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Abstract

The Embedded Systems course at Heinrich-Heine-Universitat Disseldorf uses the Cody
Computer, an 8-bit educational platform based on the 65C02 microprocessor, as the
target system for student programming assignments. The existing emulator for the Cody
Computer provides accurate hardware emulation, but is controlled exclusively through the
command line and offers no functionality for controlling a running program, debugging or
inspecting the system state. This makes the develop—test cycle for assembly programs
cumbersome and time-consuming.

This thesis presents CodyNET, a new cross-platform emulator and IDE for the Cody
Computer, that contains an accurate emulation core with an integrated graphical user in-
terface, an embedded assembler, and a full set of interactive debugging features. These
features include breakpoints, step-by-step execution, memory inspection, adjustable em-
ulation speed, and attaching UART-data during runtime, all accessible through a user-
friendly interface modeled on common modern IDEs. The 65C02 emulation was verified
instruction by instruction against the publicly available Single Step Tests, and the em-
ulation runs at real-time speed (1 MHz) with high accuracy on representative student
hardware across all three major operating systems.

Benchmarks on three representative student laptops (Windows, Linux, and macOS Sili-
con) show that CodyNET maintains the 1 MHz target frequency within 1% on all tested
devices and exceeds 2 MHz in fast mode by a wide margin, ranging from 3.9 MHz on an
older Linux laptop to over 30 MHz on a current Apple Silicon machine. The result is a
modern, IDE-like development environment for the Cody Computer that retains the accu-
racy of the existing emulator while substantially improving the workflow for developers in
a familiar and user-friendly interface.



vi



CONTENTS

Contents

1 Introduction|

1.1 Motivation and Problem ment .. ... ... ... ...

|2 Background|

2.1 Cody Computer Architecture| . . . . . .. . .. ... oL

2.2 Existing Tools| . . . . . . . . ..

.21 Cody Emulator] . . . . . .. ...

222 64lass Assembler] . . . . .. ...

3 Related Work

(8.1 Cody Emulator] . . . . . . . ...

4  App

4.1 Requirements|. . . . . . . ..

[4.2 Designand Architecture| . . . . . . . ... L Lo

[4.2.1 lools and lechnologies| . . . ... .. ... ... ... ........

4.2.2 CodyNET Architecture| . . . . . . . ... ..o .. .

4.3 Development Process| . . . . . . . . .. . .

6 Tmplementation|

[5.1.1 Opcode Lookup| . .. ... ... ... . . .. ... ... ..

9.2 Memory and Devices|. . . . . . . .. .. ...

[5.3 Preprocessing, Assembly, and Debug Commands| . .. ... ... .. ...

Vii



viii

(5.4 Difficulties and Challenges| . . . .. ... ... ... ..

[>.4.1 Cycle-Accurate Timing|. . . . ... .. ... ...

[0.4.2 Video and ScreenOutput| . . . ... ... ....

4. Frontend an 0.

6.5 Performance Improvements| . . . .. .. ... ... ...

lo_Evaluation|

[6.1 Practical DebuggingUse Case| . . .. ... .......

[6.2 Performance and Speed Accuracy| . . . . . . ... ...

6.2.1 1 MHzStability] . . ... ... ... ... ... ..

[6.2.2 Fast Mode Throughput|. . . .. .. .. ... ...

[6.3 Usabllity, Interface, and Debugging Workilow|

[6.4 Comparison to Cody Emulator{ . . .. ... .......

[/ Conclusion and Future Work

(71 SummaryofResults| . . . ... ... ... ........

|7.2 Lessons Learned and Alternative Approaches|

/.3 FutureWorkl. . . . ... .. ... ...

[Appendix A Benchmark Raw Data

A1 Filelayout| . . ... ... ... ...

|[A.2 ReproducingthePlots| . . . ... ... ..........

[Cist of Figures|

List of Tables|

CONTENTS

31

........... 31
........... 32
........... 32

34

........... 34
........... 34

35

36

36



1 Introduction

The Embedded Systems module at Heinrich-Heine-Universitat Disseldorf is a practical
course designed to provide students with hands-on experience in developing software
for embedded systems. As part of this course, students create programs and games
for the Cody Computer, a custom-designed 8-bit system based on the 65C02 micropro-
cessor that serves as an educational platform for computer architecture and hardware
design [Mil25]. A substantial portion of the course is devoted to the Cody Computer.
programs are written either in CodyBASIC, a dialect of the BASIC programming lan-
guage [Mil25; p. 33], or in 65C02 assembly language.

Executing an assembly program on the Cody Computer requires a multi-step workflow.
First, the source code must be assembled into a binary format, for example with the
64Tass assembler [soc24|. The resulting binary then has to be transferred to the machine
over a serial connection through the universal asynchronous receiver-transmitter (UART)
interface. This process is non-trivial and time-consuming, especially for first-time users. It
is also inconvenient in a teaching context, because only a limited number of physical Cody
Computers is available for the course, so most students need an emulator for day-to-day
development.

Miles Vella created an emulator for the Cody Computer written in Rust [Vel25], which
allows users to run accurate simulations of the Cody Computer on their own machines.
Binary files can be attached to the emulator’s UART interface using a command-line
parameter, allowing programs to be tested without physical hardware. This emulator is
an important part of the current workflow in the course and will be referred to as the Cody
Emulator throughout this thesis. The emulator developed in this thesis will be referred to
as CodyNET]]

1.1 Motivation and Problem Statement

The Cody Computer and the Cody Emulator are both useful platforms for executing and
testing programs written in assembly language, but neither provide debugging capabilities
nor other development-oriented features that would make the development process more
efficient. The Cody Emulator makes the process of testing a program easier by removing
the need for physical hardware, but it still requires assembling the binary and executing
it on the emulator using the command line. In addition, it does not include options to
adjust emulation speed, inspect memory or control execution in other ways, which would
be helpful for debugging and development. This thesis addresses these limitations by
developing a new emulator for the Cody Computer that combines debugging features
with a graphical user interface (GUI), making the development process more direct and
giving the user more control over the emulation.

'CodyNET is released as open source under the MIT license at https://github. com/Mimonsi/CodyNET.


https://github.com/Mimonsi/CodyNET
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1.2 Goals

The goal of this thesis is to create a new emulator and development environment for
the Cody Computer, that is easy to set up, straightforward to use, and helpful during
debugging and development. The software should provide a graphical user interface
(GUI) that allows users to control the start, pause and step through emulation, inspect
memory state, and adjust emulation speed.

Debugging features such as breakpoints, step-by-step execution, and memory inspec-
tion are the central contribution of the project and should be implemented in a way that
feels intuitive to users familiar with modern development tools. At the same time, the
emulator should behave as closely as possible to the original Cody Computer, including
accurate emulation and support for the relevant hardware components. Finally, the new
environment should improve the edit—assemble—test loop itself. While the existing Cody
Emulator only supports attaching a file as UART-Source on startup, attaching files dur-
ing runtime would allow users to test their program without restarting the emulator, and
should be included in the new emulator as well.

2 Background

This chapter introduces the Cody Computer hardware that CodyNET has to emulate and
the existing tools that define the starting point of the project.

2.1 Cody Computer Architecture

The Cody Computer is an open-source 8-bit home computer designed by Frederick John
Milens Ill [Mil25]. It is inspired by classic home computers of the 1980s and is built around
the Western Design Center W65C02S microprocessor [24] and a Parallax Propeller mi-
crocontroller.

The memory map of the Cody Computer is divided into three regions. These regions
are relevant later in Section where the same structure is mirrored in CodyNET’s
memory-mapping implementation.

* RAM ($0000—$9EFF, 40 KB): General-purpose read/write memory used for program
data and the stack.

» Propeller RAM ($A000—$DFFF, 16 KB): Memory-mapped region providing access
to the Propeller coprocessor, including video and audio control registers.

* ROM ($E000—$FFFF, 8 KB): Read-only memory containing the CodyBASIC inter-
preter and system firmware.
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Figure 1: The Cody Computer, showing the assembled PCB with 3D printed case and
attached keyboard. The display is showing the built-in CodyBASIC interpreter. Image

from .

A key feature of the Cody Computer is its use of a Parallax Propeller P8X32A as a
coprocessor. This chip handles tasks that would otherwise require dedicated hardware,
including video signal generation, audio synthesis, bus arbitration, and clock signal gen-
eration for the 65C02. This design keeps the main CPU simple while offloading the more
complex /O responsibilities to the Propeller.

The Cody Computer includes the following hardware peripherals:

Video (VID chip) The video output is handled by the Propeller, which generates a com-
posite NTSC-compatible analog video signal. The display resolution is 160x200
pixels with a fixed 16-color palette. The Cody Computer also supports a hi-res
mode that doubles the horizontal resolution to 320 pixels. The character set used
is CODSCII, a character encoding inspired by Commodore’s PETSCII.

Versatile Interface Adapter (65C22 VIA) The VIA chip provides two general-purpose
I/O ports (Port A and Port B), two hardware timers (T1 and T2), and a shift reg-
ister. It is used primarily for keyboard input via a matrix keyboard layout.

UART The Cody Computer includes two buffered UART channels (UART1 at $D480,
UART2 at $D4A0). A UART is a hardware interface for serial communication; on
the Cody Computer, it is used to transfer programs and binary files to the machine.
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Audio Audio output is synthesized by the Propeller coprocessor using a subset of the
SID chip’s functionality.

Expansion The Cody Computer features an SPI cartridge slot and a 20-pin expansion
port for additional hardware.

The system boots into CodyBASIC, a dialect of the BASIC programming language com-
bining elements of Tiny BASIC and Commodore BASIC [Mil25]. Programs can also be
developed in 65C02 assembly language and loaded onto the system via the UART inter-
face.

2.2 Existing Tools

Before introducing CodyNET, it is useful to review the existing tools available in the course
workflow and the limitations that motivated a new implementation.

2.2.1 Cody Emulator

The Cody Emulator is an open-source emulator for the Cody Computer written in Rust by
Miles Vella [Vel25]. It accurately emulates the 65C02 CPU including the full instruction
set and cycle-accurate timing, as well as all major hardware components of the Cody
Computer: the VID chip, VIA chip, UART channels, and keyboard input. The emulator
renders to a native window using the pixels and winit libraries and is operated entirely
via the command line.

A binary file is loaded by passing it as a positional argument to the executable. Files can
optionally be attached to UART1 at startup using the -uarti-source flag, which allows
programs to be loaded via a simulated serial connection. Additional flags allow overriding
the load address and interrupt vectors, and a -fast flag disables cycle-rate throttling to
run the emulator as fast as possible.

Despite being a capable and accurate emulator, the Cody Emulator lacks several features
that would be useful for software development:
» No graphical user interface — all interaction is through the command line

» No debugging features such as breakpoints, step-by-step execution, or memory
inspection

» UART input can only be attached at startup and cannot be changed during runtime

» No emulator speed control, except for the -fast flag which disables throttling en-
tirely



* No audio emulation

» No integrated assembler

2.2.2 64Tass Assembler

64Tass is an open-source cross-assembler for the 65xx family of processors [soc24]. It
takes assembly source files as input and produces binary output that can be loaded onto
the Cody Computer or passed to an emulator. 64Tass supports the full 65C02 instruction
set and provides features such as macros, labels, and various output formats. It is the
standard assembler used for Cody Computer development and is referenced in the official
Cody Computer documentation [Mil25] p. 16].

When developing for the Cody Computer, the typical workflow involves writing assembly
code, assembling it with 64 Tass into a binary, and then either transferring the binary to the
physical hardware via serial connection or passing it to the Cody Emulator via the com-
mand line. This process must be repeated for every change, and the lack of debugging
capabilities means errors can be difficult to diagnose. Because 64Tass already satis-
fies the assembler requirements of the course and is familiar to existing users, CodyNET
reuses it instead of introducing a second assembler with potentially different behavior.

3 Related Work

Several existing tools are related to CodyNET, either as direct predecessors, as inspi-
rations for parts of the system, or as comparable applications for Ul design and user
experience.

3.1 Cody Emulator

The most closely related work is the Cody Emulator by Miles Vella [Vel25], which is al-
ready described in detail in Section It serves as the primary implementation refer-
ence for CodyNET, as it accurately emulates the same hardware and has been validated
against the physical Cody Computer. CodyNET builds upon the same emulation goals
— accurate 65C02 execution, support for the same hardware peripherals and behavioral
compatibility with the original hardware — while extending the platform with several new
features.
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3.2 Mesen Emulator

Mesen is an open-source, high-accuracy emulator for the NES and SNES, developed by
Sour [Sou25] that includes a variety of debugging and inspection tools, as seen in Fig.
Although it targets a different hardware platform, it is relevant to this thesis because
it extends intuitive emulation control with user interface for debugging tools. Mesen’s
debugging features are opened as pop-up windows that can be arranged and resized
independently, allowing users to customize their workspace. The menu bar navigation
and resizable screen served as a concrete inspiration for the design of CodyNET’s user
interface, and the implementation of the debugging tools in Mesen provided a reference
for how to structure and implement similar features in CodyNET.

-

Mesen - Tetris (JUE) (W1.1) [!] = (m] K

Figure 2: Mesen, loaded with a Game Boy ROM of Tetris. An overview of the debugging

tools is shown
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3.3 ProcessorTests and Single-Step Validation

To validate the correctness of the 65C02 CPU emulation, CodyNET makes use of the
SingleStepTests test suite [Har], a community-maintained collection of processor tests
for the 65xx CPU family. Each instruction is tested against thousands of cases cover-
ing a wide range of input states, register values and memory configurations. Using an
established external test suite rather than handwritten tests provides a higher degree of
confidence in CPU correctness, because the expected outputs are derived from the be-
havior of physical hardware rather than from the implementation under test. Furthermore,
relying on this suite made it possible to focus development effort on the emulator architec-
ture, the debugger, and the Ul instead of re-implementing a large validation test structure
from scratch.

4 Approach

This chapter outlines how the goals from Section are translated into a concrete soft-
ware design. It first defines the functional and non-functional requirements that CodyNET
must satisfy, then motivates the chosen tools and overall architecture, and finally de-
scribes the development process by which the system was built.

4.1 Requirements

CodyNET must meet the following functional requirements (FR), which describe the fea-
tures the software must provide, and non-functional requirements (NFR), which describe
properties of the software itself such as portability and ease of use.

Functional Requirements

FR1 — Graphical User Interface CodyNET must provide a GUI that allows users to con-
trol the emulation without using the command line.

FR2 — Cycle-Accurate Emulation The emulator must accurately emulate the 65C02 mi-
croprocessor and all hardware components of the Cody Computer, including correct
cycle timing.

FR3 — Breakpoints Users must be able to set breakpoints at specific memory addresses
to pause execution.

FR4 — Step-by-Step Execution The emulator must support stepping through instruc-
tions one at a time.
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FR5 — State and Memory Inspection Users must be able to inspect and view the con-
tents of the CPU state and emulated memory during execution.

FR6 — Adjustable Emulation Speed The emulation speed must be adjustable, allowing
users to slow down or speed up execution.

FR7 — Performance The emulation speed must reach real-time performance (1 MHz) on
typical modern hardware with an accuracy of at least 95 %. A configurable range
between 0.1 MHz and 2 MHz is desirable but not strictly required.

FR8 — Runtime UART Attachment Users must be able to attach files to the UART inter-
face during runtime, without restarting the emulator.

FR9 - Integrated Assembly CodyNET should integrate an assembler, so that users can
assemble and run programs from within the application without external tools.

FR10 — Behavioral Equivalence The emulated behavior must match the physical Cody
Computer as closely as possible, so that programs developed in CodyNET also
work on the real hardware.

Non-Functional Requirements
NFR1 — Ease of Setup The software must be easy to install and run, requiring minimal
configuration from the user.

NFR2 — User Experience The software should be intuitive to use for users experienced
with software development in an IDE.

NFR3 — Cross-Platform Compatibility CodyNET should run on Windows and Linux with-
out restrictions, and ideally macOS.

4.2 Design and Architecture

This subsection describes the technical foundations of CodyNET. It first justifies the
choice of programming language, Ul framework, and development environment, and then
presents the high-level architecture of the resulting application.
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4.2.1 Tools and Technologies

The software was implemented in C#, the primary language of .NET, which is a free and
cross-platform development platform with a managed runtime and a large standard li-
brary [Mic]. C# was already familiar from prior development work and aligned well with
the requirements of this project. lts object-oriented design supports a modular and exten-
sible architecture, which is advantageous for a project that combines emulation, tooling,
and a graphical interface.

The name CodyNET follows established naming conventions in the .NET ecosystem and
is used throughout this thesis to refer to the developed software. The .NET runtime
also offers sufficient performance for the requirements of this project, while just-in-time
compilation keeps the implementation close to native execution characteristics [Mic].

The selected development environment, JetBrains Rider, offers cross-platform support
as well as integrated debugging and profiling tools, which proved especially useful during
optimization of the CPU emulation [Jet].

The graphical user interface is built on the Avalonia Ul framework [Ava25a], a cross-
platform Ul framework for .NET applications that enables a consistent user experience
across different operating systems. The XAML-based Ul design allows structured com-
position of windows and controls, and the framework provides good support for modern
Ul features. Alternative C# Ul frameworks such as Windows Forms, WPF, and .NET
MAUI were considered but deemed unfit: Windows Forms and WPF are restricted to
Windows, and .NET MAUI does not officially support Linux, so all three conflict with the
cross-platform requirement NFR3. The similarity of Avalonia’s XAML to HTML and CSS
further motivated this choice, as it builds on prior experience with web development.

4.2.2 CodyNET Architecture

CodyNET is not only an emulator for the Cody Computer; it also integrates parts of the
surrounding development workflow. The architecture shown in Fig. [3|therefore separates
the emulation core, the graphical frontend, the assembly pipeline, and the host-specific
startup logic.

» CodyNET Core: This component is responsible for the actual emulation of the Cody
Computer, including the CPU, memory, and hardware peripherals. The 65C02 CPU
emulator is the central module of this component and interacts with the rest of the
emulated hardware through the memory and device abstractions. A lightweight
Profiler component continuously measures the emulator’s effective clock speed
and exposes it to the frontend, where it is displayed during execution and used in
the benchmarks reported in Section
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» CodyNET Frontend (GUI): The frontend provides an interface for users to interact
with the emulator. It contains the screen output, keyboard input, execution controls,
register and memory views, and the debugger-related Ul elements that define the
user experience of the application.

» CodyNET Assembler: CodyNET embeds the existing 64Tass assembler [soc24]
instead of re-implementing an assembler from scratch. The original contribution
in this area lies in the surrounding pipeline: a preprocessor translates CodyNET-
specific debug commands into harmless machine instructions, and the GUI inte-
grates the resulting assemble-and-run workflow directly into the application.

» CodyNET Host: CodyNET can be started in multiple ways. When double-clicked,
it launches an interactive shell for simple startup commands; it can also be run
directly from the command line with parameters. This component is responsible for
bootstrapping the frontend and the emulator core in the correct execution mode.

4.3 Development Process

The first step in the development process was to implement a cycle-accurate emulator
for the 65C02 microprocessor, which forms the core of the Cody Computer. This involved
implementing the instruction set, memory access behavior, and instruction timing. Having
a working CPU emulator before implementing other components was crucial, because the
CPU is both the conceptual center of the emulator and its most performance-critical part.

To ensure the correctness of the CPU emulation from the beginning, the publicly available
Single Step Tests [Har| for the 65C02 were integrated early into the workflow. These tests
check each instruction in isolation across thousands of input and state combinations and
provide a solid correctness baseline before higher-level components are added.

After the CPU foundation was in place, the remaining hardware devices were added
incrementally, starting with the memory system, followed by the screen output, UART
handling, debugger and graphical frontend. This ordering allowed each layer to be vali-
dated against a working lower layer and reduced the risk of debugging several incomplete
components at the same time.
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Figure 3: High-level CodyNET architecture. The emulation core, frontend, assembly
pipeline and host logic are separated, while the embedded 64Tass assembler remains
an external component
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5 Implementation

This section describes the technical details of how CodyNET was implemented. It is orga-
nized around the main contributions of the project: CPU emulation, memory and device
integration, the debug command preprocessor, frontend architecture, and the decisions
made to meet the performance requirements.

5.1 CPU Emulation

Prior to the official thesis period, a small exploratory prototype was implemented to vali-
date the feasibility of the chosen approach. The prototype consisted of a minimal 65C02
CPU emulator supporting roughly 20 opcodes and was verified against the Single Step
Tests [Har]. Its sole purpose was to confirm that the test-driven development workflow
and the .NET runtime could meet the cycle-accuracy and performance demands later
required by FR7. The prototype was not used as a code base for CodyNET; the CPU
emulator described in the following was rewritten from scratch, but the test-driven ap-
proach and parts of the CPU architecture carried over into the final implementation.

The 65C02 CPU emulator is the central component of CodyNET and was the first part to
be implemented.

5.1.1 Opcode Lookup

Retrieving the instruction corresponding to an opcode byte is a critical part of the emu-
lation loop, as it is executed on every instruction and must be as efficient as possible.
For this reason, the opcode lookup was the first structure to be implemented in the CPU
emulator.

Each opcode is represented as an Instruction object that bundles the opcode byte, the
mnemonic, the addressing mode, the instruction length in bytes, and the cycle count. The
Mnemonic enum covers all 98 valid 65C02 instruction mnemonics (ADC, LDA, JMP, ... ), and
the AddressingMode enum covers the 15 addressing modes of the 65C02 (Immediate,
ZeroPage, Absolute, ...). A second optional addressing mode field is included for the few
WDC 65C02 instructions (BBR, BBS) that combine two operand modes in a single opcode
and is null for all others. At startup, all 256 entries are stored in an array indexed directly
by the opcode byte value (Listing [1), so that decoding an instruction during emulation
requires only a single array lookup instead of a search or large switch statement.
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public static readonly Instruction[] ByOpcode = new Instruction[256];

1

2

3 static OpcodeLookup ()

4 {

5 List<Instruction> Instructions =

6 [

7 // ADC (Add with Carry)

8 new(0x69, ADC, AddressingMode.Immediate, 2, 2),

9 new(0x65, ADC, AddressingMode.ZeroPage, 2, 3),

10 new(0x75, ADC, AddressingMode.ZeroPageIndexedX, 2, 4),

1 /7 [ ]

12 // BBRO (Branch on Bit 0 Reset) - uses two addressing modes

13 new(0xOF, BBRO, AddressingMode.ZeroPage, AddressingMode.
ProgramCounterRelative, 3, 5),

14 // [...] "250 further entries, one per opcode

15 new(0xCB, WAI, AddressingMode.None, 1, 3),

16 13

17

18 foreach (var instr in Instructions)

19 ByOpcode[instr.0Opcode] = instr;

20 }

22 public static Instruction FromOpcode(byte opcode) => ByOpcode[opcode];

Listing 1: Opcode dispatch in CodyNET. Every instruction is registered once at startup
and looked up by direct array indexing during emulation. Mnemonics, opcodes, and
cycle counts were taken from the 65C02 reference [Fee22] and cross-checked against
the WDC datasheet [24].

For performance reasons, the emulator has no fallback for invalid opcodes. If an op-
code byte is encountered that does not correspond to a valid instruction, execution fails
immediately. This is acceptable because valid binaries are expected to come from an
assembler that already enforces the legal instruction set.

During normal execution, the emulator fetches the opcode byte at the current program
counter, retrieves the corresponding instruction object from the array, and invokes the
method handling the operation. The handler reads any required operands from memory,
performs the operation, and updates CPU registers and flags accordingly. After each
instruction, the cycle counter is incremented by the instruction’s cycle count, and the
emulator waits until the appropriate amount of real time has elapsed before proceeding
to the next instruction.

The same Single Step Tests were used throughout the implementation to verify each
instruction. Each test case specifies an initial CPU and memory state, the expected
resulting state, and the expected cycle count, so running them after implementing an
instruction caught bugs early and provided confidence in cycle accuracy before higher-
level components were added.
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5.2 Memory and Devices

The memory map introduced in Section is represented in CodyNET through a cen-
tral Memory class and a set of dedicated memory-mapped device implementations. The
Memory class owns the underlying RAM, Propeller-shared RAM and ROM regions and
routes accesses in device ranges to the corresponding peripheral objects. This mirrors
the original Cody Computer, where hardware devices live inside the CPU’s address space
and are accessed through normal memory reads and writes.

Each device implements the IMemoryMappedDevice interface, which describes the ad-
dress range it occupies and how reads and writes are handled. The full interface contract
is shown in Listing

public interface IMemoryMappedDevice

1
2 {

3 ushort StartAddress { get; }
4 ushort EndAddress { get; }

5 bool SupportsRead { get; }

6 bool SupportsWrite { get; }
7
8
9

Interrupt Update(long cycle);

10 byte Read(ushort address);
11 void Write(ushort address, byte value);

12}

Listing 2: IMemoryMappedDevice contract. Devices declare an address range, indicate
whether they handle reads or writes, and may participate in cycle-driven updates
through the Update method. The VIA uses it to advance its hardware timers and raise
interrupt flags, the VID to maintain the vertical-blanking signal that CodyBASIC polls
during frame transitions.

This abstraction keeps the CPU agnostic of individual peripherals. The CPU only per-
forms memory reads and writes; the Memory class decides whether the address refers to
plain memory or to a hardware component such as the Video Interface Device (VID), the
Versatile Interface Adapter (VIA), or the UART. Adding a new device therefore primarily
means implementing a new class and registering it with the memory subsystem, without
modifying the CPU loop itself. The same abstraction would also support future devices
such as a sound chip, which is currently the most prominent gap relative to the original
hardware — a non-trivial undertaking, as illustrated by an unmerged pull request that at-
tempted to add audio support to the Cody Emulator [Rit26]. The resulting class hierarchy
is shown in Fig. (4]
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IMemoryMappedDevice Inheritors

/ IMemoryMappedDevice \

Interface
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+ Update(): Interrupt
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IVideoDevice {
{ VideolnterfaceDevice } { UartDevice }

Figure 4: Most devices implement the IMemoryMappedDevice interface.

Naively, every memory access would have to iterate over all registered devices to find
the one responsible for a given address. At the 1 MHz target clock, this would have a
significant impact on the performance cost of every read and write operation. The Memory
class therefore precomputes a 64 KiB lookup table at registration time: each address slot
stores a direct reference to the device responsible for reads at that address (or null for
plain memory), so the dispatch reduces to a single array indexing followed by an interface
call. This is the same trick used for opcode dispatch in Section and is the reason the
device abstraction does not measurably affect the inner emulation loop.

A companion interface, IMemoryAccessTapDevice, allows additional observers to be at-
tached to memory reads and writes without occupying address ranges of their own. This
is the mechanism through which the debugger watches reserved addresses (Section|5.3)
without polluting the CPU implementation with debug-specific logic.

The keyboard is integrated as a Keyboard device that maintains the Cody Computer’s key
matrix and is exposed to assembly code through the VIA, just like on real hardware; host
key events from the frontend are translated into matrix state through a logical mapping
table, and assembly programs read the same memory locations they would on the orig-
inal device. This means that programs and games written for the Cody Computer run
unchanged in CodyNET in terms of input handling. Alternatively to the logical keyboard
mapping, which maps each key to the same character, there is also a physical mapping.
The physical mapping projects the original cody keyboard layout onto the host layout, so
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that pressing the key in the same physical position on the host keyboard produces the
same effect as on the original device, regardless of the host layout. An easy example for
the difference between the two mappings is the Z key: on a QWERTY layout, the logical
mapping produces a Z character, while the physical mapping produces an Y, because
the original Cody Computer’s keyboard has a QWERTZ layout. The special keys of the
Cody Computer, such as Cody, Meta and Arrow have been mapped to the host’s Control,
A1t and Return keys respectively, as these are the closest equivalents on a standard
keyboard.

5.3 Preprocessing, Assembly, and Debug Commands

A central contribution of CodyNET is that debugging functionality is integrated directly into
the assembly workflow without introducing a CodyNET-specific instruction set. Programs
written for CodyNET continue to assemble and run unchanged on the original Cody Com-
puter and the Cody Emulator; the additional debugging capabilities are entirely contained
in a thin preprocessor that runs in front of the embedded 64 Tass assembler.

When the user assembles source code — either from the integrated editor or from an
external .asm file — the CodyAssembler first invokes the CodyPreprocessor to translate
any CodyNET-specific debug directives into plain 65C02 instructions, then passes the
result to 64 Tass, and finally loads the produced binary into the emulator.

The preprocessor recognises three debug directives, all of which are mapped to writes to
otherwise unused addresses in the upper I/O page (Listing[3).

private static readonly Dictionary<string, string> commandReplacements = new()

1
2 {

3 { "DBP", "STZ $$FF00" }, // breakpoint

4 { "DRS", "STZ $$FFOL1" }, // dump registers
5 { "DMP", "STZ $$FFO2" }, // dump memory

6 };

Listing 3: Debug-command rewrite table from CodyPreprocessor. Each directive is
replaced by a STZ (store zero) instruction targeting a reserved address that the emulator
interprets as a debug event.

A breakpoint inserted in the source code as DBP therefore reaches the assembler as
STZ $FF00 — a perfectly legal 65C02 instruction that, on real hardware or in the Cody
Emulator, simply writes a zero into an unused memory cell with no observable effect.
On CodyNET, the debugger registers a memory access tap on these three addresses
(Section[5.2), and a write to $FF00 suspends execution, while writes to $FF01 and $FF02
cause a register or memory snapshot to be emitted. This separation between source-
level intent and the underlying hardware-compatible representation is what makes the
debugger fully transparent to the original toolchain.
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When loading an assembly file with existing breakpoints, CodyNET automatically adds
them to the breakpoint list and marks the corresponding lines in the editor. All break-
points in the gutter are translated into the same DBP directive before being handed to the
preprocessor.

For source-level navigation during a debugging session, the assembler can additionally
request a listing file (.1st) from 64Tass. CodyNET parses this listing to build a mapping
from emitted byte addresses back to lines in the preprocessed source, which is then
translated to the user’s original editor lines. The mapping is what allows the debugger
to highlight the currently executing line, resolve breakpoint addresses bidirectionally, and
step through code at the source level rather than at the byte level.

At the Ul level, the result of this pipeline is the debugger surface shown in Fig. |5 The tool-
bar exposes a speed selector, an Ignore BPs toggle that temporarily disables all break-
points without removing them, and Pause and Step buttons for manual execution control.

B Cody Computer Emulator

File View Emulator Debug

CPU State Memory Emulator  Speect | 1 Mz - | Ignore BPs  Resume [F9]  Step [F8] Assembly
L codytetri
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PLAYERY

#o
CURRENT_PIECE
#
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Carry GRAVITY_COUNTER

Zero GRAVITY_DELAY

Irq Disable
"

Decimal FAST_DROP_DELAY
e GAMEOVER_FLAG
Overflow SCORE

Negative 5 TETPTR
Breakpoints 1 TETPTR#1

Line Code ROWMASK
TEMP
¥ 1 STZ GAMEOVER_FLAG TABLEPTR
TABLEPTR+1
FWDREV
BUFFLAG
#3507

CodyNET - Version 0.4.5.1 «

Figure 5: Debug controls and breakpoint management in CodyNET. The toolbar (top)
exposes the speed selector, an Ignore BPs toggle, and Pause/Step buttons; the break-
point panel (bottom) lists all configured breakpoints, while the assembly editor (right)
marks breakpoint lines with a red dot.
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5.4 Difficulties and Challenges

During the development of CodyNET, several technical challenges were encountered. In
the following sections, the most significant of these challenges are described, along with
the solutions that were implemented to overcome them.

5.4.1 Cycle-Accurate Timing

Meeting the performance requirements (FR7) was a significant challenge during develop-
ment. The first goal was to achieve stable emulation at 1 MHz, which means the emulator
must execute instructions at a rate of one million cycles per second. This requires not
only an efficient implementation of the CPU emulation, but also a strategy to throttle the
execution to maintain correct timing.

The first iteration of the CPU throttling used Thread.Sleep to wait for the time difference
after executing an instruction, however Thread.Sleep on .NET has a minimum resolution
that is bound to the underlying system clock tick rate, which defaults to approximately
15ms on Windows [Mic25]. This is far too imprecise for the microsecond-level timing
required by the 1 MHz cycle rate.

The second iteration accumulated the execution time of instructions and counted the
number of executed cycles, calling Thread.Sleep only after a fixed number of cycles
had elapsed. Several values and even dynamic functions were evaluated for the cycle
threshold, which significantly reduced the number of sleep calls, but the underlying tim-
ing imprecision of Thread.Sleep still caused irregular pauses that distorted the timing
behavior of the emulator. Additionally, the calculations added non-negligible overhead,
which further impacted the performance.

The third iteration was the easiest to implement and turned out to be the best solution:
An empty while loop that continuously checks the current time until the required number
of microseconds has elapsed. This busy-wait strategy avoids all sleep imprecision and
achieves the required timing accuracy. The trade-off is significantly higher CPU usage
during emulation, as one thread is permanently occupied with the timing loop. This is
an acceptable compromise, since there are no requirements for efficient CPU usage and
modern multicore systems can handle the load without impacting user experience.

5.4.2 Video and Screen Output

The video output of the Cody Computer is generated by the Video Interface Device (VID),
which is implemented as a memory-mapped device in CodyNET. The VID reads pixel
data from the emulated video memory, applies the currently configured color palette and
sprites, and combines the results into a complete frame at the end of each scan cycle.
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To keep the interface between the emulator core and any consuming frontend minimal,
the VID produces a VideoFrame object. It is a lightweight wrapper that contains only the
frame’s width, height, and a flat byte array of pixel data, where each byte is an index into
the active color palette. This decoupling means that the core emulator does not need
to know how or where a frame will be displayed, and any rendering component simply
consumes VideoFrame instances.

Testing the video output during development was non-trivial, because no graphical screen
component existed yet when the VID was first implemented. To validate frames indepen-
dently of the Ul, the first video output implementation wrote each frame to disk as a PPM
image file [Net], a simple uncompressed bitmap format that is trivial to generate from raw
pixel indices. These files were initially rendered using a small Python script, and later
through the PpmVideoOutput class integrated into the emulator, which allowed the frames
to be inspected in detail. Once the VID produced consistent and structurally valid frames,
work on the actual screen component began in Avalonia. The screen component receives
VideoFrame objects from the emulator core and renders them to an on-screen bitmap,
completing the path from emulated video memory to displayed image. This staged ap-
proach, first validating frame data offline, then hooking up a real display, allowed bugs in
the VID to be isolated from bugs in the rendering pipeline.

5.4.3 Frontend and Ul

In its earliest form, the CodyNET user interface consisted of nothing more than a sin-
gle Avalonia window containing a title bar, a minimal menu bar, and a screen area for
the emulated video output. This was sufficient for verifying that the emulator core and
the rendering pipeline worked together, but lacked any of the debugging, assembly, or
inspection features required by the functional requirements. The Ul was extended incre-
mentally as new features were implemented in the core, with each component—memory
viewer, register display, breakpoint list, editor—added as a separate Avalonia control that
communicates with the emulator core through a well-defined interface.

The CPU state panel deserves explicit mention, because it surfaces internal emulator
state that is otherwise invisible. It displays the accumulator (4), the index registers (X and
Y), the stack pointer (S), the program counter (PC), and the processor status register (P)
together with its individual flags (Carry, Zero, InterruptDisable, Decimal, Break, Overflow,
and Negative). For users familiar with the 65C02, this gives full visibility into the CPU on
every step; for less experienced users, the named flags lower the barrier compared to
reading a raw status byte.

The assembly editor was initially developed as a custom Avalonia control from scratch,
with the goal of supporting line numbers, breakpoint markers, and optionally basic syn-
tax highlighting. After significant effort spent on text rendering, caret handling, and line
numbering layout, the implementation was discarded in favor of AvaloniaEdit [Ava25b],
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an established editor component for Avalonia that already provides these features as well
as undo/redo, search, and a stable text model. Reusing an existing library reduced the
editor to a thin wrapper around AvaloniaEdit, with CodyNET-specific extensions limited
to breakpoint markers in the gutter and integration with the preprocessor described in
Section[5.3

A more fundamental architectural issue surfaced when CodyNET was first tested on ma-
cOS. In the initial implementation, the CPU emulation was treated as the main component
of the application and ran on the main thread, while the Avalonia Ul was started on a back-
ground thread. On Windows and Linux this worked without issues, but macOS enforces
that all Ul operations must occur on the main thread of the process, so the application
failed to start at all on that platform. The fix required inverting the ownership: the Avalo-
nia Ul now runs on the main thread as required by the platform, and the emulator core is
launched on a dedicated background thread that it fully owns. This change also brought
the project closer to the conventional structure of a desktop application, where the Ul is
the entry point and background work is dispatched from it.

Because the emulator and Frontend Ul run on separate threads, the communication be-
tween them is handled through a central FrontendHostBridge class, which exposes func-
tionality of the emulator to the Ul in a centralized way. This design allows the emulator
to remain decoupled from the specifics of the Ul framework, and also simplifies thread
management by providing a single point of synchronization.

When double-clicked or executed from terminal without parameters CodyNET exposes an
interactive command-line interface to enter the desired commands. The CLI accepts com-
mands such as run and boot -debug to launch the emulator in different modes (Fig. [6).

CodyNET interactive CLI
' for help, ' ' to quit.
' to run the emulator into the BASIC Shell.

—debug

:10.861][Information] Executing boot command with main-thread screen host
:11.932 ] [Information! Avalonia screen device created successfully.
:11.945] [Information! Cody Setup complete

:11.950 ] [Information] Using reset vector Ox from loaded data

Figure 6: The interactive CodyNET CLI, here launching the emulator in debug mode
via boot -debug.

Loading an assembly source file into the editor can be done either through the File menu
or directly via the Load button in the assembly editor panel (Fig.[7). Both entry points open
the same file dialog, providing redundancy and making sure the functionality exists where
the user expects it.



5.5 Performance Improvements 21

Emulator ~ Specd: | 1Mz |

CoDY CORFUTER ERSIC Ul.\ =

FLAGS

Carry
Zero
Irq Disable
Decimal
Break
Overflow
Negative
Breakpoints

Line Code

CodyNET - Version 0.4.51 -

Figure 7: Two equivalent ways to load an assembly file into the editor: through the File
menu (top left) or via the Load button in the assembly editor panel (top right).

5.5 Performance Improvements

To ensure a smooth performance and user experience even when adding the rest of the
required functionality, the emulator was optimized at several points during development.

Optimization was performed in two phases rather than continuously throughout develop-
ment. A first informal pass took place immediately after the CPU emulator and primitive
memory were functionally complete and before any hardware devices were added. At
that stage the CPU was the only component executing in the emulation loop, which made
it straightforward to identify and address the most obvious bottlenecks in the instruction
dispatch. No systematic measurements were recorded during this pass; its purpose was
to bring the bare CPU loop into a sensible performance range before the rest of the
system was built on top of it.

The second phase began after all required features—memory-mapped devices, video
output, input handling, and the debugger—had been implemented. The full emulation
loop then reflected realistic workloads, allowing profiling to capture interactions between
components that are not visible when only the CPU is running. The measurements re-
ported in this section refer exclusively to this second phase. The impact of each optimiza-
tion step was measured by running the emulator in unthrottled mode and recording the
average instruction frequency over five-second windows, both with the debugger inactive
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(normal mode) and active (debug mode).

Optimization step Normal (MHz) A normal Debug (MHz) A debug

Baseline 6.88 — 3.35 —
Interrupt struct 8.50 +23.5% 412  +23.0%
Opcode array lookup 8.90 +4.7% 4.11 ~0%
Total 8.90 +29.4% 4.1 +22.7%

Table 1: Unthrottled emulation speed before and after each optimization step (averages
over five 5-second measurement windows).

The raw measurement data for these optimization steps, along with the benchmark data
underlying Section is documented in Section [Al

The first optimization consisted of changing the Interrupt class to a struct. This structure
is used to represent the state of the CPU’s interrupt lines (IRQ and NMI) and is accessed
on every instruction to check for pending interrupts. In the original implementation, the
Interrupt class was a reference type, which meant that every access to the interrupt state
involved dereferencing a heap-allocated object, which is a significant overhead in a tight
loop running at 1 MHz. Changing it to a struct made it a value type, which is stored
directly in the containing class and accessed without indirection, eliminating the overhead
of heap allocation and reference dereferencing. This change yielded the largest single
improvement, raising unthrottled throughput by approximately 23% in both normal and
debug mode.

The original instruction dispatch used a try-catch block to handle unknown opcodes;
exception handling in .NET carries overhead even on the non-exception path, so this was
removed, because invalid opcodes are not expected in valid programs and the assembler
is responsible for ensuring that only valid opcodes are generated.

Language Integrated Query (LINQ), the .NET facility for declarative collection queries,
was used in early versions of the emulator to filter and search instruction collections.
Although convenient, LINQ introduces allocation and iteration overhead that is significant
in a tight emulation loop running at 1 MHz. Replacing all LINQ usage with direct array
accesses and manual loops eliminated this overhead.

Several inner loops were also optimized by adding early-exit checks, such as skipping a
foreach loop entirely when the collection being iterated is empty. A notable example is
the list of memory access taps attached to the Memory class: during normal execution
no taps are registered, and a single length check at the top of the dispatch avoids the
overhead of setting up an iterator on every memory access.

The opcode dispatch optimizations together raised clockspeed by 4.7% in normal mode;
the improvement in debug mode was negligible, which is expected as the debug mode
bottleneck lies in debugger overhead rather than instruction dispatch. Together, the two
optimization phases improved unthrottled performance by 29.4% in normal mode and
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22.7% in debug mode. At this point, the clock speed reached values well above the
2 MHz target specified in FR7. These speeds were achieved within the IDE and are
not representative of release performance. Achieving these speeds in the unoptimized
debug mode in the IDE should be sufficient to ensure that the optimized release build can
maintain real-time performance.

6 Evaluation

This chapter evaluates whether CodyNET meets the goals set out in Section The
evaluation is structured along three axes: a practical debugging scenario (Section [6.1),
performance and timing accuracy of the complete application (Section [6.2), and usabil-
ity together with a comparison to the existing Cody Emulator (Sections and [6.4).
Together, these aspects determine whether CodyNET is a viable replacement for the
existing tooling in the Embedded Systems course.

6.1 Practical Debugging Use Case

To illustrate the practical benefit of CodyNET, consider a typical scenario from the Em-
bedded Systems course. A student is implementing a small game in 65C02 assembly
and observes that, after a few seconds of gameplay, the player sprite suddenly disap-
pears from the screen. The program does not crash, no error is reported, and the game
continues to run; only the sprite is gone.

With the existing Cody Emulator, the student’s options are limited. They can re-read the
source code or add textual debugging output to the program, which is tedious to imple-
ment and equally tedious to test in assembly language. Since the Cody Emulator offers
no way to pause execution, inspect registers, or examine memory, narrowing down the
cause of the bug becomes a repetitive loop of guessing, modifying the source, reassem-
bling, and restarting the emulator.

With CodyNET, the same problem can be approached systematically. The student loads
the assembly code, places a breakpoint on the sprite-update routine, and starts the em-
ulation. When the breakpoint is hit, execution pauses and the student can step through
the routine instruction by instruction, watching the relevant CPU registers and the sprite’s
coordinates in memory change in real time. Within a few steps it becomes apparent that a
sprite coordinate is being manipulated incorrectly — a bug that would have been difficult
to locate by inspection alone. After fixing the semantic error in the source, the student re-
assembles the program and attaches the updated binary to the running emulator without
restarting it, verifying the fix immediately.

Fig. 8 shows a representative debugging session. The assembly editor on the right con-
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tains source-level debug directives such as DMP, DRS, and DBP; the breakpoint list below
the screen tracks active breakpoints, and the CPU state panel on the left exposes the
machine state once execution stops.
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File  View Emulator Debug

CPU State Memory [Enlaton z Ignore BPs  Pause[F9]  Step 78]

REGISTERS
RowLoop2u
Name Hex
00
02 4
1 546 LEFT_OFFSET:
F6 u CURRENT_PIECE
A

24

FLAGS

Canry

Zero LEFT_OFFSET_TABLE X
1rq Disable o LEFTOFFSET

Decimal

Break
Overflow -
565 RIGHT_OFFSET:
Negative 5 CURRENT_PIECE
Breakpoints 2 567 A
5 A

CURRENT_ROT

RIGHT_OFFSET_TABLE, X
RIGHTOFFSET

578 BOTTOM_OFFSET :

CodyNET - Version 1.0.0.1 « ©

Figure 8: A debugging session in CodyNET. Source-level debug directives in the editor
(right) and configured breakpoints (bottom) cooperate with the CPU state panel (left) to
make a running program observable and controllable.

This use case captures the core value proposition of CodyNET: it turns the develop—
test cycle from a largely opaque loop into an interactive and observable process. The
remainder of this chapter evaluates how well the implementation delivers on this promise.

6.2 Performance and Speed Accuracy

The performance goals for CodyNET were to achieve real-time emulation at 1 MHz with
an accuracy of at least 95%, and to additionally provide a faster-than-real-time mode
that should reach 2 MHz where possible. Unlike the relative optimization measurements
in Section this section evaluates the complete application under realistic usage con-
ditions.

To evaluate whether these goals were met across different platforms, benchmarks were
conducted on three representative low- to mid-range consumer laptops, covering all three
major operating systems:
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Windows ASUS ZenBook Duo (Intel Core i7-10510U @ 1.80 GHz, 16 GB DDR4, Win-
dows 11)

Linux HP Envy x360 (AMD Ryzen 5 2500U, 16 GB DDR4, Ubuntu)
macOS MacBook Neo (Apple A18 Pro, 8 GB unified memory, macOS Tahoe)

These machines were chosen to reflect typical student hardware rather than high-end
workstations, as CodyNET is intended for use in an educational context. Each bench-
mark ran CodyNET using the run command with the Cody Bros binary as the workload,
repeated five times per device and configuration. The frequency values were collected
by CodyNET’s built-in Profiler, which samples the executed cycle count over fixed time
windows and exposes the resulting frequency to the frontend.

The Cody Bros program (Fig. was chosen because it is a non-trivial assembly appli-
cation rather than a synthetic microbenchmark: it continuously exercises CPU execution,
memory accesses, and video output, and is therefore closer to the workloads students
actually run. The first sample of each run was discarded to account for JIT warm-up
effects. Each remaining plotted sample corresponds to one five-second measurement
window.

6.2.1 1 MHz Stability

In normal mode, all three devices achieved stable 1 MHz emulation across all runs, as
shown in Fig.[9] The measured frequency remained within 1% of the 1 MHz target at
all times, well within the required 95 % accuracy threshold. The first sample of each run
occasionally showed a slight upward spike of up to 1.35MHz, caused by JIT compilation
overhead in the first measurement window; subsequent samples were consistently on
target.
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Figure 9: Measured emulation frequency across all runs at 1 MHz target (warm-up sam-
ples excluded). Each sample on the x-axis represents one five-second measurement
window. All three devices remain within 1 % of the target frequency throughout.
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6.2.2 Fast Mode Throughput

In fast mode (throttling disabled), CodyNET exceeded the 2 MHz target on all three de-
vices. Table[2lsummarizes the mean, minimum, and maximum throughput across all runs,
while Fig. [T0] visualizes the same result with min—max error bars. The mean throughput
and observed range across all runs were as follows:

Device Mean (MHz) Min (MHz) Max (MHz)
Windows (i7-10510U) 7.8 3.3 10.9
Linux (Ryzen 5 2500U) 3.9 1.9 4.6
macOS (A18 Pro) 30.6 27.4 34.3

Table 2: CodyNET fast-mode throughput across three devices (5 runs, 10 samples
each).

The macOS device achieved the highest throughput at approximately 30 MHz, reflect-
ing the efficiency of the Apple A18 Pro chip. The Windows laptop reached a mean of
7.8 MHz, with noticeable variance (3.3—10.9 MHz) caused by thermal throttling during
longer benchmark runs. The Linux device achieved a mean of 3.9 MHz; the minimum of
1.9 MHz observed in one run is attributed to thermal throttling on the older 2018 hardware.
All three devices comfortably exceed the 2 MHz target on average.
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Figure 10: Maximum throughput in fast mode across three devices (5 runs, 10 samples
each). Error bars show the observed min—-max range. The dashed line marks the 2 MHz
performance goal.
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6.3 Usability, Interface, and Debugging Workflow

CodyNET is intended to act like a lightweight integrated development environment for the
Cody Computer. In debug mode, users can load or edit assembly code, assemble it, and
test it using Ul controls to start, pause, and step through the emulation. No additional
software is required to write and test code, because the assembler is integrated into the
application and files can be attached to the UART interface during runtime.

The Ul is designed to feel familiar to users of modern IDEs. Its layout separates the
application into clearly distinguishable areas: a CPU state and memory panel on the left,
the emulated screen in the center, the assembly editor on the right, and the breakpoint
list below the screen. Fig.[T1]shows this arrangement in debug mode.

The CPU state panel exposes the most relevant machine state directly: the accumulator
(4), the index registers (X and Y), the stack pointer (S), the program counter (PC), and
the processor status register (P) together with its individual flag bits such as Carry, Zero,
Overflow, and Negative. This makes the low-level execution state visible without forcing
the user to switch views or use textual dumps.

BN Cody Computer Emulator

File View Emulator Debug

CPU State Memory ulator  Speed: MHz Ignore BPs Pause [F9] Step [F8

CODY COHFUTER EBASIC W1.8 3

246
64731
97
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Figure 11: CodyNET in debug mode. The CPU state panel on the left shows registers
and flags, the central area renders the emulated screen, the breakpoint panel below
tracks configured breakpoints, and the assembly editor on the right allows loading and
compiling source files.
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6.4 Comparison to Cody Emulator

Table [3| summarizes the differences between the two emulators along the dimensions
relevant to the Embedded Systems course. The Cody Emulator and CodyNET are equiv-
alent in their core emulation scope: both implement cycle-accurate 65C02 execution and
the same set of hardware peripherals. Neither emulator currently supports audio — a
community pull request that attempted to add it to the Cody Emulator was rejected as
disproportionately large and not portable across operating systems [Rit26], illustrating
that audio is a substantially harder peripheral to emulate than the rest.

Feature Cody Emulator CodyNET
Cycle-accurate 65C02 emulation v v

VID, VIA, UART, keyboard v v

Audio — —
Graphical user interface — v
Breakpoints — v
Step-by-step execution — v
Memory and CPU state inspection — v
Adjustable emulation speed Real time / fast v
Runtime UART attachment — v
Integrated assembler — v
Distribution cargo / source single executable
User-installed runtime deps. Rust toolchain  none (self-contained)

Table 3: Feature comparison between the existing Cody Emulator and CodyNET.

CodyNET differs primarily in two dimensions: it adds the interactive development and
debugging features that motivated this thesis, and it removes the need for separate user-
installed tooling in the common case by shipping as a self-contained executable. For
users whose only requirement is running existing programs without inspection, the two
tools are largely interchangeable; for development and debugging, CodyNET substan-
tially exceeds the functionality of the Cody Emulator.

Fig.[12] shows the reduced normal mode used when the debugger Ul is not needed.
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CodyNET - Version 1.0.0.1 +  Ftuning

Figure 12: CodyNET in normal (non-debug) mode running Codybros. The minimal lay-
out exposes only the emulator screen and basic playback controls, providing an experi-
ence comparable to the existing Cody Emulator while still benefiting from the integrated
GUI.
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7 Conclusion and Future Work

This thesis set out to design and implement a new emulator for the Cody Computer that
improves on the existing tooling used in the Embedded Systems course at Heinrich-
Heine-Universitat Disseldorf. The motivation was twofold: the original Cody Emulator,
while accurate, exposes only a command-line interface and offers no facilities for inspect-
ing or controlling the emulation, and the develop—test cycle for assembly programs on
the Cody Computer is correspondingly cumbersome. The result, CodyNET, is a cross-
platform desktop application that combines a cycle-accurate emulation core with an in-
tegrated graphical user interface, an embedded assembler, and a full set of debugging
features.

7.1 Summary of Results

CodyNET fulfils all functional requirements specified in Section The emulator pro-
vides a graphical user interface (FR1) that exposes execution control, memory inspection
(FR5), breakpoints (FR3), step-by-step execution (FR4), and adjustable emulation speed
(FR6) through controls modeled on common modern IDEs. The 65C02 emulation is
cycle-accurate (FR2) and was verified instruction by instruction against the publicly avail-
able Single Step Tests during development. Files can be attached to the UART interface
at runtime without restarting the emulator (FR8), and the embedded 64Tass assembler
allows assembly programs to be edited, assembled, and executed from within the appli-
cation without external tooling (FR9).

The performance evaluation in Section shows that the performance goal (FR7) is
comfortably met on representative student hardware across all three major operating
systems. In normal mode, the emulation frequency stays within 1 % of the 1 MHz target
on every tested device, well above the required 95 % accuracy threshold. In fast mode,
throughput exceeds the 2 MHz goal on all three devices, ranging from 3.9 MHz on an older
Linux laptop to over 30 MHz on a current Apple Silicon machine. Beyond the quantitative
results, the motivating use case in Section [6.1] illustrates the qualitative improvement:
a debugging task that requires guesswork and repeated reassembly with the existing
Cody Emulator can be carried out interactively in CodyNET, with execution paused at a
breakpoint and the relevant CPU and memory state visible at a glance.

Taken together, CodyNET demonstrates that a modern, IDE-like development experience
for the Cody Computer is achievable on commodity hardware without compromising on
emulation accuracy, and that the busy-wait timing strategy combined with targeted hot-
loop optimizations is sufficient to maintain real-time performance even with the additional
overhead introduced by the debugger.

The complete source code and test data are publicly available under the MIT license
at https://github.com/Mimonsi/CodyNET, allowing the Embedded Systems course to
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adopt and extend CodyNET in the future.

7.2 Lessons Learned and Alternative Approaches

A number of architectural decisions made early in the project would, in hindsight, have
benefited from a different approach.

Frontend code-behind. The Avalonia views in CodyNET accumulated a non-trivial
amount of logic in their code-behind files rather than in dedicated view models. While
this was pragmatic during early Ul development, where the main goal was simply to get a
working interface in front of the emulator, it later made parts of the Ul harder to test in iso-
lation and entangled Ul concerns with application logic. A stricter Model-View-ViewModel
(MVVM) separation from the start would have produced smaller, more focused views and
would have made it easier to evolve the interface without touching application logic.

Central frontend bridge. The class named FrontendHostBridge, introduced in Sec-
tion grew into a large facade that exposes emulator functionality to the Ul. The
single synchronization point simplified threading, but the class itself gradually became a
catch-all for unrelated concerns. A cleaner alternative would have been to split this re-
sponsibility into smaller controllers for debugging, emulation control, and UART handling.
This would have produced clearer boundaries and made those responsibilities easier to
test in isolation.

7.3 Future Work

CodyNET fulfills the requirements set out for this thesis, but several natural extensions
remain. Some discarded features might be worth revisiting in the future, and the modular
structure of the software should allow additional capabilities to be added without major
refactoring.

Source-level debugging. At present, breakpoints operate at the assembly source level,
which is the appropriate granularity for the 65C02 assembly programs written in the Em-
bedded Systems course. Adding a similar level of integration for CodyBASIC programs
— including symbolic breakpoints on BASIC line numbers and inspection of BASIC-level
variables — would extend the educational value of CodyNET to the BASIC portion of the
course as well.
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Memory and watch expressions. The current memory viewer displays raw address
contents. A logical next step would be a watch system that can track selected addresses
over time and evaluate simple expressions derived from them. The CodyNET Core imple-
mentation supports Memory Taps, which trigger an event when a specific memory address
is read or written. Due to the rework of debug commands to not include parameters, this
feature is currently unused.

Snapshots and replay. This is particularly valuable in an educational context, where
instructors could prepare scenarios for students to investigate. A snapshot feature was
briefly explored during development, but ultimately deferred due to the complexity of cor-
rectly capturing and restoring the full emulator state, including timing-related state and
frontend-visible state.

Performance refinements. A hybrid strategy that combines coarse-grained sleeping
with a short busy-wait at the end of each cycle window could retain timing accuracy
while substantially reducing CPU usage, which would be especially welcome on battery-
powered student laptops.

Sound implementation. Implementing audio emulation would complete the supported
feature set of the Cody Computer and allow students to experiment with sound program-
ming as well. Sound was deliberately scoped out of this thesis because accurately re-
producing the Propeller-based audio synthesis is substantially more involved than any of
the other peripherals. This is reflected in an external data point: a separate contributor
proposed adding audio support to the Cody Emulator in pull request #50 [Rit26], but the
change was rejected by the original author because the audio implementation alone was
larger than the rest of the emulator combined and exhibited inconsistent behavior across
operating systems. Faced with the same trade-off in CodyNET, that effort was directed
instead at core emulation, debugging features, and the Ul, where the impact on the ed-
ucational use case is more direct. Audio remains a natural follow-up; the existing pull
request and the lessons learned from it would provide a useful starting point for a future
implementation.
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Appendices

Appendix A Benchmark Raw Data

The raw measurement data for the performance benchmarks reported in Section
and the optimization measurements in Table [{]is included in the thesis source repository
under fig/benchmarks/EI

A.1 File Layout

Each benchmark run was executed using the run command of CodyNET with the Cody
Bros binary as the workload. Per device and configuration, five runs with ten samples
each were recorded. The directory contains both per-run files and combined files aggre-
gating all five runs of one configuration.

Per-run files benchmark-<device>-<run>.csv for normal mode (1 MHz target) and
benchmark-<device>-fast-<run>.csv for fast mode. Devices are laptop (Win-
dows, ASUS ZenBook Duo), linux (Ubuntu, HP Envy x360), and mac (macOS,
Apple A18 Pro). <run> ranges from 1 to 5. Columns: Sample, FrequencyHz, FPS,
followed by aggregate rows (Average, Min, Max).

Combined files combined-<device>-1mhz.csv and combined-<device>-fast.csv con-
catenate all five runs of a configuration with an additional Run column. These files
are the inputs used by the plotting script.

A.2 Reproducing the Plots

The figures in Section[6.2were generated from the combined CSV files using the plot .py
script located in the same directory. The first sample of each run is discarded by the script
to account for JIT warm-up effects, as discussed in Section|6.2

*https://github.com/Mimonsi/CodyNET- Ausarbeitung/tree/main/fig/benchmarks
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