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LOGIC SIMULATION AND/OR EMULATION WHICH
FOLLOWS HARDWARE SEMANTICS

Inventors: Alexander Rabinovitch and Ramesh Narayanaswamy

BACKGROUND

Field
[0001] This disclosure is generally related to electronic design automation. More
specifically, this disclosure is related to methods and apparatuses for logic simulation and/or

emulation.

Related Art

[0002] Rapid advances in computing technologies have been made possible by
advances in design and verification tools because without such tools it would be almost
impossible to design and verify complicated integrated circuits which are commonly found in
today’s computing devices. Logic simulation and emulation technologies play an important
role in verifying a circuit design.

[0003] Note that it is generally desirable to improve accuracy of logic simulation
and/or emulation technologies. For example, semiconductor companies often use hardware
emulation to verify the behavior of a circuit design by emulating the circuit design over
millions of cycles. If a bug is detected during hardware emulation, the bug is typically
localized to a reasonably small range of cycles, ¢.g., thousands of cycles. Then, a detailed
logic simulation is performed over the small range of cycles to debug the circuit.

[0004] To successfully debug the circuit using this approach, the simulator should
ideally simulate the circuit in a manner that follows hardware semantics. If the logic
simulator simulates the circuit in a manner that does not follow hardware semantics, the logic
simulator may not be able to replicate the bug, or the bug may manifest itself differently
during the simulation. In either case, the bug will not be fixed. Unfortunately, conventional

logic simulators do not simulate the circuit in a manner that follows hardware semantics.
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SUMMARY

[0005] Some embodiments of the present invention provide techniques and systems
for simulating a circuit design so that the simulation follows hardware semantics.
Specifically, some embodiments ensure that the simulation follows hardware semantics by
properly handling race conditions in state elements and/or glitches in clock trees that can
occur during logic simulation.

[0006] Note that a circuit can be simulated at different levels of abstraction. Further,
a circuit can be simulated using different techniques. The techniques and systems described
in this disclosure are generally applicable to any type of logic simulation which needs to
properly handle race conditions in state elements and/or glitches in clock trees that can occur
during logic simulation. Specifically, the techniques and systems described in this disclosure
can be used in logic simulators and emulators.

[0007] A logic simulation cycle can be considered to include two stages: a stimuli
application stage and a clock propagation stage. In the stimuli application stage, stimuli are
applied and values are propagated through combinational logic. At the end of the stimuli
application stage, the combinational logic reflects the effect of the stimuli that were applied.
Note that the values that propagated in this stage do not depend on a clock signal. In the
clock propagation stage, the system evaluates signal values that depend on a clock signal.
Some embodiments of the present invention sample signal values during the stimuli
application stage, and use the sampled signal values during the clock propagation stage to
handle race conditions in state elements and/or glitches in clock trees that may occur during
logic simulation. Specifically, to ensure that the logic simulation follows hardware
semantics, some embodiments simulate level-sensitive sequential circuit elements (e.g.,
latches) and edge-triggered sequential circuit elements (e.g., flip-flops) in a manner that is
different from conventional logic simulators.

[0008] Note that a circuit can include one or more level-sensitive sequential circuit
elements and/or one or more edge-triggered sequential circuit elements. Some embodiments
of the present invention ensure that the following requirements are satisfied: (1) when two or
more edge-triggered sequential circuit elements are evaluated within the same clock cycle,
the new output value of one of the edge-triggered sequential circuit elements should not

affect the output value of another edge-triggered sequential circuit element in that cycle; (2)
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the output of a level-sensitive sequential element should not change during the clock
propagation stage if the latch’s clock becomes stable inactive by the end of the cycle; and (3)
the above two requirements need to be satisfied even when one of the clocks is the result of
updating a sequential circuit element.

[0009] A level-sensitive sequential circuit element propagates its input value(s) to its
output(s) when at least one condition in a group of conditions is true. The system may
simulate a level-sensitive sequential circuit element as follows. During the stimuli
application stage, the system can sample a level-sensitive sequential circuit element’s output
to obtain a sampled value. Next, during the clock propagation stage, if the system determines
that all conditions in the group of conditions are false, the system can assign the sampled
value to the sequential element’s output.

[0010] An edge-triggered sequential circuit element propagates its data input value(s)
to its data output(s) upon receiving a triggering edge-transition on at least one of its clock
input(s). Without loss of generality, we can assume that a triggering edge-transition occurs
when the clock input transitions from a first value to a second value. For a positive edge
triggered sequential element, the first value is a low value and the second value is a high
value, whereas for a negative edge triggered sequential element, the first value is a high value
and the second value is a low value. The system may simulate an edge-triggered sequential
circuit element as follows. During the stimuli application stage, the system can sample an
edge-triggered sequential circuit element’s input, output, and clock, to obtain a sampled input
value, a sampled output value, and a sampled clock value. Next, during the clock
propagation stage, if the system detects that the clock input experienced a triggering edge-
transition from the first value to the second value, and that the sampled clock value is equal
to the first value, the system can assign the sampled input value to the sequential circuit
element’s data output. Further, during the clock propagation stage, if the system detects a
non-triggering edge transition in the clock input from the second value to the first value, the
system can assign the sampled output value to the sequential circuit element’s data output.

[0011] Note that the sequential element’s output may have changed after the system
sampled their values during the stimuli application stage. Hence, when the system assigns a
sampled value to the sequential element’s output, the system effectively assigns a value to the
sequential element’s output that is different from the value that would have been assigned by

a conventional simulator and/or emulator. This conditional modification of the sequential
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element’s output prevents inaccuracies in the logic simulation and/or emulation due to race
conditions in state elements and/or glitches in the clock signal. In particular, embodiments of
the present invention can generally be used with any simulator, which include, but are not
limited to, event driven simulators, cycle based simulators, and simulators that use oblivious
simulation techniques.

[0012] Note that, during the clock propagation stage, it may not be possible to
determine whether the current evaluation is the last evaluation. However, if the system
ensures that the simulation state is consistent with hardware semantics at the end of each
evaluation, it can guarantee that the simulation state will be consistent with hardware after
the last evaluation. Some embodiments of the present invention ensure that the simulation
state is consistent with hardware semantics at the end of each evaluation, thereby ensuring
that the simulation state is consistent with hardware semantics at the end of the clock
propagation stage.

[0013] A hardware description language may or may not support a sampling
instruction. If the hardware description language does not support a sampling instruction, the
system can modify the semantics of the hardware description language so that the simulator
simulates or emulates a sequential circuit element in a manner that follows the hardware
semantics. On the other hand, if the hardware description language supports a sampling
instruction, the system can optionally re-write a sequential circuit element’s description using
the sampling instruction so that the rewritten circuit description follows hardware semantics.
Note that embodiments of the present invention can be applied to two value logic as well as
multi-valued logic. Specifically, embodiments of the present invention can be used for

simulating four-valued logic.

BRIEF DESCRIPTION OF THE FIGURES
[0014] FIG. 1 illustrates various stages in the design and fabrication process of an
integrated circuit in accordance with an embodiment of the present invention.
[0015] FIG. 2 illustrates an exemplary computing environment for analyzing a circuit
design in accordance with an embodiment of the present invention.
[0016] FIG. 3 presents a flow chart illustrating a process for generating a simulation

output for a circuit design in accordance with an embodiment of the present invention.
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[0017] FIG. 4 presents a flow chart illustrating a process for simulating a level-
sensitive sequential circuit element in accordance with an embodiment of the present
invention.

[0018] FIGs. 5A and 5B present a flow chart illustrating a process for simulating an
edge-triggered sequential circuit element in accordance with an embodiment of the present
invention.

[0019] FIG. 6A illustrates an exemplary circuit design with a latch in accordance with
an embodiment of the present invention.

[0020] FIG. 6B illustrates an exemplary circuit design with a flip-flop in accordance
with an embodiment of the present invention.

[0021] FIG. 7A illustrates an exemplary simulation output from a conventional logic
simulation of a latch.

[0022] FIG. 7B illustrates an exemplary simulation output for a latch which is
simulated using the new semantics which use sampled values in accordance with an
embodiment of the present invention.

[0023] FIG. 8A illustrates an exemplary simulation output from a convention logic
simulation of a flip-flop.

[0024] FIG. 8B illustrates an exemplary simulation output for a flip-flop which is
simulated using the new semantics in accordance with an embodiment of the present
invention.

[0025] FIG. 9 illustrates an exemplary computer system that facilitates simulating a
circuit design according to hardware semantics in accordance with an embodiment of the
present invention.

[0026] FIG. 10 illustrates an apparatus that facilitates performing a logic simulation
of a circuit design in accordance with an embodiment of the present invention.

[0027] Tables 1A and 1B illustrate how a latch, which is a level-sensitive sequential
circuit element, can be simulated using new semantics in accordance with an embodiment of
the present invention.

[0028] Table 2 shown below illustrates how a flip-flop, which is an edge-triggered
sequential element, can be simulated using the new semantics in accordance with an

embodiment of the present invention.
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DETAILED DESCRIPTION

[0029] The following description is presented to enable any person skilled in the art
to make and use the embodiments, and is provided in the context of a particular application
and its requirements. Various modifications to the disclosed embodiments will be readily
apparent to those skilled in the art, and the general principles defined herein may be applied
to other embodiments and applications without departing from the spirit and scope of the
present disclosure. Thus, the present invention is not limited to the embodiments shown, but
is to be accorded the widest scope consistent with the principles and features disclosed
herein.

[0030] The data structures and code described in this detailed description are
typically stored on a computer-readable storage medium, which may be any device or
medium that can store code and/or data for use by a computer system. The computer-
readable storage medium includes, but is not limited to, volatile memory, non-volatile
memory, magnetic and optical storage devices such as disk drives, magnetic tape, CDs
(compact discs), DVDs (digital versatile discs or digital video discs), or other media capable
of storing computer-readable media now known or later developed.

[0031] The methods and processes described in the detailed description section can
be embodied as code and/or data, which can be stored in a computer-readable storage
medium as described above. When a computer system reads and executes the code and/or
data stored on the computer-readable storage medium, the computer system performs the
methods and processes embodied as data structures and code and stored within the computer-
readable storage medium.

[0032] Furthermore, methods and processes described herein can be included in
hardware modules or apparatus. These modules or apparatus may include, but are not limited
to, an application-specific integrated circuit (ASIC) chip, a field-programmable gate array
(FPGA), a dedicated or shared processor that executes a particular software module or a
piece of code at a particular time, and/or other programmable-logic devices now known or
later developed. When the hardware modules or apparatus are activated, they perform the

methods and processes included within them.
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Integrated Circuit (IC) Design Flow

[0033] FIG. 1 illustrates various stages in the design and fabrication process of an
integrated circuit in accordance with an embodiment of the present invention.

[0034] The IC design process typically begins with a product idea (operation 100)
which is realized using an EDA process (operation 110). Once the design is finalized, it is
typically taped-out (event 140), at which point it goes through a fabrication process
(operation 150) and packaging and assembly processes (operation 160) to produce
manufactured microchips (result 170).

[0035] The EDA process (operation 110) comprises operations 112-130, which are
described below for illustrative purposes only and are not meant to limit the present
invention. Specifically, an actual integrated circuit design may require a designer to perform
the design operations in a different sequence than the sequence described below.

[0036] System design (operation 112): In this stage, the designers describe the
functionality that implements the product idea. They can also perform what-if planning to
refine the functionality, perform cost analysis, etc. Hardware-software architecture
partitioning can occur at this stage. Exemplary EDA software products from Synopsys, Inc.
that can be used at this stage include Model Architect, Saber®, System Studio, and
DesignWare®.

[0037] Logic design and functional verification (operation 114): At this stage, the
VHDL, Verilog, or SystemVerilog code for modules in the system is written and the design is
checked for functional accuracy. More specifically, the design is checked to ensure that it
produces a correct response. Exemplary EDA software products from Synopsys, Inc. that
can be used at this stage include VCS®, Vera®, DesignWare®, Magellan™, Formality®,
ESP and Leda®.

[0038] Synthesis and design for test (operation 116): The VHDL/Verilog source code
can be translated to a netlist in this stage. The netlist can be optimized for the target
technology, and tests can be designed and implemented to check the manufactured
microchips. Exemplary EDA software products from Synopsys, Inc. that can be used at this
stage include Design Compiler®, Physical Compiler®, Test Compiler, Power Compiler™,

FPGA Compiler, TetraMAX®, and DesignWare®.
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[0039] Netlist verification (operation 118): In this stage, the netlist is checked for
compliance with timing constraints and for correspondence with the VHDL/Verilog source
code. Exemplary EDA software products from Synopsys, Inc. that can be used at this stage
include Formality®, PrimeTime®, and VCS®.

[0040] Design planning (operation 120): In this stage, an overall floorplan for the
microchip is constructed and analyzed for timing and top-level routing. Exemplary EDA
software products from Synopsys, Inc. that can be used at this stage include Astro™ and IC
Compiler products.

[0041] Physical implementation (operation 122): The placement (positioning of
circuit elements) and routing (placement of interconnections) occur at this stage. Exemplary
EDA software products from Synopsys, Inc. that can be used at this stage include Astro™
and IC Compiler products.

[0042] Analysis and extraction (operation 124): At this stage, the circuit function is
verified at a transistor level; this, in turn, permits what-if refinement. Exemplary EDA
software products from Synopsys, Inc. that can be used at this stage include AstroRail™,
PrimeRail, PrimeTime®, and Star-RCXT™,

[0043] Physical verification (operation 126): In this stage, the design is checked to
ensure correctness for manufacturing, electrical issues, lithographic issues, and circuitry.
Hercules™ is an exemplary EDA software product from Synopsys, Inc. that can be used at
this stage.

[0044] Resolution enhancement (operation 128): This stage involves geometric
manipulations of the layout to improve manufacturability of the design. Exemplary EDA
software products from Synopsys, Inc. that can be used at this stage include Proteus/Progen,
ProteusAF, and PSMGen.

[0045] Mask data preparation (operation 130): This stage provides the “tape-out” data
for production of masks to produce finished chips. Exemplary EDA software products from

Synopsys, Inc. that can be used at this stage include the CATS® family of products.

Logic simulation System

[0046] FIG. 2 illustrates an exemplary computing environment for analyzing a circuit
design in accordance with an embodiment of the present invention. Computing environment

200 can include a workstation 202, a logic simulation system 204, and a circuit emulation
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system 206. During operation, a user 208 can create an implementation for a circuit design
using workstation 202. User 208 may use logic simulation system 204 to simulate a portion
of circuit design 210, and generate a simulation output 214. User 208 may also use circuit
emulation system 206 to emulate circuit design 210, and generate emulation output 212.
Note that circuit emulation system 206 can use specialized hardware to speed up circuit
emulation. If emulation output 212 indicates that circuit design 210 has a bug, user 208 can
use logic simulation system 204 to help debug circuit design 210.

[0047] FIG. 3 presents a flow chart illustrating a process for simulating a circuit
design in accordance with an embodiment of the present invention.

[0048] The process can be performed by a computer system, which includes a
computer-readable storage medium storing instructions that when executed by the computer
system cause the computer system to simulate a circuit design. The system can begin by
receiving a description of a circuit design (operation 302). The circuit can be described using
any hardware description language, which includes, but is not limited to, VHDL, Verilog,
SystemVerilog, or any other hardware description language now known or later developed.
Then, the system can analyze the description of the circuit design to identify sequential
circuit elements and primary clocks (operation 304) which need to be simulated according to
the new semantics. Next, the system can simulate the circuit design (operation 306)
according to the new semantics. In some embodiments, a compiler can be modified so that
the executable generated by the compiler includes instructions which implement the new
semantics. In other embodiments, the system can re-write the circuit description using a
“sample” instruction so that the re-written description implements the new semantics.

[0049] In each simulation cycle, the system can perform a stimuli application stage by
applying testbench stimuli (operation 308), in which the system evaluates signals that do not
depend on a clock input of the circuit design. During the stimuli application stage, or after
the stimuli application stage is completed and before the clock propagation stage begins, the
system can sample signals associated with the sequential circuit elements (operation 310).
Next, the system can perform a clock propagation stage (operation 312), in which the system

can evaluate signals that depend on a clock input of the circuit design.
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Level-Sensitive Sequential Element

[0050] A level-sensitive sequential element is generally any sequential element that
propagates a data input value to a data output when one or more conditions are met. For
example, a latch propagates its data input’s value to its output if the latch’s clock input (i.c.,
the enable signal) is stable active. Note that, in general, a level-sensitive sequential element
can have multiple inputs and outputs. Further, the one or more conditions under which the
level-sensitive sequential element’s input value(s) are propagated to its output(s) can be
arbitrarily complex.

[0051] Tables 1A and 1B illustrate how a latch, which is a level-sensitive sequential
circuit element, can be simulated using new semantics in accordance with an embodiment of
the present invention.

[0052] A latch can be described using the following hardware description language
statement: “always @(C or D) if (C) Q = D,” where “C” is the latch’s clock input, “D” is the
latch’s input, and “Q” is the latch’s output. Some embodiments of the present invention
simulate a latch according to new semantics which are different from the conventional
semantics that are used by conventional simulators.

[0053] Specifically, as shown in Table 1A below, a latch is simulated as follows. If
the clock input of the latch (C) changes in value, or if the data input of the latch (D) changes
in value, then the data output of the latch (Q) is assigned the value from the data input (D) if
the clock input (C) holds a stable active value. Otherwise, the sampled value is assigned to

the data output of the latch.

always @(C or D)
if (C) Q = D else Q = sample(Q);
Table 1A

[0054] Note that Table 1A illustrated only one of many ways of representing the new
semantics. For example, Table 1B shown below represents the new semantics in a different
way. The first statement in Table 1B replicates the behavior of the conventional semantics: if
the clock input of the latch (C) changes in value, or if the data input of the latch (D) changes
in value, then the data output of the latch (Q) is assigned the value from the data input (D) if

the clock input holds a triggering value (i.c., a stable active value). The second statement is
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new, i.e., conventional simulators will not perform the operations described in the second
statement while simulating a latch. The second statement specifies that if the clock input
transitions from a triggering value to a non-triggering edge value, then the data output of the

latch is assigned the sampled value from the data output.

always @(C or D)
if (C) Q@ = D;
always @ (negedge C)
Q = sample (Q);
Table 1B

[0055] Note that the new simulation semantics shown in Tables 1A and 1B are
applicable to two value logic as well as multi-valued logic. Specifically, the new simulation
semantics can be used in a four-valued logic simulation.

[0056] FIG. 4 presents a flow chart illustrating a process for simulating a level-
sensitive sequential circuit element in accordance with an embodiment of the present
invention. Note that FIG. 4 illustrates the new operations that are performed under the new
semantics. The operations that are performed under the conventional semantics (e.g., the first
statement in Table 1A) are also performed, but have not been shown in FIG. 4 for the sake of
clarity.

[0057] The system can begin by receiving a description of a circuit design (operation
402). Next, the system performs a stimuli application stage (operation 404) for the logic
simulation of a level-sensitive sequential circuit element in the circuit design. Note that the
level-sensitive sequential circuit element propagates its input value(s) to its output(s) when at
least one condition in a group of conditions is true. In the stimuli application stage, the
system samples the data output of the sequential element to obtain a sampled output value
(operation 406). Then, the system performs a clock propagation stage (operation 408) for the
logic simulation of the sequential circuit element. In the clock propagation stage, the system
determines whether all conditions in the group of conditions are false (operation 410). If all
conditions in the group of conditions are false, the system assigns the sampled output value to
the data output signal of the sequential circuit element (operation 412). If at least one
condition in the group of conditions is true, the system can simulate according to

conventional semantics.
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[0058] In some embodiments, operation 406 samples a signal’s value towards the end
of the stimuli application stage, and the system preserves the sampled value at least
throughout the subsequent clock propagation stage. Therefore, if the clock propagation stage
causes the signal’s value to change, the sampled value for the signal will remain unaffected
by the change.

[0059] Later sections in this disclosure describe how the new semantics help ensure
that the simulation of a level-sensitive sequential circuit element will follow hardware
semantics even if race conditions occur in state elements and/or glitches occur in the clock

tree.

Edge-Triggered Sequential Element

[0060] An edge-triggered sequential element can generally have one or more inputs,
outputs, and clocks. The edge-triggered sequential element propagates its input value(s) to
its output(s) based at least on a triggering transition of at least one of its clock inputs.

[0061] Table 2 shown below illustrates how a flip-flop, which is an edge-triggered
sequential element, can be simulated using the new semantics in accordance with an
embodiment of the present invention.

[0062] A flip-flop is an edge-triggered sequential element which can be described by
the following hardware description language code: “always @(posedge C) Q = D,” where
“D” is the flip-flop’s data input, “Q” is the flip-flop’s output, and “C” is the flip-flop’s clock
input. The first statement in the new semantics shown in Table 2 for the flop-flop specifies
that if the clock input of the flip-flop (e.g., signal C) performs a triggering transition, and if
the sampled clock value is equal to zero, then the data output of the flip-flop is assigned the
sampled value from the data input of the flip-flop. The second statement specifies that if the
clock input performs a non-triggering transition, then the data output of the flip-flop is
assigned the sampled value from the data output. Note that the flip-flop example shown in
Table 2 assumes, without loss of generality, that a triggering transition is from a zero value to
a one value. The new simulation semantics shown in Table 2 are applicable to two value
logic as well as multi-valued logic. Specifically, the new simulation semantics can be used in

a four-valued logic simulation.
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always @ (posedge C)
if (sample(C)==0) Q = sample(D);
always @ (negedge C)
Q = sample (Q);
Table 2

[0063] FIGs. 5A and 5B present a flow chart illustrating a process for simulating an
edge-triggered sequential circuit element in accordance with an embodiment of the present
invention. Note that FIGs. 5A and 5B illustrate the new operations that are performed under
the new semantics. The labels “B1” and “B2” in FIGs. 5A and 5B have been used to split the
flow chart into two sheets.

[0064] The system can begin by receiving a description of a circuit design (operation
502). Next, the system performs a stimuli application stage (operation 504) for the logic
simulation of an edge-triggered sequential circuit element in the circuit design. During the
stimuli application stage, the system samples the data input of the sequential circuit element
to obtain a sampled input value (operation 506), samples the data output of the sequential
circuit element to obtain a sampled output value (operation 508), and samples the clock input
of the sequential circuit element to obtain a sampled clock value (operation 510). Note that
the sampling order shown in FIG. 5A is for illustration purposes only. In general, the system
can sample the signals in any order. Furthermore, the signals can be sampled towards the end
of the stimuli application stage, because the sampled values need to be equal to the values
that the signals have at the end of the stimuli application stage.

[0065] The system can then perform a clock propagation stage (operation 512) for the
logic simulation of the sequential circuit element. During the clock propagation stage, the
system determines whether the clock input for the sequential circuit element performs a
triggering transition from a first value (e.g., zero) to a second value (e.g., one), and whether
the sampled clock value is equal to the first value (operation 514). If both of these conditions
are met, the system assigns the sampled input value to the data output signal of the sequential
circuit element (operation 516).

[0066] Additionally, as shown in FIG. 5B, the system determines whether the clock
input performs a non-triggering transition (operation 530) during the clock propagation stage.
If so, the system assigns the sampled output value to the data output signal of the sequential

circuit element (operation 532).
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[0067] As mentioned above, signal values are sampled towards the end of the stimuli
application stage, and the system preserves the sampled values at least throughout the
subsequent clock propagation stage. Therefore, if a signal’s value is erroneously changed
during the clock propagation stage, the sampled value for the signal can be used to correct the
error. Later sections in this disclosure describe how the new semantics help to ensure that the
simulation of a flip-flop will follow hardware semantics even if one or more race conditions
occur in state elements and/or one or more glitches occur in the clock tree.

[0068] FIG. 6A illustrates an exemplary circuit design with a latch in accordance with
an embodiment of the present invention. In some embodiments, circuit design 600 can
include sequential element 602, latch 604, combinational logic 612-614, and clock tree logic
616. During operation, data input 606 propagates to a data input of sequential element 602
(i.e., signal S1.D) via combinational logic 612. Sequential element 602 propagates the value
of signal S1.D to signal S1.Q when clock input 608 satisfies a triggering condition.

[0069] Signal S1.Q propagates to a data input signal of latch 604 (i.c., signal S2.D)
via combinational logic 614, which performs a logic transformation, such that it produces an
output value f(X) for an input signal X. Latch 604 then propagates the value of signal S2.D
to signal S2.Q if clock input 624 is at a triggering level. Note that clock tree logic 616
generates clock input 624 based at least on clock input 610.

[0070] FIG. 6B illustrates an exemplary circuit design with a flip-flop in accordance
with an embodiment of the present invention. In some embodiments, circuit design 630 can
include sequential element 632, flip-flop 634, combinational logic 642 and 644, and clock
tree logic 646. During operation, a data input 636 propagates to a data input of sequential
element 632 (i.e., signal S1.D) via combinational logic 642. Sequential element 632
propagates the value of signal S1.D to signal S1.Q when a clock input 638 satisfies a
triggering condition.

[0071] Also, signal S1.Q propagates to a data input signal of flip-flop 634 (i.c., signal
S2.D) via combinational logic 644, which performs a logic transformation, such that it
produces an output value f(X) for an input signal X. Flip-flop 634 then propagates the value
of signal S2.D to signal S2.Q when clock input 654 experiences a triggering transition.
Clock tree logic 646 generates clock input 654 based on clock input 640.

[0072] During simulation, the clock inputs to one or more sequential elements may

experience a glitch which may cause the sequential elements to change their output values
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when they should not have changed the value. Alternatively, a race condition may exist that
may cause a zero-delay simulator to assign a value to a sequential element’s output which is
different from what the value would have been if a physical circuit with non-zero delays had
been simulated. In either case, the simulation would not follow hardware semantics.

[0073] FIG. 7A illustrates an exemplary simulation output from a conventional logic
simulation of a latch. FIG 7A may illustrate a simulation output for circuit 600 of FIG. 6A.
Note that the simulation output covers nine simulation iterations (i.e., simulation iterations t;
through to).

[0074] The clock input for latch S2 is an inverse to the clock input for latch S1. This
clock configuration is intended to prevent a data input of the circuit (i.c., signal S1.D) from
propagating to a data output of the circuit (i.e., signal S2.Q) within a single clock period.
More specifically, signal S1.Q obtains a value from S1.D when S1.CLK has a triggering
value (e.g., a logic one value), which then propagates to signal S2.D. Then, when signal
S2.CLK obtains a triggering value (and signal S1.CLK obtains a non-triggering value), signal
S2.Q obtains a value from S2.D.

[0075] Unfortunately, a simulator may erroneously introduce a glitch in clock signal
S2.CLK when clock signal S1.CLK has a triggering value (e.g., signal S2.CLK toggles
during simulation iteration ts). In a zero-delay simulation, the glitch can open a propagation
path through latches S1 and S2 (i.e., a propagation path from signal S1.D to signal S2.Q).
This glitch can cause signal S2.Q to obtain the value f(I) during simulation iteration ts. The
value f(I) was not intended to arrive at signal S2.Q until simulation iteration ts when clock
signal S1.Q obtains a non-triggering value. In other words, in conventional simulators, signal
S2.Q will not follow hardware semantics if signal S2.CLK experiences an unintended glitch.

[0076] Further, clock signal S2.CLK may be involved in a race condition, such that
signal S2.CLK obtains a non-triggering value after signal S1.CLK obtains a triggering value
(e.g., simulation iteration t7). In a conventional zero-delay simulation, the race condition can
open a propagation path through latches S1 and S2, because latch S2 remains in a transparent
mode of operation when latch S1 enters the transparent mode of operation. This race
condition causes signal S2.Q to obtain the value f(J) during simulation iteration t7, which
should not have occurred until simulation iteration ts. In other words, in conventional
simulators, signal S2.Q will not follow hardware semantics if clock signal S2.CLK is

involved in a race condition.
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[0077] FIG. 7B illustrates an exemplary simulation output for a latch which is
simulated using the new semantics which use sampled values in accordance with an
embodiment of the present invention. FIG 7B may illustrate a simulation output for circuit
600 of FIG. 6A. Latches S1 and S2 can be simulated using the new semantics as described in
Tables 1A and 1B. Note that the simulation output covers nine simulation iterations (i.c.,
simulation iterations t; through t9). Furthermore, a simulation iteration includes a stimuli
application stage (illustrated by index D; for simulation iteration t;), and includes a clock
propagation stage (illustrated by index C; for simulation iteration t;).

[0078] As before, the clock input for latch S2 is an inverse to the clock input for latch
S1. This clock configuration causes signal S1.Q to obtain a value from S1.D when S1.CLK
has a triggering value (e.g., a logic one value) and S2.CLK has a non-triggering value. Then,
when signal S2.CLK obtains a triggering value (and S1.CLK obtains a non-triggering value),
signal S2.Q obtains a value from S2.D. In some embodiments, SAMPLE(S2.Q) obtains a
value from signal S2.Q after a stimuli application stage and before a subsequent clock
propagation stage (i.¢., after D; and before C;, for a simulation iteration t;).

[0079] When a simulator erronecously introduces a glitch in clock signal S2.CLK
when clock signal S1.CLK has a triggering value (e.g., signal S2.CLK toggles during
simulation iteration ts), the glitch can open a propagation path through latches S1 and S2 (i.e.,
a propagation path from signal S1.D to signal S2.Q), which can cause latch S2 to assign the
value f(I) to its data output during simulation iteration ts. However, unlike a conventional
zero-delay logic simulation, some embodiments of the present invention use the new
semantics to recover from this situation because signal S2.Q obtains the value f(H) from
SAMPLE(S2.Q) when signal S2.CLK obtains the non-triggering value during clock
propagation stage Cs, which causes signal S2.Q to retain the value it had before the glitch. In
other words, by using the sampled value, some embodiments of the present invention can
ensure that the simulation follows hardware semantics even if the simulator introduces an
unintended glitch in a signal.

[0080] Further, as explained above, clock signal S2.CLK can be involved in a race
condition, such that clock signal S2.CLK obtains a non-triggering value after signal S1.CLK
obtains a triggering value (e.g., during the clock propagation stage C7 of simulation iteration
t7). The race condition can open a propagation path through latches S1 and S2, which can

cause the simulator to assign the value f(J) to its data output during simulation iteration t;.
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However, unlike a conventional zero-delay logic simulation, some embodiments of the
present invention use the new semantics to recover from this situation because signal S2.Q
obtains the value f(I) from SAMPLE(S2.Q) when signal S2.CLK obtains the non-triggering
value during clock propagation stage C7, which causes signal S2.Q to retain the value it had
before the race condition.

[0081] FIG. 8A illustrates an exemplary simulation output from a convention logic
simulation of a flip-flop. FIG 8A can illustrates a simulation output for circuit 630 of FIG.
6B. Note that the simulation output covers nine simulation iterations (i.e., simulation
iterations t; through to).

[0082] The clock input for flip-flop S2 may be substantially similar to the clock input
for flip-flop S1. Signal S1.Q obtains a value from S1.D when S1.CLK experiences a
triggering edge-transition (e.g., a transition from a logic zero to a logic one). Simultancously,
signal S2.Q obtains a value from S2.D when S2.CLK obtains a triggering edge-transition.

[0083] A simulator may introduce an unintentional glitch in clock signal S2.CLK
which can cause S2.CLK to temporarily hold a logic zero (e.g., the glitch on signal S2.CLK
during simulation iteration t;). In a conventional zero-delay simulation, the glitch can cause
signal S2.Q to obtain the value from signal S2.D when signal S2.CLK obtains a triggering
edge-transition. This glitch causes signal S2.Q to obtain the value f(H) during simulation
iteration t;, which should not have arrived at signal S2.Q until simulation iteration t4 when
clock signal S1.Q obtains a triggering edge-transition. Further, as shown in FIG. 8A, clock
signal S2.CLK can experience another glitch which causes S2.CLK to temporarily hold a
logic one (e.g., the glitch on signal S2.CLK during simulation iteration tg). The glitch can
cause signal S2.Q to obtain the value from signal S2.D when signal S2.CLK obtains a
triggering edge-transition. This glitch causes signal S2.Q to obtain the value f(J) during
simulation iteration tg, which should not have arrived at signal S2.Q until simulation iteration
to when clock signal S1.Q obtains a triggering edge-transition. In other words, conventional
zero-delay simulators may not follow hardware semantics when a clock signal experiences an
unintentional glitch.

[0084] Further, clock signal S2.CLK can be involved in a race condition, such that
signal S2.CLK obtains a triggering edge-transition after signal S1.CLK obtains a triggering
edge-transition (e.g., simulation iteration t4). In a conventional zero-delay simulation, the

race condition can cause a signal to propagate across flip-flops S1 and S2 within a single
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clock cycle. More specifically, a signal can propagate to S1.Q at the start of the race
condition when signal S1.CLK obtains a triggering edge-transition. Then, the signal can
propagate to S2.Q at the end of the race condition when signal S2.CLK obtains the triggering
edge-transition. This race condition causes signal S2.Q to obtain the value f(I) during
simulation iteration t4, which should not have occurred until simulation iteration ts.

[0085] FIG. 8B illustrates an exemplary simulation output for a flip-flop which is
simulated using the new semantics in accordance with an embodiment of the present
invention. FIG 8B may illustrate a simulation output for circuit 630 of FIG. 6B.
Furthermore, flip-flops S1 and S2 may be simulated using the semantics shown in Table 2.
Note that the simulation output covers nine simulation iterations (i.c., simulation iterations t;
through tg). Furthermore, a simulation iteration includes a stimuli application stage
(illustrated by index D; for simulation iteration t;), and includes a clock propagation stage
(illustrated by index C; for simulation iteration t;).

[0086] As before, the clock input for flip-flop S2 can be substantially similar to the
clock input for flip-flop S1. Signal S1.Q obtains a value from S1.D when S1.CLK obtains a
triggering edge-transition (e.g., a transition from a logic zero to a logic one). Simultaneously,
signal S2.Q obtains a value from S2.D when S2.CLK obtains a triggering edge-transition.
Some embodiments of the present invention sample the value of S2.CLK to obtain
SAMPLE(S2.CLK) towards the end of the stimuli application stage, but before a subsequent
clock propagation stage begins (i.e., after D; and before C;, for a simulation iteration t;).
Similarly, SAMPLE(S2.D) obtains a value from signal S2.D, and SAMPLE(S2.Q) obtains a
value from signal S2.Q, towards the end of a stimuli application stage, but before a
subsequent clock propagation stage.

[0087] When clock signal S2.CLK experiences a glitch, it causes S2.CLK to
temporarily hold a logic zero (e.g., the glitch on signal S2.CLK during simulation iteration
ty). The glitch can cause the flip-flop to assign a new value to its data output when its clock
obtains a triggering edge-transition. However, unlike a conventional zero-delay simulation,
some embodiments of the present invention recover from this situation because
SAMPLE(S2.CLK) does not hold a logic zero value when signal S2.CLK obtains a triggering
edge-transition.

[0088] Further, when clock signal S2.CLK experiences a glitch which causes S2.CLK

to temporarily hold a logic one (e.g., the glitch on signal S2.CLK during simulation iteration
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tg), it can cause a conventional simulator to assign a new value to its data output when its
clock obtains a triggering edge-transition. However, unlike a conventional zero-delay logic
simulation, some embodiments of the present invention recover from this situation by causing
signal S2.Q to obtain the value f(I) from SAMPLE(S2.Q), when signal S2.CLK obtains the
non-triggering edge-transition during clock propagation stage Cs. In this manner, some
embodiments of the present invention cause signal S2.Q to retain the value it had before the
glitch, and in doing so, ensure that the simulation follows hardware semantics.

[0089] Suppose clock signal S2.CLK is involved in a race condition, in which signal
S2.CLK obtains a triggering edge-transition after signal S1.CLK obtains a triggering edge-
transition (e.g., simulation iteration t4). In conventional simulators, the race condition can
cause a signal to propagate across the two flip-flops within a single clock cycle. However,
unlike conventional zero-delay simulators, some embodiments of the present invention assign
SAMPLE(S2.D) to signal S2.Q when signal S2.CLK obtains a triggering edge-transition,
thereby ensuring that the race condition between does not cause a new value from S1.Q to
propagate through flip-flop S2. In other words, some embodiments of the present invention
ensure that the simulation follows hardware semantics even if race conditions exist in the
circuit.

[0090] FIG. 9 illustrates an exemplary computer system that facilitates simulating a
circuit design according to hardware semantics in accordance with an embodiment of the
present invention. Computer system 902 includes a processor 904, a memory 906, and a
storage device 908. Furthermore, computer system 902 can be coupled to a display device
910, a keyboard 912, and a pointing device 913.

[0091] Storage device 908 stores an operating system 914, a logic simulation system
916, a hardware description 926, a set of sampled signal values 928, and a simulation output
930. Logic simulation system 916 can include a graphical user interface (GUI) 918, a stimuli
application module 920, a clock propagation module 922, and a signal-sampling module 924.

[0092] During operation, logic simulation system 916 is loaded from storage device
908 into memory 906 and is executed by processor 904. In some embodiments, logic
simulation system 916 can take as input a hardware description 926 for a circuit design, and
generates a simulation output 930 for hardware description 926, such that simulation output

930 is in accordance with hardware semantics.
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[0093] In some embodiments, stimuli application module 920 performs a stimuli
application stage for a simulation of hardware description 926. During operation, stimuli
application module 920 evaluates a signal of hardware description 926 which does not
depend on a clock input signal. Clock propagation module 922 performs a clock propagation
stage for the simulation of hardware description 926. During operation, clock propagation
module 922 evaluates a signal of hardware description 926 which depends on a clock input
signal. If clock propagation module 922 needs a sampled value to evaluate the signal, clock
propagation module 922 can provide the signal to signal-sampling module 924, and signal-
sampling module 924 will return a sampled signal value 928 for the signal.

[0094] In some embodiments, signal-sampling module 924 can sample a value for a
signal of hardware description 926 at the end of the stimuli application stage (i.c., after the
stimuli application stage completes, and before a subsequent clock propagation stage begins).
To do so, signal-sampling module 924 reads a simulation value for a signal in hardware
description 926, and stores the sampled signal value 928 for the signal until it is sampled
again after a subsequent stimuli application stage. Furthermore, signal-sampling module 924
can provide sampled signal value 928 to stimuli application module 920 and to clock
propagation module 922 during simulation of hardware description 926.

[0095] FIG. 10 illustrates an apparatus that facilitates performing a logic simulation
of a circuit design in accordance with an embodiment of the present invention. Apparatus
1002 can comprise a number of mechanisms which may communicate with one another via a
wired or wireless communication channel. Apparatus 1002 may be realized using one or
more integrated circuits, and it may be integrated in a computer system, or it may be realized
as a separate device which is capable of communicating with other computer systems and/or
devices. Specifically, logic simulation apparatus 1002 can include a stimuli application
mechanism 1004, a clock propagation mechanism 1006, a signal-sampling mechanism 1008,
and a receiving mechanism 1010.

[0096] In some embodiments, logic simulation apparatus 1002 takes as input a circuit
design 1012, and generates a simulation output 1020 for a circuit design 1012, such that
simulation output 1020 is in accordance with hardware semantics.

[0097] In some embodiments, stimuli application mechanism 1004 performs a stimuli
application stage for a simulation of circuit design 1012. During operation, stimuli

application mechanism 1004 evaluates a signal of circuit design 1012 which does not depend
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on a clock input signal. If stimuli application mechanism 1004 needs a sampled value to
evaluate the signal, stimuli application mechanism 1004 can provide signal 1014 to signal-
sampling mechanism 1008, and signal-sampling mechanism 1008 will return a sampled value
1018 for signal 1014. Similarly, clock propagation mechanism 1006 performs a clock
propagation stage for the simulation of circuit design 1012. During operation, clock
propagation mechanism 1006 evaluates a signal of circuit design 1012 which depends on a
clock input signal. If clock propagation mechanism 1006 needs a sampled value to evaluate
the signal, clock propagation mechanism 1006 can provide signal 1016 to signal-sampling
mechanism 1008, and signal-sampling mechanism 1008 will return a sampled value 1018 for
signal 1016.

[0098] In some embodiments, signal-sampling mechanism 1008 can sample a value
for a signal of circuit design 1012 at the end of the stimuli application stage (i.c., after the
stimuli application stage completes, and before a subsequent clock propagation stage begins).
To do so, signal-sampling mechanism 1008 reads a simulation value for a signal in circuit
design 1012, and stores the sampled value for the signal until the signal is sampled again
after a subsequent stimuli application stage. Furthermore, signal-sampling mechanism 1008
can provide stimuli application mechanism 1004 and clock propagation mechanism 1006
with a sampled value (e.g., sampled value 1018) for a signal of circuit design 1012 (e.g.,
signals 1014-1016).

[0099] The foregoing descriptions of various embodiments have been presented only
for purposes of illustration and description. They are not intended to be exhaustive or to limit
the present invention to the forms disclosed. Accordingly, many modifications and variations
will be apparent to practitioners skilled in the art. Additionally, the above disclosure is not

intended to limit the present invention.
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What Is Claimed Is:

1. A method to simulate a circuit design, wherein a simulation cycle includes a
stimuli application stage and a clock propagation stage, wherein signal values that do not
depend on a clock are evaluated during the stimuli application stage, and wherein signal
values that depend on a clock are evaluated during the clock propagation stage, the method
comprising:

receiving a description of the circuit design, wherein the circuit design includes a
level-sensitive sequential circuit element which includes at least a data input and at least a
data output, and wherein the level-sensitive sequential circuit element propagates the data
input’s value to the data output when at least one condition in a group of conditions is true;
and

simulating the level-sensitive sequential circuit element during the simulation cycle
by at least:

during the stimuli application stage, sampling the data output’s value to obtain
a sampled output value; and

during the clock propagation stage, assigning the sampled output value to the
data output in response to determining that all conditions in the group of conditions

are false.

2. The method of claim 1, further comprising analyzing the description of the

circuit design to identify primary clocks and the level-sensitive sequential circuit element.

3. The method of claim 1, wherein the description of the circuit design is written
in a hardware description language which supports a sampling instruction which when
executed causes a signal value which is specified as a parameter of the sampling instruction

to be sampled during the stimuli application stage.

4. The method of claim 3, further comprising rewriting the description of the
circuit design so that the rewritten description of the circuit design uses the sampling

instruction to sample the data output’s value.
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5. The method of claim 1, wherein a signal in the circuit design is represented

using four valued logic.

6. A computer-readable storage medium storing instructions that when executed
by a computer cause the computer to perform a method to simulate a circuit design, wherein a
simulation cycle includes a stimuli application stage and a clock propagation stage, wherein
signal values that do not depend on a clock are evaluated during the stimuli application stage,
and wherein signal values that depend on a clock are evaluated during the clock propagation
stage, the method comprising;:
receiving a description of the circuit design, wherein the circuit design includes a
level-sensitive sequential circuit element which includes at least a data input and at least a
data output, and wherein the level-sensitive sequential circuit element propagates the data
input’s value to the data output when at least one condition in a group of conditions is true;
and
simulating the level-sensitive sequential circuit element during the simulation cycle
by at least:
during the stimuli application stage, sampling the data output’s value to obtain
a sampled output value; and
during the clock propagation stage, assigning the sampled output value to the
data output in response to determining that all conditions in the group of conditions

are false.

7. The computer-readable storage medium of claim 6, further comprising
analyzing the description of the circuit design to identify primary clocks and the level-

sensitive sequential circuit element.

8. The computer-readable storage medium of claim 6, wherein the description of
the circuit design is written in a hardware description language which supports a sampling
instruction which when executed causes a signal value which is specified as a parameter of

the sampling instruction to be sampled during the stimuli application stage.
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9. The computer-readable storage medium of claim 8, further comprising
rewriting the description of the circuit design so that the rewritten description of the circuit

design includes sampling instructions for sampling the data output’s value.

10. The computer-readable storage medium of claim 6, wherein a signal in the

circuit design is represented using four valued logic.

11.  An apparatus that simulates a circuit design, wherein a simulation cycle
includes a stimuli application stage and a clock propagation stage, wherein signal values that
do not depend on a clock are evaluated during the stimuli application stage, and wherein
signal values that depend on a clock are evaluated during the clock propagation stage, the
method comprising:

a receiving mechanism configured to receive a description of the circuit design,
wherein the circuit design includes a level-sensitive sequential circuit element which includes
at least a data input and at least a data output, and wherein the level-sensitive sequential
circuit element propagates the data input’s value to the data output when at least one
condition in a group of conditions is true;

a stimuli application mechanism configured to perform the stimuli application stage
of the simulation cycle;

a signal-sampling mechanism configured to sample the data output’s value during the
stimuli application stage to obtain a sampled output value; and

a clock propagation mechanism configured to perform the clock propagation stage of
the simulation cycle by at least assigning the sampled output value to the data output in

response to determining that all conditions in the group of conditions are false.

12. A method to simulate a circuit design, wherein a simulation cycle includes a
stimuli application stage and a clock propagation stage, wherein signal values that do not
depend on a clock are evaluated during the stimuli application stage, and wherein signal
values that depend on a clock are evaluated during the clock propagation stage, the method
comprising:

receiving a description of the circuit design, wherein the circuit design includes an

edge-triggered sequential circuit element which includes at least a data input, at least a data
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output, and at least a clock input, wherein the edge-triggered circuit element propagates the
data input’s value to the data output based at least on detecting a triggering edge-transition of
the clock input from a first value to a second value; and
simulating the edge-triggered sequential circuit element during the simulation cycle
by at least:
during the stimuli application stage,
sampling the data input’s value to obtain a sampled input value,
sampling the data output’s value to obtain a sampled output value, and
sampling the clock input’s value to obtain a sampled clock value; and
during the clock propagation stage,
assigning the sampled input value to the data output in response to
detecting that the clock input experienced a triggering edge-transition from the
first value to the second value, and that the sampled clock value is equal to the
first value, and
assigning the sampled output value to the data output in response to
detecting a non-triggering edge transition in the clock input from the second

value to the first value.

13.  The method of claim 12, further comprising analyzing the description of the

circuit design to identify the edge-triggered sequential circuit element.

14.  The method of claim 12, wherein the description of the circuit design is
written in a hardware description language which supports a sampling instruction which
when executed causes a signal value which is specified as a parameter of the sampling

instruction to be sampled during the stimuli application stage.

15.  The method of claim 14, further comprising rewriting the description of the
circuit design so that the rewritten description of the circuit design uses the sampling

instruction to sample the data output’s value.

16. The method of claim 12, wherein a signal in the circuit design is represented

using four valued logic.
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17. A computer-readable storage medium storing instructions that when executed
by a computer cause the computer to perform a method to simulate a circuit design, wherein a
simulation cycle includes a stimuli application stage and a clock propagation stage, wherein
signal values that do not depend on a clock are evaluated during the stimuli application stage,
and wherein signal values that depend on a clock are evaluated during the clock propagation
stage, the method comprising;:
receiving a description of the circuit design, wherein the circuit design includes an
edge-triggered sequential circuit element which includes at least a data input, at least a data
output, and at least a clock input, wherein the edge-triggered sequential circuit element
propagates the data input’s value to the data output based at least on detecting a triggering
edge-transition of the clock input from a first value to a second value; and
simulating the edge-triggered sequential circuit element during the simulation cycle
by at least:
during the stimuli application stage,
sampling the data input’s value to obtain a sampled input value,
sampling the data output’s value to obtain a sampled output value, and
sampling the clock input’s value to obtain a sampled clock value; and
during the clock propagation stage,
assigning the sampled input value to the data output in response to
detecting that the clock input experienced a triggering edge-transition from the
first value to the second value, and that the sampled clock value is equal to the
first value, and
assigning the sampled output value to the data output in response to
detecting a non-triggering edge transition in the clock input from the second

value to the first value.

18.  The computer-readable storage medium of claim 17, further comprising
analyzing the description of the circuit design to identify the sequential edge-triggered circuit

element.
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19.  The computer-readable storage medium of claim 17, wherein the description
of the circuit design is written in a hardware description language which supports a sampling
instruction which when executed causes a signal value which is specified as a parameter of

the sampling instruction to be sampled during the stimuli application stage.

20.  The computer-readable storage medium of claim 19, further comprising
rewriting the description of the circuit design so that the rewritten description of the circuit

design uses the sampling instruction to sample the data output’s value.

21. The computer-readable storage medium of claim 17, wherein a signal in the

circuit design is represented using four valued logic.

22.  An apparatus that simulates a circuit design, wherein a simulation cycle
includes a stimuli application stage and a clock propagation stage, wherein signal values that
do not depend on a clock are evaluated during the stimuli application stage, and wherein
signal values that depend on a clock are evaluated during the clock propagation stage, the
method comprising:

a receiving mechanism configured to receive a description of the circuit design,
wherein the circuit design includes an edge-triggered sequential circuit element which
includes a data input, a data output, and a clock input, wherein the edge-triggered circuit
clement propagates the data input’s value to the data output based at least on detecting a
triggering edge-transition of the clock input from a first value to a second value;

a stimuli application mechanism configured to perform the stimuli application stage
of the simulation cycle;

a signal-sampling mechanism configured to:

sample the data input’s value during the stimuli application stage to obtain a
sampled input value,

sample the data output’s value during the stimuli application stage to obtain a
sampled output value, and

sample the clock input’s value during the stimuli application stage to obtain a

sampled clock value; and
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a clock propagation mechanism configured to perform the clock propagation stage of
the simulation cycle by at least:
assigning the sampled input value to the data output in response to detecting
that the clock input experienced a triggering edge-transition from the first value to the
second value, and that the sampled clock value is equal to the first value, and
assigning the sampled output value to the data output in response to detecting

a non-triggering edge transition in the clock input from the second value to the first

value.
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