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conprises a first macrobl ock and the, second picture
segnment conprises a second nacroblock.. 31. The
W@ yWseen7od cl ai m 26 wherein the. first thread RONPEI0846613320
a first set of three-dinensional rendering
instructions and the first graphical el enent
conprises a first portion render primtive, and
further wherein the second thread conprises a second
set of three-dinensional rendering instructions and
the second graphical el enment conprises a second

render rimtive. 32. The syst.em of cl aim 31 wher

{ RRE Rl Wplln e o et BN et padqendpoin,
poi nt i rst a first triangle, and a first
t P.Saq?gfliingﬂqeﬁon anglle B g5eennd tenglestips2004 /114 3 3
211 and further wherein the second render primtive
conpri ses one of a second point, a second line, a
second33.r i afié systeam df claisemfwithtr ¢omngistngsd memoryBcbuplBdavith
system of claim 26 further conprising a nmenory coupl ed
Wittefinerh 6§, coBM@ller t6 StOte the Fifse ﬂiréhdsif@ﬁs@mw&;sf dntl $he debbRpd
of instructions and the second thread of

| Btddiihdistond. - The. system of claim 26 wherein
when the first thread of instructions is in the

i nactive state execution of the instructions ceases
and th ution clrcui does .,no | .the

senmap hg? e ent] ?3879%0%% # ‘&lé rﬁmé’i&éﬁnl}@ggﬁ t thread of
semaphor e request pessage.

instructions is in the inactive state, executlon of the instructions ceases and the

execution circuitry does not poll the semaphore entity to determine a status of the

semaphore request message.
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