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Abstract. Requirement-to-Code traceability has been widely studied,
yet existing research and public benchmarks remain largely centered on
functional requirements (FRs). In contrast, traceability for non-functional
requirements (NFRs) remains more difficult and underexplored, which
hinders the verification of critical quality concerns such as security and
reliability. This paper studies NFR-to-Code traceability based on a real-
world blockchain-IoT project. We design an annotation protocol for con-
structing trace links across heterogeneous artifacts and build a manually
curated subset containing both FR and NFR links. Using this subset, we
examine the characteristics of NFR traceability and further evaluate four
representative retrieval baselines: TF-IDF, BM25, LSI, and WMD. The
results show that FR-to-Code tracing is consistently easier than NFR-to-
Code tracing, while security-related NFRs are the most difficult subset.
They further indicate that the main challenge of NFR traceability lies
not in requirement availability, but in implementation evidence that is
distributed and not clearly localized in code.

Keywords: Requirements traceability - Non-functional requirements -
Empirical study - Software quality - Information retrieval

1 Introduction

Requirement-to-Code traceability refers to establishing explicit links between re-
quirements and their implementing code elements [6]. Such trace links support
important software engineering tasks, including requirement validation, change
impact analysis, regression testing, and compliance checking [20]. More impor-
tantly, they play a critical role in software quality assurance by enabling the
verification of whether key requirements, especially those related to security and
reliability, are properly implemented in code. However, most existing studies and
datasets mainly focus on functional requirements (FRs) [1], which are typically
associated with explicit system behaviors and can be more directly mapped
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to identifiable implementation logic in code. In real-world systems, however,
non-functional requirements (NFRs) are equally critical, especially for quality
attributes such as security, performance, reliability, auditability, and data in-
tegrity [4].

NFRs are significantly harder to trace to code than FRs [5]. An FR typi-
cally maps to a relatively clear implementation entry point, such as a controller,
service, or API logic. In contrast, NFRs are often implemented in a more dis-
tributed and implicit manner, with their evidence scattered across configuration
settings, communication mechanisms, validation logic, performance constraints,
testing artifacts, or maintenance-related components [5]. This difference in im-
plementation characteristics is also reflected in existing traceability research and
publicly available datasets, which have largely focused on FR-to-Code links,
while support for NFR-to-Code traceability remains limited [17,15].

To address this gap, this paper presents an empirical study of NFR-to-Code
traceability based on a blockchain-IoT system. We first design an annotation pro-
tocol to construct trace links between requirement units and code entities across
heterogeneous artifacts. Following this protocol, we build a manually curated
trace subset containing both FR and NFR links over requirement documents,
Java classes, and Solidity contracts.

Based on this dataset, we analyze the characteristics of NFR traceability
across multiple categories and compare it with FR traceability, with a focused
analysis of security-related NFRs. To further support our analysis, we evaluate
representative traceability baselines on the constructed dataset. The results in-
dicate that NFR traceability is more challenging than FR traceability, especially
for security-related NFRs due to their dispersed and implicit implementation
patterns.

The main contributions of this paper include:

— We design an annotation protocol for constructing NFR-to-Code trace links
in a real software project with heterogeneous requirements and code artifacts.

— We build a manually curated FR/NFR-to-Code trace subset for a blockchain-
ToT system, covering requirement documents, Java classes, and Solidity con-
tracts.

— We provide a qualitative analysis of NFR-to-Code traceability across cate-
gories, highlighting its challenges and differences from FR traceability, with
a focus on security-related NFRs.

We conduct an empirical comparison of FR-to-Code and NFR-to-Code trace-
ability using representative retrieval baselines to support the observed chal-
lenges.

The rest of the paper is organized as follows. Section 2 introduces the study
context; Section 3 presents the annotation protocol and the dataset; Section 4
reports the main observations and challenges from the dataset; Section 5 pro-
vides a baseline evaluation; Sections 6 and 7 discuss related work and threats to
validity; and Section 8 concludes the paper.
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2 Study Context

2.1 Project Context

This study is conducted on a real-world software project in a blockchain-IoT
setting. The system supports IoT data acquisition, secure transmission, on-chain
evidence storage, and trusted data verification. Its requirement-side artifacts
contain both FRs (e.g., interface invocation and evidence storage) and NFRs
related to security, performance, auditability, reliability, and data integrity.

A key characteristic of this project is the heterogeneity between requirement
expression and implementation artifacts. On the requirement side, the available
information is distributed across multiple project documents, primarily including
a business requirement document and a technical specification, rather than a
centralized requirement specification. On the implementation side, the codebase
consists of a Java application with configuration, controller, service, and utility
components, together with Solidity contracts for on-chain behavior.

2.2 Research Questions

Based on the above context, this paper investigates the following research ques-
tions:

— RQ1 What is the distribution of NFRs in the curated subset in terms of
categories and traceability outcomes?

— RQ2 How does NFR-to-Code traceability differ from FR-to-Code traceabil-
ity in terms of link distribution, implementation heterogeneity, and traceabil-
ity difficulty?

— RQ3 Which NFR categories appear more difficult to trace, and what im-
plementation characteristics contribute to this difficulty?

3 Dataset Construction and Annotation

3.1 Annotation Protocol

The dataset is constructed through a structured annotation protocol designed
to produce a manually curated reference subset for FR/NFR-to-Code traceabil-
ity [2,3]. The protocol covers three main steps: (1) extracting and classifying
requirement units from heterogeneous requirement documents, (2) defining file-
level code units from the implementation artifacts, and (3) annotating trace links
between requirement units and code units under explicit labeling criteria, with
three annotation labels: Positive, Negative, and Missing.

To improve reliability, the annotation process involves two annotators, both
senior developers from industry, who independently label the candidate require-
ment—code pairs by following the same protocol. Disagreements are then re-
viewed and resolved through discussion and adjudication. The final dataset is
constructed from the agreed annotations after this conflict resolution process
and is used in the subsequent descriptive analysis and baseline evaluation.
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Table 1. Raw and Derived Artifacts in the Curated Dataset

Artifact Format Description
Requirement documents doc/*.docx, *.doc Raw requirement sources
Requirement units requirements/*.txt Extracted units

Java code artifacts *.java Off-chain code units
Solidity code artifacts *.s01 On-chain code units
Metadata requirements_metadata.csv Requirement attributes
Trace links trace_links.csv Annotated links

3.2 Source Artifacts

The source artifacts used in this study include both requirement-side and imple-
mentation-side artifacts, as shown in Table 1. On the requirement side, the raw
sources are primarily a business requirement document and a technical specifica-
tion from the target project. These documents contain both functional descrip-
tions and quality-related constraints, which are later normalized into traceable
requirement units. Together, they form the raw natural-language basis for re-
quirement unit extraction.

On the implementation side, the artifacts consist of 22 file-level code units,
including Java classes and Solidity contract files. The Java codebase contains
configuration, controller, service, and utility components, while the Solidity files
implement contract-level on-chain behavior. In this study, these file-level artifacts
serve as the basic implementation units for trace construction.

In addition to the original documents and code artifacts, the study also pro-
duces structured derived artifacts, including extracted requirement units, re-
quirement metadata, and adjudicated trace labels. These derived artifacts sup-
port the subsequent descriptive analysis and benchmark-style retrieval evalua-
tion.

3.3 Requirement Extraction and Classification

Requirement units are derived from heterogeneous requirement documents using
a structured extraction process. Instead of treating full paragraphs or sentences
as traceable elements, requirement descriptions are normalized into minimal ver-
ifiable requirement units, each capturing an independently verifiable constraint or
functional point. When a sentence contains multiple concerns, it is decomposed
into multiple requirement units.

Each requirement unit is then classified as either an FR or an NFR. For
NFRs, a quality category is further assigned according to the primary intent
of the requirement, including Security, Performance, Reliability, Data Integrity,
Auditability, Scalability, and Maintainability [4]. An example of requirement de-
composition and classification is shown below.
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Requirement statement:

"The system shall provide secure device communication, ensure data
integrity during transmission, and support timely response for common
queries."

Decomposed requirement units:

R1: The system shall provide secure device communication.
Category: NFR
NFR_Type: Security

R2: The system shall ensure data integrity during transmission.
Category: NFR
NFR_ Type: Data Integrity

R3: The system shall support timely response for common queries.
Category: NFR
NFR_Type: Performance

Only explicit and verifiable system-level requirements are retained in the
dataset. Background descriptions, business motivations, policy statements, and
purely aspirational texts are excluded.

3.4 Code Unit Definition

Code units are defined at the file-level implementation entity granularity. For
the Java part of the system, each class is treated as a code unit, while for the
blockchain component, each Solidity contract file is treated as a code unit. This
definition follows the organization of the codebase and serves as the basis for
trace construction.

This granularity balances traceability precision and annotation consistency.
A finer-grained definition (e.g., methods or statements) would introduce am-
biguity and annotation overhead, especially when implementation evidence is
distributed across multiple methods within a class. A coarser-grained definition
(e.g., packages or modules) would make trace links overly broad and reduce
interpretability.

In addition to code unit identities, each artifact may be assigned a descrip-
tive artifact type, such as Config, Controller, Service, Utility, or Contract, to
facilitate later analysis. These labels are used only as supplementary metadata
and do not alter the basic unit of trace construction.

3.5 Trace Link Annotation

Trace link annotation is guided by the principle of direct implementation respon-
sibility. For each requirement unit, the annotators first examine whether a code
artifact contains explicit implementation evidence that is substantively related
to the requirement. If such evidence is identified, the annotators further assess
whether the artifact directly realizes the mechanism, constraint, condition, or
assurance expressed in the requirement.
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Table 2. Representative Annotated Requirement—Code Pairs

Req. ID Requirement Type Code Unit Label Rationale
NFR-Sec- MQTT payload shall NFR MqttService.java Positive SM4-based payload
07 be encrypted using decryption

SM4. implemented.

FR-Func- Provide interface for =~ FR BlockChainCtrl Positive  API for blockchain

04 on-chain evidence .java evidence storage.
storage.

NFR-Sec- Communication shall NFR MqgttConfig.java Negative No TLS/SSL;

05 prevent security requirement
man-in-the-middle not satisfied.
attacks.

NFR-Perf- Simple queries shall NFR None Missing  No explicit

01 respond within 1 performance
second. enforcement logic.

A requirement—code pair is labeled as Positive only when direct realization
is present. A pair is labeled as Negative when the artifact is topically or opera-
tionally related to the requirement but does not directly realize it, or provides
only partial or insufficient evidence. A requirement unit is labeled as Missing
when no explicit implementation evidence can be identified in the current code-
base under file-level granularity.

3.6 Example Annotations

Table 2 presents four representative requirement—code pairs to illustrate the an-
notation protocol. The examples cover four typical outcomes: a positive NFR
link with explicit implementation evidence, a positive FR link grounded in func-
tional logic, a negative case where a candidate code unit is related but does
not directly implement the requirement, and a missing case where no explicit
implementation evidence is found in the current codebase. Together, these ex-
amples demonstrate the application of the direct implementation responsibility
principle.

4 Dataset Observations

4.1 Traceability Challenges with NFRs

Table 3 summarizes the curated subset used in this study. Non-functional re-
quirements constitute a substantial portion of the extracted requirement units:
27 out of 38 units (71.1%) are labeled as NFRs, whereas only 11 units (28.9%)
are labeled as FRs. This distribution suggests that, at least in this curated sub-
set, the challenge of NFR traceability does not arise from a lack of NFR-related
content in the source documents.

A clearer contrast emerges when the traceability outcomes are examined.
Among the 11 FR units, 9 are labeled as Positive, corresponding to 81.8% of
the FR subset. In contrast, among the 27 NFR units, only 9 are labeled as
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Table 3. Overview of the Curated Traceability Subset

Item Count Percentage / Notes

Dataset size

Requirement units 38 100%

FR units 11 28.9% of requirements
NFR units 27 71.1% of requirements
Code units 22 File-level artifacts

Traceability outcomes
Positive trace instances 18 47.4% of requirements

Negative trace instances 11 28.9% of requirements
Missing trace instances 9 23.7% of requirements
FR positive instances 9 81.8% of FRs

NFR positive instances 9 33.3% of NFRs

NFR category distribution

Security NFR units 9 33.3% of NFRs
Performance NFR units 8 29.6% of NFRs

Other NFR units 10 37.0% of NFRs
Security NFR outcomes

Security positive 3 33.3% of Security NFRs
Security negative 6 66.7% of Security NFRs
Security missing 0 0.0% of Security NFRs

Note: Other NFR units include Reliability, Data Integrity, Auditability, Scala-
bility, and Maintainability.

Positive, yielding a positive rate of 33.3%. The remaining 18 NFR units are
evenly divided between Negative and Missing cases. This gap is consistent with
the view that the main difficulty of NFR tracing lies not in requirement presence,
but in identifying explicit and defensible implementation evidence under the
criterion of direct implementation responsibility.

One possible explanation is the mismatch in abstraction between many NFR
statements and their implementation evidence. In the current project, a consid-
erable portion of NFRs are expressed as system-level quality goals or operational
constraints, whereas the relevant implementation evidence, when present, is of-
ten partial, implicit, or distributed across multiple artifacts. Some requirements
remain at the level of architectural intent without being realized through a single
explicit file-level artifact, while others depend on framework behavior or runtime
configuration rather than directly visible business logic. As a result, many can-
didate artifacts are related to the requirement but do not satisfy the criterion
for a positive trace link at the current granularity. This observation is broadly
consistent with prior work on the difficulty of tracing NFRs due to their implicit
and distributed implementation characteristics [5, 17].
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4.2 Heterogeneity of NFR Links

Beyond the lower rate of positive links, NFR traceability in the current subset
also exhibits greater implementation heterogeneity than FR traceability. Fig. 1
shows the distribution of positive trace links by implementation role, where the
role labels are derived from file-level artifact metadata. A clear pattern is that FR
positive links are concentrated in relatively explicit business-oriented locations,
especially controller and service artifacts. Together, these two roles account for
6 out of 9 FR positive instances.

In contrast, NFR positive links are distributed across a broader range of
implementation roles. Although some NFR evidence also appears in controllers
and services, additional positive links are found in utility code, configuration
artifacts, components, and smart contracts. This pattern is consistent with the
observation that FRs are often realized through relatively direct execution paths,
whereas NFRs are more likely to be enforced through supporting mechanisms,
runtime configuration, validation logic, or contract-level constraints. In partic-
ular, utility-level positive evidence appears only for NFRs in the current sub-
set, and contract artifacts contribute proportionally more positive evidence for
NFRs than for FRs. This suggests that some NFRs are implemented through
low-level supporting mechanisms or on-chain constraints rather than through
explicit business functions.

This heterogeneity has practical implications for traceability analysis. First,
relevant NFR evidence is less likely to be concentrated in a single obvious ar-
tifact, making it harder to locate direct implementation support. Second, the
implementation roles associated with NFRs are more diverse and often less lexi-
cally aligned with requirement text than those associated with FRs. As a result,
retrieval methods that perform reasonably well in FR-oriented settings may be
less effective for NFR tracing, especially when relevant evidence resides in con-
figuration, utility, or contract artifacts that are only weakly connected to the
surface wording of the requirement.

4.3 Challenges with Security NFRs

As summarized in Table 3, security-related NFRs form the largest NFR category
in the current subset, accounting for 9 out of 27 NFR units (33.3%). At the
same time, they exhibit a relatively low rate of positive trace links: only 3 of
the 9 security NFR units are labeled as Positive, while the remaining 6 are
labeled as Negative. Compared with other requirement types, security-related
NFRs are more often specified as mandatory system assurances, yet less likely
to correspond to a single explicit and self-contained implementation artifact.
This difficulty can be attributed to several factors at the requirement level.
First, many security-related NFRs are expressed in broad and high-level terms,
such as secure transmission, access control, or protection against common at-
tacks. While semantically clear, these descriptions do not always correspond to
a single operational mechanism that can be directly matched to a file-level code
unit. Second, even when related artifacts exist, they often implement only local
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Fig. 1. Distribution of positive trace links by implementation role.

mechanisms rather than the full assurance expressed in the requirement. As a
result, requirement—code pairs may appear topically related while still failing to
satisfy the criterion for a positive trace link.

At the implementation level, security evidence often does not appear as a
single, clearly identifiable unit as in typical FR implementations. In the cur-
rent project, relevant evidence may reside in configuration classes, communica-
tion settings, or utility-level processing logic rather than in clearly identifiable
business-layer functionality. This leads to two additional challenges: (1) the ob-
servable evidence is often partial and does not fully justify the requirement, and
(2) some expected protections rely on configuration choices or framework-level
behavior rather than explicit code.

4.4 Case Studies and Insights

To ground the above observations, we examine two representative cases from
the annotated subset, illustrating positive and negative traceability outcomes
for security-related NFRs.

Case A: Traceable security NFR with explicit implementation ev-
idence. A representative positive case is NFR-Sec-09, which requires that IoT
devices be authenticated through digital certificates or identity credentials dur-
ing access. As shown in Fig. 2(a), component/FiscoBcosConfig. java explicitly
injects the certificate path through certPath, incorporates it into the crypto-
graphic material via cryptoMaterial.put("certPath", certPath), and prop-
agates this configuration into SDK initialization through setCryptoMaterial
(...) and new BcosSDK(configOption). This artifact provides explicit imple-
mentation evidence of a certificate-based credential mechanism. Under the cri-
terion of direct implementation responsibility, it can therefore be labeled as a
positive trace target.
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@value("${fisco.certPath}")
private String certPath;

@Autowired

private StringStorageService stringStorageService;
@EAutowired

private BlockChainService blockChainService;

@©Bean

public void getClient() throws Exception {
// initialize configuration
Map<String, Object> cryptoMaterial = new HashMap<>();
cryptoMaterial.put("certPath", certPath); // set certificate path

Map<String, Object> network = new HashMap<>();
network.put("peers", peers);

// build configuration option

ConfigProperty configProperty = new ConfigProperty();
configProperty.setCryptoMaterial(cryptoMaterial);
configProperty.setNetwork(network);

ConfigOption configOption = new ConfigOption(configProperty);

// initialize SDK
BcosSDK sdk = new BcosSDK(configOption);

(a) Positive evidence for NFR-Sec-09 in FiscoBcosConfig. java.

@©Bean

public MgttPahoClientFactory mgttClientFactory() {
DefaultMgttPahoClientFactory factory = new DefaultMgttPahoClientFactory();
MgttConnectOptions options = new MgttConnectOptions();
options.setServerURIs(new String[l{mgttUrl});
options.setUserName(username);
options.setPassword(password.toCharArray());
factory.setConnectionOptions(options);
return factory;

¥
(b) No explicit TLS/SSL enforcement in MqttConfig. java.

Fig. 2. Representative security NFR traceability cases.

Case B: Related communication artifact without explicit secure-
transport enforcement. A contrasting case is NFR-Sec-05, which requires that
system communication adopt encryption mechanisms such as TLS/SSL to pre-
vent man-in-the-middle attacks. As shown in Fig. 2(b), MgttConfig. java is re-
sponsible for MQTT communication setup: it constructs MqttConnectOptions,
assigns the broker URI through setServerURIs(...), and configures connec-
tion parameters based on username and password. However, the artifact does
not explicitly initialize TLS/SSL-related mechanisms such as SSL context or
certificate-based transport configuration. Under the criterion of direct imple-
mentation responsibility, it is therefore relevant to the requirement but cannot
be labeled as a positive trace target.

Insight. These cases show that positive trace links rely on explicit and local-
ized implementation evidence, while artifacts that are only operationally related
may still lack sufficient support for a security requirement.



NFR-to-Code Traceability in a Blockchain-IoT System 11
5 Experiments

5.1 Task Definition

To further examine the observations from Section 4, we formulate Requirements-
to-Code trace recovery as a retrieval task in the constructed empirical setting.
Given a requirement unit as a query and a set of candidate code units, each
retrieval method assigns a relevance score to every candidate artifact and ranks
all candidates accordingly. The ranked list is then used to recover trace links for
evaluation.

For the industrial curated subset, each requirement query is ranked against
the full set of 22 file-level code units. A code unit is considered relevant only
when the corresponding requirement—code pair is labeled as Positive in the adju-
dicated trace set. Requirement units with no adjudicated positive code artifact
are excluded from ranking-based retrieval evaluation, and are analyzed sepa-
rately in the descriptive analysis and discussion.

In the current study, the task is examined under three settings on the in-
dustrial curated subset: FR-to-Code, NFR-to-Code, and Security NFR-to-Code.
The first two settings compare the overall retrieval difficulty of functional and
non-functional requirements, while the third focuses on security-related NFRs
as a representative category for more fine-grained analysis.

5.2 Settings

Datasets We conduct a baseline evaluation of the task on two datasets. The
primary dataset is the industrial curated subset constructed in this study, which
contains 38 requirement units, 22 file-level code units, and manually adjudicated
trace links covering both FR and NFR instances. Following the evaluation pro-
tocol above, only requirement units with at least one positive code artifact are
included in retrieval evaluation. Based on the current annotated subset, this
yields 9 FR queries, 9 NFR queries, and 3 Security NFR queries.

As an auxiliary public reference, we additionally include iTrust, a widely
used requirements-to-code traceability benchmark containing 131 requirement
artifacts and 226 Java code artifacts with established trace links. Since iTrust
mainly represents a conventional FR-oriented setting, it is used only as an ex-
ternal reference point rather than the primary target of analysis or a directly
controlled benchmark comparison.

Methods We evaluate four classical retrieval-based baselines: TF-IDF [22],
BM25 [21], LSI [7], and WMD [12]. TF-IDF and BM25 represent lexical match-
ing methods, while LSI and WMD capture broader semantic similarity. For the
industrial curated subset, each requirement query is matched against all 22 file-
level code units, and each method produces a ranked list of candidate artifacts
according to the computed relevance scores. The same retrieval-based setting is
applied to iTrust.
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Table 4. Retrieval Results Across Industrial and Reference Settings

Setting Metric TF-IDF BM25 LSI WMD
Prec. 0.71 0.74 0.61 0.68
Rec. 0.62 068 057 0.63

FR-to-
Reto-Code 1 0.66 071 059 0.65
MRR 0.72 079  0.66 0.74
Prec. 0.43 047 035 041
Rec. 0.34 040 030 0.38

NFR-to-
Reto-Code ) 0.38 043 032  0.39
MRR 0.45 051 040  0.49
Prec. 0.33 039 028 0.35
Rec. 0.27 032 024 031

ity NF

Security NFR 1) 0.30 0.35 0.26  0.33
MRR 0.39 046 035  0.44
Prec. 0.61 062 057 0.59
Teust Rec. 0.60 061 056 0.59
F1 0.60 062 057 0.59
MRR 0.70 072 067 0.70

Metrics We report Precision, Recall, F1, and Mean Reciprocal Rank (MRR) to
evaluate retrieval effectiveness. For each requirement query, the ranked results
are compared against the set of adjudicated relevant code artifacts. Precision,
Recall, and F1 are computed at the query level and then macro-averaged across
all evaluated queries. MRR is computed based on the rank position of the first
relevant code artifact for each query and is also macro-averaged across queries.

5.3 Results

Table 4 summarizes the retrieval results across the industrial curated subset
and the iTrust reference dataset. On the industrial subset, FR-to-Code con-
sistently outperforms NFR-to-Code across all four baselines and all reported
metrics. BM25 achieves the strongest overall performance, while LSI performs
worst overall.

Security NFR queries yield lower scores than the overall NFR setting across
all baselines, making them the most difficult subset in the current experiment.
On this subset, BM25 again performs best, while WMD is slightly stronger than
TF-IDF on several metrics.

On iTrust, all methods achieve higher and more stable results than on the
industrial NFR and Security NFR settings. BM25 again ranks first overall.
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5.4 Discussion

The results are consistent with the observations from Section 4. First, FR-to-
Code traceability is consistently easier than NFR-to-Code tracing. This pattern
reflects a structural difference in how requirements are implemented: FRs are
more often realized through explicit business-oriented artifacts, whereas NFR
evidence is more likely to be distributed across heterogeneous artifacts and is
therefore often weakly localized in code. As a result, NFR trace recovery is
hindered not only by weaker lexical alignment, but also by the lack of clearly
identifiable implementation anchors. This structural property is also reflected in
the baseline results: lexical methods such as BM25 and TF-IDF remain compet-
itive, while the classical semantic baselines evaluated here do not substantially
alleviate the difficulty of NFR trace recovery.

Security-related NFRs are particularly difficult in this regard. Compared
with the broader NFR subset, they yield consistently weaker retrieval results
across baselines. This suggests that security-related NFRs are especially likely
to be expressed as high-level assurances, while their implementation is indi-
rect, configuration-dependent, or distributed across multiple supporting loca-
tions. The difficulty therefore lies not only in terminology mismatch, but also in
the limited visibility of explicit code-level evidence.

An additional observation concerns requirement units labeled as Missing, i.e.,
cases for which no explicit implementation evidence could be identified in the
current codebase. These requirements are excluded from ranking-based evalua-
tion because they contain no relevant target artifact. Nevertheless, the observed
score patterns suggest that such requirements often receive uniformly low re-
trieval scores across candidate artifacts. This indicates that retrieval confidence
may provide a weak signal for the absence of explicit implementation evidence.
Beyond recovering existing trace links, low-ranked and low-confidence results
may also help identify requirement units whose implementation support is in-
complete, indirect, or not explicitly localized at the current file-level granularity.

6 Related Work

Requirements traceability has been extensively studied for recovering links be-
tween requirements and downstream software artifacts, such as source code,
design models, and test cases [6]. Classical approaches in this area are largely
based on information retrieval, similarity ranking, and artifact matching [10,
3], and public datasets such as iTrust have been widely used to evaluate trace
recovery methods [11, 16]. However, these benchmarks and evaluations are pre-
dominantly FR-oriented, and therefore provide limited evidence on how trace
recovery behaves for non-functional requirements in heterogeneous industrial
settings.

Research on NFRs has more often focused on requirement-side tasks, includ-
ing NFR elicitation, detection, extraction, identification, and classification [1].
Prior studies have investigated how to recognize quality attributes such as se-
curity, performance, and maintainability from requirement text using rule-based
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and learning-based approaches [19]. While these studies focus on NFR un-
derstanding at the requirement-text level, they do not address how NFRs are
grounded in implementation artifacts. Explicit NFR-to-Code traceability re-
mains underexplored [17], especially in settings where implementation is dis-
tributed across heterogeneous artifacts rather than localized.

Recent work has begun to explore the use of large language models (LLMs) in
traceability, including retrieval enhancement and cross-artifact matching [8, 23,
18]. Related studies also apply LLMSs to user-story elaboration and design-model
derivation [14,13], indicating their potential to bridge semantic gaps between
artifacts [9]. Nevertheless, evidence mainly comes from conventional FR-oriented
benchmark settings. Whether such techniques can effectively support industrial
NFR-to-Code traceability remains unclear, especially when the difficulty lies
not only in semantic mismatch but also in distributed and weakly localized
implementation evidence. Therefore, this work focuses on an industrial NFR-
to-Code setting and provides an empirical comparison between FR and NFR
traceability under heterogeneous implementation conditions.

7 Threats to Validity

Internal validity. This study relies on manual requirement decomposition,
requirement typing, and trace link annotation, and some degree of subjectiv-
ity therefore remains unavoidable. To mitigate this threat, we designed and
applied a structured annotation protocol. Two annotators independently la-
beled the requirement—code pairs following the same criteria, and disagreements
were resolved through discussion and adjudication; future extensions will fur-
ther quantify annotation agreement to strengthen the reliability analysis. Nev-
ertheless, borderline cases may still affect how NFR categories and Positive/
Negative / Missing labels are assigned. In addition, the study adopts file-level
code units, which improve consistency and feasibility but may under-represent
requirements whose implementation evidence is distributed across multiple files
or finer-grained program elements.

External validity. The current dataset is constructed from a single indus-
trial blockchain-IoT project and a manually curated subset with a relatively
small sample size. As a result, the observed traceability patterns may still be
influenced by project-specific factors such as domain characteristics, coding con-
ventions, and documentation style. To partially mitigate this limitation, we ad-
ditionally include iTrust as an external FR-oriented reference dataset. However,
publicly available datasets that explicitly support NFR-to-Code traceability re-
main scarce, especially for heterogeneous industrial settings.

8 Conclusion

This paper presents an empirical study of NFR-to-Code traceability based on
a real-world blockchain-IoT project. We design an annotation protocol for con-
structing trace links across heterogeneous artifacts, build a manually curated
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FR/NFR-to-Code trace subset, and evaluate representative retrieval-based base-
lines on this dataset.

The study shows that NFR traceability is fundamentally more challenging
than FR traceability, with security-related NFRs being particularly difficult.
More importantly, the difficulty does not stem from the absence of require-
ments, but from the fact that their implementation evidence is distributed across
heterogeneous artifacts and not clearly localized in code. This observation has
direct implications for quality-sensitive systems, where requirements related to
security, reliability, and performance play a central role. It suggests that im-
proving traceability in such settings requires methods that go beyond conven-
tional lexical matching and explicitly account for distributed and implicit im-
plementation evidence. Future work will extend the dataset, report quantitative
inter-annotator agreement, and evaluate modern embedding-based, neural, and
LLM-based traceability techniques tailored to distributed and weakly localized
NFR evidence.
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