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The Computer Organization and Architecture (COA) course often lacks
practical activities to help students deeply understand CPU design. To
address this, we present SP-2, a 4-bit CPU architecture designed and
simulated using the Logisim logic simulator. SP-2 builds on the
previously developed SP-1 by introducing significant enhancements,
including 40 instructions (up from 33), 5 addressing modes (up from 3,
adding Register Indirect, Based, and Based Indexed with Displacement),
and Input/Output (1/0) interfacing capabilities, which were absent in SP-
1. A comparison with educational CPU models—Mic-1, SEP, DLX, and
SP-1—shows SP-2's extended support for ALU operations, branching
mechanisms, and 1/O interfacing, surpassing SP-1 in versatility.
Additionally, SP-2 aligns with most Learning Outcomes (LO) outlined in
CS2013 and CE2016 curricula, particularly the Interfacing and
Communication outcome, which SP-1 did not support. Despite its
limitations, such as the lack of stack support, SP-2 bridges the gap
between theory and practical application, offering students a valuable
hands-on learning experience in CPU design.

1. Introduction

hours in CE to meet its LO. The learning media selected
for this course must ensure these outcomes are achieved

Computer Organization and Architecture (COA) is a
cornerstone course in Computer Science (CS) and
Computer Engineering (CE) curricula, as defined by the
Association for Computing Machinery (ACM) [1][2].
This course is fundamental to understanding the inner
workings of computers, particularly the Central
Processing Unit (CPU), which is central to modern
computing systems. Achieving the Learning Outcomes
(LO) outlined by ACM requires more than theoretical
knowledge, it necessitates practical, hands-on
experience with CPU design. While COA is critical in
both CS and CE programs, it often demands more core

but traditional textbooks and many simulators used in
COA courses often focus too heavily on theory, creating
a disconnect between high-level abstractions and
foundational principles [3].

Integrating CPU design into undergraduate programs
bridges the gap between hardware and software.
Practical exposure deepens students' understanding of
instruction set architecture and system interactions,
offering hands-on experience in microarchitecture
design [4].
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The paper is organized as follows: Section 2 reviews
related works, Section 3 covers the SP-1 CPU, Section 4
details the SP-2 architecture, Section 5 compares SP-2
with other works, and Section 6 concludes with future
directions.

2. Literature Review

The study of computer organization and architecture
covers many concepts, but textbooks often emphasize
theory over practical applications. Despite students' prior
experience as computer users, there's a gap in teaching
internal organization of computer [5] due to increasing
abstraction layers. The traditional approach to teaching
COA involves a theoretical review of the internal
components of various CPUs, such as MIPS, x86, and
ARM architectures [6]. But Computer Engineering
Learning Outcomes require students to go further,
designing CPUs that align with architectural principles.
Educators can choose from various educational and
practical CPU architectures, typically classified into four
categories [7]: Theoretical Architectures focusing on
concepts and theory without actual implementation,
CPU Simulators simulating CPU operations without
focusing on internal hardware, Logic Simulator-based
Implementations offering a balance between theory and
practice by enabling CPU design through software
simulators like Logisim, and finally FPGA & Logic IC-
based Implementations providing the most hands-on
experience, using physical hardware for CPU design.
These options provide different levels of complexity,
practical experience, and modification potential.
Summary table of these architecture types with their
advantages, disadvantages and examples is shown in
Table 1:

Table 1. Summary table of types of CPU architecture

Type Advantages  Disadvantages ~ Example CPUs
Theoretical ~ Simple, No real MIC-1 [8],
Architectur ~ concept- implementatio  DLX [9],
es focused, no n, lacks MERIE [10],

hardware hands-on SAP [11]
required experience
CPU Simulate Cannot CADSS [12],
Simulators  CPU modify or WepSIM [13]
behavior, explore
including internal
support for hardware
assemblers design
Logic Allow Limited to MIC-1 [14], 8-
Simulator-  students to virtual design,  bit SEP [7],
based design and lacks real- N2T [15]
Implement  simulate world
ations hardware in hardware
software interaction
FPGA & Hands-on Higher TINYCPU [16],
Logic IC- with physical ~ complexity, YASAC [17],
based hardware, requires VSCPU [18],
Implement  allows real- specialized SVEU16 [19],
ations world hardware CHUMP (Logic
applications 1Cs) [20]

Simulators can be perfect tools for achieving the
Learning Outcomes (LO) of a COA course, especially in

CE programs. The first step to using them effectively is
selecting the right simulator that includes features
covering the majority of COA topics [21]. Popular
options include Logisim [22], Digital [23], CPU Sim
[24] and CPU-OS simulator [25]. Among these, logic
simulators, like Logisim, are often preferred over CPU
simulators because they help students grasp the
underlying working principles of a CPU [26][27].
Positive learning outcomes have been reported when
using logic simulators to teach computer architecture
through the implementation of specific computer designs
[21]. Furthermore, incorporating a series of assignments
that gradually lead to the implementation of a computer
architecture is beneficial for student learning [14].
Logisim, a GUI-based educational logic simulator, lets
users design digital circuits and build a CPU from basic
combinational and sequential components, providing a
hands-on, comprehensive learning experience.

This paper proposes the design and simulation of a 4-bit
CPU architecture, SP-2 (Simple Processor Version 2),
using the Logisim logic simulator which is built on the
foundation of the previous SP-1 (Simple Processor
Version 1). This paper has the following contributions:

1. SP-2 improves upon SP-1 by adding advanced
addressing modes (Register Indirect Mode,
Based with Displacement Mode, and Based
Indexed with Displacement Mode), and
Input/Output interfacing, enriching the learning
experience for students.

2. It provides a hands-on platform for students to
design and simulate a fully integrated 4-bit
CPU, progressing from individual components
like the ALU, memory, and register set, which
helps bridge the gap between theoretical
knowledge and practical application in CPU
design.

3. SP-2 aligns closely with the Learning
Outcomes (LO) specified by the ACM curricula
for Computer Organization and Architecture
(COA), supporting core educational goals in
computer architecture courses.

In this paper, section 3 begins with the Background
Study, which covers the previously designed SP-1 CPU
architecture. Section 4 then outlines the SP-2 CPU
architecture specifications, followed by its design in
Section 5. Next, Section 6 compares the SP-2 CPU
architecture with other existing works and evaluates
whether SP-2 CPU architecture met the Learning
Outcomes (LO) defined by the ACM CS and CE
curricula. Finally, the paper concludes with a discussion
that summarizes the key findings followed by an outline
of potential future work.

3. Background Study (SP-1 CPU)



Journal of Engineering and Applied Science Vol. 08, No. 02, pp. 90-96, December 2024

The SP-1 CPU, as outlined in [4], is a 4-bit Reduced
Instruction Set Computer (RISC) that utilizes 13-bit
machine instructions. In this format, the initial 6 bits are
allocated for opcodes, with 2 bits dedicated to
identifying the type of instruction and 4 bits specifying
the operation itself. This structure not only streamlines
the instruction handling process but also supports
multiple operational modes. The machine code format is
illustrated in Table 2.

Table 2. Machine Code Format of SP-1 CPU [4]

Rest (7 bits) Example ASM

Opcode (6 bits) Code
Types
Opcode  Opcode
[5:4] [3:0]
Register 1 XORR2, R3
Inst?ulztlt-:ons 00 000?1';100 é?(’e;llsttse)rz
(Register operations) (3 bits) +
Mode) P Unused
(1 bit)
ALU Register 1 XORR2, 6
. 0000-1100 :
Instructions o1 (13 (3 bits) +
(Immediate operations) Value
Mode) P (4 bit)
Address JMP LABEL
Branching 10 OOO?l—glOO (7 bits) JC LABEL

Instructions .
operations)

Register 1 LOAD RO, 2
0000-0001 (3 bits) + STORE R1, 10
11 (2 Address/
operations)  Displacement
(4 bit)

Memory
Instructions

The Arithmetic and Logic Unit (ALU) of the SP-1 CPU
processes 4-bit data and is capable of executing 13
distinct operations. These operations include logical
functions like AND (Opcode: 0000), OR (Opcode:
0001), and XOR (Opcode: 0010), as well as other key
operations such as NOT (Opcode: 0011), Shift Left
(SHL, Opcode: 0100), Shift Right (SHR, Opcode:

0101), Division (DIV, Opcode: 0110), Multiplication
(MUL, Opcode: 0111), Subtraction (SUB, Opcode:
1000), and Addition (ADD, Opcode: 1001). It also
supports rotation functions like Rotate Left (ROL,
Opcode: 1010) and Rotate Right (ROR, Opcode: 1011),
alongside a comparison operation (CMP, Opcode:
1100), which is similar to subtraction but without
storing the result. The operation executed by the ALU is
determined by the last 4 bits of the machine instruction
opcode.

The SP-1 CPU is equipped with 8 general-purpose
registers (RO-R7) for data storage, in addition to two
special-purpose registers: the Program Counter (PC) and
the FLAG register. The FLAG register holds two status
indicators: the Sign Flag (SF), which signifies a negative
result, and the Zero Flag (2ZF), which is set to 1 if the
ALU result equals zero. The CPU supports three distinct
addressing modes: Register, Immediate, and Direct.
Register and Immediate modes are primarily used for
ALU-related tasks, while Direct mode is designated for
memory operations.

Furthermore, the SP-1 CPU is capable of executing 24
ALU-based instructions (12 in register mode and 12 in
immediate mode), along with 7 branching instructions
and 2 memory operations. Each instruction is encoded in
machine language using unique opcodes. The CPU can
access memory addresses ranging from 0 to 127 using a
7-bit addressing scheme. The memory is structured with
a word size of 13 bits, identical to the length of the
machine instructions. This memory architecture, which
employs Static Random Access Memory (SRAM) built
with D Flip-flops, provides learners with a hands-on
understanding of how conventional RAM functions.

Control Unit of SP-1 CPU is shown in Table 3.

Table 3. Control Unit of SP-1 CPU [4]

Types Input Output
Opcode . .
[5:4] Opcode [3:0] ZF SF Op[3:0] REG_EN Imm_Sel Jmm_Sel LD_EN ST_EN
ALU 1
Instructions 00 AAAA X X AAAA (Except 0 0 0 0
(Register 1011)
Mode)
ALU 1
Instructions 01 BBBB X X BBBB (Except 1 0 0 0
(Immediate 1011)
Mode)
0000 (JMP) X X
0001 (JE) 1 0
Branching 0010 (JNE) 0 X
Instructions 10 0011 (JL) 0 1 XXXX 0 0 1 0 0
0100 (JLE) SF=1orZF=1
0101 (JG) 0 0
0110 (JGE) SF=0orZF=1
0000 (LOAD
Memory 1 Direct) X X XXXX ! 0 0 ! 0
Instructions 0100 _(STORE 0 0 0 0 1
Direct)
4. SP-2CPU



This section describes SP-2 CPU Description and
Design.

SP-2 CPU Description
The SP-2 CPU converts Memory Instruction type to new
Memory & I/O instructions type by adding new memory
instructions supporting register indirect, based and based
indexed addressing modes and 3 new /O instructions.
Table 4 shows their machine code format, application
and example assembly code.

Table 4. Machine Code Format of New Memory/IO Instructions of

SP-2 CPU
Opcode (6 bits) Efénl\ﬁle
Operations Rest (7 bits)
Opcode  Opcode Code
[5:4] [3:0]
Register 1
LOAD 0000 (3 bits) + LOAD
Direct (LOAD) Address/ RA,
Mode Displacement [Disp]
(4 bit)
Register 1
LOAD (3 hits) +
Register 0001 Register 2 LSQD
Indirect (LOAD) (3 bits) + [RB’]
Mode Unused (1
bit)
Register 1
LOAD nggbl'sttsgr; LOAD
Based 0010 (2 bits) RA,
Indexed (LOAD) +Address/ [RB+Dis
Mode ; Pl
Displacement
(2 bits)
Register 1
STORE 0011 (3 bits) + STORE
Direct (STORE) Address/ [Disp],
Mode Displacement RA
(4 bit)
Register 1
STORE (3 bits) +
Register 1 0100 Register 2 SEI}'?OB?E
Indirect (STORE) (3 bits) + RA !
Mode Unused (1
bit)
Register 1
(3 bits) +
SQORE Register 2 STORE
ased 0101 . -
Indexed (STORE) (2 bits) [RB+Dis
Mode +Address/ pl, RA
Displacement
(2 bits)
Wiaiting
;‘;;:j”ﬁ]“;z't 1101 ACCEP
data to (ACCEPT - T_INPU
input _INPPUT) T
register.
Send data
to be (Plélll?lT PRINT_
printed to OUTPU OUTPU
out_put - T) T
register
Clear 1111
output (PRINT ERLE\IATR_
display _CLEAR)

In order to add support for interfacing, Input Register is
needed to receive input and Output Register is needed to

send output. R6 is now converted to Output Register
(ouT) which can only be written by CPU and R7 is now
converted to Input Register (IN) which can only be
written by external input devices.

SP-2 CPU Design

The addressing modes of the SP-2 CPU can be explained
using an example of the memory instruction "STORE" in
the based-indexed mode. In this example, the assembly
instruction STORE [RB+Disp], RA stores the value
of the RA register into the memory address calculated as
[RB + Disp]. First, the register index for RA (3 bits)
is sent to the Ra port of the Register Set, which provides
the value stored in the RA register to the A port. This
value is then directed to the WD port of the SRAM via a
multiplexer for writing operations. Simultaneously, the
RB register index (2 bits, extended to 3) is sent to the Rb
port of the Register Set, which sends the RB register’s
value to the B port of the ALU. The displacement value
(2 bits, extended to 4) is sent to the A port of the ALU
due to the Based_Disp_Sel signal from the Control
Unit. The ALU computes the sum of RB and the disp
(RB+Disp) and sends this result to the WA port of the
SRAM via a multiplexer selected by the Control Unit’s
ST_Sel signal. This completes the execution of the
STORE instruction. Other memory instructions in SP-2
follow similar execution patterns.

For input/output operations, SP-2 takes input values
from four switches, which are sent to the InRData port
of the Register Set to store the input in the Input Register.
If any switch is on, the INT_INPUT_ AVAIL signal is
set to 1 and sent to the Control Unit. SP-2 accepts input
only when the ACCEPT_INPUT instruction is called,
and INT_INPUT AVAIL is active, indicating an
interrupt has occurred. The CPU then jumps to the
address 01, selected by the INT _INPUT_SEL signal, to
handle the interrupt. Once SP-2 processes the input, it
writes the output to the Output Register, and this output
value is sent from the OutRD portto a TTY display. The
output value is extended to 7 bits and adjusted by adding
the hex value 30 to get the corresponding ASCII
character. When the PRINT_OUTPUT instruction is
called, the INT_PRINT EN signal activates
interrupting the output device, sending the output to the
TTY display. Additionally, the PRINT_ CLEAR
instruction sets the INT_PRINT CLR signal to 1,
clearing the TTY display by interrupting.

Control Unit of SP-2 CPU is shown in Table 5. SP-2
CPU design is shown in Figure 1.
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Table 5. Control Unit of SP-2 CPU

Types Input Output
INT. RE Based LD ST, INT_IN INT. INT_
Opcode Opcode Z S = p Imm  Jmm . - D_ - RAM = = PRINT
[5:4] [3:0] Fop o INPUTL o G Sl | Disp sl N Sel PUT_S  PRINT_ CLEA
- : AVAIL : EN - - “Sel  [1:0] o - EL EN R
All
Ipre"'ou.s XX XXXX X X 0 XX X X X 0 X X X X X X X
nstructio XX
ns
0000
(LOAD 0 1 0 01 1 00 0
Direct)
0001
(LOAD 0 1 0 10 1 00 0
Register
Indirect)
0010
(LOAD
Based 0 1 1 11 1 00 0
Indexed)
0011 0 0 0
(STORE 0 0 0 00 0 01 1
Memory Dolizcot)
&1/0 10 (STORE X X XX 0 0
Instructio Reai 0 XX 0 0 00 0 10 1
ns egister
Indirect)
0100
(STORE 0 0 1 00 0 11 1
Based
Indexed)
1101
(ACCEPT_I 1 0 0 00 0 00 0 1 0
NPUT)
1110
(PRINT_ 0 0 0 00 0 00 0 0 1
OUTPUT)
1111
(PRINT_CL 0 0 0 00 0 00 0 0 0
EAR)
Op[3:0]
REG_EM|
Imm_Sel |
Jmp_Sel §
Based_Indexed_Sel
ST_Sel[1:0]4
LD_Sel[1:0]4
— Ty RAM_EN{
0[6:0] 1 [6:0] LD_|
+
I—I LOG_Addrass INT_INPUT_SEL]
| ::I INT_PRINT_|
116:0] oreol RA1[6:0] RD1 [12:0] 2l Opcoders0l INT.INPUT, AV
7-bit Program RaN_RAD bRAZ [6:0] RD2 [12:0] }ay . ' -
Counter I . ZFn_@
m)—-WA [6:0] Control Unit s
128x13 CF {
D i o S
JWP_ST_Data § 4 141 We P
extend .
PC Enable |11 Sel 0 2 4 6 8 10 12 14 1, 0,
- - —a - -6 1-3 extend
Clock| Ly
Ra[2:0] Rb[2:0]
3 —|
_Address b Wr[2:0
O ciotor Sot W)
Instruction [12:0] |wL|MFuLnATA L et
} InRData[3:0 QutRL{3:0H INT_QUTP TA
LD_ST ad2 wUupur,ssL)- |:R;Na[ ! LOG_R[31:0] _
Address [6:0] -
— 0
E 4 P o
o 0 extend
0-1 2 4 I U U L
extend Blsel 0
u ]
x1 4 7 T
L1 extend
x1 I AL2:0] B[3:0]
x1 op OP[3:0] R[3:0) 0
7 TTY (2 rows, 20 cols) ove PEY e — MU
x _Data
CF SF ZF
To_en
INT_PRINT_EN FLAG R t
Im phadndcts

INT_PRINT_CLR

Figure 1. SP-2 CPU Design
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5. Comparison with Other Works
In our analysis, we conducted a detailed comparison of
the SP-2 architecture with four well-known and widely
adopted educational CPU models: Mic-1 (outlined in [8]
and implemented in [14]), SEP (both described and
implemented in [7]), DLX (presented in [9]), and SP-1
(discussed and implemented in [4]). To validate SP-2's
superiority, benchmarking results were carried out by
comparing its architectural features with these
established models. A summary of the key architectural
features from this comparison is provided in Table 6,
with parts of the table drawing on insights from reference

[7]1.

Table 6. Comparison of SP-2 with other Works.

Features MIC-1 DLX SEP SP-1  SP-2
Word Size of
CPU 8 32 8 4 4
Registers
(Programmable) 2 3 2 8 8
No. of 9 64 21 33 40
Instructions
Addressing
Modes 3 5 4 3 5
Arlthmfetlc 5 4 2 5 5
Instructions
Logic
Instructions 2 3 1 4 4
Shift and Rotate
Instructions 0 3 1 4 4
Branching
Instructions 0 2 4 ! !
Flag Support No No Yes  Yes Yes
Stack Support No Yes Yes No No
Input/Output Both Both  Both No Both
Support

As shown in Table 6, in addition to supporting all the
features of SP-1, SP-2 introduces several enhancements,
including additional addressing modes such as Register
Indirect, Based, and Based Indexed with Displacement.
It also incorporates Input/Output (1/0) support,
broadening the scope of practical application. When
compared to other educational CPUs, SP-2 stands out by
offering more comprehensive features in arithmetic
operations, logical operations, shifting and rotating
functions, branching mechanisms, flag handling, and 1/0
support. The only notable limitation is its lack of stack
support. Overall, SP-2 provides students with a hands-
on, real-life CPU design experience that bridges
theoretical knowledge and practical application.

We also assessed whether our architecture's learning
approach helps meet the Learning Outcomes (LO)
specified in the Computer Science Curricula 2013
(CS2013) and the Computer Engineering Curricula 2016
(CE2016), as detailed in Table 7 [1][2].

Table 7. Checking SP-2 whether aligns with
Learning Outcomes of CS 2013 and CE 2016

Curric Can be Can be
ulum Knowledge Units Learned Learned
from SP-1?  from SP-2?
Digital Logic and Digital Yes Yes
Systems
Machine Level Yes Yes
Representation of Data
Assembly LgveI_Machlne No No
Organization
Memory System
Organization and Yes Yes
CcS Architecture
[2] Interfacing and
Communication (Elective) No Yes
Functional Ol_'ganlzatlon Yes Yes
(Elective)
Multiprocessing and
Alternative Architectures No No
(Elective)
Performance Enhancements
. No No
(Elective)
History and Overview Yes Yes
Tools, Standards and/or
. " . Yes Yes
Engineering Constraints
Instruction Set Architecture Yes Yes
Measuring Performance No No
Computer Arithmetic Yes Yes
Processor Organization Yes Yes
CE Memory System
[1] Organization and Yes Yes
Architectures
Input/Output Interfacing and No Yes

Communication

Peripheral Subsystems No Yes

Multi/Many-Core

Architectures No No

Distributed System

Architectures No No

As shown in Table 7, learning the SP-2 architecture can
satisfy most Learning Outcomes (LO) within the
Architecture and Organization (AR) section of the
Computer Science Curricula 2013 (CS2013) and the
Computer Architecture and Organization (CAO) section
of the Computer Engineering Curricula 2016 (CE2016).
However, CS2013's Knowledge Unit 3 cannot be met
because the SP-2 lacks assembler functionality.
Moreover, Knowledge Units 7 and 8 in CS2013, along
with Units 4, 10, and 11 in CE2016, involve more
advanced and theoretical concepts in computer
architecture.

6. Conclusion and Future Work
In this paper, we presented SP-2, an enhanced 4-bit
version of the SP-1 CPU, designed for undergraduate
Computer Organization and Architecture (COA)
courses. SP-2 offers a comprehensive instruction set and
real-world processor features while remaining simple for
students to understand. However, limitations such as the
absence of stack support, small 4-bit word size, and lack
of advanced features like multiprocessing restrict its
capability for complex tasks. Despite these challenges,
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the Logisim simulator enables step-by-step design,
providing hands-on experience. SP-2’s modular design
allows future extensions, such as increased word size,
stack support, and pipelining, enhancing its relevance for
advanced education. The architecture aligns well with
most Learning Outcomes (LO) in ACM’s Computer
Science and Computer Engineering curricula.

Future work will enhance the SP-2 architecture by
adding stack support, multi-cycle operations, floating-
point instructions, expanded 1/O capabilities, and
assembler support, bringing it closer to real-world CPU
designs. To validate its educational benefits, classroom
trials and student feedback will be conducted, providing
insights into its effectiveness in improving learning
outcomes and advocating for its use in undergraduate
Ccourses.
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