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HYPER-CONCURRENT MULTI-SCENARIO
OPTIMIZATION

Inventors: Amir H. Mottacz and Mahesh A. Iyer

Technical Field

[0001] This disclosure relates to electronic design automation (EDA). More specifically,
this disclosure relates to methods and apparatuses for performing hyper-concurrent multi-

scenario optimization.

BACKGROUND
Related Art

[0002] The relentless miniaturization and increasing complexity of integrated circuits
have been key driving forces behind the rapid advances in computer technology.

[0003] The advance to smaller semiconductor geometries has increased the variability in
process and operating conditions of integrated circuits. A process corner is a particular set of
process conditions under which the circuit design may be manufactured. An operating corner is a
particular set of operating conditions (e.g., temperature, voltage) under which the circuit design
may operate. The term “corner” can refer to a process corner, an operating corner, or a
combination thereof.

[0004] One reason for the increase in complexity of circuit designs is the introduction of
a large number of operational modes (e.g., stand-by, mission, test, etc.). Different operational
modes can have drastically different voltages, clock speeds, etc. Specifically, some parts of the
circuit design may be completely switched off in certain operational modes.

[0005] Note that operational modes are different from operating corners. Specifically,
operational modes are design dependent, i.¢., the circuit design dictates the different operational
modes in which a circuit design can operate. For example, typical operational modes for a circuit
design include, but are not limited to, a normal mode, a sleep mode, a stand-by mode, and a test
mode. On the other hand, an operating corner depends on the temperature and voltage variations
that are expected to occur during operation. For example, if a chip is expected to be used over a
temperature range of -40° C to 80° C, then the circuit designer may define multiple operating

corners that are associated with different operating temperatures.
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[0006] An important goal is to ensure that a circuit design meets the functional and

performance requirements under all possible operating conditions and process corners. The term
“Multi-Corner/Multi-Mode (MCMM) scenario,” or “scenario” for short, refers to a combination
of a particular corner and a particular operational mode.

[0007] Circuit optimization is a very complex task which can consume a significant
portion of the circuit design time. Therefore, the task of optimizing a circuit design across
multiple scenarios can easily become computationally intensive if the number of scenarios is too
large.

[0008] Unfortunately, the number of scenarios over which circuit designs are desired to
be optimized is increasing rapidly as semiconductor geometries become smaller and circuit

designs become more complex.

SUMMARY

[0009] Optimizing a circuit design can involve modifying the circuit design so that one or
more design constraints are met over a set of scenarios. Each scenario can be associated with a
corner and a mode. Some embodiments of the present invention provide techniques and systems
for reducing the number of scenarios over which a circuit design is optimized, and in doing so,
reducing the amount of computation required to optimize the circuit design. The scenario
reduction techniques presented in this disclosure attempt at attaining similar Quality of Results
(QoR) across all scenarios, had the circuit design been optimized with all the scenarios.

[0010] In some embodiments, the system can receive a set of scenarios over which the
circuit design is to be optimized. Next, the system can determine one or more margin values for
cach gate in a set of gates in each scenario in the set of scenarios. Each margin value can
indicate an amount by which a parameter can be changed in a scenario without violating a design
rule requirement or affecting a slack value at a timing end-point. For example, a timing margin
value at an output pin of a gate can be associated with a timing end-point and a scenario, and the
timing margin value can indicate an amount of timing degradation at the output pin of the gate
which is unobservable at the associated timing end-point in the associated scenario. In the case
of non-timing design requirements (e.g., maximum capacitance, maximum fan-out, etc.), a
margin value can indicate a difference between the maximum (or minimum) allowable parameter
value and the actual parameter value. For example, the leakage margin for a gate in a scenario
can indicate how much the gate’s leakage power can be increased in the scenario without
violating a leakage power limit. Similarly, a capacitive load margin at a gate’s output pin in a
scenario can indicate how much the capacitive load on the gate’s output pin can be increased in

the scenario without violating a maximum capacitance limit. Once the margin values are
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determined, the system can use the margin values to reduce the amount of computation required

to optimize the circuit design over the set of scenarios.

[0011] Specifically, in some embodiments, the system can use the margin values
associated with a gate to determine a subset of scenarios for the gate in which one or more
margin values are critical or near-critical. Note that the term “subset” refers to all or a portion of
a set. This subset of scenarios is called the set of essential scenarios for the gate. Specifically, a
set of scenarios for a gate whose worst timing, DRCs (design rule checks), and leakage are
affected by a change at that gate, is referred to as the set of essential scenarios for that gate. In
general, the cardinality of the set of essential scenarios for a gate increases as more near-critical
(margin) values are considered. In other words, if we consider values that are within some
margin threshold from those of the worst scenario, then the cardinality of the set of essential
scenarios for the gate is expected to be larger than if only the worse values were considered.

[0012] In some embodiments, the system can compare a margin value with an associated
threshold to determine whether the margin value is critical or near-critical. Next, the system can
optimize the circuit design, wherein if a gate is modified during optimization, circuit information
is updated in at least the set of essential scenarios associated with the gate. The amount of
computation required for optimization is reduced because the cardinality of the set of essential
scenarios can be much smaller than the cardinality of the set of scenarios.

[0013] In some embodiments, the system can group gates into buckets. Each bucket is
associated with a set of essential scenarios, and each bucket includes gates whose sets of essential
scenarios are a subset of the set of essential scenarios associated with the bucket. The system can
then optimize the circuit design on a bucket-by-bucket basis, ¢.g., the system can first optimize
gates in bucket B1, then optimize gates in bucket B2, and so forth.

[0014] Note that, when the system optimizes gates in a bucket, the system updates circuit
information in the set of essential scenarios for that bucket. Hence, before starting to optimize
gates in the next bucket, the system needs to ensure that the circuit information in the set of
essential scenarios associated with the next bucket is up-to-date. For example, after optimizing
the gates in bucket B1, the system can update the circuit information for scenarios that will be
considered while optimizing bucket B2, but which were not considered while optimizing bucket
B1. Circuit information can generally include any information that needs to be updated in the
circuit design when a gate in the circuit design is changed. For example, circuit information can
include the power leakage of a gate, the capacitive load at a pin, and the timing information (e.g.,
arrival times, required times, and slack values) at a pin.

[0015] In some embodiments, the system can determine a set of essential scenarios for

gates and timing end-points. Specifically, the system can use margin values for each gate in a set
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of gates in each scenario in the set of scenarios to determine a set of essential scenarios for each

gate in the set of gates. Next, the system can use a slack value at each timing end-point in a set
of timing end-points in each scenario in the set of scenarios to determine a set of essential
scenarios for each timing end-point in the set of timing end-points. Note that each timing end-
point can have a different slack value in each scenario. The system can determine a set of
essential scenarios for a timing end-point by determining scenarios in which the slack values are
critical or near critical. In some embodiments, the system can perform multiple iterations of
optimizations, wherein only critical slack values are used in the initial iterations, and both critical
and near critical slack values are used in later iterations.

[0016] Next, the system can group timing end-points into buckets, wherein each bucket is
associated with a set of essential scenarios, and wherein each bucket includes timing end-points
whose sets of essential scenarios are a subset of the set of essential scenarios associated with the
bucket. The system can then perform constrained optimization on each bucket by transforming
gates whose sets of essential scenarios are subsets of the set of essential scenarios associated with
the bucket. For example, the system can first perform delay optimization for timing end-points
in bucket B1, and then perform delay optimization for timing end-points in bucket B2, and so
forth. In some embodiments, during the constrained optimization, circuit information is updated
only in the set of essential scenarios associated with the bucket. For example, suppose bucket
B1’s set of essential scenarios is {S1, S2, S3}. Then, the system performs timing optimization
on the timing end-points in bucket B1 by processing only those gates in the circuit design whose
set of essential scenarios is a subset of {S1, S2, S3}.

[0017] In some embodiments, for each timing end-point, the system can receive a set of
candidate gates for optimizing timing. For example, the system can use margin values to
determine a set of candidate gates for optimizing timing for a timing end-point. The system can
then use the margin values to determine a set of essential scenarios for each candidate gate.

Next, for each timing end-point, the system can compute a union of the sets of essential scenarios
associated with the candidate gates that are going to be used for optimizing timing. Once a set of
essential scenarios is determined for each timing end-point, the system can group the timing end-
points into buckets, wherein each bucket is associated with a set of essential scenarios, and
wherein each bucket includes timing end-points whose sets of essential scenarios are a subset of
the set of essential scenarios associated with the bucket. Next, the system can perform
constrained optimization on each bucket by transforming gates whose sets of essential scenarios
are subsets of the set of essential scenarios associated with the bucket, wherein during the
constrained optimization, circuit information is updated in the set of essential scenarios

associated with the bucket.
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BRIEF DESCRIPTION OF THE FIGURES

[0018] FIG. 1 illustrates various steps in the design and fabrication of an integrated
circuit.

[0019] FIG. 2 presents a flowchart that illustrates a process for determining margin
values for non-timing constraints in accordance with some embodiments of the present invention.

[0020] FIG. 3 illustrates how timing information can be propagated in a circuit design.

[0021] FIGs. 4A-4D illustrate how margin values can be determined for timing
constraints in accordance with some embodiments of the present invention.

[0022] FIG. 5 presents a flowchart that illustrates a process for determining margin
values for timing constraints in accordance with some embodiments of the present invention.

[0023] FIG. 6 presents a flowchart that illustrates a process for optimizing a circuit design
over a set of scenarios in accordance with some embodiments of the present invention.

[0024] FIG. 7 presents a flowchart that illustrates a process for optimizing a circuit design
over a set of scenarios in accordance with some embodiments of the present invention.

[0025] FIG. 8 presents a flowchart that illustrates a process for optimizing a circuit design
over a set of scenarios in accordance with some embodiments of the present invention.

[0026] FIG. 9A presents a flowchart that illustrates a process for optimizing a circuit
design over a set of scenarios in accordance with some embodiments of the present invention.

[0027] FIG. 9B illustrates candidate gates for timing end-points in accordance with some
embodiments of the present invention.

[0028] FIG. 10 illustrates a computer system in accordance with some embodiments of
the present invention.

[0029] FIG. 11 illustrates an apparatus in accordance with some embodiments of the

present invention.

DETAILED DESCRIPTION
[0030] The following description is presented to enable any person skilled in the art to
make and use the invention, 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
invention. 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.
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[0031] FIG. 1 illustrates various steps in the design and fabrication of an integrated

circuit. The process starts with a product idea 100, which is realized using Electronic Design
Automation (EDA) software 110. Chips 170 can be produced from the finalized design by
performing fabrication 150 and packaging and assembly 160 steps.

[0032] A design flow that uses EDA software 110 is described below. Note that the
design flow description is for illustration purposes only, and is not intended to limit the present
invention. For example, an actual integrated circuit design may require a designer to perform the
design flow steps in a different sequence than the sequence described below.

[0033] In the system design step 112, the designers can describe the functionality to
implement. They can also perform what-if planning to refine the functionality and to check
costs. Further, hardware-software architecture partitioning can occur at this step. In the logic
design and functional verification step 114, a Hardware Description Language (HDL) design can
be created and checked for functional accuracy.

[0034] In the synthesis and design step 116, the HDL code can be translated to a netlist,
which can be optimized for the target technology. Further, tests can be designed and
implemented to check the finished chips. In the netlist verification step 118, the netlist can be
checked for compliance with timing constraints and for correspondence with the HDL code.

[0035] In the design planning step 120, an overall floor plan for the chip can be
constructed and analyzed for timing and top-level routing. Next, in the physical implementation
step 122, placement and routing can be performed.

[0036] In the analysis and extraction step 124, the circuit functionality can be verified at a
transistor level. In the physical verification step 126, the design can be checked to correct any
functional, manufacturing, electrical, or lithographic issues.

[0037] In the resolution enhancement step 128, geometric manipulations can be
performed on the layout to improve manufacturability of the design. Finally, in the mask data
preparation step 130, the design can be taped-out for production of masks to produce finished
chips.

[0038] A circuit optimization technique that optimizes a circuit design over a set of
scenarios must meet the functional and performance goals (timing, power, area, etc.) for the
circuit design for all the scenarios. Note that, as used in this disclosure, the terms “optimize,”

2% ¢

“optimizing,” “optimization,” etc., relate to a process that tries to improve one or more metrics
associated with the circuit design. These terms are not intended to imply that a local or a global
optimum value is being determined. The metrics could include electrical design rules (e.g.,
maximum capacitance, maximum transition, maximum fanout), leakage power, area, and timing-

related metrics (e.g., Worst Negative Slack (WNS) and Total Negative Slack (TNS)).
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[0039] Each scenario can be associated with a corner and a mode. For example, a

scenario may be associated with a positive defocus process corner and a normal operating mode.
If there are no design requirement violations in this scenario, the chip is expected to behave as
desired in its normal operating mode, even if the chip was manufactured using a
photolithography process that is positively defocused.

[0040] Traditional approaches optimize each scenario independently and sequentially.
These approaches suffer from poor quality of results and long run-times in converging on an
optimal solution for all scenarios. Very often, these techniques fail to converge on an optimal
solution because of “ping-pong” effects. For example, if an optimizing transformation performed
in one scenario cancels the effects of an optimizing transformation performed in another
scenario, the technique may “ping-pong” between these two scenarios, thereby preventing the
solution from converging.

[0041] Some approaches model all of the scenarios concurrently and construct optimal
solutions under the constraints of all scenarios. For example, these approaches evaluate the
timing of the circuit by performing static timing analysis for all scenarios, and update timing
information for all scenarios when an optimization transformation is applied to a gate. Note that
a gate can generally be any portion of the circuit design that performs a logical function and
which may have one or more inputs and one or more outputs. In these approaches, the system
optimizes the circuit design based on the slack/timing, leakage power, and DRC information over
all scenarios. Although these approaches are superior to approaches that optimize one scenario at
a time, they incur additional run-time and memory overhead. This is because, in these
approaches, whenever timing, power, and DRC information (e.g., electrical design rules) are
updated, they have to be updated across all scenarios. Note that the run-time and memory
overhead increase with the number of scenarios. Since the number of scenarios is rapidly
increasing as semiconductor geometries become smaller and circuit designs become more
complex, these approaches are quickly becoming computationally impractical.

[0042] Some embodiments of the present invention overcome the run-time and memory
overhead of approaches that concurrently analyze and optimize a circuit design over a set of
scenarios by identifying a subset of scenarios that is sufficient for achieving optimal
implementation results. Once the subset of scenarios has been identified, the analysis and
optimization is performed only over the subset of scenarios. Specifically, timing, power, and
DRC analyses are performed only on the subset of scenarios. All other scenarios that do not
belong to the subset are not considered during analysis and optimization, thereby reducing the

run-time and memory requirements.
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[0043] A circuit design is typically optimized for a number of constraints or optimization

criteria (e.g., timing, power, electrical DRC, etc.) in each of the scenarios for each relevant object
(e.g., timing end-point, net, cell, design, etc.) in the design. A constrained object in the circuit
design can be any object in the circuit design (e.g., a net, a gate, a pin or terminal of a gate, a
timing end-point, etc.) which is required to meet one or more design constraints in one or more
scenarios.

[0044] Some embodiments of the present invention determine margin values associated
with the constrained objects in the circuit design in each scenario, and use the margin values to
determine the subset of scenarios over which the circuit design needs to be optimized. A margin
value indicates an amount by which a parameter can be changed in a scenario without violating a
design requirement or affecting a slack value at a timing end-point. Some examples of
constraints and the objects that they apply to are discussed in the following paragraphs. The
following examples are for illustration purposes only and are not intended to limit the scope of
the present invention.

[0045] An “clectrical design rule” constraint imposes one or more limits on one or more
electrical properties or parameters of an object. Examples of electrical design rule (DRC)
constraints include: the maximum allowable signal transition time, the maximum allowable
capacitive load on each gate, the maximum allowable fan-out of a net, and the maximum length
of a net. Different DRC constraints can apply to different types of objects. For example, the
maximum allowable signal transition time constraint and the maximum allowable capacitive load
constraint can apply to a gate. The maximum allowable fan-out and the maximum length
constraints can apply to a net. The margin value for a DRC constraint is the maximum of two
values: zero and the difference between the maximum allowable DRC value (as specified by the
DRC constraint) and the actual value in the circuit design. In other words, if the difference
between the maximum allowable DRC value and the actual value is positive, then this difference
is the margin value. On the other hand, if the difference between the maximum allowable DRC
value and the actual value is negative, then the margin value is zero. A margin value of zero
indicates that any increase in the electrical parameter value at the output pin of the gate will
(possibly further) violate the associated maximum limit.

[0046] A “power” constraint can impose one or more limits on one or more power-related
properties of a circuit design. Examples of power constraints include upper limits on the
allowable leakage, dynamic, and/or total power of an object. This constraint can be applied to
different levels of objects in the circuit design. For example, the power constraint can be applied
to the entire circuit design or to each leaf-level cell instance in the circuit design. Like DRC

constraints, the margin value for a power constraint is the maximum of two values: zero and the
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difference between the maximum allowable value (as specified by the power constraint) and the

actual value in the circuit design. In other words, if the difference between the maximum
allowable value and the actual value is positive, then this difference is the margin value. On the
other hand, if the difference between the maximum allowable DRC value and the actual value is
negative, then the margin value is zero. A margin value of zero indicates that any increase in the
power consumption of the constrained object will (possibly further) violate the associated
maximum power budget.

[0047] FIG. 2 presents a flowchart that illustrates a process for determining margin
values for non-timing constraints in accordance with some embodiments of the present invention.

[0048] The process can begin by determining the actual value of a parameter for an object
(step 202). Next, the system can determine the margin value by determining the maximum of
two values: zero and the difference between the maximum allowable value for the parameter and
the actual value of the parameter (step 204). For example, suppose the power consumption
values of a gate in scenarios S1 and S2 are 25 and 32 units, respectively. Further, assume that the
maximum power limit is 30 units. Then, the power margin values for the gate in scenarios S1
and S2 will be 5 and 0 units, respectively.

[0049] The following paragraphs first provide examples of timing constraints, then
explain how timing information can be updated in the circuit design, and then explain how
margin values can be determined for timing constraints.

[0050] A “maximum delay timing” constraint (also known as a “setup time” constraint)
requires a signal to arrive at a timing end-point before the required time associated with the
timing end-point. If this constraint is violated, the circuit design will most likely need to be
operated at a slower speed. The value of this constraint can be represented in terms of slack
(which is the difference between the required time and the arrival time of a signal). The
magnitude of this value can be negative (when the end-point does not meet the constraint) or
positive (when the end-point satisfies the constraint). Note that a timing end-point can have
multiple required times. In such cases, the system can either keep track of each slack separately
(e.g., by creating a separate object for each required time), or the system can keep track of the
worst-case slack across all required times associated with a timing end-point.

[0051] A “minimum delay timing” constraint (also known as a “hold time” constraint)
requires a signal to arrive at a timing end-point after the required time. If this constraint is
violated, the circuit will most likely be inoperable and/or have incorrect functionality (e.g.,
because the signal was not captured by a register). The value of this constraint can be

represented in terms of slack (which is the difference between the arrival time and the required
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time of a signal). The magnitude of this value can be negative (when the end-point does not meet

the constraint) or positive (when the end-point satisfies the constraint).

[0052] FIG. 3 illustrates how timing information can be propagated in a circuit design.

[0053] Circuit design 300 can be part of a larger circuit design. A timing start-point or
end-point can generally be any point in a circuit design where one or more timing requirements
need to be satisfied. Specifically, a timing start-point can be a register output or a primary input,
and a timing end-point can be a register input or a primary output.

[0054] Circuit design 300 includes gates 302, 304, and 306. Applying an optimization
transformation to gate 302 can change the capacitive load on gate 304, which can change the
arrival and transition times at gate 304’s output, gate 302’s input, and gate 306’s input. These
changes can ripple through regions 308 and 310 to the timing end-points of circuit design 300.
This, in turn, can cause the required times in the entire fan-in cones of these timing end-points to
be out-of-date. Hence, after propagating the timing information in the forward direction,
conventional systems typically propagate required times in the backward direction, e.g.,
backward along region 312 to the timing start-points. Further details on static timing analysis
and propagation of timing information can be found in Luciano Lavagno (Editor), Louis Scheffer
(Editor), Grant Martin (Editor), EDA for IC Implementation, Circuit Design, and Process
Technology (Electronic Design Automation for Integrated Circuits Handbook), CRC Press, 1%
Ed., March 2006.

[0055] FIGs. 4A-4D illustrate how margin values can be determined for timing
constraints in accordance with some embodiments of the present invention. Circuit design 400
can be part of a larger circuit design. Circuit design 400 includes gates 402, 404, 406, 408, and
410.

[0056] FIG. 4A illustrates how arrival times can be propagated in accordance with some
embodiments of the present invention.

[0057] As mentioned before, arrival times at the timing start-points are propagated

toward the timing end-points. For example, suppose the arrival times at the inputs of gate 406

are a; and ap. The arrival times can be propagated to the output pin of gate 406 as follows. First,

delays 0; and 6, can be added to arrival times a; and a,, respectively. Delays 0; and 6, represent
the delay experienced by a signal as it traverses from the top and bottom inputs, respectively, of
gate 406 to the output pin of gate 406. Next, the arrival times can be merged by selecting the
worst-case arrival time. When timing analysis is performed to identify setup violations, the
worst-case arrival time is the maximum arrival time. On the other hand, when timing analysis is
performed to identify hold violations, the worst-case arrival time is the minimum arrival time. In

the timing propagation example illustrated in FIGs. 4A-4D, timing analysis is being performed to
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identify setup violations. Hence, as shown in FIG. 4A, the worst-case arrival time at the output

pin of gate 406 is equal to the maximum of (a; + 6;) and (a; + &2). The arrival times can be
propagated to the timing end-points in this manner.

[0058] FIG. 4B illustrates how required times can be propagated in accordance with some
embodiments of the present invention. Each required time can be associated with a timing end-

point in a path-group. A timing end-point can have different required times for different path-
groups. For example, required times R and R, at end-point e; are associated with path-groups
p1 and po, respectively.

[0059] Suppose required times Ry and R, are propagated from end-point ¢; along the
dotted line to the output pin of gate 408. Note that it is possible for required times Rj; and R» to
be propagated back along different paths, but they have been shown to be propagated along the
same path in FIG. 4B for the sake of clarity. Let rj; and r;» denote the required times at the
output pin of gate 408. The 3-tuple (ey, p1, r11) indicates that r; is associated with end-point ¢
in path-group p;, and the 3-tuple (e, p2, r12) indicates that required time r;; is associated with
end-point e; in path-group p».

[0060] Similarly, suppose required times R, and R», are propagated back from end-
points e; and e;, respectively, along the dotted lines to the output pin of gate 410. Letr’> and ra;
denote the required times at the output pin of gate 410. Note that required time r’1> can be
different from required time ry; because they are propagated along different paths. The 3-tuple
(e1, p2, 1'12) indicates that r’15 is associated with end-point e; in path-group p,, and the 3-tuple

(e2, P2, 122) indicates that required time r»5 is associated with end-point e, in path-group p».
[0061] The required times at the outputs of gates 408 and 410 can be propagated to the

inputs as follows. First, delays 811, 012, 0’12, and d»» can be subtracted from required times 1y,
12, 1’12, and 13, respectively. Delays 011 and 95 can represent the delay experienced by a signal
as it traverses from a corresponding input of gate 408 to the output pin of gate 408. Delays 6’12

and 0,» can represent the delay experienced by a signal as it traverses from a corresponding input
of gate 410 to the output pin of gate 410.

[0062] Next, the required times can be merged by selecting the worst-case required time
associated with a particular end-point in a particular path-group. When timing analysis is
performed to identify setup violations, the worst-case required time is the minimum required
time. When timing analysis is performed to identify hold violations, the worst-case required time

is the maximum required time. The timing analysis in FIGs. 4A-4D is for identifying setup



10

15

20

25

30

WO 2012/015689 12 PCT/US2011/044980
violations. Hence, as shown in FIG. 4B, the worst-case required times at the output pin of gate

406 are as follows: (e1, p1, T11- 811), (€1, P2, Min(ri2- 312, r'12- 8’12)), and (€2, P2, 22- 822).
[0063] Note that the required time associated with end-point e in path-group p; is
propagated across gate 408 without any merging, because that is the only required time value

associated with end-point e in path-group p;. The same is true with the required time associated
with end-point e in path-group p», i.¢., the required time associated with end-point e, in path-
group p» is propagated across gate 410 without any merging. However, there are two required

time values associated with end-point e; in path-group p,. Hence, these two required time values
are merged and the minimum of the two required time values is propagated. Required times can
be propagated to the timing start-points in this manner.

[0064] Once the arrival times and the required times have been computed, the system can
then compute the slacks and the margins. FIG. 4C illustrates slack values in accordance with
some embodiments of the present invention.

[0065] Just like required times, cach slack value is associated with a timing end-point in a
path-group. Specifically, to compute the slack values associated with a pin, the system can
subtract the arrival time from the required times. For example, the output pin of gate 406 can
have three slack values s11, $12, and s>>. The 3-tuples (eq, p1, S11), (€1, P2, S12), and (€2, P2, $22)
represent the association between the slack values and the timing end-points in the path-groups.
The three slack values can be computed as follows: s;; = (r11- 811) - max((a; + 1), (ar + 0»)); S1»
= min(r;2- 812, r'12- 8’12) - max((a; + 81), (a2 + &2)); and 853 = (r22- 822) - max((a; + 31), (az +
02)). Recall that a; and a; are the arrival times at the inputs of gate 406, and delays d; and o,
represent the delay experienced by a signal as it traverses from the top and bottom inputs,

respectively, of gate 406 to the output pin of gate 406.

[0066] Slack values can similarly be computed at the timing end-points. These slack
values are shown in FIG. 4C as vy, vi», and v2>. Note that each timing end-point can have
different slack values for different path-groups. The 3-tuples (e, p1, vi1), (€1, P2, V12), and (e»,
P2, V2o) represent the association between the slack values and the timing end-points in the path-
groups.

[0067] Next, the margin value at an output can be computed by subtracting the slack
value at the timing end-point from the slack value at the output. FIG. 4D illustrates margin
values for timing constraints in accordance with some embodiments of the present invention.

[0068] Just like required times and slack values, each margin value is associated with a

timing end-point in a path-group. The margin values at the output pin of gate 406 are shown in
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FIG. 4D as my, myp, and mpp. The 3-tuples (¢y, p1, myy), (€1, p2, my2), and (2, p2, M22)

represent the association between the margin values and the timing end-points in the path-groups.
The three margin values can be computed as follows: mj; =811 - vi1; m2 =812 - vi2; and mpy =

S22 - v22. A margin value of zero indicates that any change in the slack value at the output pin of
the gate will affect the slack value at the associated end-point in the path-group. A positive
margin value indicates the amount of timing degradation at the output pin of the gate which is not
observable (i.e., which will not affect the slack value) at the associated end-point in the path-
group. In some embodiments, the minimum margin value at an output pin can be determined by
determining the minimum margin value at the output pin across all timing end-points in all path-
groups. This minimum margin value represents the tightest constraint on the output pin.

[0069] FIG. 5 presents a flowchart that illustrates a process for determining margin
values for timing constraints in accordance with some embodiments of the present invention.

[0070] The process can begin by determining an arrival time at an output pin of a gate
(step 502). As explained above, determining the arrival time at an output pin of a gate can
involve determining a maximum arrival time in a set of arrival times which is propagated
forward from a set of input pins of the gate to the output pin of the gate. If timing analysis is
performed to identify hold violations, the system can determine the minimum arrival time instead
of the maximum arrival time.

[0071] Next, the system can determine a set of required times at the output pin of the
gate, wherein each required time in the set of required times is associated with a timing end-point
in a path-group (step 504). As explained above, determining a required time associated with a
timing end-point in a path-group at the output pin of the gate includes determining a minimum
required time in a set of fan-out required times associated with the timing end-point in the path-
group, wherein the set of fan-out required times is propagated backward from a set of fan-out
gates electrically coupled to the output pin of the gate. If timing analysis is performed to identify
hold violations, the system can determine the maximum required time instead of the minimum
required time.

[0072] The system can then determine a first set of slack values at the output pin of the
gate by computing a difference between each required time in the set of required times and the
arrival time (step 506).

[0073] Next, the system can determine a set of margin values at the output pin of the gate,
wherein each margin value is determined by computing a difference between a first slack value
in the first set of slack values and a second slack value at a timing end-point in a path-group

which is associated with a required time that was used to compute the first slack value (step 508).
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[0074] In this manner, the system can keep track of required times, slack values, and

margin values for each timing end-point in each path-group, and compute multiple margin values
at the output pins of gates that are candidates for optimization. Further details on determining
and using margin values for timing constraints can be found in U.S. Patent Application No.
12/783,915, by inventors Mahesh A. Iyer, Amir H. Mottaez, and Rajnish K. Prasad, entitled
“Global Timing Modeling Within a Local Context,” filed on 20 May 2010, having Attorney
Docket No. SNPS-1313, which is incorporated herein by reference.

[0075] Once the margin values have been determined for all constrained objects across all
scenarios, the system can then use this information to identify a subset of scenarios such that, if
the circuit design is optimized for the subset of scenarios, the circuit design is expected to be
optimized for all scenarios. Specifically, if the circuit design is optimized so that the value of a
constrained object in the worst-case scenario meets the constraint, then it is very likely that all
other scenarios will also meet the constraint.

[0076] FIG. 6 presents a flowchart that illustrates a process for optimizing a circuit design
over a set of scenarios in accordance with some embodiments of the present invention.

[0077] The process can begin by determining one or more margin values for each gate in
a set of gates in each scenario in the set of scenarios (step 602). As explained above, a margin
value indicates an amount by which a parameter can be changed in a scenario without violating a
design requirement or affecting a slack value at a timing end-point.

[0078] Next, the system can use the margin values to determine a set of essential
scenarios for each gate in the set of gates (step 604). Note that each set of essential scenarios is a
subset of the set of scenarios. Each set of essential scenarios can include scenarios in which one
or more margin values are either critical (e.g., equal to zero), or near critical (e.g., less than a
threshold). In other words, the system can determine a set of essential scenarios for a gate by
determining scenarios in which at least one margin value associated with a constraint is less than
a threshold associated with the constraint.

[0079] For example, suppose a gate needs to be optimized for constraints C1 and C2 over
a set of four scenarios: S1, S2, S3, and S4. Further, suppose that the margin values for constraint
C1 over scenarios S1, S2, S3, and S4 are 0.0, 0.8, 5.7, and 1.2, respectively; and the margin
values for constraint C2 over scenarios S1, S2, S3, and S4 are 5.0, 0.0, 0.9, and 0.2, respectively.
Additionally, suppose that the thresholds associated with constraints C1 and C2 are 1.0 and 0.5,
respectively. In this example, the set of essential scenarios is {S1, S2, S4}. Scenario S3 is not an
essential scenario because both of the margin values in scenario S3 are greater than the

associated thresholds.
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[0080] The system can then optimize the circuit design, wherein if a gate is modified

during optimization, circuit information is updated in at least the set of essential scenarios
associated with the gate (step 606). Specifically, in some embodiments, circuit information is

updated only in the set of essential scenarios associated with the gate.

Process for Optimizing Area, Leakage Power, and DRCs

[0081] FIG. 7 presents a flowchart that illustrates a process for optimizing a circuit design
over a set of scenarios in accordance with some embodiments of the present invention. The
process illustrated in FIG. 7 can be performed during step 606 to optimize non-timing metrics
such as area, leakage power, and DRCs.

[0082] The process can begin by grouping gates into buckets, wherein each bucket is
associated with a set of essential scenarios, and wherein each bucket includes gates whose sets of
essential scenarios are a subset of the set of essential scenarios associated with the bucket (step
702). In some embodiments, margin values can be used to determine a set of essential scenarios
for each gate. However, embodiments of the present invention are not limited to using margin
values to determine the set of essential scenarios.

[0083] Next, the system can optimize the circuit design by optimizing gates in each
bucket, wherein during optimization, circuit information is updated in the set of essential
scenarios associated with the bucket (step 704).

[0084] For example, suppose gates G1, G2, and G3 are associated with essential scenario
sets {S1, S2}, {S1, S2}, and {S1, S2, S3}, respectively. In one embodiment, the system may
create two buckets corresponding to the two sets of essential scenarios, ¢.g., buckets B1 and B2
which correspond to essential scenario sets {S1, S2} and {S1, S2, S3}, respectively. In this
embodiment, gates G1 and G2 are put in bucket B1 and gate G3 is put in bucket B2. The system
can first optimize gates in bucket B1 and then optimize gates in bucket B2. While optimizing
gates in bucket B1, the system may update circuit information only in scenarios S1 and S2; the
system may not update circuit information in scenario S3 because scenario S3 is not an essential
scenario for the gates in bucket B1. However, before optimizing gates in bucket B2, the system
needs to update the circuit information in scenario S3. Once the circuit information is updated
for scenario S3, the system can then optimize gates in bucket B2. Note that, while optimizing
gates in bucket B2, the system updates circuit information in scenarios S1, S2, and S3. In
another embodiment, the system may create a single bucket associated with the essential scenario
set {S1, S2, S3} and group gates G1, G2, and G3 into this bucket. In this embodiment, the

system updates circuit information in scenarios S1, S2, and S3 during optimization.
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Process for Optimizing Timing Metrics

[0085] FIGs. 8 and 9 describe two approaches for optimizing timing metrics. The
approach in FIG. 8 is more aggressive than the approach in FIG. 9 in terms of reducing the
number of scenarios. If multiple iterations of optimization are performed on the circuit design,
the aggressive approach illustrated in FIG. 8 can be used during the initial iterations, and the
conservative approach illustrated in FIG. 9 can be used during the later iterations.

[0086] FIG. 8 presents a flowchart that illustrates a process for optimizing a circuit design
over a set of scenarios in accordance with some embodiments of the present invention. The
process illustrated in FIG. § can be performed during step 606 to optimize timing metrics such as
WNS and TNS.

[0087] The process can begin by determining a set of essential scenarios for each gate in
a sct of gates (step 802). As described previously, essential scenarios for a gate are those
scenarios in which a change in the gate is likely to affect the slack values at one or more timing
end-points in the circuit design, violate a leakage power budget, and/or violate a DRC. In some
embodiments, margin values can be used to determine a set of essential scenarios. However,
embodiments of the present invention are not limited to using margin values to determine the set
of essential scenarios.

[0088] Next, the system can use slack values in the set of scenarios at each timing end-
point in a set of timing end-points to determine a set of essential scenarios for each timing end-
point in the set of timing end-points (step 804). As explained above, each timing end-point can
have different slack values in different scenarios. A positive slack value at a timing end-point
can indicate that the timing requirement is being met, whereas a negative slack value can indicate
that the timing requirement is not being met. Instead of only trying to optimize negative slacks,
the system may also try to optimize slacks that are barely meeting timing. For example, a user
may decide to perform timing optimization for slack values that are less than a threshold, e.g.,
0.2.

[0089] Next, the system can group timing end-points into buckets, wherein each bucket is
associated with a set of essential scenarios (step 806). Each bucket includes timing end-points
whose sets of essential scenarios are a subset of the set of essential scenarios associated with the
bucket.

[0090] The system can then perform constrained timing optimization on each bucket by
transforming gates whose sets of essential scenarios are subsets of the set of essential scenarios
associated with the bucket, wherein during the constrained optimization, circuit information is
updated in the set of essential scenarios associated with the bucket (step 808). In some

embodiments, the circuit information is updated only in the set of essential scenarios associated
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with the bucket. For example, suppose gates G1, G2, and G3 are associated with essential

scenario sets {S1, S2}, {S1, S2, S4}, and {S1, S2, S3}, respectively. Further, suppose that
bucket B1 includes one or more timing end-points and is associated with essential scenario set
{S1, S2, S4}. Then, to perform constrained optimization for the timing end-points in bucket B1,
the system may optimize gates G1 and G2, but not gate G3. In some embodiments, during
optimization, circuit information is updated only in scenarios S1, S2, and S4.

[0091] FIG. 9A presents a flowchart that illustrates a process for optimizing a circuit
design over a set of scenarios in accordance with some embodiments of the present invention.
The process illustrated in FIG. 9A can be performed during step 606 to optimize timing metrics
such as WNS and TNS.

[0092] The process can begin by receiving margin values for each gate in each scenario
in the set of scenarios, wherein each margin value indicates an amount by which a parameter can
be changed in a scenario without violating a design requirement or affecting a slack value at a
timing end-point (step 902).

[0093] Next, the system can receive a set of candidate gates for each timing end-point in
a set of timing end-points, wherein each set of candidate gates is used for optimizing timing of
the associated timing end-point (step 904). In some embodiments, the system can use the timing
margin values to identify candidate gates for each timing end-point. For example, for each
timing end-point, the system can identify gates that have a timing margin associated with the
timing end-point that is less than a given threshold.

[0094] FIG. 9B illustrates candidate gates for timing end-points in accordance with some
embodiments of the present invention.

[0095] In circuit design 920, the system can identify the set of candidate gates {G1, G2}
for optimizing timing at timing end-point 922, and the set of candidate gates {G2, G3, G4} for
optimizing timing at timing end-point 924.

[0096] The system can then use the margin values to determine a set of essential
scenarios associated with each candidate gate (step 906).

[0097] Next, the system can determine a set of essential scenarios for each timing end-
point by computing a union of the sets of essential scenarios associated with the set of candidate
gates that are associated with the timing end-point (step 908). For example, as shown in FIG.
9B, suppose the essential scenario sets for gates G1, G2, G3, and G4 are {S1, S2}, {S1, S2}, {S2,
S3}, and {S4, S5}, respectively. Then, the set of essential scenarios for timing end-point 922 is
{S1, S2} because that is the union of the essential scenario sets for gates G1 and G2. The set of
essential scenarios for timing end-point 924 is {S1, S2, S3, S4, S5} because that is the union of

the essential scenario sets for gates G2, G3, and G4.
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[0098] Then system can then group timing end-points into buckets, wherein each bucket

is associated with a set of essential scenarios, and wherein each bucket includes timing end-
points whose sets of essential scenarios are a subset of the set of essential scenarios associated
with the bucket (step 910). For example, the system may create two buckets — bucket B1 for
essential scenario set {S1, S2} and bucket B2 for essential scenario set {S1, S2, S3, S4, S5}. In
this case, bucket B1 will include timing end-point 922, and bucket B2 will include timing end-
point 924. Alternatively, the system may create a single bucket, say B1, for essential scenario set
{S1, S2, 83, S4, S5}, which includes timing end-points 922 and 924.

[0099] Next, the system can perform constrained timing optimization on each bucket by
transforming gates whose sets of essential scenarios are subsets of the set of essential scenarios
associated with the bucket, wherein during the constrained optimization, circuit information is
updated in the set of essential scenarios associated with the bucket (step 912). In some
embodiments, the circuit information is updated only in the set of essential scenarios associated
with the bucket.

[0100] FIG. 10 illustrates a computer system in accordance with some embodiments of
the present invention.

[0101] Computer system 1002 can include a processor 1004, a memory 1006, and a
storage device 1008. Computer system 1002 can be coupled to a display device 1014, a
keyboard 1010, and a pointing device 1012. Storage device 1008 can store operating system
1018, applications 1016, and data 1020.

[0102] Applications 1016 can include instructions which, when executed by computer
system 1002, can cause computer system 1002 to perform processes which are implicitly or
explicitly described in this disclosure. Data 1020 can include any data that is required as input or
that is generated as output by processes which are inherently or explicitly described in this
disclosure.

[0103] FIG. 11 illustrates an apparatus in accordance with some embodiments of the
present invention.

[0104] Apparatus 1102 can comprise a plurality of mechanisms which may communicate
with one another via a wired or wireless communication channel. Apparatus 1102 may be
realized using one or more integrated circuits, and apparatus 1102 may include fewer or more
mechanisms than those shown in FIG. 11. Further, apparatus 1102 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.

[0105] Apparatus 1102 can include one or more mechanisms which are configured to

perform operations which are inherently or explicitly described in this disclosure. Specifically,
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apparatus 1102 can include receiving mechanism 1104, computing mechanism 1106, determining

mechanism 1108, and optimizing mechanism 1110. Receiving mechanism 1104 can be
configured to receive a set of scenarios. Computing mechanism 1106 can be configured to
compute margin values. Determining mechanism 1108 can be configured to determine essential
scenarios based at least on the margin values. Optimizing mechanism 1110 can be configured to

use the essential scenarios to optimize a circuit design.

CONCLUSION

[0106] The above description is presented to enable any person skilled in the art to make
and use the embodiments. Various modifications to the disclosed embodiments will be readily
apparent to those skilled in the art, and the general principles defined herein are applicable 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.

[0107] The data structures and code described in this disclosure can be partially or fully
stored on a computer-readable storage medium and/or a hardware module and/or hardware
apparatus. A 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, now
known or later developed, that are capable of storing code and/or data. Hardware modules or
apparatuses described in this disclosure include, but are not limited to, application-specific
integrated circuits (ASICs), field-programmable gate arrays (FPGAs), dedicated or shared
processors, and/or other hardware modules or apparatuses now known or later developed.

[0108] The methods and processes described in this disclosure can be partially or fully
embodied as code and/or data stored in a computer-readable storage medium or device, so that
when a computer system reads and executes the code and/or data, the computer system performs
the associated methods and processes. The methods and processes can also be partially or fully
embodied in hardware modules or apparatuses, so that when the hardware modules or
apparatuses are activated, they perform the associated methods and processes. Note that the
methods and processes can be embodied using a combination of code, data, and hardware
modules or apparatuses.

[0109] The foregoing descriptions of embodiments of the present invention 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
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above disclosure is not intended to limit the present invention. The scope of the present

invention is defined by the appended claims.
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What Is Claimed Is:

1. A method for optimizing a circuit design over a set of scenarios, the method
comprising:

determining one or more margin values for each gate in a set of gates in each scenario in
the set of scenarios, wherein a margin value indicates an amount by which a parameter can be
changed in a scenario without violating a design requirement or affecting a slack value at a
timing end-point;

using the margin values to determine a set of essential scenarios for each gate in the set of
gates; and

using one or more computers to optimize the circuit design, wherein if a gate is modified
during optimization, circuit information is updated in at least the set of essential scenarios

associated with the gate.

2. The method of claim 1, wherein the margin values include a timing margin for an
output pin of a gate in a scenario which indicates an amount of timing degradation at the output

pin of the gate in the scenario which is unobservable at a timing end-point in a path-group.

3. The method of claim 1, wherein the margin values include a leakage margin for a
gate in a scenario which indicates how much the gate’s leakage power can be increased in the

scenario without violating a leakage power budget.

4. The method of claim 1, wherein the margin values include a maximum
capacitance margin for a gate in a scenario which indicates how much the capacitive load on the

gate’s output pin can be increased in the scenario without violating a maximum capacitance limit.

5. The method of claim 1, wherein determining the set of essential scenarios includes
determining scenarios in which at least one margin value associated with a parameter is less than

a threshold associated with the parameter.

6. The method of claim 1, wherein using one or more computers to optimize the
circuit design involves:

grouping gates into buckets, wherein each bucket is associated with a set of essential
scenarios, and wherein each bucket includes gates whose sets of essential scenarios are a subset

of the set of essential scenarios associated with the bucket; and
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optimizing gates in each bucket, wherein during optimization, circuit information is

updated in the set of essential scenarios associated with the bucket.

7. The method of claim 1, wherein the circuit information includes timing slack

values at one or more pins in the circuit design.

8. The method of claim 1, wherein the circuit information includes leakage power

values for gates in the circuit design.

9. The method of claim 1, wherein the circuit information includes capacitive load

values and transition time values at one or more pins in the circuit design.

10. A non-transitory computer-readable storage medium storing instructions that
when executed by a computer cause the computer to perform a method for optimizing a circuit
design over a set of scenarios, the method comprising:

determining one or more margin values for each gate in a set of gates in each scenario in
the set of scenarios, wherein a margin value indicates an amount by which a parameter can be
changed in a scenario without violating a design requirement or affecting a slack value at a
timing end-point;

using the margin values to determine a set of essential scenarios for each gate in the set of
gates; and

using one or more computers to optimize the circuit design, wherein if a gate is modified
during optimization, circuit information is updated in at least the set of essential scenarios

associated with the gate.

11.  The non-transitory computer-readable storage medium of claim 10, wherein the
margin values include a timing margin for an output pin of a gate in a scenario which indicates an
amount of timing degradation at the output pin of the gate in the scenario which is unobservable

at a timing end-point in a path-group.

12.  The non-transitory computer-readable storage medium of claim 10, wherein the
margin values include a leakage margin for a gate in a scenario which indicates how much the

gate’s leakage power can be increased in the scenario without violating a leakage power budget.
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13.  The non-transitory computer-readable storage medium of claim 10, wherein the

margin values include a maximum capacitance margin for a gate in a scenario which indicates
how much the capacitive load on the gate’s output pin can be increased in the scenario without

violating a maximum capacitance limit.

14.  The non-transitory computer-readable storage medium of claim 10, wherein
determining the set of essential scenarios includes determining scenarios in which at least one

margin value associated with a parameter is less than a threshold associated with the parameter.

15.  The non-transitory computer-readable storage medium of claim 10, wherein using
one or more computers to optimize the circuit design involves:

grouping gates into buckets, wherein each bucket is associated with a set of essential
scenarios, and wherein each bucket includes gates whose sets of essential scenarios are a subset
of the set of essential scenarios associated with the bucket; and

optimizing gates in each bucket, wherein during optimization, circuit information is

updated in the set of essential scenarios associated with the bucket.

16.  The non-transitory computer-readable storage medium of claim 10, wherein the

circuit information includes timing slack values at one or more pins in the circuit design.

17.  The non-transitory computer-readable storage medium of claim 10, wherein the

circuit information includes leakage power values for gates in the circuit design.

18.  The non-transitory computer-readable storage medium of claim 10, wherein the
circuit information includes capacitive load values and transition time values at one or more pins

in the circuit design.

19. A method for optimizing a circuit design over a set of scenarios, the method
comprising:

determining a set of essential scenarios for each gate in a set of gates;

grouping gates into buckets, wherein each bucket is associated with a set of essential
scenarios, and wherein each bucket includes gates whose sets of essential scenarios are a subset
of the set of essential scenarios associated with the bucket; and

optimizing gates in each bucket, wherein during optimization, circuit information is

updated in the set of essential scenarios associated with the bucket.
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20. A method for optimizing a circuit design over a set of scenarios, the method
comprising:

determining a set of essential scenarios for each gate in a set of gates;

using slack values in the set of scenarios at each timing end-point in a set of timing end-
points to determine a set of essential scenarios for each timing end-point in the set of timing end-
points;

grouping timing end-points into buckets, wherein each bucket is associated with a set of
essential scenarios, and wherein each bucket includes timing end-points whose sets of essential
scenarios are a subset of the set of essential scenarios associated with the bucket; and

performing constrained timing optimization on each bucket by transforming gates whose
sets of essential scenarios are subsets of the set of essential scenarios associated with the bucket,
wherein during the constrained optimization, circuit information is updated in the set of essential

scenarios associated with the bucket.

21.  The method of claim 20, wherein determining the set of essential scenarios for
cach gate in the set of gates includes:

determining one or more margin values for each gate in the set of gates in each scenario
in the set of scenarios, wherein a margin value indicates an amount by which a parameter can be
changed in a scenario without violating a design requirement or affecting a slack value at a
timing end-point; and

using the margin values to determine the set of essential scenarios for each gate in the set

of gates.

22.  The method of claim 20, wherein the circuit information includes timing slack

values at one or more pins in the circuit design.

23. The method of claim 20, wherein the circuit information includes leakage power

values for gates in the circuit design.

24. The method of claim 20, wherein the circuit information includes capacitive load

values and transition time values at one or more pins in the circuit design.

25. A method for optimizing a circuit design over a set of scenarios, the method

comprising:
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receiving margin values for each gate in each scenario in the set of scenarios, wherein

cach margin value indicates an amount by which a parameter can be changed in a scenario
without violating a design requirement or affecting a slack value at a timing end-point;

receiving a set of candidate gates for each timing end-point in a set of timing end-points,
wherein each set of candidate gates is used for optimizing timing of the associated timing end-
point;

using the margin values to determine a set of essential scenarios associated with each
candidate gate;

determining a set of essential scenarios for each timing end-point by computing a union
of the sets of essential scenarios associated with the set of candidate gates that are associated with
the timing end-point;

grouping timing end-points into buckets, wherein each bucket is associated with a set of
essential scenarios, and wherein each bucket includes timing end-points whose sets of essential
scenarios are a subset of the set of essential scenarios associated with the bucket; and

performing constrained timing optimization on each bucket by transforming gates whose
sets of essential scenarios are subsets of the set of essential scenarios associated with the bucket,
wherein during the constrained optimization, circuit information is updated in the set of essential

scenarios associated with the bucket.

26.  The method of claim 25, wherein the circuit information includes timing slack

values at one or more pins in the circuit design.

27. The method of claim 25, wherein the circuit information includes capacitive load

values and transition time values at one or more pins in the circuit design.

28. The method of claim 25, wherein the circuit information includes leakage power

values for gates in the circuit design.
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