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Hashim Ali enables complete traceability throughout the process because it includes variable

hashimali@awlkum.edu.pk  mapping and predicate abstraction and multiple backend export capabilities,
which include LTL and SMT, thus supporting both design-time model checking
and runtime monitoring. The study employed semantic and structural
completeness, ambiguity and consistency metrics to assess FRET-based
formalization, which demonstrated that its semantic comprehension and

structural integrity improved compared to natural-language requirements, while
it unveiled hidden assumptions that needed to be addressed before formal
verification could proceed. The research demonstrates that diagrammatic
semantics improve understanding for stakeholders, while formal encodings
deliver exact specifications that machines can verity without altering the original
purpose. The research demonstrates that combining requirements engineering
with formal methods improves the safety-critical environmental requirements of
autonomous systems via better quality and accurate traceability, and improved
ability to verify requirements.
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1. Introduction

Requirements engineering serves as the primary essential step for developing quality systems that need
to establish safety requirements for their critical systems ([1]. A requirement establishes the expected
system performance through its various measurable components, which people commonly call
observables [2, 3]. A system achieves correct operation during its initial development phase when it
successfully meets all defined requirements [4]. Most requirements tend to use natural language for
their expression, which makes them understandable to people, but this choice creates uncertainty about
their meaning and makes it difficult to analyze them through formal methods [5, 6]. The introduction
of errors during this period results in mistakes that become impossible to detect while they continue
through subsequent development stages until they cause system failures [7]. Earlystage defects are
critical because systems can appear to meet their written requirements while their actual performance
does not meet the intended operational standards.

The research evidence demonstrates that requirement defects arise from two primary sources, which
include incomplete behavioral descriptions and the violation of quality attribute requirements [6]. The
established guidelines, together with their corresponding tools, offer solutions to problems, but
organizations continue to experience difficulties with traceability and verification processes that connect
systems and applications [8]. The research evidence demonstrates that requirement defects arise from
two primary sources, which include incomplete behavioral descriptions and the violation of quality
attribute requirements [6]. The established guidelines, together with their corresponding tools, offer
solutions to problems, but organizations continue to experience difficulties with traceability and
verification processes that connect systems and applications [8].

The requirements for Environmental and safety standards that Automated Driving Systems (ADS) must
meet create difficulties that become more severe. The environmental requirements need to document
how the system will function under different road conditions and atmospheric conditions, and the
presence of traffic participants and specific operational constraints. The regulatory requirements in
FRAV require organizations to present their operational needs using informal natural language. This
results in three main problems because of the following three aspects: (1) the presence of unclear and
imprecise information, (2) the system behavior lacks strong connections to its main objectives, and (3)
organizations have not established formal methods that allow them to prove their compliance with the
requirements [9]. The existing limitations act as obstacles that prevent researchers from developing
scientific methods that verify the accuracy of their findings in Automated Driving Systems (ADS)
research.

[9] developed a complete list of environmental needs which they obtained from the FRAV framework
that describes road characteristics, and situational factors, object detection methods, and speed-friction
dynamics. Although the work establishes a solid regulatory base the requirements continue to exist as
natural language text, which creates difficulties with understanding requirements and tracking, and
testing requirements. The study uses NASA’s Formal Requirements Elicitation Tool (FRET) [10], which
transforms naturallanguage requirements into FRETish that structured system which, uses defined
semantic restrictions. The system requires users to define specific boundaries and operating conditions,
response times, and system behavior, which results in reduced uncertainty and enables formal
assessment of system operation.

The research aims to develop an organized system that uses automated tools to transform
environmental requirements into formal specifications, which researchers can use for verification
purposes. The project involves:

(i) extracting and categorizing FRAV requirements,

(ii) formalizing them into FRETish representations,

(iii) generating diagrammatic semantics to support stakeholder understanding, and

(iv) translating the specifications into temporal logic for formal verification. The study presents a

quantitative evaluation framework that assesses requirement quality enhancements through five criteria
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that include semantic clarity and structural consistency and completeness, ambiguity reduction, and
verification readiness.

The research uses four essential questions to direct its study because it investigates all of the following
aspects, with its first question explaining how informal FRAV requirements can be transformed into
FRETish through formalization processes. The second question investigates how diagrammatic
semantics affect stakeholder comprehension. The third question examines how FRET-based
specifications enable different user groups.

The two main contributions of this work provide its two primary outcomes. The research work shows
how ADS regulatory environmental requirements can be converted into machine-readable specifications,
which enable better traceability and formal verification. The research system produces a quantitative
assessment method for requirement formalization through FRET, which identifies an existing research
gap. The proposed framework establishes a reproducible pathway from informal regulatory text to
formal verification artifacts and can be extended to other safety-critical domains facing similar
challenges.

The remainder of this paper is organized as follows. Section 2 reviews background and related work in
requirements engineering, formal methods, and FRET. Section 3 presents the proposed methodology
for requirement extraction, formalization, and evaluation. Section 4 reports the results and analysis,
followed by discussion and implications in Section 5. The paper concludes with Section 6, which also
provides directions for future research.

2. BACKGROUND STUDIES AND RELATED WORK

a. Requirements Engineering Foundations

The system performance depends on its requirements because these requirements define what the
system should accomplish and how it should operate. The stakeholders who need to understand these
requirements prefer natural language because it provides them with better access to the information.
The process of using this method creates three problems, which include ambiguity, incompleteness, and
inconsistency [11, 12]. The problems that arise from these issues create two main problems, which
include incorrect assumptions and ambiguous terminology, and imprecise interpretations that all affect
developers, designers, and testers [13, 11]

The process of traceability presents another major problem because stakeholders need to create
connections between their high-level objectives and system requirements and all subsequent system
components. The system traceability weaknesses result in higher maintenance expenses and create
challenges for the assurance operations. The development of traceability models has progressed, but
researchers still find it difficult to create automated methods that can reliably retrieve trace links [14,
10].

Formal methods create better requirements through their ability to conduct thorough verification
analyses using model checking and theorem proving [15, 16]. The process only works properly when
organizations provide high-quality vital specifications because system faults start to appear when
organizations use vague or incomplete specifications. The process of pattern-based requirement
expression through EARS and Property Specification Patterns (PSP) establishes boundaries that help
reduce requirement expression errors. The process of toolsupported methods helps convert natural
language into formats that researchers can analyze. The existing regulatory requirements still exist as
free-text documents, which create a need for organizations to develop structured methods that use tools
for the process of formalization.

b. Requirements Engineering Foundations

The set of formal specification methods includes mathematical methods which consist of model
checking and theorem proving, and logic-based specification languages, according to [17], the primary
function of model checking allows users to confirm temporal logic property compliance in system
models while also assisting developers to find design flaws through counterexample analysis, according
to [15]. The method requires precise abstract representations for effective operation, but its ability to
handle complex systems presents operational challenges.
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The designers of pattern-based approaches created their system to help users understand formal
methods. Property Specification Patterns (PSP) provide reusable templates that allow engineers to
express formal properties without requiring deep expertise in logic [16]. The Easy Approach to
Requirements Syntax EARS provides structured templates that help users reduce uncertainty and
enhance their understanding, according to [12]. The implementation of these methods creates
uniformity while enabling organizations to adopt new technologies with reduced difficulties.

The restricted natural language methods enable developers to create precise documentation for free-text
requirements, which can be tested automatically and tracked according to [16, 12, 18]. The current
solutions need extensive domain knowledge to function properly, while their formal verification tools
do not work together well with existing systems. The use of the FRET system becomes necessary because
it enables users to combine controlled language with exact formal meaning and complete system
connections.

c. FRET and FRETish Language

The NASA Formal Requirements Elicitation Tool FRET helps users create exact requirements that can
be verified for use in safety-critical systems. The open-source platform FRET allows users to create and
formalize requirements while they analyze a single workspace.

FRET uses FRETish, which is a controlled natural language for requirement structuring that includes
five essential elements: scope, condition, component timing, and response. The component and
response fields are mandatory, while the others serve to provide additional contextual information. The
structured representation requires complete specification of all aspects related to requirement
implementation, thus eliminating both ambiguity and hidden assumptions.

FRET automatically converts FRETish statements into formal semantic meaning, which usually takes
the form of temporal logic formulas. The system provides users with quick feedback through its visual
diagrams and machine-readable output. The system enables human readers to understand its content
while maintaining the ability to conduct formal verification tests, which make FRET ideal for
converting regulatory requirements into specifications that can be analyzed.

1 shows the FRET Editor, which includes features for formalization and explanation.

Update Requirement Semani tics

Fig. 1: FRET editor with formalizations and explanations in the help tab

The system increases traceability through the creation of distinct requirement identifiers, which can be
exported to multiple formats, including JSON and tool-specific verification inputs. The system enables
users to analyze realizability while they connect with formal verification processes, which enable them to
transform informal requirements into methods for formal assessment.

d. Environmental Requirements in ADS and the FRAV Framework

The research study conducted by [9] and his coauthors in 2025 presents an extensive investigation of
environmental requirements that govern ADS systems through their application of the FRAV
framework 2. The research study identifies and classifies requirements that pertain to road
characteristics and environmental conditions, vehicle velocity, and object recognition capabilities. The
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requirements of the system emerge from regulatory documents which include WP.29/GRAV and they
undergo testing to verify their compliance with SAE and ISO standards.

The study presents a detailed list of requirements, but they remain in natural language, which creates
three problems. The requirements are fixed elements that apply only to certain road situations. The
existing limitations demonstrate the essential need for formalization methods that require systematic
implementation.

e. Related Work

The research community has investigated different methods for creating formal natural language
requirements through their studies of controlled languages, pattern-matching methods, and software
development environments.

Step1 Step 2
Exploring FRAV to Flicit Analyzing SCAD to Elicit
Emironmental Requirements Environmental Requirements

i . Version|;Environmental B AV P
SCAD De nt FRAV Document
i Requirements (SCAD) s Requirements(SCAD+FRAV)

Version2: Environmental

Fig. 2: Methodology of Environmental requirements for ADS from FRAV

FRET serves as a toolchain that enables users to create structured requirement specifications that
produce machine-readable specifications according to-[10}. The system uses templates to create formal
procedures that help users understand things while testing formal verification procedures. The research
presents descriptive content about the study, but it fails to provide numerical measurements for
assessing the requirement standard.

The research studies three areas, which include proof of concept assessment and systems development,
because FRET can assess requirement validation while detecting hidden requirements. The research
studies face limitations because their studies focus on restricted domains and show limited ability to
expand. The research uses FRET on a regulatory dataset, which contains FRAV data, and assesses
research results through quantitative measurement methods. [19] studied how lightweight toolchain
integration functions for constrained systems enable them to verify their processes and export the data.
Their proposed methodology achieved successful results, but the functions only work within particular
system limits, failing to meet wider regulatory standards. [20] provides a cross-domain survey of FRET
applications across aerospace, medical, and robotics domains. The research presents practical difficulties
together with implementation findings, yet it depends on qualitative data instead of using structured
assessment methods. The study by [20] represents how FRET technology can be used in mobile robotics
field for its observation purposes and its mission execution requirements. The research focuses on
diagrammatic semantics together with stakeholder interaction, yet it maintains its boundary as a
particular field of study, which does not consider environmental impacts or regulatory requirements.
[21] in their study and [22] both provide complete formal verification processes, which apply to safety-
critical systems. The research demonstrates how formal methods achieve successful outcomes, yet it
requires formal requirements to exist because the process of transforming natural language remains
unaddressed.
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TABLE 1: ELICITED REQUIREMENTS RELATED TO ROADS (FRAV CASE STUDY)

REQ. ID REQUIREMENTS

FRAV incorporates detailed physical infrastructure elements such as lane markings,

ROD.01 crosswalks, and signalized/nonsignalized junctions.
ROD.02 FRAV includes stop, yield, speed-limit, crosswalk, railroadcrossing, and school-zone signs
’ to ensure compliance with road regulations.
FRAV supports multiple lane types, including cycling lanes and pedestrian pathways, to
ROD.03
enhance road-user safety.
ROD.04 FRAV addresses both motorways/highways and urban roads, including scenarios with

unprotected turns.

III. METHODOLOGY

The section shows the research methods that create formal specifications that can be verified through
testing based on the environmental needs of Automated Driving Systems (ADS). The project uses a
multi-stage process that defines requirements through traceable pathways while handling testing
procedures in a structured manner. The process starts with requirement extraction, which leads to
formal verification and ends with quality assessment through each stage of the process.

a. Requirement Collection (Data Source)

The FRAV case study [9] serves as the primary data source for this research. The document delivers
complete environmental requirements, which include road conditions, situational factors, speed limits,
friction behavior, and object detection requirements. The requirements come from regulatory standards
which establish actual operational conditions for ADS.

The data preparation begins with the systematic extraction of individual requirements in their original
natural language form. Each requirement is assigned a unique identifier (e.g., ROD.01) within its
respective category to preserve traceability and maintain semantic integrity. The process of formalization
will not change the original intent, which requires maintenance before this stage.

The FRAV framework provides 1, which displays sample natural language requirements that researchers
used to process further. The remaining 25 requirements in natural language are provided in the
Appendix

b. Requirement Formalization

The extracted natural language requirements are transformed into FRETish, a structured and
controlled representation that supports both human readability and machine processing. The
transformation produces enhanced clarity together with reduced ambiguity while establishing a
standardized framework for conducting formal evaluations.

FRET organizes requirements into six fields:scope, condition, component, shall, timing, and response,
as illustrated in 3. The fields require precise identification of all contextual elements together with
behavioral components and temporal details that pertain to each requirement.
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Requirement Description

A requirement follows the sentence structure displayed below, where fields are optional unless indicated
with "*". For information on a field format, click on its corresponding bubble.

SCOPE

In obstacle_anticipation_mode ! ADS SHALL
always satisfy vehicle_behavior = lead_vehicle_decelerating &
lead_vehicle_stopped & lead_vehicle_accelerating & changing_lanes & cutting_in &
cutting_out & turning & encroaching_opposite_vehicle &
encroaching_adjacent_vehicle & entering_roadway & cutting_out

SHALL* (TIMING) (RESPONSES‘)

Fig. 3: Six Compulsory Fields of the FRET
c. Diagrammatic Semantics
FRET creates visual diagrams that show formal requirements through their logical and temporal
relationships. The diagrams create a validation process that connects textual specifications with formal
verification methods.
FRETish elements get converted into matching visual elements. The condition shows when the system
will activate while timing shows the time connections, and response describes how the system operates
within its established boundaries. The component shows which system element has the duty to execute
the task. The visualizations help stakeholders to comprehend information better because they show
hidden time and logical connections, which make the content easier to understand and validate
through testing.
d. Temporal Logic and External Tool Integration
The FRETish requirements, which were defined through a formalization process, are converted into
Linear Temporal Logic (LTL) for the purpose of performing automated verification. The translation
process uses a semantics-driven method which applies pattern matching and template substitution
according to PSP.
The LTL specifications enable future-time reasoning and pasttime reasoning, which allows their
application in model checking and runtime monitoring. FRET enables users to export data in multiple
formats which include JSON, XML, and SMT-LIB for smooth operation with external verification tools.
The current stage establishes that requirements have been both formally defined and transformed into
verification pipeline components.
e. Quality Evaluation
The study compares natural language requirements (RiNL) with their FRETish counterparts (RiFRET)
to assess the effectiveness of the formalization process. The evaluation uses five essential quality
attributes which are semantic clarity, structural quality, completeness, ambiguity and consistency,
together with the Final Quality Index (FQI), which aggregates these attributes (7, 23, 24].
The metrics enable an organized quantitative evaluation that measures advancement in requirements.
The study uses pre- and post-formalization comparisons to show that structured representation improves
both requirement quality and verification readiness.
4 shows the complete process of the methodological workflow which transforms FRAV-derived natural
language requirements through its various stages into formal specifications that can be verified. The
process of extraction and formalization leads to the creation of semantic visualizations, which enable the
encoding of temporal logic and quality assessment procedures.
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Fig. 4: Formalized Environmental Requirements for Automated Driving Systems: A FRET-Base
Approach

f. Other general recommendations
Define properly each of the acronyms used, describing their meaning the first time they appear in the
text. For example, “such a relationship is known as the mass ratio (RGM)”. Once defined, always use
the acronym instead of the full term. Remember to define each of the symbols that appear in the
mathematical expressions and do not forget to clarify the notation used when using special or unusual
mathematical operators. The use of capital letters should be made according to the general conventions,
that is, at the beginning of a sentence after a period, in proper names, in acronyms, etc., and in titles
according to what is defined in the work format. If in doubt, contact ajceam@gmail.com.
IV. RESULTS
This section presents the results of applying the proposed pipeline to the FRAV dataset (Kundi et al.,
2025). The outcomes move through different stages, which include formalization, semantic
representation, verification readiness, and quality evaluation. The study demonstrates improvements
from natural language to formal specifications through dedicated examples and quantitative assessment.
a. RQ1: Formalization of FRAV Environmental Requirements into FRETish
The research question RQ1 examines how FRAV requirements transform from their original natural
language form into FRETish. The process defines 28 requirements, which they organized into four
distinct categories that include road requirements, situational requirements, speed/friction
requirements, and object detection requirements. The defined requirements are then converted into a
formal structure for requirements transformation Ri, which are defined as: Ri =( scope, condition,
component, shall, timing, and response) .
As a result, successful requirement parsing in FRET was achieved through minimal changes, as shown
in the Table 2. It includes their work on implicit timing, responses, and conditions to attain syntactic
correctness and semantic consistency.
b. Diagrammatic Semantics Representation of Formalized Requirements
The research question RQ2 evaluates FRET diagrammatic semantics because they enable better
stakeholder comprehension than natural language descriptions, which FRET provides. The visual
representations demonstrate three specific aspects of requirements, which include requirement
structure, temporal behavior, and logical dependencies.
FRET diagrams use node-link structures together with timeline-based semantics and a brief textual
description. The main components of this system include five elements, which are scope (context of
applicability), condition (triggering events), timing (temporal constraints), response (expected behavior),
and modal operators (e.g., “shall”). The additional cues, which include color coding, legends, and
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metadata, help users read and trace content more effectively. The combined elements establish timing
and causality as implicit aspects that become accessible for comprehension through their existence.

FRET Requirement Formalization Diagrammatic Semantics (FRET)
Update Requirement v - AN TEMPLATES GLOSSARY

— Reguirement 0 paser " Prosect ENFORCED; in the interval defined by the entire execution.
Unique 1B and ROD.0T ROD ADS Environmental Re... = TRIGGER: first point in the interval if (operating) is true and a
tracesbilty to I = point in the interval where (operating) becomes true (from false). | A. Semantics
MR, REQUIRES: for every trigger, RES must hold at same time paint | -~
and project. Rationale and Comments & between (3nd Including) the trigger and the end of the interval Natural longuage
.! interpretation of
Racioasle “ | the formallogie.
Beginning of Time T
FRAV incorporate physical infrastructure (e.g., lane markings, crosswalks, T
sl signalized/non-signalized junctions) 4 ‘ P F
Explains the .
resson and A L (Operating)
o Roadway characteristics g ‘ b
the requirerent. Y | T the candition holds.
TC = (operating), Response = (lane_markings | crosswalk | © Resporse e
Requirement Deseription (operating), Resp ¢ i !
signalized_junction | non_signalized_junction) System response
et {osows the sentence siructure disaiayed below, where fields are optional uniess indicated must occur witin
e " p his merval
»
(comronen)  swanrs (raama
) = pre—
- = Mode of Gheraan (mentxned in 560p€)
" pe , the ADS SHALL satisfy lane_markings | crosswalk |
s , [rr—. ©. Legend
signalized_junction | non_signalized_junction s
Explains the
== =t = ‘symbols, colors,
' v '3 T and inervals used
[ 3.scopatwmem | | a. component as) 5. SHALL (Obiigation) 6. Rasponss (Sehavior) | n the diagram.
Defines the cperating| | The system (ADS) Specifies the mandatory The expected system e
context or trigger 1o which the nature of the behavior or outcome. —
‘condition. requirement applies. ‘requirement. that must be satisfied. | ¥ 34
............................. = E Logic Mapping
P4 i * [ p—
= A == " Bounded mtarva langth ] Maps formal g
o e Conditions elements (TC, SC,
Defines when the One o more possibie TC Trigger Condiion S Siop Candtion €5) 0 the dagram.
response must hold respanses that sststy ee an
(e.g. abways, until, the requirement.
within inerva) = L b
/ FRET Formalization Outcome Key Takeaway
« ,’ Trans natural languag into precise. > lI 1 de a f the
structured, and machine-analyzable representations using six ll underlying logic, making requirements easier 10 understand,
well-defined fields. verify, and communicate.

Fig. 5: Diagrammatic Representation of FRETish Requirements

The diagrammatic semantics for requirement ROD.01 in the figure 5 have detailed information related
to each aspect the diagrammatic view provides. The timeline visually separates scope, condition, and
response intervals. The trigger condition (TC) indicates the specific moment when the system needs to
respond, and the response interval establishes the time period when the required behavior must be
maintained. The semantic summary explicitly links the condition (“operating”) to the required response
(infrastructure elements). The diagram establishes precise times and specific situations in which the
requirement should be implemented because it uses natural language to remove uncertainties.

Figure 6 presents a more complex example involving quantitative constraints. The diagram shows a
continuous condition (road condition and vehicle type) and a corresponding response constraint of the
speed-related requirement (RO1). The visual representation of the information shows how time
continuity and parameter dependencies work together, which the original text format does not show.
The alignment of condition and response intervals clarifies that the speed constraint must hold
throughout the valid condition period.

https://sesjournal.com | Ahmad et al., 2026 | Page 4378


https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030

Spectrum of Engineering Sciences
ISSN (e) 3007-3138 (p) 3007-312X

Volume 4, Issue 3, 2026

SPD.01 # ADS Environmental Require...

RATIONALE

FRAVuses friction/acceleration to infer safe speeds; such as friction: 1.0,
Max acceleration: 10 m/s?

2) REQUIREMENT
whenever road_condition = normal & vehicle_type = car | motorcycle
ADS SHALL always satisfy vehicle_speed <= safe_speedifriction = 1.0 &

max_acceleration = 10) .

@ SEMANTIC DESCRIPTION

ENFORCED: in the interval defined by the entire execution. |
TRIGGER: every point in the interval where

(road_condition = normal & vehicle_type = car | motorcycle) is true.
REQUIRES: for every trigger, RES must hold at all time points ‘
between (and including) the trigger and the end of the interval.

Blue interval:

(&) SEMANTIC DIAGRAM

Beginning of Time

Green interval
response must hold continuously
for the entire condition interval

Scopa of enforcsmant:

CC = (road_condition = normal & vehicle_type = car | motorcycle),
Response = (vehicle_speed <= safe_speed (friction = 1.0 & Ja=d
max_acceleration = 10 )).

* + TRIGGER: Condition that activates the requirement

(1) RATIONALE (Why this requirement exists)

+ Describes the reasoning and domain knowledge

behind the requirement. AN
+ Safe speed is inferred using road friction and ,@\
maximum acceleration limits

» (2) REQUIREMENT (What the system must do)

+ Specifies the condition under which the requirement
applies (road_condition, vehicle_type).

+ Defines the obligation: the ADS must always keep
the vehicle speed at or below the safe speed
computed using friction and max acceleration

@ SEMANTIC DESCRIPTION (Formal interpratation)

| | » ENFORCED: Applies for the entire execution interval

Q

= REQUIRES: Once triggered, the response must hold
continuously until the end of the interval.

(@) SEMANTIC DIAGRAM (Visual meaning)
considered

« Gray interval: the requi
throughout the whol

= Green interval: the required response must hold
continuously while the condition is trus

= €C marks the trigger point where the condition
becomes true.

ANNOTATED EXPLANATION FOR
STAKEHOLDERS

(5) FUTURE TIME FORMULA
(LAST v (((road_condition =
motercycle)) -> (LAST V (vel
1.0) & (max_acceleration = 168)) )

_speed <= safe.

6) PAST TIME FORMULA

(H ((H (! ({(road _condition =

1) & (vehicle_type = car)) | L
speed((friction = |

normal) & (vehicle type

(5) FUTURE TIME FORMULA (LTL - Future)
« Expresses the requirement using Linear Temporal Logic
st € |
of execution
+ Ifthe condition becomes true. then the response must
hold from that point until the end.

= car)) | 6) PAST TIME FORMULA (LTL - Past)

motercycle))) | (vehicle speed <= safe_speed((friction = 1.0) &
preimge e g e uly  Expresses the requirement for past-time reasoning f—k-
« "H" means: historically (from the beginning till now).
- = S
CLOSE * If the condition has baen true in the past

the response must have held throughout that period.

Fig. 6: Diagrammatic Representation of SPD.01 Requirement in FRET
The results demonstrate that diagrammatic semantics enhance interpretability through their ability to
present temporal relationships and triggering conditions, and system responses to viewers. The system
helps stakeholders to understand information faster, while it eliminates confusion about who needs to
know about hidden requirements in complex requirements, which include many details.

TABLE 2: COMPARISON OF NL REQUIREMENTS AND FRETISH FORMALIZATION

ID

FRAYV (Original NL)

FRETish (Formalization)

ROD.01

SCR.02

SPD.03

OBJ.04

FRAYV incorporates physical
infrastructure (e.g., lane
markings, crosswalks,
signalized/non-signalized
junctions)

FRAYV includes vulnerable road
users (e.g., pedestrians and
cyclists) to enhance safety

FRAYV uses
friction/acceleration to infer
safe speeds (e.g., friction:

1.0, max acceleration: 10 m/s?)

Lead vehicle decelerating,
stopped, accelerating, changing
lanes, cutting in/out, turning,
encroaching opposite/adjacent
vehicle, entering roadway

When operating ADS SHALL satisfy lane_markings |

crosswalk | signalized_junction | non_signalized_junction

When traffic_composition = pedestrian A cyclist ADS
SHALL always satisfy safety

Whenever road_condition = normal A vehicle_type = car
| motorcycle ADS SHALLalways satisfy vehicle_speed <

safe_speed(friction = 1.0 A max_acceleration = 10)

In obstacle_anticipation_mode WHENEVER road_user =
vehicles ADS SHALL always satisfy vehicle_behavior =
lead_vehicle_decelerating A lead_vehicle_stopped A
lead_vehicle_accelerating A changing lanes A cutting_in
A cutting_out A turning A
encroaching_opposite_vehicle A
encroaching_adjacent_vehicle A entering_roadway
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c. Representation of Natural-Language Requirements in Temporal Logic

The research question 3 investigates how FRETish requirements that exist in formalized form can be
converted into Linear Temporal Logic (LTL), which will then be used for formal verification. Natural-
language requirements show intuitive value, but they lack explicit temporal semantics, which makes
direct verification impossible. The limitation is solved by converting structured FRETish specifications
into temporal logic formulas, which enable verification of the specifications.

The Table 3 presents representative examples across all requirement categories, showing the progression
from natural language to FRETish and finally to Future-Time LTL. ( Full detailed Future and Past-Time
LTL formulations are provided separately in Appendix/Index.)

Researchers developed predicates that serve as understandable representations of complex
environmental conditions. The condition C which defines both environmental and vehicle limitations,
and speed-ok which indicates safe speed requirements:

1. Future-Time Interpretation

The system uses a general representation, which it defines as: G(C—speed-ok)

The formula defines an operational safety requirement that must be fulfilled whenever condition C
activates. FRET semantics require conditions and responses to exist at the same time for their
implementation.

2. Past-Time Interpretation

The requirement for trace-based analysis can be shown through past-time logic, which expresses the
requirement as: H({C—speed-ok)

The formulation verifies that all past requirements have been fulfilled, which makes it appropriate for
running system checks and evaluating completed processes.

The research findings demonstrate that FRET-based logic successfully models both trigger-based system
behavior and continuous system operation. The requirements present in SPD.03 impose ongoing
restrictions, which include speed limits, whereas other requirements define performance responses
according to specific events. The generated formulas possess architectural complexity, yet they provide a
detailed representation of temporal relationships between events and the required system behavior.

The process of transforming the original requirements into machineverifiable form maintains their
original meaning. The three elements of FRETish structure, diagrammatic semantics (RQ2), and LTL
encoding show consistent alignment across different representation methods.

The study results show that FRAV requirements can be converted into futuretime and past-time
temporal logic, which provides a path to connect with formal verification methods used in model
checkers and runtime monitors.

d. Requirement Quality Evaluation and Empirical Validation

This section evaluates the impact of FRET-based formalization on requirement quality by comparing
natural-language (NL) and FRETish representations across five dimensions: semantic clarity, structural
quality, completeness, ambiguity, and consistency. The results are presented per FRAV category to
ensure systematic assessment.

1. Road-Related Requirements

Tables 4 present the comparative results of the Road-related requirement. After formalization, semantic
scores increase significantly (0.9) due to explicit scoping, conditions, and responses.

A slight reduction in completeness is observed, reflecting the decomposition of implicit assumptions
into explicit elements required for formal verification. Overall, the FQI improves (0.84 — 0.89),
indicating enhanced clarity and verification readiness. The heatmap 7 confirms consistent gains in
semantic quality and reduced ambiguity while maintaining structural stability.
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TABLE 3: PROGRESSIVE FORMALIZATION FROM NL TO FRETISH AND TEMPORAL LOGIC

ID FRAV (Original NL) FRETish (Formalization) Linear Temporal Logic
(LTD)
ROD.01 FRAV incorporates When operating ADS SHALL satisfty G(operating ~ —
physical infrastructure lane_markings | crosswalk | F(lane_markings
(lane markings, junctions V crosswalk V
crosswalks, junctions) junctions))
SCR.02 FRAVincludesvulnerable When traffic_composition = G((pedestrian A cyclist) —
(pedestrians, cyclists) for  pedestrian A cyclist ADS safety)
safety SHALL always satisfy safety
SPD.03 FRAV uses Whenever road_condition = normal  G((normal Avehicle) —
friction/acceleration to A vehicle_type = car | motorcycle (speed < safe_speed))
infer safe speed ADS SHALL always satisfy
vehicle_speed < safe_speed
OBJ.04 Vehicle behaviors: In obstacle_anticipation_mode G((mode Avehicles) —

decelerating, stopping,
lane change, turning, etc.

WHENEVER road_user

vehicles ADS

always satis

vehicle behavior

SHALL

safe

fy

F(safe_behavior))

TABLE 4: QUALITY ASSESSMENT OF ROADRELATED REQUIREMENTS AFTER FRET

FORMALIZATION
Index Req_ ID Semantic Structural = Completeness  Ambiguity  Consistency  FQI
0 R1 0.897 1.0 0.700 0.909 1.0 0.901
1 R2 0.875 1.0 0.700 0.909 1.0 0.895
2 R3 0.888 1.0 0.512 0.923 0.8 0.833
3 R4 0.876 1.0 0.571 1.000 1.0 0.883
4 R5 0.914 1.0 0.600 0.929 1.0 0.888
5 R6 0.904 1.0 0.600 0.944 1.0 0.888
6 R7 0.899 1.0 0.827 1.000 1.0 0.940
7 R8 0.909 1.0 0.767 1.000 1.0 0.931
8 R9 0.775 1.0 0.626 0.889 1.0 0.852

structural  Completeness

Requirement Quality Heatmap

Ambiguity
Quality Dimensions

Cons

L0
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a7

L0
08
08
- 07

Ambiguity Consistency ol

Fig. 7: Requirement Quality Heatmap of Road-Related Requirements
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2. Quality assessment of Conditional Situation Requirements

The table 5 summarize the results of the comparative analysis of the situational condition requirements
of NL and FRETished in the FRET tool.

The requirements for natural language demonstration show average understanding because they
contain hidden time-based requirements. FRET formalization makes these explicit, resulting in
improved semantic scores (0.79-0.90) and preserved structural consistency (1.0). The explicit separation
of condition-response elements leads to a minor reduction in completeness.

The first statement shows that FQI values increased from 0.81 to 0.88, showing better performance in
both interpretability and precision. The heatmap 8 displays condition-related information with greater
clarity while showing less uncertain elements.

3. Speed-Related Requirements Quality Evaluation

This category exhibits the most notable improvement after formalization. The requirements from the
Speed-related table 6, after they were compared with NL, show great improvements.

NL requirements suffer from low structural quality, high ambiguity, and weak completeness due to
vague quantitative constraints. After FRET formalization, semantic clarity becomes consistent (0.89-
0.90), and structural quality reaches 1.0 across all requirements. Completeness remains moderate as
hidden parameters become explicit.

The FQI improves significantly (0.55-0.77 — 0.80-0.87). The heatmap 9 displays substantial
improvements in both semantic and structural aspects, which shows that the formalization process
effectively enhances constraint-driven environmental requirements.

TABLE 5: FRET FORMALIZED SITUATIONAL CONDITION REQUIREMENTS EVALUATION

Index Req_ID Semantic Structural Completeness Ambiguity Consistency  FQI

0 R1 0.800 1.0 0.485 0.857 1.0 0.826
1 R2 0.792 1.0 0.715 0.944 1.0 0.883
2 R3 0.905 1.0 0.555 0.846 1.0 0.864

TABLE 6: QUALITY ASSESSMENT OF SPEEDRELATED REQUIREMENTS AFTER FRET
FORMALIZATION

Index Req ID Semantic Structural Completeness Ambiguity Consistency  FQI

0 R1 0.893 1.0 0.500 0.808 0.900 0.829
1 R2 0.891 1.0 0.538 0.750 1.000 0.843
2 R3 0.889 1.0 0.444 0.818 0.778 0.800
3 R4 0.896 1.0 0.647 0.864 0.857 0.862
4 R5 0.895 1.0 0.615 0.857 0.750 0.838
5 R6 0.899 1.0 0.474 0.960 1.000 0.864
6 R7 0.901 1.0 0.571 0.905 1.000 0.875
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Fig. 9: Heatmap of Formalized Speed-related Requirements
4, Object Detection Related Requirements Quality Evaluation
The Tables 7 present comparative results of the final object detection requirements of ADS while
perceiving the environment. The semantic clarity of NL requirements demonstrates significant
fluctuations because their behavioral descriptions are complicated. After formalization, semantic scores
converge ( 0.90), and structural quality becomes uniform (1.0). The system shows improved consistency
between (0.95-1.0) complete system analysis and its ability to measure complex behaviors through
distinct components.
The FQI stabilizes within a high range (0.85-0.92). The heatmap 10 shows that quality improvements
have become more stable while requirement testing now shows less variability.
V. DISCUSSION
The chapter interprets its empirical findings according to research objectives, which demonstrate how
FRET-based formalization enhances requirement quality, together with interpretation capabilities and
autonomous driving system verification readiness. The discussion synthesizes key findings while it
explains observed patterns and describes their practical implications, and acknowledges existing
limitations.
1. Key Findings
The entire process from requirement extraction to FRETish formalization and diagrammatic semantics,
temporal logic generation, and quality assessment demonstrates continuous improvement throughout
its various stages.
The formalization process resulted in major enhancements to both semantic understanding and
structural uniformity of the content. The FRET tuple
(Scope-Condition-Timing-Response) system that was implemented to establish requirements showed
complete precision in standardizing requirement presentation through its requirement definition
process. The system achieved better verification capabilities because the team succeeded in converting
all project requirements into formal verification materials, which included LTL, SMT-LIB, and
JSON/XML documents.
The use of diagrammatic semantics improved understandability because it provided clear explanations
of temporal relationships and condition-response connections, which helped both technical experts and
non-experts understand the requirements. The study showed that researchers made a strategic decision
to achieve controlled completion, which led to both complete research results and incomplete research
results. The requirement scores decreased because the assessment discovered hidden assumptions,
which resulted in better analysis and verification readiness for the requirements.

https://sesjournal.com | Ahmad et al., 2026 | Page 4383


https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030

Spectrum of Engineering Sciences
ISSN (e) 3007-3138 (p) 3007-312X Volume 4, Issue 3, 2026

TABLE 7: QUALITY METRICS FOR OBJECT-RELATED REQUIREMENTS AFTER FRET
FORMALIZATION, SHOWING THE IMPACT OF STRUCTURED SEMANTICS AND
PREDICATE BINDING ON THE SAME QUALITY DIMENSIONS

Index Req_ID Semantic  Structural  Completeness = Ambiguity Consistency  FQI

0 R1 0.912 1.0 0.824 0.909 0.950 0.922
1 R2 0.902 1.0 0.645 0.952 1.000 0.897
2 R3 0.911 1.0 0.533 0.905 0.867 0.850
3 R4 0.904 1.0 0.633 0.920 0.978 0.887
4 R5 0.898 1.0 0.555 0.950 1.000 0.878
5 R6 0.907 1.0 0.555 0.941 1.000 0.879
6 R7 0.877 1.0 0.792 0.913 0.950 0.907
7 R8 0.904 1.0 0.600 0.947 1.000 0.888

2. Interpretation of Results

Semantic and Structural Gains

The observed improvements stem from explicit encoding of operational context and system behavior.
FRET controls expression standards through structured fields because that approach provides
requirements that people can understand and machines can process. The standardization process
provides essential support for both automated processes and formal verification activities.

Completeness vs. Verifiability

The reduction in completeness shows that natural-language requirements. FRET exposes these gaps,
which force engineers to create essential requirements by defining missing parameters. The process
results in better requirements.

Diagrammatic Semantics

The timeline-based diagrams function as a cognitive layer that displays all temporal constraints and
dependencies through visual representation. The system enables faster requirement validation through
reduced interpretation work while also supporting time-dependent ADS scenario validation.

Temporal Logic Duality

The combination of futuretime and pasttime temporal logic enables two different methods of
verification. The design process uses future-time logic for model checking while past-time logic allows
both runtime monitoring and trace validation to improve the overall assurance process.

Toolchain Practicality

The pipeline demonstrates strong interoperability with verification tools, requiring minimal manual
adjustments. This confirms that FRET can bridge the gap between informal requirements and formal
verification workflows in practical settings.

VI. CONCLUSION AND FUTURE WORK

The research establishes a methodical workflow that converts autonomous driving environmental
requirements from their natural language form to officially validated specifications. The research team
used the FRAV dataset to create formal requirements, which they expressed in FRETish and showed
through diagrammatic semantics, and converted into temporal logic representations. The study results
demonstrate that formalization processes create better semantic understanding, which establishes
consistent organizational patterns and permits direct verification tool compatibility through LTL and
other related elements.
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The research results demonstrate that FRET-based formalization improves verification capabilities
across all requirement categories while maintaining the original requirements. Diagrammatic semantics
enable stakeholders to better understand content by showing both temporal and causal connections in
an explicit manner. The completeness scores show a decline because the study reveals hidden
assumptions, but this outcome strengthens the requirement specifications through detailed and
traceable documentation. The method creates an effective solution which connects informal
requirements with formal verification processes.

Future research should work to develop better automated systems that can manage increased workload
demands for pipeline operations. The project requires three particular enhancements, which include
creating standardized parameter models that apply to specific domains, developing automatic
translation capabilities for backend systems, and implementing native past-time temporal logic into
verification toolchains. The research will use wider empirical testing across various datasets and
controlled user studies, which involve stakeholders to measure the system’s ability to function effectively
in diverse engineering situations.
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