
METHOD AND APPARATUS FOR ELECTRONIC SYSTEM MODEL GENERATION BACKGROUND
[0001]Integrated circuit (IC) technology is continuously increasing in
complexity due to improvements in semiconductor process fabrication
techniques. Complete system-on-chip (SoC) solutions, involving many
elements such as a processor, timer, interrupt controller, bus, memory,
and/or embedded software on a single circuit, are now available for a
variety of applications. Software development, early hardware architecture
exploration and functional verification of a complex SoC or processor
device are challenges faced by the semiconductor industry. At process
fabrication technologies of 65 mu and smaller, with millions of transistors
available to implement large and complex SoCs, the challenge of
functionally verifying such complex devices grows exponentially. Industry
data suggests that upwards of 80% of all project resources are allocated to
software development and functional verification of these devices. [0002]A
typical design process begins with a software program that describes the
behavior or functionality of a circuit to be created. Such a software
program is typically written in procedural programming languages such as
C/C++ that defme 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 timing) 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, which may be realized in software and embodied on a
computer readable storage medium, that represents the behavior of a desired
device (e.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  [0004]FIG. 1 is a block diagram in accordance
with an embodiment. [0005]FIG. 2 is a flow diagram in accordance with an
embodiment. 



[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 (LT) 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 [0012]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, whereas 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 arrive at market too late because of delays in
software development. Therefore, a  platform or vehicle to develop software
before committing to design at RTL or gate levels is desirable and is
provided in various embodiments. [0013]Higher level untimed functional
models or models based on the Open SystemC Initiative (OSCI) SystemC TLM-2
Loosely Timed (LT) protocol afford software developers a fast simulation
platform before committing to RU for early software development. The OSCI
System C TLM-2 LT protocol is described in the IEEE 1666-2005 Standard
SystemC Language Reference Manual and the OSCI TLM-2.0 Language Reference
Manual, both of which are hereby incorporated by reference herein in their
entireties. Communication between LT models and among processes within a
model occurs at a purely functional transaction level where there is no
signal level functional or clock level timing granularity, which speeds up
simulation by orders of magnitude relative to cycle accurate RTL
simulation. As used herein, the term "cycle accurate" refers to timing
granularity that specifies timing faithfully in terms of cycles. The term
"transaction" refers to an electronic representation that encodes a
complete interaction, e.g., writing one or more bytes from CPU to memory. A
transaction may be a sequence of instructions at a higher level than the
basic, atomic level at which a device operates. A transaction at RTL
typically requires multiple clock cycles to execute. A 'TL model can
quickly calculate the end result of a transaction (e.g., the end state of a
device being modeled) without the need to perform each step that the real
device would actually perform. A transaction at TL may take zero time or
take some "approximated" time not measured in clock cycles. In contrast,
RTL transactions are considered to take up clock cycles. Thus, a TL model
executes more quickly than a lower level (and thus more faithful) model,
such as an RTL model. Early software development enables early
identification of exact architectural and functional requirements that the
software needs, which ensures that the eventual silicon will indeed meet
software requirements. [0014]Similar to software development is the problem
of hardware architecture exploration. Conducting hardware architecture
explorations at RTL typically occurs too late in the 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 error prone. 



[0015]Higher level OSCI-SystemC TLM-2 Approximately Timed (AT) protocol
models are well suited for hardware architecture exploration. As used
herein, the terms "high," higher," "low, and "lower" refer to functional
and timing granularity. For example, a higher level corresponds to coarser
functional and timing granularity than a lower level. Coarser functional
granularity refers to modeling a device at an algorithmic level that does
not deal with the signal level functional granularity of RTL. Coarser
timing granularity refers to modeling a device with no timing granularity
(as in an untimed model) or with approximated timing granularity.
Approximated timing granularity refers to loosely timed (LT) or
approximately timed (AT) granularity. LT and AT timing are approximations
associated with transaction level (rL) modeling and are discussed further
below. RTL is cycle accurate timed and is considered to be a relatively low
level. The AT protocol provides sufficient timing granularity to better
approximate the latencies that a system may face when finally designed at
the cycle accurate RTL level. AT has finer timing granularity because of
its four (or more) phased communication protocol compared to the two phased
protocol of LT. But the AT timing granularity is also higher than the cycle
accurate RTL granularity. In other words, AT is fast enough with enough
real timing information to allow quick and meaningful hardware
architectural exploration before committing to RTL. [0016]As used herein,
the terms "electronic system level (ESL)" and "untimed functional level"
refer to a high level using an untimed procedural programming language such
as C or C++, and an untimed functional model is a model that is modeled at
that high level. An untimed functional model may be a starting point in the
design of a system and may be used to explore and validate algorithms that
define the core functionality of a device. Once such a model is built and
Validated, a system for software development and hardware architecture
exploration may be built from the untimed functional using LT or AT wrapper
logic modules ("wrappers") as detailed below. Thus, the investment (in
terms of lime 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 platform 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 software development early in the design cycle. Software
development uses core functionality, address maps and system registers but
does not need any timing granularity except for synchronization among
memory writes/reads and register writes/reads, which model developers may
implement using known methods, e.g., using SystemC semaphores, as is
understood by one of ordinary skill in the art. [0018]The Approximately
Timed (AT) communication protocol, on the other hand, is four- 



phased (start request, end request, start response, end response) and
supports non-blocking behavior, providing further refinement of timing
granularity. Such timing granularity enables system performance evaluation,
early power estimation and architecture explorations. Such timing
granularity allows better approximation of latencies that exist in a system
than LT, thereby allowing good estimation of performance and different
possible architectures. [0019]The LT and AT protocols are components of a
higher modeling level (relative to RTL) known as Transaction Level Modeling
(TLM) or "transaction level" (TL) as used herein. At a higher level, design
exploration can be performed to evaluate achievable performance and power
consumption, which parts to use, etc. TL refers to a high level for
modeling digital systems where communication between modules is separated
from the details of the implementation of functional units. [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 current 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 speed 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  model to drive lower levels,
In some embodiments, the final RTL design is not readied all at once, as a
higher level model may be used in conjunction with a cycle accurate
transactor in place of the final RTL for system blocks that are still under
development. Advantageously, a first pass working silicon may thus be
delivered to market sooner than previously possible. [0022]FIG. 1 is a
block diagram in accordance with an embodiment. The left and right 



sides of FIG. 1 may correspond to an initiator and a target, respectively,
and are labeled with similar reference characters having different suffixes
('a' and 'b', respectively); this convention is adopted for other figures
as well. A TL model 120a is generated from an untimed functional model
110a. A cycle accurate (CA) model 130a is generated from the TL model 120a.
Details of such generation are presented further below in the contexts of
other figures, The CA model 130a so generated communicates with other
models via a CA bus 140. For example, CA model 130a may communicate with a
CA model 130b that is itself generated from another untimed functional
model 110b via a TL model 120b, or CA model 130a may communicate with other
CA models 130c, 130d. Formerly, techniques did not exist to enable untimed
functional models such as models 110a, 110b to communicate using CA bus 140
for hardware functional verification, as separate CA models (not generated
from the untimed functional models) were needed. By enabling lower level
models to be generated from higher level models, an embodiment as depicted
in FIG. 1 enables reuse of untimed functional models at lower levels,
freeing up valuable developer time and resources. [0023]FIG. 2 is a flow
diagram in accordance with an embodiment. After process 200 begins, at step
210, a system block of a system-on-chip (SoC) is modeled in an untimed
functional model at a first level, e.g., an untimed functional level. At
step 220, a TL model is generated using the untimed functional model at a
lower transaction level (TL). At step 230, a cycle accurate (CA) model is
generated (230) using the TL model at a lower CA level. At step 240,
functionality of the SoC is verified by operating a processor to execute a
software program using at least one of the TL model and the CA model, i.e.,
one or the other or both. Generation of the TL model and of the CA model is
first discussed briefly below, and details are presented further below in
the context of other figures.  [0024]Initially, an untimed functional model
of a device is created using a programming language such as C or C++. A
loosely timed (LT) or approximately timed (AT) wrapper logic module creates
a TL model (an LT or AT model) around the untimed functional model. The TL
model may act as an initiator or target. In order to initiate a transaction
on a TL bus (an LT or AT bus),the initiator TL wrapper logic calls the
higher level untimed functional model to retrieve data therefrom and
encapsulates the information into a SystemC TLM-2 compliant generic payload
(GP). The wrapper logic creates a transaction object using the GP and uses
SystemC TLM-2 standard methods to communicate the GP to other models that
also communicate using the LT or AT protocols. The target TL model sends
the payload it receives from initiator TL model to its functional core ESL
model. When a target model wants to return data, its TL wrapper logic
retrieves response data from a target core ESL model and updates the GP at
the reference pointer provided by the initiator. The target side then
returns a status indicator back to the initiator side using LT or AT.
[0025]In order to initiate a cycle on a CA bus, the TL wrapper logic sends
a transaction to a cycle accurate transactor (described further below),
which in turn decodes the transaction, retrieves its payload, and drives it
onto the CA bus according to a specific CA bus protocol. When a target
wants to return data, the TL wrapper receives response data described above
(data from an untimed functional model) and sends a response transaction to
the cycle accurate transactor. The transactor decodes the transaction and
retrieves its payload to drive the CA bus with data. [0026]In order to
start with an untimed functional model and reach the next (lower) level of
timing granularity (either LT or Al, both of which are TL), various
embodiments build a system out of components that communicate with each
other using OSCI UM-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 refers to a logic module
that enables generation of a lower level model from a higher level module.
The left and right sides of FIG. 3 correspond to an initiator and a target,
respectively, and are labeled with similar reference characters having
different suffixes ('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 correspond 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.e., 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, =timed functional model 310a may have
a function called WriteToMemory 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 WriteToMemory, code may be modified as follows
(only pseudo code is shown below):  



void WriteToMemory();{ properties of the method; #ifdef untimedFunction
<original code as is> #elif LT <create Generic Payload> from the properties
of the method (address, data, etc.). <create transaction object pointer to
the Generic Payload> <send object pointer to LT_Initiator_Socket function>
Itendif 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 requests data from the untimed model 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();  <create TLM-2 Initiator Socket>       <call the
untimed ESL Model's WriteToMemory() function to request data it wants to
write to the LT bus> <create Generic Payload> from the data received from
the ESL model (address, data, etc.). <create Transaction object pointer to
the Generic Payload>       <send Generic Payload object pointer using TLM-2
b_transport method of the Initiator Socket> void WriteToMemory();
properties of the method; #ifdef untimedFunction <original code as is> 



#clif LT <provide data to LT_Initator_Socket() as requested and return.
#endif 1 [0035]The Loosely Timed communication protocol in the TLM-2
standard is implemented using a blocking transport interface method, e.g.,
btransport(). Blocking in this context means that a single function
implements the functionality, and the same initiator thread is blocked from
making 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 simply waits (is blocked) until the target returns with a
response status. The target may or may not consume time before returning a
status to the initiator. The target does not consume time by issuing any
explicit 'wait' signal during its processing, because a 'wait' suspends the
processing thread and returns control to the underlying event scheduler (of
the Systeme simulation kernel, as is understood by one of ordinary skill in
the art). When a model or a process returns control to the event scheduler,
a significant amount of CPU time is consumed 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]Additionally, 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.  [0037]LT
wrapper 314a creates a TLM-2 transaction using a generic payload (GP) or a
protocol-specific payload (HP). A GP contains attributes, e.g., address,
data, byte enables, etc., that are used to model a basic memory-mapped bus.
If a bus cannot be modeled using the GP attributes, it is extended to
accommodate attributes specific to a bus. Such an extended GP may be called
a PSP. For example, for Advanced eXtensible Interface (AXI) interleaved
writes and reads, an identification (ID) tag (attribute) may be used. Such
an ID attribute does not exist in the GP. Hence, the GP is extended to add
an ID attribute and create an AXI PSP. Procedures relating to extension of
a GP are detailed in the OSCI TLM-2 language reference manual widely known
in the art. For a write command, LT wrapper 314a retrieves data from the
untimed functional model 310a and updates the payload at the transaction
object pointer with that data. The transaction object is sent by reference
to LT bus 328 using initiator socket 325a and the ttransport() function
call, i.e., a request is issued. The transaction is received at target
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 3101). 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 LT 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. Additional 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 transaction 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 return either in-order or out-of-order. An AT
initiator  , can only issue the next request after it receives the
End_Request phase from the target for the previous request. However, an AT
initiator thread may issue the next request prior to receiving a response
for the previous request. [0041]FIG. 4 is a block diagram showing
generation of a TL model 420a from an untimed functional model 410a using
an AT wrapper 416a. AT wrapper 416a deploys (provides) transaction queues,
namely, a request queue 417a and a response queue 418a. An LT wrapper may
also deploy transaction queues, but since LT employs blocking calls, there
is no real reason to line up (enqueue) transactions for issuance. AT, on
the other hand, may line up transaction requests to accurately model
pipelined behavior of a system. Request queue 417a lines up request
transactions, whereas response queue 418a stores responses received from
the AT bus 429 via initiator socket 425a. 



[0042]AT wrapper logic 416a maintains queue pointers (not shown) in order
to be able to determine which response belongs to which request, The OSCI
TLM-2 standard defines four phases for AT communication of a single
transaction: (Initiator) Start Request, (Target) End_Request, (Target)
Start_Response, and (Initiator) End_Response. In order to maintain the
request and response queues 417a, 418a, various embodiments ensure that
only when an End_Request is received from the target does that the
initiator send the next Start_Request. The initiator cannot issue the next
request until the target indicates that it has accepted the request and
issues an End_Request transport call back to the initiator. However, the
next request may be started before the Begin_Response of the previous
request arrives. Maintenance of correct correlation between the request and
response queues 417a, 418a according to the four phases of the AT protocol
facilitates the modeling 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  not
know which response is for which request. As mentioned above, rules for
extending a GP are explained in the OSCI SystemC TLM-2.0 Language Reference
Manual (LRM). [0044]There are two ways in which AT wrapper logic 416a can
communicate with untimed functional model 410a. Either internal functions
of the untimed functional model 410a call the AT wrapper logic 416a, or
internal functions of the AT wrapper logic 416a call the untimed functional
model 410a. The first way is well suited to buidling an AT wrapper from an
existing untimed functional model; the second way is better suited for the
scenario of building both the AT wrapper logic and the untimed functional
model in parallel. Either way, the AT wrapper 416a receives data from the
untimed functional model 410a and creates a TLM-2 standard generic payload
(GP) therefrom. [0045]The untimed functional model 410a may issue a write
or a read function that invokes the AT wrapper logic 416a. For a write, the
AT wrapper logic 416a retrieves write address, data, and byte enable data
from the function parameters and forms. a GP, e.g., with a Write_Command
according to the OSCI TLM-2 specification. The AT wrapper logic 416a may
extend the GP to add fields for a specific bus protocol (i.e., PSP). For a
read, the AT wrapper logic 416a places the address and byte enables in the
GP, e.g., with a Read_Conunand. 



[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 appropriate ID back to the initiator side,
e.g., using the nb_transport bw() function call. [0047]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  data and sends an End_Response
transaction with correct ID to the target. The AT wrapper logic 416b
retrieves the data from the GP at the transaction object pointer and passes
the write data and address to core memory of the untimed functional model
410b. [0048]For a read command from the initiator side, the target AT
wrapper 416b reads data from core memory of the untimed functional model
410b and directly updates the data at the transaction object pointer. The
target AT wrapper 416b initiates a Begin_Response transaction with correct
ID using the nb_transport bw() functional call to the initiator, which
reads data from the GP at the transaction object pointer and sends the data
to core memory of the untimed functional model 410a. The target side then
ends the transaction with an End_Response with correct ID. [0049]Thus, AT
wrappers 416a, 416b generate TL models 420a, 420b from untimed functional
models 410, 420b, respectively. Additional details regarding the AT
communication protocol and the rules to follow are known to one of ordinary
skill in the art and are defined in the OSCI TLM-2.0 Language Reference
Manual (LRM). FIG. 4 shows virtual communication links 450 and 460 for
communication at the TL and untimed functional levels, respectively.
[0050]Generation of CA model from TL model 



[0051]In various embodiments, a cycle accurate transactor module
(transactor) communicates with the TL wrapper logic module and with a CA
bus to form a CA model. In brief, a transactor receives a transaction from
the LT or AT wrapper and retrieves the payload information from the
transaction (such as address, data, byte enables, burst, etc.) and also 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 control information on the bus to initiate a cycle and either
writes required data onto the bus or waits for required read data to
arrive. [00521FIG. 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  and then in the
context of AT and associated timing diagram FIG. 7. Although particular
transactions (e.g., burst read) are discussed below, it should be
understood that these are only non-limiting examples. FIG. 5 shows virtual
communication links 550 and 560 for communication at the TL and untimed
functional levels, respectively; these virtual communication links operate
similarly as virtual communication links 350, 360 in terms of being
pointers to payloads that are passed around by sockets. [0053]Generation of
CA model from LT model [0054]For a Write_Command from the loosely timed
(LT) wrapper 515a to the initiator transactor 532a, the transaction level
(TL) wrapper 515a, which is in this case an LT wrapper, creates a payload
with write information that it receives from untimed functional model 510a.
The LT wrapper 515a sends this transaction to a request queue 534a of the
initiator transactor 532a. The initiator transactor 532a retrieves and
decodes the transaction from the queue 534a and drives address, data, and
control signals on the CA bus 540 to initiate a write cycle. [0055]On
detection of the start of a write cycle, the target transactor 532b of CA
model 530b retrieves an address and data according to byte enables and
passes such information to 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 continues 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 f-unctional 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 control 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,  asserting (high) the
address valid signal ARVALID and asserting (low) the address ready signal
ARREADY. [0057]On detection of the start of a read cycle, the target
transactor 532b retrieves address, byte enable and burst information and
creates a transaction. The target transactor 532b puts the transaction in
its request queue 534b, which is monitored by the LT wrapper 515b. The LT
wrapper 515b retrieves the transaction from request queue 534b and requests
data from the target's untimed functional model 510b. The LT wrapper 515b
then creates a transaction payload with data from the untimed functional
model 510b and puts the transaction into the response queue 536b. The
target transactor 532b retrieves the transaction from the response queue
536b and drives the bus with read data for the required burst length and
completes the cycle after the last read data. [0058]The initiator
transactor 532a continually monitors the data bus for read data to arrive
whenever a read cycle is started. For the AXI burst read example of FIG. 6,
the initiator transactor 532a detects the end of the AXI burst mad cycle
upon de-assertion (logic high) of signals RLAST, RVALID, and RREADY. The
initiator transactor 532a retrieves all the read data in its internal
buffers (not shown in FIG. 5) and forms a transaction after the last read
data is received. The initiator transactor 532a sends the completed
transaction to the response queue 536a. The LT wrapper 515a decodes the
transaction from the response queue 536a as a read command, retrieves data
from the transaction payload, and sends the data to the untimed functional
model 510a. [0059]In FIG. 6, time Ti 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 cycle using
information contained in the transaction's AXI bus PSP. The initiator
transactor 532a drives address on the  ARADDR bus, asserting (high) the
address valid signal ARVALID and asserting (low) the address ready signal
ARREADY. The initiator transactor 532a signals to the AT wrapper 515a the
End_Request phase once it has completed initiating the read cycle on the CA
bus 540. The initiator transactor 532a continues to monitor the CA bus 540
for the Begin_Response phase of the current read cycle that it started.
[0062]Meanwhile, the initiator transactor detects a second pending
transaction (with an ID) in its request queue 534a. Because AXI allows
pipelined reads, the initiator transactor 532a initiates the second AXI
burst read cycle by driving the relevant bus protocol signals as described
above. The initiator transactor 532a signals to the AT wrapper 515a the
End_Request phase once it has completed initiating the second read cycle on
the bus 540. The initiator transactor 532a continues to monitor the bus for
the Begin_Response phase of the second read cycle that it started. [0063]On
detection of the start of a read cycle, the target transactor 532b
retrieves address, byte enable, and burst information and creates a
transaction with an ID, which is stored in request queue 534b. The AT
wrapper 515b decodes the incoming transaction and sends the address and
byte enable information to the untimed functional model 510b to request
required data. The untimed functional model 510b returns the data to AT
wrapper 515b, which forms a return transaction and sends it to the response
queue 536 with an ID that matches the first read request. [0064]While
waiting to receive a response for the first read command sent to the target
AT wrapper 515b, the target transactor 532b detects the start of a second
read cycle. The target transactor 532b retrieves address, byte enable, and
burst information, creates a transaction with an ID and stores the
transaction in request queue 534b. 



[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 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  Begin_Response transaction and sends it to the AT
wrapper 515a via its internal response queue 536a with an ID that
corresponds to the first transaction's request ID. The initiator transactor
532a continues to monitor the bus 540 for read data until the end of the
cycle, which the initiator transactor 532a notices upon detection of logic
high on RLAST, RVALID, and RREADY. The initiator transactor 532a sends the
completed transaction to the AT response queue with an End_Response phase
with an ID that matches the first read request. The AT wrapper 515a decodes
the read command, retrieves data from the transaction payload, matches the
ID, and sends the retrieved data to the untimed functional model 510a.
[00671The AT wrapper 515b on the target side decodes the second read
transaction with an ID and sends the address and byte enable information to
the untimed functional model 510b, which returns the data to the AT wrapper
515b. The AT wrapper 515b forms a return transaction from the returned data
and sends the transaction to response queue 536b with an ID that matches
the second read. The target transactor 532b detects that the response to
the second read request is available in its response queue 536b. The target
transactor 532b matches the ID of this transaction with the ID of the
second read request in its request queue 534b. Upon a 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. [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 ID of this transaction
with the pending request transaction in the request queue 534a and forms a
Begin_Response 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 when 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 wrapper 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  



wrapper, and only the transactions that the transactor sends from its queue
are available to the wrapper. [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 beginning 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. Times T10 and T12
correspond to the beginning and end, respectively, of the response phase
for the second transaction. [0070]Various embodiments provide advantages to
system designers. Reusing a single functional core (e.g., an untimed
functional model that implements the original algorithm of a device) by
attaching subsequent timing layers thereto for different applications
enables earlier software development than previously possible, e.g., using
LT techniques as in FIG. 3 described above. Earlier hardware architecture
exploration is enabled using AT techniques as in FIG. 4 described above.
[0071]Additionally, improved hardware functional verification at RTL is
enabled with various embodiments. As noted above, one of the hurdles that
functional verification faces at the RTL stage is the speed of simulation,
which may be about 100-200 cycles per second in an optimistic scenario. One
way to counter such a slow simulation speed is to leave only a few system
blocks at RTL level, while using the untimed ESL model encapsulated with an
LT/AT wrapper and communicating with a cycle accurate transactor for the
rest of the blocks. [0072]Because the functional core (i.e., the untimed
ESL model) is at a high level, it may run in millions of cycles per second.
Even though the LT/AT wrapper and the cycle accurate transactor slow down
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 to return 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.  [0073] FIG. 8 is a block diagram
of functional components of a computer system 800 in 



accordance with an embodiment. Computer system 800 may include a
communication interface 814 coupled to the bus 806. The communication
interface 814 provides two-way communication between multiple computer
systems 800. The communication interface 814 of a respective computer
system 800 transmits and receives electrical, electromagnetic or optical
signals, including data streams representing various types of signal
information, e.g., instructions, messages and data. A communication link
815 links one computer system 800 with another computer system 800. For
example, the communication link 815 may be a LAN, in which case the
communication interface 814 may be a LAN card, or the communication link
815 may be a public switched telephone network (PSTN), in which case the
communication interface 814 may be an integrated services digital network
(ISDN) card or a modem. [0074]Computer system 800 may transmit and receive
messages, data, and instructions, including programs, i.e., application
code, through its respective communication link 815 and communication
interface 814. Received program code (instructions) 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.,  variables, or other
intermediate information during execution of instructions by the
processor(s) 807. [0077]The computer system 800 may further include a read
only memory (ROM) 809 or other 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 specific operations by respective processor(s)
807 executing one or more sequences of one or more 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. Nonvolatile 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.  [0081]Although
examples are illustrated and described herein, embodiments are nevertheless
not limited to the details shown, since various modifications and
structural changes may be made therein by those of ordinary skill within
the scope and range of equivalents of the claims.  



CLAIMS What is claimed is: 1. A method comprising:       modeling a system
block of a system-on-chip (SoC) in a 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 claim 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 module. 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.  8. A method of transmitting data, the method
comprising:       modeling at least one system block of a system-on-chip
(SoC) at an untimed functional level in first and second untimed functional
models;       generating first and second transaction level (TL) models of
the at least one system block at a transaction level (TL) using the first
and second untimed functional models, 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
functional 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. 



14. The method of claim 13, wherein transmitting the data from the second
CA model to the second untimed functional model includes: retrieving the
payload at a second transactor module of the second CA model; sending the
payload to the second II model;       retrieving the data in the payload
from a memory using an address specified by the payload; and storing the
data in the second untimed functional model. 15. A computer readable
storage 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 transaction 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 generic payload (013); 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
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 module.  20. The computer readable
storage medium 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. 21. 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 cycle accurate (CA) level using the TL model. 




