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Abstract

The hardware demand to accelerate neural network inference in the context of machine learning (ML)
and artificial intelligence (Al) has been rapidly growing. Complex models and the widespread use of Al
in various domains have led to the problem of energy budget for Al in datacenters becoming a critical
problem. The primary contributor is the frequent data movement between memory and processing
units, requiring new computing paradigms supporting fast yet energy-efficient neural network inference.
Computing-in-Memory (CIM) addresses the “memory wall” of von Neumann architectures by performing
parallel computations directly in the memory array. Various memory technologies, including emerging
non-volatile memories (NVMs) such as RRAM, FeRAM, PCRAM, STT-MRAM, and optimised structures
of conventional SRAM, have been explored for CIM applications.

Designing CIM systems requires multi-level simulation approaches because device or circuit-level de-
sign choices can significantly impact system-level efficiency and accuracy. Simulations for CIM ar-
chitectures span a broad spectrum, from high-level analytical models that provide quick but coarse
estimates to detailed circuit-level simulations that provide accuracy at the cost of scalability. How-
ever, this leaves a gap in evaluating CIM architectures at realistic workload scales while maintaining
sufficient fidelity. This work targets the intermediate cycle- and system-level domain to address this,
aiming to bridge the gap between abstract analytical evaluations and low-level hardware description
implementations.

This work develops an event-based CIM architecture simulation framework showcased by the simula-
tion of an accelerator system defined with a target multiply and accumulate (MAC) block architecture.
Workloads, including basic MLP, CNN, and NLP models, were executed to analyse metrics such as
cycle delay, tile count and utilisation as an efficiency indicator. The impact of tunable simulation param-
eters was also evaluated considering four defined MAC block topologies. Simulation results show for
an MLP workload an increase of 7.6% tile utilisation between two topologies, while reporting on both
the number of execution cycles and necessary hardware.

Overall, the CIM architecture simulation platform can effectively serve as a tool for mid-stage design
exploration and performance evaluation of CIM-based accelerators. The framework’s modular, event-
based structure enables architectural exploration while providing realistic timing behaviour, distinguish-
ing it from analytical and device-level tools.
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Introduction

This chapter introduces the topic of this thesis. First, the chapter discusses the topic of computing in
memory (CIM) and its simulation, and then presents the state of the art and the main thesis contributions.
At the end, an outline for the remaining chapters of this document is presented.

1.1. Motivation

The fast development of new computing paradigms driven not only by the growing popularity of artificial
intelligence (Al) and Machine Learning (ML) [1] but also by increasing demands for high-performance,
energy-efficient and scalable computing [2], has fueled the search for alternative memory technologies.
CIM has emerged as a promising approach to address the “memory wall” challenge [3]. In traditional
von Neumann architectures, computation and data storage separation lead to latency and energy over-
heads for data-intensive tasks because large volumes of data must be frequently transferred between
memory and processing units. CIM enables in-situ parallel processing by allowing the memory to
perform simple computations, such as logic AND operations, significantly improving throughput and
reducing energy consumption. At the core of Al/ML computation, multiple matrix-vector multiplication
(MVM) operations consider stationary synaptic weights and an input to be processed [4]. CIM allows
synaptic weights to be written once to modified memory cells and used in numerous parallel multiply-
and-accumulate (MAC) operations.

The choice of memory technology is the first step to implementing CIM effectively. Emerging non-
volatile memories (NVMs) such as Resistive RAMs (RRAMSs) [5] offer high-density and CIM capabilities
through resistive switching, enabling efficient parallel MAC operations. At the same time, digital memo-
ries, such as modified SRAM arrays [6], offer mature CMOS compatibility and predictable performance
for near-future solutions [7].

During the creation of architectures to be deployed in real-world systems, extensive design-space ex-
ploration (DSE) and performance evaluation are essential [8], where simulation plays a critical role [9].

Given the numerous trade-offs and design choices in each of these designs and the constant devel-
opment of analog memory technologies [6], system modularity when designing such simulators is of
great importance. Different memory technologies that could be simulated and compared using the
same accelerator system include Ferroelectric RAM (FeRAM) [10], which offers low write energy but
limited scalability; Spin-Transfer Torque Magnetic RAM (STT-MRAM) [11], known for high endurance
but relatively higher write latency; and Phase-Change RAM (PCRAM) [12], which provides multi-level
storage capability but suffers from high energy consumption for write operations.

Therefore, a simulation platform capable of streamlining DSE while incorporating realistic physical con-
straints is essential for the future of CIM accelerators, especially as these systems become prototypes
rather than theoretical assumptions and must meet market and power demands for efficient computing.

Various CIM designs and systems have been proposed for emerging memory analog crossbar ar-
rays [13, 14, 15] and fully digital CIM accelerators [6, 16]. Analog CIM solutions, particularly based
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on RRAM [17], offer high parallelism and density but deal with significant challenges regarding vari-
ability, endurance, and integration complexity [5]. Additionally, they require power-hungry and area-
intensive data converters, such as analog-to-digital (ADC) and digital-to-analog converters (DAC) [14]
to interface with the rest of the digital computing system, which can reduce their efficiency gains.

Usually built on SRAM memory technology, digital CIM designs offer well-known deterministic operation
while leveraging mature CMOS fabrication technologies [6]. However, they are naturally limited to
storing a single bit per cell, limiting the numerical precision of in-memory computations compared to
analog solutions. Other than that, partial sums in digital CIM are accumulated outside the memory
array [18], reducing the parallelism compared to the promise of its analog counterparts and increasing
data movement. Furthermore, SRAM has a lower density due to the necessary power connections and
the number of transistors that implement its coupled inverters.

These technology trade-offs are important considerations when tailoring CIM applications. For this
reason, designers can simulate and analyse different designs to guarantee maximum efficiency, con-
sidering the boundaries of CIM technologies, as part of their research.

Simulation frameworks are indispensable in evaluating these architectures before fabrication. On the
lower level, existing CIM simulations rely on general circuit simulators such as Cadence Spectre [19],
which provide detailed circuit modelling using non-linear models [20] that lead to high computational
cost. On the higher level, analytical frameworks enable fast exploration across large design spaces,
but inevitably sacrifice timing fidelity and architectural detail. Analytical simulators include ZigZag [21],
which focuses on memory hierarchies and mapping of neural networks; CIMLoop [22], which supports
compiler-level design of CIM accelerators; NeuroSIM [23], which estimates energy and area across
device and architecture levels; and CIM-E [24], which accelerates DSE of RRAM-based CIM systems
using device-specific trends.

At the system level, simulators capable of modelling entire processors and SoC platforms, such as
Gemb [25] and GVSoC [9], are widely used. However, they need to be manually extended to incor-
porate accelerator components. For being cycle-accurate, Mnemosene [26] provides detailed timing
models tailored to device effects for CIM-specific simulation, but its focus limits efficiency for broader
architectural exploration.

Event-based simulation covers a compelling middle ground [25, 9], because it enables accurate tim-
ing modelling, allows parallelism, and supports integration of memory-access patterns while remaining
computationally efficient, making it particularly suitable for architectural exploration of CIM-based de-
signs. Event-based simulators also do not require licensed process technology files, as their modular
structure relies on user-defined delays and standardised interfaces.

1.2. Contribution

While CIM appeared as a promising paradigm for overcoming the memory wall in various data-intensive
workloads, current research often focuses on device-level demonstrations or high-level algorithmic
evaluations. However, a simulation framework that combines detailed timing fidelity with architectural
flexibility is missing, which would enable systematic DSE across a wide range of CIM-based accelerator
systems. Existing tools are often limited in scope, tied to specific memory technologies and designs,
or incapable of simulating event-driven behaviour at the system-accelerator level.

This work addresses these gaps by presenting an event-based simulation framework for CIM architec-
tures, which is demonstrated using a digital 8T-SRAM implementation [16] and a simple accelerator
system architecture. The framework enables cycle-accurate modelling of CIM operations, supports
flexible configuration of architectural parameters, and facilitates performance evaluation under diverse
workloads. While the framework can be easily scaled to support a variety of memory types, such as
the targeted architecture [16], the simulator is designed to capture the specific timing and operational
characteristics of a CIM accelerator system, making it a valuable tool for researchers and designers.

The main contributions of this thesis can then be summarised as:

+ Definition of system requirements for a CIM accelerator system, considering the targeted tile
microarchitecture and its system definition;
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» Implementation of an event-based CIM architecture simulator platform;

» Demonstration of the platform’s support for multiple workload types and flexibility through defined
tunable parameters.

1.3. Outline

The remainder of this thesis is organised as follows: Chapter 2 provides a background on traditional
computing, hardware accelerators, neural networks, computing-in-memory foundations, state-of-the-
art architectures, and simulation frameworks. Chapter 3 defines the simulator, details the simulated sys-
tem organisation, including assumptions used when simulating the target architecture, and discusses
the workloads used for testing and comparison. Chapter 4 presents experimental results, verification, a
comparison using different workloads and system parameters, and performance evaluation. Chapter 5
summarises the contributions and outlines potential directions for future research in CIM simulation.



Background

This chapter presents the theoretical background relevant to CIM and data-intensive workloads. It
reviews the traditional computing landscape, highlighting its architectural features and limitations. Next,
it introduces hardware accelerators designed for data-intensive applications. Finally, it provides the
necessary background on neural networks (NNs), which are the primary driver for the development of
CIM architectures.

2.1. Traditional Computing

Over the past decades, the von Neumann architecture has become the foundational model for tradi-
tional computing systems. Such architecture defines the separation of memory and processing units.
While this design has enabled decades of progress, it also introduces limitations that affect performance
in modern, data-intensive applications.

2.1.1. Von Neumann Architecture and Technology Scaling

Since von Neumann’s report [27], its architecture type has been the primary driver of computer devel-
opment throughout history. Such architecture starts its definition with a central processing unit (CPU)
that receives inputs and produces outputs. Inside this CPU, a control unit and an arithmetic/logical
unit transform the input with the assistance of a memory unit. To enable general-purpose computing,
instructions and data are stored in the same memory, simplifying programming.

Apart from that, other technology projections also dictate the current computing landscape. In 1965,
Gordon Moore projected an exponential growth rate of two per year in the number of components per
integrated circuit, known as Moore’s law [28]. Moore initially claimed that the scaling would hold at least
until 1975, but the prediction still roughly holds until today. Only in the most recent advancements is it
possible to see a deceleration of this growth due to physical and economic limits of transistor sizing.

Together with Moore’s law, Dennard scaling [29] has further intensified performance gains in recent
decades. Dennard scaling, also called Dennard’s Law or MOSFET scaling, states that as metal-
oxide-semiconductor field-effect transistor (MOSFET) dimensions diminish, so does power consump-
tion. This law not only holds for a power consumption perspective, but also relates to how transistors
could run faster and cost less as they shrink. Since 1974, this has held for larger-sized transistors.
However, as transistors shrink even more, so does their dielectric layer, leading to shorter channels.
Consequently, leakage currents became increasingly more relevant during design and use, and Den-
nard scaling effectively ended between 2005 and 2007.

2.1.2. Bottlenecks

Von Neumann architectures prioritise sequential execution and data movement from memory to the
processor. However, in modern, data-intensive workloads, this can lead to diminishing performance
returns, as the data transfer between memory and compute units becomes a significant bottleneck, a
phenomenon called “memory wall”. In many cases, moving data consumes more time and energy than
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the actual computation.

This scenario is aggravated by the slowing of Moore’s Law and the end of Dennard scaling. Although
transistor sizes have continued to shrink, power consumption has not decreased proportionally, lead-
ing to increased power density and thermal challenges. As a result, not all parts of a chip can be
powered simultaneously, a limitation known as “dark silicon” that constrains the effective use of avail-
able hardware resources [30]. CIM architectures address this limitation by decentralising computation
with its memory arrays, minimising data movement, and reducing reliance on high-power processor
cores, enabling more operations within thermal and power budgets imposed by dark silicon.

2.2. Hardware Accelerators for data-intensive workloads

The growing demand for processing large batches of data has extrapolated the limits of traditional
computing architectures. As a result, specialised hardware targeting specific types of workload has
emerged as a key solution. These accelerators are designed to optimise computation and data move-
ment for their target tasks, providing efficient support for data-intensive applications such as Al.

The recent popularity of Al and ML can be attributed to the appearance and rapid spread of Large
Language Models (LLMs) and the use of Al in various fields. The foundation of Al lies in neural net-
works, which are well-known amongst supervised learning algorithms. At the core of these learning
algorithms are matrix-vector multiplications (MVM), simple operations involving parallel multiplications
and sequential additions done to many numbers. This type of algorithm has a high level of parallelism
and, most importantly, requires fast and large storage access.

Specialised hardware is used to run such parallel and memory-intensive algorithms while keeping in
mind performance and power requirements. A prominent example of these is Graphical Processing
Units (GPUs). GPUs are optimised for highly parallelisable tasks, leveraging multi-core performance
and providing an external and fast storage unit for these data-intensive tasks. As the name suggests,
GPUs are known for processing fast and neat graphics for multiple computer applications.

Because of their fast storage capabilities, GPUs have been good candidates for training and inference
of Al models. However, there is still a need for specialised hardware that can operate more efficiently,
faster or in constrained environments. Such specialised pieces of hardware are called hardware accel-
erators, designed to perform specific functions, leaving other types of computation to general-purpose
CPUs. Examples include Tensor Processing Units (TPUs), tailored for matrix operations in ML, and
other domain-specific accelerators targeting applications beyond graphics.

Even specialised hardware suffers from some limitations common to von Neumann architectures. Be-
ing “Data movement” the most relevant limitation for this thesis project. Moving large amounts of data
from the memory unit to the computing unit and then back to the memory unit requires an excessive
amount of time and energy. In inference, for example, the computation itself is elementary but has to
be applied repeatedly to various data strings.

2.3. History of Neural Networks

Although neural networks are highly relevant right now due to Al, they are not a new concept. As
early as 1943, McCulloch et al. [31] introduced the theoretical foundation of neural computation mod-
els. Their mathematical model laid the groundwork for the perceptron, as described by Rosenblatt et
al. [32], one of the earliest practical implementations of a neural network, even considering the sig-
nificant computational limitations in 1958. These early efforts represent the first generation of neural
networks, characterised by simple neuron models that activate when an input exceeds a predefined
threshold. Because these are not biological neurons, a common name for them is Artificial Neural
Networks (ANN), an umbrella term for what is discussed in this section, but most commonly used to
refer to second-generation networks. Due to their threshold-based activation, first-generation neural
networks are called Threshold Logic Units (TLUs). These networks relied on simpler mechanisms and
logic for learning and could only solve linearly separable problems due to their single-layer topology,
limiting their real-world applications.

In 1986, Rumelhart et al. [33] introduced Multilayer Perceptrons (MLPs) and the backpropagation al-
gorithm, which marks the beginning of what is known as the second generation of neural networks.
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These second-generation networks are commonly referred to using a broader term: Feedforward Neu-
ral Networks (FNNs). They are composed of multiple layers of neurons where information flows in one
direction without any cyclic behaviour.
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Figure 2.1: Activation functions overview.

Unlike the first generation, which relied on binary threshold units, these networks employed non-linear
activation functions such as sigmoid, Rectified Linear Unit (ReLU) and hyperbolic tangent (tanh), en-
abling networks to approximate complex, non-linear functions. This architectural shift significantly in-
creased workload complexity, as training Deep Neural Networks (DNNs) (such as MLPs and Convo-
lutional Neural Networks (CNNs)) required multiple operations over large datasets, involving forward
and backwards propagation.

Figure 2.1 shows a graphical representation of activation functions, followed by some of their derivatives
in Figure 2.2. Amongst these activation functions, the sigmoid maps inputs to a [0, 1] range, making it
useful for probabilistic interpretations but prone to the exponential decay of gradients in training when
inputs fall in saturated regions. Similarly to sigmoid, the tanh compresses values into the [-1, 1] range,
which helps centre the data around zero and can lead to faster convergence; however, it still suffers from
the same exponential gradient decay. ReLU mitigates the gradient decay problem and enables efficient
training of deep networks by outputting zero for negative inputs and keeping the value for positive ones;
however, its tendency to output zeros for negative inputs can lead to what is called a “dead neuron”,
where the neuron naturally stops its contribution from the moment it becomes zero. Variants such as
Leaky ReLU, which assigns a small slope to negative inputs, and Exponential Linear Unit (ELU), which
smooths out negative values toward -1, were introduced to reduce the number of dead neurons and
improve gradient flow, but are computationally expensive. Lastly, the softmax activation is commonly
used in the output layer of classification networks, because it converts raw scores into normalised
probability distributions over classes, allowing the network to make user-interpretable predictions.

In 1998, LeCun et al. [34] further amplified computational demands with the advent of CNNs, where
spatially-localised operations introduced high data reuse but also increased the need for efficient mem-
ory access patterns. The breakthrough of deep learning models, exemplified by Krizhevsky et al.’s
AlexNet [35], shifted workloads to a new scale since 2012, necessitating specialised hardware such
as GPUs to handle the compute and memory demands. As summarised by LeCun et al. [1] in 2015,
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Figure 2.2: Derivative of activation functions.

modern neural networks have reached a point where data movement is the primary bottleneck, not
computation, influencing how workloads interact with hardware resources. Recurrent Neural Networks
(RNNs) [36], introduced for sequential data modelling, expanded the scope of neural networks to time-
series and natural language tasks. More recently, Transformer architectures, popularised by Vaswani
et al. [37], have changed sequence processing with attention mechanisms, eliminating the sequential
bottleneck of RNNs and enabling LLMs.

As neural network workloads continue to evolve, emerging architectures like Binary Neural Networks
(BNNs) [38], Ternary Neural Networks (TNNs), and Spiking Neural Networks (SNNs) [39] present new
computational paradigms. The first two models reduce data precision, bringing opportunities for the
current landscape of hardware accelerators. However, SNNs introduce event-driven sparsity, which
challenges existing accelerators that rely on synchronous execution of some components.

While traditional neural networks process information through continuous activations, SNNs [39] repre-
sent a paradigm shift by mimicking the event-driven communication patterns of biological neurons. Un-
like the dense and synchronous computations of MLPs and CNNs, SNNs operate on discrete spikes—
binary events triggered when a neuron’s membrane potential crosses a threshold. These spikes en-
able inherently sparse and truly asynchronous computation, reducing the number of operations and
data movements required, but also reducing predictability. A key element in this architecture is the
Leaky Integrate-and-Fire (LIF) neuron model, which accumulates incoming spikes over time, while
gradually decaying the neuron membrane potential (leaky integration) until it reaches a firing threshold.
The introduction of this time-independent dataflow and trigger-based processing in SNNs has led to
their classification as the third generation of neural networks, which offers potential for energy-efficient
computing. This energy efficiency comes from the reduced computations that these models might
present. However, these sparse and irregular workload patterns bring unique challenges for traditional
or modern hardware accelerators optimised for dense matrix operations. There exists then the need
for specialised architectures capable of exploiting SNNs’ distinct computational characteristics.

As the characteristics for hardware accelerators for SNNs are bound to have very different topologies
and working mechanisms, this thesis uses conventional DNNs, which represent the prevailing gener-
ation of neural network models. Since SNNs are still new and immature in computational workloads,
their implementation, simulation and mapping to CIM paradigms could also lead to a stand-alone the-
sis project. An overview of the most well-known neural network terms can be seen in Figure 2.3. The
figure shows how the different neural networks described can be grouped together and separated into
the three different generations, highlighting how initially, second-generation neural network models are
also implemented as SNNs.
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Figure 2.3: Neural networks overview where spiking model variants are indicated with “S-".

2.4. Foundations of CIM

This section discusses the types of CIM architectures, including digital and analog memory technolo-
gies. Then, it provides an overview of CIM architectures introduced over the years.

CIM is a growing non-von Neumann computing concept that aims to fill the gap between the perfor-
mance and demand of neural network inference. Tackling specifically matrix multiplication, CIM cores
are designed to use significantly less energy for comparable neural network workloads. This efficiency
is not only crucial for high-performance systems but also for small-scale embedded systems [40].

Different types of CIM architectures were created following advancements in memory technology over
the years. On a top level, computing memories can be classified into digital and analog approaches.
Each offering its advantages in terms of scalability, writing and reading times and energy efficiency.

2.4.1. Digital memory

Derived from existing technologies such as Static Random Access Memory (SRAM). Digital memories
allow computing with a modified memory cell. Instead of the standard 6-transistor (6T) memory cell
architecture seen in Figure 2.4a, more transistors and wires allow for bitwise AND operations in the
memory cell. An example of such a design is shown in Figure 2.4b.

RWL
WWL

T [T APyt

BL BL BL BL RBL
(a) 6T-SRAM, based on [41]. (b) 8T-SRAM, Based on [16].

Figure 2.4: Full-CMOS SRAM memory cells.

As used for the DREAM-CIM MAC block design [16], the small addition of two transistors results in a
“free” AND (bitwise multiplication) operation. The cost of operating the memory cell is the addition of
two extra transistors, one extra bitline (BL), named Read Bitline (RBL), and one extra wordline (WL),
named Read Wordline (RWL). For the AND operation to occur, the first bit of the input operand is
provided through the RWL, while the second is the one that was previously stored in the memory cell.
The layout also allows for parallel reads, where the RBL carries the result of the operation on a read.
The accumulation is then done with different adder configurations depending on the CIM design.

Unlike analog memories, digital memories neither allow for the accumulation of partial products nor a
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higher bit multiplication per cell. However, it provides the following benefits over analog memories:

» Does not require DACs and ADCs that increase area and design complexity;

» Have the flexibility of shorter writing times, which allow for more frequent changes in memory
content, and consequently, different workload mapping and DSE parameters;

* Provide much better noise tolerance, including robustness to thermal noise variations [42].

2.4.2. Analog memory

Nowadays, standard memory technologies such as SRAM, DRAM and Flash rely on storing data (bits)
in terms of charge. SRAM stores charge in cross-coupled inverters, DRAM in a capacitor and Flash
in a metal-oxide semiconductor (MOS) floating gate. Scaling limitations regarding charge storage are
expected in the future, either by physical limits in transistor sizing for SRAM and Flash or unrealistically
deep “deep trench” capacitors for DRAM [43]. Amongst the current commercialised memory technolo-
gies, Flash is the only one that does not require constant power delivery or frequent refresh. However,
this changes when new analog memory technologies are introduced:

» Ferroelectric Random-Access Memory (FeERAM): Utilises the polarisation of the ferroelectric film,
which is placed between two electrodes to store data. If the film is upwards polarised, the FERAM
device stores a 0; otherwise, a 1 [10]. FERAM is the only memory with destructive read from this
list and offers low write energy at the cost of limited scalability;

+ Spin-Transfer Torque Magnetic Random-Access Memory (STT-MRAM): Similar to FERAM, STT-
MRAM relies on polarisation, but instead of electric, the polarisation is magnetic. The device
comprises two ferromagnetic layers, one free and one reference, separated by a tunnel barrier.
During a read, the magnetisation of the layers affects the device’s resistance; if the polarisation is
parallel (same direction), the resistance is low, and otherwise, high [44]. STT-MRAM offers high
endurance but higher writing latency;

» Phase-Change Random-Access Memory (PCRAM): As the name suggests, the phase-change of
a chalcogenide material happens between the crystalline and amorphous states via a temperature
change. Which, in turn, leads to low and high resistance states respectively [45]. PCRAM was
observed to support different storage levels, but the technology suffers from high write power
consumption due to the current needed to raise the temperatures;

Resistive Random Access Memory (RRAM): RRAMs are based on a metal-insulator-metal struc-
ture commonly named memristive devices. It is one of the most studied emerging memory tech-
nologies; therefore, its functionality is discussed in detail in the following subsection.

Table 2.1: Performance comparison of emerging non-volatile memories (NVMs).

Memory Type Read Time Write Time Endurance

FeRAM [10] 50-100 ns 50-100ns ~ 10™ cycles
STT-MRAM [44] ~10ns 10-50ns > 10'° cycles
PCRAM [45] 10-50ns  50-500 ns  105-10° cycles
RRAM [5] ~10 ns 10-100 ns  10%-10° cycles

Values exemplifying the comparing metrics for the technologies mentioned above are shown in Ta-
ble 2.1. It is possible to see how RRAM and STT-MRAM present a good reading time amongst the
options, making them two relevant technologies to be explored for CIM. Furthermore, it is possible to
see how writing times are around one order of magnitude longer than reading times, making these
memories not suitable for many rewriting operations.

Memristive devices

Memristive devices are the building blocks for RRAMs; the memristive concept was first described
half a century ago, in 1971 [47]. In this work, Chua introduced the ideal memristor as the “missing
component”, defined by a relation between magnetic flux and charge, thereby completing the set of
four fundamental two-terminal circuit elements. This relationship is illustrated in Figure 2.5.

To account for physical devices that do not strictly obey this ideal relation, Chua later generalised the
concept to the broader class of memristive systems in 1976 [48]. HP Labs demonstrated a memristive
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Figure 2.5: Four fundamental two-terminal circuit elements, adapted from [46].

device only in 2008, using a TiO,-based resistive switching structure [46]. Although widely referred to
as the “HP memristor”, this device is more accurately understood as a memristive system rather than
an ideal memristor. The HP memristive device is the building block used in today’s RRAM technology.

Memristive devices are composed of a top (TE), a bottom metal electrode (BE), and a doped insulator
material in between, most commonly, a metal oxide. Through its lifetime, memristive devices go through
six stages, two during fabrication and four during normal operation:

» Recently fabricated: The state where freshly deposited metal oxide contains a few oxygen vacan-
cies and needs more to be created by the next stage;

Forming: A high voltage difference causes the negative oxygen ions (anions) to drift towards the
boundary with the TE, leaving oxygen vacancies that form a Conductive Filament (CF) between
TE and BE;

» Low resistive state (LRS): Occurs when the memristive device has the most oxygen vacancies
and high conductivity. It is considered a logic 1 for single-bit cells;

» Reset: Sufficiently low voltage is applied to the memristive device, where oxygen anions start to
return to the vacancies;

+ High resistive state (HRS): After anions fill some vacancies, the memristive device is less con-
ductive and therefore in HRS. HRS is considered a logic 0 for single-bit cells;

» Set: When a sufficiently high voltage (but lower than forming) is applied for a controlled period,
more vacancies appear, until the memristive device is again in the LRS.

The analog behaviour of the memristive device can be seen in the |-V characteristic curve in Figure 2.6,
where it is also possible to deduce, with the help of the arrows, the four modes of regular operation:
Set, HRS, Reset, and LRS.

The current way to simulate and include memristive devices in the DSE of CIM architectures is by using
a model. These models mathematically mimic the memristive device response to an applied voltage.
Different models exist depending on the level of specificity in simulation. A commonly used model
for circuit-level simulation is the Verilog-A JART VCM v1b [20], developed by the electronic materials
research laboratory, which is a collaboration between RWTH Aachen and Forschungszentrum Julich.

Memory cell topology
Memristive devices are connected into arrays to form a memory block. The density of the memory
array depends on the type of cell topology, which can be:
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Figure 2.7: Sneak-path example on a 2x2 1R RRAM crossbar array, adapted from [49].

* 1R: Memristive devices are placed between bitlines and wordlines, forming what is popularly
called a crossbar. Where memristive devices connect access lines perpendicularly, this configu-
ration allows for a very high memory density, making great use of the small scale of memristive
devices. However, accessing the cells, especially in parallel, becomes challenging because of a
phenomenon called “sneak paths”. Sneak paths are voltage loops created through other mem-
ristive devices that are not meant to be written to or read from, causing a disturbance in the total
expected current through the line. This disturbance challenges memory design and sets a bound-
ary on the maximum size of crossbar arrays that can be reliably read and written. An example
demonstrating sneak paths for a minimal array is shown in Figure 2.7, where the red line shows
an alternative current path passing through three memristive devices that is then added to the
current from the target device. From the figure, it is also possible to deduce how more RRAM
cells would allow for more sneak-paths to contribute to the total output current;

* 1D1R: A diode in the memory cell prevents sneak currents from influencing the final output current.
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It can be considered a smaller addition compared to a transistor. However, the drawback of this
design is the limitation on using only unipolar switching memristive devices [50];

* 1T1R: Similar to a DRAM cell, this topology has one access transistor that allows for smoother
operation, preventing sneak-paths and adding voltage control at the cost of decreasing the density
of the memory array. This cell topology requires a new line per column, commonly known as the
Source Line (SL);

» 2T1R: Used by Biyani et al. [51], this relatively new cell architecture has two transistors to control
the reads and writes to the memristive device. This topology was observed to increase the overall
power efficiency of the RRAM array, at the cost of slightly higher cell area. This cell architecture’s
in-depth functionality is presented with a CIM design in section 2.5.

Analog dot product and sum

n=2\V

I=L+L=—-+ 2> \L

Figure 2.8: Bitline sum of cell products, adapted from [13].

Unlike digital CIM, which only allows for a 1-bit dot product (AND) operation by varying the read voltage,
analog memories also allow for accumulation in the crossbar. This operation can be seen in Figure 2.8.
The Multiply and Accumulate (MAC) operations are based on Ohm’s and Kirchhoff’'s Law, where V;
and V5 represent one vector, and R; and R, represent the other; they are multiplied and their products
are accumulated in the bitline by summing up the two resulting currents. DACs are needed in the
wordlines to provide voltage levels that translate the input vector. Similarly, ADCs are used on the
bitlines to interpret the MAC operation output. This operation is the baseline for resistive memory
technology, allowing for highly parallel MVM.

Bit precision

Another active field of research regarding analog memory is the bit precision of the input and weights
stored in the crossbar. Theoretically, multi-level DACs allow multi-bit inputs, while different cell re-
sistances allow multi-bit weights, where the transformation back to digital by the ADC must also be
supported at multiple levels.

Variability
in memristive devices [52, 53] plays a big role in using resistive memory cells for CIM architectures.
Variability can be categorised as:

» Cycle-to-cycle (C2C): Refers to the inherent randomness in filament formation and rupture [54],
during SET and RESET operations, which also leads to different perceived resistances in the
HRS and LRS states;

» Device-to-device (D2D): As the name suggests, it comes from manufacturing variability, such as
differences in material area, thickness and concentration [55]. D2D variability leads to a difference
in the spatial variation of resistance and required SET and RESET voltages. The reading/writing
circuit can be changed to mitigate such changes, but requires a great area overhead and design
complexity.
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Figure 2.9: Experimental cell-level D2D and C2C variability with highlighted nominal characteristics [52].

Figure 2.9 shows experimentally how memristive device variability affects the |-V curve of a nominal
operation range.

Variations in Vg rs /I rs have even been used as seed for random number generation [56], due to the
true random variation in different RRAM devices and their cycles. However, minimal variation is desired
for memristive devices in CIM, even if random. CIM architecture design is highly affected by device
variability. Since analog CIM leverages the parallelism in crossbars, compound changes can lead to
wrong reads, an unacceptable fault in electronics design. This variability leads to various current CIM
architectures to use a single-bit representation per RRAM cell, maintaining design reliability.

2.5. State of the Art Architectures

This section presents the state of the art in analog and digital CIM architecture designs. As discussed
in section 2.2, new architectures are being constantly developed to supply the growing demand for
energy-efficient neural network engines.

Given the numerous trade-offs and design choices in each of these designs and the constant devel-
opment of analog memory technology, system modularity when designing such systems is of great
importance. A simulating platform capable of streamlining DSE without leaving behind physical limita-
tions is what will set the future of CIM accelerators. Especially as these systems scale and have to
meet market and power consumption demands for the future of computing.

2.5.1. ISAAC

In 2016, Shafiee et al. [13] proposed ISAAC (In-Situ Analog Arithmetic in Crossbars) for the infer-
ence process of CNNs. The work aims to extend previous computing near-memory work from DaDian-
Nao [57], to which most metrics are compared. Because the paper proposes a full-fledged accelerator
design based on crossbars, and it is one of the first to do so, it gained rapid popularity and is, until the
end of this thesis, still used as a benchmark for newer CIM accelerators.

Shafiee et al. [13] choose the 1T1R cell topology for their design due to its functionality in avoiding
sneak paths. Due to its stability, this design allows for a higher bit-density per cell, which is chosen to
be two, while keeping the input with 1-bit density for a simple DAC design (an inverter) and leading to
a 2-bit ADC.

Figure 2.10 illustrates the architectural hierarchy, which is organised into four levels: chips at the top,
followed by “Tiles”, IMAs (MAC cores), and finally crossbar arrays.

Analog memory is known for long writing times compared to other memory technologies. Therefore, the
design follows a “minimal writing” scheme, partitioning CNN layers amongst different “Tiles”, avoiding
rewriting to conserve time and decrease energy consumption. Another main paper contribution is the
pipeline design, which reduces buffer sizes and brings credibility to the architecture.
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Figure 2.10: ISAAC architecture hierarchy [13].

Overall, the paper further describes their found optimal parameters for their architecture with eight
crossbars of size 128 x128 per “Tile”, and how the workload is distributed for optimal pipelining. The
algorithmic pipeline balancing and communication structure are out of this thesis project’'s scope. How-
ever, the added support for pipeline simulation is essential for CIM simulation and falls under the scope.

ISAAC uses energy and area models from:

* CACTI 6.5 [58]: For buffers and interconnects;
» Dot-product engine [59]: Crossbar;

» Adapted from DaDianNao [57]: Shift-and-add circuits, max-pool circuit, sigmoid operation and
off-chip links (HyperTransport serial link model).

Furthermore, despite multiple different sources for their models, no centralised simulator was men-
tioned to be used in the design process.

2.5.2. PRIME

Proposed by Chi et al. [15], PRIME is proposed with a software-hardware interface to allow software de-
velopers to use their design for different neural networks. The design explores RRAM as main memory
with a portion dedicated to neural network computation. Such an assumption takes a different approach
than other designs, considering regular writes to the RRAM array. This DRAM-centric assumption has
its drawbacks, since writing times for most RRAM cell topologies are at least one order of magnitude
higher than reads. The choice of having RRAM as main memory comes from previous designs, such
as DaDianNao [57], which reported very high DRAM access energy consumption.

The design proposed by Chi et al. [15], specifying the division (subarrays) inside the RRAM array, can
be seenin Figure 2.11. The functional subarray has two modes: memory and computation. Additionally,
buffer subarrays are directly connected to both functional and memory subarrays, and can also operate
in regular memory mode.

The paper describes the circuit-level modifications and additions concerning the memory and its con-
troller, specifically inside the functional and buffer memory subarrays, including ReLU and sigmoid units.
A system-level design is also presented, highlighting the programming, compilation and execution of
neural networks (CNN and MLP). Overall, the authors present a complete architecture covering the
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Figure 2.11: PRIME design architecture, modified from [15].

circuit design and the software integration, providing architecture transparency and ease of use. Even
if the use of RRAM as a regular memory array might not be as feasible using today’s technologies,
the supporting digital circuitry presented and the software integration make this style of system a good
alternative for further development.

2.5.3. PUMA
To set itself ahead of other CIM architectures, the Programmable Ultra-efficient Memristor-based Ac-

celerator (PUMA) [14] comes with a specialised Instruction Set Architecture (ISA), a compiler and a
detailed architecture simulator for its design.
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Figure 2.12: PUMA's [14] core architecture.

The architecture is organised in three levels: cores (analog crossbars, functional units, and instruction
execution pipeline, shown in Figure 2.12), followed by “Tiles”, which connect cores with shared memory,
and nodes, which connect “Tiles” via the on-chip network, where the Core and “Tile” architectures are
the main paper contributions.

PUMA’s architecture adds programmability and flexibility to ISAAC’s crossbar architecture [13]. Specifi-
cally, instead of focusing on CNN workloads, PUMA adds support for Long Short-Term Memory (LSTM).

PUMA's “Tile” architecture, depicted in Figure 2.13, shows how all cores are connected to a shared
memory and that an instruction memory orchestrates data between “Tiles” using the Receive Buffer.
At the same time, the Attribute Buffer in the shared memory is used for inter-core synchronisation by
expressing the validity of the data.

A simulation is also presented as part of PUMA’s contribution. The simulator runs binarised applica-
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Figure 2.13: PUMA's [14] “Tile” architecture, connecting cores on the bottom.

tions compiled in PUMA's ISA and provides execution traces. Interesting for this thesis, the simulation
workflow includes the following parameters:

» Area and power consumption: Using Synopsys Design Compiler [60] Verilog HDL was mapped
to 45nm technology;

* Memory area, power, and latency models: Cacti 6.0 [58];

* On-chip network energy and area models: Booksim 2.0 [61] and Orion 3.0 [62];
* Chip-to-chip interconnect model similar to DaDianNao [57];

* MVM Unit power and area model from ISAAC [13].

By combining a specialised ISA, compiler, and simulator with their hierarchical architecture from cores
to “Tiles” and their inter-communication, PUMA performs all the design and benchmark expected from
a complete accelerator design. Its support for diverse workloads, including LSTMs in addition to CNNs
and MLPs, highlights the flexibility of the architecture and compiler. Lastly, the tailored integrated
simulator enables performance analysis, which is crucial for verification. Together, these contributions
make PUMA a standalone CIM design ecosystem.

2.5.4. DREAM-CIM

DREAM-CIM [16]is a Digital CIM module used as the pioneer implementation for the simulation platform
explored in this thesis. DREAM-CIM targets energy and area-efficient implementation of a MAC block.
This block is then meant to be replicated and used in different CIM-accelerator designs.

The authors point out that other digital CIM designs use adder-trees to accumulate partial products [63].
Adding adder trees leads to higher overhead in area and power, and makes the design unsuitable for
small- to medium-sized applications.

The overall design can be separated into the SRAM array and the Accumulation logic. The SRAM array
comprises a configuration of eight sub-arrays (banks), each with 128 columns and 16 rows. Such a
configuration allows for parallel read operations between all banks. An example of how the sub-arrays
are connected can be seen in Figure 2.14a. It is also possible to see the indication of Flying Bitlines
(FBLs) by El Arrassi et al. [16], which are straight connections from each sub-array to the Accumulator
block. There are 128 Flying bitlines per sub-array, following the number of columns.

The architecture is designed to be the most efficient at 4-bit precision for weights and inputs. For
this reason, the accumulation logic supports 128 parallel read operations (one per column) distributed
amongst 32 accumulation logic blocks (128/4).

An Accumulator block is responsible for computing the full-precision product between the input vector
and the matrix stored in the sub-arrays. The accumulation can be further broken down into:

» Column accumulation: In this step, the partial product between the first bit of different input values
and sequential bits of different weight values is accumulated. The bits from each input are pro-
vided sequentially, while the bits from the weights are always accessible and can be computed
in parallel. Figure 2.14b shows how this step is carried out. The FBLs first provide the partial



2.5. State of the Art Architectures 17

| Sub-array 0 |
| Sub-array 1 |
PPy [1]...pp7[1] PPy [3]...pP7[3]
0]... 0 2]... 2
| Sub-amay 2 | ppo[0].-pp7[0]  ppo[2]---pp7[2]
Mem- Mem- Mem- Mem-
register | register | register | register
| Sub-array 3 |
; bb )
‘ Accumulation Logic ’ Ca I Ca I o I o
A A A A
| Sub-array 4 | ‘ Word Accumulator ‘
| Sub-array 5 | i $
15-bit Adder
| Sub-array 6 | l
15-bit Register
| Sub-array 7 |
/{ 15-bit
(a) Sub-arrays definition and
placement. (b) Accumulation logic block example.

Figure 2.14: DREAM-CIM hardware components, adapted from [16].

product bits, which are stored in “mem-registers” structures. Each mem-register receives the bits
from one bit position of the weight from each of the sub-arrays. In the case of 4-bit precision, four
mem-registers will each be connected to a Column Accumulator (CA) unit. The output of each
CA is the sum of a specific weight bit position for different weights;

» Word accumulation: The different sums are now shifted according to their weight bit position, and
accumulated together. This step can be seen in Figure 2.14b;

Bit-serial row accumulator: This last step comprises two blocks, one register to store the previous
accumulated result for a single input bit and an adder to accumulate it with results from other
input bits, given the necessary shifts. The output of this step leads to the full MAC output for that
specific set of inputs and weights. Since the inputs are provided sequentially, this step is done
over multiple cycles.

The total computation time of the system can be calculated as follows: precisionx#(sub-array rows)+
1. The precision follows the sequential input feeding to the above SRAM-based crossbar array. The
number of sub-array rows relates to the number of reads required per sub-array, since a read is only par-
allel for a single row per array. The entire system requires an additional cycle to process the last read
row. Following a 4-bit precision, and the set sub-array size (128x128 with 8 banks), the computation
time becomes: 4 x 16 + 1 = 65.

The presented architecture was simulated at circuit-level (SPICE) using GlobalFoundries 22nm CMOS
technology and compared against State-of-the-Art digital CIM architectures. For 4-bit precision, as a
result, a compound parameter including execution time, area and energy consumption was observed
to be 38% better than adder-three architectures; it had double the execution time, but compensated by
almost half of both the area and energy consumption.

Although revised in section 3.3. Three highlights in this architecture made it a suitable candidate for
simulation implementation:

* Independent computation time: The amount of cycles the architecture takes to pass an input
through the weights of an array is independent of the input provided, which makes the design
and cycle count straightforward;

+ Digital logic: Dealing with digital logic in simulation does not require any modelling of analog
components and their variations;

» Familiar work: The authors could be reached to discuss the implementation details.
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2.5.5. C3CIM

Just like DREAM-CIM, C3CIM also introduces a crossbar-level architecture. Biyani et al. [51] describe
a constant current CIM crossbar using a new 2T1R architecture, which is also prototyped using TSMC
40nm CMOS technology. The architecture is further validated using a SNN.
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Figure 2.15: 2T1R RRAM memory cell, modified from [51].

The schematic of the 2T1R cell can be seen in Figure 2.15. The low-power benefits of this cell structure
can be attributed to the complementary wordline switching and binary inputs, where only one path is
active at a time. This topology leads to significant resistance only when the transistor path is selected
and the transistor is in the HRS. The resistance of the pass transistor and the LRS resistance are
considered negligible.

Per the design, a very low column current is provided to have the least power consumption. Therefore,
the accumulation result is read as a proportional voltage output (Va;4c). Another benefit of using a
constant column current is making the power consumed by the crossbar deterministic, tackling the
non-linearity of other RRAM designs.

Given the two paths formed by the transistor pair in the RRAM cell, a drawback of this architecture is the
impossibility of scaling for multi-bit inputs. However, considering the low maturity of RRAM technology
for CIM, given, for example, variability, it is fair to assume 1-bit cells and input are still considerably far
from being overcome.

To conclude this chapter, the foundation for digital and analog CIM architectures was revised high-
lighting the differences between the two. The extensive background for analog memories discussed
different analog memory technologies, where RRAM was observed to be the technology in the spotlight
for CIM. Later, different examples of CIM architectures were discussed, including the DREAM-CIM [16]
architecture that was used as a building block for the CIM architecture framework. Building on these
insights, chapter 3 provides the methodology used to define and test the CIM architecture framework.

2.6. Simulation Frameworks Used for CIM

This section provides an overview of the types of simulators and tools with potential to be used for CIM,
spanning from general low-level circuit design software to specialised analytical models developed
specifically for CIM. It also outlines the simulation space required to support accelerator development,
highlighting areas where overlapping simulation approaches are necessary for efficient modelling, sim-
ulation, and prototyping.

Table 2.2 presents an overview of such simulators and their abstraction level. While their abstractions
are explained and exemplified below, starting with the most fine-grained methods:

Circuit or Transistor level This level of simulation comprises the device physics of each transistor
and its impact on the general architecture. It is generally used for analog and mixed-signal simulation
of circuits, but also for larger-scale circuits. The simulation workflow starts with a circuit design coupled
with a technology node, which, in turn, will dictate the physics of the circuit components used. This type
of simulation is also known as SPICE (Simulation Program with Integrated Circuit Emphasis). Examples
of this type of simulators include:

» Cadence [19], a well-known electronic design automation (EDA) platform that includes NETLIST
generation from the circuit representation used in the SPECTRE simulation tool.



2.6. Simulation Frameworks Used for CIM 19

Table 2.2: Overview of current CIM simulators and their abstraction level.

Tools/Simulators Abstraction Level
NVsim [64]

ZigZag [21]

CIMLoop [22] Analytical
NeuroSIM [23]

CIM-Explorer [24]

Gemb5 [25]

GVSoC [9] Instruction level
Delft CIM SIM
NVMain [65]
Mnemosene [26]
DRAMSYys [66]
Ramulator [67]
QuestaSim [68]
Verilator [69]
Synopsys [60]
Cadence [19]

Cycle accurate

RTL

Circuit level

» Synopsys [60], another well-known EDA platform for designing and verifying semiconductors and
electronic systems.

Register-Transfer Level (RTL) A design method describing specifically digital circuit behaviour using
Hardware Description Languages (HDLs) such as VHDL and Verilog. Examples include:

* QuestaSim [68], developed by Siemens, offers a simulation platform for various HDLs, including
debug and waveform visualisation;

* Verilator [69], an open-source Verilog/SystemVerilog simulator that reads, performs checks and
outputs C++/SystemC code for faster simulation. This way, Verilator achieves cycle accuracy
without sacrificing simulation performance for various types of simulation.

Cycle Level Simulators that offer the trade-off of faster simulation compared to RTL and Circuit Level,
but still enough specificity when it comes to energy and performance of the simulated hardware. At
this level, pipeline stages and ISA should be considered while simulating a processor’s behaviour.
SystemC' is a standard tool used for this class of simulators. Examples include:

+ MNEMOSENE [26], a modular memristive CIM simulator written in SystemC that includes an ISA,
pipeline, and CIM-tile example architecture. The simulator works with parameters that can be set
by a user either in the crossbar or in the analog and digital peripheries.

» Ramulator [67], a cycle-accurate simulator, now in its second version, extensively used for per-
formance, security, and reliability studies, supporting standard DRAM types (DDR3-5, LPDDRS,
GDDRG, etc.).

+ DRAMSYys [66], an open-source DRAM simulator based on Transaction Level Modelling (TLM),
which uses data structures for communication instead of low-level signals.

+ NVMain [65], a flexible cycle-accurate simulator modelling memory requests, timing, and hierar-
chy for DRAM in parallel with emerging memories, suitable for performance and reliability studies
in CIM architectures.

'SystemC is a set of C++ classes and macros that provide an event-driven simulation kernel for modelling hardware systems.
It extends standard C++ with constructs to describe hardware concepts such as modules, ports, signals, and concurrent pro-
cesses. SystemC has long been the industry standard for hardware/software co-design; however, even though it is embedded
in C++, it introduces a concurrency model, simulation kernel, and timing semantics that make it fundamentally different from
conventional C++ programming, while still not achieving the same cycle accuracy as HDLs.
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Instruction-level Simulators that present a good trade-off between cycle-accurate and purely an-
alytical simulation. They can reflect on system and hardware performance more accurately without
simulating every cycle and pipeline stage as cycle-accurate and RTL simulators do. Simulators of this
class use Events to transfer information and map inter-component communication and traces to present
the user with the execution of the workload. Frameworks built using an instruction-level simulator can
enable integration of detailed low-level models using high-level abstractions. Examples include:

» Gemb [70, 25], an open-source and community-supported system simulator, which has become
widely used and has different added features such as connection with other types of simulators.
An example of this integration is with the DRAM simulator Ramulator [67]. Due to its widespread
implementations, Gem5 supports different system architectures, x86, ARM®, and RISC-V.

* GVSoC [9], a system-level framework for embedded multiprocessor simulation.

* CIM architecture platform (which development is part of this thesis): Focuses on the simulation
of systems built using CIM architectures.

This thesis uses simulations conducted in GVSoC and the CIM architecture platform. Therefore, their
specific requirements and design workflow are discussed later.

Analytical simulators Rather than traces, analytical simulators have mathematical models to predict
system behaviour. These are used explicitly in DSE to have a high-level overview of a possible design.
These types of simulators are the entry point when designing a CIM accelerator. Examples include:

» ZigZag [21], used for exploring architecture and mapping strategies for DNN accelerators, em-
phasising uneven mappings.

* MIT’s CIMLoop [22], a modelling tool that brings in flexible system specifications, energy and
statistical models to streamline design.

* NeuroSIM [23], a simulator that supports integration with the popular ML platform Pytorch for
performance and energy estimation.

» CIM-Explorer [24], a newly released simulator targeting BNN and TNN that uses RRAM-specific
strategies. This work is also further described in a subsection below.

* NVSim [64], a memory simulator for RRAM, PCM, and STT-RAM arrays, modelling latency, en-
ergy, area, and peripheral circuits, useful for circuit-level energy and area estimation in early-
stage DSE. NVSim'’s architecture is based on CACTI.

+ CACTI [58], a memory modelling tool developed by HP Laboratories for cache and memory DSE,
providing estimates of latency, energy, and area across different technology nodes and memory
organisations. Still used until today, the tool has variations to also support NVMs, as the one
presented above.

These simulators provide a high-level overview of possible designs, helping researchers evaluate per-
formance, energy, and area trade-offs without requiring full cycle-accurate or RTL-level simulation.

Figure 2.16 is an overview of the mentioned simulation types and their relations. From the figure, it
is possible to see how instruction-level simulators such as the CIM architecture simulator platform get
energy, latency and area numbers from small-scale SPICE simulations. At the same time, analytical-
level simulators have their functional verification done with RTL tools. As mentioned in their description,
instruction-level simulators can communicate with cycle-level simulators, which is the case for Ramu-
lator with Gem5, and GVSoC with DRAMSys. Ultimately, physical implementations are used to make
the verification of designs, providing real-world input to all abstraction levels.

Although simulators for NVMs have been available for a significant amount of time, most focus on
device- or circuit-level modelling. Equally important, however, is understanding how these memories
integrate into larger systems and influence architectural behaviour, since this directly relates to their
real-world applicability. To address this broader context, we introduce and compare two instruction-level
and one analytical-level simulation environments.

GVSoC is chosen over another system simulator, Gemb5, for an initial accelerator architecture inte-
gration to understand how event-driven simulation is performed. The reason for this choice was the
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Figure 2.16: Simulation types and their relationships.

familiarity with GVSoC compared to Gem5 and the close support from the department’s researchers.
For this reason, GVSoC is introduced is described, highlighting how integration of CIM components
can be prototyped and evaluated into a system-level simulator.

2.6.1. GVSoC SoC simulator

GVSoC [9] was, at first, developed as a simulator for the PULP project [71], supporting the development
of its RISC-V architectures and simulating different SoCs from a system perspective. From its origin,
it is possible to deduce how GVSoC is closely coupled with RISC-V. GVSoC'’s creators claim that the
simulator has a medium-high timing accuracy with cycle-approximate behaviour, as cycles are not
strictly tied to hardware execution, allowing faster simulation times.

In GVSoC, system components such as interconnects, processors, and memories are represented
as discrete simulation objects. The platform uses Python generators to define and connect system
components at the high-level architecture, while the components’ implementations are done in C++.
Components communicate via requests and wires, and the simulator orchestrates their interactions
over simulated time, accounting for communication latency between components. Because of its close
relation to RISC-V, the typical simulation workflow involves compiling a RISC-V core as the starting
point, which then communicates with the declared components.

2.6.2. CIM-Explorer
As a new alternative simulator, CIM-Explorer (CIM-E), is described as an example to contrast different
design philosophies and modelling approaches from analytical simulators.

Functional Crossbar Interface
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Figure 2.17: CIM-E interfaces [24].

Introduced in 2025, CIM-E [24] aims to solve different RRAM-based CIM challenges. Figure 2.17
shows the primary interfaces of the toolkit and their flow of execution, including functional and hardware
interfaces. The execution starts with configuration parameters and the neural network model structure
that produce the representation used for functional simulation. Figure 2.18 illustrates the modular
breakdown of CIM-E for DSE, highlighting the compilation, mapping, and simulation backends. The
problems that CIM-E attempts to solve are listed below:

* Map memristive device non-idealities [72]:
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Figure 2.18: CIM-E modules [24].

— Memristive device variability: An active research topic in fabrication and modelling [55], oc-
curring between memristive devices and cycles of operation. Including variability in the DSE
allows for an extra design parameter to be included in the design space, also opening doors
to variability mitigation strategies in the context of analog CIM technologies;

— Read-disturb: A resistance change known to occur in RRAM cells after multiple read opera-
tions [72]. It is mitigated by periodically re-writing to the RRAM cell or with dedicated control
hardware, avoiding unnecessary rewrites [73];

— Endurance: A reliability metric measured by the number of writes a RRAM cell can with-
stand [74]. Endurance is also linked to resistance drift, and can be considered during design
and simulation [72];

— Temperature dependency: It influences switching mechanics and retention and causes a
change in device nominal resistance during the forming state of memristive devices [75].
Using temperature-dependent metrics allows designers to simulate a more realistic system
and explore different alternatives during DSE.

» Perform compilation, simulation and DSE in a single platform, which was previously done in dif-
ferent steps and using different tools;

+ Support of BNN and TNN: The non-ideality mapping capabilities allow for the simulation of more
bits stored per cell and in MAC operations.

The toolkit uses Larq [76], an open-source training framework for BNNs and TNNs, and a Tensor Virtual
Machine (TVM)-based compiler 2, with multi-batch support and crossbar-specific optimisations, such
as maximising weight reuse. Furthermore, to streamline DSE, CIM-E links the compiler, pre-defined
mapping (compute modes), and analytical techniques (hardware, digital and analog) to analyse their
impact on inference accuracy. Overall, inference accuracy is used to define DSE, rather than energy
efficiency or technology-specific performance. Overall, CIM-E is suitable for early design stages while
offering significant room for integration with lower-level simulators.

2.6.3. CIM architecture simulation platform
CIM is an event-driven simulator created specially for CIM architectures, establishing the foundation
for the performance and DSE analysis presented in the experimental results.

The platform is designed to address gaps in the current simulation landscape for CIM systems. Unlike
GVSoC, which provides a general-purpose SoC framework, this simulator is tailored explicitly to CIM
architectures, proposing explicit support for NVMs, data streaming, pipelining, and execution models.
The experiments carried out in this thesis, and presented in chapter 4, were primarily obtained using
this platform. As a target for experimentation and as a testbed for simulator features, this dual role
helped define the requirements such a simulator should provide while showcasing initial use cases
already implemented.

To sum up, this chapter reviews the foundations of CIM, starting with the Von Neumann architecture, its
scaling limits, and the memory bottleneck. It then introduces hardware accelerators and presents neural
networks as the driver of new CIM architectures. The chapter explains CIM concepts for both digital
and analog memories, surveys state-of-the-art designs like ISAAC, PRIME, and PUMA. It concludes

2https://github.com/apache/tvm
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with an overview of simulation frameworks that are used in the design of CIM architectures, which the
rest of this thesis is going to tackle.



CIM Simulation Methodology

When it comes to the CIM architecture simulation, different alternatives can be analysed concerning
the type of simulation. As described in the previous chapter, a good trade-off for the goal of this project
lies in system-reflective simulation that allows for performance measuring and DSE. In this case, event-
driven simulation comprises most of the simulation platform’s core functionality expected from a CIM
system. This entails communication and computation times.

There are two simulating platforms used during this project. The first is the SoC simulator GVSoC, and
the second is the CIM architecture platform. As mentioned before, GVSoC was chosen over Gem5
for a simple accelerator system implementation to understand how simulating engine and component
communication could happen in a simulating platform. This choice was given previous familiarity with
GVSoC compared to Gem5. After the implementation is complete, this design served as a baseline
example for the in-development Delft CIM architecture simulation platform.

Initial implementation in GVSoC The accelerator was implemented as dedicated GVSoC compo-
nents, derived from the vp: : Component class. Other system components, such as the GPU and mem-
ory, were defined in the Python constructor and connected using wire constructs. These components
assisted in testing using a simple workload (an MLP model using MNIST).

Inside the C++ component space, the architecture was functionally organised to reflect the structure of
a CIM accelerator. Considering the three layers of the MLP model, this leads to three main components,
separated by purely functional ReLU modules.

Simulation at this stage aimed to keep the system as simplified as possible, intending to implement ad-
ditional constructs and add granularity later. Therefore, no dedicated control component was used; the
compiled RISC-V code acted as the system CPU to control simulation start and finish. Data streaming
was also implemented here, using 4-byte communication packages. Each of the components handles
the request coming from the CPU and other components, and by doing that, it can also reply to such
requests with a delay. This feature was used to get the required architecture-dependent cycle delays.

After the CPU starts execution (acting as the controller), the subsequent actions follow linearly: input
data is loaded 4 bytes at a time for computation within a group of MAC blocks, the computation is
performed, the output is passed to the ReLU, and the ReLU then sends the modified data to the next
MAC block group for the second layer, and so on. Quantisation was applied only functionally within
each MAC block component.

No pipeline was assumed; instead, the simulation relies on large enough memories in each group of
MAC blocks. At alower level, the simulation follows the unbounded problem principle that will be further
described in subsection 3.3.7: each crossbar has a fixed size, and the number of crossbars depends
on the loaded matrix. There was also no component-level distinction within the MAC block groups to
maintain simulation simplicity. While this lack of granularity may lead to non-ideal communication time
and energy being accounted for, it provided a fast-to-implement working system.

24
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GVSoC includes built-in models for cycle counting and energy estimation at the component level. At
this stage of the work, the expected finishing time of each component was calculated internally before
returning results. Energy data was also collected, but only for learning purposes; it did not represent
the expected energy spent in a real implementation.

Overall, describing a CIM architecture in GVSoC required a stretch on the simulator’s capabilities. In-
stead of simulating a small-scale SoC, GVSoC has to be configured so that the most relevant parts
reside in the C++ component space and their communication.

3.1. Simulator definition

The platform is built around an event engine for cycle simulation, where events can be scheduled
using C++ lambda functions. A class diagram exemplifying this simulation mechanism can be seen in
Figure 3.1. Such events allow fine-grained control of simulated time by enabling concurrent activations
across pipeline stages. To increase modularity, each component can schedule events within its scope,

ensuring that cycle counting is performed directly on simulated time rather than by assigning fixed,
estimated cycle counts to operations.
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Figure 3.1: Simplified class diagram of the simulation core used in the CIM simulation platform.

Apart from event scheduling, the simulator incorporates a request—response mechanism for component
communication, a common approach also used in GVSoC. A class diagram exemplifying the different
pieces of this communication can be seen in Figure 3.2. Requests act as lightweight messages that
allow one component to trigger behaviour in another, or send data that needs to be handled. This
design is particularly well-suited for modelling multi-component architectures, where computation is
distributed across several interacting modules, a key feature of CIM systems.

To stand out amongst different system simulators, the CIM architecture simulation platform would en-
able the integration of NVM physical switching models as standard components to provide a more
accurate simulation of CIM architectures. Moreover, leveraging the speed and power of a C++ frame-
work, while providing a platform for the comparison of different memories for CIM.

The definition, implementation and testing of the platform in this thesis meant:

» Define the simulation engine;
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Figure 3.2: Simplified class diagram of the communication framework used in the CIM simulation platform.

» Standardise how hardware components and their communication are defined, and make it the
initial standard for the simulator;

+ Test the event engine’s intended functionalities;

» Analyse the ease of use of the simulator, considering system definition based on an example
architecture, DREAM-CIM [16], and workloads.

3.2. Simulated system organization

The first step to simulate a system including a CIM accelerator was to define the high-level component
distribution. This division is meant to separate the MAC blocks (referred to here as tiles) from the
controller, memory and extra hardware that take care of other digital computation tasks.

3.2.1. General system architecture

A simple architecture was chosen to streamline development when considering different architectures
with three main components, following the idea that analog accelerators will be mainly used for infer-
ence (where the weights are already defined) and not training. Therefore, weights will be preloaded
into the crossbar array and not count towards the computation time of the accelerator.

The exemplified system architecture can be seen in Figure 3.3, where dotted arrows exemplify flow dur-
ing setup time and full arrows exemplify flow during normal execution. A breakdown of each component
and the corners cut in their development are listed next:

Controller is the simulation entry point, either with a modelled behaviour, such as a batch schedule,
or a simple entry point that executes the actions required to start inference. These are: Load the input
into local memory, and send an interrupt signal to the accelerator component to start computing.

Memory is a Middle storage unit that acts like a double-sided buffer between the controller and the
accumulator. An abstraction was made here, where in a hardware architecture, extra intermediary
components should intermediate the communication between memory and accumulator, such as a
Direct Memory Access (DMA).
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Figure 3.3: General component abstraction diagram.

Accumulator is where the simulation parameters must be well defined. It loads the weight matrix on
program initialisation, receives an interrupt request from the controller, can read the input array from
the memory, and writes the computed result back to memory. The chosen way to get the data back
from the accumulator by the controller would be a scheduled time to read the data, ensuring that the
data would be available. This method comprises a systolic array-like execution, where the computation
is expected to be done in a fixed number of cycles, allowing communication to run smoothly and avoid
race conditions. Another option would be using an interrupt response, which would be a stretch for
real hardware execution due to the granularity of component definition at this stage, or polling from the
controller side, which would add an extra level of complexity for this stage of development.

Tile is where the micro-architecture is included, with its sub-components and cycle count logic to

simulate hardware. An abstraction that contains a memory crossbar and the supporting periphery to
perform a computation.

The CPU simulation can also be managed with the rest of the defined system topology. For example,
this simulated CPU would be a RISC-V core that offloads work to an accelerator component, with its
local controller, memory and accumulator. A CPU implementation is not considered at this stage, as
the entire system simulation would make the analysis much more surface-level and deviate from the
goal of showing accelerator performance focused on the tile micro-architecture.
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3.2.2. Streaming

The concept of streaming inside a CIM architecture comes from a perspective of data movement.
Streaming is the alternative to intermediate large storage between computation nodes, allowing data
to continue to the computing path and be minimally stored (buffered) until the output is reached. Some
key characteristics of streaming in CIM are:

* Inputs are serially injected into computing units (tiles) rather than stored locally;

* Intermediate data generation may not be explicitly stored, using communication channel delays
to pass along hardware pipelines.

As of today, the most famous CIM architectures implement some streaming architecture/pipeline to
handle workloads efficiently and with smaller area overhead due to smaller buffer units. Two examples
of these architectures are ISAAC [13] and PUMA [14].
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Figure 3.4: Example of one operation in a CNN layer flowing through its pipeline in ISAAC [13].

ISAAC implements pipelining by utilising the eDRAM buffer in each “Tile” (a level of abstraction defined
by the authors that holds multiple MAC blocks). This buffer does not need to store all the output from one
layer before allowing the hardware to move to the next layer. This flow allows for parallel execution and,
therefore, pipelining. Figure 3.4 shows how a layer traverses through the pipeline, passing through the
different components, while also considering the number of cycles required by these components and
communication between them. More operations can continue after the presented pipeline, for example,
the max-pool that would happen only every few iterations of this whole pipeline could happen in cycles
23 to 25 (considering reading, operation and writing).

PUMA [14] implements streaming at a core (a crossbar and its periphery, called a core by the authors
because of its instruction decoding capabilities) and multi-core level by introducing storage between
components. At the core level, these include the Register File and the Memory Unit. At the multi-core
level, the architecture also implements Shared Memory and a Receive Buffer, both allowing data to be
distributed amongst cores and core clusters, avoiding race conditions and using the bandwidth present
to “hide” computation time. As the architecture has an ISA and three pipeline stages (fetch, decode
and execute), streaming is realised through constant dataflow from one component to another.

Streaming indicates that the accelerator architecture can be effectively used and tested for different
workloads. However, buffers, FIFO queues, and local tile memories must be realised at the acceler-
ator level. For this thesis, and to match the topic of simulating different architectures with variable
parameters, streaming is considered at the tile and inter-tile level, where a tile refers to one crossbar
with its accumulation logic. Streaming can be realised across multiple tiles by leveraging assumed
communication delays and buffering between tiles and the higher-level inter-tile accumulation logic.

3.2.3. Quantisation
A quantised pre-trained MNIST dataset was used to test the implemented example architecture, more
specifically, a three-layer inference of a simple MLP model, where quantisation was applied to each
layer. For testing, PyTorch [77] was used to export the weight matrix for each layer together with their
quantisation parameters.

Quantisation [78] refers to a scheme used to change the float data type of the parameters for more
straightforward integer computation. Quantisation facilitates the design of CIM architectures, since
they focus primarily on the MAC operation of MVMs.

r=.S(qg—2) 3.1)

A quantisation scheme comprises parameters presented in Equation 3.1, where r stands for “real value”,
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q for “quantised value”, S for “scale” is a positive real number, and Z for “zero-point”. During matrix
multiplication, the following composition of different scaling values occurs [78]:

N
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During calculation, it is possible to see a single floating-point operation using the same scale param-
eter M, followed by a zero-point addition for each quantised output. Meanwhile, the input and weight
matrices already undergo zero-point subtraction.

In CIM accelerators and regular hardware, quantisation is also used to streamline the execution of
different models, reducing latency due to limited storage or computing power.

3.3. Target architecture implementation
As the pioneer implementation to be simulated into the CIM architecture simulation platform, DREAM-
CIM [16], was chosen due to the following factors:

» The computation time per designed tile is workload independent. This means that there was only
one logical path in the design, and independently of the computation taking a few or many inputs at
once, the output would be produced in the same amount of time, which simplifies troubleshooting;

» Separation from NVM-specific details, enabling parallel system implementation of NVM metrics,
which, in turn, facilitates the study of CIM architecture integration into a complete system with
reduced complexity;

» The familiarity with the development team and the origin of the design being published work by a
researcher from the same department, which reinforces its reliability and fast implementability.

The proposed micro-architecture (with a detailed description in section 2.5) does not constitute a whole
accelerator system architecture, but rather a building block of this system: a MAC unit, referred to as
a tile. An overview of how micro- and macro-architectures come together in CIM-design can be seen
back in Figure 3.3.

To simulate the DREAM-CIM implementation for inputs and weights with 4-bit precision, first, the in-
dividual containers were declared following the described boolean architecture previously shown in
Figure 2.14b:

» Crossbar: A vector container of 128 rows of 128 bits;

* Input register: A vector container of 128 rows and columns equal to the number of bits, allowing
for simple sequential access;

* Mem-register: A vector container with space for eight bits, one from each bank subdivision of the
crossbar. This container repeats for each precision bit of the weights. Then, for all accelerator
blocks that compute the accumulation in parallel.

To maintain computation integrity, individual integer registers were used for calculation purposes:

» Column accumulator: Stores the accumulated partial products per Mem-registers, for each weight
precision and sub-array row;

» Word accumulator: Stores the accumulated column results per weight bit-precision, for one sub-
array row;

* Row accumulator: Stores the accumulated word results per sub-array row;

+ Serial accumulator: Stores the accumulated row results over different sequential input bits, re-
computing the above registers.

Furthermore, each of the above components has one extra top-level dimension to reflect the 32 parallel
accumulator blocks in the architecture.

The architecture was also made flexible to different bit-precisions, but at the cost of changing the size of
the accumulator block components. A list of parameters used in the simulation can be seen in Table 3.1.
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Table 3.1: Parameters considered in DREAM-CIM.

Parameter Value
#array rows 128
#array columns 128

#banks (sub-arrays) 8
Sequential row reads %
Input precision 4
Weight precision 4

#array columns
Output features weight precision

Changing the precision from 4-bit to 8-bit, for example, decreases the number of parallel accumulation
blocks in the architecture and consequently the number of output features. However, the number of
mem-registers and Column Accumulators increases at the same time.

3.3.1. Signed arithmetic

Signed arithmetic is essential when considering workloads for the DREAM-CIM tile architecture, es-
pecially when different bit precisions are supported. While the original design does not implement
signed arithmetic, the architecture is extended to support it in this work. Specifically, two changes are
introduced: one to handle signed synaptic weights and another to handle signed inputs, enabling fully
signed computations.

As also used in ISAAC [13], to support signed weights, the value resulting from the Most Significant
Bit (MSB) of the weight is multiplied by —2bitPrecision - Similarly, for signed inputs, considering the inputs
are provided sequentially, it is enough to perform a shift and subtraction, instead of shift and add for
the last and MSB of the input. This scheme assumes 2’s complement, where the MSB is the sign
bit of the number representation. The idea of this method can be further specified [79], when dealing
with this multiplication algorithm, to allow for sign bit representation, it suffices to make 2’s complement
conversion (~result + 1) for the computed column sum corresponding to the weight sign bit (MSB) after
normal unsigned accumulation.
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Figure 3.5: Representation of handling synaptic weight sign-bit arithmetic in hardware, modified from [16].

Handling 2’s complement signed numbers in the pipeline is exemplified in Figure 3.5. On the left side
of the figure, it is possible to see how the multiplication of the sign-bit from different synaptic weight
values is accumulated per column in its path. Therefore, only one accumulation path requires additional
logic to handle 2’s complement. Assuming such a change does not require any timing change, the
accumulation pipeline can continue as planned.
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3.3.2. Simulated metrics

The simulator framework in this work was built to provide metrics that form the basis for analysing
CIM architectures. These include the number of active tiles, tile utilisation and execution cycle count.
Together, these metrics give an idea of workload parallelism and accelerator size to be considered
further in accelerator design based on performance costs. These metrics also allow for fundamental
design trade-offs such as resource allocation and throughput balancing.

Energy consumption is not included among the reported metrics in this work. While it is one of the
primary motivations behind CIM, in the current development state of the simulator, energy results would
not provide reliable or meaningful insights. Energy was chosen not to be included in the focus due to the
lack of validation against hardware or established models. Excluding speculative energy data makes
the reported results consistent, focused and relevant to the design decisions that can be made at this
stage. Future simulator versions are expected to integrate energy estimation to enable a complete
evaluation of CIM systems.

3.3.3. Pipeline

The design has a parallel and serial accumulation path. The parallel comprises most sub-components:
Mem-registers, Column Accumulators, and Word Accumulators. The Word Accumulation is a parallel
part because it is the last step within one accumulator block, where all previously read bits are accu-
mulated together. The parallel part here is the one to take care of all the bits of the weight in parallel,
for a single bit of the input. Consequently, the serial part repeats this computation for each input bit
provided serially.

The other part of the accumulation logic consists of the bit-serial and row accumulator, which shifts
the result from the word accumulator and, after each cycle, adds to itself until the output is computed.
Given these two distinct pipeline stages, the total cycle count of the whole micro-architecture can be
summarised as the equation:

#rows

input precision x Zblocks

(3.3)

For the default parameters presented by Arrasi et al. [16], 128 x128 array, 4-bit precision and eight
blocks, this leads to a total cycle count of 65 per tile. One extra cycle is needed to finish accumulating
after the result of the last input bit goes through the accumulation logic.

3.3.4. Tiling organization

To handle a workload, an accelerator system generally comprises multiple tiles, CIM blocks that carry
the same micro-architecture. In hardware, these blocks can be connected using different interconnec-
tion topologies. The study of different topologies is not in the scope of this thesis. However, it is worth
mentioning that the intercommunication timing and topology between these tiles constitute a design
parameter to consider when designing an accelerator.

Neural networks are very often constituted of synaptic weights of multiple sizes. Bigger synaptic weight
matrices have to be distributed across various tiles. For example, each tile can be loaded with a
part of the synaptic weight matrix. An accumulator should then take care of the element-wise sum or
concatenate each tile’s possible output. The most straightforward way to do this is by using the concept
of matrix tiling.

Tiling in the context of matrix multiplication is a widely used optimisation technique that improves perfor-
mance by enhancing memory access efficiency. The core idea is to divide large matrices into smaller
sub-blocks, or “tiles” that can be loaded faster, using lower-latency memory (such as shared memory
in GPUs) before computation begins. This setup reduces the number of slow global memory accesses
and enables better use of parallel hardware resources. In CUDA programming, tiling is fundamen-
tal to achieving high performance, as it allows threads within a block to load and process data while
minimising redundant memory accesses cooperatively. It is particularly effective when paired with
coalesced memory accesses and loop unrolling techniques, which can significantly speed up matrix
operations [80] by processing parallel “chunks” of data.
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Figure 3.6: Example of tiled matrix-vector multiplication.

Regarding the chosen computing tile organisation in the target architecture for the simulated platform,
the tiling concept can be seen as each physical crossbar holding a matrix section. Figure 3.6 depicts
an example of a tiled MVM where the same part of the input vector is written to all the tiles in that row,
and the resulting multiplication of a column is added together to form the whole output for a specific
part of the output. For this reason, keeping track of tile positions inside the accumulator is essential
to performing the proper operation (either element-wise accumulation or simple concatenation of the
results from each tile).

To simulate these additions and connections, additional hardware has to be assumed when simulating
a general architecture that allows matrices larger than a single crossbar size. This hardware is also
considered to have an area and delay overhead, which are presented and discussed further.

3.3.5. Utilisation

When speaking about each crossbar storing values from a weight matrix, the matrix size often does
not precisely match the crossbars’ total size. For example, considering a matrix of size 100x 100, and
crossbars that hold 64 x32 values, there cannot be an arrangement of 1x3 crossbars, since there will
be leftover values; the arrangement then needs to be at least 2x4. Considering the example above,
the maximum matrix size the arrangement can hold is a matrix of size 128 x128. Figure 3.6 also shows
an example of imperfect utilisation, where the bottom row and the right column are not fully populated.
A formula for the overall utilisation is deduced and calculated as follows:

B Problem size M- N
"~ Allocated tile space {MW _ [%W Tas - T

T

(3.4)

Where M is the number of rows in the matrix, N is the number of columns, T, is the number of rows
per tile (tile height), and Ty is the number of columns per tile (tile width). The Ceil function assists in
calculating the total number of needed tiles in both directions.

In hardware, the dimension mismatch is handled with zero-padding, where both the input and the
affected tiles have to be zero-padded, leading to results that can be ignored. Following Equation 3.4,
it is possible to see that utilisation is its maximum (100%) if M mod Th; = 0and N mod Ty = 0, or
in other words, when the matrix dimensions are exact multiples of tile size.

There are two ways to consider how the workload will fit into the simulated architecture. The first, and
closer to real hardware implementations, is to consider that the hardware is constrained to a fixed size,
namely a bounded problem, for the better or worse. For better when the input fits nicely inside the
fixed number of tiles, or for the worse when time and energy are wasted to compute a very small matrix
multiplication. The second is to consider that the hardware at this stage can be analysed in simulation,
depending on the workload, and find an optimal size for the considered workloads. Both approaches
have pros and cons and are used in different stages of development.
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3.3.6. Bounded problem

The number of tiles in hardware is always fixed, even when not all tiles are used. The fixed number of
tiles defines a bounded problem, where the same number of tiles can be assumed for every workload.
This topology leads to a different type of study to maximise tile utilisation by either splitting different
problems inside the same tile, or using a fraction of the tiles for one problem and another fraction for
another. The first leverages the most space and parallel capabilities, but does so at the cost of added
hardware to keep track and separate the results adequately. The second, simpler division, has lower
utilisation and still needs logic to track where one multiplication ends and where another multiplication
starts, keeping track of the time spent in each computation.

The bounded problem relies on a fixed architecture, where the main research topics would be: How
inter-tile communication is conducted, how utilisation can be maximised, synchronisation of different
matrix multiplication operations, and overall, an exploration of programming methods.

The consideration of a bounded problem falls under the assumption that the hardware components are
already defined for the entire accelerator system, which is beyond the scope of this thesis. For bigger
inputs, a somewhat bounded problem can be used to analyse how many repeated cycles might be
needed to complete a layer.

3.3.7. Unbounded problem

An unbounded problem does not consider a fixed amount of tiles; instead, it allows for architecture DSE
by reporting on the area and delay of the architecture, considering simple system building blocks. An
example would be the study of how many tiles are required for a specific workload, or how different tile
architectures impact the overall performance in terms of cycles.

An unbounded problem is the primary consideration for the remainder of this project, where a general
accumulation architecture is considered to conduct the study on the number of tiles and delay of different
workloads to demonstrate the accuracy and flexibility of the simulation platform.

3.3.8. Generalisation to other architectures
While DREAM-CIM was selected as the reference implementation, the methodology developed here
is portable across different CIM architectures. The following options enable this portability:

» Configurable tile design: Key architectural parameters, such as tile size, number of parallel reads
and precision, can be adjusted to align their timing with other CIM implementations. Furthermore,
because of the implementation of a modular accumulation logic, such blocks can be changed to
match the delay of different architectures;

Device abstraction: Alternatively, the entire tile component can be swapped with a simple change
of communication ports, while other architecture components stay the same;

» Workload mapping strategy: Even if simple, tiling mechanisms are not tied to the design but
to the parameterisable crossbar size, making the simulator workloads portable across different
architectural organisations to be implemented.

Therefore, although DREAM-CIM provides the initial test case, the approach offers a foundation
for systematically exploring and comparing a broad spectrum of CIM architectures.

3.4. Tunable parameters

To perform a fair comparison between different workloads and exemplify the framework’s capabilities,
tunable architectural parameters were defined among the hardware capabilities of DREAM-CIM [16].
The architecture is presented with baseline parameters depicted in Table 3.1.

* Number of rows: Allows more parallelism for bigger inputs and longer weight matrices. Making
such a parameter programmable allows for design exploration of other state-of-the-art memory
sizes and their benefits. Together with the number of banks, it defines how many sequential row

AND operations will need to be performed following the relation ﬁ;’m;

* Number of columns: Similarly to array rows, the number of columns allows for more extensive
exploration. However, since the bits of a weight value are arranged over multiple columns, in-
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Figure 3.7: Flying bitlines connected to multiple accelerator blocks, promoting parallel computation, modified from [16].

creasing the number of columns increases possible outputs per tile. The columns of the array
define the number of parallel accumulator blocks present in the architecture. The number of ac-
cumulator blocks follows the logic in the previous chapter, which is also shown in Figure 3.7. The
topology dictates that the more columns the sub-arrays have, the more accumulator blocks and
FBLs will be necessary to compute the parallel output, while maintaining the bit-precision;

* Number of banks: Allows for more parallelism due to increased area and data connections,
since the number of rows per bank directly correlates with the number of cycles to produce the
output. The number of banks is tightly coupled with the number of rows, so these two parameters
should often be changed simultaneously to avoid influencing the computation cycle count;

* Input bit-precision: Allows for more flexibility concerning datatypes. Which, in turn, facilitates
the use of quantised workloads since quantisation is usually conducted at 8- or 16-bit intervals for
standard neural network models. The input bit-precision directly influences the number of cycles
needed to accumulate the output, since each input bit is provided serially;

» Weight bit-precision: To allow for extra configurability, the bit precision of the weights can be
changed independently. Although this separation was not often observed in current literature, its
area impact on the specific target architecture for this project served as motivation to have two
definitions. The effect on the area comes from each mem-register storing the 1-bit results from
all sub-arrays for one bit-position. Therefore, for a bit-precision of 16, 16 mem-registers should
be used. Apart from the changes in the word accumulator and serial adder to support more bits.

As seen from the overview above, each change in hardware parameter also changes the hardware re-
quirements. Therefore, configuration packages were chosen to conduct a comparison between differ-
ent defined system topologies. The number of rows and columns was varied between 64-256, consider-
ing that this was the range observed in literature from which most CIM crossbar arrays lie. The number
of banks was only changed between 4-8 to not deviate from DREAM-CIM’s design. Bit-precision was
always changed as a single parameter to keep consistency between the chosen configurations, and
leaving the weight differentiation between input and weight precisions for further research. The bit-
precision range is then 4-16 bits, to exemplify the most observed quantised ranges in literature [81].
The configuration packages are as follows:

1. Baseline: This configuration carries the baseline array size, input/weight bit-precisions, and num-
ber of banks as shown in Table 3.1;
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2. Smaller array: As the name suggests, this configuration decreases the array size, leading to
more tiles needed for a computation but higher utilisation. Such topology was chosen to test
the simulator’s capabilities to change the hardware inside the tile, making it support not only a
smaller array, but also the matching sub-components inside the tile that communicate together
to complete the MAC operation. As an attempt to follow hardware constraints, from the DREAM-
CIM architecture, the number of banks was also decreased by the same factor as the number of
rows in the crossbar array. This choice follows from a standpoint of making the whole tile smaller
without changing its density, including the accumulation logic. The ratio between read bit lines
and peripheral circuitry is then maintained, following a realistic scaling of the circuit, while also
considering the energy-area metrics regarded in the baseline design. If the same number of banks
were kept, the number of cycles to execute the tile would also reduce, following Equation 3.3;

3. Increased precision: Changing the precision is crucial to allow for reconfigurability, and the
possibility of using the most different neural network models. In this configuration, the precision
was quadrupled, 16-bit precision for input and weights, which is still half compared to the current
32-bit arithmetic in modern computers. The choice of only changing the precision for both input
and weights stems from its impact on capacity from the baseline architecture, hopefully leading
to a promising architecture towards a balanced configuration;

4. Balanced: After going through different significant changes from the baseline parameters, this
configuration aims to be a balanced alternative for typical neural network workloads by supporting
8-bit input and weight precisions. Apart from that, the size of the crossbar array is also changed
by doubling only the number of columns. As a result, this configuration will double the amount of
RBL, ultimately maintaining the same number of tiles as the baseline parameter configuration for
the same workload. There will also be double the number of parallel accumulation blocks inside
the tile without increasing the size of the subcomponents inside them.

Baseline Smaller array Increased precision Balanced

Number of rows 128 64 128 128
Number of columns 128 64 128 256
Number of banks 8 4 8 8
Bit precision 4 4 16 8

Table 3.2: Overview of chosen configurations and their parameters

Following the four defined configurations, to demonstrate the simulator’s capabilities, layers from dif-
ferent workloads were also chosen.

3.5. Simulated workloads

As presented in section 2.4, CIM architectures are designed to run neural networks. This choice comes
from a demand for fast, small and energy-efficient inference through multiple computing platforms and
embedded devices. As for the time this thesis is being written, on various platforms, inference with
these characteristics needs a micro-architecture that streamlines general matrix-matrix multiplication
(GEMM). Multiple types and models could benefit from CIM architectures in neural networks. To be
mapped into hardware, convolutional layers from CNNs must be flattened by undergoing the im2col
algorithmic transformation. The following section further describes this algorithm.

3.5.1. Mapping CNN into GEMM

Hardware accelerators are commonly built to perform GEMM, a memory-intensive task. Furthermore,
although most neural networks include fully connected layers, convolution is a significant and influen-
tial part of current neural networks. To bring the benefit of parallelism and to convolution calculations,
the im2col (image block to column) algorithm flattens each convolutional window, vectorising the con-
volution algorithm to be treated as GEMM. This process increases parallelism at the cost of possibly
increasing memory usage by making copies of the input.

This process of lowering convolution into matrix multiplication is exemplified in Figure 3.8. Itis possible
to see how a block of the input is vectorised according to the size of the convolution kernel. Further-
more, data duplication is present depending on the kernel stride, which guarantees efficient vector
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Figure 3.8: Im2col algorithm and kernel flattening.

computation by increasing the amount of data stored. The weights of the convolution layer are equally
vectorised, leading to a simple GEMM. As a last step, this output should be reshaped back to its ex-
pected format so that the output can proceed to the next step in the model. Since the weight kernels are
constant for all inputs during inference, these are flattened and programmed into the crossbar, avoiding
data rewrite.

To transform a multi-channel input tensor of shape: k. x H; x W7, into a matrix, the following steps are
taken:

1. The input tensor is zero-padded with the specified amount p in all spatial dimensions;

2. For each sliding window position defined by the kernel size (&, k.,) and stride s, a patch is ex-
tracted and flattened into a column vector of size k. x kj, X ky;

3. The flattened patches are arranged as columns of a matrix with dimensions (k. X kj, X k.,) x (Ho X
Wo), where: Ho = HrH2xp=hn 4 1 gand W = Wirt2xp—ke 4 q,

While im2col has to be employed for each input, weights are stored in memory already flattened. The
process of flattening these weights involves just one extra top-level variable, the number of filters (or
output channels) k,,, leading to a matrix with dimensions k,, x (k. x kx X ky,). As it is now intuitive to
see, the output matrix will then have dimensions K,, x (Hp x W) before it is unflattened to its proper
format k,, x Hpo x Wo.

3.5.2. Choice of ANN models

To exemplify the simulator’s functionality and introduce different possible workloads, a simple MLP,
convolutional layers of CNN models and a layer from a transformer model are simulated, considering
the different presented datasets that each model uses.

Layers from different ANN models were then chosen to perform a comparison considering different



3.5. Simulated workloads 37

workloads, exemplifying the simulator’s capabilities. Even though the simple MLP model was run as
a whole to test the simulator, a specific layer was chosen for consistency in the results. At the same
time, only particular layers from the CNN and Transformer models were simulated. Each model was
exported whole using PyTorch [77] in the ONNX format, allowing it to be visualised using Netron [82].
And layers could be chosen based on size and relevance to the comparison.

The goal of the comparison between the workloads is to observe how the system defined in the simulator
behaves for different layer sizes for both fully-connected layers and convolutional layers.

Simple MLP Considering the possibilities, the first and most obvious contender to start testing the
simulation built is a simple MLP model, which can be built and trained locally using MNIST. To assist the
training of the model, PyTorch [77] was used, where it was also simple to access the MNIST dataset.
The chosen MLP model consists of three fully connected layers, separated by ReL U activation functions.
The model expects a typical MNIST input, with 784 values (28 x28), the first layer with an output of 512,
the second layer with an output of 32, and finally, a 10-value output prediction, all for quantised input and
weights. Where the first layer with input size of 784 and output size of 512 was chosen for simulation.

Table 3.3: Parameters and their meanings, Layer 1 of LeNet.

Parameter Value Meaning

Output channels 6 Amount of feature maps this layer will produce

Input channels 1 Amount of feature maps that the layer expects, one since the image
is greyscale

Kernel size (5, 5) Height and width of each of the filters, captures spatial features,
such as edges

Input size (1, 28, 28) A single feature with the whole image as the spatial size

Output size (6, 24, 24) Multiple channels with reduced size due to filtering

LeNet The second model to be used is LeNet, which is also trained on MNIST but consists of a CNN
model. More specifically, the model has a typical MNIST input of 784 values (28 x28), following the
trend from the first MLP model. The chosen layer was the first of the model, which expects a greyscale
image and aims at feature extraction from the raw pixels. Table 3.3 shows an overview of this layer’s
parameters and their meaning.

Table 3.4: Parameters and their meanings, Layer 12 of MobileNet.

Parameter Value Meaning

Output channels 576 Amount of feature maps this layer will produce, expanding from the
original number of feature maps

Input channels 96 Amount of feature maps that the layer expects from the previous
layer

kernel size (1,1) Height and width of each filter. Called pointwise convolution, it
mixes channels but does not process spatial neighbourhood

Input size (96,7,7) Multiple feature maps of a fixed size

Output size (576,7,7) An increased depth while maintaining the spatial size due to the
kernel size

MobileNet The third workload model to be used was MobileNet, more specifically, the V3-small ver-
sion of the model. In this model, channels are compressed and expanded for efficiency. Layer 12
of this MobileNet model was chosen to present characteristics different from those of the previously
simulated LeNet layer. This layer demonstrates how the im2cal algorithm would work for multichannel
inputs, while having a bigger weight matrix size due to the expansion in feature size. An overview of
this layer’s parameters can be seen in Table 3.4. As can be observed from the kernel size, this layer is
part of a bottleneck block, which consists of expansion and projection. Other convolutional layers with
a greater kernel size are depthwise separable convolutions that process spatial patterns.
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DistiBERT The fourth workload model to be used was DistilBERT. In this model, input sequences
are projected into multiple subspaces through separate linear transformations, enabling efficient con-
textual encoding via self-attention. For scaling purposes, the Query Linear projection of the third Trans-
former layer was chosen to make a comparable size contrast with the previously simulated MLP using
the MNIST dataset. This operation demonstrates how the accelerator handles dense MVM on high-
dimensional inputs while providing a weight matrix different from the MNIST example, given the same
number of output features as the input. Unlike convolutional layers, this linear transformation has no
spatial kernel structure and can be seen as a fully connected layer.
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Figure 3.9: Netron-like structure of neural network models used as workload example in this thesis, with highlighted chosen
layers.

Overall, the architecture of the model and layers used can be seen in Figure 3.9. The figure includes
the custom simple MLP model, the LeNet model, where the first convolutional layer was simulated, the
last few operations of the MobileNet model, starting from the simulated convolutional layer, and lastly,
a simplification of the DistiiBERT model, highlighting the chosen part of the third layer.

This chapter describes the methodology for simulating CIM architectures. It defines the simulator and
details the organisation of the simulated system, including streaming and quantisation techniques. The
target architecture implementation is explained, covering signed arithmetic, pipeline design, tiling and
utilisation. Tunable parameters for the simulated architecture are outlined, and the chapter concludes
with the simulated workloads, including the mapping of CNNs to GEMM operations and the selection
of artificial neural network models for simulation.



Simulation results

This chapter presents the simulation results of different workloads considering the target tile architec-
ture and the simple system built around it. For verification, a simple MLP model is used to assess the
simulator’s functionality, considering the baseline parameters presented earlier in Table 3.1. Lastly,
other workloads introduced in the previous chapter are simulated with different parameter configura-
tions that exemplify how flexible simulation can be. Results from these simulations are presented and
discussed in comparison with metrics such as cycle count, calculated overall tile utilisation, and the
number of necessary tiles.

4.1. Functional architectural verification

At each step of simulating the chosen target architecture, DREAM-CIM [16], functional verifications
were conducted from a small to a larger scale as architectural building blocks and abstractions were
added. Starting from the tile (comprised of the crossbar and its supporting accumulating components),
confirming the accumulation logic in place handles tile results correctly, and finally, the storage and
communication of (partial) inputs and outputs.

Throughout development, simulation traces provided real-time feedback on correct execution across
the defined hardware components, including simulated time and component execution. They allow the
verification of each component’s computational correctness and task execution order. Even when tasks
were scheduled on the same clock cycle in the case of pipelining, the traces made it easy to observe
the execution flow across components. Other than that, the simulator engine schedules events in a way
that inherently enforces correct hardware execution while recording the simulated time at which specific
components perform their tasks. This combination of traces and event scheduling demonstrates the
simulator’s ability to reproduce correct hardware behaviour and provides a robust basis for verification.

Tiles

The tile marks the simulation platform’s core and implements the logic as closely as possible to the
target architecture. To verify its correctness, after the input is decoded with all its precision, a simple
matrix multiplication algorithm takes place and compares the result with the output computed by the
bit-wise logic. For the cycle accuracy, it is enough to verify the number of reported cycles by the
simulator, and compare with the expected number of cycles calculated using the tunable parameters
and Equation 3.3.

Accumulator

The accumulator component tracks the input offloading to the tiles created during setup. Therefore, to
check its correctness, it is also enough to calculate once more the matrix multiplication between the
provided input and the weight matrix using a copy of the input read from memory. The correctness of
the computation at this state means:

» The tracking of inputs provided to each of the tiles is done correctly;

39
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» The handling of outputs from each tile concerning addition or concatenation to the final resulting
array is done correctly.

Memory communication

Two verification methods were applied to ensure the correct memory component simulation. The first is
a validity flag for each memory address (holding a byte): A flag indicates the validity of data whenever
a specific address is written to. This flag system allowed the verification that enough time had passed
between a write and a subsequent read. If the simulator detects a read planned before the first write to
that address, it returns an error, indicating that the schedule is unrealistic and incorrect. A run without
errors means a component had enough time to write before another component performed a read. This
approach has a known flaw: if a component wrote to a memory address more than once, the simulator
would not detect cases where “old data” was read. Therefore, another check had to be implemented.
Since the memory system was designed simplistically, race conditions could be checked by comparing
simulated outputs with equivalent “regular hardware” computations. Pushing the boundaries of these
simulated schedules not only detected timing-related issues but also allowed the selection of a standard
minimal cycle time for all memory communications, matching the expected memory delay.

From this point, additional memory mechanisms could be incorporated into the framework for a com-
plete and robust implementation. These mechanisms would provide warnings or errors when incon-
sistencies occur, even in different system configurations. As well as provide a better emulation of a
memory component considering a targeted architecture, such as DRAM [67]. However, at this stage
of development of the CIM architecture simulation platform, such integration would create boundaries
in the system design, shifting the focus from core simulating components to periphery components.
Once the simulator reflects a more complete system, integration with memory simulators is the way to
add credibility to simulated designs, providing a complete and more accurate simulation of a memory
component. This provides cycle-accurate and reliable energy modelling.

4.1.1. Simulating delays

Different components inside the system contribute in different ways to the overall system delay in the
number of cycles. Throughout the course of this project, two strategies were assumed for how to
simulate such delays: a comprehensive baseline and an optimised system that attempts to reflect a
realistic scenario.

Sequential execution

At first glance, the system’s delay depended on each of the components finishing their execution be-
fore the next component could start, which reflected an extremely inefficient real system. However,
the sequential nature of the system was simple to debug, allowing each component to deliver correct
outputs before the delay could be improved.

Figure 4.1 shows a UML diagram of how the different system components communicate. The only
parallel execution that can be observed here is the tile computation, a core feature attributed to the
multiple tile components created by the accumulator. Other component interactions only happen once
the component is done with its task.

Table 4.1: Each component and the function dependency of its delay inside the system.

Action Delay Assumptions (baseline system)

Writing/Reading input f(#input bytes) Input size = 28x28; precision = 4; bandwidth =
10 [252]: [42828] = 40 cycles.

Start signal 1 Small interrupt delay

Offloading data to tiles f (#tiles, #tile rows) Assumed infinite bandwidth: 1 cycle

MAC Architecture-specific According to baseline parameters and Equa-

tion 3.3: 65 cycles
Receiving data fromtiles  f(#tiles, #tile columns) Assumed infinite bandwidth: 1 cycle
Accumulating tile result  f(#tiles, #tile columns) One cycle per tile output: 112 cycles
Writing/Reading output  f(#output bytes) Output size = 512; output precision = 16; band-

width = 10 [25e8]: [15-512] = 103 cycles
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Sequence diagram: System component communication and execution
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Figure 4.1: UML sequence diagram of the sequential system execution considering the functionality of each component.
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Table 4.1 summarises the system delay dependencies, their assumptions and calculated values. It can
be seen that apart from parts with high delay, this communication behaviour includes non-idealities.
The first non-ideality is the simultaneous input communication from the accumulation units to all tiles,
which is unrealistic when many tiles are involved. The second is the simultaneous result written back
to the accumulator; since the tile delay is fixed, all results would also return at the same time. The
assumptions for the system can then be summarised as:

* Infinite bandwidth when offloading work to the tiles, where, independent of how many tiles the
system has, their activation and deactivation would happen instantly;

+ Data movement and computation happen sequentially, where each memory access or computa-
tion completes before the next begins.

Considering the target architecture baseline parameters and the first layer of the simple MLP model
with the MNIST 28 x28 greyscale input, the system would take a total of 465 cycles to finish execution.
Loading data simultaneously into all tiles would be highly efficient; however, this assumes an unrealistic
infinite bandwidth. Moreover, if computation could overlap with data transfers, reducing component
idle time, significant cycle savings could be achieved, since most of the total execution time is spent
on reading and writing data.

Pipelining
Because of previously shown drawbacks and non-idealities, a modified system now considers:
* More realistic tile activation and writing back: This communication model is necessary to simulate

a real scenario involving the number of tiles to write data to, impacting the system’s performance
due to communication delays;

* Pipeline execution with communication delays: Using an input and output buffer instead of a
singular memory component. As a result, less memory is required to run the system since only
part of the data is saved in the buffer at a specific time;

» Due to a realistic tile activation, results can also be accumulated while other tiles finish computing.
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Sequence diagram: Optimized system component communication and execution
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Figure 4.2: UML sequence diagram of the target system considering minimal delays due to pipelining and buffering.

With a more efficient system, a delay calculation ensured efficient use of the architecture, also con-
sidering the tunable parameters that designers can use. The sequence diagram in Figure 4.2 gives
an overview of the different system components communicating together and the target architecture
inside a system being simulated as efficiently as possible. Unlike the original, this system has delays
as if the memory were split into input and output buffers. At the same time, a first-in-first-out (FIFO)
queue would allow data to be streamed inside the components, and these could start computing without
having to wait for the whole input to be written.

The pipeline design changes the assumptions for each of the actions that happen inside the system,
considering all its components. For this reason, Table 4.2 shows the changed assumptions taken in
the system for each core considered action.

Table 4.2: Modified assumptions for each component in an optimised system.

Action Changed Assumptions (optimised system)

Writing/Reading input Data transfer delays are hidden in tile computation time, extra margin: 2
cycles

Start signal Same small interrupt delay

Offloading data to tiles Finite bandwidth, one cycle per tile offload: 112 cycles

MAC The same, given parameters and Equation 3.3: 65 cycles

Receiving data from tiles  Follows from tile offloading offset, extra margin: 2 cycles
Accumulating tile result Aggregation done within tile offloading offset, extra margin: 2 cycles
Writing output Output is buffered out of the system, extra margin: 2 cycles
Reading output Considering time to last output, same reading delay: 103 cycles

In this optimised system, communication latencies are largely hidden by concurrent computation over
pipeline stages. Therefore, a fixed two-cycle synchronisation overhead is systematically assumed,
accounting for setup and buffering actions.

Finally, the comparison between this optimised and the initial assumed system can be seen in Figure 4.3.
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System cycle execution comparison
112 112
I Baseline (Total: 465) 103 103

[ Optimised (Total: 290)

Number of cycles
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whole whole partto computation result result from result result
input input tiles part tiles back

Simulated Delays

Figure 4.3: Broken down cycle count of baseline and optimised simulated accumulation.

The figure shows a drop in total execution time to ~60% of the baseline system, thanks to data buffering
and pipelined computations. Writing the input to tiles with an offset, considering finite bandwidth, hides
the aggregation delay without impacting the total computation time. The most significant delay reduction
comes from buffering, which improves data reads and writes throughout the system. The output read
time remains unchanged, since the delay is measured until the last result is read.

In the simulator, a request can be sent to each tile as a scheduled event. Therefore, to map a realistic
workload and take care of communication costs, if multiple tiles are necessary for a computation, each
is written to in a different cycle. This offset allows for a small level of contention at the accumulator
level. This concurrent behaviour reflects real hardware scenarios, where not all computing units are
done simultaneously, and data transfers have a realistic, limited bandwidth. As it is possible to see,
because of the concurrent execution, data movement delays are minimal, while maintaining a realistic
execution, the compound computation time of all tiles was found to follow the relation:

tile =N -D+C (4.1)

Where tye is the total time to complete all tile computations assuming pipelined input, N is the number
of tiles, D is the input delay for data to reach the tile, and C is the computation time per tile. The
impact of this calculated delay in the overall schedule of the workload can also be seen in Listing 4.1,
where accumulator_delay includes the compound tile computation delay, accumulation and the start
of output write-back to memory.

Listing 4.1: Controller Schedule of multi-patch workload.
for (size_t patch_id = 0; patch_id < workload.total_patches; patch_id++) {

// Schedule patch write to memory, always reusing the input address

uint64_t patch_addr = config.addr_input;

ctr.ScheduleEvent (current_time, [&ctr, patch_addr, patch_bytes] () {
ctr.WriteToMemory (patch_addr, patch_bytes);

s

// Schedule the start of the computation after the input is written into memory
ctr.ScheduleEvent (current_time + write_input_delay, [&ctr, &config]l() {
std::vector<uint8_t> go_signal{};
ctr.WriteToAccumulator (config.addr_signal, go_signal);

};

// Schedule to read the output after the accumulation happened
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ctr.ScheduleEvent (
current_time + write_input_delay + accumulator_delay, [&ctr, &config, &workload]l () {
ctr. ReadFromMemory(config. addr_output, workload.o_size);

P

current_time += patch_interval;

4.2. Workload Evaluation

Different topologies can be explored now that the simulated architecture is in place. Adding degrees
of freedom for designers to experiment with different workloads for various system variables.

The simulated framework reads the provided weight matrix/convolution kernel, performs the flattening
when needed and determines the amount of DREAM-CIM [16] tiles necessary. Then, the im2col algo-
rithm is applied for different inputs when required, to generate an MVM problem. Therefore, for different
workloads, it is intuitive to analyse the necessary hardware and execution cycles for different tunable
parameters. Following the performed cycle delay analysis discussed in section 4.1.1, comparing work-
loads will consider the optimised pipelined system. This choice was made to bring credibility to the
results, as it compares with the scale of real-world execution times. Furthermore, the comparison aims
to analyse the behaviour of the tiles following the target architecture and its communication, rather than
the full-system simulation.

Given the imbalances in simulated against real constraints, such as digital circuit timing, area and
energy consumption, which have not yet been implemented into the simulator, a complete DSE was
not conducted. Instead, a few configurations were chosen to represent different system configurations.
All the configurations are then compared to the baseline tile configuration shown in Table 3.1.

Utilisation

The utilisation of a tiled matrix multiplication presented in Equation 3.4 can be further specified so
utilisation can be used as a metric for the different analysed workloads. Although it is fair to assume
that the number of crossbar columns is a multiple of the weight precision, to be thorough, the equation
that defines the utilisation in a single tile can be expressed as:

Where m-n is the size of the weight matrix assigned to the specific crossbar, R is the number of crossbar
rows, C is the number of crossbar columns, and P is the precision of the weights. Then, for the overall
utilisation across all crossbars:

M-N ) M
u , With: Nerossbars = ’VR—‘ : ’V

(4.2)
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wm‘ =

= 4.3
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M-N is now the size of the whole weight matrix.

4.2.1. Simple MLP workload

The first workload to be simulated was a simple MLP workload. More specifically, the first layer of a
simple MLP model that uses the MNIST dataset. A whole inference of this simple MLP workload was
also simulated throughout the thesis. However, only the first layer is considered for comparison with
other workloads. The chosen layer has 784 input features and 512 output features, corresponding to
the entry point, with an input of a 28 x28 greyscale handwritten “2”.

Given the chosen parameter configurations, Table 4.3 show the resulting simulated metrics. It is worth
mentioning that the simple MLP workload with baseline parameters was used as the example to demon-
strate system delays in section 4.1.

From the table, it is possible to see how, for smaller arrays, the utilisation is higher, showing that for an
array with i of the size, the number of cycles is less than three times higher. Another observation is



4.2. Workload Evaluation 45

Table 4.3: Resulting metrics for simple MLP workload.

FC1(MLP) Baseline Small Arrays Increased Precision Balanced
#cycles 189 493 717 253
#tiles 112 416 448 112
Utilisation(%) 87.5 94.2 87.5 87.5

that for the chosen balanced configuration, a slight increase of % of the cycles allows the architecture
to handle double the precision for both inputs and weights, which confirms the choice of a balanced
configuration and sets the trend of changes for this workload to increase the number of array columns,

especially when considering higher precisions.

4.2.2. LeNet

When executing the first convolutional layer of LeNet, it was possible to observe that only one tile is
necessary to fit all the synaptic weights. After flattening, the weight matrix is of shape 25x6 values,
which comfortably fits in the baseline target architecture 128:x128-bit crossbar for bit precisions up to
16-bit without any recoding or different writing mechanisms.

Table 4.4: Resulting metrics for LeNet CNN workload.

Conv1(LeNet) Baseline Small Arrays Increased Precision Balanced

#cycles 44,928 44,928 155,520 81,792
#tiles 1 1 1 1
Utilisation(%) 3.66 14.65 14.65 3.66

Table 4.4 summarises the resulting metrics for the first convolutional layer of the LeNet workload. The
very low utilisation, with its lowest at 3.66%, is attributed to the flattened weight matrix occupying such a
small space, leading to the number of cycles skyrocketing. Although the utilisation increases for smaller
arrays or increased precision, it is still far from being helpful and efficient to use such a workload with
the considered hardware without extra programmability of the array.

Such programmability can be, for example, the copy of the 25x6 matrix multiple times in the same
array. Three weight matrices would fit in a single array for the baseline size, even if only row-wise
duplication were considered.

Without added programmability changes, the design trend observed is to decrease the size of the ar-
rays even further to increase utilisation while reducing the area. However, in a realistic full-fledged
accelerator design, this model would only be used with some extra programmability in the accelera-
tor architecture, allowing data duplication within the same tile to increase parallelism and utilisation.
Therefore, this workload shows how the flexibility of mapping the data differently to crossbars, even if
minimal, should exist and be explored in an accelerator design.

4.2.3. MobileNet

The MobileNet model is usually trained on the ImageNet dataset, which differs from MNIST. Unlike
MNIST, which contains simple greyscale handwritten digits, ImageNet includes images with more com-
plex features, diverse objects, and multiple colour channels. These differences mean the MobileNet
model is designed to process more input channels from the beginning, allowing it to capture richer
information. In addition, MobileNet is inherently a larger and more sophisticated model than those
commonly used for simpler image classification tasks like MNIST, making it well-suited for handling
complex, real-world images.

Table 4.5: Resulting metrics for MobileNet CNN workload.

Conv12(MobileNet) Baseline Small Array Increased Precision Balanced
#cycles 4,655 7,301 16,709 7,791
#tiles 18 72 72 18
Utilisation(%) 75 75 75 75
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The chosen convolutional layer of MobileNet is used to increase the depth of the feature maps. As a
result, the weight matrix written to the tiles in the architecture has a shape of 96 x576 after “flattening”
(due to the kernel size of (1,1), this operation is just a reshape). Due to its greater width, the number
of output features is higher than in other workloads. For the baseline architecture, 18 tiles are used,
where only 96 rows of the said tiles are filled. This matrix size leads to a relatively low, but acceptable,
utilisation of 75%. Table 4.5 shows this workload’s utilisation and other metrics for different parameters.

From the table, it is possible to see how the utilisation remains constant for the different configurations.
This constancy is due to the topology of the weight matrix, which has only 96 rows when flattened.
When using a 128-row crossbar array, only 96 rows are occupied. In contrast, when using a 64-row
crossbar, another set of tiles is necessary to split the weight matrix, where one has 100% utilisation

and the other has 50%, averaging 75% ($12%), with all columns occupied.

Because the utilisation is the same for all tested workloads, the trend considering only this workload
would be towards an intermediate size, smaller than the baseline and bigger than the small array config-
uration. That is done while maintaining double the number of columns in the crossbar array to support
greater precision without impacting performance.

4.2.4. DistilBERT
Table 4.6: Resulting metrics for DistiiBERT workload.

Query Linear 3 (DistiiBERT) Baseline Small Array Increased Precision Balanced

#cycles 221 653 845 285
#tiles 144 576 576 144
Utilisation(%) 100 100 100 100

To demonstrate the architecture’s performance for a different workload, layer three of the DistiBERT
NLP model was used, more specifically, a Query Linear operation. The weight matrix is of shape
768x768, which means the number of output features will be the same as the number of inputs. Ta-
ble 4.6 shows the metrics for different parameter configurations.

From the table, it is possible to see the perfect utilisation for all given configurations, this is attributed
to the input being a multiple of 32, occupying all available space and making the most out of the accu-
mulating hardware.

Because the increased precision and the small array configuration lead to an exploding number of tiles
and cycles, the trend lies in increasing the number of columns compared to the number of rows. An
increased number of columns is already the case for the balanced configuration, which allows for a
slight increase in the number of cycles for double the precision compared to the baseline configuration.

4.2.5. Comparison

Following the presented results for each of the workloads considering the different configurations, a
comparison including the different workloads together gives an overall view of the assumed architec-
tures, and ultimately further verification of the simulating platform, where the Pearson Correlation Co-
efficient (r) is used to assess the correlation between each metric pair.

The goal of this comparison is to exemplify that the simulating platform has versatile configuration
parameters and is not meant to be a complete DSE. For simplicity and exemplification of the simulated
system, such metrics included in the simulation are enough to direct designers towards a more efficient
and general architecture of neural network accelerators.

Three different associations were made considering the calculated and observed metrics. The first is
a relation between the number of cycles and the number of tiles, since these are closely related, being
the number of tiles one of the significant contributors to the total cycle count of the system, together with
the tile execution delay. The second is the number of cycles together with the utilisation, highlighting
how a high utilisation needs to be the standard for an efficient system. Lastly, the utilisation against the
number of tiles, analysing how the spatial distribution influences performance.
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Cycles vs Total Tiles
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Figure 4.4: Relation of cycle count against number of tiles for each workload and parameter configuration.

Number of Cycles vs. Number of Tiles

Figure 4.4 shows the relation between the number of cycles and the number of tiles. The graph uses a
logarithmic scale for the total number of cycles to facilitate visualisation, which can be interpreted as an
even higher exponential trend of the scattered points. The figure shows that the baseline configuration
is the most optimal for all of the workloads, presenting a good trade-off between the total number
of cycles and the number of tiles. Furthermore, the same number of tiles was observed between
pairs of configurations, apart from the MNIST MLP between “small array” and “increased precision”
configurations. This difference is due to a better utilisation of the tiles (87.5% vs. 94.2%), leading to
a 32 tile difference between them. LeNet does not benefit from more tiles, because the number of
weights for this layer is small and fits in all pre-defined parameter configurations.

The expected result was that these two metrics were negatively correlated. As the number of tiles in-
creases, the total number of cycles should decrease. The calculated correlation coefficientis » = —0.44,
which indicates a moderate negative correlation. The negative correlation is as expected; however, the
fact that it is a weak correlation is attributed to the accumulator to tile communication. This proves that
dividing the input and sending it to each of the tiles using the presented system topology impacts per-
formance and should be considered in the simulation.

The system is assumed to take a cycle to call and send data to each of the tiles. Because of such a
simplistic assumption, the communication impact is greater for smaller tiles (represented by the figures’
squares), which also have a smaller delay. Apart from that, the number of cycles assigned for memory
operations and activations was observed not to have a noticeable impact on the correlation between
the metrics. For this reason, through the rest of the comparison, they are regarded as a simple offset.

Number of Cycles vs. Utilisation

Same as the last relation, Figure 4.5 also has a logarithmic scale representation of the number of
cycles. The data points for each workload are almost grouped due to the differences in size and type
of workload, but it is clear how the trend holds between workloads and parameter configurations. Once
more, the most efficient configuration was proven to be baseline, with the least number of cycles and
higher utilisation. This is just not the case for LeNet, because of how small the layer is, even with higher
utilisation, the number of cycles is the same.

It was expected that the correlation between the number of cycles and the utilisation would be negative,
since fuller tiles would mean more data would be computed together without wasting computing power
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Cycles vs Utilisation
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Figure 4.5: Relation of utilisation against cycle count for each workload and parameter configuration.

on padding data, lowering the total cycle count. As expected, the correlation coefficient between the
number of cycles and the utilisation is r = —0.8, a strong negative correlation.

Utilisation vs. Number of Tiles
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Figure 4.6: Relation of utilisation against number of tiles for each workload and parameter configuration.

The last calculated correlation is between the utilisation and the number of tiles needed. The plot exem-
plifying this relation, together with a trend line, can be seen in Figure 4.6. As expected, the correlation
between the two metrics is positive and has a value of » = 0.62, which is moderate. The correlation
is associated with how bigger weight matrices tend to fill the crossbars inside the tiles more efficiently,
leading to less edge waste considering the tiling principle used. In the figure, it is possible to see how
all baseline and balanced configurations overlap. This occurs because between the two configurations,
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both the number of columns and the precision were doubled, leading to the same utilisation as long as
the array size is a multiple of the precision.

4.3. Simulator Performance

Table 4.7: Hardware/Software used to run the framework and all tests.

Component Specification

CPU Intel Core i7-13700H, 14 cores, 2.4 GHz

RAM 15.6 GB (WSL2 8GB) 5200 MT/s

Storage 477 GB NVMe SSD

Operating System Host: Windows 11 + WSL2: Ubuntu 24.04 LTS
Compiler GCC 13.3.0

Considering the CIM architecture simulation platform developed by the Computer Engineering group,
running the tests for all configurations and workloads together took 13 seconds, considering the hard-
ware/software summarised in Table 4.7. The execution time includes time to load a weight matrix from
a CSYV file for each of the 16 tests and distribute values to the tiles, which accounts for what was named:
setup time, before the event engine starts its execution.

This chapter presents the simulation results of the CIM architecture. It began with a functional verifica-
tion of the tile and defined system architecture, including delay handling. Then it evaluates performance
across various workloads, considering a set of tunable parameters. The results include comparisons
between workloads and report the simulator’s overall performance.



Conclusion

This thesis set out to develop an event-based computing-in-memory (CIM) architecture framework sim-
ulator, capable of streamlining design-space exploration (DSE) to address the demand for accelerator
systems in the current Al landscape. The main contributions of this work are: (i) the definition of system
requirements for an accelerator system considering a target microarchitecture, (ii) the implementation
of an event-based CIM architecture simulator platform, and (iii) demonstrating the platform’s support
for multiple types of workload and flexibility through tunable parameters.

The simulation framework was demonstrated through a target architecture that uses a digital 8T-SRAM
computing memory array integrated into an accelerator system. The framework brings high-level perfor-
mance estimation with near circuit-level analysis by providing cycle-dependent modelling, configurable
architectural parameters, and flexibility to support different workloads.

The development of the framework involved several stages: (1) the bit-wise logic of the accelerator
microarchitecture was implemented and simulated, (2) an accelerator system encompassing control,
storage, and additional computing components was instantiated and evaluated, (3) neural network
workloads were subsequently chosen to perform an area, delay, and utilisation DSE at the high-level
accelerator design. Through this process, the framework proved capable of modular and scalable
modelling of CIM systems, supporting workload-specific analysis. The overlap of high-level architec-
tural exploration with low-level physical constraints reveals bottlenecks and trade-offs in precision, array
size, and buffering.

The methodology and results presented in this thesis highlight the relevance of CIM and the potential of
event-based simulation to guide accelerator design, reduce development costs, and inform hardware
decisions. The simulator offers a straightforward approach for exploring digital and analog CIM de-
sign implementations, capturing performance metrics such as throughput, latency and utilisation. The
framework’s flexibility allows for experiments with emerging non-volatile memory technologies in differ-
ent architectural configurations and system topologies, offering a solid basis for accelerator designs
using analog CIM integrated in a digital design.

Experimental simulation results between a pipelined and a non-pipelined system showed that pipelined
designs achieve much lower total execution time (with a reduction of ~40% compared to the baseline
design), highlighting the importance of incorporating data streaming hardware into accelerator designs.
Furthermore, analysis of LeNet CNN layers highlighted the need for programmability in accelerators
(e.g. by duplicating kernel data across multiple arrays and replicating inputs to improve utilisation and
reduce computation time). Finally, results from other workloads showed that rectangular crossbars
(rather than square) led to more efficient systems, as most workloads require precision greater than
the bit capacity of a single memory cell.

In conclusion, this thesis presents an event-based simulation framework as a robust and versatile tool
for CIM research. Combining detailed component modelling, workload adaptability, and performance
metrics output enables DSE that informs hardware decisions while reducing experimentation costs and
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development time, paving the way for more efficient next-generation accelerator systems.

5.1. Future prospects

Future work should extend this framework in the following directions: (1) incorporate realistic analog
memory behaviour, (2) implement energy consumption metrics, and (3) add support for asynchronous
workloads (such as SNNs). Such changes would improve the relevance of the simulator framework
by aligning with emerging neuromorphic computing trends. Lastly, improving the simulator modularity,
separating workload and hardware description, would allow for easier integration with existing simula-
tors and create a clear separation of concerns.

Together, the listed extensions would make the framework a comprehensive and full-fledged platform
for CIM research. The simulator’s modularity, accuracy, and flexibility make it a practical tool for inves-
tigating the next generation of CIM architectures, bridging the gap between idea and implementation.
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