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At present, the power consumption of digital systems receives substantial attention due
to the demand for long-lasting batteries for portable devices, such as cameras,
smartphones, and various electronic gadgets. These devices are control based and keep
running throughout their lifetime. Given that most of these devices use digital controllers
implemented as finite-state machines (FSMs), the reduction of an FSM's power
consumption is essential. FSMs can control a simple transmission or control different
components of an extensive system on chip design. High-level low-power design
techniques are used to reduce the power consumption of digital circuits.

Many researchers use a variety of algorithms to optimize a solution. Among these
methods is the genetic algorithm (GA)-based optimization, that technique shows a high
performance to reduce FSM power consumption. Partitioning is one of the high-level
low-power techniques which reduces FSM power consumption by dividing the logic of
the FSM into smaller areas of active and inactive circuits. Therefore, the activation of
smaller areas of logic circuits at a time reduces the total power consumption of the FSM.

Partitioning of two areas (bi-partitioning) used in conjunction with the GA methods
reduces the power consumption of FSMs. Advancements in low-power implementation
methods such as power-gating and clock-gating in semi-custom IC design guarantees the
practicality of the methods used for partitioning. Therefore, by using such techniques,
an innovative multi-partitioning solution can be achieved for a low-power FSM design
using the GA algorithm.

This dissertation proposes a new framework to a multi-partitioning approach to
implement FSMs, which aims to improve low power design. Multi-partitioning reduces
the power consumption of an FSM by increasing the number of partitions. Therefore, the



logic for each partition becomes smaller and accordingly reduces the power consumption
of the FSM. However, by increasing the number of partitions, the overhead of powering
control circuitries increases for each new partition to the logic circuit.

Experimental results performed to a set of selected benchmarks shows the power
consumption saving for each FSM topology tested. This thesis compares novel
approaches to multipartition an FSM alongside standard methods using readily accepted
benchmark tests. Standard monolithic and bi-partitioned forms are tested to validate the
findings of previous studies. Then accordingly, this study makes a comparison between
those results and multi-partitioned results.

Experimental results show that the multi-partitioning methods innovated in this study
are effective at reducing the power consumption of FSMs. Furthermore, reports a
threshold limit to the number of partitions practically made to certain types of circuit,
this is due to the overhead power consumption of the control logic, whereby over-
partitioning may exceed the total power consumption of bi-partitioned FSM and
monolithic FSM.

In conclusion, this study successfully applies innovated FSM circuit topologies to
selected FSM benchmark tests which report a more significant power consumption
reduction compared with monolithic FSM power consumption and conventional bi-
partitioning GA methods. This approach consistently improves the results of the GA
process and shows reliable performance regarding power optimization.
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Pada masa ini, penggunaan kuasa sistem digital mendapat perhatian yang ketara kerana
permintaan untuk bateri tahan lama untuk peranti mudah alih, seperti kamera, telefon
pintar, dan pelbagai alat elektronik. Peranti ini adalah berdasarkan kawalan dan terus
berjalan sepanjang hayat mereka. Memandangkan kebanyakan peranti ini menggunakan
pengawal digital yang dilaksanakan sebagai mesin keadaan terhingga (FSM),
pengurangan penggunaan kuasa FSM adalah penting. FSMs boleh mengawal
penghantaran mudah atau mengawal komponen yang berbeza dari sistem yang luas pada
reka bentuk cip. Teknik rekabentuk kuasa rendah peringkat tinggi digunakan untuk
mengurangkan penggunaan kuasa litar digital.

Ramai penyelidik menggunakan pelbagai algoritma untuk mengoptimumkan
penyelesaian. Antara kaedah ini ialah pengoptimuman berasaskan algoritma genetik
(GA), teknik itu menunjukkan prestasi yang tinggi untuk mengurangkan penggunaan
kuasa FSM. Pemisahan adalah salah satu teknik berkuasa rendah peringkat tinggi yang
mengurangkan penggunaan kuasa FSM dengan membahagikan logik FSM ke kawasan
kecil litar yang aktif dan tidak aktif. Oleh itu, pengaktifan kawasan litar logik yang lebih
kecil pada satu masa mengurangkan jumlah penggunaan kuasa FSM.

Pemisahan dua bidang (bi-partitioning) yang digunakan bersamaan dengan kaedah GA
mengurangkan penggunaan kuasa FSM. Kemajuan dalam kaedah pelaksanaan kuasa
rendah seperti kuasa gating dan clock-gating dalam reka bentuk IC separa adat menjamin
kepraktisan kaedah yang digunakan untuk pembahagian. Oleh itu, dengan menggunakan
teknik tersebut, penyelesaian berbilang-partisi yang inovatif boleh dicapai untuk reka
bentuk FSM kuasa rendah menggunakan algoritma GA.



Disertasi ini mencadangkan kerangka baru untuk pendekatan berbilang-partisi untuk
melaksanakan FSM, yang bertujuan untuk meningkatkan reka bentuk kuasa rendah.
berbilang-partisi mengurangkan penggunaan kuasa FSM dengan meningkatkan bilangan
partition. Oleh itu, logik untuk setiap partition menjadi lebih kecil dan dengan itu
mengurangkan penggunaan kuasa FSM. Bagaimanapun, dengan meningkatkan bilangan
partition, overhead litar kawalan berkuasa meningkatkan setiap partition baru ke litar
logik.

Keputusan eksperimen yang dilakukan pada satu set tanda aras terpilih menunjukkan
penjimatan penggunaan kuasa bagi setiap topologi FSM yang diuji. Tesis ini
membandingkan pendekatan novel untuk membahagi-bahagikan FSM bersama dengan
kaedah piawai menggunakan ujian penanda aras yang mudah dikecualikan. Borang
monolitik dan bi-partition piawai diuji untuk mengesahkan penemuan kajian terdahulu.
Oleh itu, kajian ini menjadikan perbandingan antara hasil dan keputusan berbilang-
partisi.

Keputusan eksperimen menunjukkan bahawa kaedah berbilang-partisi yang inovatif
dalam kajian ini adalah berkesan untuk mengurangkan penggunaan kuasa FSM.
Tambahan pula, melaporkan had ambang kepada bilangan partition yang praktikal dibuat
kepada jenis litar tertentu, ini disebabkan oleh penggunaan kuasa overhed logik kawalan,
di mana pembahagian lebih banyak mungkin melebihi jumlah penggunaan kuasa FSM
yang dibahagikan dan FSM monolitik.

Kesimpulannya, kajian ini berjaya menerapkan topologi litar FSM yang inovatif kepada
ujian penanda aras FSM terpilih yang melaporkan pengurangan penggunaan kuasa yang
lebih besar berbanding penggunaan kuasa FSM monolitik dan kaedah bi-partition GA
yang konvensional. Pendekatan ini secara konsisten meningkatkan hasil proses GA dan
menunjukkan prestasi yang boleh dipercayai mengenai pengoptimuman kuasa.
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CHAPTER 1

INTRODUCTION

1.1 Background of the Study

At present, computer and communication system architecture receives substantial
attention due to the demands of longevity for portable battery powered devices, such as
cameras, smartphones, and various electronic gadgets. Designers and engineers are
driven to create circuits, which consume less power. Most of these devices use digital
controllers implemented as finite-state machines (FSMs), the consumption of FSMs is
crucial to the application [1][2][3][4]. Numerous studies concerned with the power
consumption of electronic devices mainly focus on designing low-power FSMs.
Accordingly, FSMs are at the heart of every controlled digital device. The size of an
FSM can vary from a few gates to thousands of gates that form a processor or complex
control logic that handles the control process of a broad application. FSMs often control
a simple transmission or manage different components of an extensive system on chip
design.[1]-[3], [5], [6].

Therefore, FSMs are synchronous digital electronic circuits that often use
Complementary Metal-Oxide-Semiconductor (CMQOS) integrated circuit (IC)
technology, since this technology has low power consumption characteristics.
Furthermore, to realise a low-power circuit design, many different techniques can also
be applied to the abstract layers whereby High-level low-power design techniques are
extensively employed [7], [8]. Since lower level power estimation and power reduction
can be time-consuming, it is desirable to apply the power reduction to the higher levels
of abstraction such as RTL level, architecture level and system level. A description of
an FSM is a high-level abstraction of the sequential circuit. The best power aware
solutions for FSMs can consider the impact of micro-architectural power design choices
[9]. Switching activity is an essential power factor determined in high-levels of the
abstraction of an FSM [9], [10]. The state encoding, and state assignment are the features
which impact the switching activity of an FSM. By controlling these two factors circuit
switching activity is manageable [11], [12]. As an example, one-hot encoding used for
increasing the reliability of the FSMs [13]. State assignment is a useful and effective
method for reducing the power consumption of FSMs. State assignment reduces the
power by inferring less toggling switching activity; it also improves the logic
optimization, which is determined by the number of literals [14]. State assignment
algorithms can vary from standard heuristic to genetic algorithms. Among these methods
and algorithms, the genetic algorithm (GA)-based optimization showed higher
performance compared with those of the heuristic and other algorithms, such as
Kernighan—Lin [15].

Partitioning is another effective method for reducing the power consumption of FSMs.
Partitioning retains two or more separate FSMs with identical functionalities as if the
sub-FSMs can be combined to form a single-partition FSM. Partitioning methods split
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the original FSM" into several smaller sub-FSMs and activate them one at a time. Many
previous works employ partitioning and it is still applied to low-power FSM designs.
Partitioning is applied in three ways: clock-gating, power-gating and input isolation [7],
[12], [16]-[17]. Implementation of FSM partitioning method depends on the device and
often differs for a Field Programmable Gate Array (FPGA) compared to an Application
Specific Integrated Circuit (ASIC). Any implementation must be able to control the
activity of the sub-FSMs. Activation and deactivation of each sub-FSM can be achieved
using different methods such as clock-gating, power-gating and input deactivation [15],
[18], [19] and [20].

Clock gating allows the deactivation of parts in an FSM by considering the output and
the current logic state. Clock gating happens when a driver enables or disables the clock
signal for a corresponding active or idle circuit. Clock gating reduces power
consumption since the idle circuit is not changing state but consumes some power to
hold on to the logic states from when it was active. Functional operation information
such as the self-transition probability of each state contributes to the implementation of
a clock-gating technique for low-power FSMs.

Input deactivation is a method to gate the inputs of the combinational part of an FSM or
a sub-FSM, which prevents the toggling of the combinational logic to contribute to the
next state or output logic. Input deactivation is an effective low-power implementation
technique. The input deactivation method is more advantageous in terms of time, area
and complexity compared to other gating implementation methods.

Power-gating however, can completely shut-down inactive sub-FSMs, and these
combinational logic parts then cease to function losing the record of their previous logic
states making them slow to reactivate. This technique has a significant advantage to
reduce power leakage, but further discussion about the impact of power-gating on
leakage power is out of the scope of this thesis [21].

The three mentioned procedures: state assignment, partitioning and Genetic Algorithm
(GA) are the foundation of low-power design technique of low-power FSM design. The
GA will search the state assignment and state encoding along with the possible partitions
for any given FSM. The GA program employs any estimator tool whether academic or
commercial to find the best possible low-power solution of the partitioned FSM.

To estimate the power consumption of the partitioned design, first, the power
consumption of each partition of the FSM will be calculated using estimation tool. Then,
an initiative developed power model based on selected low-power implementation will
calculate the final power consumption of the partitioned FSM.



1.2 The Significance of the Genetic Algorithm (GA) based Power Optimization

GA-based optimization methods are evolutionary processes that gradually improve the
optimization process. This method is inspired by natural evolutionary processes in the
same manner that organisms are evaluated based on their present state of existence. The
GA method mimics the biological evolution process by using operations like the natural
genetic process models of selection, crossover, and mutation to impact on the
generations. Using the GA method, the problem parameters map into arrays of data that
will behave similarly to biological chromosomes. The GA code or program implements
the following concepts by mimicking natural evolution:

e  Gene: the principal factors of which impact our optimization subject (power)
should be determined and formed inside the GA database

e Chromosome: after formation of the FSM genes, a chromosome should form.
The chromosome contains information of an FSM; therefore, it will be a
standalone unit of GA process that can estimate the power of an FSM. Each
chromosome includes a combination of possible state assignment, state
encoding, and partitioning of a given FSM.

e Population: is a sequence of chromosomes in which performs the power GA
fitness assessment. GA operations apply to the population; hence, the best
solutions are amongst the population members.

The considerable advantage of GA is that multiple parameters can be simultaneously
considered to optimise the factor of interest. For example, the crucial factors that impact
low-power FSM design (e.g., encoding and state assignment) are concurrently
considered along with the partitioning parameter.

1.3 The Scope of the Study

This research is conducted to create a new framework for designing low power FSM’s.
This framework performs bi-partitioning and multi-partitioning along with encoding
optimization to reduce the power consumption of FSMs. The experiment selects a set of
MCNC benchmarks designed and employed in the research of logic and power
optimization.

Due to the unavailability of commercial libraries for experiments, academic logic
optimization and a power estimator tool are used to estimate power. However, if
commercially created libraries were available, then the framework can use a commercial
synthesis tool for power estimations.



Due to the stochastic nature of FSMs, it is nearly impossible to find a generalised power
estimation rule. Therefore, each benchmark test is evaluated unilaterally to determine
the improvement gained by that method. Thus, any estimation of the benchmark
performance by considering the result of other FSMs is impossible.

1.4 Problem Statement

Nowadays high complex control-dominated systems have emerged with high-
performance features. Therefore, the power consumption of such systems is significant.
Finite state machines are used to implement such high-performance systems. Extensive
design work is undergoing on FSM’s to optimise the power control through state
encoding and bi-partitioning. Such implementations use heuristic or GA algorithm to
achieve the best solutions.

Because of the complexity of the system processes and unavailability of a proper
framework, it is crucial to creating a framework that prepares for and enables changes to
the process optimization parameters. For example, changing the number of partitions
from two to any desired number further reduces the power consumption. In this work a
new framework is proposed for power optimization of finite state machines, using the
genetic algorithm and multi-partitioning. Experiments using this framework measure the
effects of multi-partitioned designs on the total power consumption of the finite state
machines. Also, our proposed framework can perform the conventional bi-partitioning
method.

1.5 Objectives

The primary goal of this study is to create a new framework to perform power
optimization for FSM design employing a multi-partitioning GA approach. The main
aim of multi-partitioning GA optimization approach is to achieve considerably low
power consumption for FSMs by reducing the size of their active combinational
component. Hence the following objectives of this study are presented as follows:

e To create a new framework that can perform the preparation of the design
conducts multi-partitioning, or bi-partitioning, or both, to the given FSM using
GA optimization algorithm.

e To modify and extend the conventional bi-partitioning power model to multi-
partitioned FSM power consumption.

e To develop the GA algorithm used by the framework to read an FSM in high-
level representation and output the optimised FSM with optimised encoding
and partitioning information in Verilog HDL format.



1.6 Thesis Organization

Chapter two provides the literature review with necessary background discussions on
CMOS power consumption, FSM power consumption, different techniques and methods
to reduce and optimise the power consumption of FSMs and give a review of various
algorithms and tools used for low-power FDM design.

Chapter three provides the methodology of this study by explaining the modifications of
the GA method, process of forming the framework of the experiments and tools, and
detailed process of implementation.

Chapter four discusses the results of the experiments with the modified GA optimization
algorithm.

Chapter five concludes this study and presents suggestions and directions for future
research on the current topic.
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