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Abstract

Abstract

As the continuous scaling on both size and the operating voltage of the Very
Large Scale Integrated (VLSI) circuits for improved power and area efficiencies,
keeping the acceptable reliability has become an increasingly significant chal-

lenge of the digital circuits in addition to the power consumption and area.

In this thesis, a number of modern Electronic Design Automation (EDA) algo-
rithms and approaches emphasizing the digital circuit reliability analysis and
optimisation were investigated. In this work, the reliability is categorized into
two aspects, i.e., the reliability related to the soft error events in the circuit and
the timing related reliability. In terms of the soft error events, an error may be
injected into the circuit unexpectedly, which may eventually impact the correct-
ness of the computation executed by the circuit. What makes the analysis com-
plex is that when an error occurred somewhere in the circuit, the error may or
may not propagate through the circuit and be reflected on the output due to the
masking phenomena. Monte-Carlo (MC) simulation was the standard method to
solve the problem in the traditional workflow until the circuit scale became suf-
ficiently large that it is out of the tractable computation performance. Thus, an-
alytical approaches for soft error propagation algorithms were under research
for decades. In this work, a conditional probability based soft error propaga-
tion algorithm, CPEP, that can achieve significant performance boost compared
to the MC simulation, while maintaining high accuracy was developed. In ad-
dition, building on the foundation of the CPEP reliability analysis algorithm, a
complete EDA framework to enhance the reliability during the circuit synthesis

was proposed.

The timing related reliability is a measure of the probabilities that the circuit
outputs can properly switch to the desired voltage level at a certain delay (i.e.,
Cut-off delay). The analysis of this kind of reliability is a process of Statistical
Static Timing Analysis (SSTA), which has become a very active research area
in the last decades. In our work, the Artificial Neural Network (ANN) function
approximator based SSTA gate models for accurate and fast estimation of the
Electronic Design Automation Methodologies  Xii Bo Yang
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Abstract

propagation delay, 7,4, distribution (hence the reliability) was explored. All
these methods for reliability analysis are fully compatible with existing elec-

tronics design flows using classical Boolean circuit synthesis methods.

In the quest to design reliable, efficient circuits, alternative circuit architec-
tures were investigated, which may not follow the classical CMOS design flow.
ANNSs are such architectures that promise more efficient implementations of
digital circuits and can be a viable alternative to the current CMOS-based VLSI
circuit architectures. A synthesis framework for Multilayer Perceptron (MLP)
based Boolean logic gates was investigated. Experimental results show that
with this architecture, the logic circuit can be implemented effectively, result-
ing in smaller propagation delay and also the more predictable variations. A
typical Boolean circuit consists of many types of gates. Implementing the linear
circuits (i.e., XOR networks) is particularly difficult for an MLP Boolean func-
tion approximator. Thus, a circuit linearization framework based on Boolean
function Bi-decomposition was proposed to separate the linear part from the
non-linear part (composed of the rest of gate types). Then, an MLP-based cir-
cuit can be used to implement the non-linear part more effectively while the
linear part can be part of an error control coding scheme, which can further

improve circuit reliability.
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Chapter 1

Introduction

Integrated Circuits (ICs) form the basis for the microelectronic industries and
play a vital role in our lives and contribute significantly to the global economy
[1]. Since the invention of the transistor in the 1950s, we are on a continuous
quest to optimise, add new features and use transistors and ICs in new applica-
tions, which improved the quality of life of many. Transistors become smaller
every year, driven by Moore’s Law predictions and laid down by the Interna-
tional Semiconductor Roadmap [2}, 13} 4], integration is at unprecedented levels,

and the number of applications touches every aspect of our life.

At present, the dominant technology is Metal-Oxide-Semiconductor Field-Effect
Transistor (MOSFET)/Complementary MOS (CMOS). The transistor size in com-
mercial applications is 7 nm (while 5 nm is picking up), while more than 1.2
trillion transistors are integrated on the same chip [5]. Not surprisingly, this
chip is aimed at Artificial Intelligence (AI) applications where researchers try
to mimic the function and the number of neurons in the human brain. This
tremendous growth in the number of transistors and integration was driven
by (a) the developments on the solid-state semiconductor devices physics; (b)
the progress of the semiconductor manufacturing process and packaging tech-
nologies; (c) the development of the new computing system architectures as
well as memory; (d) and the improvements of the circuit design methodologies

through (micro)electronic design automation (EDA) tools. The last two drivers



1. INTRODUCTION

are also the focus of this thesis, in which tools for reliability analysis and op-
timisation of digital integrated circuits are being developed. New EDA design

methodologies accompany and enable continuous scaling of the digital circuits.

Firstly, the basic structure of the MOSFET will be explained. Figure[1.1aland Fig-
ure depict the symbol and basic structure of an N-type MOSFET (NMOS),

respectively.

G
|

(a) NMOS symbol (b) NMOS construction structure

Figure 1.1: The NMOS symbol and its construction structure

As shown in the figure, the traditional MOSFET has a planar structure, the chan-
nel length (L), and channel width (W) are the two metrics of most importance
in a CMOS circuit design. Also, the scaling of MOSFET is referred to as the
reduction of the channel length L. With the continuous scaling down of the
transistors (i.e., the MOSFETs), more MOSFETSs can be integrated into a single

die, which results in the following advantages:

* Lower Cost: The number of transistors per unit area, and the manufac-
turable die area are both getting larger, which leads to much lower man-

ufacturing cost;

* Higher Performance: As the transistor is getting smaller (e.g., the channel
length), higher channel current while lower junction and parasitic capac-

itances can be achieved, which leads to higher speed;
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* Lower Power Consumption: Lower dynamic power consumption primarily
due to the reduction in the operating voltage (smaller gate-oxide thick-
ness), and lower static power consumption due to the reduction in the

leakage current (new gate materials).

All these advantages of MOSFET translate in enabling a myriad of applications

from battery operated to high performance digital integrated circuits.

1.1 CMOS Design Flow and Electronic Design Au-

tomation

As the scale of the CMOS digital circuits is counted in billions of MOSFETSs
in modern digital CMOS technology, the digital CMOS Very Large Scale Inte-
grated (VLSI) circuit design is EDA driven. With EDA tools, a set of algorithms
are performed to assist the designers to design, analyse, verify, optimize, and
produce highly efficient and reliable VLSI circuits. With many decades of de-
velopment, the CMOS VLSI industry has formed a mature design flow. The
conventional synchronous digital VLSI circuit design flow is often partitioned
into three phases, i.e., logic design/logic synthesis, physical design and fabri-
cation, of which the first two stages may take advantage of the methodologies

proposed in this work:

Logic design and synthesis (Front-end design) The logic designers focus on
the circuit architecture, algorithms, and functionality implementation using the
Hardware Description Languages (HDL), commonly Verilog or VHDL. The output
of this phase is the circuit Register Transfer Level (RTL) description. The circuit
functionality is then verified by performing a pre-synthesis simulation. Dur-
ing this phase, the circuit representation has only mathematical meanings, and
mostly the functionality of the circuit is verified. The circuit performance, when
evaluated at this phase, gives the designer only some preliminary guidance on

the performance of the designed circuit. The main advantage of the evalua-
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tion, although not accurate, it can be performed very fast, requiring relatively

modest computing resources.

Synthesis tools translate the RTL to the gate level netlist that describes the cir-
cuit with a graph that is composed of the logic gates/standard cells (nodes) and
their connections (edges). In the synthesis phase, the circuit representation is
annotated with physical meanings, and the result of synthesis directly affects
the results of the physical design. Thus, it is significant to have accurate analy-
sis and optimisation performed in this phase in order to detect design flaws and

to improve the design performance at this early stage.

Physical design/implementation (Back-end design) This phase is where
the synthesized netlist is physically laid-out and routed, and the final mask
layout file (typically GDSII file as industry-standard format) for manufactur-
ing is generated. The goal of physical design is to properly plan the layout
area to achieve minimized routing costs and optimized circuit performance and
reliability. At this stage, most of the process technology and implementation
information are available. Thus the circuit specifications can be very accurately
evaluated. Also, this is the last chance for designers to verify the circuit func-
tionalities and performance metrics before sending the design to the semicon-
ductor device foundry. Compared with the front end design analysis and verifi-
cation tasks, these tasks are orders of magnitude slower and require significant

computational resources.

The key challenges are that front end design performance, reliability, or power
estimation to be as close as possible to the back end design estimations or in-
deed to speed-up the physical design performance estimation drastically with-

out compromising on the accuracy of the model.
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1.2 New Challenges

Although many advantages of the CMOS technology scaling exist, the rate of
scaling is slowing down and approaching the limit (i.e., the end of Moore’s

law) [6}[7, 18, 9], primarily due to the following reasons:

The transistor channel is reduced down to a few nano meters. Thus the

device physics is showing quantum phenomenon;

* Increasing device variability, due to the uncertainties in the fabrication

process;

The manufacturability is getting harder, thus lowering cost-effectiveness;

The high device density prevents the heat from dissipating.

These new challenges raise increasing new demands for ultra-low power/low
voltage devices, circuits, architectures, and systems. To continue advancing
the development of the integrated circuits, one direction under research is the
post-silicon materials, devices such as the Single-Electron Transistors (SETs) [10,
11, Memristors [12], and Carbon Nanotube FETs (CNFETs) [13],[14]. Another
direction is to improve the MOSFET structures and CMOS process technologies
such as the FinFet [15], Gate-All-Around Nanowires (GAA NWs) [16]], etc. On
the other hand, the most viable direction in the coming decades is to develop
new circuit architectures and optimisation approaches based on the current

CMOS technology (which is the main area of study in this thesis).

Due to the new challenges, the VLSI system design and optimisation goals for
the most advanced CMOS technologies are getting even more complex. The
so-called Multi-objective Optimisation (MOO) [17] is usually required to obtain
a highly efficient computation system, as more serious trade-offs are exhibited
among the design metrics, normally area, performance, and energy consump-
tion [17]. Furthermore, reliability is becoming another important optimisation
goal. In order to minimize the circuit energy consumption, voltage scaling is

known to be one of the most effective approaches, due to the quadratic relation-
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ship between the dynamic power consumption and the operating voltage V.
However, the voltage scaling causes the performance as well as reliability to de-
grade quickly. These trade-offs can be illustrated using the pentagon in Figure

As the pentagon indicates, lowering V,; will directly reduce power con-

Power
Consumption
A
Area » Performance
M
Reliability - Redundancy

Figure 1.2: CMOS design pentagon

sumption, while degrading the performance and reliability. Typically, adding
redundant logic to the circuit can protect the reliability from degrading (com-
pared to a canonical logic), but causes the area and power consumption to

increase.

Thus, the key point in the voltage scaling optimisation process is to find the
optimal V,, to balance the power consumption improvement and performance
and reliability degradations. In other words, efficient EDA algorithms to anal-
yse, evaluate, and improve the circuit speed, and reliability become a signif-
icant requirement in the CMOS VLSI design flow. While EDA tools for power
consumption, area, and performance have been extensively investigated for the
past decades, the research on EDA tools for reliability is a relatively new con-
cept.
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The term Reliability is formally defined by IEEE as the measures of the ability
to generate units to perform their intended function under specified service
conditions during a period [[18]. In the context of VLSI circuits, the reliability is
the probability that the correct computation results are obtained at the Primary
Outputs (POs) of a digital circuit [19] under specified conditions and durations.
Therefore, the main target of the study on reliability is the uncertainties and
the probabilistic behaviours of the circuits that are composed of the unreliable

nano-meter transistors (e.g., the ones operating at low V).

The nano-meter transistors operating at lower V,; have the following sources

of uncertainties [20, [21]]:

* The manufacturing process is even harder to control, which leads to larger

device variabilities;

* The lower over-drive voltage causes increased propagation delay, 7,4, thereby
increases the possibility that some transistors cannot switch properly at a

certain delay;
* The noise margin gets tighter, which results in a more erroneous circuit.

Thus, the circuit reliability issues are mostly caused by device variations due
to the manufacturability and soft errors that originate from crosstalk, thermal

noise, and power supply noise, etc.[20, 211, 22} 23]

Soft errors The soft error is often called the Transient Fault, as it is a type
of temporary fault that normally has no lasting effects on a certain circuit. A
soft error can be generated in both of the memory elements (e.g., registers)
and the combinational elements. If a soft error event occurs in a memory ele-
ment, the error may immediately be latched, which will become an error source
of the subsequent level of combinational circuits. However, if that occurs in a
combinational element, the error has to propagate through one or some (Re-
convergent Fanout (RFO) may exist) of the combinational paths to produce a

final faulty computation result. Thus, to be "successfully" latched by the subse-
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quent memory element, an error must pass through the following three masking

mechanisms [24]:

* Logic Masking: the errors may be masked by the logic function of a certain
logic gate. For example, an error will be masked by a "0" input of an AND
gate. This is the most common masking mechanism in the combinational

circuits.

* Electrical Masking: very fast transitioning glitches will be masked by a
logic gate with a larger propagation delay. In other words, the error
glitches must be wide enough to be "successfully" propagated through
a logic gate. This mechanism has more effect on an ultra-low voltage

circuit, due to the larger propagation delay.

* Timing-window Masking: the error must be captured by a memory element
to become a final faulty result, and even to propagate to the next level of

the combinational circuit.

As stated above, to predict the error propagation in the combinational circuits

can be a challenging task from the EDA perspective.

Device variations The device variations, i.e., Process, Voltage, Temperature
(PVT) variations, contribute to the uncertainties of the circuit propagation de-
lay. In other words, the propagation delay is very sensitive to the device vari-
abilities. Besides, the deviation in the propagation delay can result in faulty
output in a circuit when some of the elements in a path cannot be properly

switching at a certain time.

However, to accurately predict the propagation delay variation is a very chal-
lenging task, especially for the current advanced nano-meter CMOS technolo-
gies, as the standard Static Timing Analysis (STA) shows limitations and weak-

nesses to deal with the process variabilities.

Conventionally, to deal with the variation in propagation delay caused by vari-

ability, Corner-based STA is used to validate the timing properties considering
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the process variations. Based on the corner cases, margins are supposed to be
large enough to ensure the circuit will run properly under any circumstance.
It is obvious that the corner-based approaches make overly pessimistic or opti-
mistic predictions [25]] and are difficult to be used for MOO purposes. Besides,
these approaches completely lose their prediction power when intra-die varia-

tions are introduced [26]], as will be detailed in Section 4.1

On the other hand, Statistical Static Timing Analysis (SSTA) [27, 28] 29] has
been attracting more and more attention to deal with this challenging task of
profiling the distribution of the propagation delay, P,, against the PVT varia-
tions. One of the biggest differences in SSTA from STA is that the critical paths
are not deterministic in the context of SSTA because that in some certain cir-
cumstances a shorter path with fewer logic levels that is not likely to be a critical
path in STA may have bigger 7,, due to the comprehensive impacts of process
parameter fluctuations. Also, the propagation of P, through the circuit becomes
statistical rather than deterministic as in the STA. However, many challenges are
still under research to make more practically useful SSTA, such as more efficient

SSTA gate models, more precise propagation algorithms, etc.

In addition to the temporary faults introduced above, it is worth to mention that
reliability also refers to the physical phenomena of the CMOS devices related
to permanent failure and ageing caused by Hot Carrier Injection [30, 31, 32]]
and Negative-bias temperature instability [33, [34], etc. However, while these
are also very important topics of research, they are not the aimed subjects of

research in our work.

In this thesis, EDA methodologies are proposed for digital circuit analysis and
optimisation, emphasizing on the reliability, within the framework of the project
EU FP7 FET-Open i-RISC [35]]. The main goal of the i-RISC project is to develop
methodologies that allow the reliable computing system to be constructed with

the unreliable components.
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1.3 Approach

As stated above, the reliability of the ultra-low-power and low voltage digital
VLSI circuits, especially operating in the near-threshold region, is determined
mainly by the noise margin and device variations of the circuits. Thus, in our
context, reliability is investigated based on the above two aspects. The reduced
noise margin will be reflected by a higher probability that the soft errors can
be injected into a circuit and finally result in incorrect computation outcomes
at the circuit Primary outputs (POs). On the other hand, the device variation-
related timing reliability refers to the probability that a circuit output can prop-
erly switch to the desired voltage level within a certain delay called the Cut-off
delay, 7.,. Methodologies to efficiently analyse and optimize these reliabilities

proposed in our approaches will be discussed in detail in this thesis.

Analytical methodology for soft error analyses and reliability-driven syn-
thesis To optimize the soft error-related reliability of a circuit, a fast and ac-
curate gate-level reliability evaluation tool is primarily needed. Thus, a new an-
alytical gate-level soft error propagation algorithm based on conditional proba-

bility and the Theorem of Total Probability (TTP) called CPEP is developed.

Historically, Von Neumann pioneered the art of probabilistic error analysis and
defined any system to be reliable only if the probability to provide correct output
is greater than a certain threshold [36]]. Authors in [37, 38] investigated the
soft error impacts on the circuits, [39, 140, 41}, [42] focus on building the fault
injection models, while more efforts have been invested in the area of gate-
level soft error analysis, such as [40, 43| 44, |45, 46|, 47, |48| 49]. A gate-level
soft error propagation analysis algorithm is also proposed in this thesis, but has

better performance for large scale combinational circuits.

The traditional approach to performing reliability analysis begins with elemen-
tary SPICE simulations, which is not feasible for practically relevant circuits
due to its prohibitive computation time and excessive resource requirements.

The complexity and accuracy of the simulation-based techniques strongly de-
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pend on the scale of circuit and test vector selection [43]. Complementing
the simulation methods, several analytical methods such as those using Prob-
abilistic Transfer Matrices (PTMs) [[44]], Probabilistic Gate Models (PGMs) [45]
and probabilistic decision diagrams (PDDs) [[46], Bayesian networks [47]] and
observability based algorithm [48] have also been proposed to investigate the
circuit behaviour in the presence of faults. However, the PTM suffers from mas-
sive matrix storage and manipulation overhead that results in its inapplicability
to large circuits, and the Bayesian network approach is applicable to medium

scale circuits but is intractable for large circuits.

The biggest advantage of the proposed probabilistic model when compared
to other methodologies is that the algorithm can dramatically improve the
speed of solving the soft error propagation problem through the VLSI combi-
national circuit with acceptable accuracy loss while taking correlations such as
re-convergent fanouts (RFOs) into account. Specifically, the circuit is represented
by a data structure similar to the AND-Inverter Graph (AIG) [50, 51]], which is
a graph with "AND gate" nodes and optionally "inverted" edges. The graph is
traversed in a topological order from a PO to Primary inputs (PIs). During the
traversal, RFOs will be resolved by "simplifying" the AIG recursively until the
circuit is converted into an AND-Inverter Tree (AIT, i.e., acyclic AIG), then the
independent error model can be used. Finally, TTP will be employed to get final
error probability, hence the reliability of a certain output. This model enables
fast computation of the soft error propagation problem while keeping the high
prediction accuracy compared to the methods in the literature. Especially, the
test results on the MCNC benchmark circuits show that up to 10° performance
boosts within 3 % accuracy loss can be obtained compared to Monte-Carlo (MC)

simulation-based methods.

Then, based on the efficient CPEP evaluation tool, a reliability-driven combina-
tional circuit synthesis approach based on the cut rewriting technique was pro-
posed. Reliability-driven logic synthesis is increasingly more critical approach

to improve the reliability of the circuit, especially in the recent decade. In
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general, to improve the reliability through logic synthesis, redundancy must
be added to the circuit to increase the probability to logically mask the soft
errors. Automatic Test Pattern Generation (ATPG) based rewiring method, yet
structurally-different implementations to reduce the Soft Error Rate (SER) was
implemented in [52]. In [53], the circuit output SER is reduced through local-
ized circuit restructuring by taking advantage of don’t-care-based re-synthesis
and local rewriting. In [[54]], a technique to improve the circuit robustness to
soft errors based on Redundancy Addition and Removal (RAR) by eliminating
gates with a large contribution to the overall SER is proposed. Efficient algo-
rithms for synthesizing approximate circuits for simultaneous masking of logical

and timing errors were proposed in [55].

The method proposed in this thesis employs the similar concept of area-driven
synthesis algorithm used by the synthesis tool ABC [56], which iteratively enu-
merate cut of an AIG, boolean matching the function of the cut then try to
replace the current cut with a more robust one from the functionally equiva-
lent set of cuts. Our method allows up to 75 % improvement of the reliability

through a test set on the MCNC benchmark circuits.

Viq dependent SSTA and timing reliability models Timing reliability means
the probability that the circuit output can switch properly at a certain delay, 7,
(i.e., the cut-off delay). In other words, the timing reliability is profiled by the

Cumulative Distribution Function (CDF) of the 7,,.

SSTA is one of the latest methodologies to analyse the distribution of the circuit

propagation delay, P,, against the presence of process parameter variabilities.

One example of the V};,-based SSTA gate model was presented in [57], which
approximates the delay PDF using the Gaussian distribution function. This
is appropriate only when the CMOS transistors operate in the strong inver-
sion regime. However, for low supply voltages, the propagation delay pro-
file is highly non-Gaussian [58]]. Therefore, various distributions were used to

model the propagation delay profile of circuits for weak and moderate inversion
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regimes, such as the Log-Normal Distribution [59].

Linear composition methodology [60, 61]] was recently proposed to model the
propagation delay profile, which has good fitting accuracy. When operating in
the weak inversion region, instead of the Gaussian distribution, the propagation
delay was observed more likely to follow the Inverse Gaussian Distribution (IGD)
(i.e., 7pa ~ IG(1, X)), which is a two-parameter continuous probability distribu-
tion with support on (0, +00). For any generic CMOS gate, a pair of constants
w1 and A can be achieved by curve fitting the histogram of propagation delay
data from SPICE MC simulation. Once ; and \ are achieved, the propagation
delay PDF can be propagated through a circuit by linearly compositing the p’s
and \’s of each gate respectively. Although the linear composition method has
good accuracy in estimating the P,, its independent predictive power is limited
as they merely fit the distribution to pre-existing data. In other words, once
some of the simulation environment setups (e.g., V;, values etc.) are changed,
the whole fitting process has to be repeated to generate new p and A constant
pairs. The limitation matters when the model is used in the MOO design flow

where a V,; associated function is needed.

In this thesis, V,,; dependent Artificial Neural Network (ANN) function approx-
imator based SSTA gate models were investigated to help designers to quickly
evaluate the 7,; distribution, in order to properly optimize the circuit design.
Within this framework, two modelling strategies were proposed, i.e., ANN 7,
estimation with MC simulation-based methodology and ANN IGD parameters es-
timation based methodology. Both of the methods take the circuit setup (e.g.,
Va4, Load and driver strength, etc.) and parameter variations (e.g., V;;, and L)
into consideration. Using the proposed SSTA gate modelling techniques, over
10° performance improvements can be achieved compared to the SPICE MC

simulations.

MLP-based logic gates synthesis As stated above, the development of CMOS

circuits is facing many challenges as the VLSI technology is challenging Moore’s
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law. The designers and manufacturers are making a great effort to exploit every
percentage of the CMOS circuit performance and tweaking the design parame-
ters to optimize and balance among the performance metrics. In addition to op-
timizing and tweaking the CMOS-based VLSI technology, researchers are looking
for more efficient new computation paradigms as well as new nanoscale post-
silicon devices. While it is a commonly accepted fact that much more effort and
time is needed before the maturity of new nanoscale post-silicon devices, new
computing architectures are quite promising to replace the current CMOS-based

VLSI technology in the near future.

In this thesis, an innovative VLSI combinatorial logic circuit design architecture
inspired by the Multilayer Perceptron (MLP) will be described in detail. The
current circuit design paradigm that takes advantage of the MLP concept is the
so-called Threshold Logic Gate (TLG) [62, 63] 164, |65], in which the weighted
sum of the inputs is compared with a threshold value to determine the output
value. However, the TLG has limited ability to implement complex logic gates.
A synthsis framework for the MLP-based combinatorial logic circuit model with
Sigmoid-like transfer function is proposed in this thesis. While the logic function
approximation capability of an MLP has been discussed in some research articles
66, 671, there are few articles in the literature discussing the implementation
of complex logic functions. Every aspect of the EDA considerations for the MLP-
based logic gates, including the training of the MLP and the techniques to enable
an efficient model transfer for hardware implementations, are elaborated and

discussed.

Some benchmark circuit blocks were tested and analysed with the proposed

framework with promising results.

Linear decomposition of combinational circuits It is found that the MLP
approximating the linear Boolean functions (i.e., Boolean functions contains
only XOR gates) is not as efficient as the non-linear Boolean functions, thereby

a methodology to separate the linear and non-linear parts of a combinational
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circuit may help to improve the efficiency of synthesizing the Boolean function
with the MLP-based architecture. A Bi-decomposition [68),169] based circuit lin-
earization methodology was proposed in our work. The methodology and its
application on Adders will be explained and analysed in detail in this thesis.
In addition, the future integration of the linear decomposition and MLP-based

logic gates will be discussed in the corresponding later chapter.

1.4 The Organization of the Contents

The contents of this thesis will be organized as follows. Some background
mathematical tools and concepts employed in our work will first be introduced
in Chapter [2| In Chapter [3] a novel analytical method for soft error propaga-
tion and reliability analysis based on conditional probability will be proposed.
Additionally, a cut rewriting based synthesis framework for reliability will also
be proposed in this chapter. The novel V,; dependent SSTA gate models for
timing reliability analyses will be described in Chapter[4] The synthesis flow for
the MLP-based combinational circuit architecture will be introduced in Chap-
ter [5. Then, the linear decomposition of combinational circuits will be briefly

introduced in Chapter [6] Finally, the thesis will be concluded in Chapter 7|
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Chapter 2

Background

As stated in Chapter (1, the Electronic Design Automation (EDA) tools encom-
pass a set of mathematical models and algorithms to assist the designers to
produce highly efficient Very Large Scale Integrated (VLSI) circuits. Therefore,
in this chapter, some important mathematical tools and concepts employed in

my Ph.D. work will be briefly reviewed.

A Graph is a data structure that is suitable for representing the digital circuit and
is extensively used in our error propagation and Statistical Static Timing Analysis
(SSTA) models. Specifically, the Directed Acyclic Graph (DAG) resembles the
structure of combinational circuits, while the Directed Graph (DG) captures the
structure of digital circuits with possible sequential elements, such as flip-flops.
Thus, in Section the basic concept of Graph and its traversal algorithm, as
well as the AND-Inverter Graph (AIG), will be explained.

Section describes the Conditional Probability (CP) and the Theorem of Total
Probability (TTP), which are critical tools for the error probability propagation
approach developed in Chapter (3, especially when dealing with the circuits

taking Re-convergent Fanouts (RFOs) into consideration.

The Probability Density Function (PDF), Cumulative Density Function (CDF),
Gaussian Distribution (GD), Inverse Gaussian Distribution (IGD), and their prop-

erties will be presented in Section[2.3] The PDF and CDF are important concepts

16
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for the SSTA and timing reliability, GD is one of the most commonly used dis-
tribution functions when modelling the process parameter variabilities, and the
IGD is used in our SSTA gate model to fit the propagation delay distribution,

especially in the low-voltage (sub- or near-threshold) regime.

Monte-Carlo (MC) simulation, stated in Section |2.4} is the most basic statistical
analysis tool and also employed as reference methods for our analysis algo-

rithms in Chapter [3]and Chapter

In Section the concept of Pearson Correlation Coefficients (the correlation
matrix) will be introduced. It is employed when analyzing the dependencies
between two Random Variables (RVs), hence guiding the selection of features

for training the Artificial Neural Network (ANN) in Chapter [4

Last but not least, the basic ANN or Multilayer Perceptron (MLP), which is in-
tensively employed to approximate functions, will be presented in Section
For example, in Chapter [4, MLPs are used to construct novel SSTA gate models,
and in Chapter |5 the Boolean function approximation capability of the MLP is

employed to build the MLP-based logic gates.

2.1 Graph and AND-Inverter Graph

Graph Theory is one of the most important mathematical concepts, which stud-
ies the pairwise relationships between objects. It is widely used in the areas of
computation algorithms, linguistics, and biology, etc. The Graph is defined as

follows:

Definition 2.1 (Graph [70]) A graph G is an ordered triple (V(G), E(G), ¥g)
consisting of a nonempty set V(G) of vertices, a set E(G), disjoint from V(G),
of edges, and an incidence function v that associates with each edge of G an
unordered pair of (not necessarily distinct) vertices of G. If e is an edge and u
and v are vertices such that 1 ¢(e) = uv, then e is said to join u and v; the vertices

u and v are called the ends of e.
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If, on the other hand, the 1) associates with each edge of G an ordered pair of

(not necessarily distinct) vertices of G, the graph is called Directed Graph (DG).

Another special case of DG is the Directed Acyclic Graph (DAG), which is defined

next:

Definition 2.2 (Directed Acyclic Graph (DAG)) In a DG, if there are no directed
cycles, such that there is no such a path to start at any vertex v and follow a
consistently-directed sequence of edges that eventually loops back to v again, the

Graph is called a Directed Acyclic Graph.

A special case is that if there is exactly only one path from one vertex to each

of its subsequent vertices in a DAG, then the structure is called a Tree.

In Figure an example DG is depicted. The circles represent the nodes, and
the arrows represent the directed edges. Note that loops (i.e., starting from
one node, the same node can eventually be reached along a path) exist in the
graph, for example, the paths {1 - 2 - 3 — 4 — 1}, {2 - 5 — 2} and
{1—-+5—2—3— 4 — 1}, etc. The loops can represent the feedbacks in a

digital circuit.

In Figure an example DAG is shown. Note that in the graph, no loop
exists, as all edges are feedforward throughout the graph from root nodes to

leaf nodes, although multiple paths may exist from one node to another.

The traversal of a DAG or Tree is one of the most basic problems in the computa-
tion algorithms. There are commonly two types of traversing strategy, i.e., the
Depth-first Search (DFS) and Breadth-first Search (BFS). The DFS visits the child
vertices along the depth of a particular path before exploring in its breadth di-
rection and the BFS vice versa. According to the order of visiting and searching,
each of the two strategies can be subclassed into Inorder Search and Preorder

Search.

Inorder means that the child of the certain vertex will be explored before the
vertex is visited (i.e., some operations are performed on the vertex), while Pre-
order means that the certain vertex will be visited before its child is explored.
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(a) The typical directed graph (b) The typical directed acyclic graph
Figure 2.1: Directed graph and Directed acyclic graph

Consider the Depth-first Inorder Search of the DAG in Figure|2.1b|as an example.
The searching algorithm will first choose a "root" node, 1, search its first child,
2, and recursively the first child of 2, 6, which is a leaf node without any child.
Then 6 will be visited before exploring the second child of 2, 4, so one so forth.

Eventually, the visiting order of this DAG should be {6,7,4,2,5,3,1}.

Note that the above order shows that the traversing algorithm visits a certain
vertex exactly once. Thus no duplicated nodes should present in the visiting

list.

Similarly, the visiting order with the Depth-first Preorder Search should be {1, 2,6,
4,7,3,5}. This order is also called the Topological Ordering of a DAG.

AND-Inverter Graphs (AIGs) are DGs, of which each node corresponds to a two-
input AND gate and the edges, representing the node interconnections, option-
ally having an Inverter. The AIG is a common and convenient method to repre-
sent a digital circuit. A sample circuit in the schematic and the corresponding

AIG form is presented in Figure and Figure respectively. In the AIG,

Electronic Design Automation Methodologies 19 Bo Yang
for Digital VLSI Circuit Reliability Analysis
and Optimisation



2. BACKGROUND 2.1 Graph and AND-Inverter Graph

the circles represent AND nodes, the solid lines represent direct gate connec-

tions, and the dashed lines represent connections through an Inverter.

)
Lh— Dc D D }0
=1

(a) The sample gate-level circuit

(b) The corresponding AIG representation

Figure 2.2: A sample circuit and its AIG representation

AIGs are used as a basic data structure to model logic circuits. For many applica-
tions in circuit design, it becomes a natural choice mainly due to the following

reasons:

* Using AIG makes it simple and straightforward to implement the EDA al-
gorithms proposed in this thesis, because traversing an AIG can be simply

modelled as traversing the DAGs;
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* It is well known that all logic circuits can be constructed using AND and

Inverter gates;

It will be much easier to integrate the proposed algorithms to some open-
source EDA tools such as ABC [|56], which uses AIG as a data structure to

model logic circuits as well;

* The i-RISC project uses AIG as the main data structure.

2.2 Conditional Probability and Theorem of Total
Probability

In probability theory, one of the most important concepts is the dependencies

of events and conditional probability [[71].

Definition 2.3 (Conditional Probability) The conditional probability is the prob-
ability of an event B under the condition that another event A has been known to

occur, called the probability of B given A, and denoted by P(B|A) with:

Py = PAOB) o pAn B) = P(B|A)P(A)
P(A)
The definition tells that the joint probability of two events A and B can be
obtained by multiplying the probability of an event A and the probability of B

in the case that A is known to have occurred.

Definition 2.4 (Independent Events) Two events A and B are independent if
and only if:

P(BJA) = P(B) or P(A|B) = P(A) or P(ANB)=P(A)P(B)
, assuming the existence of the conditional probabilities. Otherwise, A and B are

dependent.

The definition of independent events indicates that
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* All probabilities can be treated as conditional probabilities;

* The joint probability of two independent events A and B can be obtained

by simply multiplying their probabilities.

Sometimes, the probability of an event A is difficult to obtain directly, but
the sample space S can be partitioned into several mutually exclusive events
B1, By, ... By, in this case, the Theorem of Total Probability (TTP) can be ap-

plied as shown in Figure |2.3

Figure 2.3: Theorem of total probability Venn diagram

Definition 2.5 (Theorem of Total Probability) If the events By, B, ..., B, con-
stitute a partition of the sample space S such that P(B;) # 0 fori = 1,2,...,k,

then for any event A of S,

P(4) = Y P(B.N4) = " P(A|B)P(B) 2.1)

i=1 i=1

2.3 Probability Density Function

Probability Density Function (PDF) is defined in terms of Random Variables (RV).

Definition 2.6 (Random Variable) is a function z({) that associates a real
number x; with each element (observation) (; in the sample space S. A capital

letter X is by convention used to denote a random variable, and the corresponding
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2. BACKGROUND 2.3 Probability Density Function

lower case, x is one of its sample values.

If an RV, X, can take an infinite number of possible values in the sample space
S, then the RV is called continuous RV, the circuit propagation delay 7,4 is one

example of continuous RVs.

Given a continuous RV, X, the probability can only be calculated on certain
event occurrence such as {X < zy} or {z; < X < x5}, yet the probability of
any event that sample takes an exact value X = x, should assume to be zero.

Thus the PDF is defined as:

Definition 2.7 (Probability Density function) is a function f(z) of continuous
RV X that satisfies:

* f(z) >0, forall x € R;

J23 f(z)da = 1;

* P(x1 < X <) = [;? f(x)dx; and

Another useful function for RVs is the Cumulative Distribution Function (CDF),

F(z), that is defined as:

Definition 2.8 (Cumulative Distribution Function) is a function F(x) of con-

tinuous RV, X, with density function f(x) that satisfies:

F(z) = P(X <) = /_9; fl@)dz, € |00, +od) (2.2)

An RV has two basic properties, Mean and Variance.

Definition 2.9 (Mean of an RV) Let X be an RV with probability distribution

f(z). The mean or expected value, jix, of X is:

ux = E(X) = /O:O xf(z)dx (2.3)

Definition 2.10 (Variance of an RV) Let X be an RV with probability distribu-
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2. BACKGROUND 2.3 Probability Density Function

tion f(x) and mean . The variance, 0% of X is:

ok =BlX - = [ @-pf@de
= BE(X%) —u° (2.4)

The positive square root of the variance, o, is called the standard deviation of

X.
The Sum and Max function of two RVs are also important concepts.

Theorem 2.1 (Sum of two independent RVs) Let X and Y be two independent
RVs with distribution fx(x) and fy(y). Then the sum Z = X +Y is an RV with

distribution f;(z), where f; is the convolution of fx and fy.

J22) = Ux 1)) = [ fxlz =) r(y)dy

—00

_ /_ o:o Fr(z — 2) fx(z)de (2.5)

Theorem 2.2 (Maximum of two independent RVs) Let X and Y be two indepen-
dent RVs with distribution fx(x) and fy(y). Then the maximum Z = max{X,Y}

is an RV with distribution f(z), where f is given by:

fz2(2) = Fx(2) fy(2) + fx(2)Fy(2) (2.6)

Three typical PDF types are employed most in my work, i.e., Uniform Distribu-

tion, Gaussian Distribution (GD) and Inverse Gaussian Distribution (IGD).

Definition 2.11 (Uniform distribution) X is said to be uniformly distributed in

the interval (a,b), —0o < a < b < oo, if:

ﬁ a<x<b
f(z) = 2.7)

0 otherwise

A uniform distributed RV is denoted by X ~ U(a,b).

Electronic Design Automation Methodologies 24 Bo Yang
for Digital VLSI Circuit Reliability Analysis
and Optimisation



2. BACKGROUND 2.3 Probability Density Function

Definition 2.12 (Gaussian distribution) X is a Gaussian RV with parameters

p and o? if its density function is given by:

f@) = ——— x exp <_(””_“>2> (2.8)

2mo 202

A Gaussian distributed RV is denoted by X ~ N(u,c?).

As the GD parameters, i and o indicate, the GD is well defined by the mean,
and standard deviation of X. GD example curves are depicted in Figure
It can be seen that the GD is defined on = € (—o0, 4+00), and p determines the
position of the curve, while o determines the shape. Larger o produces larger

variance, which leads to a more flat curve shape, and vice versa.
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Figure 2.4: GD curves with y = 2 and different o

Definition 2.13 (Inverse Gaussian distribution) X is an Inverse Gaussian RV

with parameters ;. and )\ if its density function is given by:

A

f(z) = S X exp <_)\(x—u)2

2uPx

) x>0,0>0,\A>0 (2.9

IGD captures the distribution of the time a Brownian motion particle with posi-
tive drift takes to reach a fixed positive level, while the GD describes the level at

a fixed time of Brownian motion. Sample IGD curves are shown in Figure
As shown in the figure, the IGD curve is defined only on = > 0, and p is the

Electronic Design Automation Methodologies 25 Bo Yang
for Digital VLSI Circuit Reliability Analysis
and Optimisation



2. BACKGROUND 2.4 Monte-Carlo Simulation

0.8 r — =1 7
—)\=2
0.6 A=3
al — =5 i
— =10
0.4 | A=30 |
"l ¥ |
O J | L —
0 2 4 6 8 10

Figure 2.5: IGD curves with ;, = 2 and different A

mean value, and ) is a shape adjustment parameter. Larger A makes the peak

more approaching to the mean value, i.e., more GD-like.

2.4 Monte-Carlo Simulation

Monte-Carlo (MC) simulation, as its name implies, is a method relying on sim-
ulations instead of the analytics. The basic idea is to repeatedly simulate many
random or selected samples from a given set in a parametric space then mea-
sure the interesting resultant events. As long as the simulation repetition is
sufficiently large, a statistical view of the results will appear due to the Law of

Large Numbers [[72]].

MC method was originally used as a method for estimating the area of an en-
closed curve stochastically and hence numerical integral approximation, espe-
cially more efficient in the scenarios of high dimensional integrals compared to

the traditional numerical methods such as the Midpoint Estimation.

The procedure of MC simulation methodologies is simple yet powerful. Taking
enclosed curve area estimation as an example and considering the curve shown
in Figure when estimating the area enclosed by the curve A, a number of

samples (z;,y;) € S will be uniformly randomly generated. The generated

INotice that randomly generating samples is a traditional method, there are also advanced
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2. BACKGROUND 2.4 Monte-Carlo Simulation

samples usually act as inputs to a system when doing the repeated simulations
on the system. In the case of the area estimation, the simulation procedure is
just to "plot" the sampled points onto the figure. Then a measurement will be
performed on each sample, and in this case, the measurement is an observation

of whether the plotted point is inside or outside the enclosed curve A.

>
X
Figure 2.6: Estimating the area enclosed by curve A

Once the total number of samples, IV, the area of sample space S has been
given, and the number of points that fall inside curve A, n, was measured, the
area enclosed by the curve A, A4, can be approximated using the Equation

2.10]

~ n
AA:AS X N (210)

From the area calculation example described above, it is obvious that employing

the following methods can improve the efficiency of MC simulation:

* Sampling needs to be performed on proper space, e.g., sampling on S is

obviously of more efficiency on S’ shown in Figure [2.6

sampling methodologies which may dramatically improve the performance of MC simulation in
some scenarios.

Electronic Design Automation Methodologies 27 Bo Yang
for Digital VLSI Circuit Reliability Analysis
and Optimisation



2. BACKGROUND 2.5 Pearson Correlation Coefficient

* Make the samples as evenly distributed as possible on the whole space,
which helps to reduce the total number of samples needed hence reduce

the cost of doing the simulations.

2.5 Pearson Correlation Coefficient

In statistics, it is a common requirement to obtain a view of correlations be-
tween RVs. Pearson Correlation Coefficient (PCC) [73] is one of the simplest
methods that is a measure of linear correlations between two RVs, X and Y,

defined by Equation 2.11

cov(X,Y)

_ BIX Y] - B[X]- E[Y] (2.11)

O0x0y

p(X.,Y) =

The equation reveals that the PCC is obtained by normalising the covariance

with the product of standard deviations.
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Figure 2.7: Scatter plot of 7,4 against Cj,,q demonstrating a linear correlation
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Figure is a typical scatter plot generated using data from HSPICE simulation
detailed in Section with a linear fitting line. It is obvious from this figure
that a strong linear correlation exists between 7,4 and Cjoug, i.€. Tpa X Cioads
as expected, the PCC value is 0.9559, or there is 96 % confidence that 7,4 is

linearly correlated to Cjyuq.

For N RVs, X, Xs, ..., Xy, the correlation coefficients are commonly organised
as an N x N symmetric matrix of which each entry is a correlation coefficient

between each element of RVs X; and X}, p(X;, X,), whered,j =1,2,..., N.

2.6 Artificial Neural Network and Backpropagation

The Artificial Neural Network (ANN) mimics the functioning of the biological
brains, which transports electric signals among a large amount of highly con-
nected neurons. A simplified biological neuron model, shown in Figure
is composed of a synapse, a cell body, and a long nerve fibre called the axon.

The synapse is a contact point of the axon of one neuron and the cell body of

Cell Body

Neuron / Q

Synapse

@,

Figure 2.8: Biological neuron simplified structure
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the other neuron, and typically one neuron cell body receives electric signals
from many other neurons through their synapses[74]]. The cell body operates
as an adder processing unit that sums all properly weighted electric signals
from other neurons, and then the cell body will decide whether to fire a signal
depending on a comparison between the multiply and summing result and a

threshold.

Inspired by the working principle of the biological neuron, an artificial neuron

can be modelled, as shown in Figure

neuronl
o

Figure 2.9: Artificial neuron model

In the diagram, z;,25,..., 2y are N inputs, w; i, w;s,...,w; n are the corre-
sponding weights, " performs the summation of all weighted inputs, b, is an
optional bias, the activation is normally represented by a non-linear transfer
function, f(¢), such as Purelin, Sigmoid, and Hardlim. The most used activation
is the Sigmoid function throughout this thesis. The Sigmoid can be treated as a

"soft limit" function, as expressed by Equation |2.12

1

le—i—e—x

z € 0,1] (2.12)

With the given activation function, the neuron function can be expressed as
Equation As can be seen from the equation, a neuron output is a non-
linear function of a linear network output that is a linear combination of all

inputs.
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ap = fl(w1,1 XT;+wWipXTo+ -+ wyXTy+ b1) (2.13)

The equation can be written in the compact linear algebra form, as shown in

Equation [2.14

ar = fi(wy -z + by) (2.14)

The MLP is a type of ANN that has a feedforward architecture with two or
more trainable layers [75]. Figure depicts a typical two-layer MLP-ANN
architecture. The architecture can be represented by a DAG, which is organized
into two trainable layers, i.e., a hidden layer and an output layer. Employing the
terminologies from neuroscience, nodes in the diagram represent the artificial

neurons, and the edges represent the synapses.

. hidden layer output layer
N inputs M neurons K neurons
W)
bl
by

Figure 2.10: Typical multilayer perceptron neural network

By convention, the label wflj) on the edges represents the weights in the [-th
layer from input node/neuron j to the corresponding output neuron ; the label
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bl(l) denotes the additional biases taken by the neurons in the [-th layer, and
the label agl) inside the neurons denotes the output of the neuron activation

functions.

Similar to the neuron function of single neuron shown in Equation [2.13] an

MLP can be represented by Equation [2.15

o = 15 () 215
Or the more compact matrix version in Equation [2.16
aV = f (W(l) a4 b(l)> : (2.16)

where a®) =z, ") =

O, z and O are the input and output vectors, respectively.
The weight matrices W), together with the bias vectors "), are called the
network parameters in the rest of the thesis. The reason why ANN is useful is
that the network parameters are trainable, in other words, some combinations
of the network parameters can be found so that the ANN can perform some
specific "mapping" operations, which is one of the most important and useful
properties of the ANN. Specifically, it has been proven that the MLP with a
finite number of neurons can be used to approximate any continuous function
with any desired precision, which holds even when the network contains only
a single layer [76]]. In fact, an MLP can approximate an arbitrary function,

regardless of the type of the function (continuous or Boolean). This property is

also known as the Universal Function Approximation.

The process that is numerically finding the optimal network parameters is called
the network training or learning process, hence the algorithms trying to find
the optimized solutions in a learning process are called training or learning
algorithms. Although the most common learning rules include unsupervised,
supervised, and reinforcement learning, supervised learning is the one exten-

sively used in this thesis. As the name suggests, supervised learning trains the
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network using the existing data, either from experimental measurements, his-

torical observations or theoretical estimations, etc.

The basic idea of a typical learning algorithm is to make small modifications
on the network parameters iteratively until a measurement of the learning per-
formance, i.e., a cost function, is optimized. For example, Equation is a
commonly used cost function in regression and classification, the Mean Squared

Error (MSE).

R SRR X
C=et,9) = 5t —91° = 5 2t =9, (2.17)
N

where ¢ denotes the target output of the network and § is the predicted value.
Once a minimal value of the cost function is found, the predicted vector has the

shortest distance to the target vector in the Euclidean space.

The parameter updating scheme distinguishes the various training algorithms.
An intuitive and naive method is to make a small perturbation on each of the pa-
rameters until the cost function is improved in this step/iteration. This method
soon becomes infeasible once the network is getting bigger, and the problem is

getting more complex.

The emergence of derivative-based training algorithms, along with the use of
Backpropagation (BP), makes the training of deep learning networks more prac-
tical for solving real-world problems. Contrary to the perturbation-based train-
ing algorithms, BP compatible derivative-based training algorithms are trying
to evaluate the contribution of each parameter to reducing/increasing the cost
function, and then update the parameters, accordingly. In other words, the BP
algorithm enhances the parameters making a positive impact on reducing the

cost function, and vice versa.

This process can be interpreted by deriving the partial derivative of the cost
function with respect to each of the parameters, which can be denoted by the

Jacobian Matrix in Equation [2.18
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where k is sample index, J; is the Jacobian Matrix of sample £, gg:’“ denotes

the partial derivative of the m-th output error e,,, with respect to the p-th

parameter z,,;, resulting in n x m entries.

Depending upon the order of partial derivative used by a specific training al-
gorithm, the modern popular training algorithms can be classified into two
categories, the first-order and second-order training algorithms [[77]. In the
first-order algorithms, i.e., Gradient Descent-based methods such as Stochastic
Gradient Descent (SGD) and Adam [[78], etc., the Jacobian Matrix (often re-
duced to gradient vector) is used, while in the second-order algorithms such as
Newton’s Method [[79], the Hessian Matrix must be used. As the calculation of
the Hessian Matrix is very computationally intensive and thus is infeasible in
most of the real-world large network training tasks, some methodologies such
as BFGS Quasi-Newton [[79] and Levenberg-Marquardt (LM) [80, [81] have been

invented to approximate the Hessian Matrix using first-order derivatives.

First-order algorithms are extensively used in training of the modern large scale
deep neural networks due to their advantages in computation speed[77]. On
the other hand, second-order algorithms are less computationally efficient yet
can achieve higher accuracy in training the moderate scale shallow networks

[82].

A derivation of the full BP algorithm is presented in Appendix|Al Besides, as the
LM algorithm is crucial in ANN function approximator, the derivation of the LM

algorithm is also depicted in Appendix
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2.7 Chapter Summary

In this chapter, some common mathematical tools and basic concepts used in

this thesis were discussed.

Firstly, the DAG, AIG and the traversing algorithms were introduced. Secondly,
the conditional probability and the Theorem of total probability were discussed.
These are the basic tools for the soft error propagation and reliability optimi-
sation algorithms presented in Chapter (3| Thirdly, the concept of probability
density function and some common density functions used in the thesis such
as Gaussian Distribution, Inverse Gaussian Distribution were presented, which
are useful for the timing-related reliability analysis models proposed in Chapter
Then, the concept and application of the Monte-Carlo simulation method
were introduced, which is used as reference methods for the reliability analysis
algorithms proposed in the thesis. Finally, the Pearson correlation coefficient

and the Artificial neural network were introduced.
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Chapter 3

Analytical Soft Error Propagation,
Reliability Analysis, and
Optimisation for VLSI

Combinational Circuits

As the noise margin is getting tighter, hence the digital circuit is more vul-
nerable to noise, for lower operating voltage, it is essential to evaluate and
improve the reliability at an early stage of the circuit design. Error propaga-
tion mechanism is a complex problem in the area of Electronic Design Automa-
tion (EDA), as the masking effects exist, and the correlations like Reconvergent
Fanout (RFO) further increase the complexity of the problem requiring lengthy
simulations. Thus, to effectively optimize the error resilience of the circuit, effi-
cient error propagation and reliability analysis tools are needed. In this chapter,
a novel and efficient method for combinational circuit error propagation analy-
sis called Conditional Probabilistic Error/Reliability Propagation Analysis (CPEP)
algorithm will be presented first. The data structure used to represent the cir-
cuit is based on the AND-Inverter Graph (AIG). However, the algorithm is quite

generic in nature and can be applied for any logic gate.

36



3. ANALYTICAL SOFT ERROR PROPAGATION,
RELIABILITY ANALYSIS, AND
OPTIMISATION FOR VLSI COMBINATIONAL
CIRCUITS

Then, based on the reliability estimates, a novel EDA algorithm for reliability-
driven synthesis based on cut-rewriting technique is proposed. As it has been
noticed that adding redundant nodes to the circuit will increase the possibil-
ities that the errors were masked while propagating through the circuit [19],
by rewriting a certain cut with a better reliability subcircuit from a set of pre-
computed Negation-Permutation-Negation (NPN) equivalent replacement struc-

tures, the reliability of the circuit can be enhanced.

The rewriting technique is also employed in the ABC [56] for area driven syn-
thesis, where the area is the optimisation target, and the rewriting is driven by
trying to pick the cut with the least number of nodes. Thus, the basic rewriting
algorithm used in the ABC was directly adapted to our reliability-driven syn-
thesis algorithm, which drastically simplifies the process. In our work, 4-input
cuts based rewriting, i.e., rewriting from a subset of 4-input NPN equivalent
functions, is employed to improve the reliability. In order to demonstrate the
working principle of our reliability enhancement algorithm, the MCNC bench-

mark circuit cm162a was explained in detail as a case study.

Also, the performance of our reliability analysis and enhancement approaches
are evaluated on a set of MCNC benchmark circuits. Experimental results show
that with the proposed CPEP framework, average accuracy degradation within
3 % and more than 10° times faster are achieved when compared to Monte-
Carlo (MC) simulations. Meanwhile, with the RWREL algorithm, the average
reduction in output error of up to 14 % while a peak improvement of up to
75.5 % is observed while keeping an acceptable area overhead of 6.57 % that

results in 13.52 % higher power consumption.

The rest of the chapter is organized as follows: In Section the probabilistic
methodology, CPEP, is introduced, and the data structure, mathematical gate
error models, and the correlation issues due to the RFOs are presented. Section
presents the top-level algorithm and the consideration of multiple outputs.
Section states the experimental results of the CPEP algorithm on several

benchmark circuits and the comparison with MC Simulation method. Finally, in
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RELIABILITY ANALYSIS, AND
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section the synthesis algorithm, RWREL, for the reliability enhancement is

presented.

3.1 CPEP: Conditional Probabilistic Error/Reliabil-

ity Propagation Analysis

3.1.1 Basic Concepts

Assuming all Primary Inputs (PIs) are error-free, when a fault randomly occurs
in one of the gates in the circuit, the error may propagate through the circuit
or not due to logic masking, electrical masking, and timing window masking
mechanisms [83]]. Thus, an unreliable logic gate is modelled as an ideal logic
gate cascaded with a fault injection XOR gate. In other words, an unreliable gate
is composed of three probabilistic gates, i.e., an ideal logic gate, a fault injection
XOR gate, and a fault PI connecting to the fault injection XOR gate, portrayed by
the U part in Figure This model moves the entire error statistics onto the
output, which is a fundamental assumption within the algorithm. The benefit
of employing this model is that a fault injection gate can be treated as a normal
logic gate and the fault of a gate can be treated as a normal input from a PI

when traversing the graph, which dramatically simplifies the algorithm.

Figure 3.1: Erroneous gate model

Figure graphically presents an unreliable AND gate model. As shown in
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the diagram, an unreliable AND gate can be modelled as an ideal (fault-free)
AND gate (represented by the "egg" shape in the rest of the thesis)followed by
a fault injection XOR (represented by the circle) that determines the stochastic
faulty behaviour by toggling the fault PI (denoted by the "F") with a pre-defined
probability.

The data structure employed is based on the AIG [50, 51]], which contains only
2-input AND gates, although the algorithm can be easily extended to any 0, 1,
or even more than 2-input generic logic gates. In addition, all PIs of the circuit

are assumed to be error-free.

Some of the common conventions used throughout the CPEP algorithm are

listed below:
e 7* - The ideal gate output (internal net)
e 7 - The output of the entire unreliable gate (external net)
e 1, - The logic value on net X’ is "0"
e 1, - The logic value on net ’x’ is "1"
e 1. - The logic value on net X’ is incorrect
e 1. - The logic value on net ’x’ is correct
e P(X) - The probability of event X
e SP, - Static probability of net 'x’, P(x;)

e EP, - Error probability of net 'x’, P(x.)

3.1.2 The Independent Probabilistic Gate Model

Initially, the PIs (A and B) of an unreliable AND gate are assumed to be mu-
tually independent, i.e., not sourced from the same fanout gate. For the unre-
liable AND gate shown in Figure the output static probability (SP) is the

joint probability of SP,4 and SPjy as defined in Equation 3.1, when assuming the
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input A and B are independent.

sz* = SPA X SPB (31)

A faulty state can present on the output Z of an unreliable gate due to one of

the following two possible reasons:
* the propagated error is presenting on the gate input node, i.e., Z*; or
* the occurrence of a fault within the gate (injected fault), i.e., FPI;.

For the first case, note that an input error does not necessarily result in a faulty
output Z*. Consider, for example, an error-free "0" on one of the input pins of
the AND gate, which would logically mask the error on the other input node
from being propagated onto Z*, and the gate always gives the correct output,
"0". Similarly, one can consider the situation when the input pins are set to "0"
and "1", but both are in an error state. For such a double error event, the inputs

mutually negate each other, and they will still result in a correct output state.

Hence, due to the logic masking and double error events, there are no simple
rules to predict the gate output state. Table [3.1| presents an exhaustive enumer-

ation on all the possible cases with their associated output status.

To explain the table, consider when A = 0 and B = 0 in which case Z* should
ideally be "0". But, due to the fact that the gates in the circuit are unreliable,
each of the inputs can possibly be in error (¢) or correct (c) state. The state of
the inputs determines if Z* = 0 is correct or not. It is clear that, for these input
values, Z* is in error state if and only if both of the inputs are in an error state.
Therefore, it is evident from Table that only six out of the sixteen possible

cases may result in an error on Z*.

The probabilities for each of these events to occur are presented in the last

column in Table Thus, the error probability of Z* can be represented by
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the sum of all the six terms in Table as defined in Equation

EPy. =P(Ay)P(A.)P(By)P(B.)+
P(Ag)P(A.)SP5P(B.)+ (3.2)
SPAP(Ac)P(Bo) P(Be)+

[P(A.) + P(B.) — P(A.)P(B,)|SP4SPg

By further detailed analysis of Table it was observed that a correlation exists

between the Z* value and the status of Z*.

Table 3.1: Truth table of unreliable AND gate

Actual/ Actual/ Actual/ Terms

State A State B State Z*

0/c 0/c 0/c

0/c 0/¢ 0/c

0/c 1/c 0/c

0/c 1/¢ 0/c

0/¢ 0/c 0/c

0/¢ 0/¢ 0/¢ t1 = P[Ao, A, Bo, B
0/¢ 1/c 0/¢ ty = P[Ay, A, B1, B]
0/¢ 1/¢ 0/c

1/c 0/c 0/c

1/c 0/¢ 0/c¢ ts = P[A1, Ac, By, B
1/c 1/c 1/c tr = P[A1, A, By, B.]
1/c 1/¢€ 1/¢ ty = P[A1, A, By, B
1/¢€ 0/c 0/c

1/¢ 0/¢ 0/c

1/¢ 1/c 1/¢ ts = P[A,, A., By, B,
1/¢ 1/¢ 1/¢ t¢ = P[Ay, A, By, B¢]

Therefore, equation is used to identify the four different origins of the
error terms. These equations will be used to propagate the error probability
and reliability of the next level. Note that the equations also indicate that all

errors have the identical probabilities at both logic states "1" and logic "0" in
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current algorithm implementation.

CP[Z},ZY = P(Z5) — (t1 + ta + t3)
CP[Zy, Z7] =t + ta + t3

CPZ1,Z;] = t7

CP[ZF,Z7] =ty + t5 + Lg (3.3)

Next, the fault injection part can be considered as follows. The static probability

of the fault injection XOR gate SP follows Equation

The calculation of EP; should be according to the faulty truth table of an XOR
gate, as shown in Table that presents the analysis of the possible configura-
tions of the XOR gate. It is noticed that the F PI of the fault inject XOR gate has
only two possibilities, whose value "1" means injecting a fault, and "0" means

fault-free.

Table 3.2: Truth table of the error injection XOR gate

Actual/ Actual/ Actual/

State Z* State F State Z
0/c 0/c 0/c
0/c 1/¢ 1/¢
0/¢ 0/c 0/¢
0/¢ 1/¢ 1/c
1/c 0/c 1/c
1/c 1/¢ 0/¢
1/¢ 0/c 1/¢
1/¢ 1/¢ 0/c

Similar to that of the AND gate, the error can propagate only if the output is an

¢, in red colour, and there is a correlation between the value of Z and the status
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of Z, as shown in Equation

CP[Z(J?ZC] = P[Z(3kaZ:7F0] +P[ZT7Z€*7F1]
CP(Zy. Z] = P|Z;. Z;, | + P|Z;. 2. F]
CP[ZhZc] = P[ngz:)Fl] _’_P[Z;Z;’FO]

CP(Zy,Z) = P|Z;, Z*, Fi| + P|Z;, Z*, F}) (3.5)

Finally, the EP, and reliability are expressed by Equation [3.6|and Equation
respectively.

EP, = CP[Zy, Z.] + CP[Zy, Z.] (3.6)

Ry =1—EP, (3.7)

With the similar principle, the NOT gate model as well as other generic gates

can be easily obtained.

3.1.3 Re-convergent Fanouts

A fanout source represents a gate output net driving more than one gate. A
Re-convergent Fanout (RFO) node is defined as the gate that has more than one
path to its inputs from one fanout source [84]. The methodology developed in
the previous section does not account for the impact of the RFO node, which
may lead to statistical dependencies between the two inputs, thereby affects the

node output error probability estimation result.

As stated in [45]], there are two types of RFOs, Disjoint RFO, and Dependent
RFO, which can be further divided into Nested RFO and Interwoven Branches of

Inputs. Some typical RFO scenarios are portrayed in Figure (3.2

Computing the node error probability in the presence of RFO is complicated
because the above equations for the independent model do not hold true. This

is because each of the terms in Equation cannot be factorized due to de-
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(a) Simple RFO (b) Nested RFO (c) Interwoven inputs

Figure 3.2: RFO structures

pendencies, and there is no exact closed-form solution. Iterative approaches do
exist but the algorithm implementation will be very complicated, and the algo-
rithm complexity grows exponentially for each of the 6 terms, thus the run time
can be easily out of the acceptable range. In our approach, all RFOs are treated
as to be originated from the PIs, regardless of the type of RFO. In other words,
when applying the Theorem of total probability (TTP) for a particular RFO node,
sub-cases of its total probability are obtained by conditioning its corresponding
fanout PIs rather than deriving closed-form propagation expressions for every

single fanout node.

Specifically, two lists (ordered sets), namely All PI (API) list and Common PI
(CPI) list, are employed to capture the details of all the RFOs and the corre-

sponding fanout PIs.
Some operators should be defined for the list operations as follows:
* "A U B" - the list union operation, for which particularly X U NULL = X;

* "ANB" - the list intersection operation, for which particularly X "\NULL =
NULL;

* "A + B" - the appending operation, for which particularly we define X +
NULL = X;
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* "A — B" - the excluding operation, for which particularly we define X —

NULL = X and NULL — X = NULL

where NULL is an empty list. Note that the appending operator, "+", concate-

n n

nates the list B to the end of list A, and the excluding operator, "—", removes

the elements in the list B from list A.

For a two-input AND gate "Y", the left and right hand side child nodes are
denoted by LX and RX, respectively. Then the API and CPI of Y can be derived

using Equation and Equation
API(Y) = API(LX) U API(RX) (3.8)
CPI(Y) = API(LX) N API(RX) (3.9)

In the case of an Inverter, the right sub-node can be set to "NULL". Then the
corresponding API and CPI can be derived using Equation and Equation
3.11} respectively.

API(Y)= API(LX)UNULL (3.10)

CPI(Y)= API(RX)NNULL (3.11)

For a PI, the API and CPI are defined as itself and "NULL", respectively.

Consider the simple circuit in Figure as an example, the lists are API(1) =
{A,B,C} and CPI(1) = {B}. Similarly, for the circuit in Figure [3.2b an extra
PI, A, has to be taken into consideration as well due to the fanout introduced

by node 2. Then, the lists are API(1) = {A, B,C'} and CPI(1) = {A, B}.

The CPI list of a particular node represents its all fanout source PIs. Thus, the
probabilities (for both of the EP and the SP) of this node can be expressed using
the TTP in Equation|3.12

P(Z) =3, o, PXG)P(ZIX;) (3.12)
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Specifically, when CPI list is not "NULL", then the first PI in CPI is set to "1" and
"0", respectively, for conditioning. Once a certain value is assigned to the PI, a
new sub-circuit can be obtained with the corresponding fanout been removed.
Then, the same process will be performed for the second PI in CPI, and this pro-
cess will be preformed iteratively until the circuit becomes the simplest circuit
(the one without RFOs). After calculating the probabilities for the conditioned
circuits with the independent models, the conditional probabilities will be ob-
tained, which can be subsequently substituted into the Equation to obtain
the total probability.

It is obvious that the efficiency of this conditioning algorithm depends on the
conditioning order of the PIs in the CPI list. If the common PIs in both LXs
CPI and RXs CPI are conditioned first, the circuit will be conditioned to the
simplest more rapidly. To achieve this improvement, another list called the
Order PI (OPI) list to order the PIs, which in the CPIs of both LX and RX to be

conditioned first, is introduced, as shown in Equation [3.13

OPI(Y) = CPI(LX) N CPI(RX)
+ [CPI(Y) — CPI(LX) N CPI(RX)] (3.13)

For example, the OPI of node 1 in the logic circuit in Figure is {B, A}.

Algorithm (1| illustrates the process of resolving the RFOs in CPEP and will be
discussed in detail in Section

3.2 Reliability Evaluator Implementation

3.2.1 Consideration of Multiple Outputs

In the realistic combinational logic circuit in modern VLSI, most circuits have
more than one or even larger number of outputs. Thus, the most straightfor-
ward method is employed, although there is a slight runtime penalty. Specifi-
cally, the complete circuit are split into several individual cones by each of the
Electronic Design Automation Methodologies 46 Bo Yang
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Algorithm 1 Compute EP Methodology

Require: OPI list
1: procedure COMPUTE_EP(Z) > Z is the root node
2: if Z is PI then

3: Read default values of SP, EP, CP of PI
4: return
5: end if
6: if Z is INV then
7: CoMPUTE_EP(LX)
8: Calculate SP, EP, CP with independent model
9: return
10: end if
11: if OPI is NULL then > Independent
12: CoMPUTE_EP(LX)
13: CoMPUTE_EP(RX)
14: Calculate SP, EP, CP with independent model
15: else > Reconvergent Fanout
16: cond_PI = OPI.first
17: NewO=CONDITION(Z, cond_P1I,0)
18: CoMPUTE_EP (new0)
19: New1=CONDITION(Z, cond_PI,1)
20: CoMPUTE_EP(newl)
21: Calculate total probability employing Equation |3.12
22: end if

23: end procedure

outputs, and the CPEP algorithm for a single output circuit as described above
is applied for each cone from each output node iteratively. This approach allows
the cones under each of the outputs to maintain the original function, and the
original fanouts and RFOs topologies. The detailed implementation is discussed

in section

3.2.2 Data Structure

As shown in Figure the employed data structure that suits to implement the
proposed model is composed of three layers, namely probabilistic gate (PGate),

AIG node (AIGn), and AIG.

PGate A probabilistic gate is an extension of an ideal logic gate where each

logic gate consists of these 3 parameters: SP, EP, and CP. The equations are

Electronic Design Automation Methodologies 47 Bo Yang
for Digital VLSI Circuit Reliability Analysis
and Optimisation



3. ANALYTICAL SOFT ERROR PROPAGATION,
RELIABILITY ANALYSIS, AND
OPTIMISATION FOR VLSI COMBINATIONAL
CIRCUITS 3.2 Reliability Evaluator Implementation

implemented depending on the gate functionality. The P’ part described in
Figure comprises the probabilistic gate. There are five main types of PGate,
PAND, pXOR, pINV, pPI and pLogic, which represent the AND, XOR, NOT, PI, and

logic constant 0 and 1, respectively.

AIGn An AIG node is a graph node composed of probabilistic gates and the

PIs lists related to the RFO resolving algorithm.

AIG The complete graph is representing the circuit with all AIG nodes imple-
mented using a hash table that enables us to easily propagate the probabilities,

lists, and the logic values.

3.2.3 Computation Algorithm

Algorithm 2| presents the top-level procedure to compute circuit reliability em-

ploying the CPEP methodology.

Algorithm 2 Top Level Description of the CPEP
Require: Input Circuit Gate Level Netlist

1: Generate data structure according to the netlist file

2: Error injection procedure
3: CurrentPO = PO. first > First element in output_list
4: while Current PO! = NULL do
5: UPDATE_LISTS(C'urrentPO)
6
7
8

CoMPUTE_EP(Current PO)
CurrentPO = CurrentPO — next > Move to next output
: end while

The algorithm is implemented utilizing Depth-first Inorder Search (DFS) method,
due to its recursive definition of the graph. The input of this algorithm is a
netlist file consisting of the gate level description of the circuit, gate error rate,
and input SPs on the PIs. The first step is to convert the input netlist into AIG
data structure in the internal format. All of the PO nodes are saved into a list
called output list. For each element within the output list, a recursive proce-
dure is employed to perform reliability calculations on all the gates within that
cone.
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The implementation details of the EP computation procedure are presented in
Algorithm It is rather simple to traverse a binary tree topology, which is in
the circuits without RFOs (except for the PIs) such as the circuit in Figure [3.2a]
However, when traversing an AIG such as the one in Figure [3.2b} a straightfor-
ward method slightly compromising on total runtime is employed, that is each
time visiting node X from different parent nodes, the sub-tree under node X is
traversed once again. For example, the visiting order of Figure [3.2b| circuit is

"NM"2—-A—-B—>35—-2—-A—-B—-6—-B-—=C".

Obviously, the computation complexity of the algorithm depends on the number

of RFOs in the circuit.

3.3 Test Environment Setup and Comparison Re-

sults

To evaluate the performance of the CPEP algorithm, the Monte-Carlo (MC)
simulation-based approach was developed as the reference. Simulation-based
reliability estimation techniques can be employed at various levels of abstrac-
tion, namely, at the transistor, gate, and block-level with different accuracy
levels. In this thesis, the gate-level simulation-based reliability estimation is
considered, which involves simulating a Boolean network consisting of logic
gates while keeping track of transitions in both error-free and error-prone con-
ditions. During a simulation, the gate output value is determined according to
the values at the gate input each time an input changes. Gate-level simulation
for switching activity computation is a well-studied problem, and much effort

has been placed on improving its speed [85, 186, [87].

Note that while the simulation-based methods are more accurate when com-
pared to probabilistic methodologies, its effectiveness depends on the availabil-
ity of significantly random input vectors. The traditional random function rand
from the ’C’ library provides random numbers with a small period of length

232 — 1. Since the number of required simulation steps runs into millions, there
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is a high possibility that patterns are repeated and highly correlated with each
other. To overcome this problem, the Mersenne twister pseudo-random number
generator is used. The name has derived from the concept of Mersenne prime,
which in mathematics is a prime number of the form M, = 2" — 1 and has a
very long period of 2'9937 — 1. Thus, it helps us in overcoming the limitation of

the standard rand function.

The sample size used for reliability analysis is 10° MC simulations for 0.001,
0.01, and 0.05 gate error rates. Assume that the PIs are independent and set the
switching activity on all the input pins to 0.5. The switching activity numbers

are flexible and can be set to any other value.
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In Table column 1 lists the benchmark circuit under consideration, and
column 2 provides the gate count. Column 3 captures the accuracy of the
method when compared with MC simulations for different gate error proba-
bilities, while Column 4 highlights the significant time savings the proposed

algorithms achieved when compared with MC simulations.

From the table, it is clear that the proposed algorithm maintains accuracy within
3 % of the MC simulations while significantly speeding up on the computation
process. In addition, it is definite that the MC simulation runtime directly de-
pends on the number of PIs and the gate count. Hence, des with the largest
number of PIs has the highest runtime. On the Contrary, the CPEP algorithm
is more independent from the number of gates and the PI count while more

dependent on the complexity (number of RFO nodes) of the circuits.

3.4 Synthesis for Reliability Enhancement based

on Cut-rewriting Technique

A fast and accurate algorithm to compute the Soft Error Rate (SER) and the
reliability of the circuit output is presented in the previous sections. In this
section, a novel reliability-driven circuit optimisation and synthesis flow based
on the standard cut-rewriting technique to improve the reliability of circuits
built out of unreliable gates will be introduced. Again, the AIG representation

is utilized to represent the logic circuits.

Firstly, some common terminologies encountered in the logic synthesis domain

will be explained as follows.

Cut: A cut of a node A in a network is a set of nodes C' such that any path
from a PI to A must pass through at least one node in the set C' [88]]. Obviously,
node A itself forms a trivial cut. The size of a cut refers to the number of leaves
(i.e., the nodes in the cut set ('), rather than the number of interior nodes.

Cuts of up to a certain size k are called k-feasible cuts and particularly cuts with
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size k are called k-cuts. An example is depicted in Figure The node-set
{I6,n6,n7,nb} defines a 4-cut C' on the node nl. C is a 4-cut since it has four
leaves: n5, n6, n7, and 16. Clearly, every path from a PI to n1 passes through at

least one of them. Nodes n2, n3, and n4 are the internal nodes of the cut.

o> <>

ﬁﬁu ﬁmi mm i

(a) 4-input cut on node n1 (b) Boolean Equivalent

Figure 3.3: Cut example and locally equivalent circuit

Negation-Permutation-Negation (NPN) equivalence: Two Boolean functions,
F and G, are NPN equivalent, i.e., belong to the same NPN equivalence class, if
F can be transformed into G through the negation of inputs (N), the permutation
of inputs (P), and negation of the output (N) [89]. For example, the sub-circuit
comprising nodes {n6,n4,n2} in Figure and Figure evaluating the
function G and F, are NPN equivalent. G can be transformed to F' by employ-
ing the following procedure: (i) negate /3 and 71, (ii) swap the position of I3

and 72, and (iii) negate the output node.

Boolean matching: Boolean matching, a technique widely used in technology
mapping [[90], is the process of replacing a subgraph with another functionally
equivalent subgraph. It is normally done by calculating the canonical form
representation of functions by employing simple methods like negation and

swapping of the nodes.
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3.4.1 Reliability Optimisation: the Algorithm Implementa-
tion

In cut based rewriting, a library of a set of pre-computed best circuits (cut for-
est), which have the equivalent functions from a subset of all NPN classes of
4-cuts, has to be created and saved first. Then, when rewriting a circuit, all
possible cuts will be loaded from the library rather than being computed every

time.

In this work, the basic pre-computed forest consists of 2004 nodes implementing
106 NPN function classes, while the ABC’s original area-based rewriting uses a
forest of 1785 nodes implementing 139 function classes. In the ABC’s default
rewriting algorithm for area optimisation, XOR nodes are also included. These
XOR nodes are excluded from this reliability-driven rewriting algorithm since
the XOR nodes can result in significant output error. To perform a cut rewriting,
cut-enumeration and Boolean matching are performed to enumerate and identify
the cuts rooted at a certain node. Then functionally equivalent alternative cuts

from the pre-computed forest are evaluated as replacements for that node.

The main algorithm implemented in this work is called Rewrite for Reliability
or RWREL for its command in ABC. This algorithm is based on the standard cut
rewriting algorithm from ABC, adapted so that the goal is reliability instead of
area. Modified versions of the data structures were created to include node
error probability values. The key functions of the rewriting process were then
rewritten to use reliability as a goal. All utility functions from the rewriting
module were duplicated, just changing them to work with the expanded struc-
tures instead of the originals. The cut enumeration and decomposition modules
are self-contained and are used directly. Equation quantifies the "percent
decrease in error" goal function that is used in guiding the optimisation algo-

rithm to select the better cut.

R P.(old_cut) — P.(new_cut)
metrie = P.(old_cut)

(3.14)
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The algorithm is presented in Algorithm

Algorithm 3 Cut-based Reliability Optimisation
Require: P, Network, Pl,,, G, return PO,,,
1: for each node in Network, in topological order do
2: cone < cpySubCircuit(Network, node)

3: for each 4-input cut u of node in cone do
4: F < getTT (u)
5: for each possible equivalent S of F' do
6: if getLevel(S) >MaxLevel then
7: Continue
8: end if
9: replaceNodes(cone, u, S)
10: C' < computCost(cone)
11: if C' < bestC then
12: Shest = S
13: end if
14: end for
15: Apply Sj.s: to the Network
16: end for
17: PO, < compute EP(Network, Ply,, Geyy)
18: end for

The aim is to find a sequence of transformations leading to an AIG network
that minimizes the cost function. Specifically, a heuristic approach will be used
to find an acceptable solution, i.e., an AIG providing higher reliability than
the original circuit. The strategy chosen is to figure out all the functionality
equivalent cuts for a given node and choose the best among them. Given a
combinational circuit implementing the Boolean function and its AIG network,
the algorithm, starting from a PO, traverses through the graph in topological
order to see if any of the transformations are applicable to the given node.
For every possible transformation, the new circuit reliability value is computed
using the CPEP algorithm described in the previous sections. The configuration
that yields the highest circuit reliability improvement is chosen, and the new
topology is generated. This process is continued on every graph node until

reaching the PIs where no more transformations are applicable.
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3.4.2 Experimental Results

The total savings achieved in terms of circuit reliability is studied by performing
a set of experiments using MCNC benchmark circuits [91]] with more than 3000
node AIGs after structural hashing (strash). A unit gate error probability of
1072 is assumed in all our simulations. The networks were loaded in Berkeley
Logic Interchange Format (BLIF) and strashed to AIGs. Functional equivalence
was extensively verified during development using the ABC equivalence check
command cec. Then, map the AIG network to a gate-level Verilog netlist with the
TSMC 65 GP CMOS standard cell library. Synopsys Design Compiler is employed
for power, timing and area estimation on the two netlists. After established
the algorithm correctness and performance, its effect on the implementation of
8051 microcontroller basic blocks like adder, multiplier, and divider was also

tested.

In the rest of the section, a case study will be presented highlighting the im-
portant differences in the way the Boolean matcher finds alternative cuts when
reliability is the constraint. Then, the results obtained for various MCNC bench-

mark circuits and 8051 functional units will be discussed.

3.4.2.1 cml162a - A Case Study

The proposed reliability-aware synthesis algorithm is applied on the MCNC
benchmark circuit cm162a, which implements a 14-input, 5-output logic func-
tion. The current case study considers the cone comprising of all the gates

driving the output pin P (an 8-input sub-circuit).

Figure represents the default AIG configuration. The total number of nodes
in the default AIG representation of the circuit is 14. With a unit gate error

probability of 102, the output node P has an error probability EP,,, = 0.071750.

Now, tree specific functionally equivalent logic configurations generated by the
RWREL tool will be discussed. The idea is to emphasize how the Boolean

matcher works when the constraint is set to the output error optimisation in-

Electronic Design Automation Methodologies 56 Bo Yang
for Digital VLSI Circuit Reliability Analysis
and Optimisation



3. ANALYTICAL SOFT ERROR PROPAGATION,
RELIABILITY ANALYSIS, AND
OPTIMISATION FOR VLSI COMBINATIONAL 3.4 Synthesis for Reliability Enhancement
CIRCUITS based on Cut-rewriting Technique

(a) Default configuration (b) RWREL configl(Move PI closer to PO)

(c) RWREL config2(Insert Redundant Node) (d) RWREL config3 (Optimized)
Figure 3.4: A case study: MCNC benchmark cm162a

stead of the area.

Figure depicts the first sub-case: Moving the PIs closer to the POs wherever
possible. It is clear that the PI node F' has been pushed closer to the PO. This
helped in reducing the overall output error on the output node to EP, .1 =

0.068002.
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Figure depicts the second sub-case: intelligently insert redundant nodes.
Extra nodes, if added pragmatically, can result in a significant error masking
effect that reduces the overall error on the output nodes considerably. A re-
dundant node n6 has been appended onto the logic. Thus total node count is

increased to 15 and reduces the overall output error to EP,.,..;; = 0.067668.

After multiple iterations, the final version of the optimized circuit configuration
in Figure is obtained. The final output error value of the optimized circuit
is EP,,, = 0.063353, and the total node count is 17. Two redundant nodes
n9 and n10 are added into the configuration. Finally, some of the important
differences is listed below, observed in the way Boolean matching is performed
by our reliability-aware rewriting algorithm when compared to the area-driven

approach in ABC:

* Cuts with PIs closer to the POs are preferred. PIs have lower EP when
compared to the internal nodes. Thus, moving a highly reliable node

closer to the output can result in cancelling out some of the errors;

* Redundant Node insertion is commonly performed. This increases the
total area but has a higher masking effect and thereby reducing the output

node error probability;

* One other significant difference that has been observed is the matching of
path lengths. Most of the time, the Boolean matcher selects the cuts that
result in the circuit that is more balanced so that the depths of both of the

LX and RX paths are similar.

3.4.2.2 Evaluation of Benchmark Circuits

More simulation results comparing the average circuit output errors of the orig-
inal and the optimized configuration obtained from our tool are reported in
Table The first column presents the benchmark circuit name, while the sec-
ond column provides the output pin count of each circuit. The following three

columns list the node count of the original circuit, the optimized circuit, and the

Electronic Design Automation Methodologies 58 Bo Yang
for Digital VLSI Circuit Reliability Analysis
and Optimisation



3. ANALYTICAL SOFT ERROR PROPAGATION,
RELIABILITY ANALYSIS, AND
OPTIMISATION FOR VLSI COMBINATIONAL 3.4 Synthesis for Reliability Enhancement
CIRCUITS based on Cut-rewriting Technique

optimisation induced node count change in percentage, respectively. Columns
6 (7) provides the circuit depth of the default (optimized) circuits. Columns
8 (9) lists the average output error value for the default (optimized) circuits.
Columns 10 through 12 list the average, maximum, and the minimum relative

output error improvement.

Table reports the area, timing, and power analysis after applying RWREL
on MCNC benchmark circuits. In the table, F,,,, T,,, and A,,., are the power,
timing, and area results from the original MCNC netlist. P,,, T,,; and A,
are the power, timing, and area results from the netlist obtained via RWREL

optimisation.

From the tables, it is clear that significant SER reduction can be achieved at
a very low area overhead of 6.57 % that results in 13.52 % higher power con-
sumption by employing the optimisation algorithms reported in this paper. An
average improvement of 14 % and a peak improvement of up to 75.5 % was ob-
served. I7 benchmark is a simple logic circuit consisting of 199 PIs, 67 POs, and
a total node count of 903. Output pin V/266(6) provides a peak error improve-
ment of 75.5 %. Another important fact worth mentioning is that benchmark
circuits 16, 17, I8, and too large report reduction in node count. This proves
that our algorithm can decide when to add redundancy and when to remove
unnecessary nodes that can result in better output reliability. Also, the bench-
mark circuit too_large reports a pretty high output error. This is because it has
824 nodes and just 3 output pins. It implies that if a large number of gates are
placed within the cone to emulate a particular function, the EP on the output
will be higher. Also, the circuit depth of the logic resembles no direct relation to
the output error as circuit depth has reduced in certain cases, while in others,

it has been increased.
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3.5 Chapter Summary

In this chapter, a novel soft error, reliability analysis algorithm CPEP, and a
reliability enhancement framework for combinational digital VLSI circuits were

proposed and explained.

CPEP, which stands for conditional probability-based soft error propagation al-
gorithm, can accurately estimate the error probability, hence the reliability of
a circuit output within 3 % of error and improve the speed by up to orders of

magnitude, compared to the traditional MC simulation-based methodologies.

Although the CPEP method currently works only on the combinational circuits,
it has the potential to be extended to sequential circuits by the employment
of the Markov Chain. Hence the state-based CPEP can be implemented in the
future. Also, more generic gates can be easily implemented to make the method

works on more general circuit analysis circumstances.

The reliability-driven synthesis framework based on cut-rewriting techniques,
inspired by the area-driven synthesis approach used in the ABC synthesis tool,
makes use of the reliability evaluation results from the CPEP and improve the
reliability by iteratively replacing the 4-input cuts with more robust functional
equivalent alternative cuts. The obtained results show that up to 75.5 % re-
liability improvement has been obtained with the acceptable area and power

consumption overhead.
This chapter is based on the following papers:

* Bo Yang, Satish Grandhi, Christian Spagnol, Emanuel Popovici, Sorin
Cotofana, "An approach for digital circuit error/reliability propagation
analysis based on conditional probability," 27th IEEE Irish Signals and Sys-
tems Conference (ISSC), 2016, pp. 1-6

 Satish Grandhi, Bo Yang, Christian Spagnol, Emanuel Popovici, "An EDA
framework for reliability estimation and optimization of combinational

circuits," Journal of Low Power Electronics 12(3), 2016, pp. 242-258
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Chapter 4

Voltage Scalable SSTA Gate
Modelling Techniques

In the previous chapter, the soft error related reliability at the gate level has
been discussed. To make power consumption and propagation delay optimi-
sation possible, the timing reliability related to the device variabilities under
various operating voltage (V,,), load, and other environmental conditions has
to be taken into consideration. Therefore, in this chapter, V,; dependent Sta-
tistical Static Timing Analysis (SSTA) gate models will be presented. In the
models, parameters are categorized into device process parameters and circuit
setup parameters. As will be stated in Section Vino and L are two of the
most interesting variation factors impacting the propagation delay. Thus, they
will be the main process variations that our models target on. In terms of cir-
cuit setup parameters, the operating voltage V,, the effect of both current gate
fanout and driver gate fanout, and the driver gate strength will be taken into

consideration as well.

An initial approach is a pure analytical propagation delay estimation model
based on a set of mathematical formulas. The approach works with only one
process variation, V;, as it is impractical to derive the closed-form expressions

of the 7,; for more complex circumstances. However, the principle lays a foun-
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dation for the improved ANN-based model. To eliminate these limitations, an
improved model making use of the ANN function approximator is proposed on

the foundation of the initial approach, which takes more factors into account.

This chapter will be organized as follows. Firstly, in Section the gen-
eral concepts and considerations of CMOS process variations and their impacts
on timing will be introduced. Secondly, the conventional SPICE Monte-Carlo
simulation-based SSTA approach will be presented in Section[4.2] Then, in Sec-
tion[4.3]and Section [4.4}, the proposed two new SSTA gate models, i.e., the sim-
ple analytical model and the ANN-SSTA models, will be described, respectively.
Finally, the comparison and applications of the approaches will be summarized

and discussed in Section [4.5]

4.1 Process Variations and their Impacts on Tim-
ing Analysis

SSTA methodologies are developed to predict propagation delay deviations due
to the process parameter value fluctuations to the design parameters in the
specification. To deal with the uncertainties, the parameter variations would
commonly be modelled as Random Variables (RVs) following certain distribu-
tions, and then the delay distribution, P,, will be profiled accordingly either
analytically or by simulation. Thus, in this section, the common process varia-

tion sources will be studied first.

The variations originate from several sources, including process variations due
to manufacturing imperfections, environmental variations such as temperature
and power supply variations, modelling variations due to limited accuracy of
the device models, and other physical effects that cause process parameter de-

viation with device ageing [92].

For convenience, in most literature, process variations are commonly classified

into two categories: Global variation and Local variation in terms of the level of
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impact, as shown in Figure Note that in the figure, the dashed-line arrows

indicate the variations across it.

Lot-to-Lot Wafer-to-Wafer

Intra-Die Die-to-Die
Figure 4.1: The variation source classifications

1. Global variations: Also referred to as "inter-die" or chip-level variations.
The variations affect the performance identically across lot to lot, wafer
to wafer or die to die, which can be modelled by a single RV (i.e., give
a single random value to all parameters in a simulation sample). Global
variations include the lot-to-lot, wafer-to-wafer, and die-to-die variations,

as shown in Figure 4.1

2. Local variations: Also called "intra-die" or transistor level variations. The
variations affect the performance differently from device to device within
a die or even a circuit, as the intra-die variation shown in Figure Thus
in the worst case, an extra RV has to be introduced for each transistor
within a die. In addition to potentially higher RV dimensionality, what
makes dealing with local variations more complicated is the existence of
correlations either spatially or between parameters. Therefore, in terms of
the existence of correlations, the local variation can be further sub-classed

into random variations and correlated variations.
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* Random variations: This is a term that may cause confusion, but by
convention, in the context of CMOS process variations, the random
variation is specifically referred to as the independent local varia-

tions.

* Correlated variations: Apart from the topological correlations induced
by the Re-convergent Fanouts (RFOs), Spatial Correlations, and de-
pendencies between parameters are the two correlation types of most

importance.

Note that the global variation can be treated as a variation that is perfectly cor-
related for all devices at a certain level of impact. Also, some variations may
have components of some types of the above variation classes simultaneously,
for example, the V};, and the gate-length variations have both global compo-
nents and local components. Especially interesting, the V;,, has an intra-die
component, such as channel doping concentration variation, which is indepen-
dent of the gate-length variation, and also the global and correlated local com-

ponents due to the gate length variations [92] [93].

Now that the process variations have been clearly categorized, the variance of

a parameter can be written as Eq.

AX = A)(g + A)(lranclom + AXICOTT‘) (41)

where AX represents the total variance, AX, denotes the Global variation,
AX\yandom 1S the Random local variation, and A X, is the Correlated local vari-

ation.

In different situations and circumstances, the dominant variations are different,
as well. As the progressively scaling of the CMOS devices, the local variations
are more and more critical components to be considered, while global varia-
tion is the more dominant one in previous lower technology nodes. Also, as
the technology nodes progressing, the layout density of devices is growing as
well, which makes the parameters more tightly spatially correlated. It is also
Electronic Design Automation Methodologies 66 Bo Yang

for Digital VLSI Circuit Reliability Analysis
and Optimisation



4. VOLTAGE SCALABLE SSTA GATE
MODELLING TECHNIQUES 4.2 SPICE Monte-Carlo based SSTA

noticed that the global variations affect more on the mean of the final delay
distributions, while the local variations contribute more to the variance of the

distributions [92].

The increasing criticality of local variations makes the development of efficient
SSTA gate models more critical, as the simulation-based SSTA methods such
as SPICE MC simulation-based SSTA becomes more expensive when dealing
with local variations, while the corner-based STA completely loses its prediction

power [26].

4.2 SPICE Monte-Carlo based SSTA

The SPICE Monte-Carlo (MC) simulation is one of the standard methodologies
for SSTA, which is treated as the reference approach in most of the literature,
and the results are often treated as "golden truth" for SSTA, due to its high
accuracy and theoretically universal modelling capability. Thus, the SPICE MC-
based SSTA will be introduced in this section before the proposed models are

presented.

SPICE, which stands for Simulation Program with Integrated Circuit Emphasis,
is essentially a electrical simulator that simulates the physical behaviours of
devices and circuits [94]. As a result, high estimation precision can be obtained
as long as detailed device models are being used. On the other hand, as large
numbers of equations need to be solved analytically or even numerically during

each simulation, the runtime could be too long to be acceptable.

The process of the MC-based method is similar to the area estimation example

described in Section |2.4]and is depicted in Figure [4.2

The MOSFET models and the corresponding variation models are commonly in-
cluded in a technology Process Design Kit (PDK) provided by the manufacturer.
The SPICE netlist contains the simulation setup, circuit under simulation, and
the interested performance measurements such as 7,4, t,;s. and t;,;. When the
MC simulation starts, samples of parameter variances will be randomly gener-
Electronic Design Automation Methodologies 67 Bo Yang

for Digital VLSI Circuit Reliability Analysis
and Optimisation



4. VOLTAGE SCALABLE SSTA GATE
MODELLING TECHNIQUES 4.2 SPICE Monte-Carlo based SSTA

PICE MOSFET SPICE MOSFET
Models Variation Models

SPICE Netlist /;» SPICE
Simulation

A

A 4
Propagation Delay
Measurements
Delay Distribution

Analysis

Optimization or
other Processes

)
B

Figure 4.2: MC-based SSTA basic workflow

ated according to the MOSFET variation models. Once the simulation is com-
pleted, analyses on the resulting performance metrics can be performed, for

instance, a histogram analysis.

HSPICE is a Synopsys version of SPICE simulator and is commonly used as a
default simulation tool in the industries. In addition to the SPICE simulation
engine, HSPICE provides many other features that make simulation and analy-
ses more powerful. Variation Block is one of the latest features enabling flexible
variation modelling and is used in all our MC simulations. A more detailed

introduction of the HSPICE Variation Block is provided in Appendix

The MC-based SSTA flow is flexible and accurate and is a preferable SSTA
method until simulating the large scale circuit becomes a requirement, although

some methodologies were proposed in order to (partially) overcome the scala-
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bility limitations of the MC SSTA. For example, [95] [96] introduced a stratifica-
tion+hybrid quasi Monte-Carlo (SH-QMC) approach to reduce the MC sample
size. Another stratification based method that selects the process variations
according to their importance was proposed in [97]. In [98], optimal low L2-
discrepancy QMC samples are employed to improve the precision as well as
performance. Also, the authors of [99] improved the MC SSTA efficiency from
another direction, where they handle the delays as vectors to eliminate the sim-

ulation iterations.

4.3 An Analytical Analysis of V;; Dependent 7 Esti-

mation

In this section, an initial simplified analytical analysis of V,;; dependent propa-
gation delay estimation model will be performed, which provides insight of how
the propagation delay, 7,4, responds to the process parameter V;;, and the circuit
setup parameter Vy,, although it may not fit for more complex analyses when
more variation sources such as channel length L and circuit setup parameters

such as load conditions are taken into consideration.

Some analytical delay estimation techniques have been developed in, e.g., [100,
101] and [102]. These models can accurately approximate the transient re-
sponse of the CMOS gates and hence to estimate the propagation delay. How-
ever, none of them can model gate delay as a function of V,; while taking V;;
variation into account. In addition, [[100, 101] can work only with a certain
range of load capacitance and input slope rate values. But in reality, the load
capacitances and input slope rates are varying as the delay being propagated
through the circuit. Thus, the accuracy of delay propagation is limited in these
models. [102] introduced a number of expensive numerical computations,

which increases the computation complexity.

To illustrate the model, the output falling transition of an Inverter gate at V; =

0.9V is taken as an example, and the PTM 32 nm HP technology node is used in
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the SPICE simulation. Some of the naming conventions in the rest of the section

are described as follows:
* t, represents the rising time, and ¢, the falling time.

e ty, = v x t, is the time when the output reaches the threshold voltage
th Vad

Vin.

* {5 is the switching threshold time (transition time at 50% of the output

voltage).
* Ve 1s the maximum output voltage during the overshoot.
* V. represents the output voltage at ¢,.
As it can be observed in Figure the whole transition process can be divided

into four regions I, II, III, and IV with boundary conditions as follows:

oy eV Ly
i overshodt
. s

o <V

L IV
60} ;
ICL i IN\&
IN 0ui
(A) | Iej—
60u} —
t

Figure 4.3: The falling transition of an Inverter

* Regionl, ty) <t <ty, = % x t,. In this region, the overshoot occurs.

* RegionII, ty,, <t <t,, Iy is a function of both V;;, and V.

* Region III, t, < t < t50, as Vs = Via, 145 is a function of the NMOS V;

only, which can be approximated as a linear function with the coefficient
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k, as shown in Equation [100].
* Region IV, t > t5.

IdsO - Idsl
ky = ——m, (4.2)
V;fr - ‘/50

where I, is the I, at V,,,;, = V,,, and I is the I, at V,,; = Vsq (50% of V).

The corresponding NMOS operation regions can be identified in the 1,,-V, plot,
as shown in Figure

o Iddo
80u Tdsl K, .
Y
/ otEVE N Vin=Vdd
. . I \
Region IV = -
(I:illC'U') RCJO . ' \
¢ (Saturation) | d
| ' |
ds I :
Region 11 \
(A) / / (Satulratio \
|
|
1
Region [ ‘l
7  ubthestorty |
} ~—1!
e _ - ———- pmEEE T \if
————— B ——
ov 0.66V 0.9v
Vds

Figure 4.4: Operating regions of NMOS in a falling transition

4.3.1 Drain to Source Current Model

To accurately estimate the propagation delay at a given V,,, the drain-source
current has to be accurately modelled. The EKV model [[103] is a trans-regional

drain-source current model, which is shown in Equation 4.3}

4.3)

Iy, = I, x In? [1 + exp (Vgs_vth)

QnUT

where [, = QnM%CoxU% is the specific current, n is the weak inversion slope

factor, and Ur is the thermal voltage.

Electronic Design Automation Methodologies 71 Bo Yang
for Digital VLSI Circuit Reliability Analysis
and Optimisation



4. VOLTAGE SCALABLE SSTA GATE 4.3 An Analytical Analysis of V4 Dependent T
MODELLING TECHNIQUES Estimation

The equation implies that 7, is an exponential function at the deep sub-threshold
regime and a quadratic function at a strong inversion regime. However, this
model does not take mobility degradation and velocity saturation effects, which
suppresses the quadratic relationship to an a power (typically o < 2) relation-
ship [104], into consideration. Thus, it is less precise to estimate [;, in deep
sub-micron technologies. To improve this model, the a-power-law fitting ap-

proach is integrated into the EKV model in this work:

1as(Vys, Vas) = Is x In® {1 + exp <Vt";n_UV;’”‘>} : (4.4)
T

In the above equation, I, and k = ﬁ can be treated as constants that do not
depend on V,; and V};, thereby I, k, and « are treated as fitting constants. Vj;,
is modelled as a linear function of V;, due to Drain-Induced Barrier Lowering

(DIBL), Channel Length Modulation and body effects [105] [106].

Due to the DIBL effect [107], V;;, cannot be directly extracted from the BSIM
parameter V;;o, which is called the long channel threshold voltage. However, the
threshold voltage V;;, can be modelled as a linear function against V,, and can

be measured using SPICE simulation, as shown in Figure 4.5

0.51 T T T T T T T

X SPICE Vth-Vds
——— KkVth*(Vdd-0.2)+0.5072279

0.5

0.49r

0.48f

0.471

0.461

0.45¢

044 L L L L L L L
62 03 04 05 06 07 08 09 1

Figure 4.5: V};, vs. V,, linear fitting
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The V};, in the figure is extracted by measuring the constant current threshold

voltage [108] at different 1, values. Then V}, can be expressed as:
Vin = kv,, X (Vas — Vasres) + Vinress 4.5)

where ky,, is the coefficient fitted from the V},-V,, curve in Figure ﬁ and

(Vasress Vinrer) can be any point on the straight line in Figure [4.5
By substituting the fitted parameters into Equations and we can get the

I145-V,s curves at different V;, values, as presented in Figure

1400t : : . .

X SPICE-0.9Vdd
1ol Model-0.9Vdd

' SPICE-0.5Vdd
Model-0.5Vdd
X SPICE-0.2Vdd
Model-0.2Vdd

0.8

0.6

0.4

0.2

1.2

Figure 4.6: I, vs. V,, curve fitting @V, = 0.9,0.5,0.2 V

The estimation results are in a very good match with SPICE results at V;; = 0.5V
to Vg, = 0.9 Vand when V,, < 0.6 V at V, = 0.2V, which ensures good accuracy

in the saturation region while the poor matching happens in the linear region.

4.3.2 Consideration of Threshold Voltage Variation

As stated in [106]], the variation of the threshold voltage is equivalent to the

Vino variation, therefore, by substituting the effective V,, and Vj, with AV},
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into Equation (4.4), we obtain:
Las(Vys, Vs, Vino) = Las(Vys + AVino, Vas + AVino), (4.6)

where AVj,g = Vipo(nominal) — V.

Figure presents the /;, estimation results when V};, varies by +/ — 10 %,

respectively.
1 X 10-4 : : : .
X
0.9F 7 i
X SPICE-+10% 7
0.8 Model-+10% i
SPICE-Nominal Y X
0.7t Model-Nominal 7 % i
- X SPICE--10% RV
Model--10% y
0.6f 77 ]
05 B Y e .
0.4+ . 4
0.31 4
0.2+ D i
0.1F 4
0 om0 RN . |
o 02 0.6 0.8 1

Figure 4.7: 1,5 vs. V,, with 4+/ — 10 % V;p, variation

When compared with SPICE simulation, the estimation provides highly accurate

results with error .. < 2 %.

4.3.3 Propagation Delay Estimation
The overshoot effect results from the transistor gate-to-drain capacitance C,,

(100, indicated in Figure where according to Kirchhoff’s Current Law:

Ip+Ic, = Ici + Iy, 4.7)
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Figure 4.8: Inverter circuit topology

Equation (4.7) is used to calculate the V,,; in different regions. The effect of
PMOS inverse linear current is ignored as the V, is small all along the inverse

linear region of PMOS. Thus, the Ip term can be omitted during the calculation.

The derivation of the propagation delay 7,, is done by solving a set of Ordinary

Differential Equations (ODEs) under each region.

Region I: In this region, the NMOS transistor is in the cut-off region and the
PMOS transistor is in the inverse linear region, which means that the NMOS is
discharging the load capacitance (C) with its sub-threshold current and PMOS
is also helping to discharge the C;, [102]. At the same time, V}, is charging C},
through C,,. As PMOS inverse linear current and NMOS sub-threshold current
are difficult to estimate, we start by investigating the charging of C. The total

Vout increase can be expressed as Equation (4.8)):

Q
A‘/out = 707 (48)
Cr
where (¢ is the integral of I, from ¢y to ty .
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To estimate ()¢, the area under I, between ¢, and ¢y,, can be treated as a

rectangle, then we get Equation (4.9)):

Qc = Ioi(avg) % tv, (taking to = 0), (4.9)

Practically, Ic..q) should be varying with V;; changes. However, as Icj(qug)
variation has a very small impact on ()¢, to keep simple, I¢y(.) is treated as a
constant (is not changing as a function of V;). Finally, V,,.. can be expressed
as Equation (4.10):

Vinae = Vaa + AVous (4.10)

Region II: The NMOS is operating in the saturation region. Thus C}, starts to
discharge through the NMOS, and meanwhile, V;, is continually contributing
to charging current through C,,. As I, is a function of both Vy, (V,,.) and V
(Vin), it is easy to predict that this should be a first-order linear non-homogeneous
differential equation. However, the 1,,(V,,, V4s) equation is difficult to be used
in this ODE, therefore in the case of V,; > V};,, the drain-source current /,, can

be further approximated as Equation (4.11):

[ds(‘/gsa ‘/ds) = [s X ka(‘/;]s - ‘/th)a (411)

Then substitute Equation (4.11) into Equation (4.7) and re-arrange the equa-

tion to get the standard form of the first-order linear non-homogeneous ODE in

Equation (4.12) [109].

AV,
- L4 PtV = Q(1), (4.12)
- « ka
P(t) = —I; x k™ x el (4.13)
Lk, C, Vdd
Qt) = — i t—l—Cx .

I ko (4.14)

C
Solving the ODE by applying the initial condition with ¢t = ty,,, Vour = Vipee will

[AVino — kv, (AVino — Viasres) — Vinref]
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obtain Equation (4.15)):

mt
_ A—mt n mt
‘/out(t> =e X [qﬁ(mt — 1) + %e + %], (4.15)
CnV,

n = Ot dd_ U[A‘/thO - k‘thh(AWhO - Vvdsref) - V;fhref] (416)

‘/dd ]ska
m=—uXxky,,q=—ux tr,u:— C 4.17)

mtVt

VE) = emtvm Vinaz — q X c Qh (mtv;sh - 1) - ﬁemtvth (418)

m m

Region III: In this region, the NMOS is operating in the saturation region, and
Vin = Vg, thus V;, does not contribute current anymore. So, Equation (4.19)

can be derived from the Equation (4.7).

d‘/;ut

C
dt

+ ka‘/:)ut + IdsO - kavdd - 0, (419)

To solve this first-order linear ODE, apply the initial condition with ¢ = ¢, and

Vour = Vi, we get Equation (4.20):

Vour (t) = (Vi — Ay)e™2070) 4 Ay, (4.20)
Ids() ka
A=V, — — Ay = —— 21
1 ai = s A C (4.21)
Liso = Las(Vad, Virs Vino) (4.22)
1
Lis1 = 1as(Vaa, §Vdd7 Vino) (4.23)

The propagation delay is measured from 50 % of V},, to 50 % of V,,,;, which can
be substituted into Equation (4.20)) to get t5, as shown in Equation (4.24):

1 Vg — A
tso = — x 1 2= " t 2
50 A2 X 1n ( %T — Al +t, (4 4)

Therefore the complete propagation delay 7,;, equation becomes:

1
Tpd = ts0 — §t7" (425)
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Table presents the comparison of the model and SPICE simulation results at
Via values from 0.5 V to 0.9 V and Vinomominaty = 0.49396 V, the nominal value

under PTM 32 nm HP model card.

Table 4.1: Delay estimation results at different voltages with the nominal V}

Vaa(V)) | SPICE (ps) | Model (ps) | Error (%)

0.5 74.83467 72.4337 3.21
0.6 30.57148 | 30.03257 1.76
0.7 19.86262 19.9565 0.47
0.8 15.54658 | 15.56202 0.01
0.9 13.17285 13.1904 0.13

One can observe that the estimates are very accurate over the considered V,

range with a maximum error of 3.3 % at 0.5 V.

Figure 4.9a) |4.9b| and [4.9¢| depict 7,4 as a function of threshold Vo at Vg =
0.5V,0.7V, and 0.9V, respectively.

167107
Model-0.5Vdd
X SPICE-0.5Vdd
1.4r
1.2¢
1F
0.8r
0.6r
04 1 1 1 1
0.44 0.46 0.48 0.5 0.52 0.54

(a) Vdd =05V
Figure 4.9: Delay vs. V0 @V, = 0.5,0.7,0.9 V, respectively
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X SPICE-0.7Vdd R

2.4

16 1 1 1
0.46 0.48 0.5 0.52 0.54

(b) Vag=0.7V

15 ><10>11

Model-0.9Vdd
X SPICE-09.Vdd
1.45} 1

1.4} .

1.35¢ T

1.3} .

1.25¢ .

1.2} .

10.44 0.46 0.48 0.5 0.52 0.54

(C) Vdd =09V
Figure 4.9: Delay vs. V0 @Vyy = 0.5,0.7,0.9 V, respectively

From the figure, it can be observed that as V; increases, the delay-V;,, curve

becomes linear, which results in different PDF curve shapes, as stated in [60].
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4.3.4 PDF Generation Model for CMOS Gates

As Vo is assumed to be the RV obeying Gaussian Distribution, the PDF of the
propagation delay (P,) should be derived using the single variate Change of

Variables theorem, as Equation (4.26)).

v, 1
P, =Py, x d—;’“’ = Py X —3— (4.26)
dVino

where Py, is the Gaussian distribution PDF of V0, and ¢ represents the time.

It is noticed that V};,o(7,q) is difficult to obtain from 7,4(V410), so an alternative
way to derive 2in is applied, as expressed by the latter expression in Equation

dt
(4.26).

Figure [4.10al |4.10b| and 4.10c| present the model estimation and SPICE MC

simulation results at different V,,; values with Gaussian parameters (Vo) =

0.49396 V and 6 x o(V;no) = 40 mV.

1010
[ Monte Carlo-0.5Vdd
Model-0.5Vdd
5 L -
4+ 4
3 L -
2 L -
1k 4
0
3 4 5 7 8 9 10 11 12 13

<1071

(a) Vdd =05V

Figure 4.10: Comparison of PDF curves with SPICE MC simulation
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Figure 4.10: Comparison of PDF curves with SPICE MC simulation

The figure indicates that the model can accurately match SPICE MC simulation

results at all V,,; values with respect to both the mean value and curve shape.

Although the results presented here are for the Inverter, it is easy to extend the

principle to the other simple generic Boolean gates, such as the AND and XOR
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gates, and comparable accuracy can be obtained.

4.4 ANN-SSTA: ANN-based SSTA Gate Model

In this section, the ANN function approximator will be employed to construct

the SSTA gate models. In this model, both of the threshold voltage (V;;,) and

channel length (L) variations will be considered for demonstration purposes,

although more variations can be included, such as the gate oxide thickness

(toz). The framework flow is depicted in Figure

Variation
Model
(Uniform)!

Circuit Device
Setup? Model

Trained
SSTA Model

HSPICE Simulation

ANN Train

Device
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Variation

Performance

S led
amp'e Metrics

Values
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Y
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Estimation
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Figure 4.11: The ANN 7, estimation model framework flowchart
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Two different modelling strategies will be introduced:

1. The flow inside the orange dashed frame labelled S1 represents the Mod-
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elling Strategy 1, which is similar to the analytical analysis introduced in
the previous section, but instead of being derived from the transistor op-
eration formulas, the 7,, will be predicted by a trained ANN model. Then,

the PDF generation will be done with a traditional MC simulation.

2. The flow in the blue frame labelled S2 represents the Modelling Strat-
egy 2, which makes use of the assumption that the response space P, is
following the IGD when assuming the process parameters to be RVs fol-
lowing the Gaussian Distribution (GD). As mentioned in Section IGD
has better accuracy approximating the propagation delay PDF, especially
in trans-regional (i.e., can be applied to circuits operating at both weak
and strong inversion regions) applications. The IGD parameters, ; and
A, are a function of the process and circuit setup parameters, therefore
by fitting the histogram of the propagation delays from MC simulation, a
sample pair of ;1 and A can be predicted for a specific circuit setup (e.g., a

certain V, value) by an ANN function approximator.

The S1 flow starts with a normal gate or cell characterization with the HSPICE
MC simulation. At the transistor level, the model is mapping the process pa-

rameters variances into 7,4, as shown in Equation [4.27|

Tpd = f({A‘/chO}a {ALJ})a (427)

where AV}, and AL are random variables, i and j are integers represent each
individual transistor parameter variance. 7,, responds to every individual tran-
sistor parameters’ variations in each MC trial, regardless of the type of the vari-
ation, as the global variations and local variations for a single transistor are
additive as described in Section Therefore, to extract the 7,, model from
SPICE, all device parameter variations used are local variations and uniformly

distributed, as the superscript "1" in Figure

The S2 flow starts from the MC simulation results of S1, IGD fitting will be per-

formed on the resultant 7,, histograms, and the corresponding (1, \) pairs can
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be achieved. With the circuit setup parameters as inputs and the corresponding
(i, A) pairs as targets, the ANN will be trained to predict the (i, \) pair, hence
the final P..

It is worth mentioning that unlike S1, S2 does not capture the characteristics of
the process parameters. Thus there is no need to define the (i, \) function with

respect to the process parameters.

In the abstraction level of S2, in order to achieve sufficient accuracy in the
targeting 1 and A, millions of samples to simulate is very common, hence the
modelling of a single CMOS gate may cost days with traditional HSPICE simula-
tion. This is what the S1 is designed for, as it provides a very fast and accurate
framework based on the MC simulation, which improves the modelling time of

one CMOS gate to the order of seconds on an average performance laptop PC.

4.4.1 Circuit Model for ANN Training Dataset Generation

At the circuit level, the model is mapping a certain circuit setup parameters
combination into 7,4 or P, as shown in Equation and Equation (4.29),
respectively.

Tpd = f(AVia, ANpo, ANpop, . . ) (4.28)
Pr = f(u, A\; AV4a, ANro, ANrop, . . . ), (4.29)

where AV, ANro, and A Nrop are the random variables, the ellipsis shorts for
the parameter variances in Equation Nro is the number of fanout gates
(FO) of the Design Under Test (DUT), and Npgp is the number of fanout gates of
the driver gate (FOD). Contrary to parameter variations, circuit setup variations
affect all devices identically in one MC trial. Thus circuit setup variations used
are global variations and uniformly distributed, as the superscript "3" in Figure

411

When extracting the estimation model from HSPICE simulation, a circuit model

supposed to have the following features has to be constructed:
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* Is able to capture all proposed parameters, including the circuit setup
parameters (i.e., Vy,, fanout, etc.) and device design parameters (i.e.,

Vino and L).
* Easy to be implemented in a SPICE netlist.

* Fast to converge when running the SPICE MC simulation, especially when

a large number of samples are to be simulated.

A most straightforward model is shown in Figure the fanout can be rep-
resented by a number of different loading gates. To calculate the total load, a
unit capacitance gate (e.g., an Inverter) can be defined as the reference load Ly,
and each gate is rational to the unit gate, then the total load can be obtained

by adding all unit gates’ coefficients p, L;,; = (3 p) X L.

N

— Cpa

i

°
°
°
M DUT —
5 FO

river a

’—| DUT
Driver a }
{ Driver b
> Cload Driver b
Cload ———
—_—_Cpb
FOD >
.
.
.

NS NS

(a) NAND circuit model with fanout gates (b) A SPICE friendly NAND circuit model with
input and load capacitors

Y

Figure 4.12: The SPICE simulation circuit model for gate or cell characterisation

This model can capture the driver fanout, current gate fanout, and driver gate
strength. However, the model will introduce extra complexity and performance
degradation when being simulated in SPICE as the netlist has to be altered to
simulate different numbers of fanout gates to extract the effects of the fanout.

Another disadvantage of this model is the load value discontinuity, which may
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affect the efficiency of training the ANN and may introduce the amount of du-
plicated values for loading value in the dataset. Therefore, a more efficient

equivalent capacitor approximation circuit model is proposed and depicted in

Figure

Each of the drivers’ fanout loads was approximated by a constant load capacitor
in parallel with the DUT input capacitance, and a load of DUT is also approx-
imated by a constant capacitor. This model perfectly solved the issues of the
model proposed in Figure although a slight error may be introduced due
to the use of constant capacitors to approximate the gate capacitances, which

are dynamic during the circuit switching [[106].

Both of the two modelling strategies share the same circuit model, and that is
the reason why 52 can be constructed based on the results of S1. In the rest of

this chapter, the two modelling strategies will be introduced successively.

4.4.2 Modelling Strategy 1

The Predictive Technology Model (PTM) 45nm SPICE MOSFET model [110] pro-
vided as part of the FreePDK45 [111]] will be used in the HSPICE simulation.
All standard gate or cell used is from Nangate Open Cell Library [[112].

As will be detailed in Appendix [C, the advanced sampling methods can reduce
the number of samples needed; thus, Latin Hypercube Sampling (LHS) is used
here. A 10°-sample MC simulation was run on a quad-core Intel Core i5 laptop
PC, which costs around 2500 seconds to conclude for a single NAND gate testing
circuit in Figure A summary of the HSPICE MC simulation environment
setup is depicted in Table

It is noticed that due to the strength mismatch, the equivalent capacitance dif-
ferences between Pull-up and Pull-down networks of CMOS circuits as well as
the different fanout configurations between the two inputs will result in non-
identical rising and falling edge propagation delays. Thus, the propagation

delay profile of a logic gate cannot be represented by only one PDF, which will
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Table 4.2: Training dataset generation SPICE MC simulation setup and parame-
ters

parameters and options | setup
Via [0.4,0.9] V uniformly distributed
Cioad> Cpas Chpb 0, 10] fF uniformly distributed
Vihon> Vinop +10 % uniformly distributed
L +30 % uniformly distributed
Sampling method LHS
MC samples 10°
DUT gate NAND2 X1
Driving gates INV X1
Input vectors 10001011
00101001

result in over- or under-estimation. For example, for a NAND gate, the different
input transitions (e.g., 01 — 11 and 11 — 10) will result in different propaga-
tion delay profiles, and the differences are not negligible even if the PMOS and

NMOS ratio is carefully adjusted.
Therefore, during the simulation, 18 values were measured, including:

* 8 7,4 values representing the effective transitions, {01, 10, 00a, 006} — 11

and 11 — {01, 11, 00a, 00b}, respectively;
* 6 output t,../t s values with each for one of the 6 effective transitions;
* 4input t,,../t e values.

The reason why ¢,;, and ¢, are measured will be discussed in the later para-

graphs.

Figure shows some sample measurements for transitions 01 — 11 and
11 — 00. By convention, ¢, is measured from 10 % to 90 % of V,. Similarly,
trqu is measured from 90 % to 10 % of V4. 7,4 is measured from 50 % of the

trigger signal to 50 % of the target signal [113].

The reported parameter variances data in .mc0 file [114] may look similar to Ta-
ble The resulting measurement file .mtO contains measured timing values,

which will be used as target label when training the ANN function approxima-
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Figure 4.13: Performance measurement demonstration

tor. Note that for ease of documenting, the data matrix has been transposed to
M x N, i.e., each column in Table represents a sample. Each row in this ta-
ble represents a uniformly distributed random variable in the range [—0.5,0.5],
which will be linearly transformed into the desired range then added to the
nominal value of the corresponding parameter internally in HSPICE when do-
ing the simulation. As all transformations are linear, the ANN can be trained
directly using the raw variances. More details for HSPICE variation analysis and

the .mtO file can be found in Appendix
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Figure presents the Pearson Correlation Matrix showing the correlations
between the performance space and parameter space. These coefficients pro-

vide a clear view of how timing is varying against each of the parameters.
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Figure 4.14: Heatmap of Pearson correlation coefficients between performance
and parameter variances

As can be seen from the heatmap, the timing is a strong function of V,; and
load capacitance. The falling (rising) time is a function of the NMOS (PMOS)
parameters of the current gate. Additionally, the timing is also a function of
the driving gates device parameters, which makes the problem complicated as
the independent prediction capability of the gate model will be broken. Non-
negligible information loss will be introduced if the variances associated with
the driving gates are simply discarded, hence lead to a large error when train-
ing the ANN model, while more sophisticated methods such as a look-up-table

(LUT) has to be applied to include the driving characteristics of different kinds

IThe first MC sample in HSPICE will always be the nominal simulation by default, thus all
parameter variances are 0 in this sample

ZNegative values may exist for the 7,, measurements due to very slow input signals

3This is a hierarchical presentation of the parameters, where xin1 is the subcircuit instance
name, .m0 indicates the component name and :vth is the parameter being varied
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of the driving gate. On the other hand, as is found in the heatmap, the driving
gates parameter variances along with the fanout gates of the driver gate (FOD)
equivalent capacitors C,, and (), variances can be captured by their ¢,;,, and
trau- In other words, the variances of C,,, C},, and parameters of xina, xinb will
be directly reflected by variances of relevant ¢, s, and t,(s),. As a result, T, (y),
and T, s, also appear in the x-axis of the heatmap to indicate the corresponding

rising and falling time of the gate inputs.

For efficient training of the ANN, two ANN's will be separately trained to predict
the falling and rising timing, respectively, although a single ANN with more
neurons in the hidden layer can achieve the same performance yet using longer

training time.

Summarizing the above discussions, the complete 7,, estimation model will be

expressed as Equation |4.30

(Todgans trat)=F 1 (AVag, ACioaa, {AVihon b, {ALN Y, to(pyas triryp)
(Todysse > trise) = Fr(AVag, ACiad, {AVihop b {AL Y, to(pyas trpip),  (4.30)

where ¢ represents each NMOS or PMOS transistor.

Table 4.4: ANN architecture and training setup

Input | ANN Config | Output
10 features [16, 6] 6 outputs

{AV44, AC)p44, 16 neurons in the hidden | {7pa|xv). t|x(v)}»

Vion ey ALY py; layer with Sigmoid activa- | where X € {11 —
+0) h tion functions; 6 neurons in | 01,11 — 10,11 —
r(f)}’ where 11
: : the output layer with linear | 00}, V¥ € {01 —
26{172}7.76{0’7()} . . :

activation functions 11,10 — 11,00 — 11}

By the guidance of Equation [4.30} the training dataset for NAND gate model
contains N = 10° samples of M = 10 input vectors and N = 10° samples of

K = 6 target labels. The detailed ANN training setup is described in Table

The training of the ANNs was converged in around 600 seconds, Table sum-

marizes the training performance.

Electronic Design Automation Methodologies 91 Bo Yang
for Digital VLSI Circuit Reliability Analysis
and Optimisation



4. VOLTAGE SCALABLE SSTA GATE
MODELLING TECHNIQUES 4.4 ANN-SSTA: ANN-based SSTA Gate Model

Table 4.5: Training results of NAND ANN model

| falling rising
Train algorithm Levenberg-Marquardt
Train/Verification/Test 70 %/10 %/20 %
Train time ~ 600 s
Test MSE 3.04 x 1077 594 x 1077
Test ME <1% <2%

The error histograms are shown in Figure [4.15] as can be seen from the figure,
over 99 % of the measured errors are within +2 ps, which indicates very high

accuracy of the prediction model.
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(a) NAND rising edge error
Figure 4.15: Error histogram of the trained NAND model
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(b) NAND falling edge error

Figure 4.15: Error histogram of the trained NAND model

Figure shows the regression diagram of a 10*-sample test run with the
same condition with the model training summarized in Table The ANN
model prediction takes around 0.0044 seconds while the HSPICE concludes in

around 300 seconds, i.e., over 60000 times performance boost was obtained.
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(a) NAND rising edge regression
Figure 4.16: Regression diagram of 10*-sample test of the trained NAND model

The dataset generation and training process of a NAND gate model are relatively
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(b) NAND falling edge regression

Figure 4.16: Regression diagram of 10*-sample test of the trained NAND model

simple as the rising, and falling transitions are only driven by a certain MOSFET
type, either PMOS or NMOS. When modelling more complex gates, such as
an XOR gate, the process will be slightly more complex, yet the basic concept
remains the same, i.e., selecting only the relevant parameters indicated by the

Pearson correlation coefficients as the inputs.

With this ANN function approximator based 7,, estimation framework, other
CMOS gates or standard cell prediction models can also be easily constructed.
Table summarizes the training and prediction results for some other com-
monly used CMOS gates. Note that column 2 shows the SPICE simulation run
time and the corresponding random samples simulated, while column 3 depicts
the ANN training time in seconds, and columns 5 and 6 present the 10%-sample
tests run time taken by the ANN-based model and the SPICE simulation, respec-

tively.

As can be seen from the table, the ANN-based model is drastically faster than its
SPICE counterpart. What is more attractive, the ANN-based model performance
has a relatively weak relationship with the circuit complexity as the perfor-

mance is mainly determined by the scale of the ANN, in contrast to the SPICE
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Table 4.6: Training results of some commonly used CMOS gates or cells

Cell SPICE Training MSE (ns?)  Predict 10*- SPICE 10*-
MC (s) (s) sample test sample test
(s) (s)

NAND2 2500/10° 650 ~ 4.0 x 1077 0.0044 300
INV2 450/5 x 10* 53 ~ 9.0 x 1078 0.0013 96
AND2  5000/1.2 x 10° 780 ~8.0x 107" 0.0048 520
NOR2 3000/10° 660 ~8.0x 1078 0.0045 310
OR2 4500/1.2 x 10° 1200 ~8.0x 107" 0.0044 510
XOR2  7200/1.2 x 10° 530 ~7.0x 1077 0.0067 980

simulation.

The ANN T7,, estimation model can be used in cooperating with the MC-based
SSTA to implement the SSTA gate model without having to assume certain dis-
tributions of the Vj;, and L. In practice, this method can work virtually in any
scenarios where the SPICE MC simulation works, which makes this SSTA gate

model really flexible but significantly faster than the SPICE based method.

To demonstrate the SSTA framework, the V};,, and L were simply assumed to be
independent Gaussian RVs, and having both global and local variations. To be

specific,
* Global Variation: Vo and L are both varied by 4-0 = 5 %.

* Local Variation: Vi, and L are varied by 4-c = 5% and 4-c = 10 %,

respectively.

The circuit model in Figure operating at Vyy = 0.65 V, Cpuq = 5 fF, )y =
5 fF and C,, = 5 fF with 10* samples is used to demonstrate the framework.
The resulting MSE of the prediction is 3.73 x 10~7 and 1.23 x 1077 for rising
and falling transitions, respectively. The regression diagrams of the prediction

results are shown in Figure [4.17
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Figure 4.17: Regression diagram of 10*-sample Gaussian variation prediction
@V:id = 0.65 V, Cload =5 fF, Cpa =5 fF and Cpb =5fF
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Table [4.7| shows the prediction results for the NAND gate. In the table, ; and A
are the IGD fitting parameters, where the upper values of each voltage are the
predicted relative errors for the rising edge, and the lower ones are those for

the falling edge compared to the SPICE simulation.

From the results, it can be noted that the estimation of most transition types
can achieve very high accuracy for both ;1 and A. The prediction power for
is high in almost all circumstances and achieved errors of less than 1 %. It can
also be observed that the ) estimation is relatively weaker. Also, it makes sense
that the prediction power for cases where both inputs are switching is weaker

because only the maximum 7 is selected as a target in this case.

With the ANN-based 7,, models for all common gates achieved, the circuit level
SSTA can be performed with MC simulation. To demonstrate the MC-based
SSTA on a circuit, a case study on a simple Majority Voter (MJV) circuit will be

presented.
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Before simulating a real circuit, the equivalent capacitances must be measured.

Table summarizes the approximated capacitances of the CMOS gates.

Table 4.8: Summary of the capacitances for various cells

Cell | Capacitance (fF)

NAND2_X1 1.1
INV2 0.42
AND2 X1 0.55
NOR2 0.96
OR2_X1 0.54
XOR2 X1 1.55

As mentioned above, the different types of transitions may result in a non-
negligible difference in the corresponding P.s. Thus, a transition-by-transition

style SSTA on the active paths will be performed for demonstration purpose.

Consider the 3-input Majority Voter circuit composed of AND, XOR and OR gates
in Figure

X1

out

7

Figure 4.18: A Majority Voter circuit composed of basic CMOS gates

A certain input transition 001 — 011 yields the switching of gates x1,x2, 24,
thus the corresponding path delay is simply the sum of the corresponding 7,4s,
ie. Tpd(OUt) = Tpd(l'l)|()0_>01 + Tpd(l‘2)|01_>11 + Tpd(x4)|00_>10. Hence, the P7—<0Ut)

can be obtained from deriving predicted 7,45 for each sample accordingly.

Figure [4.19 shows the path delay from the model prediction and that from
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SPICE simulation when operating at V,;; = 0.5 V.
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Figure 4.19: Regression diagram and PDF plots of a Majority Voter @QV;; = 0.5V

The 1 and X errors are ¢, = 0.11 ps (0.02 %) and e, = 18 (2.79 %), respec-
tively. The prediction model completes in less than 0.01 second compared to
over 400 seconds of SPICE simulation, i.e. over 40000 times performance boost

was obtained.
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4.4.3 Modelling Strategy 2

Figure and Figure show that i and X as functions of V,,;, assuming
the same variation conditions and circuit setup (i.e. Cjpoq = Cpo = Cpp = 5 {F)

from the 10*-sample MC simulations with S1:
* Global Variation: Vy,, and L are both varied by 4-0 = 5 %.

* Local Variation: Vi, and L are varied by 4-0 = 5% and 4-0 = 10 %,

respectively.
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Figure 4.20: Function of ;1 and )\ against Vi,

As observed from the figures, the relationship between 1 and V,, is straightfor-
ward as ;. is mathematically indicating the mean value of the distribution, which
should be monotonically decreasing with V,; increasing, while the \ curve is not

well defined as \ is a shape adjustment parameter.
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Figure 4.20: Function of  and A against V,

For S1, the SSTA on an MJV circuit with a transition-by-transition fashion has
been demonstrated, which is not performance optimal. For this higher level
modelling strategy S2, the mixture-distribution [115] of all possible transition

P.s of a gate is introduced, as shown in Equation 4.31}:

MP, => P(X)x Pi|x+ Y PY) x Ply,
X € {11 — 01,11 — 10,11 — 00},

Y € {01 — 11,10 — 11,00 — 11} (4.31)

For a sufficiently large input vector size (i.e., workloads, 500-bit vectors are
simulated in this work), the final observed distribution should be the weighted
combination (finite mixture-distribution) [[115, [116] of the PDF of each effective
transition, i.e., the transitions make output switch, using the corresponding

transition probability as the weight.

Specifically, considering the NAND gate, all possible effective transitions, i.e.,

PT‘OOHlly PT‘OlHll) Prhoﬁn, P‘r’ll%OO: PT|11*)01) PT‘llHlO) of one random circuit
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setup should be profiled. Thus by simulating a number of different circuit setup
combinations, we will get a dataset with V. x M x K values, where N is the
number of simulated V,, values, M the number of MC samples, and K the

number of possible effective transitions.

Equation [4.31| reveals the fact that the mixture P,, MP,, is a weighted com-
bination of all individual transition P,, where the weights are the occurrence
probabilities of each respective transitions. The MP, is composed of two parts,
i.e., the first part is the measurements of the transitions producing the rising
edge at the output, while the second part is measurements of those producing

the falling edge.

From the ANN prediction model implementation perspective, the ANN inputs

contain only the circuit setup parameters, i.e., Via, Cioads it ;> and fiy Note

r(f)a (Hw*

that differing from S1, to capture the strength of the driving gate, the two
statistical characteristics of the rising and falling transitions p, ,, and p,,,
are used and propagated. Therefore,the ANN model has 6 inputs and 7 outputs.

The detailed ANN configuration is depicted in Table 4.9

Table 4.9: ANN architecture and training setup

Input | ANN Config | Output

6 features (64,7 7 outputs
{AV44, AC)p44, 64 neurons in the hidden | (u, \)|x(y), where X €
[ty pyas Ftpcpyn layer with Sigmoid activa- | {11 — 01,11 — 10,11 —
tion functions; 7 neuronsin | 00}, Y € {01 — 11,10 —
the output layer with linear | 11,00 — 11}; 14
activation functions

r(f)

The training data is obtained by simulating on uniformly distributed V,; €
(0.4 V, 1.0 V], Cioad, Cina, Cinp € [0, 2.0 fF] combinations with V};, and L variations
using S'1.

Figure depicts the regression diagram of the training results. The training
and testing MSE of the model are 8.3 x 107% and 1.8 x 1077, respectively.

The mixture P, technique allows a more representative propagation delay dis-
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Figure 4.21: The regression diagrams for S2 ANN prediction models

tribution to be predicted. However, the calculation and propagation of the tran-
sition probabilities are quite an intensive task if the circuit of workloads being
simulated is on a large scale. In order to fast derive the transition probabilities,

a neural network method is again introduced.

As implemented in [[117], a neural network can be trained to estimate the tran-
sition probabilities of a logic gate from its input vector statistics, which is much
cheaper to propagate in the circuits. To train the network, an input vector
sequence with L = 500 bits were randomly generated, which results in an
L x N = 500 x 2 matrix, where N is the number of inputs. Then five most
relevant statistical inferences were calculated for each input vector; hence 10
probability values were obtained. Once the values are obtained, a Principle
Component Analysis (PCA) [118] is applied to further reduce the input dimen-

sion of the network before training.

Table shows the detailed data preparation procedure and the network

setup.
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Table 4.10: ANN training setup

Input stats PCA ANN Output
10 probabilities — 5 for | 10 input | 4inputs, 128 | 11 probabilities — 5 out-
each input - P(x; = 1), | statistical neurons in | put statistics, P(y = 1),
P(Xilo=0), P(Xilo=1), | inferences the hidden | P(Y|o-0), P(Y|o=1),
P(X;|150), P(X;l151), | transform layer, 11 | P(Y]1-0), P(Y]1-1) and

i € {ing,iny}

into the first
4  principle
components
represent-
ing 999 %
variations

outputs, 500
samples in
the dataset

6 resulting transition
events — P(Z;), Z; is one
of the 6 transition events

Figure illustrates the prediction power of the trained network, the training
and testing MSE are 2.87 x 10~* and 3.40 x 1074,

—
b Training: R=0.99671
o ' ' ' —
©o0.9 | O Data
Fit
to.8
© 0.7}
(@]
= 0.6
|_
x 0.5¢
—
! 0. 4f
0.3}
S0 ol
30.2
éo. 1 &
0 ‘ ‘ ‘ ‘
0.2 0.4 06 0.8
Tar get

Test: R=0.99555

ot O Data
Fit

.99*Target + 0.0018
© o o o ©

© o o o
© B N W A~ O o N

t
o

.2 0.4 0.6 0.8
Tar get

Figure 4.22: Regression diagrams of the switch event estimation trained model

With the two ANN models, the whole model of S2 can be obtained. Figure |4.23

depicts some predicted and simulated propagation profiles for a single NAND

gate test on a randomly generated 500-bit input vector.
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Figure 4.23: Single NAND test, two different setups, 500 bits uniformly dis-
tributed random input vectors were simulated for each setup

The results show the great prediction accuracy (MSE = 0.2554 and R-Square =
0.844 for Figure and MSE = 0.0152 and R-Square = 0.952 for Figure
4.23b) of the model operating in both near-threshold (weak inversion) and
strong inversion regions (V;;, = 0.43 V). As can be seen from the figures, the
impact of Vj;,, variation is bigger when operating in the sub-threshold region
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as the propagation delay deviation is much larger (wider) in Figure It
is also worth mentioning that for a single NAND gate, a SPICE simulation takes
around 30 minutes to complete, while our model uses less than 1 second on an

average performance laptop PC.

For demonstration simplicity, the propagation of the P. model through the cir-
cuit, a modified block-based SSTA algorithm is applied with the proposed gate

model on a 2-NAND chain circuit shown in Figure [4.24

— 11—

N
>

a— > FOD1 —R>—

—b—>— >
x1
Driver I—)— out FO

c—>—

DUT
Figure 4.24: The simulated NAND-chain circuit

The circuit has 3 inputs a, b and ¢, which are fed with a 500-bit randomly gen-
erated 3-dimensional vector sequence. The setup parameters of the circuit are

described in Table
Table 4.11: NAND chain circuit setup

‘ V;ld ‘ Cload ‘ Cinl ‘CmZ

x1 [045V | 03fF | 0 | 0
out | 045V | 0.15fF [ 0.15fF | 0

Figure depicts the prediction results and comparison with those of MC
simulation. The resulting P, of the first NAND gate (MP,(x1), input a, b) is
straightforward and is similar to the results in the previous section, while the
statistical sum (discrete convolution in this case) must be performed when cal-

culating the P, of the second NAND gate (MP.(out), input x1, c).
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8r —Mbdel out
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Figure 4.25: Model prediction vs. MC @ V;; = 0.45 V, simulated on 500 ran-
domly generated input vectors, SPICE runtime: > 1 h, Model runtime: ~ 1
S

Equation describes the algorithm of propagating the P, from the first
NAND gate to the second. Similar to Equation [4.31) MP, (out) is composed of
two parts. The first part is measurements of the propagated arrival time from
PI a or b to out, while the second part is measurements of the arrival time
directly from PI c to out. As can be seen from the equation, the traditional sta-
tistical MAX operation in a typical block-based SSTA algorithm is replaced by

the mixture distribution, which makes the estimation less pessimistic.

(out) =Y P(X) - CONV(MP.(x1), P-(out)|x) (4.32)
+> P(Y) x P-(out)ly,
X € {11 = 01,11 — 10,11 — 00},

Y € {01 — 11,10 — 11,00 — 11} (4.33)
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Figure and Figure show the predicted PDF and CDF curves of the

two outputs x1 and out, respectively at varying V,; values.

0
5 ><101. . 1
Log
— V0. 45V
al ~ -V, 0.50V {0.8
.......... V. 0. 55V
_____ V. =0. 60V
sl dd 10.6
oL 10. 4
1l PDF {0.2
0 - ' 0
0 1 2 3 4 5
pd x10 10

(a) The predicted xI PDF and CDF curves for varying V,; values

10.6

CDF
_Vdd—O. 45V

___Vdd:O. 50M0. 4

(b) The predicted out PDF and CDF curves for varying V,, values
Figure 4.26: The results of the NAND-chain simulation

The CDF curves are the significant tool for the Multi-objective Optimization dur-
ing the circuit optimization phase, as the timing related reliability can be ob-
served on a CDF curve at certain time called "cut-off delay".
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4.5 Chapter Summary

In this chapter, two ANN-based SSTA gate modelling strategies were introduced.
The first strategy has a lower abstraction level, based on propagation delay
7,4 estimation and MC simulation, while the second strategy has a higher ab-
straction level, which directly extracts the IGD parameters from the 7, profile

simulated using strategy S1.

Strategy S1 is more flexible, due to the nature of the flexibility and maturity
of the MC-based SSTA approaches, while dramatically improving the current
SPICE-based MC simulation, by order of 10° times. Taking advantage of this
flexibility, this approach can be used in almost any case where the traditional
MC simulation is suited. In addition, it is not limited to a certain type of dis-
tribution. It can be easily extended to include more variables, to deal with the
correlated variation sources and spatially correlated devices for moderate scale

circuit SSTA.

Strategy S2, on the other hand, is more limited in the use cases, as it can only
capture the profile which is generated by the MC simulations. Also, it is more
complicated and trickier to employ the existing SSTA approaches, such as the
path-based and block-based SSTA algorithms, especially when dealing with the
cases considering the variation dependencies and spatial correlations. However,
when these limitations can be safely neglected in some fast estimate circum-
stances, this strategy can perform well and further improve the performance of
S1 by several orders of magnitude, which makes the approach very suitable for

very large scale circuits SSTA.
This chapter is based on the following papers:

* Bo Yang, E. Popovici, M. A. Quille, A. Amann and S. Cotofana, "A sup-
ply voltage-dependent variation aware reliability evaluation model," 2016
IEEE/ACM International Symposium on Nanoscale Architectures, Beijing,

2016, pp. 79-84

* Bo Yang, Sorin Cotofana, Emanuel Popovici, "A novel ANN-based depen-
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dent statistical static timing analysis combinational gate model," submit-
ted to IEEE Transactions on Computer-Aided Design of Integrated Circuits

and Systems, 2020
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Chapter 5

Synthesizing an MLP-based

Combinational Logic Circuit

In the previous two chapters, circuit reliability issues at different levels of ab-
stractions in the design flow have been discussed. Specifically, the fast eval-
uation and estimation of the effects of variabilities and faults is investigated,
which is the direction of designing efficient circuits under uncertainties. An-
other avenue of inquiry can be the investigation of circuit architectures that
inherently have the tolerance to the variabilities and faults or more predictable
performance variations while maintaining efficiency in other parameters (e.g.,
area or performance). To follow the later line of inquiry, the possibility of im-
plementing a new circuit design scheme is investigated, which implements the
logic circuit model with the Multilayer Perceptron (MLP). As the MLP-based logic
circuits may have welcomed properties such as the built-in ability of fault toler-

ance, smaller in size, and smaller logic depths, etc.

While the MLPs capability of approximating some simple Boolean functions has
already been reported in [66,67], etc., to the best of our knowledge, there is no
previous work attempting to discuss the implementation of the complex logic
cells from an EDA perspective. Thus, in this chapter, many aspects of the EDA

considerations for implementing the MLP-based combinational logic circuits will
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be discussed.

The concept to implement complex combinatorial logic cells using MLP VLSI
circuits will be investigated in this chapter, as the MLPs can approximate much
more complex Boolean functions and feature high computational efficiency in
terms of area and power consumption once efficiently implemented on hard-

ware. To prove the concept, the toolset written in C++ and Python was created.

Figure shows the proposed circuit synthesis flow. The underlying circuit
synthesis process is an MLP-ANN model training process. In order to train the
network to approximate a Boolean function, a training dataset containing the
samples of the input-output vector pair is needed. As shown in the figure, the
circuit Register Transfer Level (RTL) description (e.g., a ".v" file for Verilog) will
be taken as input to the flow. The circuit will be functionally simulated, based
on the given input vectors, either randomly generated or sequentially enumer-
ated, where the target output vectors will be derived, the training dataset will
be written to a python archive file (".npz"). Then the MLP architecture in terms
of the number of layers and layer configuration will be predicted before train-
ing the network. The training and optimisation process could be an iterative
procedure which may perform several trials so that the simplest network can be
achieved. Along with the training algorithm, techniques such as Regularization,
Pruning, and Quantization techniques will be applied to optimize the network,
so that the trained network model is more suitable for hardware implementa-

tion.

Note that, as was described in Section the Sigmoid function is used as the
activation when training the MLP models in this work. Normally, a Sigmoid-like
function can be achieved with an amplifier circuit, such as the one proposed in

[119].

The contents of this chapter will be organized as follows. Some typical ANN
VLSI architectures, particularly those suitable for this work, will be reviewed,
and some general hardware implementation considerations will be reviewed in
Section[5.1} The MLP Boolean function approximation and the efficient learning
Electronic Design Automation Methodologies 113 Bo Yang
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algorithms will be discussed in Section[5.2] In Section[5.3] the issues that should
be considered when transferring the trained model to silicon implementation
will be discussed. Finally, Section [5.4] summarizes the work by indicating the

contributions and the future work of this framework.

5.1 ANN VLSI Implementations

The ANNs are commonly implemented on digital VLSI circuits (GPUs, ASICs,
and FPGAs) or analogue circuits [120, [121]. However, a digital VLSI circuit
based ANN for implementing combinatorial VLSI circuits cannot avail of large
computational power but is constrained by latency as well as the area of imple-

mentation.

In most of the analogue ANN architectures, the fundamental properties of the
devices or circuits are used to accomplish the large scale parallel ANN system
computation, the synaptic and neuronal operations are encoded by the current
or voltage signals. For example, the ANN architectures based on resistive or
capacitive components may employ the Ohm’s Law or Charge Conservation Law
to perform the Multiply-Accumulate (MAC) operations, and the transfer function
of a simple CMOS Inverter can be used as a Heaviside activation function in an

artificial neuron.

While analogue circuit based ANNs have great advantageous over the digital

counterparts, the following challenges still exist [121]:

* Poor noise margin, a compromise between robustness and circuit com-
plexity;

* The fabrication can hardly reproduce the desired design parameter preci-
sion;

* Strong variability sensitivity, in terms of power, voltage, and temperature

(PVT);

* Most artificial neuron implementations have static power consumption;
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* Some architectures rely on new advanced devices or technologies, which

are more expensive and commercially immature.

More efforts on the hardware design are indeed necessary to overcome the
above challenges, and some improvements can be achieved from optimizing
the ANN models, which will be the main topics of discussion in this thesis.
Some particular promising neuromorphic computing architectures and devices

that are suitable for this work will also be introduced.

As the most significant factor affecting the efficiency of an ANN hardware ar-
chitecture is the synaptic computing system (matrix MAC operation), when
discussing different architectures, we focus only on the synaptic computation

circuit while assuming a properly implemented neuron circuit is available.

5.1.1 Capacitive Network

A pure capacitive synaptic computing network was proposed in [122]. The
simplified capacitor network-based ANN layer architecture is shown in Figure

In this architecture, a capacitive network is used to perform the synaptic com-
putation, and an Inverter-based comparator is used as a Hardlim neuron. The
network forms an array of M x N cells, where each cell contains a pair of

capacitors C;; and Cj;.

The system is controlled with a two-phase clock signal, where ¢; and ¢, de-
noting the precharge phase and the charge redistribution/evaluation phase,
respectively. Shown in the left Figure is the extracted single cell oper-
ating in phase ¢;, and in the right Figure the phase ¢,. During phase ¢,
the synapse output V,, is clamped at the switching threshold of the Inverter
(ideally, %, due to the negative feedback), and the capacitors are charged.
Once switched to phase ¢», the positions of C; and C,; are swapped. Hence,

the charge in the system is redistributed, resulting in the value of V,, becoming

that of Equation Consequently, the Inverter output will reach the final value
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Figure 5.2: Capacitive network ANN architecture [122]

depending on the value of V.

_ (G5 =Ty 51

where K is a positive scale factor for coupling capacitors.

The main drawbacks of this implementation are the static power consumption
and that the size of the circuit is dependent on the capacitances. But the advan-

tages are also clear with its capability to calculate both positive and negative
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weights inherently without additional devices as well as the acceptable rational
accuracy of integrated capacitors. In addition, this architecture can be imple-

mented completely using the current design flows for CMOS technology.

While this architecture is based on the traditional CMOS circuit, the following
technologies make use of the novel analogue non-volatile memory devices as

the basic synaptic computing elements.

5.1.2 Charge Trapping Devices

The Floating Gate Transistor (FGT) [125]] concept was originally used for FLASH
memory and later found to be also useful in the analogue domain [126]. Re-
cently, similar devices, Silicon Oxide Nitride Oxide Silicon (SONOS) [127, [123]]
and Charge Trap Transistors (CTT) [128,[129], are attracting increasingly more
interest, particularly for ANNs, due to their simpler fabrication processes. Both
devices have similar principles of operation, that makes use of the so-called
Charge Trapping Mechanism, which is typically an unwanted phenomenon in
the standard MOS technology. From the I — V' characteristics of an NMOS op-

erating in the sub-threshold region:

Vas — Vth) (5.2)

w
Ips = 1,—

L

where I, is the characteristic current, ¥ and L are the width and length of the
transistors, respectively, n is the subthreshold slope factor, and Uy is the thermal
voltage. When a charge ), was trapped at the gate surface, and given the gate

capacitance to be C;, Equation [5.2|becomes Equation

Ips — I (Qt Ct%h) exp (OtVGS)
n

5.3
UT TLUT ( )

LC

Let w = I, % exp ( 5;”) be a weight term that can be programmed by tuning

the amount of charge trapped at the gate surface.

Figure depicts a typical simplified charge trapping device based ANN layer
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architecture. Again the synaptic matrix contains M x N cells, each being a single
charge trapping MOSFET. The input is the voltage signal taken from the gate
of the transistor, while the weight has been internally stored in the transistor,
the multiplication operation w;; x x; encodes the signal to current, and the

accumulation can naturally be done by the Kirchhoff’s Current Law (KCL).
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Figure 5.3: Charge trapping device ANN architecture [123]

The low power consumption feature of their implementation with SONOS de-
vices was reported by [123], and [129] claims that this implementation has a
very high density of integration and is CMOS process compatible. These valu-
able features of charge trapping devices based ANN make the device very at-

tractive for our work.

In addition to the charge trapping device, there are more non-volatile memory
devices under sustained research, and the representative ones are Memristor
or more generally Resistive Random Access Memory (RRAM) and Phase-Change
Memory (PCM), etc. Among them, Memristor is attracting increasingly more
interests and is known as one of the most promising types of devices for neuro-

morphic computing.
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5.1.3 Memristors

Memristor is a non-linear device, of which the V' — I characteristics is following

the equation:

v=M(q) -1, (5.4)

where M (q) is the charge-controlled memristor given by

M(q) = dq;gq), (5.5)

where ¢ is the magnetic flux. As indicated by the equations, the memristor resis-

tance is varied depending on the historical charge passing through the device,

and this characteristic is kept even in power-down mode.

The synaptic operation using memristors can be implemented as a resistive net-

work, as shown in Figure |5.4

Via .

i
S

XN

X1
Figure 5.4: Memristive network ANN architecture [[124]]

The synaptic architecture proposed by [[124] is similar to the charge trapping
device based architecture shown in Figure with the charge trapping de-
vice in each cell replaced by a 1-Transistor-1-Memristor (1T1M) element. The

weights are stored in the memristor, and each memristor is gated by a P-type
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MOSFET controlled by the corresponding input. Then, the MAC operation is
performed, making use of Ohm’s Law and the KCL. Although the memristor
is a type of device that has great potential to have better integration density
than the CMOS technology, as an emerging device, the memristor is not mature

enough for fabrication and mostly non-CMOS compatible.

Table summarizes the features of the three architectures. Notably, the pro-
grammable precisions of all three types of devices are sufficient for the precision
requirement of the networks after quantization, which will be detailed in Sec-

tion
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5.2 MLP Universal Boolean Function Approxima-

tor

5.2.1 Boolean Function Approximation using MLP

As has been described in section a single layer ANN can be used as a
universal function approximator for any "well-behaved" continuous function.
Similarly, the MLP is also a universal Boolean function approximator [66]. It
has been reported in the literature that the basic logic gates NOT, AND/NAND,
OR/NOR can be approximated by a single-neuron perceptron, while the XOR/

XNOR gate must be approximated with at least a 2-layer perceptron [67].

Table lists five simple logic gates, their Boolean expressions, and their Hasse
Diagram[131]]. In a Hasse Diagram, the white circles represent the output "0"

of the circuit, and the black circles represent the output "1".

Note that in the last column of the table, the outputs of the first four func-
tions have a common property that is the "1"s and "0"s are linearly separable
which means that the output values can be divided into two groups with a
single straight line, while this is not possible for the XOR gate. In general, a sin-
gle perceptron can approximate the linearly separable Boolean functions (i.e.,
monotonic Boolean functions[[132]]) with an arbitrary number of inputs, while
non-monotonic Boolean functions, i.e., XOR, needs at least a 2-layer MLP con-

structed from 2 neurons in the hidden layer and 1 neuron in the output layer.
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Table 5.2: Basic logic gates and their representations

Logic \ Boolean expression Hasse diagram
NOT Yy =A 0 O—. 1
00 01
AND Y=A-B
10 11
00 01
OR Y=A+1B
10 11
00 01
NAND Y=A-B
10 11
00 01
XOR | Y=A-B+A-B
10 11

This principle holds for logics that have more than 2 inputs, as shown in Figure
there exists no such a plane that can linearly cut the black and white nodes

into two groups for the XOR3 gate.

In order to predict the structure of the MLP that can perform a specific Boolean
function, the worst-case usage of layers and neurons is investigated. The worst
case occurs when the function is completely constructed by XOR gates (can not
be further reduced), if arranged in a 1-hidden and 1-output layer MLP, O(2N 1)
neurons hence O(N2V~!) parameters are needed. The exponential relationship

between the number of network parameters and the number of inputs makes
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(a) AND3 linearly separable (b) XOR3 non linearly separable
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(c) AND3 ANN model (d) XOR3 ANN model
Figure 5.5: The diagram graph of AND3 and XOR3

approximating larger Boolean functions using the MLP impractical. Fortunately,
by stacking more layers, the number of neurons and network parameters can

be drastically reduced.
Table depicts the trained ANN models for XOR gates with varying numbers

of inputs under 2-layer and/or 3-layer configurations. Interestingly, the trained
XOR models show that the neurons needed in a 1-hidden layer network are
much less than the theoretical analysis given by the O(2V~!). Table|5.4]indicates
that the hidden layer neurons can automatically categorize the inputs in terms
of the number of 1s, which leads to a best-case of only O(logy’) neurons being

needed in the hidden layer to implement an N-input XOR logic with a "1-hidden-
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Table 5.3: Trained XOR models with 2, 3, 4, 6, 8 and 10 inputs under 2- and/or
3- layer configurations

Layer setup

N inputs Two layers N params | Three layers N params
2 <2,1> 9 -
3 <2,1> 11 -
4 <3,1> 19 -
6 <5,1> 41 <3,2,1> 32
8 <16, 1> 161 <6, 4, 1> 87
10 - <10, 6, 1> 183

1-output" MLP, although the best case is getting more difficult to reach as NV is

growing.

Table 5.4: XOR3 layer outputs

Input Hidden Output
a b c nl n2 o
0 0 0 |0.27 0.26 0
0 0 0.03|0.20 0.006| 0.3
0 003 O |0.20 0.006| 0.3
0.03 O 0 |0.20 0.006| 0.3
0 0.03 0.03| 0.1 0.29 0
0.03 0 0.03| 0.1 0.29 0
0.03 0.03 0 0.1 0.29 0
0.03 0.03 0.03|0.03 0.3 0.3

It is also obvious from Table that by adding sufficient layers, the size of
the MLP can be effectively reduced, at the cost of increased propagation delay.
In other words, the trade-off is exhibited between the size of the MLP and the

propagation delay when implemented as hardware.

5.2.2 Learning Algorithm for Boolean Logic Function

There are many learning algorithms exist. In this work, some representative
training algorithms were investigated to train the MLP, and their performance
in terms of the possibility of convergence, convergence speed, the resultant

network configuration, and accuracy are compared.
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Table lists the training results on tested MCNC benchmark circuits with
some typical optimisation algorithms. As the training performance may vary
depending on the network parameter initial values, thus in order to compare
the possibility of convergence, the third column presents the number of con-
vergence out of 20 experiments. All the listed results are trained on an average

performance laptop PC.

Table 5.5: Training algorithms comparison on benchmark circuits

Circuit ‘ Algorithm Convergence (/20) Layer Config  Speed MSE
LM 20 <1> 1.0 433 x 10716
AND2 BFGS 17 <1> 1.0 < 10716
Adam 20 <1> 8.0 1.11 x 107°
LM 20 <1> 1.0 826x 1016
AND3 BFGS 11 <1> 1.0 < 10716
Adam 20 <1> 8.2 1.52 x 107
LM 18 <2, 1> 1.9 2.58 x 10716
XOR2 BFGS 11 <2,1> 1.3 1.03 x 10~
Adam 12 <2,1> 8.5 6.27 x 10714
LM 18 <2, 1> 183 818 x 10716
XOR3 BFGS 9 <3,1> 12 5.14 x 10713
Adam 11 <2,1> 9.5 1.18 x 10713
LM 17 <2,2> 28.6  4.76 x 10716
Full Adder BFGS 8 <3, 2> 9.7 <1016
Adam 18 <2, 2> 15 1.04 x 108
LM 16 <3,3> 1.5 4.43 x 10716
bl BFGS 7 <6, 3> 2.2 1.82 x 10~ 14
Adam 11 <5, 3> 18 2.33 x 1079
LM 16 <10,6,1> 963.7 7.87x 10716
t481 BFGS - - - -
Adam 12 <20,15,1> 246 5.53 x 1079
LM 12 <6, 4, 2> 428.7  92x10716
cml5la BFGS - - - -
Adam 14 <10,8,2> 363.8 1.86x107?
LM 15 <4,8,11> 18024 4.46 x 10716
cu BFGS - - - -
Adam 8 <6,10,11> 531.5 5.38x 1077

It is obvious that the Levenberg-Marquardt (LM) algorithm has greater capability
in terms of learning Boolean logic, while the typical first-order algorithm, Adam,
although faster, can hardly achieve the comparable accuracy on more complex
Boolean functions. The biggest logic circuit tested is the MCNC benchmark com-
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binatorial circuit t481 with 16 inputs and 1 output, composed by approximately
1842 CMOS gates (synthesized by ABC). A 2-hidden layer network is trained to

approximate the logic, totalling 243 parameters, and 17 artificial neurons.

It is worth mentioning that the above networks are trained using datasets that
are the complete set of input vectors, meaning that all 2"V samples for an N-
input circuit are used to train the network. One of the useful functionalities
of an ANN approximator is its capability of predicting the "unseen" data. This
holds true for the MLP Boolean function approximator. Experiments show that
most of the tested complex functions can be trained using only ~ 45 % samples

without degradation in testing accuracy.

5.3 Model Transfer Considerations

The proposed EDA flow synthesizes the logic circuit by training the MLP "off-
silicon", in other words, the ANN is trained based on the ANN circuit physical
or mathematical model before the trained network parameters are transferred

to the real silicon implementation.

As discussed in the previous section, the network parameters are denoted by
one or more of the circuit component design parameters. Therefore, the design
and implementation mismatch severely affects the efficiency, reliability, or even

usability of the final integrated circuit.
The main considerations are as follows:

Firstly, it is beneficial to have a network with a simpler architecture and smaller
parameters, which lead to minimized model overfitting as well as less energy
consumed and/or less area taken by the implemented circuits. For example, for
the circuit architecture in Figure |5.2a, a simpler network translates to simpler
switch capacitor network and a smaller amount of capacitors used, and smaller
network parameters values mean smaller sized capacitors and less charge to be

transferred in the circuit.
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Secondly, while the 32-bit floating-point numbers are commonly used in the
ANN training algorithms, however, the network implementation can only work
with much lower precision numbers due to the programming precision limita-
tion of the devices. This induces the most mismatch between design and imple-
mentation. Thus the network parameters precision has to be properly reduced

to meet the device’s programming precision specifications.

Last but not least, with the inevitable variations in the fabrication process, volt-
age, and temperature (PVT), the exact value of design parameters can hardly be
met precisely. In addition, the device and circuit models for "off-chip" training

can hardly be exactly accurate, leading to a model-silicon mismatch.

5.3.1 Regularization and Pruning

Regularization is a technique widely used to overcome the so-called overfitting
when training an ANN. Overfitting is commonly caused by one or more of the

following:

The amount of training samples is too small;

* The network is too complex, i.e., the size of the network is so big that

unnecessary details will be learned by the network;

* Large network parameters exist, which make the network oversensitive to

small network input changes;
* The training is over-performed.

Accordingly, many regularization techniques have been used to constraint the
network training process. Bayesian Regularization (BR) [133] is a technique
based on the Bayesian prediction, which is able to reduce the effective com-
plexity of the ANN. Dropout [134] is another methodology that prevents the
network from being overly dependent on some specific network parameters. L1
Regularization works as a feature selector, which is attempting to screen the
most relevant features, and L2 Regularization is trying to confine the parame-
ter’s value by penalizing the large ones [135]. Early stopping [136], i.e., stop
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the training process once the verification loss is greater than the training loss,

is commonly used to prevent the overtraining.

BR is applied with the LM training algorithm to help reducing the complexity
of the network. The terminology effective parameter is used to indicate the
number of parameters that effectively affects the capability of the network, i.e.,
the fewer the effective parameters exist, the simpler the network is. The third

column of Table|5.6|shows the effective number of parameters trained with BR.

It is obvious from Table that the trained network has a relatively smal-
ler number of effective parameters than the total number of parameters trained
with the raw LM in Table Notably, the circuit b1 was trained using two-layer
configurations with a different number of total parameters. However, the num-
ber of effective parameters is relatively constant. In other words, the number

of effective parameters may also suggest the simplest network configurations.

In addition, Pruned Neural Network has been investigated in order to reduce
the parameters and connections in the ANN. Many ANN pruning methodologies
have been proposed in the literature [137, 138,139, [140]. For demonstration
purposes, the passive pruning approach introduced in [137] that directly zero
out the parameters that are much smaller than others in each layer while keep-
ing the accuracy from degrading significantly, was investigated in this work.
The number of parameters in the network before and after pruning is shown in
the fourth column of Table Results show that the pruned networks have
10 % ~ 20 % reductions in the number of parameters compared to their original

counterparts with negligible accuracy degradation.

Moreover, the estimated number of components used by MLP architectures
(Section |5.1) and their standard CMOS counterparts are shown in the fifth
and sixth columns of Table Note that in the table, the number of com-
ponents used by MLP architectures is estimated by assuming that 10 transistors
are needed by each artificial neuron and that each standard CMOS equivalent

logic gate contains 4 transistors.
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It can be seen from the estimations that the MLP architecture of logic circuits
such as z9sym, t481, and misex3 achieved the best efficiency in terms of the
number of components (hence area and energy consumption) because the com-
plex logic circuits were implemented by relatively small MLPs. These results
show a promising way to dramatically improve the cost-effectiveness of the

combinatorial logic circuits.

5.3.2 Parameter Quantization

The Quantized Neural Network (QNN), i.e., reduced precision ANNs, became
a very attractive area of study in recent years as a consequence of the devel-
opment of the ANN in hardware. This technique is originally introduced to
conduct efficient neuromorphic computation on digital hardware in terms of
memory size, latency, and energy consumption. The main benefit of using the
quantized neural network in this work is that the process technology precision
specifications can be significantly reduced. Hence, more robust analogue ANN

hardware can be created.

Methodologies that quantize the parameters of the trained (full precision) ANN
when inferencing, are reported in [141} [142] [143] (144, (145]. On the other
hand, methodologies such as [[146] and [147] attempt to fully train the QNN,
which may achieve competitive prediction performance compared to its full pre-
cision counterpart. However, the quantization leads to discontinuities between
successive training iterations. As a result, new training algorithms working
with quantized parameters, activations, or even gradients must be invented.
Otherwise, the quantization may induce convergence difficulties. Among the
methods, the evolutionary methodology proposed in [144] was investigated
and turned out to be effective for quantizing a trained MLP Boolean approxi-
mator. With this method, the network is trained with full precision parameters,
then a small portion of parameters are rounded before reperforming the train-
ing algorithm (i.e., LM here) to let the network "recover" in each iteration until

all parameters are quantized.
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To demonstrate the possibility of obtaining a low bit quantized network, the
network is trained with the lowest precision that can converge the algorithm

before further rounding the parameters to lower precision.

Table depicts the experimental results on a number of combinational cir-

cuits.

Table 5.7: Training ANN with reduced precision

Circuit ‘ Train decimal digits = Train MSE ‘ Test decimal digits Test MSE

bl 2 7.82 x 10716 1 2.58 x 10713
cml5la 2 3.34 x 10715 1 7.32 x 1071t
cu 3 5.21 x 10~15 2 1.5 x 10~
t481 3 9.36 x 10716 2 8.49 x 10~

The second and fourth columns in the table are the number of decimal digits
used in training and testing, respectively. The results indicate that the method
can effectively create networks with 1 or 2 decimal digit(s) (< 7 bits) at the cost
of acceptable loss of accuracy, which easily meets the devices programmable

precision requirements.

5.3.3 Parameter Variations

As described in Section the neurons are assumed to be reliable or easily
protected. Then the only source of uncertainty to be considered in this work is
the network parameters. In our analysis, local variations are considered, i.e.,
each parameter is assumed to be a Gaussian Random Variable (RV), varying
around its ideal designated value. In order to measure how bad the outputs
of the circuits are affected by the variations of the parameters, the Soft Error
Rate (SER) can be employed. The SER is defined as the ratio of error events to
total simulated samples. Thus, the procedure to obtain the SER is as follows:
(a) Randomly generate the varied network parameters following a Gaussian
distribution; (b) Simulate the network with the varied parameters for N input

vectors; (c) Repeat (a) and (b) for K sample sets and calculate the SER by:
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_n(e=1)
"TNXK &0

where n(e = 1) denotes the number of output errors, and N denotes the total
number of input vectors tested on the trained model in each random parameter
set sample, and K represents the number of random parameter sets generated
and tested. Note that the error event ¢ = 1 is defined in Equation [5.7, as 0.3

and O are treated as a logic high and low, respectively.

1 if abs(t — ) > 0.1
€= ( ) , (5.7)

0 else

where t and ¢ denote the target and predicted output values, respectively. In
other words, the output is identified as an error when its actual value is higher

or lower than the target value by a threshold, 0.1.

Figure|5.6|depicts the SER testing results against the variances of the parameters
from o = 0.5 % to 0 = 5 % for some trained benchmark circuit models listed
in Table The number of random parameter sets simulated was K = 1000.
Figure depicts the outputs of two one-output circuits t481 and z9sym and

Figures [5.6b} 5.6d, and |5.6c| show the multiple-output circuits b1, clip, and cu,

respectively and each line represents one output of the corresponding circuit.

As shown in the figures, the SERs are increasing with the increase of the vari-
ances of the parameters. However, the worst SERs (i.e., when ¢ = 5 %) of each
circuit, regardless of the complexity, are all likely to saturate around the values
of 0.3 ~ 0.4. This may because that the stochastic behaviour of the parameter
variations compensates each other. Also, for multi-output circuits like b1, cu and
clip, some outputs are more robust to variations than the others. It is reported
that it is possible to train the ANN to be more robust to variability in [148]],
where they invented a regularization technique that can improve the perfor-

mance by up to 70 %. In addition, from a system-level perspective, the outputs
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Figure 5.6: The variation analyses

of a circuit can be protected by an error correction code proposed in [149,[150].

5.4 Chapter Summary

In this work, an EDA framework for synthesizing the MLP-based combinatorial
logic gates was proposed. The MLP-based logic gates can implement more com-
plex Boolean functions than TLGs. However, the circuit synthesis EDA frame-

work needs more considerations to be made to achieve efficient circuits.

Specifically, an architecture that efficiently synthesizes the MLP-based logic gates
was proposed. The logic synthesis process in this context becomes ANN training
as a Boolean logic approximator. To the best of our knowledge, there is no lit-
erature reporting the implementation of Boolean logics that are more complex
than simple gates like XOR using the MLP, while in this work, the training re-
sults for large and complex logic circuits were reported. Also, different training
algorithms were compared, the Levenberg-Marquardt algorithm is identified to

be the most efficient algorithm in this specific training task.
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Secondly, three ANN hardware architectures and devices that are suitable for
this framework were compared and discussed. A memristive network could be
the most promising architecture due to its high integration density and ease
of operation, while CMOS capacitive network is the most mature and low-cost
architecture; The programming precision of the three devices is able to meet

the MLP model precision specifications (> 8 bits).

Thirdly, ANN hardware implementation relative training and optimisation tech-
niques were reviewed and employed to build more energy, area and reliability
efficient network: Bayesian Regularization was applied to effectively simplify
the network, simple pruning method was applied, showing the possibility to
reduce the size of the network up to 20 %. Low precision training and quanti-

zation to reduce the precision requirement (< 7 bits).

Finally, parameter variability impacts on the output soft error rates were an-
alyzed, the worst SERs (when the variances of the parameters o = 5 %) are

around 0.3 ~ 0.4 regardless of the complexity of the circuit.

The major concern is the device PVT variations. Fortunately, the ANN has the
ability to tolerate variations to some extent, especially when trained to be varia-
tion insensitive [148]. On the other hand, from the system perspective of view,
the integrated error correction code block can be employed to protect the erro-
neous outputs, such as the Code Prediction Encoding (CPE) method proposed in
[149,150], as will be detailed in the next chapter. Another critical limitation of
using this framework is the exponential relationship between training dataset
size and number of the circuit inputs, making the MLP learning of Boolean func-
tions with more than 20 inputs a computationally infeasible task for a normal
PC. From the ANN perspective, Modular Neural Network [[151] is worth to be
investigated, where a complex function with a large number of inputs are de-
composed to simpler ones, trained separately before being merged to perform
the complete function. From the learning algorithm perspective of view, on
the one hand, more aggressive pruning methodologies can be helpful to fur-

ther reduce the network complexity, resulting in reduced learning time. On the
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other hand, on-chip training with specific training hardware will drastically in-
crease training efficiency. For example, [152] implemented the LM algorithm
on the FPGA based hardware, which can be used to train an ANN model more

efficiently.
This chapter is based on the following paper:

* Bo Yang, Sorin Cotofana, Emanuel Popovici, "Synthesizing a multilayer
perceptron based combinational logic circuit," submitted to Integration,

the VLSI Journal, 2020
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Chapter 6

Circuit Linearization with

Bi-decomposition

In Chapter [5, the concept of implementing combinational logic circuits using
the MLP Boolean function approximators has been discussed. It was mentioned
that adding more layers will help the MLP reducing the total number of neurons
compared to the basic perceptron (single layer fully connected feedforward net-
work). It is also well known that the MLP has the difficulty in implementing the
XOR-based logic functions efficiently. Thus, a Circuit Linearization methodology
was developed to extract and separate the XOR-based sub-circuit, which could
be treated outside the general framework of the MLP-based logic, from the orig-

inal circuit.

One should distinguish the terms of (non-)linear logic function and (non-)linearly
separable function, that the linearly separable Boolean functions refer to those
Boolean functions with the output space that can be divided into two subspaces
with a straight line or a plane, while the linearity of a Boolean function is math-

ematically defined as:

Definition 6.1 (Linearity) A Boolean function f(x;,x,) is linear with regard to

the variable x; if and only if
0f (i, x0) _ 6.1)
5%
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With the above definition, we can derive that the XOR function is linear while

the AND function is non-linear.

The recently published ideas of the Vectorial Bi-decomposition [68]] extending
the known approaches of Strong and Weak Bi-decompositions [69, [153] [154),
155]] can lead to a partition of a circuit into parts that contain either only non-

linear AND gates or only linear XOR gates.

Additionally, in the project of EU FP7 FET-Open i-RISC, a system-level reliability
enhancement methodology called Codeword Prediction Encoding (CPE) [[149,
156] was proposed, which employs the error correction coding to protect the

erroneous XOR network.

In this chapter, the circuit decomposition method will be introduced and evalu-
ated. Also, the complete reliability enhancement system framework implemen-
tation, as shown in Figure will be briefly discussed and will be provisioned

in future work.

Parity

Y

. Linear Part
Nonlinear Part

(MLP based)

Figure 6.1: Reliability enhancement system framework architecture

The chapter will be organized as follows. Firstly, the basic concepts of Boolean
function linearity, such as Boolean Differential Calculus, Independence and De-
gree of Linearity etc. will be introduced in Section Then, based on these
concepts, the principles of linear conversion, Bi-decomposition, and Vectorial Bi-
decomposition will be explained in Section Next, the decomposition of
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Adder circuits will be demonstrated and evaluated in Section [6.3] to show the
working principle of the approach. Finally, the future work to integrate the
linear decomposition method with the MLP-based logic gates will be clarified in

Section

6.1 Boolean Function Linearity Basic Concepts

A Boolean function can be expressed as a function of a vector of n Boolean

variables, z, i.e., f(x) = f(x;,Xo), then we define: [157,[158]

Definition 6.2 (Single Derivative) The single derivative of Boolean function f(x)

with respect to Boolean variable x; is

0f (x)
3@-

= f(zs,x0) ® f(T7,%0) (6.2)

Definition 6.3 (Single Minimum) The single minimum of Boolean function f(x)

with respect to Boolean variable x; is
r%in = f(xiaxo) ’ f(TU xO) (6.3)

Definition 6.4 (Single Maximum) The single maximum of Boolean function

f(x) with respect to Boolean variable x; is
max = f(x,Xo) + f (T3, Xo) (6.4)

Theorem 6.1 If the Boolean function f(x) is linear; the function has the property

that satisfies:

f(zi,%x0) = 2; © g(x0), (6.5)
where
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g(xo) = n%gx(xl @ f(xi,x0)) (6.6)

Definition 6.5 (Independence) The Boolean function f(x) is said to be indepen-

dent of the Boolean variable x; if and only if

9f(x)
0@»

=0 (6.7)

From Definition|[6.2] it can be seen that the single derivative of Boolean function
f(x) itself is a Boolean function, which is evaluated value "1" when f is linear
with respect to Boolean variable z; and value "0" when f is independent with
regard to z;. Thus a Degree of Linearity (DOL) can be defined as below, by the

number of function values "1" of the single derivative of f(x) with regard to z;:

Definition 6.6 (Degree of Linearity) The Boolean function f(x) of n Boolean
variables has a degree of linearity with regard to the variable z; in range of [0, 1]

defined as:

dy, f(2i,%0) = 2n11 *p (aJ;E:O)) ; (6.8)

where p(t) is the number of values 1 of the evaluated function t.

In other words, a DOL of 1 indicates the function is purely linear, which is an
XOR-only function, while a DOL smaller than 1 but greater than 0 suggests that

the function contains some non-linear components.

6.2 Bi-Decomposition and Vectorial Bi-Decomposition

According to the Definition a Parity function or Sum function f,(z,y,c) =

xTyc + ryc + xyc + xyc is a linear function, as can be derived as follows:

fs(z, [y, c]) =z @ g(y, o), (6.9)
where
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9(y, )=max(z & f.(x, [y, )
=yc+ yc

=y ®dc (6.10)

Thus, it is obvious that the function f,(z,y, ¢) is linearly converted into an XOR
network, as the shown procedure from upper to lower in Figure and this

process will be called Linear conversion of a function in the rest of the thesis.

= O O
oQ
—
=
P
~—
| ‘

= O'<

Figure 6.2: Linear separation on Parity function

However, it may not be possible to linearly covert the function, which is not
purely linear. Therefore, the concept of Bi-decomposition was proposed to de-
compose the original function to two sub-functions, which are a linear only part
and a non-linear part. Based on the decomposed function architectures, the Bi-
decomposition is classed into Strong Bi-decomposition and Weak Bi-decomposition

[154].

The Strong OR-Bi-decomposition, AND-Bi-decomposition and XOR-Bi-decomposition

are described by Figure [6.3al, 6.3c, and |6.3€| respectively. Meanwhile, the
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Weak OR-Bi-decomposition and AND-Bi-decomposition are described by Figure
16.3band [6.3d}, respectively.

)Z(E g(X,Z)j:I>* ;E g(X,Z)j:Z>*
y —1 Wy, z) h(z)

(a) Strong OR-Bi-decomposition (b) Weak OR-Bi-decomposition
)Z(E g(X,z) 1_} ;E g(X,2) 1_}
Ty, n) Gz |

(¢) Strong AND-Bi-decomposition (d) Weak AND-Bi-decomposition

g(X,z) 1
- h(y,z) ﬁ&

(e) Strong XOR-Bi-decomposition

Figure 6.3: Strong and Weak Bi-decompositions

Note that although a Weak XOR-Bi-decomposition exists for each function, their
decomposition functions can be even more complex than the original function.

Thus, this type of Bi-decomposition is normally avoided.

In addition to the single Bi-decomposition, Vectorial Bi-decomposition was re-
cently proposed in [[68]. The Vectorial Bi-decompositions exist even if there is no

Strong Bi-decomposition for a given function exists.

Definition 6.7 (Vectorial Bi-Decomposition) A Boolean function f(x,,Xy,X.) is

OR, AND, or XOR bi-decomposable with regard to the subsets of variables x, and

xy if:
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1. f(x) can be expressed by

f(Xa,Xp, Xc) =0 (Xa, Xy, X.) 4+ h(Xq, X5, Xc) (6.11)
f(xaaxbaxc):g(xaaxbaxc) : h<xaaxb7xc) (612)
f(xaaxbaxc):g(xwxbuxc) S¥ h(-xaaxb’xc)a (613)

respectively.

2. The decomposition functions g(x,,Xy,X.) and h(x,,Xy,X.) satisfy:

ag(xau xb7xc)

—0 (6.14)
8xb
Ol X Xe) _ (6.15)
ox,

From the conditions indicated in the definition, the following theorem can be

derived:

Theorem 6.2 (Conditions of Vectorial Bi-decomposition) A Boolean function
f(xq,xp,x.) is OR, AND or XOR bi-decomposable with regard to the dedicate sets

of variables x,, and x,, if:

f(xa,xp,x.) - max f(x,,Xp, X.) - max f(x,,Xp, X.)=0 (6.16)
Xq Xp

f(xa,xp,x.) - max f(x,,Xp, Xc) - max f(x,,Xp, X.)=0 (6.17)
Xq Xp
i af(xaaxwac)

( ) =0 (6.18)

8xb 8xa

Also, the decomposition functions can be derived as:

Theorem 6.3 (Vectorial decomposition function)
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* The vectorial OR-Bi-decomposition:

9(Xa, Xp, %) = min f(xa, X5, )

h(xaaxbaxc) = n}inf(xaaxbaxc)

* The vector AND-Bi-decomposition:

g(xaaxbaxc) = Hi%Xf(xaaxhxc)

h(xa;xbaxc) - H}C%Xf<xaaxb7xc)

* The vectorial XOR-Bi-decomposition:

0y, - f(xq,Xp,X.)]
be

h(xq,Xp,X:) = f(Xa,Xp,Xc) B g(Xa, Xp, Xc),

g(xa,Xb,Xc) -

where ), € Xy

6.3 Linear Decomposition of Adders

(6.19)
(6.20)

(6.21)
(6.22)

(6.23)
(6.24)

In Section the linear separation of an Adder sum function has been ex-

plained. As the Sum function is purely linear, the decomposition function can

be implemented using just XOR gates. However, the situation is different for

the Adder carry function, f.(z,y,c) = xyc + xyc + zyc + xyc, as no Strong Bi-

decomposition exists for it. Thus, Vectorial Bi-decomposition for it will be ex-

plained here.

First of all, the carry function is Vectorial XOR-Bi-decomposable as the condition

in Equation [6.18]in Theorem [6.2]is satisfied. The decomposition functions are:
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dc- (zyc + xyc + zyc + xyc)]
ge(@,y, )= P

=xy (6.25)

he(,y, c)=(Tyc + zyc + xyc + xyc) & vy

Therefore, the XOR-Bi-decomposed carry function can be implemented using

three AND gates and two XOR gates, as shown the Figure |6.4

Non-linear part Linear part

) or

) o

Figure 6.4: Vectorial XOR-Bi-decomposition on Carry function

]
e

A 1-bit Adder is composed of a Sum function described in Section and a
Carry function described above, and the decomposition of it has been discussed.
Furthermore, for an N-bit Adder, a straightforward approach is to cascade the
carries of the 1-bit Adders one after another, which resembles the structure of
a Ripple Carry Adder (RCA). As this kind of decomposition is done "locally" in-
side each of the Adder bits, this decomposition architecture is called the Locally
decomposed Adder. On the other hand, instead of decomposing by individual
1-bit Adder, the decomposition can also be performed on the whole N-bit Adder
circuit directly, which results in an architecture similar to the Carry Look-ahead

Adder (CLA), and is thereby called Globally decomposed Adder.

The local decomposition generates circuits with much fewer components than
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its global counterparts. However, the global decomposition is a preferred ap-
proach for the CPE method, as the resulting circuit is composed of a single linear
block (XOR network) that can be protected by the CPE and a single non-linear

part that can be implemented with the MLP-based logic.

Table shows the results of the gate count comparison between globally de-

composed adders with the different number of bits and the standard RCA.

Table 6.1: Global decomposition experimental results

: Globally decomposed Standard RCA
N bits | | . .
Linear part non-linear part Total Total
4 32 17 49 34
S5 65 39 105 43
6 132 86 218 53
7 266 180 446 62
8 534 371 904 72
10 2138 1520 3658 91

As can be seen from the figure, the gate count is exponentially increasing with

the number of bits due to the process of the internal carry generation.

6.4 Chapter Summary

In this chapter, the Bi-decomposition based circuit linearization approach was
proposed and explained. The Bi-decomposition allows a circuit to be divided
into a linear part and a non-linear part. Two decomposition architectures of
Adders, i.e., local and global decomposition, were described and experimented

to demonstrate the methodology.

The globally decomposed architecture is very useful for the CPE reliability en-
hancement architecture, as the CPE can protect the output of an XOR network
from being faulty. Additionally, the global decomposition indicates the method-

ology works not only on Adders but also on any arbitrary combinational circuits.

However, the global decomposition functions were identified to be large in gate
counts. Thus, in the future, the MLP-based logic gates might be used to reduce
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the circuit size of the non-linear part. This is because that the MLP-based logic
gates can be implemented very efficiently, especially for the non-XOR network,
as explained in Chapter[5] The MLP-based logic on decomposed non-linear func-
tion will be evaluated to study the efficiency of the MLP-based non-linear logic
functions. Hence, an architecture of the complete reliability enhancement sys-
tem framework with CPE, and MLP-based logic gates with circuit linearization,

as depicted in Figure can be explored in future work.
This chapter is based on the following book chapter:

* B. Steinbach, Emanuel Popovici, Daniel Rodas Bautista, Bo Yang, "Syn-
thesis techniques for reliability using Bi-decompositions," Book chapter
in "Further Improvements in the Boolean Domain," Cambridge Scholars

Publishing, 2019, pp. 321-335
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Chapter 7

Conclusions and Future Work

The thesis is part of a big project, EU FP7 FET-Open i-RICS, which seeks ap-
proaches to allow the implementation of reliable computation system on un-
reliable ultra-low-power VLSI circuits. In order to create optimal VLSI circuit
design that has balanced performance, power consumption, area, and reliabil-
ity, advanced design flow, methodologies, and EDA tools are increasingly de-
manded. In this thesis, many aspects of modern low-voltage CMOS VLSI design
EDA considerations have been discussed. The main purpose of this work is to
create the advanced EDA algorithms to help to evaluate, and optimize the cir-
cuit in an early stage of the design flow, i.e., design and synthesis, emphasizing
the reliable operation of the digital circuit. My contributions are in the area of
efficient methodologies for circuit analyses emphasizing the reliability, and new
circuit design paradigms based on the recent development of Artificial Neural

Network (ANN).

The studied reliability was clarified to include two aspects, i.e., the soft error
propagation based reliability and the device variations related timing reliability.

Then, methodologies encompass these two aspects were proposed.

Firstly, an efficient analytical gate-level soft error propagation algorithm, CPEP,
was developed, which can accurately estimate the error probability, hence the

reliability of combinational digital circuits. The methodology makes use of the
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AIG alike circuit representation and propagates the soft error through the circuit
under the presence of the Logic Masking mechanism. The Conditional Probabil-
ity and Theorem of Total Probability is employed to resolve the Re-convergent

Fanout problem during the soft error propagation.

The identified results on a set of MCNC benchmark circuit tests are more than
10° times faster within 3 % accuracy degradation compared to Monte-Carlo

(MC) simulation based methods.

To demonstrate the concept, the algorithm for the circuits that are composed
of AND, and Inverter gates were implemented and explained. Nevertheless, the
algorithm can be very straightforwardly extended to any generic logic gates
(e.g., XOR, NOR, MUX, etc.), in the future. Besides, the current implementation
is for the combinational circuits only, but in the future, the algorithm can be
extended to a stated-based CPEP that works on synchronous sequential circuits

as well.

Then, a Cut Rewriting-based EDA framework for reliability-driven synthesis was
proposed and described. The algorithm utilizes the AIG as the data structure
and rewrites the 4-cut sub-circuits with the pre-computed more robust library
cuts iteratively during the traversal, hence improves the reliability of the com-

plete circuit.

The framework was tested on a set of MCNC benchmark circuits and 8051 MCU
building blocks. The results show that our algorithm can improve the circuit
reliability up to 75 % against the original synthesized circuit with the acceptable

area and power consumption overhead.

Secondly, the ANN function approximator is employed to predict the propaga-
tion delay distribution of a circuit, hence the timing-related reliability taking
the circuit setup parameters (e.g., Vy; and load conditions) into account. Ini-
tially, an analytical model was developed based on mathematical models of the
MOSFET charging and discharging currents. The model is precise but difficult

to be extended to include more parameters other than the only threshold volt-
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age, Vi,. Thus, the ANN-based methodology with two modelling strategies was

subsequently introduced:

* ANN-TMC-SSTA: The ANN approximator is used to predict the propaga-
tion delay, 7,4, based on the circuit setup and device parameter variabili-
ties, which is used later with an MC simulation to perform the SSTA. This
strategy can achieve 10° times higher performance, while as flexible as the

SPICE MC simulation.

* ANN-IGD-SSTA: The 7,4 distribution, P;, is approximated by an IGD, where
the ANN approximator is employed to predict the IGD parameters ; and A
depending on the circuit setup. The performance can be further improved

with respect to the ANN-TMC-SSTA strategy at the cost of flexibility.

The gate model can be employed as the SSTA tool for conventional VLSI circuit
design flow. However, the more interesting area of usage in the future will be
when integrated into a Multi-objective Optimisation framework, where the V,
can be adjusted continuously to find the optimal circuit operation condition that
encompasses the proper area, power consumption, performance, and reliability

for the specific application.

Another interesting research goal will be the timing-related reliability estima-
tion on faulty circuits, which may combine the two aspects of the reliability
studied in this thesis. Specifically, the CPEP algorithm deals with the Logic
Masking mechanism, and the ANN-SSTA models can be used to analyze the
Electrical Masking, as the electrical masking mechanism is related to the widths
of glitches (i.e., circuit timing related). The combined methodologies can be a

more comprehensive framework for reliability analysis.

Thirdly, inspired by the CPE fault-tolerant computation system design frame-
work and the Multilayer Perceptron (MLP) Boolean function approximation ca-
pability, the MLP-based Boolean logic was proposed and investigated, along with
a proposal of circuit linearization framework based on the Boolean function Bi-

decomposition methodology.
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* A synthesis framework for the MLP-based logic gate was first introduced.
The Boolean function approximation capability of MLPs was investigated,
and the suitable learning algorithms of the multilayer perceptron were
discussed; Some promising ANN circuit architectures for the practical im-
plementation of the MLP-based logic gates were reviewed and explained;
And the significant aspects of considerations and techniques for the prac-
tical hardware model transfer of the trained ANN models, such as Regu-
larization, Quantization, pruning and variability analysis, were clarified,
experimented and reported. The benchmark circuits as complex as t481
can be implemented by an MLP of 17 neurons and 243 parameters in 3

layers.

* The circuit linearization framework was proposed, which can partition
an arbitrary circuit into a linear part (XOR network) and a non-linear
part. The methodology employs the concepts of Boolean Derivative and
Vectorial Bi-decomposition. The Adder circuits with a different number of
bits were used to demonstrate the working principle of the linearization
algorithm. Specifically, two approaches for decomposing an Adder circuit
were explained, i.e., the Local Decomposition and Global Decomposition.
Global Decomposition is identified to be useful in our context, as the whole
Adder circuit can be decomposed comprehensively to be a non-linear part

and a linear part.

As for future work, the implementation of MLP-based logic gates can be further

investigated in many aspects, such as:

* The practical ANN circuit implementations, emphasizing the sub-threshold

region to further improve the power consumption profile of the designs;

* The implementations of more efficient quantization and pruning method-

ologies, which leads to more efficient ANN model hardware transfer;

* The variability-insensitive training algorithms, which can improve the vari-

ation resilience of the circuits;
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* Also, the identification of critical nodes (the synapses or neurons having
the highest impact on the output reliability) in the network will be inves-

tigated. The identified critical nodes can then be specifically protected.

Besides, the MLP-based logic gates for non-linear components only circuits will
be implemented and evaluated. Hence the whole framework of MLP-based logic
gates with Circuit Linearization and CPE fault-tolerant system will be imple-
mented, which will improve the development of the ultra-low-power efficient

computation system.

Finally, in the future, a complete EDA framework that encompasses all the above
methodologies and algorithms needs to be investigated in the context of Multi-
objective Optimisation (reliability-power-area-performance), in order to create

more efficient VLSI digital systems.
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Appendix A

Derivation of Back-propagation

Algorithm

The basic idea of the BP algorithm is that the prediction is propagating forward
while the error is propagating backwards through the network. Figure
depicts a compact representation of an MLP similar to the one shown in Figure

2.10]

pL—b pD
1 1 (L)
at-» Az a) 1 V4
X |eeo W(L:@ >f(L_1)W(L) _>f( )_>@

Figure A.1: Compact ANN model for BP demonstration

Note that the shown MLP has L layers and the output of each layer is denoted
by aV). Specially, the input X = a©), the output o = a'* and the input of layer
is a'~"). The weighted sum of inputs of each layer with w(® is equal to zY) and

will be fed into the activation function of each layer denoted by f).

Al



A. DERIVATION OF BACK-PROPAGATION
ALGORITHM

Assuming Sum Squared Error (SSE) to be the cost function e:
1 & )
€= §Z|‘tp_0p” ) (A1)
p=1

where P means the number of samples in a batch.

Then an intermediate term error derivative vector §*) is defined as the first-
order partial derivative of the total error function with respect to the weighted

sum output z(") can be obtained using Chain Rule of the multivariate calculus:

(L) 86 60,(L)

= 5,0 9,0 = Ve © FE WD), (A.2)

where © denotes a vector element-wise product operator. Specially, for the case
of SSE function V,z) = t, — 0,. Note that the activations of the neurons are

assumed to be identical in the above descriptions.

Now the error gradient vector, V ) and V) can be defined as the first-order
partial derivative of the total error function with respect the L-th layer network

parameters w'") and b'"), respectively:

Oe de 0a'l) 9z

= — §WL)H(L—1)

ow™ — 9a®) 9z pw@) 6% (A.3)
de  Oe da'L) 9z(F) e

obL) — 9aL) §z(L) gb(L) —

V()=

V=

Note that Equation can be generalized to any hidden layer as:

V.0 =6Wqgl-1 (A.4)
Vo =60

Now, the core of the BP technique is the derivation of the error derivative of
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A. DERIVATION OF BACK-PROPAGATION
ALGORITHM

layer () from that of next layer (I + 1):

5O — ((w(z+1))T5(z+1)> o) f/(l)(z(l)) (A.5)

In summary, the backwards pass of a training process starts from Equation
then backwards propagates the error derivative through each layer with Equa-

tion |A.5, where in each layer, the error gradient vectors can be calculated using

Equation
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Appendix B

Levenberg-Marquardt Algorithm

The LM algorithm is evolved from the Newton’s Method and Gauss-Newton Method.

Newton’s method using the parameters update rule like w;; = w; — Hj’lgj,
where H is the Hessian Matrix, which is the second-order derivatives of total

error function and j is the index of iteration.

However, the computation of the Hessian Matrix is a very computationally in-
tensive task. Thus, the Gauss-Newton method was invented, which approxi-
mates the Hessian Matrix using the Jacobian Matrix as H ~ J?J. Therefore,

the update rule of Gauss-Newton method is like w; 1 = w; — (J7J;)""Jje;.

Although the approximation works, the matrix J*J may not always be invert-
ible, which may lead to convergence issue. Thus, the LM algorithm is intro-

duced by including a learning hyper-parameter, y, as:
H~J"J +ul, (B.1)

where I is the Identity Matrix.

Hence, the update rule of the LM algorithm becomes:

Wiy =wW; — (J?Jj + MJ)_IJjCj (BZ)

Bl



B. LEVENBERG-MARQUARDT ALGORITHM

The equation indicates that the LM algorithm works as switching between the
Steepest Decent Algorithm and the Gauss-Newton method, by adjusting the hyper-
parameter p. Specifically, the LM is approaching to Gauss-Newton when y is

small and Steepest Descent when y is large.

The pseudo-code of the algorithm implementation is depicted in Algorithm

Algorithm 4 The LM Algorithm
Require: Training Samples {t, in}

1: net.networklInit() > Initialing the parameters
2: while cost > E,,; do > Train until the objective reached
3: cost, jac, err = net.evaluate(t, in) > Evaluate the net, get the cost
4: > (sse), Jacobian and error
5: while True do > Loop until cost decreased
6: new_cost = net.learn(jac, err, p) > Update the params with
7: > Equation and
8: > compute the new cost
9: if new_cost < cost then

10: < x 0.1 > cost decreased, reduce

11: cost < new_cost > 1 and go to next eporch

12: break

13: else

14: p<— px 10 > cost increased, increase

15: > 1, discard this update

16: > and try another update

17: restore network params to the state before this update

18: end if

19: end while

20: end while
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Appendix C

HSPICE variation analyses

The basic usage of HSPICE variation analysis will be briefly introduced in this

Appendix.

HSPICE delivered a convenient way to present the variations including both
global and local variations called Variation Block (VB style). In a VB, most
of the parameter variations, e.g., device model parameter, element parameter
and top-level environment parameter variations, are supported. Also, various
distributions such as Uniform Distribution and Gaussian Distribution for either
independent or dependent random variables are provided. In addition, apart
from the traditional Simple Random Sampling (SRS) method, some advanced
more efficient sampling methods such as Latin Hypercube Sampling (LHS) and

Low-Discrepancy Sequence (LDS) based methodologies are implemented.

* SRS method: The a sample value of the random variable obeying cer-
tain distribution is randomly generated simply without constraints using
a pseudo-random number generator and the Inverse Transform Sampling.
This method is mostly used to generate reference samples for verifying

the goodness of a prediction model.

* LHS method: A hyperplane divided into N hyperplanes with equal proba-
bility will be filled by sample points which satisfies the Latin Hypercube,

i.e., only one sample point can exit at a certain axis-aligned position in

Cl



C. HSPICE VARIATION ANALYSES

the hyperplane. This sampling technique can generate evenly distributed

random numbers and is effective when dealing with high dimensional

random variables.

* LDS method: Low-Discrepancy geometrically represents that the gaps be-

tween samples in a sequence is small. LDS is a quasi-random sampling

technique which is neither random nor pseudo-random, instead, the sam-

ples are constructed mathematically and later points in the sequence will

try to fill the gaps between the former generated points. This technique

can also effectively generate evenly distributed samples.

A typical VB structure is illustrated by List.

Listing C.1: Variation block typical structure

.VARIATION
OPTION
. GLOBAL VARIATION
device model parameter global variations

top parameter variations

.END_GLOBAL_VATIATION

.LOCAL VARIATION
device model parameter local variations
element parameter local variations

subcircuit parameter local variations

.END_LOCAL_VATIATION
.END_VARIATION

In the Option section, sampling methods, random seeds, and other options and

switches can be specified to control the variation simulation and analyses. In

the Global Variation sub-block, a single value is generated for all devices in each

simulation while in the Local Variation sub-block, a value is generated for each
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C. HSPICE VARIATION ANALYSES

individual device specified by model name, element name or subcircuit name

in each simulation.

Once an HSPICE simulation job is concluded, some useful report files will be

generated, including:

e .mc# file(s) that contains a NV x M data matrix, where N is the number

of samples and M the number of captured device parameters;

» .mt# file listing N x K measured observations, where N is the number of

samples and K the number of measured performance metrics.
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Appendix D

SPICE Simulation Code Snippets

Listing D.1: NAND gate training dataset generation SPICE variation block

.VARIATION
Option Sampling Method=LHS
. GLOBAL_VARIATION
Parameter uniV=U()
Parameter Cloadvar=U()
Parameter Cavar=U()
Parameter Cbvar=U()
Top nominal=Perturb (’0.5+uniV’)
Top load=Perturb (’10fx«Cloadvar’)
Top c¢_prl a=Perturb(’10f~«Cavar’)
Top c_prl b=Perturb (’10f«Cbvar’)
.END GLOBAL VATIATION
.LOCAL VARIATION
Parameter VthnVar=U()
Parameter VthpVar=U()
Parameter LeffnVar=U()
Parameter LeffpVar=U()
NMOS NMOS VTL vthO=Perturb (20« VthnVar’)%

PMOS PMOS VTL vthO=Perturb (20« VthpVar’)%

D1




D. SPICE SIMULATION CODE SNIPPETS

NMOS NMOS VTL XL=Perturb (’60+LeffnVar’)%
PMOS PMOS VTL XL=Perturb (’60xLeffpVar’)%
.END_LOCAL VATIATION
.END_ VARIATION

Listing D.2: NAND gate training dataset generation SPICE variation block

.VARIATION
Option Sampling Method=LHS
. GLOBAL_VARIATION
NMOS NMOS VTL vth0=1.25%
PMOS PMOS VTL vth0=1.25%
NMOS NMOS VTL XL=1.25%
PMOS PMOS VTL XL=1.25%
.END_GLOBAL_VATIATION
.LOCAL VARIATION
NMOS NMOS VTL vth0=1.25%
PMOS PMOS VTL vth0=1.25%
NMOS NMOS VTL XL=2.5%
PMOS PMOS VTL XL=2.5%
.END LOCAL VATIATION
.END_VARIATION
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