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tain Boolean relations that do not exist in the implementation
itself. By utilizing such new information, more optimizations
can be achieved compared with analyzing the design alone.
Typically, functional assertions are written by designers or
verification engineers. Alternatively, tools that try to extract
such assertions have been developed recently [5]. However,
they require fairly comprehensive simulation waveforms to
work effectively. Given that most of the information useful
for circuit customization is encoded in the testbench, we
also propose a technique that mines properties in the design
based on the constraints from the testbench. Our method can
take advantage of existing constrained-random testbenches and
generate assertions that are aware of the input constraints.
This feature is especially useful in optimizing circuits that are
embedded in a system-on-chip design, where abundant controllability don’t-cares exist and many functions in the circuits
may not be used. Due to the use of formal methods during
our property extraction step, no pre-simulation waveforms are
necessary, thus reducing the designers’ efforts in preparing
the waveforms. We applied our methodology to a processor
and found that smaller circuits can be produced after logic
synthesis if functional properties have been used.
The rest of this paper is organized as follows. In Section II
we briefly review existing circuit customization and assertion
extraction methods. Our methodology for circuit customization
and assertion extraction are presented in Section III and Section IV, respectively. Empirical results are shown in Section
V, and Section VI concludes this paper.

Abstract—Most synthesis tools perform optimizations based
on the design itself and do not utilize the information present
in the verification environment. Not using such information
greatly limits the optimization capabilities of synthesis tools,
which is especially serious for circuit customization because most
environment constraints are encoded in the testbench. To exploit
verification intention, we propose a methodology that utilizes
functional assertions for design optimization. To support circuit
customization, we also propose a property mining technique that
can extract properties from the design under the constraints in
the testbench. Our experimental results show that these methods
can reduce design size after synthesis, and the optimization is
orthogonal to other existing circuit customization methods.

I. I NTRODUCTION
Logic synthesis has been extensively studied and most
existing tools can efficiently generate high-quality netlists.
However, many tools only analyze the design by itself and do
not take other useful information into consideration. For example, while the Register-Transfer Level (RTL) code faithfully
captures the design intention aspect of the specification, there
are other aspects of the specification that do not exist in the
RTL code, such as the verification intention of the specification
implicitly encoded in the verification environment. Given that
both intention adhere to the specification, utilizing verification
intention in synthesis tools may considerably improve synthesis quality. For example, constrained-random testbenches
can provide abundant controllability don’t-cares due to the
surrounding environment that a design block is embedded in,
and it has been shown that utilizing such information can
considerable improve circuit customization quality [1]. Similarly, assertions, score board checkers, as well as executable
reference models all provide alternative interpretations of the
specification that can help the design optimization process.
In this work we focus on circuit customization using verification intention encoded in functional assertions. To this
end, our first contribution is a new methodology that utilizes
functional assertions for synthesis optimization instead of design verification. Functional assertions describe the functional
relationship among several signals in an abstract level that
is different from design implementation, and such information
can provide useful hints to synthesis tools because it may con-
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II. BACKGROUND
In this section, we first review existing work that utilizes
verification environments for circuit customization. We then
introduce several assertion extraction techniques that can produce properties for synthesis optimizations.
A. Circuit Customization Techniques
Most existing work that utilizes verification environment
for synthesis optimization focuses on extracting controllability
don’t-cares from the testbench. To this end, Chou et al.
[3] utilizes code-statement reachability analysis to identify
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code that becomes unreachable due to testbench constraints
and then remove such code to reduce circuit size. Chang et
al. [1], [2] simulates all possible input patterns to generate
signatures and perform localized design optimizations based
on the signatures. Unlike such work, we focus on utilizing
assertions for design optimization. In addition, we provide a
technique to generate functional assertions using constrainedrandom testbenches. In this way, we can extract controllability
don’t-cares from the testbench like existing work and utilize
them for design optimization.

customize the design manually because the information from
the environment cannot be utilized by synthesis tools easily.
To address this problem, we propose a methodology that
utilizes proven functional properties for circuit customization.
In this work we focus on extracting such properties under
the testbench that encodes environment constraints and utilize
them for circuit customization. However, the properties can
also be written by designers or verification engineers. In
addition, properties generated by other assertion generation
tools can be used as well.
A. Problem Formulation
Our circuit customization problem is formulated as follows.
Given a design containing N key variables and a constrained
random testbench that can generate all valid combinations of
inputs, find design optimizations using properties generated
among the key variables that comply with the testbench. The
optimized circuit should be equivalent to the original circuit
under the constraints in the testbench, and is allowed to be
non-equivalent for inputs that violate the constraints.
Figure 1(a) provides an example to explain the problem and
our solution. Assume that the design is a simple state machine,
the state transitions are controlled by input sequences, and the
initial state is ’00’. If the input sequences contain all four
possible patterns (2’b00, 2’b01 ,2’b10 and 2’b11), then all the
states can be reached. However, if the input is constrained
so that only 2’b00, 2’b01 and 2’10 are possible due to the
environment, then only states 00 and 01 can be reached. In this
case, if we can identify the property that “the most significant
bit of state is constant 0 under the constraint that only 2’b00,
2’b01 and 2’b10 are allowed as inputs”, then we can perform
design optimization by removing the bit from the circuit.

B. Automatic Assertion Generation
Ideally, assertions should be written by designers or verification engineers as alternative interpretations of the specification
in order to find bugs quickly. Such assertions can be useful
for synthesis optimizations because they may provide design
information that is orthogonal to the implementation itself.
However, writing assertions can be a tedious task. Therefore,
assertion generation techniques have been proposed to automate this process [4], [5], [6].
Wang et al. [6] proposed a methodology to generate assertions using symbolic simulation by analyzing code statements.
However, it depends on particular code styles, which may not
be scalable and accurate. Another commonly-used approach
is to analyze simulation waveforms. To this end, Chang et al.
[5] proposed an event-based data-mining approach to extract
assertions from simulation traces. However, such methods
are not comprehensive and the generated assertions are not
guaranteed to be correct. To address this problem, Vasudevan
et al. [4] proposed an engine which combines data mining
and static analysis. Assertion candidates are verified by a
formal checker, which can considerably improve the quality
of assertions. Due to the popularity of assertion-based verification, commercial tools that perform assertion synthesis have
also been developed. For example, IFV from Cadence Design
Systems can generate assertions based on templates [13].
One advantage of waveform-based assertion synthesis techniques is that the produced properties capture verification
intention from the testbench and the simulated patterns, which
can be different from the design intention encoded by the
implementation. On the contrary, techniques that extract assertions from the design itself only capture design intention.
Therefore, assertions generated using the waveform-based
methods can potentially benefit synthesis optimizations more.
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III. O UR D ESIGN C USTOMIZATION M ETHODOLOGY
Fig. 1.
Circuit customization example. (a) Design to be optimized. (b)
Illustration of Design under Test (DUT) and testbench. (c) Mined design
property if inputs are constrained to contain only 2’b00, 2’b01 and 2’b10. (d)
Equivalence checking is used to ensure the correctness of the modified DUT.

Design reuse is getting popular for cost reduction. These
reused blocks, such as circuits from an existing design or
intellectual properties purchased elsewhere, typically have
different valid inputs in the new environment compared with
the environment that the blocks were originally designed for.
Therefore, some portions of the blocks may be unused in the
new environment. How to automatically customize the reused
blocks and identify such portions then become important
issues. In traditional synthesis flows, the designer needs to

In this paper we assume that the constrained random
testbench can generate all valid combinations of inputs, and
we represent the properties using SystemVerilog Assertion
(SVA) format. Note that not all of assertions can help design
optimization. Typically, assertions that provide more don’tcare conditions are more useful.
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modified design. This step uses more elaborated and unbounded formal proof methods to ensure the correctness of the
optimized design. Note that if bounded verification in Step two
can already prove design correctness, then this step is optional.
The final step is to synthesize the optimized RTL design
using existing synthesis tools to produce an optimized netlist.

B. Overview of the Methodology
The purpose of the methodology is to extract environment
constraints from the constrained-random testbenches and represent them as properties. The properties can then be used
for design customization. The methodology is composed of
several key steps and they are explained in detail below.
1) Extract properties from the testbench.
2) Validate properties using a formal engine for bounded
cycle length.
3) Optimize design using proven properties.
4) Perform equivalence checking between the original DUT
and the modified DUT. If equivalence checking fails,
undo the optimizations that cause the failure.
5) Perform logic synthesis with existing tools.
The first step of the methodology is to extract design properties from the testbench. In this step, a constrained random testbench is necessary. Take Figure 1(b) as an example, we need to
create a testbench that generates input sequences constrained
to be 2’b00, 2’b01 and 2’b10 according to the environment
constraints. We then run the property mining algorithm (see
Section IV) to extract design properties. Note that in addition to properly-constrained testbenches, under-constrained
testbenches can also be used in our framework because our
mined properties will still be valid for all legal inputs. The only
drawback of using under-constrained testbench is that we may
fail to identify certain properties because of the illegal inputs.
On the other hand, given that developing an under-constrained
testbench is typically much easier than developing one that
perfectly matches the environment constraints, the flexibility
from supporting under-constrained testbenches enables our
methodology to be applied to a wider range of designs. Using
over-constrained testbenches in our framework may produce
incorrect initial properties. However, as long as the verification
step can find the problems, such testbenches can still be used.
Finally, if the testbench has bugs and they were not caught by
the verification step, then the properties that we mined may
be incorrect. However, this represents verification holes in the
design process, and methods to address such problems are not
in the scope of this paper.
The second step is to validate the mined properties using
a formal engine. The formal method used here is bounded in
sequential depth so that its runtime can be short. Only proven
properties will then be used for optimization. The properties
in our methodology are expressed using the standard SVA
language, hence they can be proved by existing formal tools. In
this work, we use an internal formal engine based on symbolic
simulation to validate the assertions [10].
The next step is to apply these proven properties for design
optimization. The procedure to achieve this will be explained
in the next subsection.
Step four is to double check the correctness of the customized design by an equivalence checker between the customized design and original design under the same constrained
random inputs. Figure 1(d) shows an example that the original
design is used as a golden design for comparison with the

C. Design Optimization Using Properties
In this subsection, we classify the properties into three
groups and show how to use them for design optimization.
1) Constant Variables: The first group of properties is
constant variables for both word level and bit level. Constant
variables are known to be useful for design simplification via
constant propagation. For example, ”AND” gates or ”OR”
gates can be simplified if one of the inputs are constant 0
or 1, respectively. If we can prove that the value of a key
variable is constant at either the word or bit level, we can
safely remove the code statements that access the constant
parts of the variables as well as the associated portions of the
registers that store the constant values. The constant values can
then be propagated into the RTL code for more optimizations.
2) Signal Equivalency: Two signals in a design are equivalent if they have the same functionally. In this work we
consider both polarities of equivalency, “a = b” and “a = ¬b”.
To utilize an equivalency property, we disconnect one of the
variables, say it is variable b, and connect it to variable a if the
logic level of a is smaller. If inversion is involved, then an INV
gate is added. The benefit of this modification is that timing of
the circuit may be improved since a probably changes before
b. In addition, logic that produces b can be removed.
3) Other Combinational Relations: Properties belong to
this group are combinational in nature and involve two or
more variables. Such properties provide additional information
to describe the logic functions among different variables.
Currently, we utilize implication properties in the form of
“a 7→ b” for our optimizations. So we use implication as an
example to show how combinational relations can be utilized.
To apply “a 7→ b” (i.e., a implies b at the same cycle) for
optimization, we modify the design with the following steps.
1) Create a new variable, bn, such that bn = a|b.
2) Replace all the places where b is used with bn.
The new variable bn is equivalent to b because a = 1 and
b = 0 is a don’t-care according to property “a 7→ b”. In general,
the Boolean function that can be used to replace the old one is
generated by first identifying all the minterms that can never
occur from the proven property. The Boolean function can
then be generated by optimizing the original Boolean function
while marking those minterms as don’t-cares. For implication
“a 7→ b”, its Boolean function should be “¬a|b”. However,
because a = 1 and b = 0 can not happen, this input pattern
becomes a don’t-care. Therefore, the Boolean function can be
simplified to a|b. What this does is that b can now take a peek
at a to see if itself should be 1. If a has a smaller logic level,
then timing of b may be improved. Otherwise, this “lookahead” may also simplify part of the logic due to additional
don’t-cares.
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the same. The symbolic trace for each var ∈ vars at each
cycle is then saved in line 2. In line 3 we simulate N random
patterns to generate N simulated values for each variable at
each cycle. For pattern j in cycle i, we save the simulated
value of variable var into its var.value[i][ j] field. Although
this can be done by performing random logic simulation on the
design itself, we found that simulating symbolic traces is more
efficient because the traces are optimized during symbolic
simulation. From line 4 to line 7 we formally check all the
variables that have the same simulated values for all patterns
at all cycles to see whether those variables are indeed constant.
This is achieved by forming a SAT problem that constrains the
outputs of symbolic traces to a value other than the constant
value and see if a solution can be found. If a solution can be
found, it becomes a counterexample that proves the variable
to be non-constant. We then resimulate all the symbolic traces
using the counterexample as a new pattern. The purpose of
this step is to generate patterns that can exercise the designs
better so that the pattern matching step will have fewer false
positives. In line 8 of the algorithm we use pattern matching
to mine properties from the simulated values, which will be
described later. In lines 9 to 11 we use formal methods to prove
whether the property holds except the constant properties that
have already been proved in line 5. In line 12 we return all
the properties that are proved to hold. Note that the the time
complexity of the algorithm may be high due to the use of
formal methods, and standard complexity-reducing techniques
such as abstractions can be used to alleviate the problem.
Procedure patten matching is shown in Figure 3. It recognizes predefined property templates using the simulation
values saved in var.value[i][ j] for variable var at cycle i with
the j-th random pattern. The input to the procedure is the set
of key variables vars, and the output is the mined properties.

In summary, the constant properties can almost always help
optimize the design since they can reduce both combinational
logic and the number of registers. Other types of properties
may help optimize the design but the usefulness of the
properties depends on the logic levels of the involved signals
as well as the logic functions among the signals.
IV. P ROPERTY M INING
In this section we explain how to extract properties under
the environment constraints encoded in the testbench.
A. Property Mining Algorithm
Our property mining algorithm is based on symbolic simulation, logic simulation and formal verification. Symbolic
simulation is used for converting the testbench into Boolean
logic [7], [8], [9], [11], but can be replaced by other formal methods that serve the same purpose. The algorithm is
shown in Figure 2. The inputs to the algorithm are vars that
contains key variables to be analyzed, the circuit design to
be optimized, the testbench tbench, the number of symbolic
simulation cycles M, and the number of initial random patterns
for logic simulation N. The output of the algorithm is a set of
properties that describe logic relations among variables in vars
that are proven to hold under the constraints. In this algorithm,
the length of symbolic simulation is M cycles, hence the
properties we generated are guaranteed to hold under all M
cycles. If M is greater than the sequential depth of the design,
then the properties will hold unboundedly. Otherwise, other
formal methods, such as equivalence checking or proof-byinduction, will need to be performed to ensure the correctness
of the properties.
procedure property mine(vars, design,tbench, M, N)
1
symbolically simulate design under tbench for M cycles
while replacing each $random in tbench with a new symbol;
2
at each cycle save symbolic trace for each var ∈ vars;
3
simulate N random patterns using the symbolic traces to
generate N values for each var ∈ vars at each cycle;
4
foreach var ∈ vars that have the same simulated values at
all cycles
5
use formal engine to prove if var is constant;
6
if (var is not constant)
7
resimulate using the counterexample as a new pattern;
8
properties ← pattern matching(vars)
9
foreach (property ∈ properties)
10
if (property is proven to hold))
11
f inal properties ← property ∪ f inal properties;
12 return f inal properties;
Fig. 2.

procedure pattern matching(vars)
1
foreach var ∈ vars
2
if (∀i, j (cycle i pattern j) var.value[i][ j] is the same)
3
properties ← properties ∪ const prop(var);
4
var pairs ← get var pairs(vars);
5
foreach (var1, var2) ∈ var pairs
6
if (∀i, j (cycle i pattern j)
var1.value[i][ j]=var2.value[i][ j] —
var1.value[i][ j]=¬var2.value[i][ j])
7
properties ← properties ∪ equiv prop(var1, var2);
8
else if (∀i, j (cycle i pattern j)
var1.value[i][ j] → var2.value[i][ j] is true)
9
properties ← properties ∪ imply prop(var1, var2);
10 return properties;

Our property mining algorithm.

Fig. 3.

In line 1 of the algorithm we perform symbolic simulation
for M cycles while replacing each $random in the testbench
with a new symbol. This step serves two purposes. First, by
replacing $random with a symbol we can consider all possible
values simultaneously. Second, by simulating through the testbench we can utilize the environment constraints encoded by
the testbench in our analysis. Note that in modern testbenches
$random may be replaced by complex randomization schemes
based on constraints. However, the underlying concept is still

Pattern matching procedure from simulated values.

In lines 1 to 3, the algorithm checks whether the simulated
values for a variable are the same for all cycles and all patterns.
If so, then a constant property is recognized for the variable.
We then extract variable pairs in line 4. For each pair of
variables var1 and var2 we then check whether they always
have the same or inverted simulated values in lines 6. If so,
then equivalency relation has been found between var1 and
var2. In line 8 we check if implication relation exists between
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var1 and var2. If so, then implication relation has been found.
All the mined properties are then returned in line 10.
In this work procedure get var pairs is implemented with
two methods. The first one returns all possible variable pairs
in the design. This method ensures that no property will
be missed. However, runtime overhead can be significant.
The second one is to do a breadth-first traversal for each
variable and only return pairs of variables that are structurally
connected. The reason behind this is that logic relations are
more likely to exist for variables that are connected. In our
implementation we extract pairs of variables that are 3 to 5
steps from each other, where one step is defined as a connection from a variable to another. The numbers of steps are
parameters that can be changed for different designs. We found
that this method can reduce runtime without considerably
sacrificing the number of mined properties.
In summary, Figure 4 shows the Boolean templates that we
use to mine properties in our current implementation.
Property type
var1 7→ var2
var1 = var2
Constant var1
Fig. 4.

V. E XPERIMENTAL R ESULTS
We applied our methodology to a DLX processor from the
the BugUnder Ground (BUG) project in the University of
Michigan [12]. The experiments were conducted on a Linux
machine running Ubuntu Linux 8.04 with AMD Phenom II
x4 940 CPU and 8G memory. Logic synthesis was performed
with a commercial tool with a 0.13µm library. The clock period
was set to 20ns, and the setup time of this library was 0.68ns.
The total area and timing slack for the synthesized DLX
were 133420.728µm2 and 0.13ns, respectively. These numbers
are used as the baseline for the comparisons performed in
our experiments. Note that larger slacks mean the circuit can
operate on higher frequencies, resulting in better performance.
To perform circuit customization, we developed testbenches
that allow different sets of instructions, which is shown in
Table I. We chose the sets of instructions to be the same as
those used in [3] so that we can compare our results with
[3]. Control signals and state registers of the DLX design are
selected as key variables. The number of symbolic simulation
cycle was set to 7 since DLX is a 5-stage pipeline design, and
key variables can reach all their possible states in 7 cycles.
Hence these mined properties will be proven with the bounded
length equal to 7. The number of random patterns was set to
8192 to generate the simulated values for property mining.
In some cases, the control signals in a design may be complicated and it may be difficult to calculate the required logic
depth to cover all possible state transitions. To handle such
designs, unbounded model checking or reachability analysis
can be applied to prove the correctness of the mined properties.

Descriptions
var1 implies var2
var1 and var2 are functionally equivalent
(or inversely equivalent)
var1 is a constant that never changes

Properties that can be recognized in this work.

B. Implementation Insights
In the property mining algorithm, properties are extracted
from the patterns produced by random simulation; therefore,
no pre-simulation waveform is necessary. To improve the
quality of random simulation, we use formal methods to
obtain input patterns so that all non-constant variables can
be distinguished by at least one pattern. In this way, we will
reduce the number of properties that are falsely identified
by the pattern matching procedure. Instead of using formal
methods, patterns obtained from regression tests can also be
used. Since regression tests contain the patterns to hit corner
cases, they can also improve the quality of simulation.
Selecting too many key variables can make runtime unnecessarily long because there are more relations to check.
A heuristic for selecting good key variables is to exclude
variables in the data path and focus on the variables in control
logic. The reason is that few properties can be mined in the
data path unless the environment has constraints on data that
can be processed, which is rare in practice. Most often the
constraints are related to the control logic, such as configuring
the design to a specific mode or not allowing the use of
certain functions. Therefore, focusing on the control logic can
typically produce better results.
Sometimes more than one testbenches are used to verify
different aspects of the design. Given that different testbenches
represent different sets of legal inputs, the properties for design
customization should be the union of all the properties. However, if any property failed verification under any testbench,
then the property should not be used because the Boolean
relation it represents is invalid under different sets of inputs.

TABLE I
DLX I NSTRUCTIONS ALLOWED
Inst. Group
G1
G2
G3
G4
G5

IN EACH GROUP.

Instructions allowed
NOP
ADD, ADDI, NOP
ADD, ADDI, SW, LW, NOP
ADD, ADDI, SW, LW, SRL, SLL, SRA, BEQ, NOP
ADD, ADDI, AND, ANDI, XOR, SLT, SLTI, SW, LW,
SRL, SLL, SRA, BEQ, BNE, J, JAL, NOP

TABLE II
DLX
Inst. Group
G1
G2
G3
G4
G5

OPTIMIZED USING OUR METHODOLOGY.

Runtime
(s)
0.98
47.03
60.79
76.22
109.49

#Applied
properties
722
66
40
26
24

Area
(µm2 )
3148.6
108441.79
118857.0
127466.2
132088.2

Reduction
ratio
97.6%
18.7%
10.9%
4.5%
1%

Timing
slack (ns)
8.07
2.13
2.83
0.24
0.07

In our first experiment we performed property mining based
on the testbenches that allow different sets of instructions,
optimized the RTL code according to the mined properties, and
then synthesized the optimized code. The synthesis results are
listed in Table II. In the table, runtime is from property mining
in our methodology. Currently, we need to manually change
the RTL code according to the mined properties. In the future
we will automate this process. From the results, we can see
that property mining was fast in that it finished in two minutes
for all the sets of instructions. In addition, circuit areas reduced
after our optimizations, and the timing slack improved for most
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cases. These results show that our methods can perform circuit
customization efficiently and effectively. In our experience, the
most useful properties are the signals proven to be constant
because they always simplify part of the logic in the circuit.
We also observed that these properties are valid due to the
constraints from the testbench instead of the design itself
because when running the testbench that allows all possible
instructions, these properties do not exist. This result shows
that our methodology can successfully mine properties from
the testbench and utilize them for design optimization.
In Table II we also show the number of applied properties
for each set of instructions. Note that set G1 only contains
NOP (no operation implemented using left-shift by 0 bits)
and is not practical. However, it shows an intereseting conrner
case — 97.6% logic can be removed when most functionality
of the circuit is not used.
In our second experiment, we applied our techniques to
DLX designs which were already optimized by [3]. The results
are summarized in Table III. Compared with the runtime in
Table II, runtime in this experiment became smaller because
the circuits have been optimized already, thus there were few
pairs of variables to check and fewer properties to extract.
However, the results show that even though the designs were
already optimized, we could still find optimizations that further
reduce circuit area, suggesting that our optimizations are
orthogonal to those provided by [3] and can provide additional
area reduction. To identify where the additional optimizations
were from, we performed a more detailed analysis, and the
results are shown in Table IV. From the results, we can see
that our methods reduced some combinational logic. However,
most of the area reduction was from sequential logic. This is an
area that [3] could not perform well: their methods are based
on code reachability analysis and tend to optimize combinational logic, while ours can optimize both combinational and
sequential portions of the circuit.

code reachability analysis. On the other hand, a comparison
of area reduction between Table II and III shows that utilizing
either one of the optimization methods cannot achieve what
the combined methods provide. Therefore, it is best to apply
both techniques so that designs can be better optimized.
VI. C ONCLUSION
Synthesis tools have evolved to a point where most designs
can be synthesized and optimized efficiently and effectively.
However, most tools only utilize design intention represented
in the RTL code and do not consider verification intention
encoded in the verification constructs such as testbenches or
assertions. Not being able to utilize the information from verification environment greatly limits optimization capabilities of
synthesis tools. This problem is especially serious for circuit
customization because most environment constraints are found
in the testbenches. To address this problem, we proposed
a methodology that utilizes functional assertions for design
optimization. In addition, we proposed a new technique that
extracts assertions from the design under the constraints in
the testbench. Experimental results show that our methods
can reduce design sizes after synthesis, and the optimization
is orthogonal to another optimization based on reachability
analysis [3]. These results show that our techniques can help
designers better address the circuit customization problem. In
the future, we plan to enhance our property miner to recognize
more types of properties. By utilizing more properties, more
design optimization opportunities can be exposed and utilized.
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TABLE III
DLX

OPTIMIZED USING OUR METHODOLOGY AFTER OPTIMIZATIONS
FROM [3] IS PERFORMED .

Inst.
Group
G1
G2
G3
G4
G5

Run
time
(s)
0.20
2.85
3.37
18.01
34.49

#Properties
174
39
24
19
19

Opt. by [3]
Area
Reduc(µm2 )
tion ratio
7429.5
94.4%
101353.4
24.0%
116295.6
12.8%
124339.6
6.8%
130526.6
2.2%

Further opt. by this work
Area
Reduc(µm2 )
tion ratio
5407.9
95.9%
99552.5
25.4%
108445.2
18.7%
123226.1
7.6%
129243.4
3.1%

Slack
time
(ns)
8.07
3.32
3.41
0.75
0.12

TABLE IV
C OMPARISON OF OPTIMIZATIONS ACHIEVED BY [3] AND OUR WORK .

Inst. Group
G1

Area after opt. from [3] (µm2 )
Comb. logic
Seq. logic
Total
52310.4
63985.2
116295.6
Area after further opt. by our methodology (µm2 )
Comb. logic
Seq. logic
Total
50329.6
58115.6
108445.2

Runtime comparison between our methods and [3] shows
that our runtime (within two minutes) is much shorter than that
in [3] (over an hour for most cases ). This comparison shows
that our methodology based on properties is more efficient than
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