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rel ates to. visual and graphical data processing. Mre
particularly, the invention relates to use of active
semaphore nechanisns to. performvisual and graphica
data processing operations. BACKGROUND [00021 A
"semaphore” (also. referred to as. "critical sections”
or "nmutex") is a hardware and software construct that
al l ows coordi nation or synchroni zati on of operations
|0 wn gﬁé@éﬁb@ﬁ GRANREES TRONDPROCERRINBATSNG A
semaphore is avarue that 15 stored rm d desi gnat ed
Iocatlon in operating systemnmenory that processes.
éKLﬁfF gyhange. Based on the value. of the
Senupnore* ocess can either. access the shared
r rce,or.wait fo er| d_chec
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conmputer systens. are typically, inplenented as
Surtiqlarly, thedoysniien relates Sﬁgf a%af.eée@eq}}sﬁ mephanigmsip.c
"test and set" or. simlar types of instructions
(rerfprm vismekandgraphiead datalpracessing operafionst , bit test and
reset). Using this semaphore |nplenentat|on, a
producer - consuner conmuni cation relationship can be
eBAGKIGROBNIDX hr ough shared (e.g., global) data and
one or nore semaphores. The semaphore all ows shared
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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



whi ch provi des data consi stency. [0004] This semaphore

construct is. "passive" because threads nust perform
w@eiosioeg7operati ons to acquire a semaphore.. TPET/US2004/043320

pol i ng requirenment consunes processor and system

resources that could otherw se be used for other

pur poses. Therefore, traditional semaphores can

result in inefficiencies. BRI EF DESCRI PTI ON OF THE.

DRAW NGS. [0005] The invention is illustrated by way.

of exanple, and not by way of Iimtation, in the
Ty RSP ity ke dat
: b 858508 of T AFBITIANNSSE A Aoy ity P S

uge 1.i.s bl ock, di.agram of one enbodl ment of a
nﬁ’ ZPY} d?ﬁffachonflﬁ‘;eélgged processor. architecture.
[0007 F| gures 2a 2d are copc illustrati ons
fd}l endi asssepRphegs; CORSEit IS W%@U@?ﬁa‘ﬁg %55 Tyt perl
synchronlze t hr ead. executlon [0008] Figure. 3 is a
s poiiing oporatiqzisdo aepyiee 4 semephers. ﬂéwollmgéewwt FRRSHNeS
Iight source to a viewer. [0009] Figure 4 is a flow
dpagestr aid system rescrcksrthaticoold atherwisedwinsgd farsithmy purposes.
active semaphores. . [0010] Figure. 5is a flow
dirglefm, HadfRBaleeRREh6RE bardfesylt I ihtMicidnake.d
t hree- di'mensi onal graphi cs rendering using proactive
ordered semaphores. 2 WO 2005/066778 PCT/ US2004/ 043320
[0011] Figure 6 is a flow diagram of one enbodi nent of
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[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 thlfead, 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.



DETAI LED. DESCRI PTI ON [ 0012] . Met hods and appar at uses

for visual and/or graphical data processing using
w@eiosMes73emaphores are described. In the foll oRETYS2004/043320

description, for. purposes of explanation, numerous

specific details are set forth in order. to. provide a

t horough understanding of the invention. It wll be

apparent, however, to one skilled in the art that the

i nvention can be practiced w thout these specific

details. In other instances, structures and devi ces

ar hown in bl ock dia ramfor
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Actlve Semaphores. [0013].. Described herein is.
ansing aciye RHOLPTRAHiS SemahOrFSret hods. i n whi ch
mul tiple parallel passive threads of instructions
(hereinafter referred to. as. "threads"). coordinate
access. to shared resources using "active" semaphores.

THETAIERBDESCERIPAMONr ef erred to as active. because the
semaphore entity. sends messages to. execution and/or
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or exanple, a thread can be aced in a
ot sttt s z%gzenf St ARERA, B oses
di ed b th t t hl
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that the thread is_ in_sleep rmde 3 V\D 2005/ 066778
Pvraugh godgreiamting of ‘[hGM&PU% dh will be gpparaple hevyeves, to one

resolved a nessage is passed to control circuitr

( skilied inttheeart thatthd invehtouéanrbe practisied gvithout thepespeerisdetails.
variable to be cleared. In response to. the. cleared
dBRREaAGhcEs siradtines bhdddvives ack siowl imddetki 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 usirg “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.



active (or wake). state.. Execution can proceed on the
threads in the active state. [0015] Continuing with
wo b@sesanpl e. above, if a thread attenpts to. BCTUS2004/643320
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
dependency. indicated by the semaphore is resol ved,
as. isrequired in the prior. art.. The thread
remains in the inactive state until a nessage is
r iLved . fromthe se hore ent.it i pdi catjng
¢ R4 R Wi detebfencds BEER T Sutieviad i birted BisohBel 1o
the _nmessage, .the thread is placed in _the actjve
SeIERUry (s8-cihe Hrsadishedpdar) eausing the depepdency varigbledy be
Figure. 1. is. a block diagram of one enbodi nent of a
nelsared.eInresponke to-the ¢learad dependencyswwiabledhe thireaslds plased in an
As used herein, the. |abel "massively nmulti- threaded"
agdtive (@owakie} statee BrRecutioh@an proceed bu thedhiends infthé active state.
~includes nmultiple processors. that can support

ool 51 t NRAAREnE WG Yhd SAmPIS aB8\R, IAIRLIBAEmpRIS Require a
processor nay Support one or nuftlple t hr eads.
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execut.ed while other. threads, are. .in i.nactive state
s ey, i Bermiohbolt 8 sERRPLOtR & dotFith whet Dusdegriiegcy
does not consume/waste processor resources..

by brpemgphore 1s rgslked, s isnsqyired-inthe pden art. gTheghread
massively multi-threaded architecture, the .4 WO
2605ipds Hrdnfdye U8ROMl @ 18 8sape isteoeiybd (eg.c omtthe sangaphore
and associ ated nethods are applicable to any nul ti
t éntizg)dadicating/thdt it despendengphdd been redolvdde Invespensedb the
t hreads supported. [0017] Massively multi-threaded

SHsésape, Hihrdadl & plalRE iBIFREN vE btatedwhith alld@s execution to

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



that stores data and instruction to. be used during

execution by one or nore processing cores. Menory
whe@saecny 110 may i nclude dynam ¢ random acceBRGI/US2004/043320

menory (DRAM, one or nmany |evels of instruction

caches, one or many 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 hierarchy 110,

receives information such as instruction pointer and

data_and/or . d olo]] | at Wi new_ ..

¢ ArBuBon kR A S AR5 Se B A

t he cessing cores Vvig nessage s. 125.. In one
e#%&re ,te‘tqgﬁeé%ﬁ?l §is é@%abg%?g%%aqlségmﬁdbl e of
managi ng the thread resources of the processin

CETT  CRdssivebumuitingreadedsysisentiGigciufieememornhisechy 110
di spatcher. 120 selects one processing core that has.

t liteat stoes dataand imstruetionctobe usdtbdyrimpdixean tidn tescheasianore

di spatches the thread onto the. selected processing
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a processing core, thread dispatcher. 0 is inforned,

' t . .
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[0 stem,100. is illustr d with [ ti : .
o PERBR ahes, SRRF e dsgnany st §fbrelisrfioh i va ggches in
each of which [nclude_execgution circuits with,

2 8V EABREE FnOVay Y smcﬂﬁwﬁﬁksyﬁcﬁﬂ&éﬂ%e%%ﬁw%m@%n
be identical or the processor cores can _ have varying

f hiccarclonkl0; repeivemipformation sush ag instuelingr peiniee and data prd/or
included in 5 WD 2005/ 066778 PCT/ US2004/ 043320 system
1daxa pbintep associatedavitheamew thneadpThcemlsinp ataher $2@also coupled
configured in rows, each row having a row controller.

Feuitheeprtdising ovtes Olatmesbigerbus 128). Iicéhie RbodmBAtS 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



wi th processor cores 130, 131 and 139 via row contro

bus 145. Simlarly, row controller 160 can be coupl ed
WORR/0p7ee essor. cores 150, 151 and 159 vi a r ORCT/US2004/043320

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

coupl ed with semaphore entity 170 via nessage bus

125. Semaphore entity. 170 includes. nenory and

control logic to provide semaphore functionality as

descri bed herein.. In one enbodi nent, senaphore

entity 170 interacts. with the processor cores,

transmttlng and _ receivVv ness es as described in

g Feara 00, JBvene TGt tho BEBTsor TR 8?%%@‘1“&%8%”“’3 each
120. is also. coupled with semaphore. entlty 170 via
mese hgenpa sovt eéntraller.ofier examplyi FevneontoHer 340 eanshserounted
interacts with senmaphore entity 170 on behalf of a

t iggiodegsor cares 130,130 gnd 189 viacew cbmigol bussidsg Similardy, row
descri bed in greater. detail below . . [0021]. Control

{% Siktier Y60 SurfRduple@ $AMSroessoR coreS@0,dS1t N SOV LAY
eduling circuitry to nmanage the state of multi pl e

t hr uting on the sanme processing core and may
angﬁﬂ%ﬁfﬁﬁ$ i nstruction schedullng C|rCU|try t o.
ons

e n active thread

HEE8)C. B ieesticom %%"é“ oppbigg il sspaphe SokP170 via
processing cores wll att t. to access sha red system
r ERpssAze bus 125. rSeaava’b?reteaﬁa'ai in¢lpdes mysmqgy and cpatreldogic to
systemresource a thread, through the corresponding
e pexvidd ssmaphare Sinchignality as deserihedrhsreinf Inoneerabadiment,
corresponding to the. shared systemresource to be
agcensstiok erbity\T7 PROTIBE G ith theTddesidSr 00t Dy 3BROMItfiNH AR] .
In one enbodinent, in order to gain control of a
S QERRMDY MesshtB as described in greater detail below.

[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.



requesting processing core sends a semaphore request
nmessage to. semaphore entity 170 over nessage bus 125.
waoRasneEendi ng t he semaphore, request nessage, PCT/I§2004/043320
requesting thread is. placed in an inactive state in
whi ch execution and associated operations (e.qg.,
pol Iing of semaphores) halts. [0023]. In response to.
recei ving the semaphore request nmessage, semaphore
entity. 170 determ nes whether to. grant control of
the semaphore to the requesting thread... Wen the
semaphore_is granted, sengggore entity 170 sends a
S d%&lo re tegain coritolof gusesiaplnge, the
thread. In response to. the semaphore acknow edge
neepmeling processing sesisemdy a femaphbre sequesttéted 19, seRBphore
active state in which execution using the requested

I @Bty 170 overinesidesbus\W2S N Alfe sdnldirafe E@ﬁaplfb?gﬁ'q%ﬁ %elésca%e

of the shared resource, the thread sends a release

hPIR G sfing ﬁﬁ@zﬁﬁg ?lafv&l msaﬁ']ﬁ‘&'ﬁg §iafe'th Wlﬁcﬁ%pecué%% or e

respo se to ease senmp ore nmessa
e 7 | eases t S e. al | ows ot her
| Aok Cpel AP RE pollfe fﬁﬁ?ﬂ@re;@@%n resour ce, . .
xgﬁét one enbodi pgnt, senmaphores are supported by
cti QSPOW%QWH’&%&F ﬁ%@?ﬂl’@f@ T§AYgst mpgsaggy semaphore
executed by a processing core as. well as. nessages
( SBlHY g8 deferrainssybethenth granh centroh ofthe sbmiaplien to the requesting

processing cores and semaphore entity over, for

eftueqsl. Vhen the semgphobais grahfdl, senhaphedele@tiBy 1 PO sends a semaphore
enbodi ments, different and/or additional nmessages or

g s o sumnag o, & 000N e,
Lhélélowledge message; the 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]  In one embodiment, semaphores are supported by, instructions
(semaphore instructions) that are executed by a processing core as well as
messagee (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.



[0025] In one enbodinment, traditional per semaphore
gueues are, replaced by a buffer. pool having entries
wao bat/oeq7e8s used to forma linked list for each PCT/US2004/043320
semaphore.. Thus, each semaphore can be a head
pointer to a linked |list formed fromentries in the
buffer pool. The linked |ist can be either a
bi -directional linked list or a uni- directiona
linked list. [0026] In one enbodi nent, a semaphore,
tabl e includes a pointer for. each semaphore
sypported.. |In one enbo.kj pt, the pointers in the
SQFHYHIOFQURHK [DSCC. reat-pornters. that indicate a
head of a linked list to. be used for the
c 1028k p oddl ongembedipiant; raditiopal perpsemapbere qpetios agrreplaced by
i ndi cates the head of buffer. pool and unused.
sg bafitrpoe] kaving afriesthitaensed Mfdrmpolinlted dist fof 8th]sethphore.
one enbodi nent, each semaphore entry includes a

[ EheR SRM-sSindblfore cdr B Shoaportl 15 UNAKEP R BinlclHoh crtrios in

t hr ead |dent|f|er field, & previous pointer and
N e

éﬁVIDU . %ﬁ ter. can be omtted. In one enbodi nent,
fﬁ&’& Stran al so include a si ngle bit (or ot her
indicator) to indicate whether the linked |ist

cBWéls po A PRRembodimgat, & sspagnharedabls inglydes a pawtas fersaeh

sa [0028] An Acquire Semaphore Message (ACQVSG)
m@gdrefsuppoatedh e ont; emhpodimenththe pdintkrs ipthe semapbore table

behalf of a thread, to. make a request to the
Sﬁﬁ&pktbpcﬁnteﬁnhitﬁydiéaje a heatbofHinked listato de usgdfor the | n
one. enbodi nent, the ACQVSG 8 WO 2005/ 066778

Péokt LmapRste. A%ée%ioﬁﬁgﬁn&?ﬁﬂiﬂ%ﬂis%ei 188 bf bR pool
field, a thread identifier field, an "auto-rel ease
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 ene 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



field and an "acknow edge- suppressi on"

(ack-suppression) field. The auto release field is
w@ie®d/o6cors a thread with only a head dependencyPCTg1004/043320

is, the thread depends on previous threads, but no.

subsequent threads depend on the thread.. The

ack-suppression field is. used for. a thread with only

a tail dependency. That is, the thread does not

depend on any previous threads, but the thread does

have. subsequent threads depending on it.. The ACQVSEG

can be issued by a thr | spatcher. or other .

c BPRIFIGH 2 SPTReRborg @e%%g%iiae& églﬂﬁﬁf Mentrier figlds a0 2tQuologse

I'n one enbodi nent, upon receiving the ACQ MSG the

s @nldpndrag “admowlgdgersuprressiont’ Keckswpprsesion) fild. r Thefanto+ he

request thread to a linked list of the target

s esienst ficld ibyseddbpy thagpdtwich bielgd bead dspehdaney.aThités thethread

list and adding it to. the tail of the selected

s ﬁ?ﬁb@é@grev%’ﬁ@ tHreIsdsut Ab shbiRqSREBREHAS BeSunk ol IR fhread.

updat ed ased on the information in the. ACOVSG . the

: . iy ; , . : £
| RLEA MR B e ARl BT S fpths
et ea floss pbh idu B oy piefiou el buRiabfea] fog e
S SRE ik Cop nvainton s PSR or e 6 S
O herwise, if the semaphore |linked list is enpty
bédispateher jor othexpapGol eirquatreasseciatoh withfthe theeaflol | owi ng
actions is. taken.. [0030] If the, ack-suppression

f [0828] i s.Inoot emmbodiment)GorSCeiving thd AEQt MSGithe semaphore
identifier is sent fromthe semaphore entity on the

NeREReRquRMEs the BerhaphbReentyaak s kéquestthe SR a lifked St of the

ack-suppression field is set no ACID MsGis sent from

[ ARG ki oo o el
P&-g/tali'ﬁgﬁgé /sgélc%gg&maphore.. 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. Ifthe 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-enquened
9



semaphore entry is maintained in the semaphore |inked
list. If the auto-release field is set the

W( e®boerTggieued semaphore. entry is renoved froP@T/082004/043320
semaphore linked list.. [0031] A Rel ease Semaphore
Message (REL MSG) is used for a thread to. nake. a
request to the semaphore entity to. free ownership of
a semaphore. In one enbodinent, the REL MSG i ncl udes
a semaphore identifier field and a thread identifier
field. In one enbodinent, the REL MSG can only. be
i ssued by contral .citcyitr ssogi.ated w.th a thread
RSP BRIC GNRB ISR i (o seralivgs faced st Tt ipaitic Flcaag
identifier is at the top of the semaphore |jnked |ist.
Ueddhisr st e justgnquesed samaphere entiy isismepedfremdhe semaphore
renoves the entry fromthe head of the senmaphore
|linkisédist.i st. [0032]. In another enbodi ment, the REL
MSG can be issued by control «circuitry. associated

Viob3njany Atiélead S%ﬂﬁ%l/%i‘@MeB@g& ERBR IR E) is uskP €6t a thread to,

receiving the REL G the semaphore entity unsets the

CRABGE RGBTl nt bERAb R enlitio HRRBRANNARRANty, B one
embolfmeiolog g, RS loBif Sondehbre iagaigRe BRRGES i

removed fromthe head of th e ore. |inked ]jst.
G BR Al IR g SR BRI USSR LS 6 ki DB SBHLbY Contol
l'inked list... If the next entry is not NULL, it w|l
mircuitarvissasdated with pdhread holding owmership afthsasmaphare, iigaghe
the rel ease-state field set, it is again renoved from
tthreal ddeattifiér is latthe ¢opegftilne eendaphdredinkedslist. [UpOs gjceivingthe
enbodi nent, this recursive process. continues until
RENNSGRe sédiegotfentifiaremondsatle bty frbm th hdad (Of ki
senmaphore queue is enpty) or the head of the 10

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 eniry 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 removed 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



WD 2005/ 066778 PCT/ US2004/ 043320 I|inked Iist has the

rel eased-state field unset (waiting for the rel ease of
wo b@sserresphore fromthe thread correspondi ng tRCT/H82004/043320

entry). If the head of the linked Ilist is, not NULL

and the ack-suppression field is not set, an ACK M5G

is sent by the senmaphore entity to the thread

identified by the entry's thread identifier field..

If the. head of the linked list is not NULL and the.

ack-suppression field is. set, no ACK MSGis sent.

[ _034(1 .. The Semaphore Acknow edgenment Message (ACK

N%@}@ lisf has the selpased-gtats figld unses (giting fordhr vetepse of thot i f y

a thread that the requested semaphore has been

asejuaphote fromrthothecad chudipoading té the eARK). NBhe Head bfi@s lidked

semaphore. identifier field and a thread identifier

f llied idl noTNULAGKA MeGck Supmissitsh £l ¥s ot sésh ABRTMNP{Sent by

entity and received by the processing core eXecutl ng

t g dehi: {1 ik o r [ Jof

field oo%g]tﬂ?g%g% t@‘égﬁ?ﬁﬁ%&dﬁ%ﬁ@/&@? e fabdier eta
r L Yi 0 I set.sS. he wait-s hor e

o Taic hAtfortha hikep 1ipths Pt UL 40g g ack-ppisssion el s sehao
|mﬁ$ﬁr Fi eld. If the thread is in an inactive

s MPHES¥H-ead state is changed to. an active
state.. Senmaphore Instructions [0036] An Acquire
stitadhor /éspaphcns #ckpewlsrsamans Message AAQKEMSGes sage

to. be sent to the senaphore entity with a semaphore
i generdtéd by thesernaphore ety tot rentify e thapdinthey, the heuédiidethaphore

identifier of the requesting thread and with the
ahdsteer hedred f Incdid editddiment,tBe ADKE MISG $ndhitdes b BerBibhore

inactive state with the wait 11
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. Ifthe 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 wai-

11



WD 2005/ 066778 PCT/ US2004/ 043320 senmaphore state
field set. The ACS. instruction is paired with
w@ twbloeresl by) a Rel ease Semaphore (RLS) i nstPCUSIN4/043320

(described below). The ACS-RLS. instruction pair can

be used for critical section applications. [0037] An
Acqui re Semaphore with Auto-Rel ease (ASR) instruction
causes an ACQVSG to. be sent to the semaphore entity
with a semaphore identifier for the requested

semaphore, a thread identifier of the requesting

thread an .th t -rel ease. fiel e The.

¢ RPERoR Bttt A0 e R Wy robitis rifdv R rotiaveon o
S phore. state field set.. In one_ enbodi nent, the
AReleheStemipphors (RESHisrugdion (fescriberl blaw). (Fhe AESRLS
instruction.. In one enbodi ment, the ASR instruction

i istacdipn paiican he vseddongnticabsactiomappizatiabependency.
[0038] A Wait Semaphore (WIS) instruction causes the
WH1087k e manhAcquiret Serrmphors tvaitteAtio-R dlease (eSKEstructioh chiltes
state is set the. thread is put in the inactive

ShRREQ MSG to bd\&nbloahé sdmsaphete diffity Witk a sih&Rdrd ﬁgﬁifﬂﬁ‘ for

in the active state. No. nessage ’is sent to t

CBRRER B Saiphde R RRAN e b toBed¥htileTfiead Ghd ln e
I Ired ' |y by the thread
R HeE e Dt A R gt VA RE Witk

the thread djispatch tinme, The WIS. instruction is not
ussEpPheresiate %%18 setu i PR enbediment, thej ASK istrpqiiopieannot be
ACOMSG previously issued by the thread di spatcher.

[ pard Witk the RESJestetien hivrane(embaylinment tthe.A SR dustmatiores used
REL MSG to be. sent to the semaphore entity with a
stomrttpérds avithcmty a headrdepedentye. semaphor e bei ng

rel eased and a thread identifier for the rel easing

t [00881d. . ATHRItISRhaplkdre WTIY) @tuctici @ thdwiilSeridhbiee
state. If an ACS instruction has been previously

| $%dd@ StafeQb be checked. If the state is set the thread is put in the inactivé 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



12 WO 2005/ 066778 PCT/ US2004/ 043320 the releasing
thread only one RLS instruction is issued. If an ASR
WO p®b0eror8 on has been previously issued for tPEI/US2004/043320
rel easing thread no. RLS instruction is issued. If a
WIS instruction has . been issued for the releasing
thread, the WIS instruction may or may not be foll owed
by a RLS. instruction depending on the auto-rel ease
field of the ACQWSG sent by the thread dispatcher. If
the auto-release field is wunset, no RLS instruction
is issued. If the auto-release figeld., s.se .RLS .
i therelgesingilireed onlyene S prEstionds isedy @%ﬁ%ﬂ%stmctm has
Acqui sition of an Active Semaphore_ [0040] As a thread
obeanrpseviously issuedifor tg seleasms thigading gpiction ksdssued. Ifa
instructions are executed when resources are
awar'd atrectionhanbeenrissied far¢hdwalcasigg thremlytheWTS instsiction
required, for exanple, a shared nenory | ocation,

OWAS 05 fiah) nBf beAfolBWBR B A RLIMBitriEioh €epndRg onth@SEEFelease
he? resodource. Thus, execution of the thread of

t hel
[ r She [ .
¢ Al ihe R00 MR GAE B eiieda b dther "M E bR b s
enbodi ment, . when. a.semaph . 1S ed an Lre
SERREh O ERIotoR it PO oyt v aBERkct A%t LR
instructi on can be executed by the processor
einstuetiongolleyes the WEA #shciaist r uct i ons requesting the
semaphore. As part of, or in response, to, execution
of the. ACS instruction, an Acquire Senmaphore Message
S pe@cqiis we|SerpaphEe semaphore entity by
th processi ng core executing the thread over the
mfo0d8he Assa théad of trstraetidne is dxicented B oMBGessor, dessinstrintidns
above.. O her formats can al so. be used.
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 access 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 reséonse. 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



13 WO 2005/ 066778 PCT/ US2004/ 043320 [0042] As part
of, or in response to, execution of the ACS

w0 p®s0ecrs on, the thread requesting the senmaphPCEUSR04/043320
placed in an inactive state with the wait- semaphore.
state field set. By placing the thread in the inactive
state, instructions in the thread are not executed,
whi ch includes polling of the requested semaphore
should the initial semaphore request be refused.. By
placing the thread in the inactive state processor
r ces, and syst.em bandw dth are t suned by the
¢ MDA, " D AR P S Sespanie e xeraion of Hhe 4CS dnsfiyction the
.supporting. nulti-threading, the processor resources
atheead requepting:iha sfrarphores pinsed My ipgctive Klate with theevait-
threads.. [0043] The senaphore entity receives the
AcoMprgsthtpfield el Byeplacingjthedhread inrthe nastivestateyihstyuctions
the linked list of the. target semaphore. If the

sirthpthesad arsnot@keaists o/hivh iaelnddsqollig dTYhewahéd®dd semaphore
thread, the semaphore entry is placed at the. head of
r

t SRuRBRB R QembpHoRrelh st bORTRLE E BY DBIcEALE {fi1aq ig'g%ﬁy

entries. |If the semaphore is owned or. “contro

§ . ] | aced at .th
A b B8or G RRT AL Qe Bllabideh st nl B b e
the tail. of. t he inked list is identified by._. .
+ Skpit Beling the Abraphie EPr apOueringicors Sapperbne B dreading,
pool from a head entry to a tail entry and the new
he pipcpserteaureesand systerp bpndsyidihycan b usedast otber active
enbodi ment, the tail of the linked list is directly
ithreads.fi ed by the tail pointer of the linked |ist
stored in the semaphore. table. [0044] As threads
cio0gs]et eThe semdphoteentiBsecsices thoAOES MBE and plades the
semaphore the thread hol di ng the semaphore rel eases

CrefidsRt inFbrniidn SRR AE Hnked list of the target semaphore. If the

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 eniry 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



which is described in greater detail below Wen a
semaphore is released the 14 WO 2005/ 066778

wWEONs82@04/ 043320 correspondi ng semaphor e eneCHUSL004/043320
the head of the semaphore linked list is renpved and
t he subsequent semaphore entry in the linked Iist
becones the head of the linked list. [0045] Wen a
semaphore entry becones the head of the semaphore
linked list, its state fields are exam ned by the
semaphore entity. If the ack-suppression field is not

set, an acknow edgenent ssage (ACK MG . is. =

© e ORGSO SO MG O e SPmpohoss linkedilist isa
associated with the semaphore entry. One format for.

t remmcd apdthe sybspgyentispwaphoye oriry imi;e linkedrlishbeconss the head
al so. be used.. The. ACK MSG indicates to. the

r ef hedinkgd Bstt i ty that the receiving entity has . been
granted control of the correspondi ng semaphore.

[ Q00M3] . | Whees BaRGRoteeriybelSiieMBShb R FIRY § ggx‘égi?&ed

thread is activated. When activated, process

. s actvated. t o
2 Bt e sl AT P REHTRE. Ay T 308 S presion

cMen Jthe (t d h t o th
SRR Btk PR B rSes ST MSE B il om

described in greater. detail bel ow. Exanple. Release
ofhefgmaphare entit fo the dhrgad ergacipted wilh the somspboresntry. @ne
semaphore is rel eased when a Rel ease Senmaphore (RLS)

i frmat for therACK._MB&tistdestribed eboves Qthertformts cm adsrbehsed.
executed by the processor executing the thread of

| Whe AGK_MSE indicptesdd thegretdieing eatig i e recoding ahifity Bhs been
or in response to, execution of the RLS instruction, a
Reta@fd@ontrol 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



15 WD 2005/ 066778 PCT/ US2004/ 043320 Semaphore Message
(REL MSG) is transmtted to the semaphore entity. One

w0 ooosmee77oOr the REL MSG i s descri bed above. O P@r/US2004/043320
formats can al so be used. [0048] In response to the.
REL MSG the semaphore entity matches the thread
identifier field of the REL MSG with the semaphore
linked list. If the corresponding senmaphore entry is
at the head of the. linked |ist, the semaphore entity
renoves the thread entry from head of the linked Iist.

Tesbse ent La.the |i I st becones the
nSgwers Slessnen GRELMSRY i Mommididh chostpnregnity: One
t he thread correspondi ng to. the new head entry. If

t Frsmebfor theRkiM§ ééﬂﬁ?ﬁﬁb?‘bab%{ﬁt Piher formsts ogn alsedesed
of the linked list, the semaphore entity set the

r {0048 e- dh a¢sponsefto dierREE_MB@, thesaiphploee emtity yatches the
Behavi or Mbdel s. [0049] Based on the formation of the

| thideRd déritiFer SIS tIFERBD MUISESwitiatheReémagHoré Ehlkddatt. 3bthe
associ ati ve semaphor es or. ordered senmphores. Based

SEok AR A TSN B g
\'4 \ T

?%rh w??éoﬁvg% %ﬁg@ﬁﬁpﬁ ARt ToRETR 2he suw%?n g

bt Pakaet m”e”t Gheealeie. EiePOoE eh Mol be ertpted to

access the semaphore in any order.. I-n one
ethsdereatentrespondingioiibe Bew Beddantrya I the gomgsponting semaphre
di spatcher at the beginning of a session with a NULL
| emtkyeid nbt attthe lnsad af thei linkled likt, thetsemapishrecattity set tinmelepse-state
linked list). No other nessage is sent fromthe

field of the semaphore entry.

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 semapilores. 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



16 WD 2005/ 066778 PCT/ US2004/ 043320 thread di spatcher

to the semaphore entity. The semaphore linked list is
wheosnecom t he fly by the execution circuitry eR€DUSI004043320

the multiple threads of instructions. [0051] In one

enbodi nent, a thread makes a request for. an

associ ative semaphore by executing an ACS. or an ASR

instruction.. The thread rel eases an associative

semaphore by executing a RLS. instruction. In one

enbodi nent, a new ACQVSG wi Il result in an ent ry

%;I'%ids &?&gc%hggp t?tﬁ sénrl]agallgrgb%gﬁg | ’fl%‘gtgg{asﬁ ll'?]gif#] gst 1S I‘)atﬁi9 t on

provj des first-c first-served (FCFS) semaphore
nﬁtepetly b)dtl@ﬁt?%woafﬁ%%@y I N VISR M i
maphores. [0052] ordered semaphore all ows.

1 r erdn onp emhgdi egt adreadmpkes a reguaspfiwre associtive
predeterm ned order. The order is predeterm ned by the
t bemaphorethysp@tutivey ancACS beat ASR iﬁsftruﬂ:'tiﬁma’l‘ﬁélthﬁ@d- relthRs an
order. can be application dependent. As thread

daSDBET fefhabRore® R BdutAk o RLTMbMIRion! e l&J‘él‘ﬁ@(Qﬁlﬁ
di spat cher b ?gn an kAC(JVBG on gghal? of eac ent, 2
di t;h,[,i?] t
é‘pgleérg'p 3 ?ﬁ?(‘ﬂtgnl I st aCCOYEI ng ?ﬂjth% eé]thgs'tglg ead
erin ction.may. use
ﬁ SR playd e o e s ik 5K, 2B v 5 pecome,
phore, e and ASR instructions are not
ugéﬁ'sﬁge‘fﬁ@ﬁéils@& ¢modelye al ready. been placed in
the senmaphore linked list. In one enbodi nent, the
senaphore entit can only provide control of the
Ong-Embe ent of Wndered Semapharesst  or der .
Threads vvaltl ng on the semaphore will receive the
ABORRLG | Ant ¢rdereil sémaaphorsallowsdencurrent 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.

17



17 WD 2005/ 066778 PCT/ US2004/ 043320 COvervi ew of One
Enbodi nent of Active Semaphores [0054] As descri bed
wW@bwseee7?8 t h an active semaphore the ACQVSG i SPUFES2004/013320

cause. a transition of a thread froman inactive state
to. an active state. The semaphore entity receives

one or many ACQMSGs from execution circuitry

executing threads. The senaphore entity only transmts
one ACK MSG to the execution circuitry correspondi ng

to. the thread at the head of the semaphore Iinked
I| t. Upo g the head of the semaphore. |inked
| FEEIVIEW 01 DarRElugdiuncns ot AUV seIapharest he state of the

new head of the linked list, and may transmt

s 80548 u e nds deseribEEbove, tith anastive samaptivrectiie AGQ_MSG is used
corresponding to the thread of the new head of

s toeguisoa erahsitibet d theehd fém acmame%mmra%w@aa@l §he be
an associative semaphore.. Overview of One

EBRASSHERNénti®f reb¥iP@Cdrie\ve maf A8Gs %igﬁ‘eﬁééﬂ{ agﬁt#gve

sermphore transmts one and only one

WPERRERE bl TR ARG TRRY s REEA e Miste e

ThIS |.i estothre ds Hgi ordered semaphores with
@B’P %QP?R& E‘yf 2dat thegle & SerRaphorss

t cinl y..one ACK MSG sent to a thread.. A thread

lefﬁf;‘ I5h UPereremeving g hesdof ﬂwem!}pmralhnk@d kst.She semapbore

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

t it examises the statcanfith iof el inkiey! list, ed mayrapinaiie

entity to the thread at the head of the semaphore

| subkepiehi ACK. MSG iorthe exeoinili ¢irnitry ddtksoriideSth $hethread of

possibility. of a "risk condition" that may exist if

t theé 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 sélﬁaphores with ACQ MSG
sent previously by the thread dispatcher so that only one ACK MSG sentto 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

18



18 WO 2005/ 066778 PCT/ US2004/ 043320 timng of an
entry froma thread i s enqueued in the semaphore
wo 2ovkeeb778 st by the thread di spatcher and theP€T/Ds2004e43320
thread is visible to the execution circuitry. Because
both actions are initiated by the thread dispatcher,
but occur through different data paths, the. timng
of these events nust be considered.. [0057] If thread
execution begi ns before semaphore configuration, there
will be no. risk condition if there is. a WS
|nstruc ion . in_the fhread. Because the wait- semaphore
gi‘%?‘@%%‘?m&ﬁf“@ ‘f 1§ engreysy m the semaghoie linknddistbiethe
even |f the WIS, instruction of the thread is reached
bdsddispaichen peditheitimecthy theeaskis visible tothe exeentipiciranitry.,
linked list the risk condition will not occur. The WIS
i Berause bbthractiomume initidted byrtheahrehddispNElRE, Bul 6cdub Bbugte
state without sending a nessage to. the senmaphore

ediffdront dataag, the GinSREBPIEICveRt nfukt BedisideRaACK MSG

to the thread, the execution circuitry causes the

t t

EG dgqjojn %S‘rﬁg%ﬂ%e "tﬂh&% Sb%%gés pa c%re ¢ Eﬁ\/\?'frﬁm?“n eﬁ%\?n
S [ e |onf|eJ seI sk con drt result. In
© BP0 B3R kSR yarietheR Sl AT S B tho wait-
|nact|ve tate. |Instead, |f t he thread reaches the.
REenanhQEg state varabledssrh by thertfiread dispatgher; ¢yen if the WTS
semaphore entity before the semaphore is configured

f Bistrpetion ofihecthread igwsachsdiofore thedhread is emgyeusdto the i n
condition to. process the REL MSG . |In order to.
asanaphote linked $ikt therisk ¢onditjontwidl Hobocmel EXEWIRS @Btr@fion
the semaphore entity can ensure that the REL I\/SG does
Neduseehs thirbal 1bCRIBthe ihgotive Sakywiktivat sdnanpc Absnal

[0059] Thus, in one enbodinent, in order to avord
I befaphBRMENtity "Whid e 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



t hread di spatcher conpl etes thread configuration
bef ore conpl eti on of semaphore 19. WD 2005/ 066778
weFams g4/ 043320 configuration if the PCT/US2004/043320
ack-suppression is. not set. The thread di spatcher
conpl etes semaphore configuration before conpletion
of thread configuration if the ack- suppression field
is set. Because the thread di spatcher dispatches ready
thread serially, sequential operations can ensure the
necessary orderings. [0060] Wen thread configuration
Is conpl eted before senmaphore configuration, the
t Renfegrationdbiherek-senpiesgion jematisely Thq:rtg@ad dispatoksr cofpletes
signal that indicates that thread configuration is.
c sempéphinee dvafignmtiew beforerompistivaad ¢hreal configuméion if the ack-
confi guration of the, semaphore.. \Wen semaphore

irgioa thelisiset. Bramise tiedhiad @isﬁatbﬁ‘ér@l@éﬁatches ready thread
con iguration, the. thread di spatcher can send

B9 Sseqhéhtial Berhitg c&P&fsh&%lé@ﬁécgggagﬁ %gemaphor e

and wait for a signal that I cates t

or [at Q

dﬁ@éﬁf chi ngg¢{¥'1&%ih§£g% 3‘8% éggpleﬁg gqre ﬁed?ﬁprhaiﬁ ati ons
can lnnecessar limt the thr hput fromthe
dF p, the @"ch‘HFRai %%%&P rfgt@%hm Aad walt fora signal

pel i ned. Thread Synchronization [0061] Figures.
2ﬁmmda>ﬁ@s thet teend senfiguptien is semplete baforgspadinpavicssmgt to
whi ch semaphores can be used to. synchronize thread
esavse Condiguratiog wif theZamaplionst Waibe semaphote donfigurationés on
one) dependency.. The dependency of Figure 2a can be a

sésmypleted Bemlieﬂhteaaboﬁzﬁ glRdtion(lthe ENELD 8¥pAEheR BarPSshA Gl nidsk iR
dependency. For a strong sequential order dependency,

atoihi’tli@’ceﬂ:oﬂﬁéﬁﬁﬁbﬁ’@fth@&éi‘ﬁf B6reSRARRIYDEa &%Qﬂgﬁﬁtmgﬁm thit

one enbodi ment, in- G sent from
Aig @%Eﬂh%fe édﬁﬁ‘gﬁﬁtlon is complete before dispatching the thread. Because

serial configurations can unnecessarily limit the throughput from the dispatcher, '

the configuration operations can be pipelined.

Thread Synchronization

[0061]  Figures 2a-2d are conceptual illustrationé: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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semaphore entity to request the semaphore, the

ack-suppression field and the 20 WO 2005/ 066778
wERADsSS2004/ 043320 auto-rel ease field are botPCT/IOSEN4/043320

The thread of instructions includes a WIS-RLS.

instruction pair to obtain and rel ease the semaphore..

[ 00621 For an associ ative dependency, a single active,

associ ative senmaphore can be used. In one enbodi nent,

in the ACQVBG sent from execution circuitry executing

a thread to. the semaphore entity. to request the

semaphore, .the ack- su essi o jeld and.the

S i elene a0 predofh et ptibisAd f nstrags 0 inelids s TS RLS
instructions includes an ACS-RLS. instruction pair to

o BRstuptiQpRIY ol oblpibandeleasethe peraapliord. 0063) Fi gure 2b
illustrates a IN (one on many). dependency, where one

t 0062l hakorheassodiatiendenengensy, d\singlh ectivehassacistiwdsemaphore
the N other threads do not depend on each other. Here
Ncasbe BsedO$h bihe/@nbodiBER] intheASOQ MSGE s€t FrodeexRofticH circuitry
greater than one.. For a 1: N dependency, a single

R R e E et A ?ﬁ“@?rﬁ%ﬂé@% gk
' N

* ipuREth £ ftind AR Rel R P Bl e o'

St inaies s AT R RS paidio oitn saf Fliae

auto-release field is unset. For the single thread,
WRGIBPIRES head dependency on the other N threads, an
ACQVMSG is also sent by the thread dispatcher. In the
AOBL t Figexpbsillustratesselone en mahy) depeidencyy pvhessonen
field is unset and the auto-release field is set.. The
Nttirbedetad hesf depemizheypion Nostherithehdsdehepathe NMbthBEfreads do not
instruction to. release the semaphore. The single

depend on each other. Here N is a positive integer number that can be one or

greater than oné. .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 ‘AC(LMSG 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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thread of instructions includes a WIS-RLS instruction

pair to. obtain and rel ease the semaphore. 21 WO
WQRBSHeBEY 78 PCT/ US2004/ 043320 [0064]. Fi gur ePCRUTS2004/043320

illustrates a N. | (nmany. on one). dependency, where.

N t hreads have head dependency on a single thread but

the N threads do. not depend on each other. For a N

dependency, a single proactive, ordered semaphore can

be used.. In one. enbodi ment, the thread dispatcher.

I's responsible of sending ACQVSG on behave of both

t dependi ng threads and the one dependent

t Hf’gg‘b i %f%\“ Bg%ﬂgﬁ%&? Al (manyron ang) depeglencyephadant

thread, in_the ACQWSG to request the semaphore, the

adRreadiive dsaddependandy ps asinglethrbad bet theNothfealieas fiot depend

field is. unset.. For. the N depending threads, in

t 198 cadQMB@:. tHorad¥ii esperidegcy, & eimglipRbRtive, Redered sema hore can
ack-suppression field is unset and the "auto-rel ease

f ibehided. SInoak embb&infeht) SheShrlan %fkgﬁt%ﬁertlﬂe?foglgﬁ)ﬁ%%f sepding

i nstructions includes only an i ns

A O SRR, Rl fERE el g o dcpendon

0 ' r se e semaphore.. [0065]. Figure 2d

" irBAd e oSt A7 SRER dhgetonidendiin e AGREME o
dﬁ&gﬂ%iﬂg thrﬁads have head dependency on M dependent

t Fi8ss} dhe'semaphqrg; the acksauppraspien felddp et dnd thetdoteritimselfield
not depend on_each other,-and the M dependent thread
dt5. unse: FertheMNidenendiag ithreadsein thf A\EQNMS G epegdenee case
is. a nore general case conparing to the 1:1:1, 1:N

atrunaythorec e @sk-sgression dickbiewaset afPthe aufy-MeaSERAR %‘?@F Y
a single proactive, ordered semaphore can be used. ['n

olike singlh depamdadt thief®ot i | ' nsi.bl e
o Ssélﬁ%fiﬁngfb oot it o(r)]ﬂlhﬁtﬁﬂ:ﬁogé RERIGHy ASRE SSRINSLED! 0,

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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behave of both the N depending threads and the M
dependent threads.. In one enbodinent, for the M
waelepsneem t hreads, in the ACQVBG to, request PEEUS2004/043320
semaphore, the ack-suppression field is set and the
auto-release field is unset. For 22 WO 2005/ 066778
PCT/ US2004/ 043320 the N depending threads, in the
ACQMSG to request the semaphore, the ack- suppression
field is. unset and the auto-release field is set. The
M dependent threads of instructions include only an
RLS.instryction to.rel t semaphore. The N
izt i BRads ot e 00 NS R SRR iksiemaptars, the ack-
instruction pair to, obtain and_release the
s SRppseion fi [cfy@@eyetméthy@pm&q&q ald éf seti ‘Ghe Medependeuit
can be used to support nore conplex dependencies...
Ftiwreade efiinstrections incindy only 20 RBS dnstiection, totreleaserthasinayhore.
ordered semaphores are used.. The N1 dependency is

PThe Msfpehdisg thesids bbistrudiony hichide B WS ink@udtiof Pt to

2c and the 1: N dependency is processed as descri bed

a@&){ﬁ_aw&traeis%w&ma?ﬁo eFigure 2b.. [0067]. As.
described in greate etail below, the semaphore

is 5] d synchroni zatiL,on techni ques
RAOBRT' o e M Rondbed YRR ST kTR B pipp P
erforned in a.copputer or simnilar electronic system.
| SPplEx depsndpricics. EBT eXasle: foya BN dspanderoyy Prgpioaetive,

processi ng techni ques can_be performed using the
serdarsH semaphorestare used. Jasd¥:1 Benendencyiisprovgssedbast described

gr aphi cal processing techniques provide. useful

eabowp with respectto Figifre ¢ tnd/the AN dgpendatciyiepessaahayr described
use of these semaphore nmechanisns is not limted to
oatapbiwithirespetictoigigedbi ng.  Senmaphores and Ray.

Traci ng

[0067]  As described in greater detail below, the semaphore mechanisms and

he

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, etc. In general, ray tracing is based on modeling reflection and
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[0068] Ray tracing is a technique for rendering
t hr ee-di nensi onal graphics and can support conpl ex
w0 p@hned7mg er acti ons such as mirrors, transpar ePCT/US2004/043320
surfaces, shadows, etc.. In general,. ray tracing is
based on nodeling reflection and 23 WD 2005/ 066778
PCT/ US2004/ 043320 refraction by recursively foll ow ng
(tracing) a path that a ray of |light takes at the ray
bounces through a scene. A trace of a ray between two
bounces (or between the screen position to. the first
bounce or between a _screen position_or a bounce.
tieErastiogrhy Teeively, follewingi(acieg) argth that araygf hgbbmtat the
As the ray is traced fromthe view ng perspective
(ray hoyncas tharoeghag saene.t Adrace gha raydgtwesn twhdoundes (ori tetween
determ ned for each pixel. Various techniques for ray

ttha 6éroéh positidnrtomhe first biumcabi betBesh a §opéen PO$AIGRAIOE a bERRK to
R L.. and Torrance, K E., "A Refl ectance Mddel for

Qﬁgﬁlesrourceﬁsqgﬁh%ﬁ to M-Eééﬂé’nt A@ @h@a? Rérsced Fromlthe

(Jan 1982)" -and d assner, A I ntroduction

5@@}2 ngpEGhade o ASAHEH) fo R ﬁgﬁt soh&% aﬁer Blog i fkrminea

nre ing an’i mage-us

n impge. screen can be r.ender.ed b

&Py 28w Flads TTe atne g “5’8&’?&”(‘3‘?? dyravgee for
screen position is also. referred to as destination
pixraiple, Egek, Rlcandiforpguce, KEay éyReflectange Model for Computer
t hr ee- di nensi onal scene space and generate. one or
n@raphics AL Transs ool Giraphics 1, A €Janel982) and Glassmbr, A. (ed), “An
refraction interaction with the objects in the scene.
RaytoSe@icR 16 Rap Teabight AcadsmtiPrbs, NeweYorkd £889. nat i on
pi xel s -are.independent of each other. The processing

0069y IEIRBhderRS %ﬁqmgg@@m@ 1o triléihb SScBAfquele sh hﬁl%’el on

pi xel's. can be conputed in parallel wthout nodifying

‘SJE?Jeﬁ @aﬁ Be %ﬁﬁx‘%ﬁ ?,Q%nlﬂk%ﬁﬁg fife eye. Myg Bﬁ lé'étclij&lré& position. A

semaphor e nec

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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[0070] As there are many. destination pixels on a
i mge. screen, the ray tracing problemcan fit well
Wo@008/0613%i vel y nul ti-threaded conputi ng ar chi PEDUS2004/043320
For a single destination pixel there may be nmultiple
ray segnents.. As the contribution for nultiple ray
segnents to a single pixel are accunul ated, the final
color can be 24 WD 2005/066778 PCT/ US2004/ 043320
determi ned as a wei ghted sum of each ray segnent
associated with the pixel. For exanmple, when the ray
segrent s are _processed usin .
o B s‘f{ﬁﬁ b3y P RE Pt siihdhe pixel. For
architecture, the update of a pixel's final
ccﬁ P "w??’ hep thegray S%%ﬁ%ﬁ“é%i 0 ¢ pixek agg procpssed neing different
associated with the sane pixel, requires the use of a
s dheepfioerea messvely mi-thregdsd compntingarchitenire, themsiattartay
mechani sm descri bed above can be used for ray.
t rpixdlisfinal 66131, whidbsis aghared resowes dorahe theeds hisviated with the
semaphores, operations for tracing ray segnents

(| safle\pal dﬂ&e%ﬁi/es%ﬁ‘@u%r&ﬁ‘% sﬁ%ﬁﬁﬁr@h@éﬁdﬁﬁsﬁh Iaor%seampﬁ aN:1

pi xel ) can executed in parallel. In one

d e'ﬁ}g rm n@ﬁ&ﬁ%ﬁxsﬁﬁ?ﬁgﬁﬁi@aﬂg {;‘H ];ét l?S:%(rl] ?Og:}%}z&a%%lr ess. .

efe res avail abl e than
100G e Bgiagt e ana SR RYE foctebaryS perations for racing ray
semaphor This is a performance jssue but not a
f @ﬁ%‘?P‘Sﬁ leclaﬂlas|r®h$egmeﬁt3taﬁ$0§1ate&mfl gempmon piel) can be
semaphores. can be used dynam cally. w thout gl obal
s yuemweshinpardlish. Ingog leobodingint ghesemmphare ddentifipecantticons
for tracing ray segnents associated with a pixel are
peefeomined by dgsteng theldeytinafibn pixelisiedrest.  Kaherp Ak fesetM t h
ray tracing techniques allows for greater parall el

PrseRasiwreithvailiilo thah ifdepuiidnBpikésls, BnfipHRlEmay e &
scene in which rays are traced from a

semaphore. 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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light source to a viewer.. A |arge nunber of rays

travel between |ight source 300 and viewer 330;
whowewer778 only a snmall nunber of rays. are il|PST/Ds10e4043320

in Figure 3 for reasons of sinplicity of description.

[0073] Ray 340 travels directly fromlight source 300

to, viewer 330. Because ray 340 is not reflected or

refracted, the pixels corresponding to ray 340 are 25

WO 2005/ 066778 PCT/ US2004/ 043320 represented by the

color of |ight provided by Iight source. 300 Ray

traci ng onput gtions.for t corr ndi to

- preseied iy dbesador o s isided e bt scitra oD, Mucmtue
the light is ref|ected by object 310 74] As
drermputgdensaion the lighhgorraspendinglogpis fegmentssd S0 386 ixmmones
350 and 355 can be perforned in paraIIeI . Thus, ray
t campley bogmsathedipght isoefledtghtsnetsec®300.and 355. can be
performed as two. threads, the results of which are

C E)mu ped Aodisoissed dvehay Bhdag opdhins iSitpinenE 350 amd 355
t multiple ray tracing operatlons Coordi nati on of

8, LA 4R
o A S ”ﬁg@hé%@ feelbpie

410. n tion qf can be acconpllshed
Hf‘%ﬂﬂ?[%ﬁﬁ b e B Rt 5 drapoa oRegions.
( ., hardware conponents softmare conponents, etc.)
u §9qrdmatxon@f thedyvortheadsean bsgeeemmplished wring-aqtive senmpbiorasias
mul tiple ray segnents contribute to a single pixe
Adescribgddbtée. |f a single ray segnent contributes to.
a single pixel, 420,. the ray path

[0075]  Figure 4 is a flow diagram of one embodiment of ray tracing using

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]  Ifasingle 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 results 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
26



Is traced, 425.. For this single ray segnent, any ray.
tracing technique known in the art can be used. A
w@erooslewod or i s determ ned, 475, based on the PEBUE1084/043320
of the ray tracing operations. The pixel can then be
di spl ayed, printed or otherwise rendered for view ng.
[0077]. If nmultiple ray segnents contribute to a
single pixel, 420, one or nore of the nultiple ray
segnents can be traced in parallel. Ray tracing for
multiple 26 WO 2005/066778 PCT/ US2004/ 043320 ray
se nment s |n ar ﬂ can c %%g a N1 dependenc wher e
freRents R pafaflcl can cregisp, eRgFERY hererthe pixekregit is
the ray traC|ng operatlons for the N ray segnents.
THerengent upep draremdis dfshawaydrasing aperdtions fobthe Miy\segments.
[ 00781 When t he dependenci es are resol ved, 440, the,
r #hisiNgd dependencyrisihangieéd as desgribedoabiong oper ations. are
accumnul ated, 450. A pixel color is determ ned, 475,

bpgogg] on Wihen fRsdépéridenties hﬁ&e@%ﬁm(ﬁ%@eﬁﬂﬁé oﬂlﬁ%tﬁg%le

operations. The pixel can.then be di spl ayed, print

OfayAtHla bt EarloB0 L REurh Bhatoll £, W pindt Qi€ AT Ay 475,

nsi ona ering’ |ng |ve maphoreés
V4 ff d | hi
B e reﬁ@ﬁsaoﬁé%accsda“é%?iﬁiFg&g?é?' 3fitn iy i then
t I t I
S flsalavef efinrlor pufidue Fodd focdomng. pr of ect ed ont o

the viewi ng screen.. Render. primtives projected
onto. dlfferent gcreen plxels can be rendered
i ATOANESHRASE iy Oxhd 0SB A b

projected onto the sanescreen p| er onIy the
pl00@PL i vdniZnbiffesrhasesk thrsehimensional piaphics repdedin, #endered
smal | er di stance neasure from the destination pixel,

t dsirgeftm arechividedlinfo seabereyrimipisted 26h b oIk BB, PiadSkbs, triangle

Csomgs, 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) update.s 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
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[ 00801 The Z-buffer. is a screen size buffer that, on

a pi xel -by-pi xel basis, stores the Z value of the
wonR@s/06@Cent update to screen pixels. CGbscuri t PEBUS2004/043320

resolved using Z-test. For any primtive that projects

on a screen pixel, the primtive's Z-value is

conpared with the Z-value stored in the Z-buffer for

screen pixel. If the primtive's Z-value is smaller

than the Z-buffer value, the destination pixel color

Is updated with the rendered color fromthe primtive,

and the Z-buffer 27 2005/ 066778 PCT/ US2004/ 043320
valele 1 EP‘E?Eﬁi{ﬁS nczx Jf g@% l?f!nfn%‘l"F S%&‘ﬁﬂ? 15,apd 3% 0% grz@%\%a% the
is equal to or greater than the Z-buffer value, the
de&buitertviabie, meﬁgstm@ap@ pixghcelar 3s well asfhe eosraspenshinglZ hyffer
Z-buffer value is unchanged. [0081] In order to
pratiedeundiasgesit ent screen pictures, the prinmtives
projected onto the sane screen pixel nust be rendered

| 00%Yg St I értlebPeSduce Ebmsisterit tieen pich@sthe grimitives projected
t hree-di nensi onal rendering can be realized using

. ! be T t
g;ag%d fhe @&ﬁéQ&Qan o@&&%&ﬁ ibB GerfRllr : m& lo¥der.t FhE 240 Frer-

Itecture. exanple, In primtives can

i T L
ST E W

described above. [0082]. Figure 5. is, a flow diagram
ofprigHtivesragn bic senderedrbyzntependent ghyeads. Dependencieshatwpanibe
graphi cs rendering using proactive ordered senaphores.
Thpeimititgse foir €3ymple theZ bafdetesichndnipdste gnecbmthanrgtixel by
primtives and portions of primtives based on the

p rrﬁ&lﬁﬁlb ipitivéspcan Bearesolestl ubhgsthe e@fiaphbielmechdhiems described
semaphores are

above.

[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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configured for the primtives or portions of
primtives based on the projected screen pixe

wo omaneoms, 520.. [0083] Rendering operations.PEr/ES2004/043320
performed on the primtives or. portions of
primtives by nultiple threads of instructions, 530.
The threads can be executed by one or nore processors
and can resol ve dependenci es using one or nore. of the
semaphor e nmechani sns descri bed above. For exanpl e,
t hree-di nensional rendering for nultiple primtives
by different threads that are(frojected onto the 28 WO
2E7B% SRsETEX B e Crsatseul-dd stependeggywherethaf-tpst aed destination
create a 1:1:1 dependency where the Z-test and .
deelor npdateef eaglhthyead ig dependeft upan ithe tesultsdfiose orkmpeythesuds
upon the results of one or many threads wupdating the
sapdatingtesang scaden pixat priiceding te thivad.aThis Thi: 5 ddpehddney is
dependency is - handl ed as. described above. [0084].

Wistnidd e deaedapsves are. resol ved, 540, the thread
for. the given primtive or primtive segnent

Wha t f - {.
[ RoBL T hed G eBBAchABT R ReRRS. Ho, Biba rBECNTE
PR B PO Be i 2 65ind AR SIcepST 2t

rendered picture can then be displayed, printed or.
otpfates the Zpralisand eglor yalugfen fhe grojsptefamixel o o fgaluendered
Active Semaphores [0085] In sone video coding
spighaiaisdzsnerfited afiex theprisnitiE@rerendersd 600 The fimal renderedt e
segnents (such as macrobl ocks). within a picture
(pictwatamthprebe displapel, printed dOB)hetwise prserabIde diching.

i ndependent threads of instructions. In sone video

codi ng standards, for .exanple MPEG 4, decodi ng of a
pVidet Diecodibg Wi S¢ibfe StnapBores

[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 otherlpicﬁlre‘ 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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macr obl ock has dependency of decodi ng of other.

pi cture segnents.. Therefore, a picture can be
waelemsted79y nmultiple threads of instructions, PCI/ES2004/043320

mul ti-threaded architecture. Dependenci es between the

t hreads can be. resolved using the semaphore

mechani snms descri bed above. [0086] MPEG 2 is

descri bed, for exanple, in ISOIEC 13818 "Generic

codi ng of noving pictures and associ ated audi o

i nformation" published in Cctober 2000 and rel ated

S S, o MEG.4 is. described, for exanple, in 29
v@%@éﬁdﬁ%&j odipgp A1 ts”|pgbjished in Megeh 2002 and
"Codi ng of audi o-visual objects" published in March
2vdated plandards. at ed st andards. [0087]. Figure 6. is a

fl ow di agram of one enbodi nent of video. decoding

up108] actFigarei/aoflow dixgetn vLomesmRpdanas of vides dbésding
di agram depi cts the decoding process of one picture

Ofisiflg ¥¢tHRAnSRM PRIAEEVe RRiphERE. PhOASRK i i at ed
to]ﬁdgécode mul tlppl e pisctupes of a vi deo&g%éﬁ lgg:mﬁhe

Bl A ch ASGHHECT R BT
f bl ocks.. macy obl .

EeBPIRT B aedots Rt S iesror s idio eiRR o Photeemeatsf e

to

., be decoded, [0088]. In_one enbodi nent, before
RIS tocPestserdnd; a5 detsrained, &P L he seementsran besfog axample,
by different threads of instructions, 640,

i gl@@ks, gwyneof blademaenoblosks orgreupiaifenavrotdokks, or dhyather
segnent has head dependency. - decodi ng of the segnent
ceegmedation of thedradectodierdgeodedul t s. of ot her segnents,
620, - one or nore semaphores with head dependency are

C[0088]gur &hloh®embdiimeht, Béreddechdinf; bpéihfiHi%re 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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that processes the segnent, 625. If a segnent

has:.tail -dependency - decoding of the subsequent
wGee@swet7(s) depends on the decodi ng results of P€TUS2004/043320

segnent, 630, - one or nore semaphores with tai

dependency are configured for, the thread of

instructions that processes the segnent, 635. [0089].

Decodi ng operations are performed on the segnents by

multiple threads of instructions, 640. The threads

can be executed by one or nore processors and can

r Y nei [ gnhe.gr nore of th

o R En B R R, ehBor 81 len Bshopls o beppsplued using
for a segnment fhat, h head 30 WD 2005/ 066778
PEEFULBbS 4 ¥4 Seprdsnermeda cBedhtesds of the N
dependency of these segnents can be resolved using a

s niessgmentsiaggeandigiredvith sparaphares wwithrteid depentiencies and
threads of the N dependent segnents. are configured
withdoreaieppitting segmdni ist avinffigaiey evithesefriapbora Mdth 4 ligadone
dependi ng segnent is configured with semaphore with a
helapleqdeﬁcgemgma-d Bidendy i HARMRA 4€86¥ b 4304 ed as
descri bed above. [0090] en the dependencies of a
SO0 Ao BRPUpEenB prh Bébrldil irSecled. AP gHSRAHR Y

segnent are. generat ed, pictu
h t o l'ts,. 660..
TR <l ai® srRetE Ban A fefl el ey from the
printed or. otherw se presented for view ng.
c&ﬁ%fF%PsfF‘gWgﬂ[eGB@ﬂl t5R ﬁ@r iﬁ%gnﬁlrﬁie?w@dmpfcm&en&n to

"one enbodi nrent” or ,an enbodinent” neans. that a
p displayed, printedeazotheswiss presented for viewiogar act eri sti ¢
described in connection with the enbodi nent is
included in at- | east one enbodi nent of the
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 referring to the same embodiment.
[0092]  Inthe 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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i nvention... The appearances of the phrase "in one
enbodi nent" in various. places. in the specification
wae®snetr7siecessarily all referring to the samePCT/US2004/043320
enmbodi ment., [0092] In the foregoing specification,
the invention has been described with reference to.
specific enbodi nents thereof. It will, however, be
evident that various nodifications. and changes can
be made thereto wi thout departing from the broader
spirit and scope of the invention. The specification
a&iﬁ&' i ngs are, accordingly, to be regarded in an
[ tive rather than a restrictive sense.. 31 WO
2005/ 066778 PCT/ US2004/ 043320 CLAI M5 What is cl ai ned
is: 1. A nmethod conprising: executing a first thread
of instWhatisslameds: process a first graphical el enent
of an inmage to be displayed;. executing a second
thread of instructjions to. process a second graphical
ellenentA siethadecompaisingt o be di spl ayed; . placing the
first thread of instructions. in an inactive state in
r esponszetuwingedirscthicad of insaucticasd preessef firgt @aphied] element
predeterm ned conditions related to a relationship

bgfﬁﬁgﬁa$é'\@[feidi§ﬂa}&ﬁgphi cal elenent and the. second
graphi cal elenent; maintaining the first thread of

ocel vatf o ekl hASH or U e Bk s RN aE

exgcut i aof. the first .thread of instructions. in
rglggbg%g&hg_lmagee%)e e\/‘ﬁ??dajfeﬂe nmessage fromthe semaphore

entity., . . . e .
y 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 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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2. The, nethod of claim 1. wherein the set of

predeterm ned conditions conprises an unresol ved
walependermey. . 3. The nethod of claim 1l wherei nPETTESHE1/043320

of predeterm ned conditions conprises. the |lack of a

response fromthe semaphore, indicating that a

resource corresponding to. the semaphore is

unavai |l abl e. 32 WD 2005/ 066778 PCT/ US2004/ 043320 4.

The. nmethod of claim1 further. conprising maintaining

an indication of a state for the first thread of

instructions _and for the second thread of

i nst r ucdi onsThesmethed ef glaiop & furgher epmprising wsintainingtane

i ndication of the state of each thread conprises a

stindigaticar ofaxdtate fmrthe Sipsb fAdeadpftinstrusticesmd denihy sedobhd #ityad of

of an associated thread. 6.. The nethod of claim1l

wHastaickiohd)e first thread conprises a first set of

ray. tracing instructions and the first graphical

el ement conprises. a first ray segnent, and further

wher ei 15 t he {eGANH Bf 8agh 4 { ﬁi%lﬁdlggl%g%gt &ag{e)fofeach

ray trac:| ng 1 nstructions an e second grap
el ond ra nme .

oA bopb A 3fly SRl rmeioncineily Bosngian & adrohigy
set of %dt%éq decoding instructions and the first
grassnasiat adrent conprises. a first picture segnent,
and further wherein the second thread conprises a
second set of video. decoding instructions and the
second 6gr apliiheahetbddofnisine bmberesethe fiast sleeahebmpnises o st

segnent .
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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8. The nethod of claim7 wherein the first picture
segnment conprises a first macrobl ock and the second
wWEr@seE7segnent conprises a second nacr obl oCRCT/BS2004)43320

2005/ 066778 PCT/ US2004/ 043320 9. The nethod of claim
1 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 elenment conprises a second
render %ri mi Hiesgethod of chap 1 yeherrdm therfirsy thyead oomprsesjarfirst
the first render primtive conprises. one of a first
paiehef theeefdimensidnal egndgring imstructions agd the fastggraphiical skement
triangle strip, and further wherein the second render
prdofipirisvea fittpendseprinitivepinddfuska ovttbraln it secord thRaaNd
line, a second triangle, and a second triangle strip.

1leomprRed Eé28Ad St of 't}ﬁféérﬂﬁlé‘nb'ibhil%n&ﬁﬂ’g fiksBraB§bms éuelcrl the

determning a distance value for the Tirst ren

G seilt ot AP bR ARG R Bk oo v e

for the first render. primtive and the second render
primtive tq., determpe a relationship between, #he.
first rdnderlhsipeied 9€"1§Wbl5 wihgrein (e dinet rendeprmitive
primtive; and displaying a selected one of the first

r euwrises aneiafiafistnednt; f &rss ine adirsttoangle, apd adfirstituangle strip,
based on the relationship between the first render
prandifirithee wherkin thessesmeloenider priokdtiveprompirises/ene 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.
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34 WD 2005/ 066778 PCT/ US2004/ 043320 12. An apparatus
conprising: execution circuitry to. receive and
wex@snte7a first thread of instructions. corrBSPUSZ0IQH3320
to. a first graphical elenment of an inmage and a second
thread of instructions corresponding to a second
graphi cal elenent of the image, wherein the execution
circuit transmts a semaphore request nessage and
pl aces the first thread in an inactive state. in
response to, the first thread requiring a resource
havi ng asgoci at ed semaphore;. and a semaphore
entity gic}upl égawz{rﬁglﬁﬁ%méﬁ%%t ion circuitry to.
receive the, semaphore request nessage fromthe
execut i SIFCRAEGITUHTY. i geaivs and| eg@@qtqeggﬁ_t thypashaf instowtions
of the semaphore in response to. the semaphore request
meepsEegeonng torafirstrgraphieal elenwatrafdminage etchovdcond thread of
nmessage to the execution circuitry, wherein the
exiastodtions corrasporidiyg tol set@sPQapldcil @lchRACH MO tnidCwherein
semaphore acknow edge nessage, renoves the thread of

| Nthib Exiution SiréuiOansRfs hRaGLHIRe ?e%lﬁés? mess:]ag% %J@aces the grst

apparatus of claim 12 wherein the execut rcui
j 33 - f : ' [ It L. te th
71 el B B, naftive s pESEGRASE BIE Rl Mrtod B RRE R b

ci it to, execute the second thread of

i nsatgﬁlﬁcapiagﬁos??a%e‘ﬁsfma?h%wh ratus. of claim 12. wherein
the first th{lead conprises a first set of ray tracing
i nst r uc5eBIRBheR gty conpled with the presutioncdirstitryt tocerepvei the s
a first ray segnent, and further wherein the, second
t Femaphare FRsups aeessage doomthessecutibn caguiBp 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 1ay

segment, and further wherein the second thread comprises a second set of ray
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WD 2005/ 066778 PCT/ US2004/ 043320 tracing instructions
and the second graphical elenent conprises a second

w0 2005/06ggent . 15. The apparatus. of cl ai m 12 RBEUS1004/043320
the first thread conprises a first set of video
decodi ng instructions and the first graphical el enent
conprises a first picture segnent, and f rther
wherein the second thread conprises a second set of
vi deo decodi ng instructions and the second graphica
el ement conprises a second picture segnent. 16. The

SRR n B spond DAL ol bhBioeRe Sedbhl

pi cture segnent conprises a second nmacroblock. 17.
TR Par atus. of claim 12 wherein the first thread
conprises a first set of three-dinensional rendering
instructions. and the first graphical el enment

conpri 4és a Thieepparates déelaipr 12vivhérein the ficst threadheomprises a first
wherein the second thread conprises a second set of

t beted videoriesodinginstrastidas ambthe fisdt rphicahéemaict ises a first
second graphical el enment conprises a second render

P pidhirk s¥@nent Sand HighR RAREGH i seforfltRieHa é&npﬂ!?:g ?%b&n& B& of

first render primtive conprises one of a fi

PRida birbdedf L&t

o aﬁ podifd forickbfs it b onl H AR PR Bigplsh'a second
ren ﬁertntlve conprises one of a second point, a
sgbc §5¢ 2" a second tri angl e, and a second tri angl e
stri p 36 WD 2005/ 066778 PCT/ US2004/ 043320 19.. The

apparatus of claim 12 further conprising a rrem)ry
coupl ed6.  The apparatus of claim 15 wherein the firsi picture segment

comprises a first macroblock 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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with the. execution circuitry to store the first
thread of instructions and the second thread of

w0 p®s0ercrs ons. 20.. The apparatus of claim 12 PaCr/Ukm®04/043320
conprising: at |least one additional execution circuit
to execute. threads. of instructions; and. a thread
di spatcher coupled with the execution circuitry and at
| east one additional execution circuit to. dispatch
threads for execution. 21.. The apparatus of claim12
wherein when the first thread of instructions is in
the inactive _state, execution of the instructions.
ceases Bhd t Fee anparafusiof slrimi 12 dwither pomprising 8 mapadry coupded
se hore entity to. determne a status. of the

: ﬂm@eﬁmmumgg siges: the first thieadagfjiastaictions and the second
conpr|5|ng nmeans for executing a first thread of
inhkﬂdofhmﬂﬁdkmw.process. a first graphical elenent
in an imge to be displayed;. nmeans for. executing a
second thread of instructions. to process. a second

o M i T

|nact|v eto etection of af, |east
one of % ongfadglpgxaﬁtg 1888“8‘8 @1?‘?‘8“%5?‘@‘159 stractions;
WO 005/ 066778 PCT/ US2004/ 043320 to. a relationship

b en the first graphical elenment and the second
graphical element; neans. for maintaining the first

t hr ead adhread dispuiehdr sauplpdwithdhe exacutioneirstistyand 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 instn;ctigns 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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until a message is. received froma semaphore entity;
and neans for resum ng execution of the first thread

W@RoosH6d7r8ICt i ONS i N response to. receiVving theCHESHage!3320

fromthe semaphore entity. 23.. The apparatus. of
claim 22 wherein the first thread conprises. a first
set of ray tracing irnstructions and the first

graphi cal el ement conprises a first ray segnent, and
further wherein the second thread conprises a second
set of ray tracing instructions and the second

gr. ' £l L S€S, a4 cond r se nt..

3 1Bl R en B BN TRE aff the st aggotioa
thread conprises. a first set of video. decoding

i RSP i ons and the first graphical el enent
conprises. a first_ _macrobl ock, and further wherein
the sedesras fonmaintaiwangihe oy threadafdndrustionsin the/indetive state
decodi ng instructions and the second graphical el enent
c omtil & pessage saecpintd fran helhaphore enty;.andhe appar at us of
claim22 wherein the first thread conprises a first
set of ridanefor dsURIAS QIRBhtiSHESTIRS ROt HAIF HHiuLRchs Y
the first graphical elenment conprises a first rénder

Phbdgbhdeb recd j c thread 38 WO
ZOOsg/bOgG?%eS %%%%%g%ﬁ%%gs%%%?’%s‘g@ﬁ% second set

of three-dinensional rendering instructions and the
second ,gr aphi cal el enent .conprj ses econd render
primt ?3@. %?PPAT%%?MW%‘PIH&?‘? gﬁt thesadropmprises a first
control l er; execution circuitry coupled with the

iSO xR nstalctipns e the fiest graghical 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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execute a first thread of instructions corresponding

to a first graphical elenent of an image and a second
wa boosmeh7ed | nstructions corresponding to a seck@mUS2004/043320

graphical elenment of the inmage, wherein the execution

circuit transmts a semaphore request nessage and

pl aces the first thread in an inactive state in

response to the first thread requiring a resource

havi ng an associ ated semaphore; and a senaphore entity

coupled with the execution circuitry to receive the

se request sage fromjfhe execution circuitry
an g&p Eﬁ%eg Iaesg%l'@éﬁf) RRTmens endgringpstaistonstanddhé n
res%on e tp, the semaphare request nessage by

t r SHPOR{ Etaphisalelencal GppHss @saemidadagter pHpstige t 0. t he
execution circuitry, wherein the execution circuitry,
in response to. receiving the semaphore acknow edge
messageZ6.r enAwsgstemvemphisiagd of instructions fromthe

I nactive state.. 27. The system of claim 26. wherein

t he exesgniein@fy édntrelledry conprises: a first execution
circuit to execute the first thread of instructions;

and a SgGeRTbneHRGHL ' i g execute the second
thread of ingtruc#&oc%gpﬁhgg%%ﬁg% pHer to receive and

P . 28. .The system of claim26. wherein

{ rephtE e AR i Bictigntcctebpanlintoye fg¥t raghical elepiontpt
instructions and the first graphical el ement conprises
a ef’%‘i;a Secg gad of iuptructiqnseprrogponding ta meccond grghical
thread conprises. a second set of ray tracing

i rRleent of thedmagrl wherin Beenecution phrcuittrarsinityatmaphore request

conprises a second ray segnent. 29.. The system of
cmagssageend ptaeesihn firdt thrbad intantifvceine sRTR rspOfse do fHe ikt

set of video decoding instructions and the first
grtbreld rmhir'mg@W&Qﬁﬁh@%ﬁ%s@cfatéd%%maphore; 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 receiviilg 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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macr obl ock, and further wherein the second thread
conprises a second set of video. decoding

w0 p@bieors ons and the. second graphi cal el emenPCT/US2004/043320
conpri ses a second nmacroblock. 30. The system of
claim?29. wherein the first picture segnent conprises
a first macrobl ock and the. second picture- segnent
conprises a second mnacroblock.. 31.. The system of
claim 26. wherein the fast thread conprises a first
set of three-dinensional rendering instructions. and

the first g hi cal el.ene conprises.a fjrst portion
render Zg‘r i mﬁ?%?e%ﬂgcw ?é]‘éfp?re%nti‘i" 311'“% ﬂi‘rﬁ%i CQURRIisEs a first
thread conprises a second set of three-dinensional

r el raigpcingsinstirctipphandthe firsh graphisakplement spmiptisgs a first ray
el ement conprises a second render. primtive. 32. The
s gegmaent,hd frlienwhereivnthe e¢oont tferedd canprisesdsecopd satiof taye
conprises one of a first point, a first line, a first
t traéing ittru@tivis and thestedndigdjlical Slefnept conftitisesMyecond ray
2005/ 066778 PCT/ US2004/ 043320 and further. wherein

t B&ngggond render. primtive conprises one of a second
point, a second line, a second triangle, and a second
triangle strip. 33. The systemof claim 26 further

conpri §jng nmenpr upl ith . the, r .

cont r o?%) er ?‘63 g){sngep{o{cﬁg&f ﬁ'j@t/‘\érf'ﬁlrtg%l HS6 ﬁ%@@ﬁ?% st
and the second .thread of instructions. 34.. The,

s §&0& ¥idsp degoding ipgrugHeRsAnd thearvt ewmelhineclomani permprisss a first
instructions. is in the inactive state, execution of

t macioblnck, padiferther sdwgrain thesecand dhread earoprises a s¢oood setof
does not poll the semaphore entity to. determne a

s viito deailinighnstructions and the second graphical element comprises a second

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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semaphore request nessage. 41

WO 2005/066778 PCT/US2004/043320

and further wherein the second render primitive comprises one of a second point,

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

33.  The system of claim 26 further comprising a memory coupled with
the memory. controller to store the first thread of instructions and the second

thread of instructions.

34.  The system of claim 26 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.
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