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Abstract

The CPU (Central Processing Unit) is the component in a computer system that carries
out all the computations and calculations that are required. Because of this, good CPU
performance is key in having a fast computer. To ensure good performance, processor designers
often implement an internal cache that works like a hierarchy, with small amounts of very fast
storage closest to the processing core, and large amounts of slower storage furthest from the
core. Such a hierarchical design takes advantage of spatial locality, which says that if a piece of
data is used, the surrounding data is likely to be used, and temporal locality, the likelihood that if

a piece of data is used once, it will be used again.

Descriptions of the cache hierarchy can be confusing without models or diagrams. Such
visual aids are made all the time, yet they can often be difficult to interpret without prior
knowledge, which is a problem for those who have an interest in learning about computer
architecture. Our program will serve as a visual representation of the cache hierarchy and will
help fill the gap of visual cache representations that display pertinent information with clear

visual distinctions between the cache levels.



Visual Representation of Computer System Cache Hierarchy 3

Introduction
Research topics involving computer memory (and cache management) vary widely in
scope and application. Memory is one of the core components that make up a computer, and is
heavily relied upon by every other component in the computer system, so there is no wonder
researchers are trying to discover the next breakthrough in RAM (Random Access Memory)

technology.
Increasing Efficiency

Researchers are frequently theorizing new and varied ways to make the cache hierarchy
more efficient. Efficiency of a computer’s internal memory (local memory in the CPU) can be
measured by multiple metrics, but one of the most useful measurements is memory bandwidth.
Bandwidth can be considered the “width” of the connections, and determines the total amount of
information that can be transmitted at a time; the memory bandwidth essentially defines the
speed at which data can write out/be read from. Having low bandwidth means information has to
be stalled in order to wait for data buses to clear, and this wastes precious clock cycles, the rate
at which the CPU runs. Fortunately, well-implemented cache hierarchies within the computer’s
internal memory can help ease the bottleneck that low bandwidth presents. One proposed
solution is to make morphable DRAM* (Dynamic RAM) cache layers, so that data storage and
transferring is optimal. Due to it being dynamic, DRAM can store data and tag information in
any arbitrary way. This morphability allows for an integrated DRAM controller to reconfigure

the cache’s tag and data layout in order to maximize efficiency.
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Specialized Engineering

Because memory is so fundamental to a computer’s functionality, it can be used in many
ways. However memory that can retain information without having power is not very useful for
someone whose main use of their computer is to train a machine learning algorithm how to
identify human faces. Memory’s wide scope of usability is not always ideal for computer
systems dedicated to a single purpose, and so researchers have done work to formulate
compositions of memory that are more tailored to a specific requirement. One such composition
was proposed for 10T (Internet of Things) devices?, specifically ones that have the ability to learn
from their environment. This computer memory composition would utilize approximate
computing (computation of approximate values) in order to cut down on computation costs while

still providing 90% accuracy while training models.
Cache Simulation

Simulation of the memory hierarchy, which consists of the secondary storage, physical
main memory, and the various levels of cache, is usually one of the preliminary steps in
developing new internal cache systems. Simulated implementations are often done in place of
physical ones due to the expenses that arise in creating new CPU cache layouts. Not only this,
but existing tools that measure CPU performance tend to be irregular® and leave too much
difference in between best- and worst-case estimates for the data to be useful. One published
assessment of spin-transfer torque magnetic RAMs (STT-MRAMs)* performance at nanometer
scales partially used device models in order to reach the conclusion that scaling down the
technology resulted in improved performance (faster write operations, energy savings). In this

article, Esteban Garzén and his colleagues were able to use cache memory simulations in order
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to control for and record the writing and reading performance of their scaled-down
implementation. Simulations like these are more complex and realistic, and can really only be
understood by readers who are already very familiar with the cache hierarchy and its
components. This leaves a gap in research done towards creating educational simulations/visual
representations of the cache that less experienced individuals can understand. Visualization of
memory content and traffic simulation has a secondary benefit in that it helps predictive analysis
models detect side channels, namely leakage of memory data that could be exploited to break the
security of a computing machine. On the other side of the scale are the reduced and minimal
diagrams presented to readers within textbooks. These textbook representations do not include
much extra information for the reader, and instead tend to be very abstract in order to make
concepts easier to understand; abstraction, however, results in details being removed, and this

causes the applicability of information to become less specific and more general.

Aims and Objectives

Introduction

Computer cache can be difficult to understand if one doesn’t already have prior
knowledge of how it works. The user must understand the benefits that arise from the various
designs of computer cache systems, and the differences between them. Visualizations that
attempt to illustrate the computer cache are either very complicated and detailed, or made too
ambiguous that anything substantial can be learned from the representation. This project is a
program that attempts to model a robust visual representation of the computer cache, specifically
a hierarchical cache. This program’s model is intended to be simple enough that inexperienced

analysts can understand, while still containing useful and real-time modeled information.



Visual Representation of Computer System Cache Hierarchy 6

Aims

1. To research common hierarchical cache implementations, and visualizations of them.

2. To obtain useful information from real computer cache systems.

3. To create a visual representation of a hierarchical cache that can be easily understood and

learned from.

Objectives

1. The most common internal cache implementation is a hierarchical one, which takes advantage
of spatial and temporal locality. Doing research on common cache implementations and how

they are currently modeled will help us form our own visual representation.

2. Obtaining and displaying real cache information is critical to the usefulness of the cache
visualization. Implementing real information into the model will help analysts obtain a realistic

expectation of what computer cache systems are capable of.

3. Creating a visual representation allows for the making of decisions such as what information
should be displayed, and how it can be conveyed to the viewer. This visualization will also fill
the currently existing gap of useful and informative visual representations of computer cache

systems.

Methodology

First, the focus was on researching common cache implementations cited in recently

published papers. This was done by using resources like OU’s Library OneSearch, Google
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Scholar, and other respected sources available. Doing this allowed us to determine that a
hierarchical cache is most commonly used, and therefore is most useful to model in our
visualization. This also enables the determination of what information to show, and how not to

model our implementation so as to avoid complicating things.

Then, the project’s focus was on obtaining real computer cache statistics. Doing this
increased the realism of the visualization in order to oppose some of the inevitable abstraction
that was done. The purpose of such statistics is to shape the expectations of users who are not
already familiar with the potential of computer cache systems. These statistics were obtained
through tools that are already available to users, such as PSutil, Windows Task Manager, as well

as lower-level tools like the underlying computer operating system.

The statistics measured and recorded in the application are the following: CPU
percentage, base clock speed, L1 cache size, L2 cache size, L3 cache size, secondary storage size
(RAM), number of logical processors, and number of physical cores. The figure below is a

screen capture of the statistics measured and displayed within the application.

Memory Used: 10.65 Memory Available: 6.35| | CPU Percentage: 16.4

Logical Proccesors: 12| | Physical Cores: 6 Speed/Frequency: 3.192 GHz

Figure 1: Statistics measured in visual application

The above statistics are obtained directly from the computer’s operating system, and are
implemented to update every second, allowing for accurate resource monitoring. It should be

noted that the memory used and memory available values are in units of GB (gigabytes). The
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above statistics, namely number of logical processors, number of physical cores, and CPU base
frequency, are all consistent with the values that are displayed under the processor’s tab in

Windows Task Manager, as seen in the figure below.

Base speed: 319 GHz
Sockets: 1
Cores: b

Logical processors: 12

Figure 2: CPU statistics from Windows Task Manager

Finally, the focus was put towards creating a visual model of our decided cache
implementation that includes the statistics gathered from our previous gatherings. Visual
elements were implemented and modeled in the Python programming language with the
inclusion of the Tkinter GUI tool. The application contains two visual representations of the
computer cache system: one representation is seen in Figure 3, and contains the capacity of the
various levels of cache within the computer system, as well as the main memory (RAM) that can

also be considered as a form of cache storage.

L1

384 KB
L2
1.6 MB
L3
126 MB
MAIN MEMORY
16.99 GB

Figure 3: Cache hierarchy on Intel i7-8700 processor
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This representation was made more abstract in order to be similar to visualizations that
appear in textbooks or other basic forms of representation. In the above figure, the processor
used is an Intel(R) Core(TM) i7-8700 CPU @ 3.20GHz. The 3.20GHz is the base clock speed of
the processor, and represents the minimum number of clock cycles per second the CPU runs at.
The values gathered and displayed by the application are specific to the computer system that the
application is executed on. This can be seen in Figure 4, where the capacities displayed within

the various levels of the hierarchy are different from those shown above in Figure 3.

L1

256 KB
L2
1.0 MB
L3
8.4 MB
MAIN MEMORY
12.71 GB

Figure 4: Cache hierarchy on Intel 17-8550U processor

The processor in Figure 4 is an Intel(R) Core(TM) i7-8550U CPU @ 1.80GHz. It can be
seen from the visualizations that the capacity of the processor in Figure 3 is greater than that of
the one in Figure 4. It should also be noted that the capacities of the different cache levels that
are displayed in the hierarchy are consistent with the capacities shown when observing the

computer’s processor information in Windows Task Manager, as seen below.
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L1 cache:

LZ2 cache:

5> Cacne.

256 KB
1.0 MB
8.0 MB

Figure 5: Cache capacities shown in Windows Task Manager

The second visualization implemented in the application contains more details than the

first, and is more similar to the physical hardware implementations of computer caches. Figure 6

shows an example of this visualization.

CPU Architecture

Core 0 Core 1

L1 cache L1 cache

L2 cache

Core 2 Core 3

L1 cache L1 cache

L2 cache

Core d Core 5

L1 cache L1 cache

L2 cache

L3 cache

Main memory

Figure 6: Multi-core cache representation

The visualization in the above figure contains more information than the first, and

highlights the number of cores contained in the processor as well as the separation of cache

levels between components. Each core in a processor is responsible for executing instructions

issued to it by the scheduler, and having multiple cores allows for multiple operations to be

executed in parallel, or at the same time. In typical CPU architectures, each core has its own

separate level 1 (L1) cache, followed by a larger level 2 (L2) cache that is shared between two
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cores. Separation of cache in this way prevents the various cores from writing over each other’s
data, and increases the total throughput of data. Shared by all of the cores in the processor is the
embedded level 3 (L3) cache, which acts as an intermediary between the small but quick L1 and
L2 cache levels and the large but slow retrievals of data from main memory. The arrows in the

figure represent the movement of data between the processor and RAM.

The number of cores displayed is algorithmically implemented, allowing for a dynamic
representation that is specific to the computer’s CPU. Figure 7 shows the resulting visualization

when the program is run on a different computer.

CPU Architecture
Core0 Core 1 Core 2 Core 3
L1 cache L1 cache L1 cache L1 cache
L2 cache L2 cache
L3 cache

Main memory

Figure 7: Multi-core representation on 4 core processor

It is important to note that the layout depicted in the visual representation is not
completely accurate to the architecture of the computer system’s CPU, but rather is a general

representation.
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One additional visual implementation of the application is a graph of the CPU utility
percentage over time. The measurement of CPU utility refers to the amount of the CPU’s total
resources being used at any given time, and is another important metric in determining CPU
performance. It’s important to note that in general the lower the CPU utilization, the better.
Consistently high CPU utilization can be the result of overloaded processor cores, and is a
notable sign that the processor is being overwhelmed by requests. Typical CPU utilization values
fluctuate often, and therefore graphs of the performance over time can give the user valuable
information into the performance of their processor. Figure 8 shows a graph of the CPU

utilization (y-axis) over time (x-axis).

50

40

30

20

10

0 20 40 60 80 100

Figure 8: CPU utilization over a period of 100 seconds

The scale of both axes varies with both time and the utilization percentage, and updates
once per second in order to provide real time performance statistics to the user. Figure 9 below

shows an instance of the CPU utilization graph over a longer period of 350 seconds.
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Figure 9: CPU utilization over a period of 350 seconds

Because of the tools used, this application and its visualizations are viewable on both
Windows and Linux operating systems, with Linux systems providing slightly more information
due to the way the OS collects data about the CPU. In all, this visualization tool acts as a
midpoint between complex cache representations and abstract cache diagrams, and serves as an

educational tool to deepen the user’s interest and understanding of computer cache systems.
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IRB

This project does not involve human subject research and does not require IRB approval.

Results

Initially, the focus was on creating an application that would record the real time paths of
data as they travel through the multiple levels of internal CPU cache. This capturing of data
would be simple yet robust, allowing for the complex processes of CPUs to be easily
encapsulated and displayed in our application. In doing research on possible methods of
recording the CPU’s operations, our team discovered that CPU manufacturers have built-in
transparency of their CPU’s tasks, meaning analysis of the CPU’s direct actions is very limited
and difficult to do. This transparency exists as monitoring of the CPU causes unnecessary
overhead and negatively affects performance, both of which are counter to the desired nature of
computer processors. Faced with this realization, our team decided to shift our focus onto
making an application that measures CPU statistics rather than mapping out and capturing the
paths taken by data. This change still allowed for the cache visualization application to serve as
an educational and informative resource for those who are interested in gaining more knowledge

on computer cache systems.
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Discussion

It was expected that this project is more applicable than visualizations that appear in
textbooks, yet less complex than representations that appear in research articles. The inspiration
for the topic of this project came from the personal difficulties our team faced when gaining
understanding of modern cache implementations. Acquiring knowledge on such a topic is not
straightforward, as a lot of information mentioned in articles mentioning cache implementations
is either abbreviated, or ambiguous. Comprehension of literature can also be difficult due to the
assumptions of prior knowledge made by authors, which results in a very steep learning curve of

information.

There were also considerations of the possibility that this project could inspire the
creation of other cache models, and through the making of those models, a more efficient cache
layout could be developed. There is strong reason to conclude that the usefulness of the
application is enough that it can serve as a “launch pad” to project the observer’s interests further

into the topic of computer cache systems.

Another theorized outcome of the application is the use of it within learning/educational
settings, as it could be a good tool to help students better understand real cache implementations.
In order for this to be a possibility, widespread implementation must be established and the
application distributed across hundreds of devices. Such a scenario would prompt more attention

and refinement in our implementation of recording the computer system’s activity.
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Conclusions

On a more personal note, this project has allowed me to expand my knowledge on a topic
that I find to be very interesting. For my other group partners, they no doubt benefitted from the
knowledge gained in not only researching this topic, but also through the process of developing
our application. | would also like to thank my faculty mentor Dr. Julian Rrushi for giving our
team the initial idea of developing a cache visualization application, as well as the opportunity to
work with him and communicate on the progress of our capstone project and the formulation and
composition of this thesis.

Despite the changes that were made to the initial project plans, we believe the application
is still useful for not only informative purposes but also for foundational ones that can be worked
off of and potentially used for later advancements in technology. The project still meets the
proposed objectives of bridging the gap between abstract computer cache visualizations and

complex, detail-oriented cache architecture representations.

Biographical Note

Joshua Lindner is a Senior at Oakland University pursuing a Bachelor’s of Science in
Computer Science and is on track to graduate in April 2023. Joshua is in the Honors College
where he has worked hard to earn and maintain a GPA suitable for the Dean’s List thanks to his
desire to constantly learn more and challenge himself. Joshua is very passionate about everything
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passionate about cybersecurity and all the components that make up a secure computer network.
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Joshua is pursuing his interests in cybersecurity and advancing his career by studying and
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