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Abstract. The computer systems course is a cornerstone of computer science ed-
ucation, bridging software and hardware knowledge and cultivating system-level
engineering competence. Traditional teaching models often fragment content and
lack depth in practical training. Thus, students may understand individual com-
ponents such as arithmetic units and memory subsystems, yet struggle to see how
software executes on hardware as a unified system. Moreover, the long-standing
focus on the MIPS instruction set has diverged from current industry trends,
which increasingly favor open architectures like RISC-V. This misalignment
makes it difficult for traditional teaching to address modern engineering and prac-
tical skill needs. In response, this paper presents a comprehensive reform for the
computer systems course that prioritizes the cultivation of system capabilities.
Capabilities are structured hierarchically, with course and practical activities ad-
justed accordingly. The course features a project-based approach centered on de-
signing and implementing a five-stage pipelined processor using the RISC-V
RV32I instruction set. Students progress through the full process, including un-
derstanding the instruction set, designing modules, integrating the system, and
verifying results. Outcomes show significant gains, as excellent course projects
rose from 25% to 60%, and system capability attainment increased from 40% to
88%. These results confirm the reform’s effectiveness in strengthening system-
atic thinking and practical skills, providing a valuable reference for similar course
reforms.

Keywords: computer systems course, system capability cultivation, RISC-V
instruction set, pipelined processor, teaching reform.

1 Introduction

The computer systems course is fundamental for computer-related majors. It covers
machine-level data representation, arithmetic unit structure, hierarchical memory, in-
struction set architecture, and central processing unit design. Students must understand
both individual hardware mechanisms and their interactions within the complete sys-
tem, enabling them to explain program execution in detail. This course bridges pro-
gramming skills and knowledge of system architecture.

Extensive teaching practice suggests that traditional lecture-centered delivery and
fragmented experiments often leave students with weak system-level understanding
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and limited ability to connect concepts across layers. Students may complete isolated
tasks yet struggle to explain how instructions, data paths, and control interact in a run-
ning system. Common difficulties include treating the datapath, control, and memory
subsystem as separate topics, and failing to connect timing with correctness when mov-
ing from diagrams to code [1]. In many offerings, course topics are compartmentalized:
lectures cover datapaths and controllers in isolation, while laboratory work focuses on
verifying single modules, which weakens students’ ability to connect concepts across
the full execution flow. This separation can leave students with “local correctness” in
small units but limited confidence when they must integrate modules, reason about in-
terfaces, and debug system-level behavior.

At the same time, rapid hardware—software co-evolution and industry demand in-
creasingly require graduates to reason about complete system execution, not only com-
ponent knowledge. This creates pressure to align course learning outcomes with prac-
tical, system-oriented engineering capability. As a result, graduates may be able to re-
cite definitions but find it hard to implement a coherent subsystem or to explain why
an integrated design fails under specific instruction sequences. The shift of computer
architecture practice toward open, modern ecosystems also matters. MIPS, once com-
mon in teaching, is now less representative of industrial toolchains, whereas RISC-V’s
open, modular ISA has gained broad academic and industry attention and provides a
realistic basis for architectural design and hands-on implementation.

To address these gaps, this paper reforms the computer systems course around a
RISC-V pipelined processor as a unifying practical project, aiming to strengthen system
cognition and hands-on implementation ability while keeping the teaching workload
feasible. The reform emphasizes “learning-by-building”: students repeatedly relate ab-
stract concepts to concrete signals, timing, and observable behavior in the pipeline. Ac-
cordingly, the paper presents the reform from objectives and content organization to
implementation and effect analysis, so that the motivation, teaching methods, and out-
comes form a coherent narrative [2].

2 Objectives and Teaching Design of the Course Reform

2.1  Reform Objectives

This reform targets system-oriented competence: students should understand how a
computer system executes programs end-to-end and be able to apply core principles in
implementation and debugging, addressing the common disconnect between theory and
practice. It also aims to cultivate disciplined engineering habits, including interface
specification, incremental integration, and evidence-based debugging.

System cognition emphasizes building a coherent mental model of how instructions
flow through the datapath and control, how memory and I/O are accessed, and how
modules cooperate to deliver correct execution. The goal is for students to explain sys-
tem behavior using architectural concepts and to diagnose errors by tracing execution
across stages. In practice, students are encouraged to switch between architectural dia-
grams, RTL modules, and waveforms so that the same mechanism can be understood
at multiple representations [3].
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2.2 Reform Approach

Centered on these objectives, the course adopts a project-driven structure using a five-
stage RISC-V pipeline as the “spine” that links instruction, datapath, control, and veri-
fication. Lectures and labs are reorganized to follow system execution rather than iso-
lated topics [4]. Each lecture topic is mapped to a concrete module or behavior that will
be implemented or tested in the corresponding lab, so that theory directly reduces pro-
ject uncertainty.

In implementation, teaching alternates between concept explanation and incremental
construction of modules, with frequent checkpoints and demonstrations. Students pro-
gress from understanding the overall pipeline to completing key components and inte-
grating them into a working system. Checkpoints require students to submit intermedi-
ate artifacts (module code, simulation evidence, and brief explanations), which reduces
last-minute integration and makes learning progress visible.

2.3 Organization of Teaching Content

Content is reorganized around capability cultivation: core concepts are retained but re-
arranged to match the execution flow of a pipelined processor, and laboratory work is
aligned with the corresponding theory so that each topic immediately supports a con-
crete design task. The resulting structure retains the original knowledge coverage, but
reduces repetition and emphasizes the causal chain from instruction semantics to hard-
ware signals and to program-visible outcomes (Table 1).

Table 1. Mapping between course content and system capability cultivation

Teaching Content ~ Teaching Requirements Capabilities Cultivated

Introduction of Understand Amdahl’s Law, locality, and

. . System cognition
computer systems  the integration of hardware and software. Y g

Logic circuits and Design combinational and sequential cir- System cognition and de-
EDA technology cuits using EDA tools. sign

. . Learn data representations; Master arithme- .
Arithmetic  meth- P System design and devel-

tic operations, exceptions, and floating-

ods and units . opment
point.
. Understand instruction formats and ad- .
Instruction set ar- . . . System design and devel-
. dressing modes; Compare instruction de-
chitecture opment

sign principles.
Central processing Understand CPU components and control; System design, develop-
unit Master pipelining and branch prediction. ment, and application
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3 Teaching Implementation Based on a RISC-V Processor

3.1  Overall Design of Practical Teaching

Practical teaching centers on implementing a five-stage RISC-V pipelined processor,
which serves as the main thread for the course. Students complete modular design, in-
tegration, and testing, so that architectural concepts are learned through building a run-
ning system. The project begins with a reference top-level architecture and a minimal
test harness, after which students implement or complete key modules in a prescribed
order to reduce integration risk.

Compared with confirmatory, single-module labs, the project approach requires stu-
dents to connect modules through interfaces and timing, and to reason about hazards
and control. This supports a transition from “doing tasks” to explaining system behav-
ior. It also encourages students to practice reading and writing interface specifications,
since mismatched assumptions about widths, control timing, or reset behavior are com-
mon sources of failure in real designs. The project is not intended to maximize perfor-
mance or add complex features. It is designed to make key pipeline mechanisms ob-
servable and debuggable, helping students form stable system intuition while keeping
the scope manageable for a teaching schedule [5, 6]. By keeping the instruction set and
peripheral scope limited, most student time can be spent on understanding the pipeline’s
essential invariants (e.g., what must hold true at each stage boundary) and on learning
systematic verification.

3.2 Instruction Set Selection and Toolchain Configuration

The practical project uses the core RV32I integer subset to keep the instruction set
small, stable, and well supported by tools. This choice reduces learning overhead while
still covering representative control flow, arithmetic, and memory-access behaviors
needed to illustrate pipeline design. The subset selection also simplifies compiler out-
puts, making it easier to relate generated assembly to the expected datapath actions
during teaching and debugging.

A classic five-stage pipeline is used, with clearly separated fetch, decode, execute,
memory, and write-back stages (Figure 1). This structure is simple enough for teaching
while still enabling discussion of control, data hazards, and forwarding/stalling mech-
anisms. A small hazard-handling scheme (forwarding and stalling) is introduced so that
students can see why hazards occur and how control resolves them without overwhelm-
ing design complexity.

For implementation, a mainstream FPGA development workflow is adopted (HDL
design, synthesis, place-and-route, and on-board testing) to match common engineering
practice and to ensure students can reproduce results in the lab environment. In the lab,
students use the FPGA vendor toolchain for synthesis and implementation, together
with waveform simulation for pre-board verification; this keeps the workflow con-
sistent with typical digital design practice.

FPGA resource evaluation indicates that the selected teaching platform provides suf-
ficient logic and memory resources for the pipeline design, allowing students to focus
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on correctness, integration, and verification rather than resource constraints. For exam-
ple, the Cyclone-V SoC teaching board (e.g., SCSEMASF31C6N class devices) offers
ample logic elements, on-chip memory blocks, and I/O for the pipeline, basic periph-
erals, and test harnesses used in the course.
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Fig. 1. Teaching schematic of a five-stage pipeline processor based on RISC-V.

3.3 System Implementation, Validation, and Teaching-Oriented
Adaptation

Implementation proceeds module by module following the pipeline structure, with clear
interface definitions and staged integration. Students first implement core datapath
units, then add control logic and hazard handling, and finally run end-to-end programs
to validate correctness. To control difficulty, optional extensions are provided as stretch
goals, but the assessment focuses on a correct baseline pipeline implementation.

In decode, instructions are parsed to generate operands, immediates, and control sig-
nals. The design emphasizes clarity of control generation so that students can trace how
each instruction type drives downstream stages. Students learn to distinguish combina-
tional decoding from registered control, and to reason about how control must be de-
layed or aligned when it travels through pipeline registers.

In execute, the ALU performs arithmetic/logic operations and computes branch de-
cisions and effective addresses. The course highlights how execution results and control
outcomes must be aligned with pipeline timing. Branch resolution illustrates trade-offs
between simplicity and performance, and provides a natural setting to explain how mis-
predictions or late decisions impact the instruction stream in earlier stages.

To make pipeline behavior observable, the course emphasizes hazard handling in the
execute stage. Students implement basic forwarding paths and a stall/bubble mecha-
nism for typical data conflicts, then validate that control and data signals remain aligned
as instructions advance through the registers. Load-use cases are treated as representa-
tive corner scenarios, so students can relate incorrect results to a specific stage interac-
tion.

In memory, load/store accesses are handled and remaining instructions pass their
results forward. Students learn to manage data alignment and to ensure that write-back
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receives the correct value under different instruction types. The write-back path is
treated explicitly: students verify that destination register selection, write-enable con-
trol, and data selection match the instruction semantics across all supported operations.

Auxiliary modules such as the register file, instruction/data memory, and basic I/O
are provided or implemented in simplified form. This keeps attention on the pipeline
while still enabling complete program execution and observable outputs. Typical teach-
ing peripherals include a simple serial interface for printing results, LED/switch I/O for
quick checks, and a minimal memory-mapped interface so that software-visible behav-
ior can be demonstrated in class.

For FPGA resource evaluation, the Cyclone-V SoC platform used in the course pro-
vides roughly 85k logic units, 128k registers, and 496KB of block RAM. After estimat-
ing the needs of key modules (ALU, register file, and instruction/data memories), the
board is sufficient for a baseline RV32I five-stage pipeline; on-chip block RAM is used
for instruction and data memory to reduce logic occupancy.

Debugging and verification follow a hierarchical strategy. Students first verify indi-
vidual modules with targeted simulation tests, then validate stage-level behavior by in-
specting pipeline registers and key control signals, and finally run integrated instruction
sequences on the board to check hazards and corner cases. Representative programs
include arithmetic sequences, load-store loops, and branch-heavy cases designed to
trigger hazards and control transfers; students compare expected and observed out-
comes to locate faults efficiently.

4 Analysis of the Effects of Teaching Reform

Effect evaluation combines quantitative and qualitative evidence. Quantitatively, we
use students’ completion of the processor project, lab performance, and assessment re-
sults to reflect engineering implementation ability and conceptual mastery across the
course outcomes. Where possible, results are compared with prior cohorts using the
traditional arrangement to provide a coarse reference for improvement, while recogniz-
ing differences in student background and cohort size. We also review typical error
patterns in project checkpoints, such as pipeline hazard handling and interface timing,
to identify where students most often struggle and to refine the sequencing of lectures
and labs. This feedback loop helps the reform remain practical: evaluation is used not
only to report outcomes, but to adjust scaffolding, documentation, and debugging guid-
ance for subsequent cohorts.

Quantitatively, implementation capability is tracked through design scores, stage ac-
ceptance rates, and comprehensive test pass rates. Across cohorts, the excellence rate
increased from 25% to 60%, and the system capability compliance rate increased from
40% to 88%. Questionnaire feedback also reports improved understanding of pipeline
conflicts and debugging.

Qualitatively, project defenses and reports indicate three recurring changes. Students
explain errors from a stage perspective (e.g., [F/ID/EX) and can connect symptoms to
concrete pipeline interactions. They use dependency relationships to justify forwarding
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versus stalls (especially for load-use cases), and some attempt small extensions with
test evidence for correctness.

In classroom observation, students increasingly trace signals across stages and show
stronger confidence when integrating modules and validating behavior, while prior
HDL experience remains a key source of variation.

5 Conclusions

Focusing on the cultivation needs of the computer system course's system capability,
this article explores and implements a practical teaching reform scheme based on the
RISC-V architecture. By adopting a five-stage pipeline processor design as the main
practice, the course integrates capabilities in system cognition, design, development,
and application throughout the entire teaching process, effectively facilitating students'
transition from component-level understanding to system-level cognition.

Teaching practice has shown that, while ensuring the correctness of the system ar-
chitecture, introducing moderate engineering implementation details and applying ped-
agogical treatments can enhance the authenticity and operability of practical teaching.
This teaching model is highly replicable for universities equipped with FPGA experi-
mentation conditions and can serve as a reference for teaching reform in computer sys-
tem courses in the context of new engineering education.
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Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.
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