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METHOD AND APPARATUS FOR DESIGN VERIFICATION USING

EMULATION AND SIMULATION

Field of the Invention

The present invention relates to combining emulation and simulation to verify

a logic design.

Background of the Invention

Emulation systems provide circuit and system designers powerful methods to
functionally test out systems and integrated circuits before committing them to production.
Circuit designers and engineers use emulators to convert a design into temporary operating
hardware, thus enabling the engineer to test the design at or near real time conditions.
Additionally, the engineer can concurrently verify the integrated circuits, system hardware
and software. Examples of emulation systems are described in U.S. Patent Nos. 5,109,353
to Sample et al. and 5,036,473 1o Butts et al., both of which are incorporated by reference.

" Typically, the design process involves multiple transformations of a design from
the initial design idea level to the detailed manufacturing level. An engineer may start with
a design idea. The engineer may then generate a behavioral definition of the design idea.
The product of the behavioral design may be a flow chart or a flow graph. Next, the

engineer may design the system data path and may specify the registers and logic units
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Field of the Invention The present invention relates to

conbi ning enul ation and sinulation to verify a |logic design. Backgr ound
of the Invention Ermul ati on systens provide circuit and system
desi gners powerful methods to functionally rest out systens andpiTiEegr at ed
circuits before commtting themto production. Crcuit designergogntbhe

engi neers use enulators to convert a design into tenporary operatlng

har dwar e, thus enabling the engineer to test the design at or near real
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procedufe for controlling the movement of data between registers and logic units through
buses. Logic design is the next step in the design process whereby the engineer uses primitive
gates and flip-flops for the implementation of data registers, buses, logic units, and their
controlling hardware. The result of this design stage is a netlist of gates and flip-flops.

The next design stage transforms the netlist of gates and flip-flops into a
transistor list or layout. Thus, gates and flip-flops are replaced with their transistor
equivalents or library cells. During the cell and transistor selection process, timing and
loading requirements are taken into consideration. Finally, the design is manufactured,
whereby the transistor list or layout specification is used to bum fuses of a programmable
device or to generate masks for integrated circuit fabrication.

Hardware description languages ("HDLs") provide formats for representing the
output of the various design stages described above. These languages can be used to create
circuits at various levels including gate-level descriptions of functional blocks and high-level
descriptions of complete systems. Thus, HDLs can describe electronic systems at many levels
of abstraction.

Hardware description languages are used to describe hardware for the purposes
of simulation, modeling, testing, creation and documentation of designs. Previously, circuit
designers tended to design at the logic gate level. Increasingly, designers are designing at

higher levels, particularly using HDL methodology. HDLs provide a convenient format for
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and software. Exanples of enulation systens are described in U S. Patent
Nos. 5,109,353 to Sanple et al. and 5,036,473 to Butts et al., both of

whi ch are incorporated by reference. Typi cal ly, the design
process involves nultiple transformati ons of a design from the PATENIT
design idea |level to the detail ed manufacturing |evel. An engi negpONey?
start with a design idea. The engi neer may then generate a behavi oral
definition of the design idea. The product of the behavioral design nay be
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one or more levels of abstraction.

Two popular hardware description languages are Verilog and Very-High-Speed
Integrated Circuit (VHSIC) Hardware Description Language ("VHDL"). VHDL began in the
early 1980s within the United States Department of Defense and it was intended initiaily to
be a documentation language for the description of digital hardware systems. Later, the
language was refined so that descriptions could be simulated and synthesized. The advent of
HDL-based design tools including design entry, simulation and synthesis has subsequently
shifted VHDL’s focus from design documentation to high-level design. Other hardware
description languages include, but are not limited to, A Hardware Programming Language
("AHPL"), Computer Design Language ("CDL"), CONsensus LANguage ("CONLAN"}),
Interactive Design Language ("IDL"), Instruction Set Processor Specification ("ISPS"), Test
Generation And Simulation ("TEGAS"), Texas Instrument Hardware Description Language
("TI-HDL"), Toshiba Description Language ("TDL"), ZEUS, and NDL.

Simulation has long been a preferred methdd for verification of logical
correctness of complex electronic circuit designs. Simulation is broadly defined as the
creation of a model which, if subjected to arbitrary stimuli, responds in a similar way to the
manufactured and tested design. More specifically, the term "simulation” is typically used
when such a model is implemented as a computer program. In contrast, the term
“emulation" is the creation of a mode! using programmable (also known as reconfigurable)

logic or field-programmable gate array (FPGA) devices. Simulation saves a significant
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- 2- necessary for inplenmentation of the system At this stage,
the engi neer may establish the procedure for controlling the novenent of
data between registers and logic units through buses. Logic design is the
next step in the design process whereby the engineer uses primtpXFENJat es
and flip-flops for the inplenentation of data registers, buses, d0gii|®9
units, and their

amount of time and financial resources because it enables designers to detect design errors
before the expensive manufacturing process is undertaken. Moreover, the design process
itself can be viewed as a sequence of steps where the initial general concept of a new product
is being tumed into a detailed blueprint. Detecting errors at the early stages of this process
also saves time and engineering resources.

Simulators can be divided into two types. One type of simulator follows
levelized simulation principles, and a second type follows event-driven simulation principles.
Levelized simulators, at each simulation cycle, have to reevaluate the new state of every
component of the simulated design, whether or not the input signals of the component have
changed. Additionally, the component’s state has to be retransmitted even if the state has
not changed. Event-driven simulators only evaluate those components for which some input
conditions are changing in the current simulation cycle. Consequently, event-driven
simulators achieve considerable savings in component evaluation time. However, significant
additional software runtime is spent on the decision-making of whether a particular
component should be evaluated. As a result, both types of prior simulators (levelized and
event-driven) have similar performances.

The primary advantage of emulation over simulation is speed. Emulation maps
every component under verification into a physically different programmable logic device,
and therefore all such components are verified in parallel. [n a typical simulator, however,
the single processing element serially computes the next state of each component at every

simulation time step.

s Shect Has Been Replaced

IR



controlling hardware. The result of this design stage is a netlist of gates
and flip-flops. - The next design stage transforns the netli st
of gates and flip-flops into a transistor list or layout. Thus, gates and
flip-flops are replaced with their transistor equivalents or |ipPparBNT
cells. During the cell and transistor selection process, timng apg/199

| oadi ng requirenents are taken into consideration. Finally, the design is
manuf act ured, whereby the transistor list or |ayout specification is used
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circuit fabrication. war est anguages FDLs")
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I evel s includi .ng_qat e-l evel descriptions of functional blocks and

hi gh- | 81ag|at the initial design stages, large design portions are represented by behavioral models.
Through a series of design decisions these behavioral models are gradually replaced with
equivalent structural representations. Correctness of each replacement step is subject to
verification, at which point the design presents itself as a complicated mix of behavioral,
structural, and gate-level components. Structural parts of the design can be directly mapped
into emulation hardware using widely available logic synthesis programs. Behavioral portions,
however, can only be compiled into computer programs and executed. By its nature,
emulation requires creation of a model using actual hardware and therefore cannot be used
at the early stage of the design cycle when the concept of a new product is not yet
represented by its components but rather by a high-level description of its functions.
Therefore, to conduct verification at earlier design stages, the most appropriate environment
would efficiently combine the features of emulation and behavioral simulation. Furtﬁérmore,
combining emulation and simulation enables a designer to simulate design components that
cannot be emulated because of physical constraints such as analog signals.

As the design approaches completion, emphasis naturally shifts away from

behavioral simulation and towards logic emulation. However, the parts that represent the
operating environment of the future product may never be converted to a structural

representation. In this case, the behavioral description of the system-level environment serves

as a test bench for the emulated design. The system-level behavioral description generates

heet Has Been Replaced

"




descriptions of conplete systens. Thus, HDLs can describe el ectronic
systens at many |l evels of abstraction. Har dwar e descri ption
| anguages are used to describe hardware for the purposes of simnulation,
nodel i ng, testing, creation and docunentati on of designs. Previ oS4 VENT
circuit designers tended to design at the logic gate |evel. Incheagingly,
desi gners are designing at higher levels, particularly using HDL

nmet hodol ogy. HDLs provide a convenient format for

-3 test stimuius and evaluates the responses of the design under verification in 2 wzy that clcsely

replicates the real operating conditions. The need to execute such behavioral test benches
is another motivation for combining the simulation and the emulation capabilities in one logic
verification system.

One approach to combining emulation and simulation is to run a simulator on
a host workstation {or network thereof) communicating the events or changes in signal state
to and from the emulated portion of the design over a network interface. However, in such
a solution, the speed of event transfer seriously limits performance. Experiments show that
the average time to transfer a 4-byte data packet over transport control protocol ("TCP")
running on a SUN workstation computer (e.g., a SPARC-20) is around 50 microseconds.
Assuming that a data packet of such size is used for encoding an event and given average
-design activity of 1000 events per simulation cycle, the speed of simulation will be limited
to 20 cycles per second. Therefore, there currently exists a need for combining emulation
and simulation to efficiently verify circuit designs that may be a mixture of gate-level,

structural and behavioral representations.

Summary of the Invention

Accordingly, a general object of the present invention is to provide an
apparatus and method for efficiently coupling simulation and emulation of a logic design, so
that the overhead of event transfer between the simulated and the emulated design portions

is minimized.
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the representation of functional and wiring details of designs and may
represent hardware at one or nore |levels of abstraction. Two
popul ar hardware description | anguages are Verilog and Very-Hi gh- Speed
Integrated Circuit (VHSIC) Hardware Description Language ("VHDL")pAW
began in the wearly 1980s within the United States Departnent of epse
and it was intended initially to be a docunentation |anguage for té
description of digital hardware systens. Later, the

in order to achisve the above quect, the design verification method and
apparatus includes at least one reconfigurable device that is used to emulate a portion of the
logic design under verification. Additionally, at least one microprocessor is used to simulate
another design portion which may be represented as a behavioral description. The
microprocessor is connected to the reconfigurable device in a manner that minimizes data
transfer time between the simulated and emulated portions. Furthermore, an event detector
is provided to detect events during verification of the design. The microprocessor is relieved
from performing such event detection functions, thereby reducing design verification time.

Additional objects, advantages, and features of the present invention will
further become apparent to persons skilled in the art from the study of the following

description and drawings.

Brief Description of the Drawings

FIG. 1 is a block diagram of one embodiment of a logic verification system with
multiple processors and programmable gate array devices.

FIG. 2 is a block diagram of another embodiment of a logic verification system
which includes a global-event-transfer bus.

FIG. 3 is a block diagram showing the transmission of computed values of
variables from the simulated design portion into the emulated design portion.

FIG. 4 is a block diagram showing the capture of computed values of variables

from the emulated design portion into the simulated design portion.
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| anguage was refined so that descriptions could be sinmulated and

synt hesi zed. The advent of HDL-based design tools including design entry,
simul ati on and synthesis has subsequently shifted VHDL's focus from design
docunentation to high-level design. Oher hardware description pamRNpes
include, but are not limted to, A Hardware Programm ng Languageqqf7 L"),
Conmput er Design Language ("CDL"), CONsensus LANguage (" CONLAN")

I nteractive Design Language ("IDL"), Instruction Set Processor
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Language ("TDL"%Hé ZEUS, and NDL . . . Sinulation has |ong been a
pr ef er F@ASTRELP ST PHETOPERGESIQI RGNS Peftpvios! SRt ness of conpl ex
el ectronic circuit designs. Simulation is broadly defined as the creation
of a nodel whichFIGf ésisly Botlediagmnaobianothey estbodinhént shewpgnthe domputstion | ar
~way to the
of the event codes and their transfer to the microprocessor performing behavioral simulation
where events are grouped into, for example, active events, inactive events, non-blocking
assign update events, and monitor events.

FIG. 7 is a block diagram showing the detection of outstanding events in the
event groups.

FIG. 8 is a block diagram illustrating the computation of a signal that advances
the simulation time.

FIG. 9 is a block diagram depicting the transfer of the events from one
microprocessor to another over a shared multiplexed bus.

FIG. 10 is a block diagram of an event detector.

FIG. 11 is ablock diagram that illustrates one transformation made to the logic
design under verification to prevent hold-time violations during emulation of the design.

FI1G. 12 is a block diagram that illustrates another transformation made to the
logic design to prevent hold-time violations during the design emulation.

FIG. 13 is a block diagram showing the programming of the logic verification

system.
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manuf actured and tested design. Mire specifically, the term"sinmulation" is
typically used when such a nodel is inplenmented as a conputer program 1In
‘contrast, the term "enulation"” is the creation of a nodel using
progranmmabl e (al so known as reconfigurable) logic or field-progrenEmiyl e
gate array (FPGA) devices. Simulation saves a significant 220/199
FIG. 14 illustrates an example of a3 logic design represented partially by
component interconnection, and partially by behavioral description, using a code fragment
in Verilog hardware description language.
FIG. 15 illustrates an example of an intermediate representation of the fogic
design in the behavioral database (after the completion of the import step 132 shown in FIC.
13).
FIG. 16 illustrates an example of a circuit fragment created by the netlist
generation step 140 (step shown in FIG. 13).

FIG. 17 illustrates an example of executable code (in ‘C’ programming

language) created by the code generation step 144 (step shown in FIG. 13).

Description of the Preferred Embodiment

FIG. 1 shows the preferred embodiment of the logic verification system. The
system includes one or more reconfigurable fogic components which may be programmable
gate array {"FPGA") devices 10 interconnected using the prog:rammable interconnect 12.
The interconnect 12 can be programmed to create an arbitrary connection between any
number of inputs or outputs of the devices connected to it. The apparatus also includes one
or more simulation modules 14 (for exemplary purposes only, three are shown). Each of
the simulation modules 14 includes a microprocessor 16, connected through a
microprocessor bus 18 to one or more random access memory devices 20, one or more

reconfigurable logic components which may be FPGAs 22, and a system bus controller 24.
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anount of tine and financial resources because it enables designers to
detect design errors before the expensive manufacturing process is
undert aken. Mbreover, the design process itself can be viewed as a
sequence of steps where the initial general concept of a new produgteNTS
being turned into a detailed blueprint. Detecting errors at the &N oo
stages of this process also saves tinme and engi neering resources.

Si mul ators can be divided |nto two types. One type of sinmulator follows

!5|e\r/neJ: ;tﬁg@f' mgr@t BIOC?QE "1on,$s' ne rahdc%%c?es?%nce%@rvtc}/ vice ﬁ lan 0169 d}fi \ohe
of skill in the art would understand that any number of memory devices 20 or FPGAs 22
could be employed. Furthermore, any type of memory could be utilized to similarly perform
the functions of random access memory 20. [n addition, other types of reconfigurable logic
components such as PALs or PLAs could perform the function of FPGAs 10, 22. Which
type of FPGA to use is purely a matter of the designer’s choice. In the preferred
embodiment, 4038EX devices from Xilinx, Inc. are used. These devices are described in The
Programmable Logic Data Book from Xilinx dated June 1996, PN 0010303 which is
incorporated by reference. Which CPU 16 to use is also purely a matter of the designer’s
choice. In the preferred embodiment, the PPC403GC CPU chip from IBM, Inc. is used.
Each of the FPCA devices 22 in each simulation module 14 is also connected to
-programmable interconnect 12.

FPGA devices 10 emulate the logic circuit portions under verification
represented as the interconnection of components, as disclosed in Butts et al., U.S. Patent
No. 5,036,473. Simulation modules 14 simulate the logic circuit portions under verification
which may be represented by behavioral descriptions. Inside these modules 14, the
microprocessors 16 selectively execute fragments of the behavioral description. The
hardware logic implemented in FPGA 22 selects the behavioral fragments to be executed and
the order of execution. Unlike the event-driven simulators known in the prior art, the

microprocessors 16 are relieved from the functions of detecting, scheduling, and ordering

the events. As a result, simulation speed is dramatically improved. FPGA devices 22 also

10

This Sheet Has Been R

i



Level i zed sinmulators, at each sinulation cycle, have to reeval uate the new
state of every conponent of the sinulated design, whether or not the input
signals of the conponent have changed. Additionally, the conponent's state
has to be retransmtted even if the state has not changed. EvenpadriENEN
simul ators only eval uate those conponents for which sonme input gepdi¢$gons
are changing in the current sinulation cycle. Consequently, event-driven

si mul ators achi eve consi derabl e savings in conponent eval uation tine.
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over sinmulation is speed. Enulation maps every conponent under
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It is not integral to the present invention that the FPGA devices 22 do not
emulate fogic circuit portions represented as the component interconnections. Similarly, it
is not integral to the current invention that the FPGA devices 10 do not implement the logic
that determines the selection and order of the behavioral code fragments for execution by
the microprocessors 16. Rather, in its preferred embodiment, the present invention allows
for arbitrary distribution of the hardware logic used for any of these purposes among the
FPGA devices 10 and the FPGA devices 22. Although for sake of simplicity FPGA devices
22 are employed, it is understood to one of skill in the art that the FPGA devices 10 could
be similarly employed.

The system bus controllers 24 are connected to the system controller 26
through the system bus 28. The system controller 26 performs the functions of downlbading
configuration data into the FPGA devices 10, 22, downloading the executable data into the
random access memory devices 20, starting the logic verification system, communicating data
between the logic verification system and the host workstation (not shown). The system
controller 26 is implemented using a commercial embedded controller board or by any other
means known to those skilled in the art.

Random access memory devices 20 store the behavioral code fragments, and

the values of the simulation variables that are not shared between the behavioral description

11
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and therefore all such conponents are verified in parallel. In a typica
simul ator, however, the single processing elenent serially conputes the
next state of each conponent at every simulation tinme step.

-5- PATENT
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portions and the compornent interconnection portions, or between multiple simulation
modules 14. System bus controllers 24 communicate data to and from the system controller
26 through the system bus 28. The logic verification system permits programming of
configuration data for the FPGA devices 10, 22 and programmable interconnect 12. Also,
executable software code fragments are downloaded into the random access memory devices
20. Such programming may be implemented as a computer program and executed on a
computer workstation.

An altemative embodiment of the logic verification system is shown in FIG. 2.
This embodiment further includes a global-event-communication bus that comprises a
plurality of signal lines 30 connected in parallel to all FPGA devices 22, and a daisy chain
line 32 that connects all FPCA devices 22 serially. Note that this embodiment would also
include system bus controllers 24, a system controller 26 and a system bus 28 as shown in
FIG. 1. These components are omitted in FIG. 2 to simplify the drawing. The giobal-event-
communication bus is included because the programmable interconnect 12 constitutes a
limited and expensive resource. Rather than routing the signals shared between the multiple
simulation modules 14 through programmable interconnect 12, such signals can be
communicated in a serial fashion, one signal at a time, over the global-event-communication
bus. The simulation module 14, that serves as a transmitter of a new signal value, sets some
of the signal lines 30 to represent the serial number of such signal and its new value. This

information reaches all other simulation modules 14 and is captured as necessary.
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Enul ation is an efficient verification technology for designs represented
as or easily converted to a network of | ogic gates. Mdern design

met hodol ogy, however, requires chat at the initial design stages, |arge
design portions are represented by behavioral nodels. Through a BETENT of
desi gn deci sions these behavioral nodels are gradually replaced wiadyi99
equi val ent structural representations. Correctness of each replacenent step
is subject to wverification, at which point the design presents itself as a
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To accomplish this ordering, the daisy chain line 32 is operated according to the token ring
principle. Atany given moment a token represented by a value on the input portion of daisy
chain line 32 resides with one of the simulation modules 14, giving that module 14 the right
to control the signal lines 30. After finishing its transmission, the simulation module 14
surrenders the token to the next module along the daisy chain line 32 and so on.

In addition to transmitting the signals shared between simulation modules 14,
the global-event-communication bus also transmits the signals that synchronize the operation
of simulation modules 14. Examples of such synchronization signals include the simulation
time advancement signal, and the BUSY signals indicating that the simulation modules 14 still
‘have some number of events to be processed in the current simulation cycle.

While executing the behavioral description fragments, the microprocessors 16
need to set the new values to the variables that describe the current state of the logic design
being simulated. Those variables that are locally used in only one simulation module 14 are
represented by appropriate locations in the random access memory device 20.

Those variables, however, that are shared between the behavioral description
portions and component interconnection portions, and those that are shared between
multiple simulation modules 14 must be transmitted outside of a simulation module 14.

FIG. 3 illustrates such transmission where the microprocessor bus {8 is split into a plurality

of address lines 34, a bus operation (read or write) line 36, a plurality of data lines 38
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however, can only be conpiled into conputer prograns and executed. By its
nature, enulation requires creation of a nodel using actual hardware and
‘therefore cannot be used at the early stage of the design cycle when the
concept of a new product is not yet represented by its conmponenpa TEMT
rather by a high-level description of its functions. Therefore, %9, gapnduct
verification at earlier design stages, the nost appropriate environnent
woul d efficiently conbine the features of emul ati on and behavi or al
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simul ation and towards |ogic enul ation. However, the parts that repr esent
t he opxeaationgfeamvi/o dmstriction thetrsicrepracesspr b umtalisagpmep@ateben@bwgﬂt enl to
a structural
lines 34 through 40 which together constitute the microprocessor bus 18. A certain unique
combination of values on lines 34 and 36 indicates to the operation decoder 42 that the
microprocessor 16 will transmit a new value of some variable. In response, the operation
decoder 42 enables the variable selector 44 which then recognizes the combination of values
on lines 38 as indicative of a particular variable. In response, the variable s_e!eczor 44 enables
the register 46 that captures the new variable value from the line 40.

Similarly, in the course of executing thg behavioral description fragments the
microprocessors |6 need to capture the new variable values that describe the current state
of the logic design being simulated. Those variables that are locally used in only one
simulation module 14 are represented by appropriate locations in the random access memory
device 20. Those variables that are shared between the behavioral description portions and
the component interconnection portions, and those shared between muitiple simulation
modules 14 must be captured from outside of the simulation module 14. FIG. 4 illustrates
such capture where FPGA 22 additionally includes a multiplexer 48, an intermediate register
50, and a bus driver 52.

The capture operation proceeds in two steps and takes two microprocessor

instructions to complete. In the first step a write operation is performed. The operation

decoder 42 recognizes a combination of an address on lines 34 and a bus operation on line

14
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representation. In this case, the behavioral description of the

system | evel environnent serves as a test bench for the enul ated design.

The system | evel behavi oral description generates

- 6- PATENT
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26 as indicative of the microprocessor’s intent to start the capture of a variable value. In
response, the operation decoder 42 enables a register 50 which in turmn captures the variable
value selected by the multiplexer 48 based on the variable ID on lines 38.

In the second step a read operation is performed. The operation decoder 42
recognizes a combination of an address on lines 34 and a bus operation on line 36 as
indicative of the microprocessor’s intent to complete the capture of a variable value. Next,
the operation decoder 42 enables a bus driver 52 that transmits the variable value from the
output of register 50 and onto the line 40 of the microprocessor bus 18.

As discussed earlier, the hardware logic implemented in FPGAs 10 and 22
select and order the behavioral code fragments for execution by the microprocessors 16.
One embodiment of such logic is shown in FIG. 5. The embodiment contains one or more
event detectors 54 (for exemplary purposes, two are shown), an event encoder 56, and a
bus driver 58. Each event detector 54 independently produces a signal that triggers the
execution of one particular fragment of behavioral code by the microprocessor 16. That
signal is fed into an event encoder 56 that provides a code (khown as an "event ID") at its
output that uniquely identifies its input signal that has been set.

If two or more inputs to the event encoder 56 are set at the same time, it
produces the 1D of the event that has preference in the behavioral code fragments execution
order. For example, it could be the event which has a smaller event ID value.

When the microprocessor 16 is ready for execution of the next behavioral

fragment, it performs a read operation. The operation decoder 42 recognizes a combination
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test stinulus and eval uates the responses of the design under verification
in away that closely replicates the real operating conditions. The need
to execute such behavioral test benches is another notivation for
conbining the simulation and the enulation capabilities in one IBTENT
verification system One approach to conbi ni ng emg@iiogn and
simulation is to run a simulator on a host workstation (or network

t hereof ) comruni cating the events or changes in signal state to and from
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conputer (e.g., a SPARC-20) is around 50 m croseconds

response, the operation decoder enables a bus driver 58 that transmits the event ID from the
output of event encoder 56 onto the lines 38 of the microprocessor bus 18. When none
of the event detectors 54 produce a signal requesting the execution of a behavioral code
fragment, the event encoder 56 produces an output signal indicating to the microprocessor
16 that no operation is required at this time. The appearance of the output signal at the
output of at feast one of the event detectors 54 can, in one embodiment, cause an interrupt
operation of the microprocessor 16.

After transmitting the event ID to the microprocessor 16, the event encoder
56 automatically resets the corresponding event detector 54. The reset circuit is not shown
in the drawings but is well known in the art, and can be readily reproduced by one skilled in
the art.

Another embodiment of the event ID computation logic is shown in FIG. 6.
In this embodiment the event detectors 54 are grouped according to scheduling requirements
of the behavioral model. For example, for models written in Verilog hardware description
language such requirements are defined by chapter 5 of the I.E.E.E. Draft Standard 1364.
Particularly, Verilog models require that all events processed in the same simulation cycle be
grouped into four groups, namely the active events, the inactive events, the non-blocking-

assign-update events, and the monitor events. Verilog models further require that any active
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Assum ng that a data packet of such size is used for encoding an event and
gi ven average design activity of 1000 events per sinulation cycle, the
speed of simulation will be limted to 20 cycles per second. Therefore,
there currently exists a need for conbining enulation and sinul aRADBNIO
efficiently verify circuit designs that nmay be a m xture of gate-dxygbo
structural and behavioral representations. Summary of the Invention
Accordi ngly, a general object of the present invention is to provi de an

e L R DN T T

| ogi c de ead o et'ween & Wil at ed

and th | at ed desj orti . .
%Iog}] ng-assign- updage events szcﬁ in tum are processed before any monitor events.

To conform to these requirements, the embodiment shown in FIG. 6 comprises
a plurality of groups of event detectors. Each group has one or more event detectors 54 (for
example, one is shown in each group) and an AND gate 60, except that the first group does
not contain such AND gate 60. The AND gate 60 that belongs to the second group is
controlled by BUSY| 1]_ signal 62a indicating there are unprocessed events in the first group.
Similarly, the AND gate 60 of the third group is controlled by BUSY[ 1] signal 62a and by
BUSY[2] signal 62b, the latter indicating that there are still unprocessed events in the second
group. As a result, the signal from an event detector 54a that belongs to the second group
will reach event encoder 56 only if there are no outstanding events in the first group.
Similarly, the signal from an event detector 54b that belongs to the third group will reach
event encoder 56 only if there are no outstanding events in the first or the second groups.
The pattern continues for the fourth and further groups utilizing more of the BUSY signals
62 as necessary.

The formation of the BUSY signals 62 is shown in FIG. 7. Each BUSY signal
62 is formed as a logic OR function 64 of the output signals of all event detectors 54 that
belong to the corresponding group. Specifically, BUSY[ 1] signal 62a is formed using the
event detectors of the first group, BUSY[2] signal 62b is formed using the event detectors
of the second group, and so on. It has to be appreciated that outputs from all event

detectors 54 within a group from all simulation modules 14 must be OR’ed together to form
17
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In order to achi eve the above object, the design verification nmethod and
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a BUISY signal $2. In one embodiment of the present invention, wired !ogic is used o form
a BUSY signal 62, so that the OR function 64 is implicitly implemented as a wire. In yert
another embodiment, some of the global-event-communication bus lines 30 are used to
propagate the BUSY signals 62 among all of the simulation modules 14,

When none of the BUSY signals 62 are asserted, the current simulation cycle
is completed. The circuit that detects such completion and advances the simulation to the
next cycle is shown in FIG. 8. It consists of a NOR gate 66 with the number of inputs -
corresponding to the number of BUSY signals 62 used, and the counter 68. Although four
BUSY signals 62 are shown as the inputs to NOR 66, it is understood that any number of
BUSY signals 62 can be employed. When none of the BUSY signals is asserted the NOR
gate 66 enables the operation of the counter 68. The counter is clocked by a fast periodic
clock signal 70 that runs asynchronously and continuously inside the logic verification system.
The frequency of this clock should be higher than the frequency of the signal transitions in
the system. After counting the number of clock cycles on clock signal 70 necessary to
compensate for the longest propagation delay of BUSY signals 62, the counter 68 overflows
producing time advance signal 72 that is propagated to all of the simulation modules 14.
In one embodiment of the present invention, global-event-communication bus lines 30 are
used to propagate the time advance signal among all of the simulation modules 14.

FIG. 9 details the transferring of the events from one FPGA 22 to another

over a shared multiplexed bus 82. This method of data transfer is used in one embodiment
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apparatus includes at |east one reconfigurable device that is used to

enmul ate a portion of the |ogic design under verification. Additionally, at
| east one mcroprocessor is used to sinmulate another design portion which
may be represented as a behavioral description. The mcroprocefadENTD
connected to the reconfigurable device in a manner that m ni m zes2daie
transfer tine between the sinulated and enul ated portions. Furthernore, an
event detector is provided to detect events during verification of the

L9 B PEARERE R A MO Rl 10 B

det ect i teduct Ny dest verifi I on
Addi ti gnal objec advant ages, and features of the present invention wll
furthel‘”tsg@ﬁﬁﬁc%i)zarent to persons skilled in the art fromthe study of the
foll owi ng descr |1pt ion and draw ngs.

he transmitting FPGA 22 (shown on the left of FIG. 9) includes a second

event encoder 74 similar in its functionality to the event encoder 56. The transmitting
FPGA 22 further includes the bus driver 76 (which is similar to the bus driver 58) and the
transmit controller 78. When the transmit controller 78 detects the bus arbitration input
signal 80, it checks if the event encoder 74 has any active signals at its inputs coming from
a plurality of event detectors.54. If such signals exist, it enables the transmission of the first
event |D through bus driver 76 and onto the shared multiplexed bus 82. After a number
of cycles of the fast periodic clock signal 70 (not shown) necessary to compensate for the
[ongest propagation delay of bus 82, transmit controller 78 signals event encoder 74 to reset
the event detector 54 corresponding to the event already transmitted, and to bring up the
next event in a predefined order. After transmitting all events, the transmit controller 78
disables the bus driver 76 and asserts the bus arbitration output signal 84, thus relinquishing
control over the bus 82. Bus arbitration output signal 84 of one simulation module 14 is
connected to bus arbitration input signal BO of another simulation module 14 to form a daisy
chain.

* In the receiving FPGA 22 (shown on the right of FIG. 9), the shared
multiplexed bus 82 splits into event ID lines 88, variable value line 86, and event ready line
90. On detection of an event ready signal 90, a variable selector 92 recognizes the

combination of values on lines 88 as indicative of a particular variable. In response, the
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Brief Description of the Draw ngs FIG | is a block diagram
of one enbodinent of a logic verification systemwith nultiple processors

"and programmbl e gate array devi ces. FIG 2 is a block
di agram of another enmbodi ment of a logic verification system whiPTENT
i ncl udes a gl obal -event-transfer bus. FIG 3 is a2BDat®9

di agram showi ng the transm ssion of conputed values of variables fromthe
simul ated design portion into the enul ated design portion.

Ly Al SR MO AR CRIPM AR o
porti e line 86.

In one embodiment of the present invention, global-event-communication bus
lines 30 are used to implement the shared multiplexed bus 82 and sections of the daisy chain
32 are used to implement the bus arbitration signals 80 and 84.

FIG. 10 details the preferred embodiment of the event detector 54. It
includes a combinational logic block ?8 with one or more inputs and one output. One or
more of the inputs of the block 98 may be connected directly to the signals that represent
the variable values. Other inputs of the block 98 may be connected to the signals that
represent the variable values through other combinational blocks 94 and edge detectors 96.
The edge detectors 96 detect the positive edge, the negative edge, or any edge of their input
signals. The construction of edge detector is not shown but could be readily reproduced by
one of skill in the art, and is well known in the art.

As shown in FIG. 10, the output of combinational block 98 is connected to
the “Set" input of flip/flop 102 directly or through the delay counter 100. In the latter
case, the output signal of the combinational logic block 98 enables the delay counter 100
which is clocked by a time advance signal 72. After counting the predetermined number of
time advance signals 72, the counter 100 overflows and produces the signal at the output

of event detector 54. After the event output has been transmitted, event detector 54 is

reset using the reset line 101 by event encoder 56 as explained previously.
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The general structure shown in riG. 10 can implement an arbitrary level
sensitive event control (using only combinational logic block 98), or edge sensitive event
control (also using the combinational blocks 94 and edge detectors 96), or delay (also using
the delay counter 100), or any combination thereof. Each particular event detector 54 can
have all or only a portion of those capabilities, as needed.

Emulation technology in general is not appropriate for verification of the actual
timing of the design in the sense of computing the accurate time intervals between various
input and output signal events. Correct model timing is important, therefore, only as a
method of ensuring the correct evaluation order of different circuit components which have
data dependencies on each other. The most important case of this timing correctness

problem is the evaluation of chains of flip/flops with possible hold-time violations. There is

a specified "setup time"” and "hold-time" for any clocked device. Setup time requires that

input data must be present at the data input lead of a flip-flop device and in stable form for
a predetermined amount of time before the clock transition. Hold-time requires that the
data be stable from the time of the clock transition on arrival at t.he control lead of a flip-flop
up to a certain time interval after the arrival of the clock for proper operation. A key
process in implementing a logic circuit from a user’s netlist is to synchronize the setup and
hold-time of data with the arrival of a corresponding clock. Data must be present and stable
at the D input of a flip-flop for a specific space of time with respect to the arrival of the
corresponding clock at the clock input to ensure the proper operation of the implemented

fogic circuit. In implementing a circuit from a user’s netlist, the proper timing of clock signals

21
is Sheet Has Been Rei]aced

LT




FIG 5 is a block diagram show ng the conputation of event codes and their
transfer to the m croprocessor perform ng behavioral sinulation.

FIG 6 is a block diagram of another enbodi nent showi ng the conputation of
the event codes and their transfer to the mcroprocessor performmgTENT
behavi oral simulation where events are grouped into, for exanpl @2@qwve
events, inactive events, non-blocking assign update events, and nonitor
events. FIG 7 is a block diagram showi ng the detection of

out st anﬁ\b?%e%\(ﬁc‘i@réd e (8 @xcEUENLI9) LR clock. lmes !ry reﬁson of fb&k si@W. STﬁ‘*s BhRek

diagramillustrating the conput at | on 0 at advances
sinmulation tine

t r ansf e73USE dﬁf?emei/gﬁtt éogﬁ gﬁs{x%éuch as a t?lp-f?opaorbsh? revlste (PR gee%rl?etr'tﬂgn dgga
on second register. The hold-time requirement of the second register is violated and data bits
may then be lost uniess the shift registers are properly synchronized.

Hold-time violations may not occur in the target system or end product
because the violation is an ar;ifact of emulation circuits. This is because hold-time violations
result from clock skews in the emulation circuit that are frequently different from clock skews
in the target system, since limited resources in reprogrammable logic devices are designed to
support the generation of clock signals. Since behavioral simulation in the logic verification
system requires co-existence of the simulated and the emulated circuit components, it is
important that compatible means are used for timing correctness in both technologies.

In simulation technology, model timing is described by the appropriate language
constructs such as delays and non-blocking assignment statements. Timing is correct by
definition as long as the semantics of such constructs are cormrectly interpreted by the
simulator. This is true even in the case of zero-delay simulation when the actual delay values
are presumed unknown. For example, two flip/flops could each be defined by the following

behavioral code in Verilog hardware description language which will ensure correct order of

evaluation:
always @ (posedge clk)
q = #0 d;
or
22
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m croprocessor to another over a shared nultiplexed bus.

FIG 10 is a block diagram of an event detector. FIG 11 is
a bl ock diagramthat illustrates one transformation made to the |ogic
desi gn under verification to prevent hold-tinme violations duringPadiNTi on
of the design. FIG 12 is a block diagramthat ilpasriepes
anot her transformation nade to the logic design to prevent hold-tine
viol ations during the design enul ation. FIG 1 3 is a block

di agram showi ng the pragnanaiRgs&fsetdi@ | 0gic verification system

The interpretation of explicit delays, zero delays, and non-blocking assignments is based on
assigning the events to different simulation cycles or to different groups in the same cycle.
These event assignments enforce the event order implied by language semantics for the
behavioral design portion.
In emulation technology, however, the pair of serially connected flip/flops are
described as:
always @ (posedge clk1)
ql = #t1 di;
always @ (posedge clk2)
q2 = #t2 d2;
assign #td d2 = ql;
assign #tc ck2 = clkl;
(All emulation circuit delays t1, t2, td, and tc are unknown but have an upper bound T.)
In order to ensure correct evaluation order, the emulator artificially increases the value of td
by T. The emulator also performs circuit transformations (such as separation of the common
part of the clock tree into a special FPGA device and duplication of the clock logic) so that
the value of T is as small as possible. This process is explained in U.S. Patent No.

5,475,830, "Structure and Method for Providing a Reconfigurable Emulation Circuit without
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-9 - FIG 1 4 illustrates an exanple of a logic
design represented partially by conponent interconnection, and partially
by behavi oral description, using a code fragment in Verilog hardware
descri ption | anguage. PATENT
220/199
Hold Time Violations," issued on December 12, 1995 to Chen et al. (assimned to Quickwumn
Systems, Inc.).

Each approach to ensuring timing correctness is consistent within its own
domain. However, mixing emulation and simulation model timing together may create a
problem. Consider for example, the possibility that the second flip/flop in a chain, or any
part of its clock logic, is described as zero-delay behavior (i.e., a simulation model) rather
than as an emulation model. In this case the upper bound T of the delay values cannot be
determined and the method of ensuring timing correctness used by a typical emulator will
not work.

One solution to eliminate hold-time violations places an additional flip/flop
upstream along the datapath of each emulation flip/flop. An example of this approach is
shown in U.S. Patent No. 5,259,006, "Method for Substantially Eliminating Hold Time
Violations in Implementing High Speed Logic Circuits or the like," issued on November 2,
1993 to Price et al., (assigned to Quicktum Systems, Inc.). However, this solution is
difficult or impossible to apply in a behavioral verification system because it would require
each behavioral block to be classified as either flip/flop or a combinational circuit in order
to determine if an additional flip/flop needs to be inserted. It would also be necessary to
identify each input of such block as a data input or clock input. Such identification is difficult
or impossible because of hardware description language constraints. If an additional flip/flop

is placed upstream of a combinational logic block it can alter the behavior intended by the

designer.
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FIG 1 5 illustrates an exanple of an internediate representati on of the
| ogic design in the behavioral database (after the conpletion of the

inmport step 1 32 shown in FIG 13). FIG 16 illustrates an
exanple of a circuit fragnent created by the netlist generationp{EINT 40
(step shown in FIG 13). FIG 17 illustrates an exapplesof
executable code (in 'C programm ng |anguage) created by the code
generation step 144 (step shown in FIG 13). Description of the

P e ETho TS0 ougn ol A el IURGAAS B AFape slp ket o
"econ iir?clijerp%gldgntl f?giid(-:tin(%g r\r)%)o Qt?onnt gli%iaggn.me ?ﬁoﬁg ?r? 5:?8‘“? ql, efor gvery emulation
flip/flop 104 that is a source of a signal that could potentially reach any other circuit
component 106 with a hold-time violation, an additional flip/flop 108 is inserted
downstream. The simulation clock 110 is asserted at the time all of the BUSY signals 62 are
deasserted. As a result, the effective delay in the datapath 112 stemming from the flip/flop
104 is always larger than any delay in a combinational clock path 114 separating clock signal
116 of flip/flop 104 and clock signal 118 of flip/flop 106, no matter if flip/flop 104 is
emulated or simulated.
A more complicated situation is shown in FIG. 12 where an emulated flip/flop
120 exists in a clock circuit 122. Assuming that the design intent was that the delay of
circuit 122 is less than the delay of circuit 112, an additional flip/flop should not be inserted
in clock circuit 122, [f the signal produced by such flip/flop 120 is also used as data source
for another flip/flop 126 then the addition of flip/flop 124 and duplication of circuit 122
as circuit 128 is necessary as shown in FIG. 12. Signal 130 previously connecting circuit
122 with flip/flop 126 should be eliminated. For these transformations to be applied
correctly, clock circuit analysis needs to be performed that will determine which clock edges
could potentially be active on the clock inputs of every storage element (either emulated or
simulated). For behavioral blocks, conservative assumptions as to their storage capability may

be applied because, even if an extra flip/flop is erroneously identified as posing the danger

of hold-time violation, the transformation will not alter the function performed by the circuit
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gate array ("FPGA") devices 10 interconnected using the programuable

I nterconnect 12. The interconnect 1 2 can be programred to create an
arbitrary connection between any nunber of inputs or outputs of the

devi ces connected to it. The apparatus al so includes one or nor@ATENT
simul ati on nodul es 14 (for exenplary purposes only, three are shpppyio&ach
of the simulation nodules 1 4 includes a m croprocessor 16, connected
through a m croprocessor bus 18 to one or nore random access menory

ggj’i gﬁgxnégsyspﬁ Eﬁ g‘?@gwnet»&grﬁf&{sé g%&%ﬁnbﬁ% e AR R Hot it bE the B¢ UGy PGAS

have to be duplicated with a flip/flop synchronized by the simulation clock signal 110.

FIG. 13 shows a flow diagram for preparing configuration data to be used by
the logic verification system. In general, the compilation starts from the user’s design
description file in, for example, Verilog hardware description language ("Verilog HDL").
However, the compilation could start with a variety of other languages. As a result of an
import step 132, the behaviorai database representation | 34 is created. This representation
is augmented by preprocessing step 136 resulting in another behavioral representation 138.
Netlist generation step 140 and code generation step 144 result in a netlist representation
of an emulation model 142 and a set of executables 146 downloadable into logic module
processor memories 20. The netlist representation 142 is subjected to partitioning,
placement, and routing step 148 which produces the configuration data 150 for FPGAs 10,
22 and programmable interconnect 12. The partition, placement and routing step is
described in U.S. Patent Nos. 5,329,470 to Sample et al. and 5,036,473 to Butts et al.
and is well known to one skilled in the art.

More specifically, the importer 132 processes the user’s Verilog source files
and produces a behavioral database library. It accepts a list of source file names, "include"”
paths, and a list of search libraries where the otherwise undefined module references are

resolved. The importer divides the behavioral description into a set of concurrently

executable code fragments.
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; 10- Al though FIG | only shows one random access nenory device
20, and one FPGA 22, one of skill in the art would understand that any
nunber of menory devices 20 or FPGAs 22 could be enpl oyed. Furthernore,
any type of nenory could be utilized to simlarly perform the fupgatfEmT s of
random access nenory 20. In addition, other types of reconfigurabjegtag c

The preprocessor 136 transforms the behavioral dawabase library created by
import step 132. lt partitions the behavioral code into clusters directed for an execution on
each of the available simulation modules 14, determines the execution order of the
behavioral code fragments, and the locality of variables in the partitions. Also, the
preprocessor 136 performs transformations necessary for the creation of a hold-time-
violation-free model as described above.

The code generator 144 reads the behavioral database library as transformed
by the preprocessor 136 and produces downloadable executables 146 for each of the
simulation modules 14 as identified by the preprocessor 136.

The netlist generator 140 reads the behavioral database library as transformed
by the preprocessor 136 and produces a netlist database library for further processing by the
partitioning, placement, and routing step 148.

The operation of the logic verification system is based on the principles of
event-driven simulation which are well known to one skilled in the art. The basic assumptions
are as follows: {1) Any given behavioral model can be diviaed into a set of evaluation
procedures, which are compiled based on behavioral descriptions; (2) the process of
simulation consists of a series of executions of these procedures in which they read the logic
values of some variables (inputs) and compute the new values of some other variables

(outputs); and (3) the procedures are assigned triggering conditions which define whether

or not to execute each procedure depending on the current state of the simulation model.
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conponents such as PALs or PLAs could performthe function of FPGAs 10, 22.

Wi ch

type of FPGA to use is purely a matter of the designer's choice.

In

the preferred enbodi nent, 4036EX devices from Xilinx, Inc. are used. These
devices are described in The Programmable Logic Data Book from X@ATBNT

dated June 1996, PN 0010303 which is

1 6 touse is also purely a matter of the designer's <choice. In the

preferred enbodi nent, the PPCA03GC CPU chip fromIBM Inc. is used. Each
of the FPGA devi tho?e%gm‘g{‘é,‘Icgﬁhdér'tHP'\«BeFr!k?g‘HfﬂRgg%EAelgihéwh%n al PIQPW‘?ﬁsCr%t%ﬁ%!to

progranmabl e i nterconne

evices 10 enul ate

| mter caesiofh ot kB R el sl n L RNGEE TR Snehyoaecusss arm

predefined by reference to the library primitives Q ANO2 and Q FDPO and one is
represented with a behavioral description. The relationship between evaluation procedures
can be described by a graph as shown in FIG. 15.

For purposes of emulation, instances U1l and mO - m7 can be directly
implemented in a FPGA. Behavioral code that evaluates the outputs of instance line_select
can be compiled as a sequence of instructions for an embedded microprocessor. In order
for this sequence to be invoked at the appropriate time, an unique ID has to be assigned to
each such sequence loaded into one microprocessor. The ID can be generated in an FPGA
when the corresponding triggering condition becomes true. (The circuitry for generating IDs
was previously described in FIG. 5.} [f several triggering conditions become true at the same
time, the smallest of their IDs is generated. The microprocessor 16 continuously monitors
the IDs and each time a new ID is generated, the corresponding instruction sequence is
executed. Assuming that the ID of line_select function is 5, the event-generating logic could
be implemented as shown in FIG. 16. When the negative edge of CLK is detected
(synchronized by a fast periodic signal) it sets an RS-trigger in an event detector 152. If
there are no events with IDs less than 5, then the event encoder 154 generates the number
5 and the microprocessor 16 detects the number 5 when a read instruction is executed from
one of the addresses that belong to FPGA address space. At this time RS-trigger is reset.
(The operation decoder, bus drivers and data register are not shown.)
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No. 5,036,473. Simulation nodules 14 sinulate the logic circuit portions
under verification which may be represented by behavi oral descriptions.

I nsi de these nodules 14, the mcroprocessors 16 selectively execute
fragments of the behavioral description. The hardware |ogic inplPe&EENEd in
FPGA 22 selects the behavioral fragnents to be executed and the20pdepgof
execution. Unlike the event-driven sinulators known in the prior art, the
m croprocessors 1 6 are relieved fromthe functions of detecting,

Lol eSSl PRI o e koA 680 SRS 45,
the cells represented with behavioral code (e.g., line_select cell in FIG. 15) are replaced with
their corresponding event generation logic blocks (similar to the one shown in FIG. 16.) At
execution time, the microprocessor 16 is continuously running in a loop that consists of
reading the [D of the next event from the FPGA, and executing a function corresponding to
this event. An example of a program that could be used by microprocessor 16 to perform
this operation is shown in FIG. 17.

This software-hardware implementation of a simulation algorithm combines the
best features of levelized and event-driven simulation. As in event-driven simulation, only
those primitives are evaluated at each cycle for which the activation conditions are satisfied.
As in levelized compiled simulation, the overhead of event queue manipulation is removed
from the model execution phase. All necessary event detection and manipulation is done in
reconfigurable hardware (FPGAs). The event-detection hardware netlist is generated at
compile time based on the triggering conditions for each evaluated routine, as weil' as the
results of model partitioning and sorting.

While a presently-preferred embodiment of the invention has been disclosed,
it will be obvious to those skilled in the art that numerous changes may be made without
departing from the spirit or scope of the invention. It is intended that all matter contained
in the above description and shown in the accompanying drawings shall be interpreted as

being illustrative and not limiting. The invention, therefore, is not to be limited except in

accordance with the below claims.
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communi cate the signal val ues shared between the behavioral description
portion and those design portions represented by the interconnection of
conponents. Additionally, FPGAs 22 conmunicate the signal val ues shared

bet ween dh# Bean Raplaced on nodul es 1 4. It is nPATENTegr al
to the preH l }/ that the FPGA devices 22 do not 220/199

CLAIMS

We Claim:

1. An apparatus for design verification using emulation and simulation
comprising:

at least one reconfigurable element for emulating a first portion of a design;

at least one microprocessor for simulating a second portion of said design,
connected to said reconfigurable element so as minimize time for transferring data between
said first portion of said design and said second portion of said design; and

an event detector connected to said at least one microprocessor for detecting
a plurality of events during design verification, relieving said at least one microprocessor from
performing event detection.

2. The apparatus of claim 1 further comprising a scheduler for scheduling
operations that said at least one microprocessor would ordinarily schedule.

3. The apparatus of claim 1 further comprising a second microprocessor.

4. The apparatus of claim 3 further comprising a selector for selecting
independent fragments of said second portion of said design for paralle! execution by each
of said microprocessors.

5. The apparatus of claim 1 further comprising a selector for selecting
independent fragments of said second portion of said design for execution by said

microprocessor.
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enulate logic circuit portions represented as the conponent
interconnections. Simlarly, it is not irfhaghalHasge placgd r ent i nventi on
that the FPGA devices 10 do not inplenment t ‘gm T \ determ nes the
sel ection and order of the behavioral code executi ADPENTt he
m croprocessors 16. Rather, in its preferred enbodi ment, the presensi9o

i nvention allows for arbitrary distribution of the hardware | ogic used for
any of these purposes anong the FPGA devices 10 and the FPGA devi ces 22.

Al t hough for sake of s I C] E vy : | d, itcl )
understood to ongs'of ?ﬁ%b@ﬁg%ﬁe&?ﬁ?%hllaﬁﬁﬁr\%gé@gag%b?sﬁ%lreﬁoég%ﬁéb‘ebe
siml ari%ﬂerrpé_‘%ed. . The s%st em bus controllers 24 are
connect &Y eL (BRI S seonfigrablg inferonigAt £9BPeY& Y em bus 28. The
systemcontrol l er_ 26 perforns the functions of downloading configuration
data into the FP@ deVihgedppagatupof glaifhl badiengntsaid axdeast ameereganfigurable t he

element further comprises a reconfigurable logic component.

8. The apparatus of claim 6 wherein said at least one reconfigurable
element comprises a plurality of reconfigurable logic components, and said reconfigurable
interconnect component interconnects said plurality of reconfigurable logic components.

9. The apparatus of claim 1 further comprising a memory connected to
said at least one microprocessor.

10.  The apparatus of claim | further comprising a bus controller connected
to said at least one microprocessor.

11.  The apparatus of claim 1 wherein said second portion of said design is
described in a behavioral language.

12.  The apparatus of claim | further comprising a second reconfigurable
element.

13.  The apparatus of claim 12 wherein said second reconfigurable element
further comprises a scheduler for scheduling fragments of said second portion of said design
to be simulated by said at least one microprocessor upon detection of events by said event

detector.
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random access nenory devices 20, starting the |ogi c verlflcatlon system
communi cating data between the |ogic y@{qhédtamﬁ S em and t he host

wor kstation (not shown). The system co “ i npl ement ed using a
comer ci al enbedded controll er board or rreans knowPATENRITTOoSe
skilled in the art. Rand cess menory devi ces 2003t 9ve

t he behavioral code fragnents, and the values of the sinulation variables
that are not shared between the behavioral description

t4. The apparatus of claim 12 wherein said second reconfigurable element
further.comprises a selector for selecting independent fragments of said second portion of
said design for execution by said at least one microprocessor.

15.  The apparatus of claim 12 wherein said second reconfigurable element
further comprises a detector for detecting said plurality of events during design verification,
relieving said at least one microprocessor from performing said event detection.

16.  The apparatus of claim 12 further comprising an interconnect element
connecting said at least one reconfigurable element and said second reconfigurable element.

17. The apparatus of claim 1 further comprising a reconfigurable
interconnect element connecting said at least one reconﬁgurable element and said at least one
microprocessor.

18. The apparatus of claim 10 further comprising a system controller
connected to said bus controller through a system bus.

19.  The apparatus of claim | further comprising a global bus connected to
said at least one microprocessor.

20. The apparatus of claim 19 wherein said global bus further comprises a
plurality of signals connected in parallel to said at least one microprocessor.

21. The apparatus of claim |9 wherein said global bus further comprises a
second line serially connecting said at {east one microprocessor.

22. The apparatus of claim 19 wherein said global bus connects at least one

signal between said at least one reconfigurable element and said at least one microprocessor.
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-12 - portions and the conponent interconnection portions, or
bet ween mul ti pl e sinul ati on Thisrbitket Has Bdedt Refiesd €em bus controllers 24

comuni cate data to and from troller 26 through the system
bus 28. The logic verificati ts programm ng of conpAgERgti on
data for the FPGA devices 10, and’ pr mrabl e i nterconnect 1 shpAlgo,

execut abl e software code fragnents are downl oaded into the random access
menory devi ces

23.  An apparatus for emulation and simulation comprising:

a plurality of simulation modules, each having a microprocessor for simulating
a design;

a first reconfigurable element for emulating said design, connected to said
simulation modules;

said plurality of simulation modules further comprising a second reconfigurable
element; and

said second reconfigurable element comprising an event detector for detecting
events to assist said microprocessors in simulating said design.

24. The apparatus of claim 23 wherein at least one of said simulation
modules transmits a data value to said first reconfigurable element.

25. The apparatus of claim 23 wherein at least one of said simulation
modules transmits a data value outside of said simulation module.

26. The apparatus of claim 23 wherein one of said microprocessors
transmits a data value to said second reconfigurable element.

27. The apparatus of claim 23 wherein said second reconfigurable element
comprises a decoder to decode a signal received from one of said microprocessors.

28. The apparatus of claim 27 wherein said second reconfigurable element
further comprises a selector that is enabled when said decoder recognizes said signal from one

of said microprocessors.
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20. Such programm ng may be inplenmented as a conputer program and executed
on a conputer workstation. An alternative enbodi nent of the
| ogi c verification system iTdisShagtites BeenReflace®. Thi s enbodi nent furt her

i ncl udes a gl obal -event-co that conprises a plur@ATRNDf
signal lines 30 connected in |l FPGA devices 22, andop/fepsy
chain I|ine 32 that connects all F evices 22 serially. Note that this
enbodi ment woul d al so include system bus controllers 24, a system

control | er 26 a”%s?a Sﬁ%%ﬁ%}a?r;ﬁgsﬁ@ cgaﬁmsfé’We}rﬂré sgb?acan-d rE?&ffEu?ég%Png@ﬁﬂeﬁ are

omtted in FIG to sinp awr hg. obal -'event - nication
bus i s _included because th rogrammabl e i nterconnect 12 constitutes a

' t S HTATRY ORI 98SFUED RLPUREDI THAy FETEIg L RESE dhatabiehi sd
between the multiple simulation nodules 14 through progranmabl e

i nt er cegleot. 12, such signals can be

30. The apparatus of claim 23 wherein at least one of said plurality of
simulation modules receives a data signal from a second of said plurality of simulation
modules.

31. The apparatus of claim 23 wherein at least one of said plurality of
simulation modules receives a data signal from said first reconfigurable element.

32. The apparatus of claim 23 wherein one of said microprocessors receives
a data signal from said second reconfigurable element.

33.  The apparatus of claim 23 wherein said second reconfigurable element
further comprises a decoder for recognizing a microprocessor signal indicating one of said
microprocessors is ready to capture a data value from said second reconfigurable element.

34. The apparatus of claim 23 wherein said second reconfigurable element
further comprises a multiplexer that selects a data value for capture by one of said plurality
of microprocessors.

35. The apparatus of claim 23 wherein said event detector causes an
interrupt to one of said plurality of microprocessors when an event is detected.

36. The apparatus of claim 23 further comprising a plurality of event

detector groups that process a plurality of events.
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comuni cated in a serial fashion, one signal at a time, over the
gl obal - eve = COMTIVRLG REQD bus. The simulation nodule 1 4, that serves as

a transmtt gnal value, sets sonme of the signal lines 30 to
represent ﬂmmﬂaﬁm’mer of such signal and its new value. ThiBATENT
informatio ther sinmulation nodules 1 4 and is capt y®yi189
necessary. - 13 -
37. The apparatus of claim 26 wherein said plurality of event detector
groups comprise at least one event detector.
38. The apparatus of claim 36 wherein said plurality of event detector
groups further comprise at least one AND gate.
39. The apparatus of claim 36 wherein said plurality of event detector
groups process a first event before a second event.
40. The apparatus of claim 36 wherein said plurality of event detectors
detect a first event and a second event and process said first event prior 1o said second event.
41. The apparaws of claim 40 wherein said plurality of event detectors
create a first busy signal representing said first event and a second busy signal representing
said second event.
42. The apparatus of claim 36 wherein said plurality of event detector
groups detect a first busy signal and a second busy signal, and process said second busy signal
when said first busy signal is not asserted. A
43, The apparatus of claim 42 wherein each of said first busy signal and said
second busy signal are individually formed with an OR gate connected to at least one of said
plurality of event detectors.
44. The apparatus of claim 42 wherein each of said first busy signal and said
second busy signal are individually formed with a wired OR connected to at least one of said

plurality of event detectors.
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In the case where several sinulation nbdules 1 4 serve as transmtters at
the same time, the order needs to be inposed in whichclhey take control of

the signal lines 30. To acconplish this orffdisgiaddas P sy chain line 32
I's operated according to the token ring pri ‘ I \! gi ven pRITERIT a
t oken represented by a value on the input po chai @26/1?932
resides with one of the sinmulation nodules 1 4, giving that nodule 1 t he
right to control the signal lines 30. After finishing its transm ssion,

t Eg Zgimsjlyaéihginnn})gﬁge?jhéﬁ;eﬁ%%&gﬁ??{azsm tzgewg‘.grléﬁna _Egl%bgl eusncec)r(:%ecrr:ls) ?gxldepl@rl'aﬂpyq
of simulation modules.

46. The apparatus of claim 42 further comprising a global bus that transmits
said first busy signal and said second busy signal to said plurality of simulation modules.

47. The apparatus of claim 36 wherein said plurality of event detectors
detect a plurality of event types.

48. The apparatus of claim 47 wherein said simulation modules further
comprise a simulation advancement circuit that produces a time advance sigr_\a{ when said
plurality of event types are not detected by said plurality of event detectors.

49.  The apparatus of claim 48 wherein said simulation advancement circuit
comprises a counter and a NOR gate.

50. The apparatus of claim 47 further comprising a global bus that transmits
said time advance signal.

51. The apparatus of claim 23 wherein said plurality of simulation modules
are connected by a multiplexed bus.

52. The apparatus of claim 51 wherein said multiplexed bus transfers said
events between said plurality of simulation modules.

53. The apparatus of claim 51 wherein said plurality of simulation modules
further comprise a transmit controller for controlling said muitiplexed bus.

54. The apparatus of claim 50 wherein said global bus transmits said events

between said plurality of simulation modules.
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In addition to transmtting the signals shared between sinulation nodul es
14, the gl obal -event-conmunication bus also transmts the signals that

synchroni ze the operation of s siBeen Beplceles 14, Exanpl es of such
synchroni zati on signals includ I l I on tine advancenent pSy t,
and the BUSY signals indicatin ul ation nodules 1 4 ‘?@ﬁfghave
sone nunber of events to be processed in the current simulation ( .

Whi | e executing the behavioral description fragnents, the m croprocessors
16 need to set the new values to.the variables th descripe the current
state of the | ogiX>-desi§naPRRERHg %i%@aﬁéd’?ﬁef%s‘é“%ﬁitdﬁ? IsuFable glegent

| ocally used in only one sinulation nodule 14 are represented by

appr oproatpeiskoe dirstdtip/flap.t he random access nenory devi ce 20.

Those_ va_ri abl es, however, that are shared between the behavi oral
description 56. The apparatus of claim 55 further comprising a second flip/flop placed

downstream from said first flip/flop in order to eliminate a hold-time violation.

57. The apparatus of claim 23 wherein said first reconfigurable element
comprises a clock circuit.

58. The apparatus of claim 57 wherein said clock circuit comprises a
flip/flop.

59.  The apparatus of claim 58 wherein said clock circuit is duplicated in said
first reconfigurable element.

60. A method for simulating and emulating a design comprising the
following steps:

importing said design, where a portion of said design is a behavioral design, to
create a behavioral database;

dividing said behavioral design into a plurality of behavioral fragments;

preprocessing said behavioral database to form a preprocessed behavioral
database;

" generating a plurality of executables for a plurality of simulation modules for

processing therein;

creating a netlist; and
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portions and conponent interconnection portions, and those that are shared
between multiple sinmulation nodules 14 nust be transmtted outside of a
si mul at i cmlssneluﬂdeBd_eARePﬁ:‘G 3 illustrates such transm ssion where the

m croproc s split into a plurality of address |imegT84dT a
bus operat

ite) line 36, a plurality of data linegs33199

processing said netlist to create configuration data for a plurality of
reconﬁg;urable elements.

61. The method in claim 60 wherein said preprocessing step further
comprises the following steps:

partitioning said behavioral database into a plurality of clusters; and

transforming said design to eliminate a hold-time violation.

62. The method of claim 60 wherein said processing step further includes
the following steps:

partitioning said netlist creating a partitioned netlist;

placing said partitioned netlist; and

routing said partitioned netlist.

63. A method for combining emulation and simulation comprising the
following steps:

connecting an emulator and a plurality of microprocessors so as to minimize
time for transferring data between said emulator and said microprocessors;

emulating a first portion of a design by said emulator;

simulating a second portion of said design by said sirmulator; and

detecting a plurality of events by said emulator that would ordinarily be

detected by said microprocessors.

38

B



representing the code that uniquely identifies the variabl e being

transmtted (al so known as "variable ID"), ﬂQgheeﬂ%s at I [ ne 40
representing the new value of such variable. - i of an i/o

i nstruction, the mcroprocessor 16 installs naI vVapNFENeN
lines 34 through 40 whi ch toget her constitut essor

certain unique conbination of values on Iines 34 and 36 I ndi cates to the
operation decoder 42 that the m' croprocessor 16 will transmt a new val ue

of o vari able. ok LEshongs e SPERTHLAD, SSERHR, 42 SORB SR dEne
bl oot oplupinsrabPRstatons by shd. emuldtor that wonld ordinaiy” be Schedtied by said
MiCroprocessors.
65. The method of claim 63 further comprising:
selecting a plurality of independent fragments of said second portion of said
design; and
executing said plurality of independent fragments in parallel by said
MiCroprocessors.
66. The method of claim 63 wherein said simulating step further comprises
the step of simulating said first portion of said design described in a behavioral language.
67. The method of claim 63 further comprising the step of manipulating
said plurality of events by said emulator that would ordinarily be manipulated by said
MiCroprocessors.
68. The method of claim 63 further comprising the step of eliminating a
plurality of hold-time violations.
69. The method of claim 63 wherein said first portion of said design
overlaps with said second portion of said design.

70.  The method of claim 63 wherein said first portion of said design is the

same as said second portion of said design.
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the register 46 that captures the new variable value fromthe |ine 40.
Simlarly, in the course of executing the behavioral description fragnents
the mcroprocessors 16 need to capture the new vari abl e val ues that
describe the current state of the |ogic design being sinulated. PRIDENT
vari ables that are locally used in only one sinulation nodule 122ay¢99
represented by appropriate |ocations in the random access nenory device
20. Those vari ables that are shared between the behavi oral description
portions and the conponent intercyy¥giAely portions, and those shared
between nmultiple sinulation nodul @& 14 nmust be captured from outside of
the simulation nodule 14. FIG 4 illustrates such capture where FPGA 22
additionally includes a nmultiplexer 48, an internediate register 50, and a

bus driver 52. . ) . . .
A method and apparatus for combining emulation and simulation of a logic

design. The method and apparatus can be used with a logic design that includes gate-level
descriptions, behavioral representations, structural representations, or a combination thereof.
The emulation and simulation portions are combined in a manner that minimizes the time for
transferring data between the two portions. Simulation is performed by one or more
microprocessors while emulation is performed in reconfigurable hardware such as field
programmable gate arrays. When multiple microprocessors are employed, independent
portions of the logic design are selected to be executed on the multiple synchronized
microprocessors. Reconfigurable hardware also performs event detecting and scheduling

operations to aid the simulation, and to reduce processing time.

This Sheet Has Been Replaced

LR

40



The capture operatlomproceeds in twy steps and takes two m croprocessor

i nstructions to conpl te;-:lrh ne,f\|r t ste e operation |s perforrred
"The operation decoder 4&r c(ognl.z:es a comgl nat i on\o{ n adids $s
= il

il

34 and a bus operatlorL O'SP'| i e
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36 as indicative of'ﬁﬁé m cr o roces‘of S intent to start the capture of a

vari able value. In respmnse oper.ati ler 42 enabl es a register

- 50 which in turn captur the |a | ¢ value selfegted by the nultiplexer
48 based on the var| g% géu |&nes 38. In the second step
a read op n IS The perat on decdder A2 recognizes a
conbi nat i an address an L_Qes 4 'and|a b eration on line 36 as
i ndicativ tthe n1draﬁzazesse4 s\intent{to ¢ ng ete the capture of a
variabl e yal up| Next, ﬁﬂﬁ operctlam decoder a? l es a bus driver 52
that transmitf|the variasl[é valug fromth out pyt regi ster 50 and onto

the Iine 40 o] “the—micropriocessor bus :18.
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As di scussed earlier, the hardware logic inplenented in FPGAs 10 and 22
sel ect and order the behavioral code fragments for execution by the

m croprocessors 16. One enbodi nent of such logicis shown in FIG 5. The
enbodi ment contains one or nore event detectors 54 (for exenplary

purposes, two are shown), an event encoder 56; —Each
event detector 54 independently produces a siFnaI that triggers the
execution of one particular fragnent of behav|oral code iy the
m croprocessor 16. That signal is fed into ah event encoder 56 that
provi des a code (known as an "event ID') at its output at uniquely
identifies its input signal that has been set! L two—o
nore inputs to the event encoder 56 are set at the sane tinmg} it pryduces
the ID of the event that has preference in the behavioral cofle fragnments
execution order. For exanple, it could be the event which h@g\? S er
event | D val ue.
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When the m croprocessor 16 is ready for execution of the next behavi oral
fragnent, it perforns a read operation. The operation decoder 42 recogni zes
a conbination - 16 -
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of an address on lines 34 and a bus operation on line 36 as indicative of

the intent of the

code fragnment to be executed.

bus driver 58 that transmts the event ID fromthe output of event encoder
56 onto the lines 38 of the m croprocessor bus—t—8—Wenrn—none—of—the—event
detectors 54 produce a signal requesting the execution of a behavioral |code
fragment, the event encoder 56 produces an outlput signal (hdicating tolthe
m croprocessor 16 that no operation is requirjed at this [¥nme. The
appearance of the output signal at the output| of at |east~one of the é¢vent
detectors 54 can, in one enbodi nent, cause an $nterrupt—operation—of—t he
m cr opr ocessor 16. After transmtting the evejt 1D to\the
m croprocessor 16, the event encoder o
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m croprocessor to capture the ID of the next behavi oral
In response, the operation decoder enables a
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56 automatically resets the correspondi ng event detector 54. The reset
circuit is not showmn in the drawings but is well known in the art, and can
be readily reproduced by one skilled in the art. Anot her
enbodi nent of the event ID conputation logic is shown in FIG 6. In this
enbodi mrent the event detectors 54 are grouped according to scheduling

requi rements of the behavioral nodel. For exanple, for nodels witten in
Veril og hardware description |anguage such requirenments are defined by
chapter 5 of the |.E.E.E. Draft Standard 1364. Particularly, Verilog
"nmodel s require that all events processed gr the sanme sinmulation cyicl e be

grouped into four groups, nanely the activie events, the inactive gvents,
the non-bl ocking- assign-update events, and the nonidor events. \erilog

model s further require that any active t -
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events are processed before any inactive events which in

turn are processed before any non-

17 -
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bl ocki ng- assi gn-updace events which in turn are processed before any

noni tor events. To conformto these requirenents, the

enbodi nent shown in FIG 6 conprises a plurality of groups of event
detectors. Each group has one or nore event detectors 54 (for exanple, one
is shown in each group) and an AND gate 60, except that the first group
does not contain such AND gate 60. The AND gate 60 that belongs to the
second group is controlled by BUSY[1] signal 62a indicating there are
unprocessed events in the first group. Simlarly, the AND gate 60 of the
third group is controlled by BUSY[ 1] signal 62a and by BUSY[2] signal 62b,
the latter indicating that there are still unprocessed events in the second
group. As a result, the signal froman event detector 54a that belongs to
the second group wll reach event encoder 56 only if there are no
out standing events in the first 'group. ~Simlarly, the signal froman event
detector 54b that belongs to the third group will reach
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event encoder 56 only if there are no outstanding events in the first or
the second groups. The pattern continues for the fourth and further groups
utilizing nore of the BUSY.signals..62.as.neCeSSarY. ......couvnno. ... The .. .......
formation of the BUSY signals 62 is shown in FIG 7. Each BUSY signal 62 ;
Is formed as a qu.i%@function 64 of the output sigr}uals of all even ‘
detectors 54 that= Bekdong to the corfresponding group. | fically,
[1] signal 62a is=fgfHed using the [event Qé?ectors fdth-f first groupw
BUSY[ 2] signal 6207 £5 fotmed using he evéné detect ofs§ 4af [the second & <
group, and so on. |E has té be appréciate&& that |out pitE Er all events
detectors 54 withinga gr&up fromalll si muEat on|nodu| d8 *4 t be QRRd™
re

together to form = ! ) ' 'S
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I n one enbodi nent of the present

62.

a BUSY si gnal
wred logic is used to form a BUSY signal

18 -
i nventi.on,

: Combinational
. Block _ Ldge
Detector

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||

Event Detector
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so chat the OR

62,
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function 64 is inplicitly inplenmented as a wire.

FIGURE 10.
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anot her enbodi ment,
used to
1 4.

current sinulation cycle

propagate the BUSY signhals 62 anong al
When none of the BUSY signals 62 are asserted,

sone of the gl obal -evenc-conmuni cation bus lines 30 are

of the sinmul ati on nodul es
t he

is conmpleted. The circuit that detects such
next cycle is shown in FIG

conpl eti on and advances the sinulation to the

8. It consists of a NOR gate 66 with the nunber of
t he nunber of BUSY signals 62 used,

and the counter 68. Although four

signals 62 are shown as the inputs to NOR 66,

nunber of

is asserted the NOR gate 66 enables the operation of the counter
cl ock signa

counter is clocked by a fast periodic
asynchronously and continuously inside the |ogic verification system
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i s understood that any

BUSY signals 62 can be enpl oyed. Wen none of the BUSY signals

68. The
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The frequency of this clock should be higher than the frequency of the
signal transitions in the system After counting the nunber of clock
cycles on clock signal 70 necessary to conpensate for the |ongest
propagati on del ay of BUSY signals 62, the counter 68 overflows producing
time advance signal 72 that is propagated to all of the sinulation nodul es

14. I n one enbodi nent of the present invention, global-event-comrunication
bus lines 30 are used to propagate the tinme advance signal anong all of
t he sinul ati on nodul es 14. FIG 9 details the transferring of

the events fromone FPGA 22 to another over a shared nultiplexed bus 82.
This method of data transfer is used in one enbodi nent
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i ncl udes a second

invention in order to conserve the
i nterconnect 1 2.

of the present

19 -
val uabl e resources of the progranmabl e

The transmtting FPGA 22 (shown on the left of FIG 9)
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event encoder 74 simlar inits functionality to the event encoder 56. The

transmtting FPGA 22 further

includes t he bus driver

76 (which is simlar

“to the bus driver 58) and the transmit_cantroller 78..Wien the fransmt
controller 78 detects the bus arBi£r &t iigni1 nput 5|gnél g0, i E dﬁeeksslg
the event encoder 74 has any actEve S:bgﬂal':s at 13 oputs com:ng:fr—om a
plurality of event detectors 54.31 & s8cE & ggal s .exksts & en@l:esqme:
transmission of the first eventZlB thrdugh Dus drlver-76 andgpﬁtoli he ¥
shared mul ti pl exed bus B2. After> afﬂUNber-at cycles.of the f sU-pérqugc
clock signal 70 (not shown) necdss@ Rt £bnpensat e2f or the Eongest & %
propagation delay of bus 82, trahsHi t3 canrdLIer 7855|gnals event gnhcoder
74 to reset the event (detector 54—0&rrés§onﬂ|ng to the event already 3,
transmtted, and to brijg up thes gexd Evenb—ln a predefined order. Aftgr
transmitting all events} the trd@anEEQthrdiler 78 a
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di sabl es the bus driver 76 and asserts the bus arbitration output signal
84, thus relinquishing control over the bus 82. Bus arbitration out put
'signal . 84 of one simulation nodule 14 is connected to bus arbitration

i nput signal 80 of another sinulation nodule 14 to forma daisy chain.
In the receiving FPGA 22 (shown on the right of FIG 9), the shared

mul tipl exed bus 82 splits into event ID lines 88, variable value |line 86,
and event ready line 90. On detection of an event ready signal 90, a
vari abl e sel ector 92 recogni zes the conbination of values on lines 88 as
i ndi cative of a particular variable. In response, the

1 select
= - = - - = ¢k y Y
2 2 2 ) = g
= L = 2 Z = =
Ca)
I § @& 2 5 0B =
[ S ot L d Soed. et Ad L —
- 5
= n,
' ol L
-~ (=]
YY YY YY YY YY YY YY=YYT
- — - - - - - -
= 2 = E 2 = = =
~2 (=38 5] - [ #5] ] — o
= = = = = = = =
o - . — - L] o] fle o
— — — ~ — — — —
~J N Ln - [3%] 3] — o
meenad mad el Nand Toad | S e
= BEEEEEEEEEEEN
oy
Q Y Y Y Y Y Y Y Y Y YYTYYYYY
-
= - - .35 3 = =
Nt . &= o= 203 =.
th [ . B T 7, T R o R I3
: R - e — = e}
L N - i = 3 o] —
D DT 8 a o 52 <] =
< A e e X e e = = =
[ - - e I =] = ~
= = o= = W, A o= b} i,
6 6 b o 5 ® = 2 o
PN N N N = ?, a = P
R A s A n = a
5 o 0 Lo =
5 8 % 2 = & < = -
~ e o~ n e 3 -
o o [=) bt ~ =} Pt
LT T T ot o = = 2
~ — s - -~ = -
Pud Do fon ] '_i ~ = o
i = 2 - =
oo gz = | 2
N - —
L + I3
v Y : :
o = =
- e - ”~
' ‘ 8 ] i 2
b
Ys ¢ Y=
~
—
—
A

~f
{z]aoyo0a
[0lao1o04

This Sheet Has Been Re place

M




vari abl e sel ect or

20 -
captures the new value of the variable from
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lines 30 are used to inplenent the shared nultiplexed bus 82 and sections
of the daisy chain 32 are used to inplenent the bus arbitration signals 80
and 84. FIG 1 0 details the preferred enbodi nent of the
event detector 54. It includes a conbinational |ogic block 98 with one or
nore inputs and one output. One or nore of the inputs of the block 98 may
be connected directly to the signals that represent the variable val ues.

Q her inputs of the block 98 nay be connected to the signals that

represent the variable val ues through other conbi national bl ocks 94 and
edge detectors 96. The edge detectors 96 detect the positive edge, the
negative edge, or any edge of their input signals. The construction of
edge detector is not shown but could be readily reproduced by one of skil
inthe art, and is well known in the art. As shown in FIG
10, the output of conbinational block 98 is connected to
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the "Set" input of flip/flop 102 directly or through the del ay ch{u7npe3 ]1 (V24 y
In the latter case, the output signal of the conbinational |ogic bl

enabl es the del ay counter fgpréfgs

100 which is clocked by a tinme advance si
72. After counting the predeterm ned nunber of tinme advance si gnal s 72,

the counter 100 overflows and produces ,the sijgnalrppy ACRRIENE RHEE nt
detector 54. After the event out put ha.é_'been téj? mrfpi - pEagnt g)e Q;rt] 54
is reset using the reset line 10 1 by event \ Dagﬁ.l% ag%ﬁ@ﬂo ggg: 3¢

previously.

Drawing(s) : paged ..). to paged .}

.....

“DrAbstract  : paged 4bto paged'..‘...
DATE OF RECEIPT.. >/ 4%

METHOD AND APPARATUS FOR DESIGN VERIFICATION USING

EMULATION AND SIMULATION

Field of the Invention

The present invention relates to combining emulation and simulation to verify

a logic design.

Background of the Invention

‘Emulation systems providé circuit and system designers powerful methods to
functionally test out systems and integra_zed circuits before committing them to production.
Circuit desiéners and engineers use emulators to convert a design into temporary operating
hardw.r.are,' thus enabling the engineer to test the design at or near real time conditions.
Additionally, the engineer can concurrently verify the integrated circuits, system hardware
and software. Examples of emulation systems are described in U.S. Patent Nos. 5,109,353
to Sample et al. and 5,036,473 to Butts et al., both of which are incorporated by reference.

Typically, the design process involves muitiple transformations of a design from
the initial design idea level to the detailed manufacturing level. An engineer may start with
a design idea. The engineer may then generate a behavioral definition of the design idea.

The product of the behavioral design may be a flow chart or a flow graph. Next, the

engineer may design the system daca path and may specify the registers and logic units

This is ths replacemem sheet
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- 21 - The general structure shown in FIG 10 can

I npl ement an arbitrary level sensitive event control (using only

conbi national |ogic block 98), or edge sensitive event control (also using
t he conbi nati onal bl ocks 94 and edge detectors 96), or delay (also using
the delay counter 100), or any conbinatjion thereof. Each particular event
detector 54 can have all or only a.pﬁELjon of those capabilities, as
needed. Ermul ati on technology in general is not appropriate
for verification of the actual

necessary for implemencation of the system. At this stage, the engineer may establish the
procedure for controlling the movement of data between registers and logic units through
buses. Logic design is the next step in the design process whereby the engineer uses primitive
gates and flip-flops for the implementation of data registers, buses, logic units, and their
controlling hardware. The result of this design stage is a netlist of gates and flip-flops.

The next design stage transforms the netlist of gates and flip-flops into a
cransistor list or layout. Thus, gates and flip-flops are replaced with their transistor
equivalents or library cells. During the cell and transistor selection process, timing and
loading requirements are taken into consideration. Finally, the design is manufactured,
whereby the transistor list or layout specification is use_d to bumn fuses o'f a programmable
device or to generate masks for integrated cir;cuit fabrication.

Hardware description languages ("HDLs") provide formats for representing the
output of the various design stages described above. These languages can be used to create
circuits at various levels including gate-level descriptions of functional blocks and high-level
descriptions of complete systems. Thus, HDLs can describe electronic systems at many levels
of abs'traction.

Hardware description languages are used to describe hardware for the purposes
of simulation, modeling, testing, creation and documentation of designs. Previously, circuit
designers tended to design at the logic gate level. Increa;ingiy, designers are designing at

higher levels, particularly using HDL methodology. HDLs provide a convenient format for
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timng of the design in the sense of conmputing the accurate tine intervals
bet ween various input and output signal events. Correct nodel timng is

i nportant, therefore, only as a nethod of ensuring the correct eval uation
order of different circuit conponents which have data dependencies on each
other. The nost inportant case of thisstimng correctness problemis the
eval uation of chains of flip/flops wtt—possible hold-tine violations.
There is a specified "setup time" and "hold-tinme" for any cl ocked devi ce.
Setup tinme requires that input data nust be present at the data input |ead
of a flip-flop device and in stable formfor a predeterm ned anount of
tinme before the clock transition. Hold-tine requires that the data be
stable fromthe tine of the clock transition on arrival at the control |ead
of a flip-flop up to a certain tine interval after the arrival of the

cl ock for proper operation. A key process in inplenmenting a logic circuit
froma user's netlist is to synchronize the setup and

che representation of functional and wiring details of designs and may represent hardware at
one or more levels of abstraction.

Two popular hardware description languages are Verilog and Very-High-Speed
Integrated Circuit (VHSIC) Hardware Description Language ("VHDL"). VHDL began in the
early 1980s within the United States Department of Defense and it was intended initially to
be a documenétion language for the description of digital hardware systems. Later, the
language was refined so that descriptions could be simulated and synthesized. The advent of
HDL-based design tools including design entry, simulation and synthesis has subsequently
shifted VHDL’s focus from design documentation tol high-level design. Orther hardware
description languages include, but are not limited to, A Hardware Programming Language
("AHPL"), Computer Design Language ("CDL"), CONsensus LANguage ("CONLAN"),
Interactive Design Language ("IDL"), Instruction Set Processor Specification ("ISPS™), Test
Generation And Simulation ("TEGAS"), Texas Instrument Hardware Description Languége
("TI-HDL"), Toshiba Description Language ("TDL"), ZEUS, and NDL.

Simulation has long been a preferred method for verification of logical
correctness of complex electronic circuit designs. Simulation is broadly defined as the
creation of a model which, if subjected to arbitrary stimuli, responds in a similar way to the’

~ manufactured and tested design. More specifically, thé term “"simulation” is typically used
when such a model is implemented as a computer program. In contrast, the term
"emulation" is the creation of a model using programmable (also known as reconfigurable)

logic or field-programmable gate array (FPGA) devices. Simulation saves a significant
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hol d-tinme of data with the arrival of a corresponding clock. Data nust be
present and stable at the Dinput of a flip-flop for a specific space of
time with respect to the arrival of the corresponding clock at the clock
i nput to ensure the proper operation of the inplenmented logic circuit. In
inplenenting a circuit froma user's pgtlist, the proper timng of clock
signal s — - 22 -

amount of time and financial resources because it enables designers to detect design errors
before the expensive manufacturing process is undertaken. Moreover, the design process
itself can be viewed as a sequence of steps where the initial general concept of a new product
is being tumed into a dertailed blueprint. Detecting errors at the early stages of this process
also saves time and engineering resources.

Simulators can be divided into two types. One type of simulator follows
levelized simulation principles, and a second type follows even:—drivgn simulation principles.
Levelized simulators, at each simulation cycle, have to reevaluate the new state of every
component of the simulated design, whether or not the input signals of the component have
changed. Additiona(ly,__the compenent’s state has to be retransmitted even if the state has
not changed. Event~dr.i'ven simulators only evaluate those components for which some input
conditions are changing in the current simulaton cycle. Consequently, event-driven
simulators achieve considerable savings in component evaluation time. However, significant
additional software runtime is spent on the decision-making of whether a particular
component should be evaluated. Asa result, both types of prior simulators (levelized and
event-driven) have similar perfonnances;

The primary advantage of emulation over simulation is speed. Emulation maps
every component under verification into a physically different programmable logic device,
and therefore all such components are verified in parallel. In a typical simulator, however,
the single processing element serially computes the next state of each component at every

simuladion time step.
i This is the replacement sheet
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may be hindered due to excessive delay in the clock lines by reason of

cl ock skew. This may cause data in a first |ogic device such as a
flip-flop or shift register to shift earlier than data on second register
The hold-time requirenent of the second register is violated and data bits
may then be Iost unless the shift regigters are properly synchronized.

Hol d-tinme violations nay not occur i+#the target systemor end product
because the violation is an artifact of ermulation circuits. This is because
hold-tine violations result fromclock skews in the enulation circuit that
are frequently different from cl ock skews

Emulacion is an efficient verification technology for designs represented as or
easily converted to a network of logic gates. Modem design methadology, however, requires
that at the initial design stages, large design portions are represented by behaﬁoral models.
Through a series of design decisions these behavioral models are gradually replaced with
equivalent structural representations. Correctness of each replacement step is subject to
verification, at which point the design presents itself as a complicated mix of behavioral,
structural, and gate-level components. Structural parts of the design can be directly mapped
into emulation hardware using widely available logic synthesis programs. Behavioral portions,
however, can only be compiled into computer programs and executed. By its nature,
emulation requires creation of a model using actual hardware and therefore cannot be used
at the early stage of the design cycle when the concept of a new product is not yet
represented by its components but rather by a high-level description of its functions.
Therefore, to conduct verification at earlier design stages, the most appropriate environment
would efficiencly combine the features of emulation and behavioral simulation. Fun};ennore, :
combining emulation and simulation enables a designér to simulate design components that
cannot be emulated because of physical constraints such as analog signals.

As the design approaches completion, emphasis naturally shifts away from
behavioral simulation and towards logic emulation. However, the parts that represent the
operating environment of the future product may never be converted t a structural
representation. In this case, the behavioral description of the system-level environment serves
as a test bench for the emulated design. The system-level behavioral description generétes_
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in the target system since limted resources in reprogranmble |ogic

devi ces are designed to support the generation of clock signals. Since
behavioral simulation in the logic verification systemrequires

co-exi stence of the sinulated and the enul ated circuit conponents, it is

I nportant that conpati ble nmeans are useg for timng correctness in both

t echnol ogi es. I n simulmation technol ogy, nodel timng is
descri bed by the appropriate | anguage constructs such as del ays and
non- bl ocki ng assi gnnent statements. Timng is correct by definition as

|l ong as the semantics of such constructs are correctly interpreted by the
simulator. This is true even in the case of zero-delay sinulation when the
actual delay values are presuned unknown. For exanple, two flip/flops
coul d each be defined by the follow ng behavioral code in Verilog hardware
description | anguage which will ensure correct order of evaluation:

cesc stimulus and evaluates the respanses of the design under verificacion in a way thac closely
replicates the real operating conditions. The need to execute such behavioral test benches
is another motivation for combining the simulation and the emulation capabilities in one logic
verification system.

One approach to combirﬁng emulation and simulation is to run a simulator on
a host workstation {(or network thereof) communicating the events or changes in signal state
to and from the emulated portion of the design over a network interface. However, in such
a solution, the speed of event transfer seriously limits performance. Experiments show that
the average time to transfer a 4-byte data packet over transport control protocol (“TCP")
running on a SUN workstation computer (e.g., a SPARC-20) is around 50 microseconds.
Assuming that a data packet of such size is used for encoding an event and given average
design activity of 1000 events per simulation cycle, the speed of simulation will be limited
to 20 cycles persecond. Therefore, there currently exists a need for combining emulation
and simulation to efficiently verify circuit designs that may be a mixtwure of gate-level,

structural and behavioral representations.

Summary of the Invention

Accordingly, a general object of the present invention is to provide an
apparatus and method for efficiently coupling simulation and emulation of a logic design, so
that the overhead of event transfer between the simulated and the emulated design portions
is minimized.
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al ways @ (posedge cl k) g = #0d; or
- 23 -

In order to achieve the above object, the design verification method and
apparatus includes at least one reconfigurable device that is used to emulate a portion of the
logic design under verification. Additionally, at least one microprocessor is used to simulate
another design portion which may be represented as a behavioral description. The
microprocessor is connected to the reconfigurable device in a manner that minimizes data
transfer time between the simulated and emulated portions. Furthermore, an event detector
is provided to detect events during verification of the design. The microprocessor is relieved
from performing such event detection functions, thereby reducing design verification time.

Additional objects, advantages, and features of the present invention will
further become apparent to persons skilled in the art from the study of the following

description and drawings.

Brief Description of the Drawings

FIG. 1 is a block diagram of one embodiment of a logic verification system wi;h_
multiple processors and programmable gate array devices.
FIG. 2 is a block diagram of another embodiment of a logic verification system
which includes a global-event-transfer bus.
"FIG. 3 is a block diagram showing the transmission of computed values of
variables from the simufated design portion into the emulated design portion.
FIG. 4 is a block diagram showing the capture of computed values of variables

from the emulated design portion into the simulated design portion.
This is the replacement sheet
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al ways @ (posedge cl k) g < =d; The
Interpretation of explicit delays, zero del ays, and non-bl ocking
assignments is based on assigning the events to different sinulation
cycles or to different groups in the sanme cycle. These event assignnents
enforce the event order inplied by Iaqgtgge semantics for the behavioral
desi gn portion. In e | t echnol ogy, however, the pair
of serially connected flip/flops are described as:

FIG. 5 is a block diagram showing the computation of event codes and their
transfer co the microprocessor performing behavioral simulation.

FIG. 6 is a block diagram of another embodiment showing the computation

" of the event codes and their transfer to the microprocessor performing behavioral simulation

where events are grouped into, for example, active events, inactive events, non-blocking
assign update events, and monitor events.

FIG. 7 is a block diagram showing the detection of outstanding events in the
event groups.

FIG. 8 is a block diagram illustrating the compur.atfdn of a signal that advances
the simulation time.

FIG. 9 is a block diagram depicﬁﬁg the wansfer of the events from one
microprocessor to another over a shared multiplexed bus. |

FIG. 10 is a block diagram of an event detector.

FIG. 11 isablock diag_rafn that illustrates one transformation made to the logic
design ‘under verification to prevent hold-time violations during emulation of the design.

FIG. 12 is a block diagram that illustrates another transformation made to the
logic design to prevent hold-time violations during the desfgn emulation.

FIG. 13 is a block diagram showing the programming of the logic verification

system.
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al ways @ (posedge clk |) gl = #t1 di;
al ways @ (posedge cl k2) g2 = #t2 dz;
assign #td d2 = qil; assign #tc clk2 = clkl;, (Al
‘ermul ation circuit delays t1, t2, td, and cc are unknown but have an upper
bound T.) 1In order to ensure correct_ gvaluation order, the emul ator
artificially increases the val ue of -t—ﬁ—b* T. The enul ator al so perforns
circuit transformations (such as separation of the cormon part of the
clock tree into a special FPGA device and duplication of the clock |ogic)
so t hat

FIG. 14 illustrates an example of a logic design represented partially by
component interconnection, and partially by behavioral description, using a code fragment
in Verilog hardware description language.

FIG. 15 illustrates an example of an intermediate representation of the logic
design in the behavioral database (after the completion of the import step 132 shown in FIC.
13).

FIG. 16 illustrates an example of a circuit fragment created by the netlist
generation step 140 (step shown in FIG. 13).

FIG. 17 illustrates an example of executable code (in '‘C’ programming

language) created by the code generation step 144 (step shown in FIG. 13).

Description of the Preferred Embodiment

-FIG. 1 shows the preferred embodiment of the logic verification system. T'he
system includes one or more reconfigurable logic components which may be programmable
gate array ("FPGA") devices 10 interconnected using the programmable interconnect 12.
The interconnect 12 can be programmed to create an arbitrary connection between any
number of inputs or outputs of the devices connected to it. The apparatus also includes one
or more simufation modules 14 (for exemplary purposes only, three are shown). Each of
the simulation modules 14 includes a microprocessor 16, connected through a
microprocessor bus 18 to one or more random access memory devices 20, one or more

reconfigurable logic components which may be FPGAs 22, and a system bus controller 24.
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the value of T is as small as possible. This process is explained in U S
Patent No. 5,473,830, "Structure and Method for Providing a Reconfigurable
Emul ation Circuit w thout
- 24 -

- 10 -

Although FIC. | only shows one random access memory device 20, and one FPGA 22, one
of skill in the art would understand that any number of memory devices 20 or FPGAs 22
could be employed. Furthermore, any type of memory could be utilized to similarly perform
the functions of random access memory 20. [n addition, other types of reconfigurable logic
components such as PALs or PLAs could perform the function of FPGAs 10, 22. Which
type of FPGA to use is purely a matter of the designer’s choice. In the preferred
embodiment, 40346EX devices from Xilinx, Inc. are used. These devices are described in The
Programmable Logic Data Book from Xilinx dated June 1996, PN 0010303 which Is
incorporated by reference. Which CPU 16 to use is also purely a matter of the designer’s
choice. In the preferred embodiment, the PPC403GC CPU chip from IBM, Inc. is used.
Each of the FPGA devices 22 in each simulation module 14 is also connected to
programmable interconnect IZ.

FPGA devices 10 emulate the logic circuit portions under verification
represented as the interconnection of components, as disclosed in Butts et al., U.S. Patent
No..5,036,473. Simulation modules 14 simulate the logic circuit portions under verification
which may be represented by behavioral descriptions. Inside these modules 14, the
microprocessors Ié'selecrively execute fragments of the behavioral description. The
hardware logic implernented in FPGA 22 selects the behavioral fragments to be executed and
the order of execution. Unlike the event-driven simulators known in the prior art, the
microprocessors 14 are relieved from the functions of detecting, scheduling, and ordering

the events. As a result, simulation speed is dramatically improved. FPGA devices 22 also
This is the replacemant sheet
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Hold Tine Violations, " issued on Decenber 12, 1995 to Chen ec al.
(assigned to Quickturn Systens, Inc.): Each approach to
ensuring timng correctness is consistent within its ow donain. However,
m xi ng emul ati on and sinul ati on nodel timng together may create a

probl em Consider for exanple, the posgibility that the second flip/flop in
a chain, or any part of its clock Logic _is described as zero-del ay
behavior (i.e., a sinulation nodel) rather than as an enul ation nodel. In
this case the upper bound T of the delay val ues cannot be determ ned and
the nethod of ensuring timng correctness used by a typical enulator wll
not wor K.

communicace che signal values shared becween the behavioral description portion and those
design portions represented by the interconnection of components. Addidonally, FPGAs 22
communicace the signal values shared between different simulation modules 14.

it is not integral to the present invention that the FPGA devices 22 do not
emulate logic circuit portions representad as the component interconnections. Similarly, it
is not integral to the current invention that the FPGA davices 10 do not implement the logic
that determines the selection and order of the behavioral code fragments for execution by
the microprocessors 16. Rather, in its preferred embodiment, the present invention allows
for arbitrary distribution of the hardware logic .u.sed for any of these purposes among the
FPGA devices 10 and the FPGA devices 22. Although for sake of simplicity FPGA devices
22 are employed, it is understood to one of skill in the art that the FPGA devices 10 could
be similarly employed. |

The systemn bus controllers 24 are connected to the system controller 26
through the system bus 28. The system controller 26 performs the functions of downloading
cmm@mmmdmﬂmomeWGAdwkaIQZLdmmbmmgmeuxmwhdnﬂmome
random access memory devices 20, starting the logic veﬁﬂcaﬁon system, communicating data
between the logic verification system and the host workstation {not shown). The system
controller 26 is implemented using 3 commercial embedded controller board or by any other
means known to those skilled in the art.

Random access memory devices 20 store the behavioral code fragments, and

the values of the simulacion variables that are not shared becween the behavioral description
Tiig 's rm renlpo ormanit ghent



-One solution to elimnate hold-time violations places an additional
flip/flop upstreamalong the datapath of each ermulation flip/flop. An
exanple of this approach is shown in U S. Parent No. 5,259, 006, "Method
for Substantially Elimnating Hold Tine Violations in Inplenmenting High
Speed Logic Grcuits or the like," issged on November 2, 1993 to Price et
al., (assigned to Quickturn Systens, --ae—). However, this solution is
difficult or inpossible to apply in a behavioral verification system
because it would require each behavioral block to be classified as either
flip/flop or a conbinational circuit in order to determne if an
additional flip/flop needs to be inserted. It would al so be necessary to
identify each input of such block as a data input or clock input. Such
identification is difficult or inpossible because of hardware description
| anguage constraints. If an additional flip/flop

portions and the component interconnection portions, or betwesn multiple simulation
modules 1 4. System bus controllers 24 communicate data to and from the system controller
26 through the system bus 28. The logic veri{ication system permits programmiing of
configuration data for the FPGA devices 10, 22 and programmable interconnect 12. Also,
executable software code fragments are downloaded into the random access memory devices
20. Such programming may be implemented as a computar program and executed on a
computer workstation.

An altemative embodiment of the logic verification system is shown in FIG. 2.
This embodiment further includes a global-event-communication bus that comprises a
pluralicy of signal lines 30 connected in parallel to all FPGA devices 22, and a daisy chain
line 32 that connects all FPGA devices 22 serially. Note that this embodiment would also
include system bus controllers 24, a system controller 26 and a system bus 28 as shown in
FIG. 1. These components are omitted in FIG. 2 to simplify the drawing. The global-event-
communication bus is included because the programmable interconnect 12 constitutes a
limited and expensive resource. Rather than routing the signals shared between the multiple
simulation modules 14 through programmable interconnect 12, such signals can be
communicated in a serial fashion, one signal at a time, over the global-event-communication
bus. The simulation module 14, that serves as a transmiccer of a new signal value, sets some
of the signal lines 30 to represent the serial number of such signal and its new value. This

information reaches all other simulfation modules 14 and is captured as necessary.
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I's placed upstream of a conbi national logic block it can alter the behavior
I ntended by the designer.
- 25 -

-13 -

In the case where several simulation modules 14 serve as transmicters at the
same time, the order needs to be imposed in which they take control of the signal lines 30.
To accomplish this ordering, the daisy chain line 32 is operated according to the token ring
princfp[e. At any given moment a token represented by a value on the input portion of daisy
chain line 32 resides with one of the simulation modules 14, giving that module 14 the right
to control the signal lines 30. After finishing its transmission, the simulation module 14
surrenders the token to the next module along the daisy chain line 32 and so on.

[n addition to transmitting the signals shared between simulation modules 14,
the global-event-communication bus also transmits the signals that synchronize the operation
of simulation modules 14. Examples-of such synchronization signals include the simulation
time advancémem: signal, and the BUSY signals indicatihg that the simulation modules 14 still

-have some number of events to be processed in the current simulation cycle.

| While executing the behavioral description fragments, the microprocessors 16
'need to set the new values to the variables that describe the current state of the logic design
being simulated. Those variables that are locally used in only one simulation module 14 are
represenced by appropriate locations in the random access memory device 20.

Those variables, however, that are shared between the behavioral description
portions and component interconnection portions, and those that are shared between

" muldiple simulation modules 14 must be transmicted outside of a simulation module 14.
FIG. 3 illustrates such transmission where the microprocessor bus {8 is split into a plurality

of address lines 34, a bus operation (read or write) line 36, a plurality of data lines 38
This is the replacement sheet
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One solution offered by the present

invention is a different kind of del ay-

I ndependent hold-tinme violation elimnation. As shown in FIG 11, for every

emul ati on

flip/flop 104 that is a source of a signal that could

potentially reach any other circuit conmponent 106 with a hold-tine

vi ol ation

, an additional flip/flop 1Q84 s inserted downstream The

simulation clock 1 1 0 is asserted at—the tine all of the BUSY signals 6
are deasserred. As a result, the effective delay in the darapath 11 2

stemming fromthe flip/flop 104 is always |larger than any delay in a

conmbi national clock path 1 14 separating clock signal 1 16 of flip/flop
104 and cl ock signal 118 of flip/flop 106, no matter if flip/flop 104 is
enul at ed or si nul at ed. A nore conplicated situation is shown
in FIG 12 where an emulated flip/flop

representing the code that uniquely identifies the variable being transmitted (also known as
"variable ID"), and the data line 40 representing the new value of such variable. Upon
execution of an i/0 instruction, the microprocessor 16 installs appropriate signal values on
lines 34 through 40 which together constitute the microprocessor bus 18. A certain unique
combination of values on lines 34 and 36 indicates to the operation decoder 42 that the
microprocessor 14 will transmit a new value of some variable. [n response, the operation
decoder 42 enables the variable selector 44 which then recognizes the combination of values
on lines 38 as indicative of a particular variable. In respbnse, the variable selector 44 enables
the register 46 that capuures the new variable value from the line 40.

Similarly, in the course of executing the behavioral description fragments the
microprocessoi's 16 need to capture the new variable values that describe the current state
of the logic design being simulated. Those variables that are locally used in only one
simulation module 14 are represented by appropriate locations in the random access memory
device 20. Those variables that are shared between the behavioral description portions and
the component interconnection portions, and those shared between muitiple simufation
modules 14 must be captured from ourside of the simulation module 14. FIG. 4 illustrates
such capture where FPGA 22 additionally includes a muitiplexer 48, an intermediate register
50, and a bus driver 52.

The capture operation proceeds in two steps and takes two microprocessor
instructions to complete. In the first step a write operation is performed. The operation
decoder 42 recognizes a combination of an address on lines 34 and a bus operation on line

e iw 1hH ranipnermant

REARE

2

sheef



1 20 exists in a clock circuit 122. Assum ng that the design intent was
that the delay of «circuit 122 is less than the delay of circuit 1 12, an
additional flip/flop should not be inserted in clock circuit 1 22. If the
signal produced by such flip/flop 120 is al so used as data source for
another flip/flop 126 then the additiqg of flip/flop 124 and duplication of
circuit 122 as circuit 128 is necessary-as shown in FIG 12. Signal 1 30
previously connecting circuit 122 with flip/flop 126 shoul d be eli m nat ed.
For these transformations to be applied correctly, clock circuit analysis
needs to be perfornmed that wll determ ne which clock edges could
potentially be active on the clock inputs of every storage el enent (either
enul ated or sinulated). For behavioral blocks, conservative assunptions as
to their storage capability may be applied because, even if an extra
flip/flop is erroneously identified as posing the danger

36 as indicative of the microprocessor’s intent 10 start the capture of a variable value. In
response, the operation decoder 42 enables a register 50 which in wum captures the variable
value selected by the multiplexer 48 based on the variable ID on lines 38.

In the second step a read operation is performed. The operation decoder 42
recognizes a combination of an address on lines 34 and a bus operation on line 36 as
indicacive of the microprocessor’s intent to complete the capture of a variable value. Next,
the operation decoder 42 enables a bus driver 52 that transmits the variable value from the
output of register 50 and onto the fine 40 of the microprocessor bus 18.

As discussed earlier, the hardware logic implemented in FPGAS 10 and 22
select and order the behavioral ¢ode fragments for execution by the microprocessors 16.
One embodiment of such logic is shown in FIG. 5. The embodiment contains one or more
event detectors 54 (for exemplary purposes, two are shown), an event encoder 56, and a
bus driver 58. Each event detector 54 independently produces a signal that triggers the
execution of one particular fragment of behavioral code by the microprocessor 16. That
signal is fed into an event encoder 56 that provides a code (known as an "event [D") at its
output that uniquely identifies its input signal that has been set.

If two or more inputs to the event encoder 56 are set at the same time, it
produces the 1D of the event that has preference in the behavioral code fragments execution
order. For example, it could be the event which has a smaller event ID value.

| When the microprocessor 14 is ready for execution of the next behavioral

fragment, it performs a read operation. The operation decoder 42 recognizes a combination
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of hold-tine violation, the transformation will not alter the function
performed by the circuit -
26 -

- 16-

of an address on lines 34 and a bus operation on line 36 as indicative of the intent of the
micropracessor to capture the [D of the next behavioral code fragment to be executed. In
response, the operation decoder enables a bus driver 58 that transmits the event D from the
output of event encoder 56 onto the lines 38 of the microprocessor bus 18. When none
of the event detectors 54 produce a signal requesting the execution of a behavioral code
fragment, the event encoder 56 produces an output signal indicating to the microprocessor
16 that no operation is required at this time. The appearance of the output signal at the
output of at least one of the event detectors 54 can, in one embodiment, cause an interrupt
operation of the microprocessor 14.
After transmitting the event [D to the microprocessor {6, the event encoder
56 automatically resets the corresponding event detector 54. The reset circuit is not shown
in the drawings but is well known ih the art, and can be readily reproduced by one skilled in
the art.
Another embodiment of the event [D computation logic is shown in FIG. 4.
In this embodiment the event detectors 54 are grouped according to scheduling requireménrs
of the behavioral model. For example,. for models written in Verilog hardware description
language such requirements are deﬁﬁed by chapter 5 of the l.E.E.E. Draft Standard 1344.
Particularly, Verilog models require that all events processed in the same simulation cycle be
- grouped into four groups, namely the active events, the inactive events, the non-blocking-

assign-update events, and the monitor events. Verilog models further require that any active
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underverification. In the worst case every flip/flop in the emul ated
portion of the circuit will have to be duplicated with a flip/flop
synchroni zed by the simulation clock signal 110. FIG 13
shows a flow diagram for preparing configuration data to be used by the
logic verification system In general_,jsthe conpilation starts fromthe
user's design description file in, for exanple, Verilog hardware
description |l anguage ("Verilog HDL"). However, the conpilation could start
with a variety of other |anguages. As a result of an inport step 1 32, the
behavi oral dat abase representation 1 34 is created. This representation is
augnented by preprocessing step 1 36 resulting in another behavi oral
representation 138. Netlist generation step 1 40 and code generation step
1 44 result in a netlist representation of an enulation nodel 142 and a
set of executables 1 46 downl oadable into | ogic nodule processor nenories
20. The netlist representation 142 is subjected to partitioning,

events are processed before any inactive events which in tumn are processed before any non-

blocking-assign-update events which in tum are processed before any monitor events.

To conform to these raquirements, the embodiment shown in FIG. § comprises

a pluralicy of groups of event decectors. Each group has one or more event detecrors 54 (for

axample, one is shown in each group) and an AND gate 40, except that the first group does

not conain such AND gate 60. The AND gate 60 that belongs to the second group is

controlled by BUSY{ (] signal 62a indicating there are unprocessed events in the first group.

Similarly, the AND gate 60 of the third group is controfled by BUSY[ 1] signal 62a and by

BUSY[2] signal 62b, the latter indicating that there are still unproceassed events in the second

group. As a result, the signal from an event detector 54a that belongs to the second group

will reach event encoder 56 only if there are no outstanding events in the first group.

Similarly, the signal from an event detector 54b that belongs to the third group will reach

avent encoder 56 only if there are no outstanding events in the first or the second groups.

The pattem condinues for the fourth and further groups utilizing mare of the BUSY signals

62 as necessary. ,

The formation of the BUSY signals 42 is shown in FIG. 7. Each BUSY signal

62 is formed as a logic OR function 64 of the output signals of alf event detectors 54 that

belong to the corresponding group. Specifically, BUSY[ 1] signal 62a is formed using the

event detectors of the first group, BUSY[2] signal 62b is formed using the event detectors

of the second group, and so on. [t has to be appreciated that outputs from all event’

decectors 54 within a group from all simulation maodules 1 4 must be OR’ed together to form

This is ths replacement sheat

e

ROGHRS b4



pl acement, and routing step 1 48 which produces the configuration data 1 50
for FPGAs 1 0, 22 and progranmabl e interconnect 12. The partition,
pl acenent and routing step is described in U S. Patent Nos. 5,329,470 to

Sample et al. and 5,036,473 to Butts et al. and is well known to one
skilled in the art. I\/br_el pecifically, the inporter 132
processes the user's Verilog source fL J.é: and produces a behavi oral

database library. It accepts a list of source file names, "include" paths,
and a list of search libraries where the otherw se undefined nodul e
references are resolved. The inporter divides the behavioral description
into a set of concurrently executable code fragnents.

a BUSY signal 62. In one embadiment of the prasent invention, wired logic is used o form
a BUSY signal 62, so that the OR function 64 is implicitly implemented as a wire. (n yec
another embodiment, some of the global-evenc-communication bus lines 30 are used to
propagate the BUSY signals 62 among all of the simulation modules 4.

When none of the BUSY signals 62 are assarted, the current simulation cycle
is completed. The circuic that decects such complecion and advances. the simulatien to the
next cycle is shown in FIG. 8. [t consists of 3 NOR gate 66 with the number of inputs -
corresponding to the number of BUSY signals 62 used, and the counter 68. Although four
BUSY signals 62 are shown as the inputs to NOR 84, it is understood that any number of
BUSY signals 82 can be employed. When none of the BUSY signals is asserted the NOR
gate 64 enables the operation of the counter 68. The countar is clocked by a fast periodic
clock signal 70 that runs asynchror.xousiy and continuously inside the logic verification system.
The frequency of this clock should be highe; than the frequency of the signal transitions in
the system. After counting che number of clock cycles on clock signal 70 necessary ©
compensace for the longest propagation delay of BUSY signals 62, the counter 48 overflows
producing time advance signal 72 that is propagated to all of the simulation modulé_s 14._
{n one gmbodiment of the present invention,’ global-event-communication bus lines 30 are
used o propagate the time advance signal among all of the simulacion modules 14..

FIG. 9 deaails the transferring of the events from one FPGA_ZZ to another

over a shared multiplexed bus 82, This method of data transfer is used in one embodiment
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- 27 - The preprocessor 1 36 transforns the
behavi oral database library created by inport step 1 32. It partitions the
behavi oral code into clusters directed for an execution on

-19 -

By

of the present invention in order to conserve the valuable resqurces of the programmable
interconnect 12.

The transmitting FPGA 22 (shown on the left of FIG. 9) includes a second
event encoder 74 similar in its functonalicy to the event encoder 56. The transmitting
FPGA 22 further includes the bus driver 78 (which is similar o the bus driver 58) and thg
transmit controller 78. When the transmic controller 78 detects the bus arbitration input
signal 80, it checks if the event encoder 74 has any active signals at its inputs coming from
a plurality of event detectors 54. {f such signals exist, it enables the transmission of the first
event D through bus driver 76 and onto the shared multiplexed bus 82. After a number
of cycles of the fast periodic clock signal 70 (not shown) necessary to compensate for the
longest propagation delay of bus 82, transmit controller 78 signals event encoder 74 to reset
the event detector 54 corrasponding to the event already transmitted, and to bring up the
next event in a predefined order. After wransmiming all events, the wransmit controller 78
disables the bus driver 76 and asserts the bus arbitracion output signal 84, thus relinquishing
control over the bus 82. Bus arbitration output signal 84 of one simulation modufe 14 is
connected to bus arbitration input signal 80 of another simulation module 14 to form a daisy
chain.

In the receiving FPGA 22 (shown on the right of FIG. 9), the shared
multiplexed bus 82 splits into event ID lines 88, variable value line 86, and event ready line
90. On detection of an event ready signal 90, a varable selector 92 recognizes the

combinacian of values on lines 88 as indicative of a particular variable. In response, the
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each of the available sinulation nodules 1 4, determ nes the execution
order of the behavioral code fragnents, and the locality of variables in
the partitions. Also, the preprocessor 136 perforns transformations
necessary for the creation of a hold-tinme- violation-free nodel as
descri bed above. The codgg .generator 1 44 reads the

behavi oral database library as transte+~Ared by the preprocessor 1 36 and
produces downl oadabl e executabl es 146 for each of the simnulation nodul es
14 as identified by the preprocessor 1 36. The netli st
generator 1 40 reads the behavioral database |library as transfornmed by the
preprocessor 1 36 and produces a netlist database library for further
processing by the partitioning, placenent, and routine step 1 48.

The operation of the logic verification systemis based on the principles
of

variable selector 92 enables the register 46 that captures the new value of the variable from
the line 86.

In one embodiment of the present invention, global-event-communication bus
lines 30 are used to implement the shared multiplexed bus 82 and sections of the daisy chain
32 are used to implement the bus arbitration signals 80 and 84.

FIG. 10 details the preferred em'bodiment of the event detector 54. It
includes a combinational logic block $8 with one or more inputs and one output. One or
more of the inputs of the block 98 may be connected directly to the signals that represent
the variable values. Qrther inputs of the block 98 may be connected to the signals that
reprasent che variable values through other combinaticnal blocks 94 and edge detectors 96.
The edge detactors 94 detect the positive edge, the negative edge, or any edge of their input
signals. The construction of edge detector is not shown but could be readily reproduced by
one of skill in the art, and is well known in the art.

As shown in FIG. 10, the output of combinational block 98 is connected to
the "Set” input of flip/flop 102 directly or through the delay counter 100. In the latter
case, the output signal of the combinational logic block 98 enables the delay counter 100
which is clocked by a time advance signal 72.- After counting the predetermined number of
time advance signals 72, the counter 100 overflows and produces the signal at the output
of event detector 54. After the event ourpun’has been transmicted, event detector 54 is

reset using the reset line 101 by evenc encoder 54 as explained previously.
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event-driven sinulation which are well known to one skilled in the art
basi ¢ assunptions are as follows: (1 ) Any given behavioral nobdel can be
divided into a set of evaluation procedures, which are conpiled based on

behavi or al

descriptions; (2) the process of sinulation consists of a

series of executions of these procedur% in which they read the |ogic

val ues of sone variables (inputs) and_

vari abl es

(outputs); and (3) the procedures are assigned triggering

. The

put e the new val ues of sone ot her

condi ti ons which define whether or not to execute each procedure depending
on the current state of the sinulation nodel.

The general structure shown in F{G. 10 can implement an arbitrary level
sensitive event control (using only combinational logic block ?8), or edge sensitive event
control (also using the combinacional blocks 94 and edge decectors 96), or delay (also using
the delay counter [QQ), or any combination thereof. Each particular event detector 54 can
have all or only a portion of those capabilicies, as neaded.

Emulacion technology in general is not appropriace for verification of the actual
timing of the dasign in the sense of computing the accurate time incervals between various
input and output signal evenwss. Correct model dming is important, therefore, only as a
methad of ensuring the corract evaluation order of different circuit components which have
data dependencies on each other. The most important case of this timing correctness
probiem is the evaluation of chains of flip/flops with possible hold-time violations. There is
a specified "sewp time" and "hold-time" for any clocked device. Setup time requires that
input data must be prasent ac the data input [ead of a. flip-flop davice and in stable form for
a predecermined amount of time before the clock transicion. Hold-time requires':hat the
dara be stable from the time of the clock transition on arrival ac the control lead of a flip-flop
up to a certain tme interval after the arrival of the clock for proper operation. A key
process in implementing a logic circuit from a user’s netlist is to synchronize the setup and
hold-time of data with the arrival of a corresponding clock. Data must be present and stable
ac the D input of a flip-flop for a specific space of time with respect to the arrival of the
corresponding clock at the clock input to ensure the proper operation of the implemeﬁted

logic circuic. [n implementing a circuit from a user’s netlist, the proper tming of clock signals

st
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- 28 - For exanpl e, consider the Veril og HDL nodel
showmn in FIG 1 4. This nodel consists of 10 eval uation procedures,
starting with Q ANC2. N ne of these procedures are predefined by reference
to the library primtives Q ANO2 and Q FDPO and one is represented with a
behavi oral description. The rel ationshjy between eval uati on procedures can
be described by a graph as shown in FLf3°1 5.

may be hindered due to excessive delay in the clock lines by reason of clock skew. This may
cause daca in a first logic device such as a flip-flop or shift register to shift earlier than data
on secand register. The hold-time raquirement of the second registar is violated and data bits
may then be lost unless the shift regiscers are praoperly synchronized.

Hold-time violations may noc occur in the targec system or end product
because the violation is an argir’act of emulacion circuits. This is because hold-time violations
result from clock skews in the emulation circuit that are frequendly different from clock skews
in che target systam, since limited resourcas in reprogrammable logic devices are designed to
support the generation of clock signals.  Since behavioral simulation in the logic verification
system requires co-existence of the simulated and the emufated circuit components, it is .
importanc that compatible means are used for timing ¢orrectness in both technologies.

In simulation technology, model timing is described by the appropriate language
constructs such as delays and non-blocking assignment statements. Timing is correct by
definition as long as the semantics of such constructs are correctly interpreced by the
simulator. This is true even in the case of zero-delay simulation when the actual delay values
are presumed unknown. For gxample, two flip/flops could each be defined by the following
behavioral code in Verilog hardware description language which will ensure correct order of
evaluation:

always @ (posedge clk)
q = #0d;
or
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For purposes of enulation, instances U and nO - nv¥ can be directly

i npl emented in a FPGA. Behavi oral code that eval uates the outputs of
instance line select can be conpiled as a sequence of instructions for an
enbedded m croprocessor. In order for this sequence to be invoked at the
appropriate tinme, an unique |ID has to_gg_assigned to each such sequence

| oaded into one m croprocessor. The I.D’Tan be generated in an FPGA when
the corresponding triggering condition becones true. (The circuitry for
generating IDs was previously described in FIG 5.) If several triggering
conditions becone true at the sane tinme, the smallest of their IDs is
generated. The m croprocessor 1 6 continuously nonitors the IDs and each
time a newIDis generated, the corresponding instruction seqguence is
executed. Assuming that the ID of |ine_select function is 5, the
event-generating |logic could

always @ (posedge clk)
q<=4d
The incarpretation of explicic delays, zero delays, and non-blocking assignmencs is based on
assigning the events to different simulation cycles or to different groups in the same cycle.
These event assignments enforce the event order implied by language semantics for the
behavioral design portion.
In emulation technology, however, the pair of serially connected flip/flops are
described as:
always @ (posedge clk1)
ql = #l dl;
always @ (posedge clk2)
| a2 = #2 d2;
assign #1d d2 = ql;
assign #1¢ clk2 = clkl;
(All emulation circuit delays t1, €2, td, and tc are unknown but have an upper bound T.)
{n order to ensure correct evaluation order, the emulator artificially increases the value of td
by T. The emulator also performs circuit transformations (such as separation of the common
part of che clock tree into a special FPGA device and duplication of the clock logic) so that
the value of T is as small as possible. This process is explained in U.S. Patent No.

5,475,830, "Scructure and Methad for Providing a Reconfigurable Emulacion Circuit without
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‘be inplenmented as shown in FIG 16. Wen the negative edge of CLK is

det ect ed

reset.
shown.)

(synchroni zed by a fast periodic signal)
an event detector 152. If there are no events with IDs |ess than 5, then
the event encoder 154 generates the nunber 5 and the m croprocessor 16
detects the nunber 5 when a read instrygtion is executed from one of the
addresses that belong to FPGA address—space. At this tine RS-trigger is
(The operation decoder, bus drivers and data regi ster are not

- 29 -

Hold Time Violations," issued on December 12, 1995 to Chen et al. {assigned o Quickeum
Systams, Inc.):

Each approach to ensuring timing correctness is consistent within its own
domain. However, mixing emulation and simulation mode! timing together may creace a
problem. Consider for example, the possibilicy that the second flip/flop in a chain, or any
part of its clock logic, is described as zero-delay behavior (i.e., a'simulation model) rather
than as an emuladon model. [n this case the upper bound T of the delay values cannot be
decermined and the methad of ensuring timing correctness used by a typical emulator will
not wark.

One solution to eliminate hold-time violations places an additional flip/flop
upstream along the datapath of each emulation flip/flop. An example of this approach is

shown in U.S. Patent No. 5,259,006, "Method for Substantiafly Eliminadng Hold Time

- Yiolations in Implementing High Speed Logic Circuits or the like,” issued on November 2,

1993 to Price et al., (assigned to Quicktum Systems, Inc.). However, this solution Is
difficult or impossible to apply in a behavioral verification system because it would require
each behavioral block to be classified as either flip/flop or a combinational circuit in order
to decermine if an addidonal. flip/flop needs to be inserted. (t would also be necessary to
identify each input of such block as a data input ar clock input. Such identdification is difficult
or impossible because of hardware description language constraines. If an addidonal flip/flop

is placed upstream of a combinational logic block it can alter the behavior incended by the

designer.

It sets an RS-trigger

in
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The operation nethod can be summari zed as follows. At nodel conpile tine
the cells represented wth behavioral code (e.g., line_select cell in FIG
1 5) are replaced with their corresponding event generation |ogic blocks
(simlar to the one shown in FIG 1 6.) At execution tine, the

m croprocessor 16 is continuously runni in a loop that consists of
reading the ID of the next event fromifie" FPGA, and executing a function
corresponding to

One solution offered by the present invention is a different kind of delay-
independent hold-time violation elimination. As shown in FIG. 11, for every emulation
flip/flop 104 cthat is a source of a signal that could potencially reach any other circuit
component 106 with a hold-time violation, an additional flip/flop 108 is inserted
downstream. The simulation clock 110 is asserted at the time all of the BUSY signals 62 are
deasserted. As a rasult, the effective delay in the datapath 112 stemming from che flip/flop
104 is always larger than any delay in a combinational clock path 1 14 separating clock signal
116 of flip/flop 104 and clock signal 118 of flip/flop 106, no marter if flip/flop {04 is
emulated or simulated.

A more complicatad situation is shown in FIG. [ 2 where an emulated flip/flop
120 exists in a clock circuic 122. Assuming that the design intent was that the delay of
circuit 122 is less than the delay of circuit | 1 2, an additional flip/flop should not be inserted
in clock circuit 122. [f the signal produced by such flip/flop 120 is also used as data source
for another flip/flop 126 then the addition of flip/flop 124 and duplication of circuit 122
as circuit 128 is necessary as shown in FIG. 12. Signal 130 previously connecting circuit
122 with flip/flop 124 should be eliminated. For these transformations to be applied
correctly, clock circuit analysis needs to be performed that will determine which clock edges
could potentially be active on the clock inputs of every storage element (either emulated or
simulated). For behavioral blocks, conservarive assumptions as to their storage capability may
be applied because, even if an extra flip/flop is erroneously identified as posing the danger

of hold-time violation, the transformation will not alter the function parformed by the circuit
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this event. An exanple of a programthat could be used by m croprocessor 16
to perform this operation is shown in FIG 1 7. Thi s

sof twar e- hardware i npl enmentati on of a sinulation al gorithm conbines the
best features of levelized and event-driven sinmulation. As in event-driven
simulation, only those primtives ar edfé/al uated at each cycle for which

the activation conditions are satisfi €l As in levelized conpiled

simul ation, the overhead of event queue mani pulation is renoved fromthe
nodel execution phase. Al necessary event detection and nmanipul ation is
done in reconfigurable hardware (FPGAs). The event-detection hardware
nedi st is generated at conpile tinme based on the triggering conditions for
each evaluated routine, as well as the results of nodel partitioning and
sorting. While a presently-preferred enbodi ment of the

I nvention has been discl osed,

under verification. [n the worst case every flip/flog in the emulaced portion of the circuic will
have to be duplicated with a flip/flop synchronized by the simulacion clock signal 110.

FIG. 13 shows a flow diagram for preparing configuration data to be used by
the logic verification system. [n general, the compilation starts from the user's design
description file in, for example, Verilog hardware descripcion language (" Verilog HDL").
However, the compilation could start with a variety of other languages. As a result of an
import step |32, the behavioral database representation 134 is created. This represencation
is augmented by preprocassing step | 36 resulting in another behavioral representation 1 38.
Netlist generation step 140 and code generation step 144 result in a netlist represencation
of an emulation model 142 and a set of executables |46 downloadable into logic module
processor memories 20. The nedist representation 142 is subjected to partitioning,
placement, and routing step 148 which produces the configuration data 150 for FPGAs 10,
22 and programmable interconnect 12. The partition, placement and routing step is
described in U.S. Patent Nos. 5,329,470 to Sample et al. and 5,036,473 to Buus et al.
and is well known to one skilled in the art.

More specifically, the importer 132 processes the user’s Verilog source files
and produces a behavioral database library. It accepts a list of source file names, "include'f
paths, and a fist of search libraries where the otherwise undefined module references are
resolved. The importer divides the behavioral description into a set of concurrently

executable code fragments.
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it will be obvious to those skilled in the art that nunerous changes nmay be
made w thout departing fromthe spirit or scope of the invention. It is

i ntended that all matter contained in the above description and shown in

t he acconpanying drawi ngs shall be interpreted as being illustrative and
not limting. The invention, therefore27is not to be limted except in
accordance w th the bel ow cl ai ns. o

30

The preprocessor 136 transforms the behavioral database library created by
import step 132. lc partitions the behavioral code into clusters directed for an execution an
each of the available simulation modules 14, determines the execution order.of the
behavioral code fragments, and the localicy of variables in the partitions. Also, the
preprocessor 136 performs transformations necessary for the creation of a hoid-time-
violation-free model as described above.

The code generator 144 reads the behavioral database library as transformed
by the preprocessor 134 and produces downloadable executables 146 for each of the
simulation modules 14 as identified by the preprocessor 134.

The netlist generator 140 reads the behavioral database library as transformed
Ey the preprocessor 136 and produces a netlist database library for further processing by lthe
partitioning, placement, and routing step 148.

The operation of the logic verification system is based on the principles of
event-driven simulation which are well known to one skilled in the art. The basic assumptions
are as follows: (1) Any given behavioral model can be divided into a set of evaluation
procedures, which are compiled based on behavioral descriptions; (2) the process of
simulation consists of a series of executions of these procedures in which they read the logic
values of some variables (inputs) and compute the new values of some other varables
(outputs); and (3) the procedures are assigned triggering conditions which define whether

or not to execute each procedure depending on the current state of the simulation model.
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CLAI M5 W Cam 1. An apparatus for design
verification using enulation and sinulation conprising: at
| east one reconfigurable elenment for emulating a first portion of a design;

-28 -

—————

For example, consider the Verilog HDL model shown in FIG. 1 4. This model
consists of 10 evaluation procadures, starting with Q_ANO2. Nine of these procedures are
predefined by reference to the library primitives Q_ANO2 and Q_FDPO and one is
represented with a behavioral description. The relationship between evaluation procedures
can be described by a graph as shown in FIG. 15,

For purposes of emulation, instances U! and mO - m7 can be directly
implemented in a FPGA. Behavioral code that evaluates the outputs of instance line_select
can be compiled as a sequence of instructions for an embedded microprocessor. [n order
for this sequence to be invoked at the appropriate time, an unique ID has to be assigned to
each such sequence loaded into one microprocessor. The [D can be generated in an FPGA
when the correspo'nding triggering condition becomes true. {The circuitry for generating [Ds
was previously described in FIG. 5.) [f several triggering conditions become true at the same
time, the smallest of their IDs is generated. The microprocessor 16 continuously monitors
the [Ds and each time a new ID is generated, the corresponding instruction sequence is
executed. Assuming that the ID of line_select function is 5, the event-generating logic could
be implemented as shown in FIG. 16. When the negative edge of CLK is detected
(synchronized by a fast periodic signal) it sets an RS-trigger in an event detector 152. If
there are no events with IDs less than 5, then the event encoder 154 generates the number
5 and the microprocessor 16 detects the number 5 when a read instruction is executed from

one of the addresses that belong to FPGA address space. At this time RS-trigger is reset.

(The operation decader, bus drivers and data register are not shown.)
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at | east one mcroprocessor for sinulating a second portion of said design,
connected to said reconfigurable elenment so as mnimze tinme for
transferring data between said first portion of said design and said

second portion of said design; and an event detector
connected to said at |east one nicroprg essor for detecting a plurality of
events during design verification, relli%ving said at |east one

m croprocessor from perform ng event detection. 2. The

apparatus of claim1l further conprising a scheduler for scheduling
operations that said at | east one m croprocessor would ordinarily schedul e.
3. The apparatus of claim1l further conprising a second m croprocessor.
4, The apparatus of claim3 further conprising a selector for selecting
i ndependent fragnments of said second portion of said design for parallel
execution by each

The operation mecthod can be summarized as follows. At model compil€ time
the cells represented with behavioral code {e.g., line_select cell in FIG. 15) are replaced with
their corresponding event generation logic blocks (similar to the one shown in FIG. 16.) At
execution time, the microprocessor 16 is continuously running in a loop that consists of
reading the ID of the next event from che FPGA, aﬁd executing a function corresponding to
this event. An example of a program that could bé used by microprocessor 16 to perform
this operation is shown in FIG. 17.

This software-hardware implementation of a simulation algorithm combines the
best features of levelized and event-driven simulation. As in event-driven simulation, only
those primitives are evaluated at each cycle for which the activation conditions are satisfied.
As in levefized compiled simulation, the overhead of event queue manipulation is removed
from the model execution phase. All necessary event detection and manipulation is done in
reconfigurable hardware {(FPGAs). The event-detection hardware nedlist is generated at
compile time based on the triggering conditions for each evaluated routine, as well as the
results of model partitioning and sorting.

While a presently-preferred embodiment of the invention has been disclosed,
it will be obvious to those skilled in the art that numerous changes may be made without
departing from the spirit or scope of the invention. It is intended that all martter contained
in the above description and shown in the accompanying drawings shall be interpreted as
being illustrative and not limiting. The invention, therefore, is not to be limited except in

accordance with the below claims.
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.of said mcroprocessors. 5. The apparatus of claim |
further conprising a selector for selecting independent fragnents of said
second portion of said design for execution by said mcroprocessor.

31

30
CLAIMS
We Claim:
l. An apparatus for design verification using emulation and simuladion

comprising:

at least one reconfigurable element for emulating a first portioﬁ of a design;

at east one microprocessor for simulating a second portion of said design,
connected to said reconfigurable element so as minimize time for transferring data between
said first portion of said design and said second portion of said design; and

an event detector connected to said at least one microprocessor for detecting
a plurality of events during design verification, relieving said at [east one microprocessor from
performing event detection.

2. The apparatus of claim | further comprising a scheduler for scheduling
operations that said at least one microprocessor would ordinarily schedule.

3. The apparatus of claim [ further comprising a2 second microprocessor.

4. The apparatus of claim 3 further comprising a selector for selecting
independent fragments of said second portion of said de.éign for parallel execution by each
of said microprocessors.

5. The apparatus of cfaim | further comprising a selector for selecting
independent fragments of said second portion of said design for execution by said

microprocessor.
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- 6. The apparatus of claim | wherein said at | east one reconfigurable
el ement further conprises a reconfigurable interconnect conponent.

7. The apparatus of claim 1 wherein said at |east one reconfigurable
el ement further conprises a reconfigurable |ogic conponent.

8. The apparatus of claim6 wherei 1sai d at | east one reconfigurable

el ement conprises a plurality of reco% Lgurabl e | ogi c conponents, and said

reconfigurable interconnect conponent interconnects said plurality of
reconfigurabl e | ogi c conponents.

6. The apparatus of claim | wherein said at least one reconfigurable '
element further comprises a reconfigurable interconnect component.

7. The apparatus of claim 1 wherein said at least one reconfigurable
efement further comprises a reconfigurable logic component.

8. The apparatus of claim & wherein said at least one reconfigurable
element comprises a plurality of reconfigurable logic components, and said reconfigurable
interconnect component interconnects said plurality of reconfigurable logic components.

9. The apparatus of claim 1 further comprising a memory connected to
said at least one microprocessor.

10. The apparatus of claim | further comprising a bus controiler connected
tomMaHanmqummmamn

It. The apparatus of claim 1 wherein said second portion of said design is
described in a behavioral language.

12. The apparatus of claim 1 further comprising a second reconfigurable
element.

13. The apparatus of claim 12 wherein said second reconfigurable element
further comprises a scheduler for scheduling fragments of said second portion of said design
to be simulated by said at [east one microprocessor upon detection of eveﬁrs by said event

detector.
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9. The apparatus of claim 1l further conprising a nenory connected to

said at | east one m croprocessor. 10. The apparatus of
claiml further conprising a bus controller connected to said at |east one
m Ccroprocessor. 1 1. The apparatus of claim1l wherein said

second portion of said design is descs%bed in a behavioral |anguage.
12. The apparatus of claim | further?conprising a second reconfigurable

e

el enent . 13. The apparatus of claim 12 wherein said second
reconfigurable elenent further conprises a schedul er for scheduling
fragnents of said second portion of said design to be sinmulated by said at
| east one m croprocessor upon detection of events by said event

14. The apparatus of claim 12 wherein said second reconfigurable élement
further comprises a selector for selecting independent fragments of said second portion of
said design for execution by said at least one micraprocassor.

15.  The apparatus of claim 12 wherein said second reconfigurable element
further comprises a detector for detecting said plurality of events during design verification,
relieving said at least one microprocessor from performing said event dececﬂoﬁ.

16. The apparatus of claim 12 further comprising an interconnect element
connecting said at [east one reconfigurable element and said second reconfigurable element.

17. The apparatus of claim | further comprising a reconfigurable
interconnect element connecting said ac least one reconfigurable element and said at least one
microprocessor.

18. The apparatus of claim 10 further comprising a system controller
connected to said bus controlfer chrough a system bus.

19. The apparaws of claim 1 further comprising a global bus connected to
said ac least one microprocessor.

20. The apparatus of claim 19 wherein said global bus further comprises a
plurality of signals connected in parallel to said at least one microprocessor.

21. The apparatus of claim 19 wherein said global bus further comprises a
second line serially connecting said at least one microprocessor. |

22. The apparatus of claim |9 wherein said global bus connects at least one

signal between said at least one reconfigurable element and said at least one microprocassor.
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det ect or. 32

33

23.  An apparatus for emulation and simulation comprising:

a plurality of simulacion modules, each having a microprocessor for simulating
a design;

a first reconfigurable element for emulating said design, connected to said
simulation modules;

said plurality of simulation modules further comprising a second reconfigurable
elemenc; and

said second reconfigurable element comprising an event detector for detecting
events to assist said microprocessors in simulating said design.

24. The apparatus of claim 23 wherein at least one of said simulacdion
modules transmits a data value to said first reconfigurable element.

25. The apparatus of claim 23 wherein at least one of said simulation
modules transmits 3 data value outside of said simulation module.

28, The apparatus of claim 23 wherein one of said microprocessors
transmits a data value to said second reconfigurable element.

| 27. The apparatus of claim 23 wherein said second reconfigurable efement

comprises a decoder to decode a signal received from one of said microprocessors.

28. The apparatus of claim 27 wherein said second reconfigurable element
further comprises a selector that is enabled when said decoder recognizes said signal from one

of said microprocessors.
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1 4. The apparatus of claim 12 wherein said second reconfigurabl e el emrent
further conprises a selector for selecting i ndependent fragnents of said
second portion of said design for execution by said at |east one

m Cr opr ocessor. 1 5. The apparatus of claim1l 2 wherein
sai d second reconfigurable elenent fugfher conprises a detector for
detecting said plurality of events duti design verification, relieving

said at | east one mcroprocessor fromperform ng said event detection.

1 6. The apparatus of claim 12 further conprising an interconnect el enent
connecting said at |east one reconfigurable elenent and said second
reconfi gurabl e el enent. 1 7. The apparatus of claim |
further conprising a reconfigurable interconnect el enent connecting said
at | east one reconfigurable elenment and said at | east one

29. The apparatus of claim 28 wherein said second reconfigurable element
further comprises a register for capturing said signal, wherein said register is enabled by said
safector.

30. The apparatus of claim 23 wherein at least one of said pluralicy of
simulation modules receives a data signal from a second of said pluralicy of simulation
modules.

31. The apparatus of claim 23 wherein at least one of said plurality of
simulation modules receives a data signal from said first reconfigurable element.

32. The apparatws of claim 23 wherein one of said microprocessors receives
a data signal from said second reconfigurable element.

33. The apparatus of claim 23 wherein said second reconfigurable element
further comprises a decoder for recognizing a microprocessor signal indicating one of said
microprocessors is .r_eady to capture 3 daca value from said second reconfigurable element.

34. The apparatus of claim 23 wherein said second reconfigurable element
further comprises a multiplexer that selects a data value for capture by one of said plurality
of microprocessors.

35. The apparatus of claim 23 wﬁerein said event detector causes an
interrupt to one of said plurality of microprocessors when an event is detected.

36. The apparatus of claim 23 further comprising a plurality of event

detector groups that process a pluralicty of events.
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M Cr opr ocessor. 1 8. The apparatus of claim 10 further
conprising a system controller connected to said bus controller through a
syst em bus. 1 9. The apparatus of claim1l further
conprising a global bus connected to said at |east one m croprocessor.

20. The apparatus of claim 19 mhereiﬁ sai d gl obal bus further conprises a
plurality of signals connected in para Pel to said at | east one

LA

m cr opr ocessor. 2 1. The apparatus of claim 19 wherein said
gl obal bus further conprises a second line serially connecting said at
| east one m croprocessor. 22. The apparatus of claim19

wherein said gl obal bus connects at | east one signal between said at |east
one reconfigurable el ement and said at | east one m croprocessor.

37. The apparatus of claim 3é wherein said pluralicy of event detector
groups comprise at [east one event detector.

38. The apparatus of claim 34 wherein said plurality of event detector
groups further comprise at least one AND gate.

39. The apparatus of claim 36 wherein said pluralicy of event detector
groups process a firsc event before a second event.

40. The apparatus of claim 36 wherein said plurality of event detectors
detect a first event and a second event and procass said first event prior to said second event.

41. The apparatws of claim 40 wherein said plurality of event detectors
create a first busy signal representing said first event and a second busy signal representing
said second event. |

42. The apparatus of claim 36 wherein said plurality of event detector
groups detect a first busy signal and a second busy signal, and process said second busy signal
when said firsc busy signal is not asserted.

43. The apparatus of claim 42 wﬁerein each of said first busy signal and said
second busy signal are individually formed with an OR gate connected to at least one of said
plurality of event detectors.

44, The apparatus of claim 42 wherein each of said first busy signal and said
second busy signal are individually formed with a wired OR connected to at least one of said

plurality of event detectors.
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conpri si ng:

23. An apparatus for enul ation and sinul ation

- 136 -
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45. The apparatus of claim 23 wherein a global bus connects said plurality
of simufation modules.

446. The apparaws of claim 42 further comprising a global bus that transmits
said firsc busy signal and said second busy signal to said pluralicy of simulation modules.

47. The apparatus of claim 3& wherein said pluralicy of event detectors
detect a plurality of event types.

48. The apparatus of claim 47 wherein said simulation modules further
comprise a simulation advancement circuit that produces a time advance sig1_1al when said
plurality of event types are not detacted by said plurality of event detectors.

49. The apparatus of ¢laim 48 wherein said simulation advancement circuit
comprises a counter and a NOR gate.

SQ. The apparawus of claim 47 further comprising a global bus that transmits
said time advance signal.

S1. The apparatws of claim 23 wherein said plurality of simulation modules
are connected by a multiplexed bus.

52. The apparatus of claim 51 wherein said multiplexed bus transfers said
events between said plurality of simulation modules.

S53. The apparatus of claim 51 wherein said plurality of simulation modules
further comprise a transmic conrroller for controlling said multiplexed bus.

54. The apparatus of claim 50 wherein said global bus transmits said events

between said plurality of simulation modules.
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a plurality of sinulation nodules, each having a m croprocessor for
sinmulating a design; a first reconfigurable elenent for
enul ating said design, connected to said sinulation nodul es;

said plurality of sinulation nodules further conprising a second

reconfigurable elenent; and sai d second reconfigurable
el ement conprising an event detector far detecting events to assist said
m croprocessors in simulating said design. 24. The

apparatus of claim 23 wherein at |east one of said simulation nodules
transmts a data value to said first reconfigurable el enent.

5S. The apparatus of claim 23 wherein said firsc reconfigurable efement
comprises a first flip/flop. |

56. The apparatws of claim 55 further comprising a second flip/flop placed
downstream from said first flip/flop in order to eliminate a hold-time violation.

S7. The apparatus of claim 23 wherein said first reconfigurable efement
comprises a clock circuit.

58. The apparatus of claim .57 wherein said clock circuit comprises a
flip/flop.

59. The apparatus of claim 58 wherein said clock circuit is dupﬁcated in said
first reconfigurable element.

60. A method for simulating and emulating a design comprising the
following steps:

importing said design, where a portion of said design is a behavioral design, to
create 3 behavioral database;

dividing said behavioral design into a plurality of behavioral fragments;

preprocessing said behavioral database to form a preprocessed behavioral
database;

generating a plurality of executables for a plurality of simulation modules for
processing therein;

creating a netlist; and
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25. The apparatus of claim 23 wherein at |east one of said sinulation
nodul es transmts a data val ue outside of said sinmulation nodule.

26. The apparatus of claim 23 wherein one of said mcroprocessors
transmts a data value to said second reconfigurable el enent.

27. The apparatus of claim 23 whereinagaid second reconfigurable el ement
conpri ses a decoder to decode a signal—eceived fromone of said

m cr opr ocessors. 28. The apparatus of claim 27 wherein said
second reconfigurable elenent further conprises a selector that is enabled
when sai d decoder recogni zes said signal fromone of said mcroprocessors.

processing said neclist to create configuration data for a pluralicy of
reconfigurable elements.

61. The method in claim 60 wherein said preprocessing step further
comprises the following steps:

partitioning said behavioral database into a plurality of clusters; and

transforming said design to eliminate a hold-time violation.

62. The method of claim 60 wherein said processing step further includes
the following steps:

partitioning said netlist creating a partitioned netlist;

- placing said partitioned netlist; and

routiﬁg said partitioned netlist.

63. A method for combining emulation and simulation comprising the
following steps:

connecting an emulator and a plurality of microprocessors so ‘as to minimize
time for transferring data between said emulator and said microprocessors;

emulating a first portion of a design by said emulator;

simulating a second portion of said design by said simulator; and

detecting a plurality of events by said emulator that would ordinarily be

detected by said micropracessors.
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34 29. The apparatus of claim 28 wherein said
second reconfigurable elenent further conprises a register for capturing
said signal, wherein said register is enabled by said selector.

39

64. The method of claim 43 further comprising the step of schedtling a
pluralicy of operations by said emulator that would ordinarily be scheduled by said
microprocessors.

65. The method of claim 43 further comprising:

selecting a plurality of independent fragments of said second portion of said
design; and

executing said pluralicy of independent fragments in parallel by said
microprocsssors.

66.  The method of claim 63 wherein said simulating step further comprises
the step of simulating said first portion of said design described in a behavioral language.

67. The method of claim 63 further comprising the step of manipulating
said pluralicy of events by said emulator that would ordinarily be manipulated by said
microprocessors.

68. The method of claim 63 further comprising the step of eliminating a
pluralicy of hold-time violations. '

69. The method of claim §3 wherein said first portion of said design
overlaps with said second portion of said design.

70. The method of claim 63 wherein said first portion of said design is the

same as said second portion of said design.
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30. The apparatus of claim23 wherein at |east one of said plurality of
sinmul ati on nodul es receives a data signal froma second of said plurality
of sinmulation nodules. 3 1. The apparatus of claim23
wherein at | east one of said plurality of sinulation nodules receives a
data signal fromsaid first reconfigurable el enent. 32.
The apparatus of claim 23 wherein one A% said m Croprocessors receives a
data signal from said second reconfigurabl e el enent. 33.
The apparatus of claim23 wherein said second reconfigurable el ement

o et | ERHOI ARDIRPPARITY FOC PRGN YERIFICA RN IR 51 902

I ndi catin -6F-epFecessors—s—+eaty—to—eaptture a data val ue
fromsaid second reconfi gur%LXll‘?aﬁnAND SIMULATION

ABSTRACT

A method and apparatus for combining emulation and simulation of a logic
design. The method and apparatus can be used with a logic design that includes gate-level
descriptions, bahavioral represen:s:ionﬁ, structural representations, or 3 combination tharecof.
The emulation and simulacion pct;tions are combined in a manner thac minimizes the tme for
transferring data between the two portions. Simulation is performed by one or more
microprocessors while emulation is.perfon'ned in reconfigurable hardware such as field
programmable gate arrays. When multiple microprocessors are employed, independent
portions of the logic design are selected co be executed on the multiple synchronized
microprocessors. Reconfigurable hardware also performs event dececting and scheduling

operations to aid the simulation, and to raduce procassing time.
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34. The apparatus of claim 23 wherein said second reconfigurable el enent
further conprises a nultiplexer that selects a data value for capture by
one of said plurality of mcroprocessors. 35. The
apparatus of claim 23 wherein said event detector causes an interrupt to
one of said plurality of nicroprocessora when an event is detected.

36. The apparatus of claim 23 furthérconprising a plurality of event
detector groups that process a plurality of events.
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- 35 - 37. The apparatus of claim 36 wherein
said plurality of event detector groups conprise at |east one event

det ect or. 38. The apparatus of claim 36 wherein said
plurality of event detector groups further conprise at |east one AND gate.
39. The apparatus of claim 36 V\/nereén said plurality of event detector
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groups process a first event before a second event. 40.

The apparatus of claim 36 wherein said plurality of event detectors

detect a first event and a second event and process said first event prior
to said second event. 41. The apparatus of claim 40
wherein said plurality of event detectogs create a first busy signa
representing said first event and a see&nd .busy signal representing said
second event. 42. The apparatus of claim 36 wherein said
plurality of event detector groups detect a first busy signal and a second
busy signal, and process said sgcond busy signal when said first busy
signal is not asserted. QN 43. The apparatus of claim42
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second busy signal are individually formed with an OR gate connected to at
| east one of said plurality of event detectors. 44, The
apparatus of claim42 wherein each of said first busy signal and said
second busy signal are individually formed with a wired OR connected to at
| east one of said plurality of event dgtectors.
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45. The apparatus of claim 23 wherein a gl obal bus connects said
plurality of sinulation nodules. 46. The appar at us of
claim42 further conprising a global bus that transmts said first busy
signal and said second busy signal to said plurality of sinulation nodules.
47. The apparatus of claim 36 mherein_gqid plurality of event detectors

detect a plurality of event types. 48. The apparatus of
clai m47 wherein said simnmulation nodul es further

............................................................................
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conprise a sinulation advancenment circuit that produces a tinme advance
signal when said plurality of event types are not detected by said

plurality of event detectors. 49. The apparatus of claim48
wherein said sinulation advancenent circuit conprises a counter and a NOR
gat e. 50 The apparatus,of claim47 further conprising a

gl obal bus that transmts said tine nce signal . 51.

The apparatus of claim 23 wherein said plurality of sinulation nodules are
connected by a nultipl exed bus. 52. The apparatus of _claim

5 1 wherein said nmultiplexed bus transfers said events between said
plurality of simulation nodul es.
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53. The apparatus of claimb51 wherein said plurality of sinulation
nodul es further conprise a transmt controller for controlling said

mul ti pl exed bus. 54. The apparatus of claim50 wherein said
gl obal bus transmts said events between said plurality of sinulation
nodul es. _7. 37
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55. The apparatus of claim23 wherein said first reconfigurable el enent

conprises a first flip/flop. 56. The apparatus of claimb55
further conprising a second flip/flop placed downstreamfromsaid first
flip/flop in order to elimnate a hold-tine violation. 57.

The apparatus of claim 23 wherein saidgfirst reconfigurable el enent
conprises a clock circuit. 58. The apparatus of claim 57

wherein said clock circuit conprises a flip/flop.
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59. The apparatus of claim58 wherein said clock circuit is duplicated in
said first reconfigurable elenent. 60. A nethod for

simul ating and enul ating a design conprising the follow ng steps:
i'mporting said design, where a portion of said design is a behavioral
design, to create a behavioral databasg. di viding said
behavioral design into a plurality of--bekavioral fragnents;

preprocessi ng sai d behavi oral database to forma preprocessed behavi oral

dat abase; generating a plurality of executables for a
plurality of sinulation nodules for
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and

creating a netlist;
-10 -

processi ng therein;

38

B HUADIA

jasay]

MMBADNVY |
. NOVENTA)

] ANJUA qUITHA
<01 96 Po :
T .. 001 N\

. M
S P U : ..I..'p'lll..— _

|
|- <

: wno) Lep | - - m
10 .f__ il o X
S I i i b .
: b e e e e 6 m/J
46 ||Vf.ﬂ ;

10pmaQ :

N0 Mdorg adpar R AL R1 “.

[eaopuUIGUIO) fronuqmoey
A0 PDAY

.

EETEPRES ] hd =
Ting o 1A PEO £ AT 89



processing said netlist to create configuration data for a plurality of
reconfi gurabl e el enents. 6 1. The nethod in claim 60
wherein said preprocessing step further conprises the foll ow ng steps:
partitioning said behavioral database into a plurality of clusters; and
transformng said design to elimnate g;hold-tine violation.

62. The nmethod of claim®60 wherein sald.processing step further includes
the foll ow ng steps: partitoning said netlist creating a

partitioned netlist;
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pl acing said partitioned netlist; and routing said
partitioned netlist. 63. A nmethod for conbining emulation
and simulation conprising the follow ng steps: connecting an
enul ator and a plurality of mcroprocessors so as to mnimze tine for
transferring data between said enulato;rfpd said m croprocessors;

emul ating a first portion of a design-by said enul ator;

simulating a second portion of said design by said simulator; and

detecting a plurality of events by said enulator that would ordinarily be
detected by said m croprocessors.
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conpri sing

64. The nethod of claim®63 further
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the step of scheduling a
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executing said

allel by said mcroprocessors.
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i ndependent fragnents

mettod—of
plurality of events by {said

65. The nethod of claim®63 further
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emul ator thatf would ordinarily. be mani pul ated by said

The nmet hod of claim63 wherein sare—sinulating step further conprises

plurality of operations by said emulator that would ordinarily be schedul ed

by said mcroprocessors.

conpri si ng:
the step of simulating said first portion of said design described in a

of said second portion of said design;
behavi or al

plurality of
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70. The

portion of said design

The nethod of claim 63 further
overlaps with said second portion of said design.

68.
met hod of claim63 wherein said first_pegrtion of said design is the

conprising the step of elimnating a plurality of hold-time violations.
as said second portion of said design-

69. The nethod of claim63 wherein said first

m Cr opr ocessors.
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