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ABSTRACT — Early and systematic derivation of unit test scenarios remains challenging in software engineering,
particularly in aligning functional requirements with executable tests. Graduate-level observations reveal that most students
operate without granular traceability, standardized structures, or alternate flow testing. This study explored a structured test-
first protocol that transformed use case specifications into coverage-aware test scenarios by applying object-oriented analysis
and design principles. The protocol integrated sequence diagrams via behavioral modeling. Internal logic was extracted from
sequence diagrams and visualized using control flow graphs. Basis path testing identified independent paths, serving as
foundations for deriving unit test cases using the arrange-act-assert pattern. The “Pay the Order” use case in a hypothetical
e-commerce system demonstrated the feasibility of the protocol. Cyclomatic complexity analysis yielded a complexity of 2,
indicating that two independent test paths were required for complete coverage. The protocol successfully derived two-unit
test cases with 100% basis path coverage, demonstrating complete traceability from functional requirements to unit test
scenarios with one-to-one mapping between control flow paths and test cases. Results highlight the protocol’s ability to
support early verification and validation processes. Unlike prior works focused on automated system-level test generation,
this protocol offers a lightweight, human-centric approach promoting testability, traceability, and strong semantic alignment
between requirements and implementation. The protocol is well-suited for educational settings and environments that
prioritize traceability. Future research should pursue empirical validation, scalability investigations, semi-automated tool

development, domain generalization across paradigms, and longitudinal impact assessment.

KEYWORDS — Unit Test, Basis Path Testing, Use Case-Based Testing, Object-Oriented Analysis and Design.

. INTRODUCTION

Ensuring software quality from the earliest stages of
development is a central concern in software engineering.
Among various approaches to maintain software quality, test-
driven development (TDD) has gained attention for its test-first
nature to support early validation and to drive analysis, design
and programming decision [1], increase the developer
productivity and speed [2], [3], improving engagement level [4]
leads to the better maintainability [3], [4], create the higher
deliverable quality and achieve satisfaction [3], [5]. However,
TDD practices are often performed informally, and there is no
systematic traceability between early requirements modelling
and concrete unit-level test design.

In parallel, use case modelling has become a well-
established method in requirements engineering for capturing
system functionality from a user’s perspective. Use cases are
often considered high-level artifacts suitable for deriving
system-level or integration tests [6], [7]. However, their
potential to guide unit test case derivation, especially in the
context of object-oriented analysis and design (OOAD),
remains underexplored. These challenges transcend theoretical
concerns. Analysis of graduate student work across multiple
iterations of an Information Systems Requirements Analysis
and Design course revealed systematic difficulties in deriving
unit tests from use case specifications. Three recurring patterns
emerged consistently.

First, traceability between artifacts was weak. Students
typically referenced high-level functional requirements without
establishing granular links to specific use case steps or
behavioral model interactions. Test documentation often stated
general purposes without indicating which use-case steps or
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sequence-diagram messages were being validated, making
systematic coverage verification nearly impossible.

Second, test case structures lacked standardization.
Submissions mixed setup activities, method execution, and
outcome verification into sequential narratives without clear
boundaries. For instance, test procedures might combine “call
validation function with empty parameters, observe returned
messages” without distinguishing input arrangement,
execution, and assertion logic. Some formats compressed all
test phases into a single cell, obscuring the logical separation
between test arrangement, action, and assertion.

Third, path coverage remained incomplete. Students
predominantly tested successful execution paths while omitting
documented alternate flows explicitly. Critically, no students
applied systematic techniques, such as basis path analysis, to
determine test completeness. When asked to justify the test
suite size, responses relied on subjective judgment rather than
analytical reasoning grounded in control-flow analysis. These
observations demonstrate a systematic gap between
requirements modelling and unit test derivation that our
protocol directly addresses.

To address these pedagogical and practical challenges
systematically, model-driven development (MDD) offers a
promising pathway. By leveraging behavioral and structural
Unified Modeling Language (UML) models such as sequence
diagrams, class diagrams, and behavioral state machine
diagrams, MDD supports systematic reasoning about software
behavior and architecture [8]-[10]. When aligned with white-
box strategies such as basis path testing and combined with
cyclomatic complexity calculation [11], these models can
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provide a structured basis for extracting test logic from early
design artifacts.
Despite the established benefits of TDD and MDD

approaches, a critical gap persists in both literature and practice.

Prior research has predominantly focused on automated test
generation at the system or integration level [6], [7], [12], [13],
leaving unit-level test derivation from use cases systematically
underexplored. Existing model-driven testing approaches tend
to emphasize automation at the expense of semantic alignment
[9], [14], while others target hardware and cyber-physical
systems [15], [16] rather than object-oriented software units.
Although basis path analysis [11] provides rigorous coverage
criteria and use case modeling effectively captures functional
requirements, no prior work has systematically integrated these
techniques with OOAD principles to derive unit tests with
explicit requirement-to-test traceability.

The pedagogical challenges observed in educational
settings, where students consistently fail to establish granular
traceability and systematic coverage, further underscore the
practical need for such integration. This research addresses this
void through a human-centric, traceability-focused protocol
that bridges requirements modeling and unit test derivation.

The protocol’s novelty emerges from its systematic
integration of use case modeling, behavioral modeling via
sequence diagrams, control flow analysis, and basis path testing
into a unified, replicable workflow. This contribution offers
significant value across three dimensions: providing a
pedagogical framework for teaching systematic test derivation
in educational contexts, establishing auditable traceability
suitable for regulated industries, and preserving semantic
alignment between requirements and tests that automated
approaches often sacrifice. By maintaining human
interpretability throughout the transformation process, the
protocol proves particularly valuable for contexts that require a
deep understanding of the relationships between functional
specifications and validation artifacts, distinguishing it from
automation-focused prior work [9], [14], [17], [18].

This paper presents a structured test-first protocol that
transforms use case specifications into unit test scenarios by
systematically integrating use case modeling, sequence
diagrams, control flow analysis, and basis path testing. The
protocol ensures complete traceability from functional
requirements to test scenarios while maintaining semantic
consistency between design models and validation artifacts.
Unlike automated approaches, this human-centric methodology
preserves interpretability for educational, regulated, or
documentation-intensive environments. A hypothetical e-
commerce case study validates the protocol’s feasibility,
demonstrating how use cases decompose into sequence
diagrams, translate into control flow graphs, and generate
complete, traceable unit test scenarios.

Il. RELATED WORKS

A. USE CASE BASED TESTING

Use case modelling has long served as a bridge between
requirements and testing, especially at the system or integration
level. A structured approach was proposed to generate test
cases from use case contracts, demonstrating how requirement
artifacts could be directly mapped to system-level test scenarios
[6]. Similarly, the transformation of the use case diagram to
system test scenario from activity diagram, sequence diagram,
and data variation equivalence classes was introduced [7].
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Advancing the formalization, the domain-specific language
called test case specification language (TCSL) and use case
specification language (USL) was developed and used to derive
the test cases using the use case specification language-based
test generation (USLTG) method [12]. In parallel, machine
learning applications further advanced use-case-based testing.
A natural language processing (NLP)-based approach was used
to derive acceptance test cases from the use case specifications
[13]. While these works focus on higher-level testing, they
reinforce the argument for use-case-centric testing processes,
which this study applies at the unit level.

B. MODEL DRIVEN TESTING AND CONTROL FLOW

ANALYSIS

The MDD advocates using formal system models, such as
UML diagrams, to drive design and generate testing artifacts,
including unit and application programming interface (API)
test cases [19]. Test paths can be derived from UML models
using traversal algorithms, such as depth-first search (DFS),
highlighting the role of sequence and activity diagrams in
informing test logic [9]. The protocol presented in this paper
adopts a similar philosophy while emphasizing manual
derivation to promote understanding and maintain semantic
alignment.

Recent efforts have incorporated artificial intelligence
techniques, specifically ant colony optimization, to automate
test case generation from activity diagrams [14]. State chart
diagrams, combined with formal methods, derive integration
tests for distributed systems [10]. Beyond traditional UML
diagrams, user interface testing tools enhance static model
construction and leverage approaches to retrieve runtime
information [20]. Model-driven testing extends to hardware
verification, automating hardware-in-loop test generation [15]
and validating industrial cyber-physical systems [16] using
tools such as GraphWalker.

Traditional testing approaches, such as differential testing
[21], program analysis [22], and mutation analysis [23], [24],
[25], can be integrated with large language models (LLMs).
Novel approaches use LLMs to retrieve relevant inputs from
bug reports, improving test generation [17]. ChatGPT-based
iterative enhancement tools increase the number compliant
tests generated by over 20% [18]. While this signals a trend
toward automation, this work emphasizes traceable, analyst-
driven derivation to preserve fidelity between functional design
and unit validation.

To support unit-level validation, this protocol integrates
basis path testing, a white-box approach rooted in control flow
analysis. Cyclomatic complexity [11] quantifies the number of
independent paths in a program, which forms the core of our
structural testing process. Control flow graphs constructed
from behavioral models yield the minimum set of test cases
required for full path coverage. Mapping object interactions
from sequence diagrams to control logic and applying basis
path analysis ensures that each independent logic path is
exercised by at least one test case, enabling early detection of
logic defects.

C. REQUIREMENT TRACEABILITY IN TESTING
Requirements traceability has emerged as critical in
software quality assurance, particularly in regulated industries
requiring audit trails. Traditional approaches struggle with
maintaining bidirectional traceability between requirements
and test artifacts [26]-[31], while matrix-based methods suffer
from scalability issues despite being comprehensive [32]-[34].
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Recent advances in automated traceability link generation
using NLP have shown promise; however, they lack the
semantic depth required for unit-level testing [35]-[39]. This
gap highlights the need for human-interpretable, design-time
traceability approaches that maintain semantic consistency
throughout the development lifecycle.

D. TEST-FIRST DEVELOPMENT

Test-first development, particularly TDD, yields significant
improvements in software design and quality compared to test-
last approaches. TDD encourages frequent incremental
refactoring, leading to cleaner, more modular code and reduced
technical debt [40]-[42]. Enhanced TDD methodologies that
integrate testability measurement and refactoring techniques
yield 77.8% improvements in class testability [41]. Writing
tests-first enables early defect discovery, reducing costs and
debugging time, ultimately resulting in productivity
enhancements [41], [43]-[45]. Al-supported test automation
further increases coverage and accuracy [43]. However, test-
first development faces challenges. Small teams find that the
approach has a steep learning curve [46], necessitating iterative
cycles [47], systematic learning, standardized curricula [48],
and proper mentoring [46]. Implementation results are affected
by insufficient familiarity and low adherence with the
methodology [49], [50]. To mitigate the identified challenges,
a systematic protocol is needed to provide structured guidance
for deriving test cases from use case specifications, thereby
offering the scaffolding for developers to effectively
implement the approach.

lll. METHODOLOGY

A. OVERVIEW

This protocol systematically transformed use case
specifications into unit test cases through four sequential
phases, ensuring complete traceability from functional
requirements to executable test scenarios. Phase 1 (use case
modelling) established functional requirements through
structured use case specifications. Phase 2 (behavioral
modeling) transformed narratives into sequence diagrams that
depicted object interactions using the entity-control-boundary
pattern. Phase 3 (logic extraction and control flow analysis)
derived algorithmic logic from sequence diagrams, constructed
control flow graphs, calculated cyclomatic complexity (V(G))
and identified independent execution paths. Phase 4 (unit test
case design) transformed these paths into executable test cases
using the arrange-act-assert pattern with explicit traceability
links to use case steps and sequence diagram messages.

B. PHASE 1: USE CASE MODELLING

Use case modelling bridged communication between
system analysts and stakeholders during requirements analysis.
The modeling involved creating a detailed use case
specification that described actor-system interactions through
structured narratives. The specification documented normal
flows (primary success scenarios) and alternate flows
(exception scenarios) using numbered steps, enabling precise
traceability to subsequent artifacts.

C. PHASE 2: BEHAVIORAL MODELLING

High-level functional requirements were transformed into
lower-level system interactions using sequence diagrams.
Sequence diagrams illustrated the communication and
information exchange between internal system objects,
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capturing both the behavioral flow and the participating classes
along with their method signatures.

D. PHASE 3: LOGIC EXTRACTION, AND CONTROL FLOW
ANALYSIS

The algorithmic logic of each object was derived from
sequence diagram messages, which were then translated into
implementation steps. Control flow graphs were constructed to
model decision points and execution flow, representing
statements as nodes and flow between statements as edges [51].
Using the control flow graph, basis path analysis was then
applied to identify the independent paths of the logic.

Cyclomatic complexity, denoted as V(G), quantifies the
number of independent paths and represents the minimum
number of test cases needed to ensure all paths are exercised.
The cyclomatic complexity was calculated using (1).

V(G)=E—N + 2P (1)

where E represents the number of edges in the control flow
graph, N represents the number of nodes, and P represents the
number of connected components. For a single function or
method, P is always equal to 1.

E. PHASE 4: UNIT TEST CASE AND SCENARIO DESIGN

After identifying the independent paths, the next step was
to design a test case that ensured each path was executed. Each
test case should be explicitly associated with a distinct control
path and include clearly defined input conditions and expected
outcomes. The test scenario could be systematically structured
using the arrange-act-assert pattern [52], providing a natural
and intuitive flow for defining unit tests and enhancing test
maintainability [53]. In the arrange phase, testers set up the
required preconditions and inputs necessary for the test
scenario to proceed. The act phase then executed the unit under
test with these preconditions in place. Finally, the assert phase
compared the actual result against the expected result to
determine correctness. A test was considered to have failed
when the observed outcome deviated from the expected result.
This structure promoted clarity, repeatability, and alignment
with unit testing best practices across different languages and
toolchains.

IV. CASE STUDY: DERIVING UNIT TESTS FROM THE “PAY
THE ORDER” USE CASE

A. CASE STUDY OVERVIEW

This case study demonstrated the protocol’s application
through the “Pay the Order” use case from a hypothetical e-
commerce system (XYZ Mart). The use case was selected for
its balance of demonstrative value and analytical clarity,
representing a critical business function with sufficient
complexity (V(G)=2) to exercise all protocol phases while
remaining comprehensible. The case study validated protocol
feasibility by transforming a realistic use case into complete
unit test scenarios, examined the quality of traceability through
explicit linkages from use case steps to test assertions, and
verified coverage completeness by confirming that derived test
cases achieve 100% path coverage as predicted by cyclomatic
complexity analysis.

B. USE CASE SPECIFICATION

The “Pay the Order” use case encompassed normal and
alternate execution flows. The normal flow (NF) began when
the buyer verified cart contents (NF-1) and proceeded to
payment (NF-2). The system displayed available payment
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Figure 1. Pay the Order sequence diagram.

methods (NF-3), the buyer selected a method (NF-4), the
system submitted the payment request to the payment processor
(NF-5), and the system then presented payment instructions
(NF-6). After the buyer completed payment (NF-7), the
payment processor returned a successful notification,
triggering “Change Order Status” (NF-8). The system notified
the buyer that the order was being processed (NF-9) and
notified the seller about the paid order (NF-10).

Two alternate flows (AF) handled exceptions. AF-1
addressed payment request submission failures (branching
from NF-5): the system displayed an error (AF-1.1) with the
option to retry (AF-1.2). AF-2 addressed payment processing
failures (branching from NF-8): the system triggers “Change
Order Status” (AF-2.1), notified the buyer of failure and refund
(AF-2.2), then terminated (AF-2.3).

C. BEHAVIOURAL MODELING

From the use case description, internal system interactions
were derived using a sequence diagram, as shown in Figure 1.
The entity control boundary pattern [54] segregated class
responsibilities, ensuring separation of concerns and semantic
consistency between user interactions and system
responsibilities. The sequence diagram captured distinct
messages spanning from initial cart validation through final
payment confirmation.

Entity objects (cart and invoice) represented persistent
business data and encapsulated domain-specific business rules.
Control objects (PaymentUseCase) coordinated the workflow
and implemented use-case-specific logic. Boundary objects
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(PaymentSelectionPage  and  PaymentProcessorService)
managed external interfaces and system interactions, isolating
core business logic from external dependencies.

D. LOGIC EXTRACTION AND CONTROL FLOW ANALYSIS

This study focused on the PaymentUseCase class, selected
for its role in handling the core business logic of order
payments and for its sufficient complexity to demonstrate the
test case derivation methodology. From the sequence diagram
messages 4-14, the algorithm was derived (shown in Listing I).

Listing I
Pay Order Pseudocode
PaymentUseCase.payOrder(cartID, method):
1. cart = Cart.findByCartID(cartID)
2. invoice = Invoice.createFromCart(cart)
3. result = processorService.requestPayment(
invoice.id,
invoice.amount,
method)
4. if (result.failed) then
5. return failure(result.error)
6. else
7. return success(result.paymentID)

A control flow graph was constructed to visualize the
algorithm’s decision points and execution flow, as shown in
Figure 2. Using the cyclomatic complexity formula, the graph
obtained a cyclomatic complexity of 2. With one conditional
branch (decision node 4), two independent paths existed,
requiring two test cases to ensure complete basis path coverage.
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Figure 2. Control flow graph.

E. UNIT TEST CASE AND SCENARIO DESIGN

Based on the two independent paths, test cases in Listing 11
were designed using the arrange-act-assert pattern. The test
scenario targeted the PaymentUseCase class’ payOrder()
method as the unit under test to maintain test isolation and
adhere to the dependency inversion principle [55]. The
PaymentProcessorService was mocked to simulate a payment
processor's behavior, enabling independent verification of the
PaymentUseCase’s logic. The test format was implementation-
agnostic, executable with any unit testing framework that
supports object-oriented principles, aligning with test-first
development and model-based engineering principles for early
validation.

Listing 11
Pay Order Unit Test Scenario

Test Suite: PaymentUseCase.payOrder()
Setup: Mock PaymentProcessorService with configurable
requestPayment() behavior

Run UT-01: Payment Request Fails
Arrange: Mock returns status="FAILED"
Act: payOrder("cart-001", "BANK XYZ")
Assert:

- status="FAILED"
- error="Payment Request Failed"

Run UT-02: Payment Request Succeeds
Arrange: Mock returns status="SUCCESS",
payment_id=generate _id()
Act: payOrder("cart-001", "BANK XYZ")
Assert:
- status="SUCCESS"
- error=null
- payment_id=defined

V. RESULTS

The application of the proposed protocol to the “Pay the
Order” use case yielded quantifiable metrics demonstrating
systematic derivation of unit test scenarios from functional
requirements. Control flow analysis of the payOrder() method
yielded measurable outcomes in terms of structural complexity,
test coverage, and traceability relationships, validating the
protocol’s ability to establish clear linkages between
requirement specifications and executable test cases, while
ensuring comprehensive path coverage through basis path
testing methodology.

A. CONTROL FLOW METRICS

Table I summarizes the structural characteristics of the
payOrder() method’s control flow graph, which directly
determined the minimum number of required test cases. The
cyclomatic complexity of 2 indicated exactly 2 test cases were
necessary and sufficient for complete basis path coverage,
eliminating subjectivity in test suite sizing. This deterministic
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relationship between V(G) and required test count exemplified
the protocol’s strength in providing objective coverage criteria.

While this case study demonstrated the approach with V(G)
= 2, the protocol scaled linearly with complexity: V(G) = N
requires exactly N test cases, enabling predictable estimation of
test effort. As a practical guideline, methods with V(G) > 10
should be considered candidates for refactoring into smaller,
more testable components.

B. TEST CASE DERIVATION OUTCOMES

Table II documents the complete specification of derived
test cases demonstrating a one-to-one correspondence between
the independent execution paths identified through basis path
analysis and the test scenarios structured using the arrange-act-
assert pattern. Each test case corresponded to exactly one
independent path through the control flow graph, confirming
the mathematical relationship between cyclomatic complexity
(V(G)=2) and required test count (2 test cases).

Traceability was maintained at multiple levels. Forward
traceability linked each test case to specific use case steps (e.g.,
UT-01 validates NF4, NF5, and AFI1.1), sequence diagram
message exchanges (messages 4-14), and control flow paths
(specific node sequences). Backward traceability enabled
impact analysis: if the use case step AF1.1 changed, its
mapping to UT-01 immediately identified the affected test
cases that required updates. This explicit traceability addressed
the systematic gap observed in student work, namely the
absence of granular mappings between requirements and tests.

Table III quantifies the protocol’s achievement in test
completeness and requirement traceability, showing 100%
coverage across path, statement, and branch dimensions. The
one-to-one correspondence between cyclomatic complexity
(V(G)=2) and test cases (2 tests) demonstrated that no
redundant, yet complete coverage was achieved.

Complete bidirectional traceability, verified from use cases
to tests and back, enabled precise impact analysis during
maintenance. When the use case AF1.1 (payment request
failure) changed, the mapping immediately identified UT-01 as
requiring review. This explicit traceability addressed the
pedagogical challenges observed, where students established
no step-level requirement mappings. The protocol’s
deterministic nature ensured reproducibility: any analyst
applying the protocol to the same use case would derive
identical test cases with identical coverage, eliminating the
subjectivity inherent in traditional test-first development,
where developers rely on intuition rather than a mathematical
foundation.

VI. DISCUSSION

A. CASE STUDY VALIDATION AND INTERPRETATION

The case study demonstrated how the protocol fulfills its
design goals by establishing a traceable, model-driven
approach linking high-level functional requirements to
concrete unit-level test scenarios. The workflow transitioned
from use case narratives through behavioral modelling via
sequence diagrams, logic extraction formalized into
pseudocode, control flow graph visualization, and basis path
analysis. Test cases designed from independent paths ensured
coverage of both functional expectations and internal logic
branches, reinforcing requirement-to-test traceability and
supporting early-stage validation.

The “Pay the Order” use case (V(G)=2) was selected for its
balance of demonstrative value and analytical -clarity,
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TABLEI
CONTROL FLOW GRAPH STRUCTURAL METRICS

Metric Value Measurement Method Interpretation
CFG Node (N) 6 Manual count from Figure 2 6 distinct statement blocks including entry/exit nodes
CFG Edges (E) Manual count from Figure 2 6 control flow transitions between nodes

6
Connected Component (P) 1 Single method
2

Cyclomatic Complexity

V(G)=E-N+2P=6-6+2(1)=2

One continuous control flow (no disconnected subgraphs)
Indicates 2 independent execution paths requiring test coverage

TABLE II
DERIVED TEST CASES WITH COMPLETE TRACEABILITY

Element Test Case UT-01 (Failure Path) Test Case UT-02 (Success Path)
Test Name Payment Request Fails Payment Request Succeeds
Independent Path Start —» 1,2,3 -4 — 5 — End Start — 1,2,3 - 4 — 7 — End

Triggering Condition

Input Setup (Arrange) e cartID = "cart-001"
» paymentMethod = "BANK XYZ"
* Mock: processorService.requestPayment() returns
{status: "FAILED", error: "Payment Request Failed"}
Action (Act) Execute: payOrder("cart-001", "BANK XYZ")

Expected Outcome (Assert)  Return status = "FAILED"

* Return error = "Payment Request Failed"

* Payment ID = null

Traceability: Sequence Diagram Messages 4, 5, 6, 7, 8, 11, 14 (Figure 1)

Traceability: Use Case NF4 (Select Payment Method)
NF5 (Submit Payment Request)

AF1.1 (Payment Request Fails)
Method Under Test

Test Implementation Listing II (Run UT-01)

PaymentProcessor returns status="FAILED"

PaymentUseCase.payOrder() (Listing )

PaymentProcessor returns status="SUCCESS"

e cartID ="cart-001"

» paymentMethod = "BANK _XYZ"

* Mock: processorService.requestPayment() returns
{status: "SUCCESS", paymentID: generated id}

Execute: payOrder("cart-001", "BANK XYZ")

* Return status = "SUCCESS"

* Return error = null

* Payment ID = defined (non-null)
Messages 4, 5, 6,7, 8, 11, 12 (Figure 1)
NF4 (Select Payment Method)

NF5 (Submit Payment Request)
NF8-10 (Successful Payment)
PaymentUseCase.payOrder() (Listing I)
Listing II (Run UT-02)

exercising all protocol phases while remaining comprehensible.

The transformation process reveals several insights. First, the
entity-control-boundary pattern facilitates clear separation of
concerns during sequence diagram construction, enabling
focused analysis on the PaymentUseCase control class while
abstracting infrastructure details. Second, the protocol’s
deterministic nature becomes evident through direct
correspondence between the use-case alternate flows (AF1.1,
AF2.1) and control flow graph branches, illustrating how
functional requirements systematically translate into structural
test coverage. Third, the dependency inversion principle, as
demonstrated  through  the  PaymentProcessorService,
highlights the protocol’s compatibility with modern software
design practices, enabling isolated unit testing while preserving
the semantic intent of external service interactions.

However, the case study’s relatively simple control flow
(V(G)=2) may not adequately demonstrate the protocol’s
behavior with complex conditional logic, nested exception
handling, or concurrent processing scenarios. The hypothetical
nature of XYZ Mart eliminates real-world constraints such as
legacy system integration, incomplete specifications, or
evolving requirements. The one-to-one correspondence
between independent paths and test cases, although
mathematically sound, raises questions about practical
maintainability in scenarios where business logic changes
frequently, as the protocol’s emphasis on early test derivation
assumes relatively stable requirements.

B. ADDRESSING OBSERVED EDUCATIONAL
CHALLENGES
The protocol addressed three systematic issues observed in
graduate-level requirements analysis courses. Weak
traceability was resolved through explicit mapping
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requirements in phases 2 and 4, mandating numbered sequence
diagram messages from use case narratives with test cases
documenting specific validations (e.g., “validates messages 4-
8, 11-15; use case steps NF4, NF5, AF1.1”), transforming
vague references into precise traceability links.

Incomplete path coverage was systematically addressed
through cyclomatic complexity analysis in phase 3. By
calculating ¥V(G) from control flow graphs extracted from
sequence diagrams, the protocol provided objective test
sufficiency criteria: V(G) = N required exactly N test cases for
complete basis path coverage. Each decision point in the use
case narratives corresponded to control flow branches requiring
test coverage, ensuring both normal and alternate flows were
validated.

Inconsistent test structures were standardized through the
mandatory arrange-act-assert pattern in phase 4. Rather than
conflating setup, execution, and verification, the protocol
required explicit separation: arrange documented preconditions
and mocks; act contained one method invocation; and assert
specified concrete outcomes. This standardization ensured
reproducibility and made coverage gaps immediately visible.

Beyond producing higher-quality artifacts, the protocol
provides pedagogical scaffolding by making explicit the
transformation steps from requirements to tests, which
experienced practitioners often perform intuitively. This helps
students develop systematic reasoning about the relationships
between functional specifications, design, and wvalidation
strategies.

C. PRACTICAL BENEFITS AND CONTRIBUTION

The proposed protocol bridges the gap between
requirement modeling and early-stage unit testing, an area
often overlooked in use-case-based and model-driven testing
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TABLE III
COVERAGE AND TRACEABILITY ANALYSIS

Metric Category Metric Value Calculation/Verification Method

Path Coverage Independent Paths Identified 2 Basis path analysis from CFG

Independent Paths Tested 2 Count of derived test cases (Table II)

Basis Path Coverage 100% (Paths Tested / Paths Identified) x 100 = (2/2) x 100%
Statement Coverage Total CFG Nodes 6 Manual count from Figure 2

Nodes Covered by Tests 6 Union of all paths: {Start, 1, 2, 3,4, 5, 7, End}

Node Coverage 100% (Nodes Covered / Total Nodes) x 100 = (6/6) x 100%
Branch Coverage  Decision Points 1 Node 4 in CFG (if-else condition)

Decision Outcomes 2 True branch (—7) and False branch (—5)

Branches Covered 2 Both outcomes tested (UT-01: false, UT-02: true)

Branch Coverage 100% (Branches Covered / Decision Outcomes) x 100 = (2/2) x 100%
Traceability Use Case Steps Total 6 NF4, NF5, NF8, NF9, NF10, AF1.1

Use Case Steps Covered 6 All steps mapped to at least one test case

Traceability Links Established 2 UT-01 — AF1.1; UT-02 — NF8-10

Bidirectional Traceability Complete Forward (UC — Test) and Backward (Test — UC) verified

research. Unlike prior works focused on system-level scenarios
and activity flow transformation [6], [7], this study emphasizes
a unit-level focus through white-box testing via basis path
analysis, ensuring test derivation in the design phase aligns
with OOAD principles.

The protocol’s emphasis on early test derivation aligns with
the “shift-left” testing paradigm, offering quantifiable benefits,
including a 35.86% reduction in mean defect density and a
76.19% decrease in mean change density when using TDD
compared to TLD over two releases [56], directly impacting
maintenance costs. Additionally, TDD supports faster product
simplification, reducing complexity and maintenance costs
[57].

The protocol addresses the semantic gap problem prevalent
in automated testing approaches. While automation excels at
execution speed, it often lacks the contextual understanding
necessary for meaningful test case design. Our human-centric
approach preserves domain knowledge and business logic
understanding throughout the derivation process, ensuring test
cases validate business-critical scenarios beyond technical
coverage. The systematic transformation process also supports
compliance with safety-critical domain requirements by
maintaining explicit traceability artifacts at each transformation
step and generating auditable documentation suitable for
certification processes in the aerospace, medical device, and
automotive domains.

The protocol is lightweight, tool-agnostic, and easy to
implement in both academic and industry settings, providing a
hands-on pathway for students and practitioners to understand
how abstract requirements evolve into detailed unit tests.
Leveraging test-first development in software engineering
courses has been demonstrated to lead to improvements in both
student grades and satisfaction [48]. For software teams in
traceability-sensitive contexts, the protocol provides a
structured, auditable approach to test design.

D. LIMITATIONS

This study presents several important limitations. First, the
research constitutes a proof of concept based on a single
hypothetical use case with relatively low complexity (V(G)=2),
which does not establish effectiveness with complex real-world
scenarios involving higher cyclomatic complexity, nested
conditions, or intricate exception handling patterns.
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Second, all models and transformations were created
manually by researchers, potentially introducing bias into both
artifact quality and semantic interpretation. The absence of
independent validation by domain experts or practitioners’
limits confidence in the protocol’s reproducibility and
consistency across different users. The manual nature of
transformations raises scalability concerns for larger systems
with dozens of interacting use cases.

Third, the study lacks empirical validation of the impacts
on students and professionals. Without such validation, claims
about the protocol’s superiority in semantic preservation and
traceability cannot be substantiated beyond theoretical
arguments. Fourth, the research focuses exclusively on object-
oriented systems with well-defined use case specifications,
leaving unexplored applicability to other development
paradigms, legacy systems with incomplete documentation, or
domains with different modeling practices. Finally, the
effectiveness of derived test cases in actual defect detection has
not been empirically measured. While the protocol ensures
basic path coverage, the relationship between this coverage and
real-world improvements in software quality requires empirical
investigation through controlled experiments with practicing
developers and actual software projects.

VII.CONCLUSION

This study explored a test-first protocol for deriving unit
test scenarios from use case specifications by systematically
integrating use case modeling, sequence diagrams, control flow
analysis, and basis path testing, ensuring complete traceability
from requirements to tests. The case study validation on the
“Pay the Order” use case achieved 100% basis path coverage
with two test cases (V(G) = 2), demonstrating one-to-one
mapping between execution paths and test assertions.

The protocol addresses gaps in use-case-based and model-
driven testing research through a human-centric methodology
that preserves domain knowledge and interpretability, unlike
automation-focused approaches. Graduate-level observations
confirmed students’ difficulties with step-level traceability and
alternate flow testing.

Future research should focus on empirical validation for
students and professionals, scalability investigations, semi-
automated tool development, domain generalization, and
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longitudinal assessments on maintenance and

productivity.
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