METHOD AND APPARATUS FOR ELECTRONI C SYSTEM MODEL GENERATI ON BACKGROUND
[0001] Integrated circuit (1C technology is continuously increasing in
conplexity due to inprovenents in sem conductor process fabrication

techni ques. Conpl ete systemon-chip (SoC) solutions, involving nmany

el ements such as a processor, tiner, interrupt controller, bus, nenory,
and/ or enbedded software on a single circuit, are now available for a

vari ety of applications. Software devel opnent, early hardware architecture
exploration and functional verification of a conplex SoC or processor
device are chall enges faced by the sem conductor industry. At process
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avai lable to inplenment | arge and conpl ex SoCs, the challenge of
functionally verifying such conpl ex devices grows exponentially. Industry
data suggests that upwards of 8S8BAQKGROUNDOj ect resources are allocated to
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procedural programming languages such as C/C++ that define behavior to be performed with

limited implementation details. Register transfer level (RTL) is a level at which a digital system is

described in terms of synchronous transfer between functional units, RTL is one level higher than

a gate level. At RTL, every operation’s order of execution (and thus timiﬁg) is completely

specified. An RTL model of an IC device may be used as an input to an automated digital

synthesis tool to create a gate level netlist. As used herein, the term “model” is used to describe a

unit, wﬁich may be realized in software and embodied on a computer readable storage medium, that

represents the behavior of a desired device (¢.g., a system block) in a form other than the actual

device. Logic synthesis tools convert an RTL description to a gate level netlist, A gate level netlist

further goes through transistor level transformations by so-called place and route tools to reach the

physical IC level.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] The following will be apparént from elements of the figures, which are provided for

illustrative purposes and are not necessarily to scale.



[0006] FIG 3 is a block diagram show ng generation of a transaction |evel
(TL) nodel froman untinmed functional nodel using a | oosely tinmed (LT)

wr apper in accordance with an enbodinment. [0007]FIG 4 is a bl ock -di agram
showi ng generation of a TL nodel from an untinmed functional nodel using an
approximately tinmed (AT) w apper in accordance with an enbodi nent.
[0O008]FIG 5 is a block diagram show ng generation of a cycle accurate (CA
nodel froma TL nodel using a TL wrapper in accordance with an enbodi nent.
[O009]FIG 6 is atimng diagramfor a burst read cycle using the | oosely

timed [oboy prot g1 ik AbREE dbgdamar atwbidan@witidnegibovindent. [ 0010] FIG 7 is a
timng diagramfor a burst read cycle using the approximately tined (AT)
protoc

n acc nce wi th an enmbodi nent El G 8 is a block diagram
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[0006] FIG. 3 is a block diagram showing generation of a transaction level (TL) model

from an untimed functional model using a loosely timed (LT) wrapper in accordance with an

embodiment,

[0007] FIG. 4 is a block diagram showing generation of a TL model from an untimed

functional model using an approximately timed (AT) wrapper in accordance with an embodiment.

' [0008] FIG. 5 is a block diagram showing generation of a cycle accurate (CA) model from

a TL model using a TL wrapper in accordance with an embodiment.

[0009] FIG. 6 is a timing diagram for a burst read cycle using the loosely timed (I.T)

protocol in accordance with an embodiment. '

[0010] FIG. 7 is a timing diagram for a burst read cycle using the approximately timed

(AT) protocol in accordance with an embodiment.

[0011) FIG. 8 is a block diagram of functional components of a computer system in

accordance with an embodiment.

DETAILED DESCRIPTION

[0D12] | Because of the slow simulation speed of RTL designs, software development at

RTL is challenging. Simulation speeds in the range of multi-million cycles per second are
conducive to software development, wheteas RTL typically provides simulation speeds of less than
100-200 cycles per second. The usage of hardware accelerators and emulators has proliferated to
achieve the cycles-per-second throughput conducive to software development. However, a
hardware accelerator or an emulator can only be used once an RTL or gate level design is available.
By the time RTL design information is ready, it is too late in the design cycle to make architectural
changes for developing optimally performing and functionally accurate software. Many projects get

cancelled or atrive at market too late because of delays in software development. Therefore, a



accordance with an enbodi nent. DETAI LED DESCRI PTI ON [ 0012] Because of the

sl ow simul ati on speed of RTL designs, software devel opnent at RTL is
chal l enging. Sinulation speeds in the range of nmulti-mllion cycles per
second are conducive to software devel opnent, whereas RTL typically

provi des sinul ati on speeds of |ess than 100-200 cycl es per second. The
usage of hardware accel erators and enul ators has proliferated to achieve

t he cycl es-per-second throughput conducive to software devel opnent.

However, a hardware accelerator or an emul ator can only be used once an RTL
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design cycle, because RTL designs are not available at an early stage, Identification of a latency or

performance issue at RTL necessitating a change in the architecture of the chip is too late in the

design cycle. Changes to RTL are tedious, labor intensive and highly erxor prone.
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[ 0015] Hi gher | evel OSCI-SystenC TLM 2 Approxi mately Timed (AT) protocol
nodel s are well suited for hardware architecture exploration. As used
herein, the terns "high," higher,” "low, and "lower" refer to functional
and timng granularity. For exanple, a higher |level corresponds to coarser
functional and timng granularity than a | ower |evel. Coarser functional
granularity refers to nodeling a device at an algorithmc |evel that does
not deal with the signal level functional granularity of RTL. Coarser
timng granularity refers to nodeling a device with no timng granularity
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below. Thus, the investment (in terms of time and resources) put into building the algorithm

untimed functional model is reused in embodiments to speed up development of the LT or AT

system, The LT p'latform allows software development to proceed in parallel with the AT platform

that allows architectural explorations.

[0017] - The Loosely Timed (LT) communication protocol provides the fastest simulation
throughput (speed) because of its simple two-phased request/response protocol. Because of high

simulation speed, LT is well suited for softwate development early in the design cycle. Software



phased (start request, end request, start response, end response) and
supports non- bl ocki ng behavi or, providing further refinenent of timng
granularity: Such timng granularity enabl es system perfornmance-eval uati on,
early power estimation and architecture explorations. Such timng
granularity allows better approxinmation of |atencies that exist in a system
than LT, thereby allowi ng good estination of performance and different
possi bl e architectures. [0019] The LT and AT protocols are conponents of a
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del i veneith. t 0 mar ket sooner than previ ousl y possible. [0022]FIG 1l is a

bl ock diagramin accordance with an enbodi nent. The left and right
[0020] Another challenge facing system designers is the functional verification of a device.

Industry data suggests that nearly 60% of first silicon fails because of functional failures. The
cutrent techniques for functional verification of complex electronic systems at RTL are inadequate
because of the increased time to develop verification environments, increased time to simulate

because of slow RTL simulation speeds, and increased time to debug because of fine design

granularity.

[0021] Various embodiments advantageously provide a platform that is modeled at a higher
level, where most of the functional verification can be conducted, and then reuse the higher level
model during RTL verification to speeci up simulation. For example, embodiments utilize an
untimed functional model, which may be implemented in a language such as C or C++, and
generate TL and cycle accurate (CA) models therefrom. Some embodiments transform an untimed
functional model (e.g., one that is used for algorithm development) to a TL (LT or AT) model and

then further to a cycle accurate model of the final design, continually reusing the higher level



sides of FIG 1 may correspond to an initiator and a target, respectively,
and are |l abeled with simlar reference characters having different suffixes
("a" and 'b', respectively); this convention s adopted for -other figures
as well. A TL nodel 120a is generated froman untinmed functional node

110a. A cycle accurate (CA) nodel 130a is generated fromthe TL nodel 120a.
Details of such generation are presented further below in the contexts of
ot her figures, The CA nodel 130a so generated comruni cates with other
nodel s via a CA bus 140. For exanple, CA nodel 130a may communicate with a
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encaps‘H? Stg bf’ ﬁeéneﬁ% & %%rq?vr? %Qeq%aﬁ ?mﬁ%ﬁéfiﬂégd%%?ﬁ gﬁ? 919%%2???0 payl oad

(GP). ritee o\ﬁhﬁ;ﬁﬁ&?ﬁzh@@nﬂ nudeRaeowar lavaﬂflacmg omvzlimqb&:deveispmgmtehed(}? and uses

SystenC TLM 2 ‘st andard net hods to comruni cate the GP to ot her nodels that

al so dGfMffif:cate using the LT or AT protocols. The target TL nodel sends

the payload it receives frominitiator TL nodel to its functional core ESL

nmodel .[00283n a tar@eus adldw|diagzam i accordance with dmembodiment TA figr prpgses 2000gi ¢

retrieves r e GP at
L T e s R
r et ur naodel sﬁaaﬁMSeveﬂ}dlg:,ahmntlﬂnatﬁlnwnnalﬂeVEﬂ nist stept 220, 3 THenadel; mgerk_rmtadmsmg

[0025] n _order . i nitiat sends
&t arcaesit adind naddt o a Rk P e U ne b L s AP REL OS] )

whi ch madeﬂ isrgamdﬁed)(me) ﬂisli‘lfg the HD smdtliav a Jowee CAl leweesAt step Myﬁmaﬁd),nalamdf ‘dtm ves it
onto t ) accor to a speci rotaca .
want s ‘l?‘lsé(f’ erﬁibgaf’tpﬁra ’E‘% pr?ﬁ“Wi‘gB@F“%&%ﬁ%pﬁo EEOHE a@lieg\yzoaeeséi?l ed above
(dat a hpauu@inthe Tl AedtL, §.en6dd anisd othd deb)th aGendsaiod of therTEapatet andtafsreg2it i on t o
t he cycle accurate transactor. T transact or, decodes the trapnsacti on and
ret ri ehedel sustglisepss brf%lyg’FﬁW’ea’f‘ﬂ% oA, af5 Pesgt ?%E’&g?rg’e OR*®Yer to-
start shdrlfigapsunti med functional nodel and reach the next (lower) level of
timng granularity (either LT or Al, both of which are TL), various

enbodi nents build a system out of corrponents that communi cate with each

ot her using OSCl UM 2 standard protocols LT or AT. In order to build a
systemusing LT or AT protocols, an untinmed ESL functional core nodel is
"wrapped” with an LT or AT w apper as detail ed bel ow.
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[0027] Generation of TL nodel fromuntinmed functional nodel [0028] W appi ng
unti med functional nodel with LT wapper [0029]FIG 3 is a bl ock diagram
showi ng generation of a TL-nodel from an untined functional nodel using an
LT wapper. The term "wrapper” as used herein refers to a |ogic nodule

t hat enabl es generation of a |ower |evel nodel froma higher |evel nodule..
The left and right sides of FIG 3 correspond to an initiator and a target,
respectively, and are |abeled with simlar reference characters having
different suffixes ("a for initiator and 'b' for target). LT wapper 3l1l4a
wr aps([umj] rr]f:d f luﬂlﬁﬁaliw a@hntﬁma’ul ncdidbfal adeleifaidbeick i eteatatd umgh mbmgraﬂm’ﬁg rmge:
320a ecifica , LT el 320a) ,that conmunj ot her .-TL nodel s,
A O AR U S P B T M g
socketgodafreated A5, m&de‘lg {IVURbr &Dﬁ%&ﬂ] &alidaRe dritited 3Qtibedl wdsl. The TDdel s 320a
and 320b is shown in_Fl : gfe enbodi nents, the tﬁttlgﬁﬁ% sg%ket 325a
and t dpesst m@b@%éﬁ“B@%@“%BhﬁﬁﬁFé&P Wamﬂ@waiwn%w?%ﬁﬂ&a if 85

tr ansnRyhe HRWEH AL wihfser RRYd Q88 ithehigher letdl BntlhNBAGohAMdEBE 1B rethi®RAMAY t he
address,” data, byte enables, etc. of a transaction) that this b _transport()

f unct i therefios ardserisensulaten thernformation inge & Sysie TLMs2 AePlpaLERariaRAyIfet ng

const gy @elwa e b3 Hﬁanpacﬁ&%bja@ﬁstlﬁ thf wp%a Qeks RISSARS TRMO nter
(referenc ?%IS payl o between Tnitiator and target. The reason for
this |ssanti¢rduneb@tihtq mmw@e then@P ttcacrt@fétmqéalﬁ thgf f‘lﬁ‘éstqﬂ@a'éﬂl‘éﬁaﬁt wingithelktpy at the
poi nt ef. gﬁgg{y ssi ng
back and ort Tﬁgéégﬁz%gﬁ@ngﬂﬁ %ﬁgﬁggﬁ tﬁéﬁ?gﬁgh&&%up%gg&%a%@@

si mul diiasional cOBIILHemich, Wherea target maﬂel ovantyiieban dadm, ity Hk wepoerdesis not

repl aceg the socke f qgﬂH is a
poi nt ér tnfa vestr‘f‘lsgonse t% %%g}d% {Eﬂf oégggfé ﬂ;é? % a%%{éﬁsdé%% gﬁe n %&?%s&%ﬁe dlllil[Krood by
one ofpromdhdﬂ@rrtbe mmatoh' The taipet sidd therarepwisrat séatusi isdieatordacl wshe infiatppside y where a
payload 'ﬁél ed and which can be accessed by both the initiator and the
target ansport() functi on passes this address between initiator
and target. A virtual comunication link 360 at the untined functional
nodel [D@’&Eél i s El @dershniinte Fexcle @ ey bew thedd pusranpar dogie ssedsvlransactipn thi ch an
unti ned f I enario in
whi chaacc %%%gﬁ%ﬁnc&ﬁgﬁaﬂaﬁg%ﬂ%&ggég?g%%ﬁggngH?ﬁ??ﬁg %ﬁm ugﬁls created
al ong mﬂrib#esans phlloa; armmrrves itontoliee €A bus acserding o o speifie A bm?tnrﬁe@ £ Wher i onal
nodel 310a al read

" | ed at
the urft PIREHY axﬁ%t&r%g atsal’ eve Wi e(?f%%/lﬁéserg%p tQ Ls%%?t '?ﬁ&n% gf&@g#ﬁ? ng%ﬁ% gat 2
Wi t h etigied inctimebmeddpard. sandmatréspamsemnwcmmlto trereyely acooched tr@F@orailbe nodi fi ed

[ [ F f 310 h
a1 UnciPOREANORE O IeistoRBADY oot iy PR o RN b R D0 T

370. Thus, wapper logic 314a is configured to nodify an |nterface bet ween
the uripd2@d f unbtorderdd stadoléth a8 LoGmerhiinetivaalanadst avdireash tharnpxtianerdes? 0.

0031] W.t hi n_t h -
E onl y] Ct\fg gu%gl 8 E%Q?ge\{thglj Lﬂ]lbz&f -Iia &Mﬂcb agé:)flf) U&Ynu@ @mﬁ&ﬁfm@ﬁt?gmﬁlsa snycE
out of components that communicate with each other using OSCI TLM-2 standard protocols LT or

AT. In order to build a system using LT or AT protocols, an untimed ESL functional core model is

“wrapped” with an LT or AT wrapper as detailed below.

[0027] Generation of TL: model from untimed functional model
[0028] Wrapping untimed functional model with LT wrapper
[0029] FIG. 3 is a block diagram showing generation of a TL model from an untimed

functional model using an LT wrapper. The term “wrapper” as used herein refess to a logic module



void WiteToMenory();{ properties of the nethod; #i fdef untinmedFunction
<original code as is> #elif LT <create Ceneric Payload> fromthe properties
of the nethod (address, data, etc.). <create transaction object pointer to
the Generic Payl oad> <send object: pointer to LT Initiator Socket function>
Itendif void LT_Initiator_Socket(); <create TLM2 Initiator Socket>

<send Generic Payl oad object pointer using TLM 2 b_transport nethod of the
Initiator Socket> [0032]During conpilation of the untinmed functional nodel
310a, either the "untinmedFunction” or the "LT" nmay be used as the conpiler
pr e- priggeasidés gé@&fﬁt&j_ﬁ%fhilcmerwtei 1a6de] ﬁbm\ailﬁg}ﬁgleaelmcﬂulei Taé leﬁmpd eightrsidem usi ng

TR RAPHATIAN: RN NG NS AR N

for sofihiees HeEXe hFRMAN uffixes (‘a’ for initiator and ‘b’ for target). LT wrapper 314a wraps
untimed functional model 310 as detailed below, forming a TL model 320a (specifically, LT model
320a) that communicates with other TL models, e.g., with TL model 320b, via an LT bus 328 and
initiator and target sockets 325a, 325b, A virtual communication link 350 between TL models
320a and 320b is shown in FIG. 3. In some embodiments, the initiator socket 325a and target
socket 325b communicate via, e.g., a function known as b_transport(). However, the payload (i.e.,
the transaction data, meaning the address, data, byte enables, etc, of a transaction) that this
b_transport() function passes between initiator and target is not passed by using constant values.
Instead, the b_transport() function passes a pointer (reference) to this payload between initiator and
target. The reason for this is that both initiator and target can write/read data directly at the pointer
(memory address) obtained through b_transport() without passing back and forth the constant

values between them and slowing down simulation.

[0030] Hence, the virtual communication link 350 does not replace the socket-based
interface. The virtual communication link is a pointer to the payload that the sockets pass around,
As is understood by one of ordinary skill in the art, a pointer is an address in memory where a
payload is located and which can be accessed by both the initiator and the target. The b_transport()
function passes this address between initiator and target. A virtual communication link 360 at the
untimed functional model level is also shown. FIG. 3 may cotrespond to a scenario in which an
untimed functional model (model 310a) already exists or to a scenario in which an untimed
functional model does not exist initially but is created along with an LT wrapper. In the first
scenario, where untimed functional model 310a already exists (i.¢., a system block has already been
modeled at the untimed functional level), certain parts of the model that communicate with external
models (e.g., with an external memory model 370) are modified in various embodiments. For
example, untimed functional model 310a may have a function called WritcToMemory that writes
to an external memory model 370. Thus, wrapper logic 314a is configured to modify an interface

between the untimed functional model 310a and the external memory module 370.

[0031] = Within the body of WritéToMemory, code may be modified as follows (only pseudo

code is shown below):



[ 0033] For the second scenario, i.e., there is no pre-existing untined

functional nodel, the untinmed functional nodel function nmay be called from

(inveked by) the LT wrapper |ogic because the untinmed functional nodel has

not been built yet, which is the reverse of the first scenario. The second

scenario may be nore preferable because it is easier to call a function in

an untimed domain froma function in the |oosely tinmed domain. |In other

words, it is easier to synchronize froma tined donain to an untined

dormai n, as opposed to the other way around. The LT timed domai n knows

exact | yojgmene®MexdrghAal LT nodel requests data fromthe untined nodel or

needs }OpReRGdfaRtimethdd; anot her nodel . The LT nodel 320a then calls the

unt i megsaepaieimeatatsh that tine. The untinmed functional nodel 310a

conpl et es idofiphnbiNelib 8disk N zero tinme (because it is untinmed) and returns to

the tinmed domai n. [0034] Exanpl e pseudo code is presented bel ow. void

LT_I ni gdigt @r _Socket (); <create TLM 2 Initiator Socket> <call the

untimed ESL Mydebe s iVPiiSio Memnhy fbpliticdritRimétod @aMeR! dlliak@)i t wants to

wite to t%ﬁﬁh SRUGFSE AL SoiRPR"thEGERNL PAflGadsr OM the data received from
a

the ESL npdg Eg&ﬁter gt Iniﬁié&- $ocksioig@be> Tr ansacti on object pointer to
t he Ge#'b%f'fc ad Zsend Teneric Payl oad object pointer using TLM 2

b _transport method of the Initiator Socket> void WiteToMenory();
properties of the nethod; #ifdef untinmedFunction <original code as is>

void LT Initiator Socket();
{

<create TLM-2 Initiator Socket>
<send Generic Payload object pointer using TLM-2 b_transport method of the Initiator

Socket>

[0032] During compilation of the untimed functional model 310a, either the
“untimedFunction” or the “LT” may be used as the compiler pre-processor command line option,
providing a practical approach to using the original core (i.e., untimed functional model) “as is” but
also allowing a reuse of the same functional core for building LT based systems for software

development.

[0033] For the second scenario, i.e., there is no pre-existing untimed functional model, the
untimed functional model function may be called from (invoked by) the LT wrapper logic because
the untimed functional model has not been built yet, which is the reverse of the first scenario, The
second scenario may be more preferable because it is easier to call a function in an untimed domain
from a function in the loosely timed domain. In other words, it is easier to synchronize from a
timed domain to an untimed domain, as opposed to the other way around. The LT timed domain
knows exactly when an external LT model'requeslts data from the untimed mode! or needs to send
data to another model, The LT model 320a then calls the untimed model 310a at that time. The

untimed functional model 310a completes its function in zero time (because it is untimed) and

returns to the timed domain,

[0034] Example pseudo code is presented below:

void LT Initiator_Socket();
{



#clif LT <provide data to LT _Initator_Socket() as requested and return.
#endi f 1 [0035] The Loosely Timed comuni cation protocol in the TLM 2
standard is inplenmented-using a bl ocking transport interface nethod, e.g.,
btransport(). Blocking in this context nmeans that a single function

i npl enents the functionality, and the sane initiator thread is bl ocked from
maki ng another request to the target until it receives a return status for
its previous request. No backward path for response is necessary, because
the initiator sinmply waits (is blocked) until the target returns with a
response stafede. TLMQ ThidiitgeSockEy or nmay not consune tine before returning a
status to tdgl ihBiuhiirBédESL M@eeitsavgetromaswmn&@ﬁmmdstdnmlbwmts wUlig any
expli gbthe Vs> Signal during its processing, because a 'wait' suspends the
processi ng <hhRaStndifPdyRialts REmERI Watlecdiredtiteh B BSL InddBIad6R! dass Begul er (of
the Systeme ghidthath@ion bBEeAPbintdfo the GeRGRIGYBAS Dy one of ordinary skill in

the art). &P GenBGIBly ldAH o%e&rp%ﬁﬁe‘i%mh&trﬂﬁ/l?@b(?t%ﬁﬂ&d mét@oédﬁlﬁ&iﬁﬁ%or%hedu' er,
a si gnjkigant anmount of ti'me is consunmed by ‘context switching. The LT

comu I cation nodel is designed to execute as quickly as possible, and such
a 'wait' si gnaI woul d negate t hat basi c advantage. Hence, the target

prefer gi i/f ;yowalt when commruni cating in LT node.

[ 0036] Addi {1 ona 4s in the SystenC TLM 2 LT standard payl oad definition,
atra ] d(i.e. the payload) (not shown in FIG 3) may be passed
toth @%&ﬁeg?fg@n%ﬁ% %f erence (pointer). The target can directly read or

W i te&@"ﬁf f'&cﬁ ﬁnter wi thout explicitly passing data back and forth to
the ini ch\ég us. whi ch speeds up simulation even nore. [0037]LT

wr apper 314a Peates a TLM 2 transaction usi ng a generic payload (GP) or a
8rot oci%!),{‘@:)em fic payload (HP). A GP cgnt ains attri gut es, e.g., addrezsb
ata at,_are. used to a basi c menory- mappe us.
If a n%g Qfaﬁﬁodffdegjémd%galelgato%‘%%& ﬁ%as r@lw{"% ”%6§ S, is extended to

acco e attributes specific to a bus. Such an extended GP may be called
a PSP.Y For example, for Advanced exXtensible Interface (AXI) interleaved

wites read n |d ication (I at use Such
an ID [gﬁkﬁil but e%d%g osﬁléft W‘H‘“ﬁaﬂé 3£9t E}gﬂé’@ ﬁtl\ﬂg @A?rgaséwge gt o add
an |ID L@irigraltbdlﬂ(ﬁlgaﬂﬁspbfteﬁéﬁacameﬁ%kl eP§Po tﬁh@ﬁﬁ@%lﬁskm@inahm ﬂ@ltéxm nexﬁseﬂmu on of
a GP are defailed ip the Cl e, e ugl. wi dely known
in t het Spgle Tupgfony PF@SEIE%?HW %aﬂf‘g‘gﬁgg Ef Flg?ar% I%Eiag( gé“t °% from t he
uBt i n&dala‘mgrmawenahﬁmﬁeﬂm tnggGanﬁnﬁ raepicad mtutnhaarpasolr aspredibus leguest, Nos a]E:t i on

obj ect, poi nter th that data. The transaction object ref erence
to LT h?ﬁlgweésath??rﬁaspmlﬁeﬁ St et B3R NP T Qﬁﬁlﬁfi@'@i qufm?ct. on

cal |, the aremaasrvaﬂltbaeé oh& stabl GUe tal € nday SNMAE hot@Bnsufe RigRdeRBdretimih@s get
socket %25b and pa oad fields and commapds are extracted,, e. using the

b_t r arsigherte the 1?@?\'@% i fargsk flpes 0t Gagsume Hme BY setnga exphelywalk o glff!L“ﬁ‘Bgr eads

data fifQmdetnd bARSAGI WA sqmeegstthpgﬂoeésahg aRchdWhd tedsnd b et 0 unti med
functional nodel 3101). Si mlarly, for a read command, LT w apper 314b

reads updetlying eventsshe (qf@w&ns@n&% sitpladon kepsh ag andetstpedb ons Oéa’fdép% t he
dat a Lgkgie @ﬁ%f arg)h@vﬂehamatdrerbr&mseedm@%rmo@fo th@&ntsEhMuRPREsigndida r eads the

dat a romthe transaction object pointer and sends It to untined
f unct |@mpt time gpponsumed by context switching. The LT communication model is designed

to execute as quickly as possible, and such a ‘wait’ signal would negate that basic advantage.

Hence, the target preferably does not “wait” when communicating in LT mode.

[0036] Additienally, as in the SystemC TLM-2 LT standard payload definition, a
transaction object (i.e. the payload) (not shown in FIG. 3) may be passed to the target as a reference
(pointer). The target can directly read or write data at the pointer without explicitly passing data

back and forth to the initiator by value, which speeds up simulation even more.
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[0038] Thus, LT wrappers 314a, 314b generate TL npdel s 320a, 320b from
untimed functional nodels 310a, 310b, respectively. Additional details
regardi ng rul es and-qgui delines for programm ng using the SystenC TLM2 LT
protocol are known to one of ordinary skill in the art and defined in the
OSCl TLM 2.0 Language Reference Manual . [0039] Wappi ng untinmed functional
nodel with AT wrapper [0040] An AT nodel is generated froman untined
functional nodel in nmuch the same way that an LT nodel is generated. AT is
a four phased non-bl ocking protocol, whereas LT is a two phased bl ocking
prot oqe#s7)! n ot Nervriperislda cleeteAd TDMVGL aashotdh ong a genveix pajloai(&&Yoi on to be

started, e.qg.,. by the Inj.fiator thread, w thout I tin '

oo b DT o B i PR RO o B 0 v

g In gelt H&ﬁ?@ggﬁggﬁﬁem bz{s{caﬁﬁm@&}t Jnﬁ!ﬂ?e;\d v mamugcaxmotmeirgdatele? LSRG BRtGON request s
) sponses may return erther I n-grder or_out-of-o0 . An AT

i ni ti dtteibutes, itdnexiendpd to aseqpamedqts Figiptes ﬁ’(ﬁﬂgg fo Ba?‘{se$“°ﬁtﬂn F@E@“@Z@ IPWQ’S

End_Regi&ss paasg kiR, fhiea dvan @ exicntivle MeMic8 (ARYSneReEShritckiaMENRls, an AT
initiator thread nmay 1 ssue the next request prior to receiving a_response

for t e igentification (D dasclaitribute) onpy e pesd. JushaniD gitdbyte does gptpst HE

gener gt | . | i i '
o AT 975 S O jsEoResy AR %@%‘3‘%%3%P%%‘EE*?AE?%E‘?E-eE%@%%“?ﬁS‘EE?%‘ﬂaqSZLSE,

nanel yexteasipe o eGP apulstadediin7ae @HEL ELYcklpesvage 1g e magil widely kpowpabther nmay
al so deploy, LN n?r%lga'nﬁ %ﬂ%ﬁ%@%gﬁ%&%v%&tﬂoﬁ R PERAEHIRIME® BFya there

is no real reaso ine transactions for iIssuance. AT, on
t he f)ftdnd mpdgmadhe_ pagioall Brtbe trymseatian ohjcttipointar eqihdkat date.o Theleansatien pbinddel

pi peline ehavi or a .em . ' .

t ransa?g?tﬂjg r{gfglen e é’g{sburs gé%@%@%ﬁ%ﬁé&%&t@%@%#@ﬁﬁ%ﬂ% é‘é%ﬁ?efg&rt égg@gg%, from
t he ATafeyscstia Bswida Thairbisadtion iswcdietd af@Fget socket 325b, and payload fields and

commands are extracted, e.g., using the b_transport() function. Extracting a write command, LT

wrapper 314b reads data from the transaction object pointer and writes the data to untimed
functional model 310b. Similarly, for a read command, LT wrapper 314b reads data from untimed
functional model 310b and writes the data in the data field of the transaction object pointer, and T.T

wrapper 314a reads the data directly from the transaction object pointer and sends it to untimed

functional model 310a.

[0038] Thus, LT wrappers 314a, 314b generate TL models 320a, 320b from untimed

 functional models 310a, 310b, respectively. Additicnal details regarding rules and guidelines for
programming using the SystemC TLM-2 LT protocol are known to one of ordinary skill in the art
and defined in the OSCI TLM-2,0 Language Reference Manual.

[0039] Wrapping untimed functional model with AT wrapper

[0040] An AT model is generated from an untimed functional model in much the same way
that an LT model is generated. AT is a four phased non-blocking protocol, whereas LT is a two
phased blocking protocol. In other words, the AT protocol allows a next iransaction to be started,
e.g., by the same initiator thread, without waiting to receive a response for a current (present)
transaction. In that sense, AT allows pipelined issuance of transactions, Multiple in-flight

transaction requests and their responses may retum either in-order or out-of-order. An AT initiator
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[ 0042] AT wrapper |l ogic 416a mai ntai ns queue pointers (not shown) in order
to be able to determ ne which response bel ongs to which request, The OSCl
TLM 2 standard defines four phases for ‘AT comruni cati-on of a single
transaction: (lnitiator) Start Request, (Target) End_Request, (Target)
Start_Response, and (Initiator) End_Response. In order to maintain the
request and response queues 417a, 418a, various enbodi nents ensure that
only when an End_Request is received fromthe target does that the
initiator send the next Start_Request. The initiator cannot issue the next
requeahnuﬂ@hhuéﬂ@nﬁﬁﬁg@&ﬂhﬂdnﬁﬂﬁ&ﬁmﬂhﬂiﬂjR&hﬂﬂpEmE@mhﬂﬂctkgﬁﬁmﬂmest and

i ssues an End Req est tran ort k to the initiator, However, the
next rRGUSSICMH HEVEY Ly pafai 3‘“? ”é’e‘@ﬁ“ﬁ ﬂﬁé‘%tofﬁ%‘@s‘ldﬁmf Paesi g Bus

I equesdespdhdel fyehe piviohd RRgRce of correct correlation between the request and
response queues 417a, 418a according to the four phases of the AT protocol

por torliHe bucEl SithPHeC daful S aineiasphct S T mielito bnGRbulert,

pr ot oChciivasiehdleb 0ABinDaBAT Meghiper 41%al ATIvaaRsRE $I‘6atd6p]ajrd @wvhicpel i ned bus
behavior, as with transaction ueueﬁ descri bed abo‘ﬁ 831&,Cbnt|nU|ng W th
an AXItrasRctian; quenes, pampsly.& reisstiuete 4 kaand tERopssancuc Al Sa. dVEPRET B8 TLM 2

gener i gsoRRplof adndabidh dubuds Mt B IOF &hplS @dkhﬁg chiey HRads (67 reasofifo kxeanpl e,
an AXI bus requires an ID to be,fasse g with a Transaction to track

pi pel i ypcEnquawR) tapractisms & dsspgncgy it o8 ﬂ&rﬂﬂhqr mapHng §p FSYop B Part  of
the O8fhurdfefhiodsh; p1pé'[§1@@€eha§1'8?oiq3sy%llnl R@@éﬁtﬁu@u@ﬁﬁﬁh&%@%ﬂe& add IDto it.

Wthout an I'D, the AT w apper |odic l ogic in general woul d not
know virengaetipnss yhereas Ipsponse rqum%a $t@raﬁ@§n0n8%§e%§fﬁ@ fropebe ABSVE425 it es for

ext endj, SHeiahs, expl ai ned in the OSCI SystenC TLM 2.0 Language Reference
Manual ?ﬁ%gx TOOJ%]There are two ways in which AT wapper |ogic 416a can
conmmuni cate with untimed functionpal nodel 410a. Eltheé |n ernal unctlons

of t helOMAi med ATVEEPRSAEIC G Mainiing QUsYs PoiT{es (et §oxm @rm‘ %2, or

i nter rkfb'terxfnlh@%ch@x%sp@ﬁse%'@l%n@sﬁo%h@d%ﬂ@cﬁuc&toﬁhecoS@GH,M@ stanidlre d@ﬂids M functi onal
nodel 410a. The first way s well suited to buidling an AT wapper from an

exi st i thgsea feriAbeprpmyriedtion af 2 vowle iransaetion SErdaer) Ret R%‘I“S@t fl@recQui ted for the
Scenaryfy REC}LQ%H dé[eugag et Regaaﬁs%dvmﬁm&@ Eh® ®epoaS 1if H@ertd bafBsh fgnct i onal

nodel i n—parla , the AT w apper 416a receives data fromthe
unt i merdqyestrrat resperise HM@ 41472 Smrlews&mbeéln&ntﬁﬁmuw Depdaviengneri ¢ payl oad

(GP) thgy ﬁ{a s 1084 {]ﬂ]f;@?ﬁthg ftHaﬂQﬁc' iRabr SRdele é%%arﬁﬁ%&ﬁéﬁ fRea Wite

or a read nctlon t I nvVo T wrapper |ogic or awite, the
AT wr aipifiefor bangpicissie 6w ncettrpwstemww ta@eawdwet@sthaua a aceantpd tharequspiabie dat a

from B'Q%gé Y5k QB0 BRI ATRIR!A BAA o Bl Hiriatfr. Howo Ry e néls Hdudks My besiédpqmand

accor specification. wr apper | oglic 416a may
ext endbefdre thEeBegim.__ B.cmtmﬁsee)lfﬂ@ playioua respest aives. Bdaintgpancoellonpet cerrelate®p) . For a

oo, iedilhallcA RSy OB 4088 PACAR LS AL BT hall bPaERAD! €5 11 the

n un
protocol facilitates the modellng of pipelined cycles used by the latest high performance buses such

as AXI, In other words, if an AT communication protocol models an AXI bus, logic is

implemented to allow pipelined bus behavior, as with transaction queues described above.

[0043) ' Continuing with an AXI bus as an example, both LT and AT wrappers can extend
the OSCI TLM-2 generic payload (GP) to the protocol specific payload (PSP). For example, an
AXI bus requires an ID to be passed along with a Transaction to track pipelined (and out of order)
writes and reads, An ID field is not part of the OSCI TLM-2 GP. Hence, the GP will have to be
extended to add ID to it. Without an ID, the AT wrapper logic (and AXI logic in general) would
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[0046] The initiator side then creates a transaction object (not shown) as a
poi nter of type "generic payload" and passes it to the target side via
TLM 2 initiator socket 425a, e g, -using the nb_transport _fw() interface-
function. The AT w apper logic 416a attaches a unique ID with each
transaction so that it can match the entries in the response queue 418a
with those in the request queue 417a. In this manner, the initiator side
can signal End_Response phases with correct IDs to the target side, and the
target side can signal End_Request phases with correct IDs to the initiator
si de. nbh Endvawgleh respaise isdgi shieh sqesst! As mehtored iboveeilas fortexendipga GPfard )

i1 vl ane RS Protag TPt b TR b BB ERD o ngan

End_Request 'transaction with an appropriate 1D back to the initiator side,
e.g., [0844dg theThfbeaneawemystinbvl(l%fﬂ‘lwmmaﬁogiaﬁlﬁaC[ammlilﬁmcata\vithi te command

fromt h i R tar a S b _Response
transact] O%Wﬂcﬁnﬁ P?ecefgg 0";'I %etthe“ re”‘al fit t}""'n thge u%g‘m%oﬁlﬁmnl e é’%OdBl[ﬁ t the
i ni ti akabthesADwrappadogic ddaqor fhtemal funttiont ofthe Aﬂ‘pm'aﬁpevkigjp 4lpdedlithe tdtime@P at

the tr actio ec er, W it dat a an End Response
{1 ansdumaRe R Ry TndRits Meh Bt i SRR £ GrfRon BB ak oy

retri axdmel Nerciciabmbdedthé Eﬁeoﬁ%@hs bJS’t&r suird $adhd snmanbjoéblﬁlldiltg botlethe ATd passes
t he writedtaadaddre Q C he unti functj.anal nodel
410b. ‘rremféf e MREHEr™ T %i’ﬁﬂl“rl Y TR IR Y 413& AT

W appaecethk® Bath @aththéladtinddriomotiosdl moaarm Oa/arQIfcréaJtUs aUTTINC 2B thndaid gérefipal nodel
410b and directly updates the data at the transaction object pointer. The

t ar getParlPadGIRsEefIrsh i nitiates a Begi n_Response transaction with correct

| D using the nb_transport bw() functional call to the initiator, which
reads [ded53 fl’OmI'hé'I@tﬁédd’ﬁncﬂ:lhmlﬁﬂoﬁﬂ%Oim@ynsﬁltajaemﬁtepﬁafﬁaéﬁmamﬂlthﬁnds the data

to core y of the unt functl o) nodel 410 target side then
ends HREOKET BRATOPIOBREHjgeidd Ve BT Wineti (BTt RS B040] Thus, AT
wr gp{)&{diliegslaﬁg OagAGQegﬁdlﬂ @e&@fraih tHE&dﬂ:lAdd tion ﬂﬁ@@c’cex‘é%ﬁ@f&rﬂl@ aG]PDé .oredth EUR_(IJ_t i onal
nodel s respectively, ition et e

comuny &t Commandacseidingdn e QRELTHM:2 spest CBP‘PIbvﬁ'ﬁr‘ir W‘i’g’ 96%“@?’ ordi nary
skil'l dxfenll BR @fo 20 SRk ordepécbus Protdtel @@Sﬂjl-%?a &a&&lﬂ@&ag\@a@ei legience

Manual (LRM. FIG 4 shgows virtual conmuni g | nks 450 and 460 for
cormmurft L&apiagss the addrpss and byirenables s ¢ Eivet gramands s hect i vel y.
[ 0050] Generation of CA nodel from TL nodel

[0046] The initiator side then creates a transaction object (not shown) as a pointer of type

“generic payload” and passes it to the target side via TLM-2 initiator socket 425a, e.g., using the
nb_transport_fw() interface function. The AT wrapper logic 416a attaches a unique ID with each
transaction so that it can match the entries in the response queue 418a with those in the request
queue 417a. In this manner, the initiator side can signal End_Response phases with correct IDs to
the target side, and the target side can signal End_Request phases with correct IDs to the initiator
side. The target side registers and implements the nb_transport_fw() function. Upon receipt of the
transaction, the target side signals to the initiator side that it has received the request by initiating
an End_Request transaction with an approptiate ID back to the initiator sidfa, e.g., using the

nb_transport_bw() function call.

[6047] For a write command from the initiator side, the target AT wrapper 416b issues a
Begin_Response transaction with correct ID to the initiator side to indicate that the initiator should

send data. The initiator responsively updates the GP at the transaction object pointer with write
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[ 0051] I n various enbodi nents, a cycle accurate transactor nodul e
(transactor) comuni cates with the TL wapper logic nodule and with a CA
bus-to forma CA nodel. In brief, a transactor receives a transaction from
the LT or AT wapper and retrieves the payload information fromthe
transaction (such as address, data, byte enables, burst, etc.) and also the
command information (e.g., Wite Commuand, Read Conmand). The transactor is
designed to work with a specific cycle accurate bus protocol (e.g., the AX
protocol). Based on either a wite or read command, the transactor starts

t he appdiofid sahids a8Buk R Bporish @aiducion Wit corredt SR ed the tagstVEe ANerippeplogied

addr es nd .control| infor i on the bys to.initiate a,cycle,and .either
oL e e et e B CIE Brsaragyactian thiect BoinPringtSed e RatCme

arri vegddrdd9Rcbid feméryiof 1R valinekfudbrasaidd@howbng generation of a CA nodel
530a froma TL nodel 520a, specifically by using a TL wapper 515a, which

may be Wr app 314a or AT, wrapper..316a I I.Ss. di sc ed bel] ow first
" neloDdB et " Fr £ el e AR R T e e ATy ERSE HRREBR" | [ he
cont exfromfcod nehivdly 8860 ahtah@Cfuhdtizhil gnddeleg 08 ahdlifsctly updales f@ligh aptiet | cul ar
transactions (e.g.,, burs readL are d%$cgssed below, it should he

under s tHeCtoR sPlestpainger, Lhe Brael Al Serneid Lo Ay taissmiiredy Reprogse BangaghoR vi r ¢ ual

comMmuN{@REbRet ID fkisy (2 Bb ABspeROovh(@ FuneQeRALGAIGE teQiilti@br, WARN Téadabdla BBhI NEd
functional levels, respectively; these vjrtual connunhé tion links operate

si mi | afe T thei tepeagtion-diset peiRist sdends fieglaldp corsgrpmioy PlhENBIcdbei ng

POi Nt efBchdhaPaydePaflh. tiRatardi SidPASS Siths MeathAshchdn Fk keEsd_Re&foas]wener ati on of
CA nodel from LT nodel [0054]For a Wite Command from the | oosely tined
(LT) weappdD.515a to the initiator transactor 532a, the transaction |evel
(TL) wrapper 515a, which is in this case an LT wapper, creates a payl oad
Wit h- Wojolisy 1 nf orpwas, i 0Nwiabadrs i f6a] £G8Ig¥RSats TR MIdEk 4D 4508 Tedn Gitahedmodel 510a.
The LT w apper 515a sends this transaction to a request_queue 534a of the
1 aBPUPRERIA 0, E9parespPHaveli AHEBR derh SRR 183 s CRBRRNEYEE. and

decodegidisl dnfi dsaet {011 2R KhBEn et Srdftarddkill Allthe/Sfanddey ®Fsecd Maka, and
contro S|g£als on the CA bus 540 to initiate a wjte cycle, [Oogg]Cn
cgHongEsp of CA

det ect PER1 BEM he Lanapge RefergneprylanwalJ-BMD; FiGiet shawg pirivpleaimenet

model 3308 48b §d: Y BmuARaRAdE AR TLARN ulEhad ARG 18615 geslkaeﬁeege.nabl es and
passes such information to transactor logic (not showm in FIG 5) that
forns a transaction with wite data iayload. The target transactor 532b
put s t K850l ansadtengration of CAcmade frogp Ehianedeh,  For a burst wite, the target
transactor 532b continues to nonitor. the data bus until it receives the

| ast dpipgiibef or gn ¥axiowk B@bbdiReiits, angee hicurate (Fdsackol nwdalegeansadad accepts the
transacti on ,and sends ite tat he. untined, f-unctiaonal del . 510b. The
LT \or s wiriche T aepos Rug ansdufodia whh e TEk s REAYEA mgtlly 0 bR ¢ o g
t r ans ag {resadiSriBeei V8 8 RAASEFonAFdn S @ITas ATwiappRnd etridrtetiesaydadb, 536a of the

target and initiator, respectively for the retyrn directjo f
co mgru ningeratien from the transacﬁgn (Csuch as‘a%{dress, data, %yte chables, burst, e%cj anr?l a?so the

command information (e.g., Write_Command, Read_Command). The transactor is designed to

work with a specific cycle accurate bus protocol (e.g., the AXI protocol). Based on either a write
or read command, the transactor starts the appropriate cycle on the bus. The transactor drives the
required address and contro] information on the bus to initiate a cycle and either writes required

data onto the bus or waits for required read data to arrive.

[0052] FIG. 5 is a block diagram showing generation of a CA model 530a from a TL model
520a, specifically by using a TL wrapper 515a, which may be LT wrapper 314a or AT wrapper
316a. FIG. 5 is discussed below first in the context of LT and associated timing diagram FIG. 6
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[ 0056] For a Read_Command fromthe LT wapper 515a to the initiator
transactor 532a, the LT wapper 515a creates a payload with read address,
byte enabl es, burst length, etc., and puts the payload in initiator request
gueue 534a. The initiator transactor retrieves and decodes the transaction
fromthe request queue 534a and drives address and control signals on the
CA bus 540 to initiate a read cycle, leaving the data bus in an undriven
float state. For the AXlI burst read exanple shown in FIG 6, the initiator
transactor 532a drives an address on the ARADDR bus, asserting (high) the
addr es&;d\ﬂ[i’éﬂ ifl s c@ﬂtgict oﬁ%nﬂ@s?ﬁdtﬁaﬁﬁﬁ{gt difi@art FIGV)7. tﬁtlﬂloa%tqmixmalr eady signal
ARREADY. [0057] On_det ect.ion_ of t start of .a read c e, the tarqget

£ ars aRinstoLgA By biiel 0 aised belaye oo ito Rl et ek A MBI PEn ana
creat eﬁnﬁ‘ing ER4SA6 IFR0. 5 sha®s ViuBiedoninfuAREAGT [R1ks 55REhdPS0 FortddintunRBGE@Cd i On i n
its request queue 534b, which is npnitored by the LT %/\f/réﬁgﬁgr 515b. The LT

wr appethe $15pd patirpeddyadiopldevelsgisansetivebn tepovithed omepniy SAMF'ARI request s

dat a f oM Ahe ifd98smMu ol B 350C360GR BhmiBORingpbiHers thifylbddswhaRRer 515b
then creatés a transaction payload with data fromthe untimed functional

nmodel Bmeeld agpvad prisecketBe transaction into the response queue 536b. The
target transactor 532b retrieves the transaction fromthe response gueue

536b a{@@sﬂri ves doh8ahbksofidd Rode AdmdatRodebr the required burst length and
conpl etes ‘the cycle after the last read data. [0058] The initiator

transact or 532a_conti pual | itors, the dat s for a ata.to arrive
whenevl@®34 ead FB&%Wélt?édog{n%ﬁqlgg‘@mthﬁpofﬁkt‘rﬁﬁ(]‘aﬁ%@’p%é ag?tgﬁﬂ?téat?ff FIG 6,
the i Nicdrsak@rs5304, ISARER0PRE (TES Wapser 5, GAkh & inthiecaAXhn bURsippeRd cycl e
upon de-assertion (| ogic. hi gh%i '&I} si gnal s RLAST, ALI.D, . an I?ﬁFA[%;Eﬁ The
i ni ti attertey a Rprkoad iR VB oiaforpationdbaldt gpatves famy yatiged Jngtional mpdel 5 e, 14g,

buf f er BT GRHpeSE1BWRerdS tHd (ans@lioRtth QicsFyudud 553D SAGE hitkiaf titactons3daast read
data is recéeived. The initiator transactor 532a sengé theéégﬂ | et ed

t r ans a€kq iitiatos tepraclpieiida rdcvgyadsiesasiss the ppsaption fropy g queye IYES t he

transagihQl dhiaOMdlBRrdISTRAL 8L 11 € BUsII0 % Miiafd o v0E cpgemand, retrieves data
fromthe transaction payl oad, and sends the data to the untinmed functional

nodel 510a. [0059]In FIG 6, ti Ti, corlr esponds to t h% B{e]‘%i%i ng of an LT
tr ansal¥0pdn. * Betedstrotiomeldhergarholep ¥iils cydlfy SHURISACET P XY e MO # the
RDATA Bits r&fie®ds dh Adlirt R ahd@atdeScotdit td bRtk efddles arld pRsel bochapforaapanss to the
end of the LT transaction, . . .

transactor logic (not shown in FIG. 5) that forms a transaction with write data payload. The target

transactor 532b puts the transaction in a request queue 534b. For a burst write, the target transactor

532b continnes to monitor the data bus until it receives the last data before forming the transaction.

The LT wrapper 515b accepts the transaction and sends write data to the untimed functional model

510b. The LT wrapper 515b then sends a success or fail status indicator to the target transactor

532b. Responses are stored in responses queues 536b, 536a of the target and initiator, respectively

for the return direction of communication.

[0056] For a Read_Command from the LT wrapper 515a to the initiator transactor 532a, the
LT wrapper 515a creates a payload with read address, byte enables, burst length, etc., and puts the
payload in initiator request queue 534a. The initiator transactor retrieves and decodes the
transaction from the request queue 534a and drives address and contro! signals on the CA bus 540
to initiate a read cycle, leaving the data bus in an undriven float state. For the AXI burst read
example shown in FIG. 6, the initiator transactor 532a drives an address on the ARADDR bus,

15



[ 0060] Generation of CA nodel from AT nodel [0061]FIG 7 is a tim ng di agram
showi ng two pipelined in-order transactions using the AT protocol. For a
first read command-from TL w apper 515a, which is in this case an AT

wr apper, the AT wapper 515a creates a payload with read address, byte
enabl es, burst length, etc. and puts the payload in initiator request queue
534a with an ID. The initiator transactor 532a retrieves and decodes the
transaction fromrequest queue 534a and initiates a burst cycle using
information contained in the transaction's AXI bus PSP. The initiator

trans a&&@t‘mg’ﬁ(&%&) the infldrSssadiid giml ARVIATID aARAMEIBND (I5w) the adiréss pgpdy kipgdh) t he
addresg ﬁg si gnal ARVALID and asserting (low) the address ready signal
ARREA i'nitiator transactor 532a signals to the AT wapper 515a the
End_Request phase once it has conpleted initiating the read cycle on the CA
bus 54[057he inkhﬂcateeﬁoddfalmmtﬁra read2gcleaht targeeBartsactorddlh otridvireaddshus 540

for t e ons ase of the curr ead cycle th arted.

| 6062] RS TRRRRBY DR ErR R faf crefte A bSO o S o2t el 3o e

tr anls at@éﬂgéﬁﬁoﬁ id/M itdteqst | pud 334b,vehi¢teig uatioredi By the D3 4erappide 6 Blbs ﬁ‘ hAXIT aI 110\/\15

pi pel i ned reads nitiator transactor initiates the secon

bur st VERBEICY @f’é’tr{ﬁ‘/e%‘h VW@"“PHQOWF@*P&WG%@%EPB‘P@@&“SQFBM% Eﬂr@é%rl bed
above. ypifa@difthctib@ floddlrsams aH{e(LfT \5?&??(—:1‘5'1 SAbS cro@ed 4¥eanbectivh BBRGI vathaRtat he
End_Request phase once it has_co eted initiatjng the second re d cycle on

t he” buBom 4 untiped fuscdonal @pdqlébqwéﬁaaﬁs thedransachon i tBe FERPIEH TSP %®he bus for

t he Begd1.BeSPABRfr BEASE:RlestherARLB0H fbRARE ©Yfohs: dudd 536b afid Aide8the [ 0063] On
detection of the start of a read cycle, the target transactor 532b

retri elussvithrasdedstn fonthe seguiredbusst l%ns a5d cemplFies B&eﬁﬁ%lP afier thedagt reed date- a

transaction with an ID, which is stored in request queue 534b. The AT

wr appefpoSsiob dequgl ﬁﬁtlétck}Qrahéh@@H‘sm coAtRRSMEMbitrame dse Balsfot fead dstaltoassveand
byte enabl'e information to the untimed functional Fg;[)% W%Slob t o reguest

requi r whengxira reapipyclg i stavisd: Fefrfhft AERaprs xangpls5t Iijttor feansacioy AT

W appes3oa Liefsts Malehid of 9E AKI @mrs%w el BBs a8 hds@fio(16kis RigBFofisignble RLAST] esponse
queue 536 with an ID that matches the first read request. [0064] Wile

wai t i NBVASID cnd RREAD Y e Shsonisiator Banspeier 2 itrievengll e rrad defe S NEBat he t ar get

AT wr é owh BFFTREPEN fhRNSAG LRl ior3RP 1 ¢lerhd ddth R rédeficl. Phe @ Second
read c The target transactor 532b retri eves address byte enabl e, and

burst it fransagiar 5En sends thegompleted Aensastion ip the responso qpks $6or B ke
tr ans aﬁ'}dp%} 5'1 By &e%g&b%%e tfﬂﬂ?&éﬁox?ﬁég the response queue 536a as a read command, retrieves

data from the trahsaction payload, and sends the data to the untimed functional model 510a.

[0059] In FIG. 6, time T1 corresponds to the beginning of an LT transaction. Between
times T2 and T12, the burst data is driven on the RDATA bus according to the AXI bus protocol,

Time T13 corresponds to the end of the LT transaction.
[0060] Generation of CA model from AT model

[0061] FIG. 7 is a timing diagram showing two pipelined in-order transactions using the AT
protocol. For a first read command from TL wrapper 515a, which is in this case an AT wrapper,
the AT wrapper 515a creates a payload with read address, byte enables, burst length, etc. and puts
the payload in initiator request queue 534a with an ID. The initiator transactor 532a retrieves and
decodes the transaction from request queue 534a and initiates a burst eycle using information

contained in the iransaction’s AXI bus PSP. The initiator transactor 532a drives address on the
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[ 0065] The target transactor 532b detects that the response to the first
read request is available in its response queue 536b. The target transactor
-532b matches the ID of this transaction with the ID of the first read
request in its request queue 534b. If the IDs match, the target transactor
532b starts driving the CA bus 540 with data received fromresponse queue
536b and conpletes the cycle once the | ast data has been driven. [0066] The
initiator transactor 532a detects the Begi n_Response phase of the first
request by detecting assertion of RVALID and RREADY signals. The initiator

t ransagk AHDR i\, sty (BighPBS bdtird3s YRANGEhal ARNIAID bahas3titng@owlpthe hddreas t he AT
wr apper 515a via its_Internal response_ gueue 53%% \(ia th an SH) %hat

cor r esipiTcignplARREAPY skhe iy arEAnsa5fr 3 44grak fo § A'I"F’Fé‘pf_"ﬁi 7Hr transactor
532a cpt R@%@& Rse' B it Bfs dolBleRid SnifAthef RS rei@dicdatife OAbUS s40herhendtiaér t he
cycle, wnich the initiator transactor 532a notices upon _detection of |ogic

hi gh drenRIcRST32Rentinps teameniRRMAEY busid0 foriths Beein Responsephpgroldipyrierings t he

conpl 4@§ to the AT response queue wi th an End_Response phase
W th %%d%%{eﬁg?%%tc es the first read request. The AT w apper 515a decodes

the read command, retrieves data fromthe transaction payl pad, .matgches the
| D, anl@#06dnds t iveapwhile, thedritiger Eansasior Hefeging § peyfing Ppﬁ?%?tloﬁgﬁggg%ﬁga.
[ 00671 1RE rihestly 8542 %ﬁeﬁaﬁe At &b SIgdlined fad<laramiasot fidsaer oIk r ead

e a

transaction wth an | D and sends the address and byte enable infqrnation to
t he unipitiated theweroni dad bursbread cxsiedty, driviniecthe felsvet Rus PRI HERE 85 {1RY wr apper

515b. the. Al ML ANRELaRddl 595 MBnds 1b Y T widpaSASH e Tnfl Nesuéd ghasebneemed dat a

and sends 'the transaction to response queué 536b with.an 1D that matches

" the selpondupled initidtiag thersgemdireadieyele pw thedus bl dite itiateriansacis 53 ponse to
the second i j | h&d Jhhs JFERAGENE rGURYae M3bstarfdae tar get

transa%og‘ ﬁ?ueg%%%o@@ﬁé@s ﬁél?e}’%ggﬁﬂlf %i()isq&lztﬂrh Ez;ts'r?sacti on vm'rt h ?kﬁ?a | D S('):éu t he

second read request in its request queue 534b. Upon aig%chh t he, t ar get
‘transa®Pedl 532b Osrdsterdonpfithy st efisaeadeyplgsthe treelirpnsacion 1 2p Bisvosfdresm

r espo n§ﬁT %ggfaﬂi%%& ARG G RSP R Bhtes A erafhGtich vABEH TDDHLlcAS stéted i rb@sstbeen

driven. e Initirator transactor 532a detects the second
Begi n_dRespbibe Tk adevianiss 51 3b dreedss the ingoming Fagsacyen aassends theafdreseapdy

s gnal Sy %%ﬁlgihnr{'ﬂé)h{a&foﬁ o 1ot BRSAG! R RAAIMIRY 51065 fefes! Rdfeddtias 1h ansact  on

wWth t request transaction in the reﬂuest .%t!ieue 534a and forns a
Begi n_ireswdisetiond nedeliSd Ab taurasthel dete ta A wamppel Hpevhich 05ms,3 BWUYAt er nal
response gueue 5363 it é',ﬂ@)m,ﬁ Eheb [RIRA S QByusst equest
ID. Th aqsgﬁ ltoln%%?egﬁlyﬁstg%%ggdng%%%g%\?%a y rmnalﬁt ors the c?atglubus 540 for
read data until the end of the cycle, which the jnitiator transact 532a
not i ceMo6Hen it Weileswaiting togeceiva pgerpemse far Aksriirstragad qoprmgnd Sﬁk@@%ﬁfﬂ%g&

initi A honly” Eﬁﬁﬁ%@g%@&t R6o QAhEart 6O\ aGHI 0 dyBle! TRe fag@PONSE queue

536a an - onse phase wth an ID that matches the s,econﬂ read
r equestransdtier SATb vatragypeaddsess by theeralissandibarst BAUMatREISEes JHABLIIATA AR om t he

transagﬁniglfdﬁsﬁogg%ﬁlhgg%g%%}g&ﬁﬁspﬁuehpsmg sends the data to untined

functi ansactor” (initiator or target) is a nodel
separate fromthe AT w apper 515a (or LT w apper ?Pe‘hhﬁ{ti copmuni cates with
the AT[0P65] LT) \ihajasest trassapigr $32hnlstets fhahibe rasponss e RSbEptisAYSt ISt he request

and 1 egpANSe i AHGUEIn® qune §38DS #hd Qfgefitfhsb@dr 53MPnh@BRIsend 1D difiifis transaction

- with the ID of the first read request in its request queue 534b. If the IDs match, the target
transactor 532b starts driving the CA bus 540 with data received from response queue 536b and

completes the cycle once the last data has been driven.

[0066] The initiator transactor 532a detects the Begin Response phase of the first request
by detecting assertion of RVALID and RREADY signals. The initiator transactor also forms a
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wr apper, and only the transactions that the transactor sends fromits queue
are available to the wapper. [0069]In FIG 7, times Ti and T3 correspond
to the beginning of the request phase for the first and second
transactions, respectively. Times T4 and T9 correspond to the begi nning and
end, respectively, of the response phase for the first transaction. Between
times T4 and T9, burst data is read on the CA bus 540. Tinmes T10 and T12
correspond to the beginning and end, respectively, of the response phase
for the second transaction. [0070] Vari ous enbodi nents provi de advantages to
syst enpelsi: ilﬂa@ﬁfn@e trdi@ation @ndscaddigtoahd A'm'@trhp;ﬁﬁ'ﬁ 1 Sawlaats(lﬁte@al, regponserjuewee d

functi onal del. that inplenents the orjgjnal o] f a devi by

at t ach? g ‘@{%é &ﬁwmﬁsmrﬁ@ 9%y Bt tfﬁlﬁ@?t@% TPHiPS &ﬁf 15[’8? oiator Fisnyagit @ﬂ

E $a{3l eﬁonﬁﬁﬁés't@ﬁmﬁﬁfrtﬂl{:&lﬁéﬁ 5&1@513&@9 %@gnﬁ1HM@r@mewabwmmﬁe ifitgatore. gt , ;JSI ng
echniques_as in escri be oV itecture

expl or Htnsegion 332 petiserdpondetgerionpt ﬂ%&#ﬁg}q@]‘%g% ]#/g“]é] gg‘égpy gﬂ“ ®above.

[ 0071] fdehidriaRakloy 532ar§a{d9\ﬂﬁe¢ob;?re@leaafaﬁsafcwtb HIQNET roéBorish hcak R 28t RTL i's

enabl ed wth various enbodi nen not ed above, one_of the hurdl es that

f unct | BedyResmonic phess wignar b at matchop gherlirst repd Appests ThnaTopermgr DPadreadPat i on,

whi Ch_ 8 %eddSoARAH, H0re2 Gk RUR e rRBLA 5AGhd, RafdfiesA IDThad ihusggnar i 0. Qne
way to counter such om/3|nu ation speed IS to leave only a few system

bl ocksretrievRTtlath evthe yntined| fanctional gnodpled 10t | ned ESL nodel encapsul ated with an

LT/ AT wwapper and comunicating with a cycle accurate transactor for the

rest 0 @e bl ocpz A’[[‘Qﬁgﬁd @?Wﬁc H?&t&ﬂ@&écb@é&@llle &0 rédd tfhnsacflblewiﬂm&ﬂ med
ESL no is at a evel, it may run in nillions, of cycles p second.

Even t Hb@nghsen@ﬁethmddmﬁs aicfseenabl infprmation i the wal *"Eﬁd&l‘é"t@P% modek g Pb.gy % down
the OVFeruﬂ-éJ, thWE&E th 85 A ﬁ;&gg 5b. ITihe MY widbper ! |51f>lﬁfohﬁs SRR HRRNGRAGShe CYCl €S

per secon Ichi1s con cive to running mllions of validation cycl es at
RTL | exeturned dntesmdwershrithscianenstion totrpaponsstanered3Eiswith am B thehmptchcs the second
advant gﬁgg Ojtlﬁe {%’SH‘LP%S horlsh ANFAGH 8 deer%gloné@ th hlc%@é&d@édd'?@dﬁlst@sveﬁf@ﬂéﬁleﬁﬁd with
no nee A& event sc Such an assortnent of nodels at
vari ouis teepcmlssqueué mfmafr@b yarghs transecior F3gmmatdhegthe 1@ oEthisransasien vithtie Ignal
nodel s es _seve I di agram
of fun 8{ cB ﬁ%reﬂlemrf 1¥1 {S?Q%J%Qén%ﬁgﬁs y]%({n%élélb%e%g@t thedisditd? s 9BK

starts dr1v1ng the CA bus 540 with data received from response queue 536b and completes the

cycle once the last data has been driven.

[0068] The initiator transactor 532a detects the second Begin_Response phase once it
detects assertion of RVALID and RREADY signals. The initiator transactor 532a matches the 1D
of this transaction with the pending request transaction in the request queue 534a and forms a
Begin_Respoﬁse transction to send to the AT wrapper 515a via internal response queue 536a with
an ID corresponding to the transaction’s request ID. The initiator transactor 532a continually
monitors the data bus 540 for read data until the end of the cycle, which the initiator transactor

- 532a notices whén it detects logic high on RLAST, RVALID and RREADY. The initiator
transactor sends the completed transaction to the response queue 536a with an End_Response
phase with an ID that matches the second read request. The AT wrapper 515a decodes the read
command, grabs data from the transaction payload, matches the ID and sends the data to untimed
functional model 510a. The “transactor” (initiator or target) is a model separate from the AT
wrappet 515a (or LT wrapper) that communicates with the AT (or LT) wrapper using transactions.

In some embodiments, the request and response queues of a transactor are not available to the
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accordance wth an enbodi nent. Conputer system 800 may include a

communi cation interface 814 coupled to the bus 806. The comuni cati on
interface 814 provides two-way communi cation between nultiple conputer
systens 800. The communication interface 814 of a respective conputer
system 800 transmts and receives electrical, electromagnetic or optical
signals, including data streans representing various types of signal
information, e.g., instructions, nessages and data. A conmmunication |ink
815 links one conputer system 800 with another conputer system 800. For
exanpl Wsappdd and QARG Gadshcdiond thitthSikmsqiyt sels &okAl, quewe arbirelfalilasahé he

communi cation interface 814 nmay be a LAN card, or the conmunication |ink
815 ma{@Ta public swi tched tel ephone network (PSTN), in which case the
comuni cation interface 814 may be an integrated services digital network
(| SDN) [ooewjd or anmﬁiGnmmémh(h}imrébub@bncsm&heahﬂgﬂﬁﬁlgmmetré@msrphisedasrdher ecei ve
nessages ata, ,and ipstructions ncI d| pl tion
code, f@ggrrorl@ Hansael B PpECtt; s T RARRRERT s EaimBR R o

inter f@ﬁﬁ%m&%ﬂ ofR@6 eisy&te mgf@mecm@t&raﬁsaaﬁéﬂ et €bA Simeg @Y ahewmfsuﬂae@llsby the
respective rocessorf i O7.as it is receive and/or stored in the storage

devi cereadon 6pﬂolmﬁéﬂ inse 140 anf Higreovstrand fodhnbsginpingragd end;respectivelg ifi on.

[ 0075] b re3porBERIRAL 1O Rl seSRTMEhBELGRY St em 800 operates in conjunction with a
data storage system 831, e.g., a data storage system 831 that contains a

dat abase 832 that is readjly acce srble b t he canmput er ﬁsten18q0 The
comput @P7Uy st emVatien IientspEeyidh adpantaes Hﬁ?ﬁﬂ&@ é@*Fa%?§§a ®through a

dat a i fih&lochARrS33;, aPahdnddudtfordend8BhatWhbehents trﬁ:Qiﬂi@in@thlgdhﬂﬁrhefbus 806,
transmts and reéceives electrical, electro netic_or, optical signals, that
. ncI ucdeviss} by attaptdngrnbseayent Siaring layery theve ‘53%@&‘1 plicatignAnablay BRI on,

éo@t%fe"cfé%l@ﬁ}ﬁent A pRIRsld 'ﬁgssﬂﬂ’é 8g., hﬂn@lﬂ’%hﬁ@ﬁﬁssas af FIGhe dedaMedat | on, the

functlons of the data interface 833 nmay he performed by the co ni cation
i nt er f2hewe. ﬁaller[mm@%m@w e3plorating ooeahl ysigels! teclytiduegppind G n@f her

comunj&atd.gandechani sm for communi cating instructions, nmessages and data,
col lectively, information, and one or nore processors 807 coupled wth the

bus 806 for processin i nfor mati on. te als i nhcludes a
mai n nBtly 808Add§@8ﬁlya§“$°Ye§ma§c@g‘sp g;m ﬁﬁﬁf\g%qﬁo’rs Bt eé]r Hynam ¢
St O a0, {RY ARG dIRAHR! Ahdidd dbBe, BrtSof 3Rt QEs tﬁ&t%ﬁdﬁgndl)r&@ﬂiﬂaﬁoxdﬁﬁc% aBhe
instructions to be executed by the processo&&s&@ The majn nenory 808

al so nBYL plesqisdhe sperd @ts@?‘}lﬁt‘?nt‘ébfﬁ‘bwalf thevtyl GYCIGW FEBTEE 2% r ot her

I nter G068 WA 1 Y5 sV SiRuBkioh Bisttd 148 icaRSorhya fkesystem
proceggg“?§%5507 g 0?%®¥he conSuter systgnfg urtog?y?nclude read

only nelagksyt REGigve o@ﬂoﬂm@ﬁ the potipet B el agfépwdz‘@ﬂb Wéd Wfépﬁeh@ldous 806
for St @hﬁ%%thq%ké}e Qo d WSS dded EQ8e e@or R®IRKQCESSOr (5) 807. A
storage evi ce as a magnetic disk or optrcal di sk, may al so be

rovi ded and coupled to the bus 806 for stor and tions for
P hev Ipr W82 sor (s )%%8@1;6 the i"'unctmnallJ core (i.e., the untimed lEgg mo% SIS ata hlghﬁevc (1:t nlxay

run in millions of cycles per second. Even though the L'T/AT wrapper and the cycle accurate
transactor slow dowﬁ the overall speed of the model, it may still be in many thousands of cycles
per second, which is conducive to running millions of validation cycles at RTL level. In some
embodiments, the untimed ESL functional core advantageously runs at transaction level with zero
(timed) events and with no need {o retutn to the event scheduler. Such an assortment of models at
various levels, ultimately derived from a high level untimed functional models thus provides

several advantages.
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[0078] Conput er system 800 nmay be coupled via the bus 806 to a display
device 811, such as, but not limted to, a display nonitor, for displaying
information to a user. An input device 812, e.g.; alphanuneric-and/or other
keys, is coupled to the bus 806 for comunicating information and command
selections to the processor(s) 807. [0079] I n an enbodi nent, an individual
conmput er system 800 performs specific operations by respective processor(s)
807 executing one or nore sequences of one or nore instructions contained
in the main nmenory 808. Such instructions may be read into the main nenory

808 f rgpyznot hepE @PNbRER digAR Aunbanal Snthosédy GecoiRtiet'$YistefBND ids t he ROM
809 or the storage device 810. Executiaon of t,hg sequences of instructions

cont ai aseerdqnge With apamhodidasr (oppEierIEisRS0P may ypcids ecompupicapn IS, f or m t he

pr oces§a s Q& oiiheshs 3686, 8HE coiRiiniBa R RtEfacs §E potigtd delwaemihiRRatsecut ed
may cause the processor(s) 807 to performprocess 200 in FIG, 2. In

al t er riwtivare nutindelbaramtes systemscORi Theommuaispiianintgefyeed 4 5 ersPestiyR ace of or in
conbi nc%}r']d[pﬂ{éf Ws{e& s Sﬂﬁ'ﬁi‘f‘s dAnfl FdcEMES élt.oc‘ﬁ'?cg}, @lebm%ﬂﬁm or%Bti&mgﬂdlﬁﬁﬂiudﬁfg a

conpone an enb_o_ I'ment. us, enbodinments of the invention are not

I[ 6 (r)nsg ia@l_h:]at sreany reppeniting varpostypesafisnaldhfotrartivnes- . istractionsy pessrgss avd dagh. t war e.
e ter.m..' col , i ! § efers

o ony/ Cmf oG 2R 4L Sk A6 BTy s 01 A0S0 B Hikher SekublRe Syshah SQI ot O P

t he proxempkothé s)mBOmcatidudink &1 Tnpay bna hal, nakkechemssthé cemmuynication indérfige but not

limteg to, .,non-yol ati | and vol at il |.a. | a4 ' i.e.,

nedi a ﬂﬁa’méﬂ'gﬁwg‘?fﬂ» qrﬁqeo%o%qngﬁg?nnm{%hgﬁ%gg ﬁg%ﬂ%/)lfc Sg%%e?tgq?ﬂ‘lg ?lades t he ROM
809, f@t\um)Mwﬂ&a@% gaﬁﬂuﬁm on D\YE{ A%\ 1/BDa oM singgfated sérvieenor vy,

magnet |.c, t ape, netic discs, for exanple. Volatile nedia, i.e., nedia
t hat C‘QMP&WQEI‘Z@ﬂjﬁﬁ%BdMW% M'n the absence of power, includes the main
menory 808, cache nmenory or other register storage. [0081]Although

exanpl @974ir e i | Cosipniat seteariP0 cey drndrataitoeeive, messagot idaterand istractisasier t hel ess

not limted to the details.shown,. Si ' L€ ati
At e R RN R R S S R SR
t he scopananatioamngefacs 8egReaciled ptogrant cddh éingtivations) may be executed by the

respective processor(s) 807 as it is received, and/or stored in the storage device 810, or other

associated non-volatile media, for later execution.

[0075] In an embodiment, computer system 800 operates in conjunction with a data storage
system 831, e.g., a data storage system 831 that contains a database 832 that is readily accessible
by the computer system 800. The computer system 800 communicates with the data Storage system
831 through a data interface 833. Data interface 833, which is coupled to the bus 806, transmits and
receives electrical, electromagnetic or optical signals, that include data streams representing various
types of signal information, e.g., instructions, messages and data. In embodiments of the invention,

the functions of the data interface 833 may be performed by the communication interface 814,

[0076] Computer system 800 includes a bus 806 or other communication mechanism for
communicating instructions, messages and data, collectively, information, and one or more
processors 807 coupled with the bus 806 for processing information, Computer system 800 also
includes a main memory 808 , such as a random access memory (RAM) or other dynamic storage
device, coupled to the bus 806 for storing dynamic data and instructions to be executed by the

processor(s) 807. The main memory 808 also may be used for storing temporary data, i.e.,
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CLAIMS What is clainmed is: 1. A nethod conpri sing: nodel ing a system
bl ock of a systemon-chip (SoC) in a conputer-inplenented untinmed
functional nodel at an untimed-functional |evel; generating a
conput er-i npl enented transaction |level (TL) nodel of the systemblock at a
transaction level (TL) using the untinmed functional nodel; generati ng
a conputer-inplenented cycle accurate (CA) nodel of the system block at a
cycle accurate (CA) |level using the TL nodel ; and verifying
functionality of the SoC by operating a processor to execute a software

Pr ogr ayRridbles) 9r Gther ifREhedRRSInRrmbdtd dkingretehticand idstectiofs BPtie brocdssor{die et hod
of claim1, wherein the untined functional model is i npl enmented in a

progr a¥ftfi ng | anguage selected fromthe group consisting of C, and C++. 3.
The met hod of claim 1, wherein the TL nodel is a loosely tined (LT) nodel.

4. Thejpgrtihod Ofrhe bathpltek sy i 860 May hethdiindTadtal rehdSordNmanpiyRIONEL 880 Y t i med

(AT) nodel. 5. The method of claim 1 wherei n generating the TL nodel

i nel udether static storage device coupled to the bus 806 for storing static data and instructions for the
processor(s) 807. A storage device 810, such as a magnetic disk or optical disk, may also be

provided and coupled to the bus 806 for storing data and instructions for the processor(s) 807.

[0078] Computer system 800 may be coupled via the bus 806 to a display device 811, such
as, but not limited to, a display monitor, for displaying information to a user. An input device 812,
e.g., alphanumeric and/or other keys, is coupled to the bus 806 for communicating information and

command selections to the processor(s) 807.

[0079] In an embodiment, an individual computer system 800 performs spgciﬂc operations
by respective processor(s) 807 executing one or more sequences of one or mote instructions
contained in the main memory 808. Such instructions may be read into the main memory 808 from
another computer-readable tangible storage medium, such as the ROM 809 or the storage device
810. Execution of the sequences of instructions contained in the main memory 808 causes the
processor(s) 807 to perform the processes described herein. For example, such instructions when
executed may cause the processor(s) 807 to perform process 200 in FIG. 2. In alternative
embodiments, hard-wired circuitry may be used in place of or in combination with software
instructions to implement an embodiment or a component of an embodiment. Thus, embodiments

of the invention are not limited to any specific combination of hardware circuitry and/or software.

[0080] The term “computer readable storage medium,” as used herein, refers to any
tangible storage medium that provides information or is usable by the processor(s) 807. Such a
medium may take many forms, including, but not limited to, non-volatile, and volatile media. Non-
volatile media, i.e., media that can retain information in the absence of power, includes the ROM
809, CD ROM, CD-RW, DVD-ROM, DVD-RAM, DVD-RW, BD-ROM and flash memory,
magnetic tape, and magnetic discs, for example. Volatile media, i.e., media that cannot retain
information in the absence of power, includes the main memory 808, cache memory or other

register storage.
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retrieving data fromthe untined functional nodel; encapsul ating the data
into a generic payload (GP); and creating a transaction object fromthe
generic payload at the transaction level. 6. The nethod of claim1l, wherein
generating the TL nodel includes encapsul ating the untined functional nodel
in a wapper |logic nodule configured to nodify an interface between the
unti med functional nodel and an external nenory nodule. 7. The nethod of
claim6, wherein generating the CA nodel includes encapsulating the TL
nodel in a transactor nodule configured to communicate with the w apper

| ogi ¢ [oosiyl e andldokgh dlﬁ_htﬁples &e ilhsimédod d@icribéchlﬁmgfﬁ),teiﬂbbfgiméatsare t he net E_Od
conpri si ng: . nodel ing at | east,one system.bl ock of a system on-chip
(300 Srrodiccshnst Haion bt PeiashPan Sinor Heciobs LOOie OB et A e HEEBunct | bnal
nodel Smay be madedRIEIBY iidGe bf drSihard RRIIISAHAGe bdops mthh%lfbﬂe@l‘x/ﬁdler(ts'r dfihgrodel s of
the at | east one system bl ock at a transaction level (TL) using the first
and sed¥M8 untined functional nodels, respectively; generating first
and second cycle accurate (CA) nodels at a cycle accurate (CA) |evel using
the first and second TL nodel s, respectively; transmtting data fromthe
first untimed functional nodel to the first CA nodel; transmtting the data
fromthe first -CA nodel to the second CA nodel via a CA bus;
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and transmtting the data fromthe second CA nodel to the second untined
functional nodel. 9. The nmethod of claim8 wherein the first and second
untimed functional nodels are inplenmented in a-progranm ng | anguage
selected fromthe group consisting of C and C++. 10. The nethod of claim8,
wherein generating the first TL nodel includes: retrieving the data from
the first untinmed functional nobdel; encapsulating the data in a generic
payl oad (GP); and creating a transaction object fromthe generic payl oad.
11. The method of claim 10, wherein generating the first CA nodel includes
encapsul ating the first TL nodel in a first transactor nodule configured to
communicate with the first TL nodul e and the CA bus. 12. The net hod of
claim1l, wherein transmtting dat%nhhﬂﬂ;the first untinmed functional nodel
to the first CA nodel includes: = —sending the transacti on object from
the first TL nodule to the first transactor nodule; and retrieving a

pay| oaWhahigplaimddigt t he data at the first transactor nodule. 13. The net hod
of claim 12, wherein transmtting the data via the bus conprises driving

the payl oads QpiRdh@pidndus.

modeling a system block of a system-on-chip (SoC) in é. computer-implemented
untimed functional model at an untimed functional level;

generating a computer-implemented transaction level (TL) model of the system
block at a transaction level (TL) using the untimed functional model;

generating a computer-implemented cycle accurate {CA) model of the system block
at a cycle accurate (CA) level using the TL model; and

verifying functionality of the SoC by operating a processor to execute a software

program using at least one of the TL model and the CA model.

2. The method of claim 1, wherein the untimed functional model is implemented in a

programming language selected from the group consisting of C, and C++.
3. The method of claim 1, wherein the TL model is a loosely timed (LT) model.
4. The method of ciairn 1, wherein the TL model is an approximately timed (AT) model.

5. The method of claim 1; wherein generating the TL model includes:
retrieving data from the untimed functional model;
encapsulating the data into a generic payload (GP); and

creating a transaction object from the generic payload at the transaction level.

6. The method of claim 1, wherein generating the TL model includes encapsulating the
untimed functional model in a wrapper logic module configured to modify an interface

between the untimed functional model and an external memory madule.

7. The method of claim 6, wherein generating the CA model includes encapsulating the TL

model in a transactor module configured to communicate with the wrapper logic module

and a CA bus.
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14. The method of claim 13, wherein transmtting the data fromthe second
CA nodel to the second untinmed functional nodel includes: retrieving the
payl oad at a second transacter nodul e of the second CA nodel; sending the
payl oad to the second Il nodel; retrieving the data in the payl oad
froma nmenory using an address specified by the payload; and storing the
data in the second untined functional nodel. 15. A conputer readable
storage nedi um having instructions stored thereon, the instructions when
executed by a processor causing the processor to performthe operations of:

nodel i 19 a&msﬂls@b@ﬂr@ﬁﬂmmg@tasn@tnwmcfarmﬁ;bmné SoC) in an untined functional
nodel at an untinmed functional |e ene{ atin transaction | evel

(TL) nodel of tAwd %lvgtaélﬁﬁfrs|oawstsfn%°°ﬁ<r°§ﬁéﬁ&@-%CUQ&%?C%@T uiigiefig t he

untimed f ungldigRahevBd$kst afcond untlmg@ﬁﬂﬁt@&ﬂaﬂﬁo@elspyd e accurate (CA) nodel
of the system block at a cycle accurate evel using the TL nodel. 16.

The conput er re&engitiag ﬁfs@amcwédiaaw%qn léYf‘éfFﬁ)IBOdeWﬁ’éF}@lahleﬁsrﬁéneﬁl’s‘ﬁﬁdeI is a
| cosel y ti g hcal-ar?raﬂ?cgﬁb {eval(TLY BEnLRIBHE £ld s%@cﬁaﬁ%ﬁbﬁe&ﬁﬁétﬁﬁiﬁl rHS‘délsum of claim

15, wherein't 'S an approxwratelytwred (AT) nodel
respectively;

generating first and second cycle accurate (CA) models at a cycle accurate (CA)
level using the first and second TL models, respectively;

transmitting data from the first untimed functional model to the first CA model;

transmitting the data from the first CA model to the second CA model via a CA bus;
and

transmitting the data from the second CA model to the second untimed functionﬁl

model.

9, The method of claim 8 wherein the first and second untimed functional models are

implemented in a programming language selected from the group consisting of C and C++.

10.  The method of claim 8, wherein generating the first TL model includes:
retrieving the data from the first untimed functional model;
encapsulating the data in a generic payload (GP); and

creating a transaction object from the generic payload.

11.  The method of claim 10, wherein generating the first CA model includes encapsulating the
first TL model in a first transactor module configured to communicate with the first TL

module and the CA bus.

12.  The method of claim 11, wherein transmitting data from the first untimed functional model

to the first CA model includes:

sending the transaction object from the first TL module to the first transactor

module; and

retrieving a payload comprising the data at the first transactor module.

13, The method of claim 12, wherein transmitting the data via the bus comprises driving the

payload onto the CA bus,
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18. The conputer readabl e storage nediumof claim 17, wherein generating
the TL nodel includes: retrieving data fromthe untinmed functional nodel;
encapsul ating the data into a generic payload (013); and creating a
transaction object fromthe generic payload at the transaction |level. 19.
The conput er readabl e storage nmedi um of claim 17, wherein generating the TL
nodel i ncludes encapsulating the untinmed functional nodel in a wapper

| ogi ¢ nodul e configured to nodify an interface between the untined

functi onal nodel and an external nmenory nodule. 20. The conputer readable

st gr Flg %.Wrdgwm&ﬁomﬁilalﬁlﬁﬂlg, widaEh &bﬁtnﬂﬁggf‘tﬁtdhﬂag‘rohfnﬁe €a66hECAfIde i ¢he( CA)
nodel i ncludes encap ating the TL nodel in a transactor nodul e configured
to communi csgﬁ@%weiﬁgcwglﬁe%?w&%& nmodul e and a CA bus. 21. A nethod

conpri si ng: 1etriOBRL MR tphyl8adtat b kevds@Ghrsadior YRl dfThe) sebld €A Abde; system
bl ock of a systemgn-chip ( oC%heat a transaction |evel (TL);

S
generating an urﬁ?‘PWhPHWé%dG% S?@B@ﬂé‘?"“ﬁhe system bl ock at an untimed
functional | evelratriEhﬁg HRULABCE YRAALIAGRH 2 HRABL GRi3fnaues shaifa thriy@ked by
0

the TL nodel; an generating a cycle accurate (CA) nodel t he
syst em bl octeyledzndycl e accurate (CA) |evel using the TL nodel.

storing the data in the second untimed functional model.

15. A computer readable stotage medium having instructions stored thereon, the instructions
when executed by a processor causing the processor to perform the operations of:
modeling a system block of a system-on-chip (SoC) in an untimed functional model
at an untimed functional level;
generating a transaction level (TL) model of the system block at a iransaction level
(TL) using the untimed functional model; and
| generating a cycle accurate (CA) model of the system block at a cycle accurate (CA)

level using the TL model.

16.  The computer readable storage medium of claim 15, wherein the TL model is a loosely

timed (LT) model.

17.  The computer readable storage medium of claim 15, wherein the TL model is an

approximately timed (AT) model.

18.  The computer readable storage medium of claim 17, wherein generating the TL model
includes:
retrieving data from the untimed functional model;
encapsulating the data into a generié payload (GP); and

creating a transaction object from the generic payload at the transaction level.

19.  The computer readable storage medium of claim 17, wherein generating the TL mo del
includes encapsulating the untimed functional model in a wrapper logic module configured
to modify an interface between the untimed functional model and an external memory

module.
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20.

21,

The computer readable storage medinm of claim 19, wherein generating the cycle accurate
(CA) model includes encapsulating the TL model in a transactor module configured to

communicate with the wrapper logic module and a CA bus,

A method comprising:

generating a transaction level (TL) model of a system block of a system-on-chip
{SoC) at a transaction level (TL);

generating an untimed functional model of the system block at an untimed
functional level, the untimed functional model configured to be invoked by the TL model;
and

generating a cycle accurate (CA) model of the system block at a eycle accurate (CA)

level using the TL model.
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