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Abstract: The article presents the methodology of optimization of technology mapping of a multi-
output function implemented in the form of sum of product (SOP) networks. The optimization is
based on the concept of reducing the switching activity of combinational circuits. The aim of reducing
network switching is to limit the consumption of dynamic power. Since dynamic power is one of the
components of the total power consumed by digital systems, this leads to an optimization focused on
the energy efficiency of digital systems. The basis of the proposed method is the technology mapping
using a modified output graph describing the result of minimizing the multi-output function. The
modified output graph, in terms of parameters associated with dynamic power, is defined as a
switching graph. It was assumed that the key parameter associated with dynamic power is the
switching activity of individual nodes of the logic network. The article presents elements of switching
graph optimization which lead to the improvement of parameters associated with the dynamic power
of the circuit. The essence of the proposed optimization methods is the appropriate movement of
products and connections occurring in the logic network. Reducing the number of logic network
vertices is also extremely important. The effectiveness of the proposed method was confirmed by the
results of experiments performed on selected benchmarks. A significant reduction in the total value
of switching activity was obtained for the optimized structures.

Keywords: low-power synthesis; SOP; switching activity; technology mapping

1. Introduction

The issue of designing energy-efficient electronic devices [1] has become an extremely
important issue. Especially in the area of digital systems, it is particularly important to
optimize power consumption in selected stages of logic synthesis. The basis of this approach
is to maximize the reliability of such systems and to ensure the greatest possible mobility of
digital devices. Both of these attributes are extremely important in cyber-physical systems
(CPSs), where reliable autonomous operation must be combined with the maximization of
battery operation [2]. Greater reliability is achieved by reducing the complexity of the logic
structure and limiting the amount of heat that must be dissipated. It also means avoiding
thermal hot spots as potential points of damage. The second attribute—mobility—is de
facto a time parameter. It determines the time of effective operation of a given device under
battery power conditions. Cyber-physical systems are widely used in medicine, military,
and space applications and require a number of mechanisms that allow for an effective
reduction in power consumption.

Mechanisms leading to a reduction in power consumption by a digital system can
be divided into two groups, those implemented at high-level synthesis stages and those
implemented at low-level synthesis stages.

In the first case, a natural method of reducing power consumption is to divide tasks
between hardware and software implementation, or temporarily disable selected mod-
ules [3-5]. It turns out that limiting power consumption in high-level synthesis processes
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can be extremely effective [3,5-10]. A number of articles address this problem [7,11-15].
Similarly, in the case of low-level synthesis, there are methods leading to reducing power
consumption. The most important ideas leading to reducing power consumption include
the idea of locally reducing the supply voltage [16-19], “power gating” [13-24], or tem-
porarily blocking the clock signal (clock gating) [25-31]. Alternatively, to block the clock
signal, it is sometimes better to only lower the clock frequency in some parts of the cir-
cuit [32,33]. Similarly, there is a strategy based on an asynchronous implementation of
the circuit, with only small parts of the circuit operating in a synchronous way (globally
asynchronous locally synchronous) [34-39]. In addition to concepts targeted at specific
circuit applications [40—43], there are more general approaches in low-level synthesis. In
the case of sequential circuits, such an idea may be an efficient implementation of an FSM
(finite state machine) [44—46] or the appropriate encoding of internal states [47-50]. In
the case of combinational circuits, a good example of such an idea is the appropriately
conducted decomposition of a multi-output function [51-53], which leads to a reduction in
the number of switches of the implemented circuit.

The above literature review clearly indicates that reducing power consumption is an
extremely important issue. This also applies in the case of CPSs, where the developed
strategies for their implementation [54-57] can be expanded with a component associated
with energy saving.

The aim of the article is to present the authors” methods of optimizing logic structures
leading to the reduction in the circuit’s switching activity, and consequently to the reduction
in power consumption. This article is a continuation of a series of articles in which the
authors discuss the topic of reducing power consumption in digital systems, which is
why the authors often refer to earlier articles to explain some concepts [48,51-53,58]. The
paper [48] presents the ideas of minimizing power consumption in sequential circuits by the
appropriate encoding of internal states. The papers [51-53] describe the ideas of reducing
switching activity associated with FPGA-oriented decomposition. The paper [58] is particu-
larly important and presents the general concept of realizing multi-output functions in the
form of energy-efficient SOP networks. The switching graph concepts are introduced there,
and the obtained technology mapping results are compared with the classical method.

This paper extends the approach from [58] with an optimization element such as
moving terms between SOP networks nodes, moving connections in SOP networks, and
splitting (removing) network vertices. The obtained mapping results are compared with
the approach without optimization from [58], as well as with the classical approach.

The article is divided into sections. Section 2 presents the basic concepts necessary
to discuss the ideas presented in this article. Section 3 presents an example, based on
which the ideas leading to the reduction in the switching activity of the SOP circuit are
discussed, such as shifting terms between SOP networks nodes or shifting connections in
SOP networks. Section 4 proposes an algorithm for technology mapping that takes into
account new ideas. Section 5 contains the experimental results confirming the effectiveness
of the proposed methods. The article ends with a summary.

2. Theoretical Background

Minimizing power consumption is an extremely important problem in the synthesis of
modern digital systems. The power consumed by a digital device contains two components,
namely static power (Pst) and dynamic power (P;). Static power is closely related to the
technology in which the considered system was made, and the designer has no influence
on its size. Dynamic power is related to the conditions in which the considered system
operates, and the user has a significant influence on its value.

In new technologies, the potential possibilities of minimizing power losses lean to-
wards static power, but it is still important to search for synthesis methods that allow for
minimizing dynamic power. This is because all potential possibilities of minimizing power
losses are used, and minimizing dynamic power can be achieved with relatively simple
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procedures. The essence of such minimization is a properly conducted logic synthesis
process or optimization in terms of power of the technology mapping process.

The basis of dynamic power losses (P;) is the circuit switching process and the related
need to overload internal capacities. Dynamic power can be described by Relationship (1)
as follows:

.1 )
Pi=3) 5T SWi-Ci-Viy 1)

where 7 is the number of nodes of the analyzed logic network, T is the time for which
we determine power losses (the signal at the outputs of individual gates is usually not
periodic; therefore, depending on the dynamic power, the time T is used instead of the fclk
frequency), SW; is the switching activity of the ith node, C; is the capacitance associated
with the ith node, and V4 is the supply voltage.

The dynamic power consumed by the system is therefore proportional to the square
of the supply voltage, load capacitance, and switching activity. The value of V; and C;
depends on the technology of the system, so the only element that can be minimized in the
synthesis process is the switching activity. When minimizing dynamic power losses, it is
necessary to ensure that the logic states in individual nodes of the system change as rarely
as possible. The value of SW; is directly related to the probability of the occurrence of value
1in a given node of the system. Knowing the probability of the occurrence of value 1 in the
ith node of the system, which we assume is equal to p(x), it becomes possible to determine
the switching activity in this node according to Relationship (2).

SWi =2p(x)(1 — p(x)) )

Knowing the values of the probabilities p(x) and the occurrence of the value 1 for
individual inputs of gates or larger logic blocks, it becomes possible to determine the
probabilities p(y) at their outputs.

Let us consider the frequently encountered SOP blocks, which are a circuit representa-
tion of a function in the form of a sum of products. Let us assume that these blocks contain
k terms with n inputs. The value of the probability p(y) at the output of the SOP block in
such a case is expressed by Relationship (3).

p(y) =1-TT_,(1 = pann() ©

where panp (j) = [T (p(i))-

The technology representation of the minimized form of the function f: B" — B™,
where B = {0, 1} can be symbolically represented in the form of an output graph [59,60]. The
vertices of this graph, which correspond to the output parts of multi-output implicants, can
be associated with the discriminants Ay, where y; determines the m element output part of

=
the ith multi-output implicant. The output graph G < Y, U > is a directed graph, where Y
—

is the set of all vertices Ayw while U the set of edges connecting the vertices Aysir Aym. such
that the code distance of the vectors y;, y,; is 1 and p(Ay,;) +1 = u(A,;), where y is called
the order of the vertex and determines the number 1 in the output part of the implicant.

The result of minimizing the example multi-output function and the corresponding
output graph are presented in Figure 1.

Each vertex of the output graph can be directly mapped into the SOP structure. As a
result of such mapping, a network of SOP blocks is created, shown symbolically in Figure 2.

Each SOP network node is associated with an appropriate set of implicants mapped
as products of an appropriate number of literals/variables. The numbers of variables
are represented in Figure 2 as numbers placed next to arrows pointing towards SOP
network nodes.
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Figure 1. The result of minimizing the example function f: B> — B* and its corresponding out-
put graph.

Figure 2. The structure of the SOP network representing the output graph of the example function f:
B> — B4,

For each SOP, the switching activity coefficient and the probability of the value 1
appearing at the SOP output can be determined according to Relationship (2). Knowing the
expressions implemented by all SOP blocks, primarily the number of literals for individual
terms, it becomes possible to determine the switching activity of the entire SOP network.

Assuming that the input variables (a, b, ¢, d, e) are independent and that the value 1 at
individual inputs is as probable as the value 0, it is possible to determine the probability
of the value 1 appearing at the outputs of AND gates and the output of the OR gate.
This information entered into the output graph leads to the creation of the switching
graph described in [58]. For the considered case, the switching graph shown in Figure 3
was obtained.

5
A1111
5| SW=0.450 ' > i p(f1)=0.120
4
p(f2)=0.365
: ! . p(f3)=0.301
SWhet=5.267
4Jp(f42')=0.32€ o
4p-\sw=1.018) > fa  p(f4)=0,365

Figure 3. Switching graph for the example function f: B> — B*.
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Assuming that the SOP blocks contain four terms, the mapping of the switching graph
from Figure 3 leads to the logic structure shown in Figure 4.

p(f1)=0.120

SWhet=5.267

Figure 4. Technology mapping of the considered multi-output function f: B> — B* obtained using a
switching graph.

3. SOP Network Optimization Strategy for SW Minimization

It turns out that it is possible to optimize the technology mapping of the considered
multi-output function, the multi-level system implementation of which is presented in
Figure 4 in terms of the number of switches. The essence of optimization should consist of
locating the products for which the highest values of the SW coefficient occur as close as
possible to the outputs. Applying such a strategy reduces the number of switches in the
entire network, because the less frequent switching of blocks located closer to the inputs
affects the minimization of switching of SOP network nodes located at levels associated
with higher-order vertices. In this situation, the algorithm of action should consist in
shifting terms or connections between nodes, i.e., network levels, towards levels closer
to the outputs. Of course, shifting cannot affect the logic functions implemented by the
optimized SOP networks.

In the following part of this section, the elements of the optimization strategy will be
presented using the example considered in the previous section. The example was chosen
in such a way as to enable the visualization of all the elements available in the optimization
process. The essence of optimization lies in the sequential application of one of the three
optimization methods, which are as follows:

(i) Moving terms between SOP networks nodes;
(i) Moving connections in SOP networks;
(iii) Splitting (removing) network vertices, which can lead to a reduction in nodes.
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All node shifts and splits are inextricably linked to the use of unused products con-
tained in SOP network nodes located closer to the outputs. In each optimization step, one of
the above optimization possibilities is selected. The selection is determined by potentially
greater benefits, which comes down to a greater minimization of the total SW value of the
entire network. In each optimization step, the results will be presented in the form of a
switching graph of the obtained network, for which the total value of the SOP network’s
(SWiet) switching coefficient was determined.

The value of the SWy,; coefficient for the initial form of SOP networks subjected to
optimization (Figure 3), which is the sum of the SW coefficients for all SOP blocks, is
SWpet = 5.267.

Since the determinants of the lowest-level vertices of the switching graph shown in
Figure 3, A1goo = Ao100 = Ago1o = 1, there are still unused products in the nodes located
closest to the outputs. We assume that there are four terms (k = 4) in the SOP blocks.
Therefore, in each node whose outputs are associated with the functions f2, f3, and f4, we
have free products at our disposal.

The network analysis begins with the node associated with the vertex of the switching
graph for which the discriminant Aj117 = 3. Since the SOP output is associated with the
output node of the fl function, any shifts of the terms are not justified. The next node
subject to analysis is the node associated with the discriminant Aj119. The node receives
three signals that are associated with the functions implemented on the individual terms.
The first one is the output from the previous node Aq111. According to Equation (3), the
probability of the appearance of value 1is p(f1) =1 — (1 — (0.5)°) (1 — (0.5)°) (1 — (0.5)%)
2 0.120. The remaining input signals are associated with the products of five or three
variables. Assuming the values of the probability of the appearance of value 1 for each
variable are equal to 0.5, the probabilities of the appearance of value 1 at the output of the
products are, respectively,

p(aEEdE) = 0.5° = 0.03125
p(bed) = 0.5 = 0.125

According to the adopted principle (i), the term for which the SW coefficient takes the
maximum value should be advantageously moved to a level closer to the network output
signals. This condition is met by the term realizing the sum of three products, because
according to the general dependence (2), the values of the coefficients of the individual
terms satisfy the inequality

SW(bed) = 02188 > SW(p(f1)) = 02115 > sw(aEzdé) = 0.0605

Since the product bed is associated with the vertex of the switching graph associated
with the discriminant Aq11, it is an implicant of the functions f4, {3, and f2. It is therefore
possible to shift this product to the nodes associated with the vertices Ao, Ao100, and
Ago10. The shift result, which is the effect of the first step of the optimization consisting of
shifting the terms between the network nodes, is illustrated in the switching graph of SOP
networks presented in Figure 5.

The effect of the optimization is the reduction in the total value of the SW coefficient to
the value of SWy,; = 5.059. It is worth paying attention to the values of the SW coefficients
associated with the individual SOP network nodes. The effect of the shifts is the increase in
the SW coefficient values associated with the nodes closest to the outputs. More frequent
switching of blocks located close to the outputs is more than compensated for by the
reduction in the SW coefficient value associated with the node of the SOP network switching
graph corresponding to the Aj179 discriminant.
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Figure 5. The first step of the SOP block network optimization—switching graphs of the network
before and after optimization.

In the resulting graph (Figure 5), there are still unused products in the nodes associated
with the discriminants A1ggo, Ap100, and Aggig. Therefore, there is a possibility of further
optimization, which comes down to shifting the products or connections from the levels
closer to the inputs to the nodes associated with the outputs. Let us again focus on the
node A1119. Two signals reach it, of which the connection between the nodes with the SOP
block associated with the vertex A1111 has a higher value of the SW coefficient. Therefore, it
becomes possible to apply the second optimization principle (ii), which consists of shifting
this connection directly to the nodes associated with the vertices Ajgop, Ag100, and Agoio,
which is illustrated in Figure 6.
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Figure 6. The second step of the SOP block network optimization—switching graphs of the network
before and after optimization.

This led to a further reduction in the SW coefficient to the value of SW,,;; = 4.494. It
is worth noting that the connection shifting process led to the use of all the SOP block
terms that generate the output signals of the entire network. In the next optimization steps,
attention should be focused on using the unused product of the SOP block associated with
the vertex Aqg19. This becomes possible by using the third optimization rule (iii), resulting
from the possibility of splitting the vertex, which results in its reduction, as illustrated in
Figure 7.
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Figure 7. The third step of the SOP network optimization—network switching graphs before and
after optimization.

It is worth noting that the obtained reduction in the A1 vertex did not affect the SW
coefficients of other SOP network nodes. The reduction in the SOP network coefficient
value to the value of SWnet = 4.373 results only from the splitting of the the Aq1;¢ vertex,
which led to the elimination of one SOP network node.

The network optimization process led to a 17% reduction in dynamic power, which
is the effect of reducing the coefficient characterizing the SOP networks switching from
the level of SWnet = 5.267 to the value of SWnet = 4.373. The final implementation of the
system after optimization is shown in Figure 8.
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Figure 8. System implementation of the considered set of functions f: B> — B* after optimization.

4. Algorithm for Technology Mapping Multi-Output Function Aimed at Reducing
Switching SOP Networks

The methods of optimizing the mapping of a multi-output function in the form of
SOP networks, presented in the example in Section 3, aimed at minimizing the switching
of individual blocks, allow for the formulation of an algorithm for the procedure, which
includes the following steps:

1.  Minimize the multi-output function.
2. Based on the output vectors obtained after minimization, determine the values of the
Ay, discriminants.

3. Create an output graph G < Y, a >.

4. Sequential implementation of multi-output implicants associated with subsequent
vertices of SOP networks.

5. Determine the SW value for SOP blocks and probabilities p(out), where p(out) denotes
the probability of the appearance of the value 1 at the output of SOP blocks.

6. Create a switching graph describing the technology mapping of the multi-output
function in the form of SOP networks.

7. Determine the value of the SW,,; coefficient for the obtained mapping in the form of
SOP networks.

8.  Optimization of the SOP network, which comes down to the sequential implementa-
tion of one of the following three optimization methods:

(1) Moving products from blocks closest to the inputs to blocks closest to the
outputs of the SOP networks;

(ii) Moving connections between blocks closest to the inputs to blocks closest to
the outputs of the SOP networks;
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(iii)  Splitting vertices and possibly reducing the number of SOP network nodes. If
none of the optimization methods can be used, go to 10.

9. Determine the value of the SW,,,; coefficient for the new SOP networks. If the mini-
mization of the value of the SWy,,; coefficient is achieved, go to 8.
10. End the optimization procedure.

5. Experimental Results

A series of experiments were conducted to confirm the effectiveness of the proposed
methods of optimizing technology mapping. The experiments were carried out using
a popular set of benchmarks described in the .pla [61] format. Each of the benchmarks
considered is a description of a multi-output function f: B — B™. The experiments were
performed by mathematical analysis using a spreadsheet. This type of approach leads to
the need to limit the number of functions included in the set (m). We limited ourselves to
examples where the number of m is three or four. This led to the need to extract three- or
four-element sets from the original benchmarks.

The following series of experiments were conducted: classical implementation
(Cl) [60]—as a reference value, implementation using a switching graph without optimiza-
tion (5G), and implementation using a switching graph with the proposed optimization
(SGopt). The experiments were conducted for three values of k (three, five, and seven),
defining the number of terms in SOPs. For each considered solution, the SW coefficient
was determined, the value of which directly affects the value of dynamic power losses. The
obtained results are presented in Table 1.

Table 1. Experimental results—SW values.

Benchmark k=3 k=5 k=7
Name In | Out Cl SG SGopt SG/SGopt Cl SG Sgopt SG/Sgopt Cl SG Sgopt | SG/Sgopt
1 bw_21_11_9 5 3 8.32 3.84 3.84 1.00 6.88 2.85 2.85 1.00 418 2.85 2.53 1.12
2 bw_27_26_25 5 3 4.00 1.99 1.99 1.00 371 1.89 1.89 1.00 291 1.89 1.34 1.41
3 bw_321 5 3 8.81 2.79 2.45 1.14 4.82 1.80 1.56 1.16 4.82 1.80 1.56 1.16
4 bw_432 5 3 7.84 2.89 2.65 1.09 4.03 1.90 1.66 1.15 3.87 1.90 1.66 1.15
5 ldd_mno 9 3 6.91 0.16 0.15 1.10 5.74 0.18 0.18 1.04 3.62 0.15 0.15 1.00
6 sao2_210 10 3 16.61 0.95 091 1.05 11.71 0.61 0.56 1.09 10.26 0.55 0.45 1.24
7 sao2_310 10 3 16.22 0.66 0.62 1.07 11.70 0.47 0.41 1.14 10.16 0.43 0.34 1.26
8 sao2_320 10 3 6.93 1.14 1.06 1.07 4.96 0.68 0.59 1.16 4.78 0.54 0.43 1.25
9 sao2_321 10 3 11.51 1.14 1.06 1.07 8.52 0.68 0.59 1.15 7.07 0.53 0.43 1.24
10 clip_432 10 3 2825 | 542 5.36 1.01 19.59 3.13 2.94 1.07 16.44 243 2.12 1.15
11 rd53 5 3 10.99 | 9.62 9.52 1.01 7.20 7.06 6.73 1.05 6.31 497 4.84 1.03
12 rd73 7 3 30.37 | 28.70 | 28.48 1.01 20.73 16.26 15.67 1.04 1499 | 1275 | 11.85 1.08
13 5a02 10 3 17.09 3.12 2.94 1.06 12.30 2.25 221 1.02 10.76 2.07 1.81 1.14
14 sqn 7 3 15.02 | 483 432 1.12 9.83 3.06 291 1.05 8.86 2.51 2.33 1.08
15 Misex1_356 7 3 6.73 0.95 0.86 1.10 478 0.86 0.65 1.32 3.74 0.71 0.59 1.20
16 Misex1_367 7 3 6.30 0.96 0.93 1.03 442 0.87 0.75 1.16 3.49 0.87 0.84 1.04
17 Misex1_567 8 3 6.80 0.55 0.51 1.09 4.87 0.44 0.40 1.12 4.00 0.44 0.31 1.45
18 | Misex1_3456 8 4 8.04 0.61 0.55 1.11 5.43 0.56 0.50 1.12 4.44 0.56 0.56 1.00
19 Misex1_3567 7 4 8.49 1.59 1.56 1.02 5.85 1.50 1.47 1.02 4.98 1.50 1.47 1.02
20 Misex1_4567 8 4 8.12 0.52 0.46 1.13 5.61 0.48 0.46 1.03 4.74 0.48 0.43 1.11
SUM: 233.35 | 72.46 70.23 162.67 47.54 4498 134.42 | 39.94 36.04
MEAN: 1.06 1.09 1.16

The first three columns of Table 1 contain information on the benchmarks under
consideration. The benchmark name contains information on which single-output function
of the multi-output function is considered. If the name does not contain this information,
it means that all functions from the set are considered. For each case, information on the
number of inputs (in) and the number of outputs (out) is provided.

The remaining columns of Table 1 are divided into three groups related to the values
k =3, 5 and 7. Each of these three groups contains four columns, which concern the
following implementations of the system: classic implementation (Cl), mapping using a
switching graph without optimization (SG), and mapping using a switching graph with
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the optimization presented in the article (SGopt). The individual cells contain the values of
the obtained SW coefficients. The last column in each group with the SG/SGopt header
contains the ratio of the switching activity values obtained using the SG and SGopt methods,
respectively. The numbers placed there allow for a simple quantitative assessment of the
optimization efficiency.

Table 1 has been supplemented with two additional rows. The first one (SUM) contains
the total values of SW coefficients for Cl, SG, and SGopt. The second one (MEAN) describes
the average value of SG/SGopt coefficients obtained for individual benchmarks. The values
placed there allow for a synthetic presentation of the results in the form of bar charts shown
in Figure 9.

(a) (b)

Sum of SW Mean

250.00 118
116
114

112
150.00
110
100.00 1.08
1.06
50.00 1.04
1.02
0.00
3 5 7 1.00
3 5 7
k

mCl mSG mSGopt

200.00

Figure 9. Synthetic presentation of the experimental results: comparison of the total SW value (a) and
the average SW value (b).

The bar graph shown in Figure 9a shows a comparison of the total values of SW
coefficients obtained for all analyzed benchmarks and three different SOP block sizes
(k=3,5,7). Analyzing the form of the graph, it can be seen that the methods using the
switching graph in the mapping process significantly improve the efficiency of the obtained
solutions in terms of the number of switches reflected in the SW value. There is no doubt
that multi-level function implementations lead to a minimization of dynamic power losses.
It can be seen that the optimization process leads to a further reduction in the SW value.
It is worth emphasizing that the optimization leads to a reduction in the SW value for all
considered SOP block sizes.

Figure 9b shows the average values of the comparison of the SG method with the
SGopt method presented in the table. Values greater than one indicate that the optimization
led to a reduction in the SW value and thus a reduction in the dynamic power. It is worth
noting that with the increase in the k value, the optimization gains are greater and greater.
It can therefore be seen that the optimization used leads to about a 10% reduction in the
dynamic power.

6. Conclusions

The problem of designing energy-efficient digital systems is currently gaining increas-
ing importance. It is becoming a key problem in the further development of cyber-physical
systems, which commonly use the latest technological achievements. The area of searching
for power consumption reduction is very wide and covers all stages of system synthesis.
Potential gains can be achieved at all levels of system implementation, including low-level
logic synthesis. The approach presented in the article presents the possibility of reducing
dynamic power by searching for an appropriate technology mapping of the implemented
systems. The process of searching for an energy-efficient solution is combined with the
optimization of the proposed description of the system in the form of a switching graph.
The switching graph is a bridge between the description of the technology mapping and its
switching properties. It allows for directing the modification of the created SOP networks to
minimize the switching of individual elements. It is worth emphasizing that the proposed
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optimization is universal and can be generalized to other architectures, not necessarily
based on SOP.

The article focuses only on combinational circuits. The topic of reducing power
consumption in sequential systems is not discussed. It is worth noting, however, that the
appropriate implementation of FSMs combined with the energy-efficient coding of internal
states in conjunction with the presented optimization methods can lead to extremely
effective algorithms for the technology mapping of FSMs. This topic will be the subject
of further work, which should lead to the development of methods for the synthesis of
energy-efficient sequential circuits.
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