The object of the study is the architectural design
process and architectural documentation model of
computer-software systems in the automation domain.

Existing architectural design methodologies are
predominantly agnostic about the nature of comput-
er-software systems, lacking the specific guidance
required to address the fundamentally divergent archi-
tectural natures of heterogeneous computer-software
systems in modern automation.

Within the scope of this study, a system-type-centric
method of architectural design of computer-software
automation systems is proposed. The proposed method
introduces a comprehensive viewpoint-oriented archi-
tectural documentation model and a reproducible iter-
ative architectural design process.

The method hierarchically structures architectur-
al concerns at different levels, ensuring a systematic
transition from abstract to concrete design. By defining
a viewpoint applicability matrix across the different
system types, the method ensures the creation of rele-
vant, standardized, structured, consistent, traceable
and interoperable architectural artifacts.

The method is based on the system-type-centric par-
adigm and the concepts of standards and approach-
es focused on architectural viewpoints. This combina-
tion is the main distinguishing feature of this method,
which ensures the applicability of the method to a wide
range of computer software systems, addressing the dif-
ferences in the architectural nature of different types
of systems.

The proposed method increases the interoperability
of architectural design artifacts, defines a prescriptive
process that structures architectural design and forms
the basis for tools for automated Al-assisted architec-
ture generation
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1. Introduction

The rapid evolution of Industry 4.0, Internet of
Things (IoT), and Industry 5.0 has driven a fundamental shift
in the development of automation solutions. Consequently,
modern automation systems involve a complex, deeply in-
tertwined combination of information technology (IT) and
operational technology (OT) systems [1, 2]. The inherent dif-
ficulty of defining universally applicable architectural design
methods with interoperable artifacts lies in the vast variability
of the fundamental architectural aspects and natures of hetero-
geneous computer-software systems (CSS) in automation |3, 4].
Existing architectural design methodologies and approaches do
not account for fundamental differences in the architectural
nature of different types of systems used in automation. This
critical gap prevents the formation of standardized and uniform
design processes with interoperable artifacts capable of covering
the divergent and heterogeneous aspects of modern comput-
er-software systems, while remaining practical and prescriptive.

The presence of a structured and flexible method of the ar-
chitectural design of computer-software systems in automation,
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would enable a more standardized and efficient architectural
design for automation solutions and ensure the interoperability
of architectural design artifacts. Furthermore, the establishment
of such an architectural design method would contribute direct-
ly to leveraging the software architecture design process via au-
tomated tools. These tools could generate (design and develop)
computer-software systems for automation or serve as an intel-
ligent co-pilot for architects designing these complex systems.

Study devoted to processes and models of architectural de-
sign of computer-software systems is relevant and fundamental-
ly important for forming effective and standardized approaches.
This subject has become especially relevant in the era of rapid
development of Al-based systems for software design and devel-
opment, as it has acquired new application vectors for ensuring
the efficiency and direction of such systems’ operation.

2. Literature review and problem statement

The body of knowledge regarding architectural design
and documentation is extensive, encompassing standardized




meta-models, structural templates, and process-oriented
frameworks. Industry-standard documentation templates
such as the arc42 template [5] and the C4 model [6] provide
robust structures for communicating software architecture.
However, while these tools excel at organization and stake-
holder communication, they are intentionally system-ag-
nostic. They neither prescribe a design process nor explicitly
address the fundamental differences in architectural nature
across heterogeneous computer-software system types.

Standardization efforts led by ISO/IEC/IEEE 42010 have
established a formal meta-model for architecture description,
introducing essential concepts such as stakeholders, con-
cerns, viewpoints, model kinds, and views. While it serves
as the foundational basis for architectural description, it in-
tentionally avoids prescribing concrete viewpoints or specific
frameworks to maintain universal applicability. In contrast,
ISO/IEC/IEEE 42020 shifts the focus toward architecture
processes, defining activities and relationships across gov-
ernance, management, and technical execution. Although it
provides a high-level process framework, it remains abstract
and does not prescribe a concrete, step-by-step method for
designing heterogeneous system architectures.

Traditional view-based methodologies, including SEI
views and beyond [7], viewpoints and perspectives [8], and
RM-ODP (ISO/IEC 10746-1:1998; ISO/IEC 10746-2:2009;
ISO/IEC 10746-3:2009), offer comprehensive conceptual tool-
sets for multi-perspective design. Classic models such as
the “4 + 1”7 view model [9] describe a concrete set of system
views but remain too generic, as they do not account for the
fundamental variances between different types of software
systems. Extensions of this model into process-plane frame-
works, such as RUP [10] and RUP-SE [11], define design
processes for software and systems engineering respectively.
However, these are insufficiently adapted to differences in
system architectural nature and, in practice, are often either
overly heavyweight or lacking the specificity required for
direct application in real-world contexts. Despite their util-
ity, these approaches do not explicitly address architectural
heterogeneity across IT and OT system boundaries, failing to
account for the divergent architectural natures that occur at
the intersection of information technology and operational
technology in automation systems.

Attribute-driven design (ADD) [12] describes the meth-
od of architectural design centered on quality attributes
of the system as the primary architectural drivers, and is
aligned with the concepts described in [7]. While valuable for
elaborating quality requirements and guiding architectural
decisions, the method remains abstract. It lacks explicit guid-
ance for adaptation to systems with fundamentally different
architectural natures, leaving such tailoring to individual
organizations.

In the domain of systems engineering, the function-
al architecture for systems (FAS) [13] proposes a struc-
tured approach to designing the functional architecture
of a system and its functional decomposition in a manner
independent of implementation details. The system archi-
tecture framework (SAF) [14], in turn, proposes a general,
domain-independent framework for modeling and describing
the architecture of technical systems in the context of MBSE
(model-based systems engineering). Specialized frameworks
such as the robotic architecture framework [15] propose
domain-specific approaches and artifacts. These are com-
plemented by lifecycle-centric resources such as the NASA
Systems Engineering Handbook [16], as well as study in the

field of model-based systems architecture (MBSA) [17], which
examines approaches and practices of architectural design of
systems in the context of MBSE.

The IoT-A architectural reference model [18] serves
as a domain-specific reference model aligned with view-
point-oriented documentation approaches according to
ISO/TIEC/IEEE 42010 and [8]. It provides structured guid-
ance for architecture generation, including explicit ac-
tivities and view derivation dependencies, yet remains
methodology-agnostic.

Furthermore, various studies have proposed methods
for deriving architectures from problem descriptions [19]
or quality requirements [20]. A common limitation of
these derivation methods is their siloed nature and fo-
cus on simplified transitions. They often lack a unified,
iterative process that ensures interoperability across the
heterogeneous system scales required in modern automa-
tion. Study [21] proposes an architecture-centric software
development lifecycle, while study [22] analyzes widely
adopted methods to propose a high-level process model.
Both studies describe the framing of the process rather
than offering a prescriptive workflow that can be followed
to systematically transform requirements and constraints
into architectural artifacts.

Works [5-22] present current approaches, standards, and
research results regarding existing methods of architectural
design and documentation of computer-software systems. It
is shown that these approaches provide reliable conceptual
foundations, process structures, and frameworks. However,
issues remain unresolved related to the absence of prescrip-
tive (concretized) processes and models of architectural de-
sign that could be directly applied to a wide range of systems.
Existing methods are predominantly either focused on gener-
ic aspects, resulting in fragmented coverage, or provide only
high-level framework models. This results in overly abstract
approaches that require unique adaptation and elaboration
for each specific case.

The reason for this may be the objective difficulties as-
sociated with covering architecturally significant aspects
of heterogeneous systems (in particular, at the boundary
of IT and OT systems). This is related to fundamental
differences in the architectural nature of disparate sys-
tems, which makes the development of a single, detailed,
universal method impractical without taking into account
the fundamental architectural differences of various cate-
gories of systems.

A way to overcome these difficulties may be the ap-
plication of an approach that classifies systems by their
fundamental architectural nature and operational model.
Such an approach is used in work [23], where the sys-
tem-type-centric paradigm is proposed, which defines a
taxonomic classification of computer-software systems,
as well as a model of computer-software system elements
and levels. However, while it establishes the necessary
theoretical foundations and emphasizes the distinctions
between CSS types, it does not define a concrete, standard-
ized method or a reproducible process for the design and
documentation of architecture.

All this allows asserting that it is appropriate to conduct
the study devoted to the development of a prescriptive stan-
dardized method of architectural design of heterogeneous
computer-software automation systems that takes into ac-
count fundamental differences in the architectural nature of
systems of different types.



3. The aim and objectives of the study

The aim of the study is to develop a uniform, flexible, and
standardized method for the architectural design and archi-
tectural documentation model of computer-software automa-
tion systems. Rooted in the system-type-centric paradigm,
the proposed method aims to ensure structural consistency,
artifact interoperability, end-to-end traceability, and univer-
sal applicability across heterogeneous computer-software
automation system types. This will enable a structured and
standardized transition from requirements and constraints
to interoperable architectural design artifacts, which can be
used both by architects and by automated AlI-driven architec-
ture generation tools.

To achieve this aim, the following objectives have been set:

—to formalize the conceptual foundations and structural
principles of a system-type-centric architectural design method,
including its viewpoint-oriented documentation model, hierar-
chical architectural scales, and design progression;

- to define a comprehensive, standardized set of archi-
tectural viewpoints covering architectural concerns at dif-
ferent scales, together with their inputs, dependencies, and
recommended representation formats, forming a complete
architectural documentation model;

-to define a prescriptive architectural design process
by establishing the ordered application of architectural
viewpoints and explicitly mapping their applicability across
fundamentally different system types;

- to define formal rules governing the architectural design
process across the system lifecycle, ensuring consistency, trace-
ability, and controlled evolution of architectural decisions;

-to perform a quantitative assessment of the integral
effectiveness of the proposed method by formalizing qualita-
tive characteristics into measurable indices and to conduct a
comparative analysis against generally accepted industry stan-
dards, methodologies, and frameworks of architectural design;

- to demonstrate the applicability of the proposed method
on the example of architectural design of a heterogeneous
computer-software industrial automation system.

4. Materials and methods

The object of the study is the architectural design process
and architectural documentation model of computer-soft-
ware systems (CSS) in the automation domain.

The main hypothesis of the study is that integrating
the system-type-centric paradigm [23] with architectural
standards (ISO/IEC/IEEE 42010) and viewpoint-oriented
approaches [7, 8] facilitates the creation of a formalized,
reproducible architectural design method. The method is
capable of ensuring the production of structurally consistent,
traceable, and interoperable artifacts across fundamentally
heterogeneous computer-software systems in automation,
including behavior-oriented, data-flow-oriented, continuous
agentic, and continuous control systems.

Accepted assumptions in the work: the study assumes
that formal problem-space artifacts - specifically, functional
requirements, non-functional requirements (NFRs), and con-
straints — are available as standardized inputs to the design
process. It is also assumed that requisite business domain ex-
ploration practices are conducted externally and successfully
inform these inputs to the proposed method.

The scope of application of the method covers only the
aspect of architectural design of computer-software systems,
which means that other phases and aspects of architectural

decision-making are outside the scope of this method. Such
aspects include: the definition of business goals, domain
knowledge exploration, requirements elicitation and man-
agement, planning of the system architecture implementa-
tion project, etc. This also means that the method can be
considered modular and used within higher-level models
and methodologies or in combination with them for the de-
sign and documentation of the computer-software systems
architecture in automation. For example, in the areas of solu-
tion architecture, enterprise architecture, industrial process
design, etc.

At the same time, the architectural model defined within
the method allows flexibility in terms of the use of tools, low-
er-level models, and approaches for architecture modeling.
This method has a clear focus and boundaries. It serves as a
link between high-level models and standards and low-level
tools. High-level standards do not cover concrete software
architectural design processes. Low-level models and tools
are used as direct means of architectural modeling.

The study was conducted utilizing qualitative, construc-
tive theory-building methodologies. Because the study fo-
cuses on prescriptive process engineering and architectural
documentation model formation, it did not rely on physical
laboratory equipment or specific software simulation tools.
Instead, the results were obtained through the systematic
theoretical synthesis and adaptation of existing systems en-
gineering standards.

The foundational design of the method was constructed
by cross-referencing the system-type-centric paradigm [23]
with the formal meta-models established in international
standards (ISO/TEC/IEEE 42010, ISO/TIEC/IEEE 42020).

To develop the architectural documentation model, a hi-
erarchical decomposition method was applied. The architec-
tural concerns and solution-space artifacts were divided into
three strict hierarchical scales: system-level, subsystem-level,
and component-level. Within these scales, a transition mech-
anism from abstract (logical) to concrete (physical) design
was formulated by analyzing the required inputs and depen-
dencies for multi-perspective design concepts.

The formulation of the viewpoint applicability matrix
was achieved through a comparative mapping process. First,
the fundamental architectural natures and corresponding as-
pects of four system types [23] were isolated. Then, they were
theoretically matched against the structural, behavioral, and
infrastructural concerns required for their implementation.

Finally, the rules governing the architectural design
process were developed by applying lifecycle governance
principles. This involved defining rigid sequential logic for
viewpoint application and establishing mechanisms for con-
tinuous iteration, governance, and architectural compliance
verification.

5. Results of the development of the system-type-
centric method for architectural design of computer-
software automation systems

5.1. Core concepts behind the method and high-lev-
el structure

The core concept of the method lies in combining the
concepts of standards (ISO/IEC/IEEE 42010) and approach-
es [7, 8] of architectural design oriented towards architectural
viewpoints, and the concepts of the system-type-centric para-
digm of architectural design [23].



In particular, the method contains:
—the architectural documentation model in the form of

defined architectural viewpoints, that provide a set of stan-
dardized artifact definitions of architectural description of the
computer-software automation systems. The resulting set of ar-
chitectural artifacts for a particular system should contain a set
of architectural views expressed through corresponding models,
describing the architecture of the computer-software system in
a standardized and interoperable way. The architectural docu-
mentation model is sufficient and versatile in the sense that it
describes the details necessary for the implementation of the
architecture as well as allows reasoning about the architecture
of the system and performing an architectural analysis. The
set of viewpoints is designed in the way to cover the system
architecture on both application and infrastructural levels [23]
at the scale of global-scope system, subsystems, and individual
components requiring the design (custom application-level com-
ponents; application-level of platform-like non-custom subsys-
tems; non-custom platform-like application-level components);
- the description of the architectural design process
defines a standardized sequence of stages and steps to be
followed in order to design the architecture of the com-
puter-software automation system. Following the process
ensures the creation of system-specific architectural docu-
mentation artifacts describing the designed architecture. The
concept behind the process aligns with principles of architec-
ture conceptualization, elaboration, and evaluation defined
in ISO/IEC/IEEE 42020, ensuring a systematic transition
from problem characterization to a verified architectural
description. The process has a common set of inputs to the ar-
chitectural design process, which consists of requirements to
the system, both functional requirements and non-functional
requirements (NFRs) as well as a set of constraints. The goal
of the process is to gradually move towards the fully docu-
mented system architecture by designing, at each step, arti-
facts that are parts of the system architectural documentation
as well as serve as an input to the subsequent design steps.
Both the architectural documentation model and the archi-
tectural design process are adherent to the system-type-centric
paradigm [23] and address the system-type-specific concerns
and aspects, caused by the fundamental architectural nature.

The method hierarchically addresses the comput-
er-software automation system architectural concerns
starting from the highest-level (system-level-scale) to the
lowest level (application-level components internal design
and logic details). The following scale levels are part of the
method:

- system-level-scale — at the scale of a global system being
designed;

— subsystem-level-scale - at the scale of an individual
subsystem within a global system;

- component-level-scale — at the scale of an individual
custom or modified off-the-shelf application-level component.
As per [23], an application-level component is defined as an in-
dependent deployment unit (a separate software application);

- unit-level-scale viewpoints specifying the logic details
at the level of a single exposable logic unit, named behavior /
processing, in scope of this study (only for required details).

At the scales of system / subsystems / components
the method is structured as the movement from logical
(abstract) design to physical (concrete) design. It allows
considering first abstract technology-agnostic aspects and
structure at the corresponding scale and then turn it into
concrete technical design, ensuring a gradual approach
where subsequent design steps can be based on the re-
sults of the previous design steps without missing logical
links. Fig. 1 presents the high-level concept of the archi-
tectural design method.

The resulting architectural design artifacts are expressed
in the form of views, representing the architecture from
specific angles (different viewpoints) addressing particular
concerns. The viewpoints are defined to be oriented towards
global structural (at higher scale) and technical engineering
concerns, representing the system architecture in the way
that allows both — implementation of the system based on the
architectural documentation as well as reasoning about the
architecture itself.

At each scale, a particular set of viewpoints is defined
to cover the relevant structural and technical engineering
concerns (Table 1).

Fig. 2 presents the architectural design method’s con-
cerns at different scales.

Table 1
Architectural stakeholder concerns at different scale levels
Scale Stakeholder Concern
1 2 3
Business Analysts / Enterprise Architects / System Analysts / | Problem space definition: business requirements and problem
System Engineers statements
Business Analysts / Enterprise Architects / System Analysts / Identification and clarification of business-level capabilities
System Engineers informing system capabilities
Business Analysts / System Analysts / System Engineers Functional completeness of re.q.u.lrements against identified
capabilities
Business Analysts / System Analysts / System Engineers / User experience flows
System Architects
Sys- : ; ;
tem-scale Enterprise Architects / Business Analysts / System Analysts / Non-functional requirements and constraints specification

System Engineers / System Architects

Enterprise Architects / System Architects

Alignment of the system within the enterprise landscape

Enterprise Architects / System Architects

Sourcing strategy: SaaS vs. custom vs. off-the-shelf decisions

Enterprise Architects / System Architects

Definition of system boundaries and external integrations

Enterprise Architects / System Architects

System topology and subsystem decomposition

Enterprise Architects / System Architects

System type classification and architectural nature (behav-
ior-oriented, data-flow, continuous)

Enterprise Architects / System Architects

Global technical constraints and system-level quality attributes




Continuation of Table 1

1 2 3
System Architects / Software Architects Mapping of capabilities to logical subsystem structures
System Architects / Software Architects Classification of logical components and sourcing strategy at
subsystem-level
System Architects / Software Architects Technology stack selection
System Architect / Software Architects / Infrastructure Engineers Infrastructure platform and cloud services selection
tSIlrllt—):Z:ie System Architect / Software Architects / Infrastructure Engineers Deployment topology and environment isolation
System Architects / Software Architects Definition of API standards and communication protocols
Software Architects / Control Engineers Modeling of control dynamics and feedback loops
System Architects / Software Architects Definition of missions for continuous agentic systems
Control Engineers / System Architects / Software Architects Analysis of physical constraints influencing control logic
System Architect / Hardware Engineers Hardware components design
. . Definition of application-level interface contracts in form of
Software Architects / Software Engineers APIs and softw:ﬁl::-to-hardware communication specifications
Software Architects / Control Engineers / Software Engineers Logical semantics of I/O signals and control states
Compo- Software Architects Design of orchestration, sefg(til(;rt; ;)efscomponent—global patterns
nent-scale Software Architects / Software Engineers Internal modular decomposition of components
Software Architects / Software Engineers Execution model: concurrency, tasks, and runtime behavior
Software Architects / Control Engineers / Software Engineers States and stages modeling and design
Software Architects / Data Engineers / Software Engineers Design of in-application and persistent data models
. Software Engineers Implementation details of procedures and transformations
[(Jgégﬁzzl Test Engineers Testability of logic, states, and edge cases
design) Test Engineers Verifiability of behaviors, processings, and stages
Data Engineers Correctness of calculations and data transformations
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Fig. 1. High-level concept of architectural design method

System capabilities, which are identified based on the re-
quirements, serve as a decomposition subject, being mapped
to subsystems on system-scale and to logical (abstract) com-
ponents on subsystem-scale. System capabilities mapping
should ensure cohesion and compliance with NFRs and con-
straints. Another decomposition criterion on the system-scale
is system-type-enforced boundaries, which are based on the
fundamental architectural nature of the system parts [23].

Since the viewpoints are defined generically by the
method proposed in this study, it’s important to leave the
space for system-specific governance to be defined. For
this specific purpose, terminology compliant with ISO/
IEC/IEEE 42010 was extended by the notion of governance

documents. The governance document represents the global
rules behind the viewpoint artifacts creation, maintenance
and modifications within the scope of the system (covering
architectural aspects of architectural governance, standard-
ization, and maintainability).

Fig. 3 outlines the relationship between architectural
description artifacts and respective governance documents.

Each view created within the scope of the architectural
artifacts of the designed system should have a link to the corre-
sponding system-specific governance document for the respec-
tive viewpoint. Generally, the relationship within the scope of
the system’s artifacts: many views (of a certain viewpoint) - one
governance (of a corresponding viewpoint).



X X

Enterprise System System I'\
Architects Architects S N
N
AR System
y S S N
1 R |
Business System System Subsystems [€ = = = Capabilities .
Analysts Analysts  Engineers o] -, P m——-
, /7
X X ay
Abstract g Hardware
control System Software components
Engineers
Platform Subsystem

Architects  Architects U

/ 7

Infrastructure i System L
i Engineers Engineers [ Application-level ][Infrastructure-level Software
Hardware Data
Engineers Engineers —
f Custom / Modified A
i application-level components Application-level
L design aspects ) component
Software Architects
i R R
> A 3
Software Engineers APIs A >| Signals /O
~—
i R  Smm—
Data Engineers Data models [« > States
i — —
. . Internal .
Automation Engineers P | Execution
UL | parallelism
i \__structure P )
Test Engineers
-~
Fig. 2. Architectural design method’s concerns at different scales

Method-defined

5.2. Architectural viewpoints defined in scope of
the method

A number of viewpoints was defined in scope of the
study, which are applicable either globally across system
J types or specifically to certain types — the applicability of

1]
—

Y

specific viewpoints defined is described later in this article.
Each viewpoint description also mentions “recommended
documentation formats”, which can be considered conceptual-

Viewtype
governance

ly similar to “model kinds” defined by ISO/IEC/IEEE 42010.
More than one representation can be created per viewpoint.
System-scale inputs into the architectural design, which

1

Many]
Y

are described as specifications, are listed in Table 2. These
specifications are artifacts that describe the problem space of
the architectural design.

View

Table 3 describes a viewpoint operating on System-scale
abstract level and oriented onto capabilities definition. The
viewpoint serves as a link between problem space and solution

Fig. 3. Relationship between architectural description
artifacts and respective governance documents

space, forming the first round of architectural inputs processing.

Table 4 presents a viewpoint defined at System-scale con-
crete level, outlining decomposition of the system into subsys-
tems and mapping of capabilities to eachsubsystem.



System — Input

Table 2

ID

Specification Description Scale

Based upon
viewpoints

I-1

Functional Specification of functional requirements.
requirements viewpoint Recommended formats: requirements list, use-case list, feature catalog, etc.

System -

I-2

NFR and constraints Specification of NFRs and constraints (both technical and business).
viewpoint Recommended formats: quality attribute scenarios, constraints catalog, NFR matrix, etc.

System -

System — Abstract

Table 3

ID

Viewpoint Description Scale

Based upon
viewpoints

SA-1

Capabilities during the design of system’s architecture.
viewpoint | Capabilities definition, from the problem-space perspective, may be informed and refined by

High-level capabilities (functionalities) of the system, based on the requirements.
Capabilities are defined according to the system type:
- behavior-oriented systems: a cohesive group of operational functions (behaviors) demanded
from the system, which should belong to the same component;
- data-flow-oriented systems: a cohesive group of data-processing functionality demanded
from the system;
- continuous systems: a function or control task demanded from the system.
Types of capabilities:
- business-related capabilities — primary; arise from business requirements, system functional
requirements, business capability models;
- technical capabilities — derived; capabilities which are necessary to deliver primary capabili
ities; these are new capabilities, necessary to deliver business-related capabilities, that emerge

business domain exploration practices such as Domain-Driven Design subdomain discov-
ery [24] and Event Storming [25] aimed at analysis of the business domain targeted for
automation. These practices aim to identify business subdomains and domain events, which
contribute to clarification and refinement of functional requirements and constraints. The
outputs of such discovery activities are expected to be reflected in the «System - Input» speci-
fications (I-1, I-2). The architectural method assumes that problem-space exploration precedes
or iteratively co-evolves with architectural design, and that resulting insights are incorporated
into the input specifications before capabilities are formalized in the SA-1 Capabilities view-
point. Business architecture discovery practices are considered outside the scope of the present
method and are treated as external problem-space processes supplying structured input into
architectural design.
Recommended formats: capability map diagram, capability hierarchy diagram, etc.

System I-1,1-2

System — Concrete

Table 4

ID

Viewpoint

Description

Based upon

Scale | . -
viewpoints

SC-1

Subsystems
viewpoint

Representation of the subsystems’ composition. The view should include mapping of capabilities to sub-
systems. “Emergent capabilities” / “technical capabilities” — might arise during assignment and analysis of
the capabilities defined in Capabilities view to the subsystems or external systems. In some situations it’s
possible to make decisions on custom vs adopted concept at the stage of the subsystems view design. If it’s
possible to make a decision about the presence of the off-the-shelf self-hosted subsystem, integrated 3rd
party and SaaS systems to cover capabilities, subsystems in this view are classified into:

— custom;

— non-custom: off-the-shelf self-hosted;

- non-custom: external system integration.

A system type, according to [23], should be assigned to each custom subsystem. Integrated SaaS systems
and 3rd party systems are treated out of the scope of the design system (external integrations) and not treat-
ed as subsystems. But these systems may have the capabilities assigned to them. Any self-hosted subsystems
are represented within the global system’s boundary, while external integrations like SaaS and 3rd-party
systems are represented outside of the global system’s boundary.

Recommended formats: system landscape diagram [6], capability-subsystem mapping table.

The model might, optionally, include Actors on the diagram to represent which of the subsystems are
user-facing and which are internal and available only to other subsystems. Basic UX-related notes on actor’s
specifics of interactions with the system are also acceptable. Notations and indications of integrations with
external systems as well as integrations with physical/virtual concepts are acceptable. Notations of «Gate-
ways» represented as a circle are acceptable to show that all downstream subsystems, connected to the
gateway, integrate with all upstream subsystems.

Recommended to leverage color coding to visually differentiate the system types [23] of custom subsystems,
for e.g.: orange — continuous control-oriented, yellow — continuous agentic, green — data-flow-oriented, blue

- behavior-oriented; grey — off-the-shelf self-hosted

System| I-2, SA-1




Subsystem-scale abstract viewpoints (Table 5) are dedi-
cated to describe the concerns of subsystem-wide aspects like

Subsystem — Abstract

control within the subsystem as well as logical decomposition
of the system on abstract components.

Table 5

ID

Viewpoint

Description

Scale

Based upon
viewpoints

2

3

5

SSA-1

Control
viewpoint

Control-related design and math models.
Recommended formats: control block diagrams, control mathematical models’
descriptions

Subsystem

I-1,1-2,SC-1

SSA-2

Agent Mission
viewpoint

Represent the goal-achievement strategy (strategies) that agent follows. Consists

of Stages, which represent the steps of the goal achievement process (usually,
include iterations - loops; as agents often progress iteratively).

Recommended formats: activity diagram (UML - Unified Modeling Language) [26]

Subsystem

I-1,1-2,SC-1

SSA-3

[Logical / Abstract]
High-level components
viewpoint / [Logical /
Abstract] High-level
components - Data
Flow viewpoint

Describes abstract logical components. Logical components should represent
capabilities-implementing units. Primary concern of the viewpoint is to outline
the logical groupings of functionality within each system: each of them form-
ing a potential of becoming a physical component of application-level (with
corresponding infrastructural software components) or a module of physical
application-level component, or being covered by infrastructural software, or
being covered by SaaS integration. Should include mapping of capabilities to
logical components. Viewpoint is primarily based on subsystem capabilities
(SC-1) and might require decomposition of capabilities into more fine-grained
capabilities with some degree of influence by NFR and constraints (I-2). For
continuous agentic systems additionally based upon SSA-2 and for continuous
control systems additionally based on SSA-2. SSA-3 is a transitional design
viewpoint (design-time reasoning artifact), which is not included in the final set
of architectural deliverables (suppressed by SSA-3-ext) and should no longer be
maintained after the initial architectural design.
Recommended formats: logical component interaction diagrams, data flow
diagrams.

Might, optionally, show actors on the diagram to represent which of the
subsystems are user-facing and which are internal and available only to other
subsystems. Notations and indications of integrations with other systems as
well as integrations with physical/virtual concepts are acceptable. Notation of
“Gateways” represented as a circle is acceptable to show that all downstream
subsystems integrate with all upstream subsystems. Acceptable to represent a
couple of subsystems on one diagram for smaller systems; Diagram per sub-
system is recommended for systems with many components and subsystems.
Connector notations on SSA-3 should represent the following:

— behavior-oriented - show interactions;

— data-flow-oriented — show data flow;

- continuous-agentic — show interactions;

- continuous-control - show interactions via control mapping to logical
components

Subsystem

1-2,SC-1,
SSA-1, SSA-2

SSA-3-ext

[Logical / Abstract]
Components viewpoint
with components
classification into
Custom / Off-the-shelf
/ SaaS

This view takes SSA-3 as an input and classifies each logical component as:
- custom;
— off-the-shelf;
- external system integration.

Infrastructure-level SaaS (usually, cloud provider’s services) are treated as
part of the designed system, not as external integration. Application level
Saas$ are treated as external integrations and moved outside of the system’s
boundary. Decision on whether SaasS services belong to application-level
or infrastructure-level, in some cases, can be vague: e.g., decision whether
identity federation provider is application-level or infrastructure-level. In this
case it’s up to the architect’s perspective to decide — recommended to assign to
application-level and treat as external SaasS if the system infrastructure will be
planned on different cloud or on-premises, and assign to infrastructure-level if
other infrastructure would be based on the same cloud provider. If, upon view
construction, it’s evident that Custom logical components within the subsystem
exhibit fundamental nature of system types [23] - the split into subsystems and
reiteration is necessary. Recommended formats: logical component interaction
diagrams (with classification), data flow diagrams (with classification). Recom-
mended to leverage color coding to outline components classification on the
diagram, e.g.: white — custom application-level with corresponding infra-level;
grey - off-the-shelf self-hosted application-level with corresponding infra-level;

cyan - off-the-shelf self-hosted infra-level; purple - infra-level SaaS; grey -
external system integration (should be relocated outside of system boundaries if

the logical component was previously within)

Subsystem

1-2, SSA-3,
SSA-1, SSA-2




Continuation of Table 5
1 2 3 4 5

Outlines UX (user experience) aspects. UX aspects can be represented
cross-subsystems — on the system-level in case the UX flow encompasses several
subsystems.

Recommended formats: Subsys- |I-1, I-2, SA-1,
XA-1 UX viewpoint X ’ tem / SC-1, SSA-
- [UX] User journey;
System 3-ext

- [UX] Use-case diagram;
- [UI] Web UI screens;

- [UI] HMI screens

“XA-" and “XC-” viewpoints represent architectural con-
cerns that may be instantiated at system or subsystem scope,
depending on the architectural context.

Table 6 describes a component-scale abstract view-
point, outlining the logical operations required to be
performed by the component and available as part of its
contract, which define the reason for the component’s
existence for components of certain system types. It’s
relevant only for custom components or for modified
off-the-shelf components (which might require some re-
verse engineering to describe architecture of the ex-
isting system). Also might be applicable for leveraged
platform-like adopted application-level components (or
platform-like subsystems), when components allow de-
fining new behaviors (exposed through APIs or triggered
internally).

Behavior is defined as an abstract operation that a system
is capable of performing, which is externally exposable: as
API / action of the behavior-oriented system’s component.

Processing is defined as an abstract data processing
task (data stream event processing or batch data job process-
ing), which will be externally exposable or externally trigger-
able by a data-flow-oriented system’s component.

Action, in scope of this study, is a user-exposed ability
(via human-machine interface / user interface), e.g., button
on the user interface, triggering behavior.

Subsystem scope concrete level viewpoints are described
in Table 7. These viewpoints are dedicated to outline imple-
mentable architecture with concrete details on the subsystem
level, covering the aspects of both application-level and in-
frastructure-level as well as some cross-cutting aspects like
deployment strategies.

Table 6
Component — Abstract

ID | Viewpoint Description Scale Based upon viewpoints
Catalog of behaviors (for behavior-oriented system’s components) or
processings (for data-flow oriented system’s components). CA-1 is a
Behavioral transitional design viewpoint (design-time reasoning artifact), which is
CA-1 viewpoint not included in the final set of architectural deliverables (suppressed Component I-1, 1-2, SSA-3-ext
by CA-1-ext) and should no longer be maintained after the initial
architectural design.
Recommended formats: behavior catalogs, processing catalogs
Subsystem / System.
Supportive viewpoint representing how certain functionality should be Usually, certain
. . . . . component serves
Behavioral | achieved across sequence of behaviors or processings. Required for the cas- as an entry point to
CA-2 | Dynamic | eswhere functional requirement or technical means of achieving certain ind . 1-1, I-2, SSA-3-ext, CA-1
viewpoint functionality require detailing on the cross-behaviors flow level. a certa;nhygam;c
Recommended formats: sequence diagram (UML), activity diagram (UML) cfrloss- ehaviora
ow, requiring
detailing
Table 7
Subsystem — Concrete
1D Viewpoint Description Scale Based upon viewpoints
1 2 3 4 5
The primary concern of this viewpoint is the software components (units of
deployment) to be deployed: including application and infrastructure levels
(software & platform). The view includes infrastructure platform, where ap-
plicable, to showcase the environment of the runtime of application software
[Physical] Software |and infrastructure software. The view might include hardware components -
components sensors and actuators for Control systems. The view may show nested items
viewpoint (applica- | in infrastructure software like queues on the broker or buckets in storage 1-2, SSA-3-ext, XA-1,
SSC-1 (tion & infrastructure| service. The view is based primarily on the SSA-3-ext viewpoint. Usually, | Subsystem | CA-1 (for hardware-first
software & one custom logical component is mapped to one physical application-level systems XC-2)
infrastructure component (with corresponding infrastructure-level components). Multiple
platform) logical components can be mapped to one physical application-level
component and become modules in case of custom application-level soft-
ware. One logical component, as well, might be decomposed into a couple
of physical software components of application-level or infrastructure-level.
Recommended formats: «C4 container diagram» [6], etc.




Continuation of Table 7

1 2 3 4 5
The primary concern of this viewpoint is hardware components, platform
infrastructure software, and cloud services to form an infrastructure for
Infrastructure |the system. The view creation might be skipped for some systems that are
viewpoint truly hardware-agnostic. For some systems, like embedded computer-soft- -2, SC-1, SSA-3-ext (for
XC-2 (hardware & ware systems or computer-software systems with cloud-native infrastruc- Subsystem / software-first systems
Lo System
platform; cloud ture, this view is mandatory. SSC-1)
services infra) Recommended formats: deployment diagram (UML), vendor-nota-
tions-specific cloud diagrams, hardware components diagrams, network-
ing diagrams, printed circuit boards designs, etc.
The viewpoint is dedicated for specifying how the system is deployed onto
infrastructure. Is especially relevant for systems with non-deterministic
XC-3 Deployment deployment strategies, for example when one software system can deploy [Subsystem / 2. SSC-1. XC-2
viewpoint another software system on demand within the specified hardware/plat- System ’ ’
form/cloud infrastructure and there is a need in outlining the architecture
of the deployment. Recommended formats: deployment flow diagrams, etc.

Some subsystem-scale viewpoints are also applicable to
non-custom (“off-the-shelf self-hosted” / SaaS) subsystems.
Those include:

- XA-1 for detailing general UX flow;

- XC-2 for infrastructure architecture representation
(only for “off-the-shelf self-hosted” systems);

- XC-3 for deployment architecture representation (only
for “off-the-shelf self-hosted” systems);

- SSC-1 for physical components representation specify-
ing which software components form a subsystem (only for
“off-the-shelf self-hosted” systems).

These representations are necessary for detailing the
general user experience (XA-1) and for detailing the infra-
structure component (XC-2, XC-3, SSC-1).

Table 8 defines a design viewpoint, which is an inter-
mediary between component’s behaviors / processings,
defined in CA-1, and detailed API / contract / actions
specifications (which will be defined by CC-4 viewpoint).

At this stage, the inputs from CA-1 as well as infrastructural
and application-level decisions (SSC-1, XC-1) are taken into
consideration. This is necessary to define the transport and
API mechanism for exposure of the behaviors / processings.
Low-level specification details remain out of context.

For custom or modified self-hosted application-level com-
ponents, concrete component-scale designs, described based
on the viewpoints defined in Table 9, are necessary to cover
the technical implementation concerns and details required
at this scale level.

An application-level component (defined as an indepen-
dent deployment unit / software application [23]) might con-
sist of multiple modules. Module, in scope of the given study,
is defined as code organization / compilation unit within a
component. Table 10 outlines the low-level viewpoints relat-
ed to specific behaviors / processings / stages, which require
design-time detailing description on their logic or mathemat-
ical aspects.

Table 8
Component — Abstract-to-Concrete

Based

ID Viewpoint Description Scale upon
viewpoints

Represents updated behaviors / processing catalogs (defined by CA-1), with
added protocols / API standards / access ways (for actions) details for each
Behavior/Processing. E.g.: Kafka event, REST API (representational state
CA-L-ext Generic APIs viewpoint transfer application programming interface), GraphQL API, WebForm, Component 1-2, CA-1,
[Reiteration on CA-1] | WebPageRequest, OPC UA (open platform communications unified archi- P SSC-1, XC-2
tecture), scheduled, UserInterfaceAction, etc.
Recommended formats: behaviors / processings catalogs
(with protocol / API / Access-way details included)
Table 9
Component — Concrete

Based
ID Viewpoint Description Scale upon view-

points

1 2 3 4 5
The primary goal of this viewpoint is to describe the concurrent tasks and their inter-

actions during runtime (within the same component scope): RTOS (real-time operating 1-2, CA-1,

. system) tasks, PLC (programmable logic controller) organization blocks, cross-instance SSA-1,

Execution - . . L .

CC-1 viewpoint interactions (across instances of the same application-level component scaled horizon- | Component SSA-2,

WP tally) and tasks distribution in clustered processing. SSC-1,
Recommended formats: execution diagrams, component diagrams (UML), activity dia- XC-2,XC-3

grams (UML), sequence diagrams (UML)




Continuation of Table 9

1 2 3 4 5
Represents the internal stateful nature of the components: discrete states that component
can be in internally or stages that component can follow. Might include descriptions of
finite-state-machines (FSMs), behavior trees, PLC sequential function chart steps (one of
the ways to implement FSM in PLC program), etc., with descriptions of logic at each state
States / Stages N . . . - - - I-2, SSA-1,
CC-2 . . (traced to «agentic mission viewpoint» or «control viewpoint», if applicable). Each state or | Component
viewpoint . . L . SSA-2
stage might have specific activities or control rules. For control systems, while control models
(SSA-1) describe system dynamics over time, the CC-2 view would describe discrete modes
governing which control rules apply.
Recommended formats: state machine diagrams (UML), behavior tree diagrams, etc.
- 12, CA-1,
Component Represents modules of the custom application-level component. ¢
CC-3 structural . Component | SSC-1, CC-
. . Recommended formats: «C4 component diagram» [6], etc.
viewpoint 1, CC-2
Component
Describes detailed contracts / APIs / actions specifications, serving as an input to devel- | / Module (if
opment based on API-first approach. reiterated,
Contracts / - . .
. For complex distributed systems, events should be centrally documented in the event cata- | in cases of
CC-4 | APIs / Actions : . - A CA-1-ext
viewpoint log. Service-owned specifications should only reference the events from the events catalog. | monolithic
Recommended formats: OpenAPI, AsyncAPI, custom contract spec format, actions cata- | components
log, interface methods docs, etc. with many
modules)
Represents integrated systems. Integrated systems can be:
- internal;
- external.
Cloud services belong to the infrastructure level of the designed system and are not
considered integrations.
cc-s Integrations |Recommended formats: for external / not-owned APIs, the documentation in OpenAPI /| Component / CA2
APIs viewpoint| AsyncAPI / Postman / Bruno formats is required. For owned APIs (which are part of an-| Module
other custom application-level component within the global system), the API itself would
be documented by the API-owning component: in this case, only tracing to the leveraged
endpoints is necessary. A simple catalog of references to OpenAPI spec endpoints of
API-owning services might be enough; otherwise, API-hub might be leveraged for central-
ized management of internal integrations as part of a supportive infrastructure
Represents in-application domain data model — usually based on classes or structs; also
. - . 1-2, CA-1,
Domain data includes structures like PLC tags. Component /| SSA-1, SSA-
CC-6 model Recommended formats: entity relationship diagram (ERD), class diagram (UML), PLC ME dule 5 SS’C—l
viewpoint tags catalog, etc. «State machine diagram (UML) can be additionally included to repre- ’ ’
- . CC-1,CC-2
sent the rules of state transitions of an entity state»
Represents a data model stored in persistent data storage — usually, database schema. |Component /
This view is important for application-level components that operate with persistent data | Module. In
models - primarily, in the context of behavior-oriented systems. Alternatively, such a view | some cases —
can be important from the system/subsystem perspective, in the context of preserving cer- | Subsystem /
. tain data within the system — primarily for data-flow-oriented systems. In the general case, | System (in
Persistent data L ’ . L. . CC-6, I-2,
cc-7 model such a view is associated with the application-level component that owns the persistent such case CA-1. SSC-
viewpoint data model. If the model is defined at the system/subsystem level, then references to the | CC-6 might 1 X’ c
WP same data model are added for different application-level components that operate with |be dependent ’
the model. In some cases, the persistent data model can be defined at the system/subsys- | on CC-7 and
tem level without binding to application-level components. The persistent data model itself| partially or
is implemented by an infrastructure-level component — in most cases, a database. fully based
Recommended formats: ERD on CC-7)
. Represents software-to-hardware link: describes the pins (or I/O ports for PLC) and their
1/0 signal S . .
. purpose from application-level software point of view. 1-2, SSA-1,
CC-8 | interfaces and - . - Component
ins viewpoint Recommended formats: pins catalog with descriptions of purpose / expected voltage or SSC-1, XC-2
p WP current / pin types (digital, analog, digital interrupt, etc.), hardware schematics diagram
Dedicated for behavior-oriented orchestration-oriented automation systems. Used to
. describe the stateful orchestration systems, for example processes in Camunda BPMN
Behaviors . . . . I-1, I-2,
- (business process model and notation). The processes in such a system might have long
CC-9 | orchestration . R L. . . Component | SA-1, SC-1,
. . running stateful process-instances outlining business processes being automated and
flow viewpoint | . . - ; . - . CA-1
invoking multiple behaviors over process-instance lifecycle (cross top-level behaviors).
Recommended formats: BPMN 2.0, etc.

The description of CSS architecture from the viewpoints
of behavior/processing/stage details is necessary only in
certain cases and only for certain parts of the system. These
include those parts where the specifics of the business logic,
calculations, or aspects of work at specific stages have an

architecturally significant component and require detailing
and elaboration. In most cases, the information necessary
for the implementation of business logic is a component of
the requirements and is implemented based on them, within
the context of the designed architecture.



Table 10

Behavior / Processing / Stage — Details

1D Viewpoint Description Scale Based upon viewpoints
Describes the conceptual logic flow behind 1-1, I-2, CA-1, CA-2 (D-1 might detail
D-1 | Procedure viewpoint | °™€ specific behavior. Recommended formats: Behavior logic of integration flow execution
WP sequence diagram (UML), activity diagram from the perspective of certain
(UML), etc. behavior by zooming in)
Describes the math behind one specific
D2 Calculation behavior / processing / stage. Recommended | Behavior / Processing / 1. 1.2, CA-1
viewpoint formats: mathematical notation, MATLAB Stage T
scripts (The MathWorks, Inc., USA), etc.
Describes the rules of logic or data
D3 Task / 'I.‘ransf(‘)rmatlon transf(?rmatlon rules behind one specific Processing / Stage 1,12, CA-1
viewpoint processing / stage. Recommended formats:
activity diagram (UML)

It is possible that non-custom application-level compo-
nents (off-the-shelf self-hosted / SaaS) are platform-like or
form a platform-like system (Off-the-shelf or externally inte-
grated system). So, even though they are adopted and are not
developed from scratch, some level of on-top development,
configuration, and customization might be needed. Such
application-level components are not modifications of imple-
mentation of adopted application-level components (which,
according to [23], would make them treated the same way as
custom application-level components); they are extensions
made usually by in-system configurations and scripting (es-
pecially, in the case of SaaS).

For non-custom platform-like subsystems, the design at the
component scale is performed for the level of the entire subsys-
tem. This is because, within the framework of the method, de-
composition of such systems into components is not performed.

The architectural design at the component scale for plat-
form-like non-custom components (subsystems / integrated
external systems) is usually expressed through CA-1, CA-1-
ext, CC-2, CC-3, CC-4, CC-5, CC-6, CC-9 (also CC-7 - not
from the perspective of the data model design but from the
perspective of data model leveraging, especially for the case
of integrating existing external-to-the-component persistent
data model). Also, potentially, application of D-1, D-2, D-3

is possible. Examples include the following platform-like
non-custom subsystems, in the design of which it is neces-
sary to involve elements of design at the component scale:

- SCADA (supervisory control and data acquisition) serv-
ers — e.g., tags definitions belonging to CC-6 and possible API
extensions, defined via CA-1-ext, CC-4 and CC-5. For example,
custom behaviors (implemented as custom scripts) that can be
invoked through MQTT (message queuing telemetry transport)
API for WinCC Unified SCADA (Siemens AG, Germany) [27];

- ERP platforms (e.g., SAP) - e.g., entities defined via CC-
6, or API extensions defined via CA-1-ext and CC-4, as well as
integrations defined in CC-5;

- CRM platforms (e.g., Salesforce) - e.g., entities defined
via CC-6, or API extensions defined via CA-1-ext and CC-4,
as well as integrations defined in CC-5;

- CMS platforms (e.g., Wordpress) - e.g., entities defined
via CC-6, or API extensions defined via CA-1-ext and CC-4,
as well as integrations defined in CC-5;

- etc.

5.3. Architectural design process and viewpoints
application to different system types

Table 11 presents the applicability of defined viewpoints
for different system types according to [23].

Table 11
Matrix of architectural viewpoints applicability to computer-software system types
# Behavior-oriented Data-flow-oriented Continuous agentic Continuous control
1 2 3 4 5
System - Input
1.1 | I-1 and I-2
System — Abstract
21 | SA-1
System — Concrete
3.1 | SC-1
Subsystem — Abstract [General]
41 - - | SSA-2 SSA-1 (optional)
4.2 XA-1 (optional)
Subsystem — Abstract [Logical structure]

5.1 SSA-3 SSA-3 SSA-3 SSA-3
5.2 SSA-3-ext SSA-3-ext SSA-3-ext SSA-3-ext

Component — Abstract
6.1 CA-1 CA-1 - -
6.2 CA-2 (optional) CA-2 (optional) - -

Subsystem — Concrete




Continuation of Table 11

1 2 3 4 5
7.1 SSC-1 SSC-1 SSC-1 SSC-1
7.2 XC-2 - subsystem / system scope
7.3 XC-3 - system / subsystem scope (optional)

Component — Concrete
8.1 CC-1 (optional) CC-1 (optional) CC-1 (optional) CC-1 (optional)
8.2 - - CC-2 (optional) CC-2 (optional)
8.3 CC-3 (optional) CC-3 (optional) CC-3 (optional) CC-3 (optional)
grz CA-1-ext (optional) CA-1-ext (optional) - -
8.4 CcC4 CC-4 - -
CC-5 (optional) [mostly, might
8.5 CC-5 (optional) CC-5 (optional) CC-5 (optional) be leveraged by virtual control
systems]
8.6 CC-6 (optional) CC-6 (optional) CC-6 (optional) CC-6 (optional)
8.7 CC-7 (optional) CC-7 (optional) CC-7 (optional) -
3.8 B B _ CC-8 [for physical control
systems]
8.9 CC-9 (optional) - - -
Behavior / Processing / Stage — Details

9.1 D-1 (optional) - - -
9.2 D-2 (optional) D-2 (optional) D-2 (optional) -
9.3 - D-3 (optional) D-3 (optional) -

The sequence of rows outlines a progression from view-
points of higher-level scopes to lower-level scopes and from
abstract to concrete. If followed top to bottom, Table 11 de-
fines the architectural design process where each subsequent
step (creation of view of specific viewpoint) relies on the
artifacts of the previous steps. Reiteration on previous steps
due to the new architectural details being unveiled is accept-
able and common. The template represents the architectural
design of the computer-software system.

Note: the row number in Table 11 outlines recommend-
ed sequence of stages and steps of architectural design
and documentation creation: number before the dot sym-
bol represents the stage and number after represents the
step (e.g., 2.3 - stage 2, step 3).

5. 4. Architectural design process rules

Rules of the architectural design process as part of the
method:

1. The process is iterative. After each stage and step, it is
possible to return to the previous stages and steps to reiterate
and introduce adjustments.

2. Designing and documenting an architectural view
includes the mandatory creation or review and, if necessary,
adjustment of the corresponding governance document ar-
tifact.

3. A list of “Assumptions and Questions” is maintained,
with answers obtained through:

— discussions with project stakeholders;

- discussions with domain experts;

- discussions with external technical experts;

- validation of hypotheses using proof of concept (PoC)
and prototypes.

These questions should be related to specific architectur-
ally significant [12] aspects of the system (technical and re-
quirements-based). The answers will affect the architectural
design and record the evolution of the system concept, in ad-
dition to architectural decision records (ADR). “Assumptions

and Questions” records should be linked to the correspond-
ing ADRs. This will allow recording the context of decisions
made and ensure full traceability of the architecture. This
approach reflects the evolution of the system concept based
on obtained answers and verified assumptions.

4. At each architectural design stage, PoCs and proto-
types may be created to validate technical assumptions and
compare architectural options for particular aspects.

5. During initial design of the system, significant de-
cisions, preferably to be outlined as ADRs, which brings
additional context details to the reasons behind the solution
represented by the architectural views and governance doc-
uments.

6. During ongoing maintenance the architecture of the
system on the scales of system and subsystem should be
reviewed upon changes to the architecturally significant re-
quirements [12]. The architectural design on component-scale
can be refined often by engineering teams receiving the new
requirements related to specific architectural artifacts.

7. During ongoing maintenance of the system architec-
ture documentation, any changes to system-level or sub-
system-level views require the creation of corresponding
ADRs.

8. Validation of the architecture against system require-
ments, especially non-functional requirements (NFRs), must
be performed at the end of each architectural design stage.

9. Verification of the system implementation’s compliance
with the designed architecture is performed using standard
practices, such as implementation reviews and the applica-
tion of static analysis tools where applicable (e.g., ArchUnit).

10. Verification of the completed system’s architectural
compliance with requirements is carried out through test-
ing against functional and non-functional requirements. In
addition, by monitoring the system in the operational envi-
ronment (continuous NFR compliance) [28] using various
monitoring tools and systems (these systems belong to the
supporting infrastructure category [23]).



5.5. Quantitative assessment of the integral effec-
tiveness of the proposed method

To ensure objectivity in evaluating the effectiveness of
the proposed system-type-centric method, its qualitative
characteristics were transformed into measurable quanti-
tative indicators. The assessment is based on metrics that
reflect the key requirements for the design of heterogeneous
computer-software systems (CSS) in automation: process pre-
scriptiveness, completeness of architectural decomposition,
adaptability and algorithmic readiness for integration with
artificial intelligence (AI-Readiness).

The comparative analysis is conducted exclusively within
the subject area of this study - the design of heterogeneous
CSS for automation systems. Basic standards (e.g., ISO/TEC/
IEEE 42010) are flexible general-purpose meta-models. Their
assessments according to the given criteria reflect not the
shortcomings of these standards, but their deliberate meth-
odological abstractness compared to the specialized prescrip-
tive method being proposed.

For comparative analysis, generally accepted industry
standards, frameworks, and architectural models are involved:
the ISO/TEC/IEEE 42010 standard, the SEI views and beyond
[7] and ADD [12] methodologies, the arc42 design template [5],
the C4 model [6], the functional architecture for systems (FAS)
approach [13], the system architecture framework (SAF) [14],
as well as the ToT-A architectural reference model [18].

The evaluation is performed using four formalized indi-
ces, normalized on a single discrete scale from 1 to 4. The
use of a discrete scale ensures the reproducibility of the
evaluation and allows for correct relative comparison of ar-
chitectural approaches.

The process prescriptiveness index (PPI) evaluates the
presence and determinism of the design process:

-1 - absence of an embedded process (purely descriptive
meta-standard, notation, or documentation template);

- 2 - presence of general abstract guidelines for the design
process at the meta-level;

- 3 — partially formalized or phase-based iterative approach;

-4 - strictly deterministic process with clearly defined
rules, transition matrix, and dependencies.

The completeness of architectural decomposition (CAD)
evaluates the level (from abstraction to specifics or from
high-level aspects to implementation details) and hierarchy
of the system model:

-1 - absence of formalized levels and hierarchy (the
method operates with a flat set of concepts or artifacts with-
out rigidly defined rules of structural division);

-2 - basic one-dimensional decomposition (structuring
occurs only along one vector: e.g., exclusively splitting into
functional blocks or only logical decomposition, without
binding to physical or infrastructural levels);

-3 - extended structural decomposition (e.g., the pres-
ence of defined “zooming” scales, such as “system - contain-
er - component” (as in the C4 model [6]), but this division has
a purely spatial/structural character);

-4 - cross-cutting multi-vector hierarchical model (e.g.,
simultaneous application of the spatial vector of “system -
subsystem - component” scales and the conceptual vector
“from abstract to concrete”, which are integrated into the
stages of the system design method at different levels of the
model of CSS elements and levels [23]).

Adaptability to the heterogeneous nature of systems
(AHS) determines the ability of the method to take into ac-
count fundamental differences in CSS types:

-1 - rigid binding to one class of systems (purely IT sys-
tems or purely PLC programs);

- 2 - universality (agnostic), requiring manual unformal-
ized adaptation;

- 3 - specialized adaptation for a separate domain;

-4 - embedded fundamental adaptability (differentiation
of architectural viewpoints depending on the system type).

Interoperability of artifacts and readiness for automation
(IRA) evaluates the structuredness of artifacts for their ma-
chine processing (LLM or AI agents [29]):

- 1 - implicit links and non-standardized artifacts (purely
a model of artifact description);

- 2 - standardized artifacts but implicit links;

- 3 - standardized artifacts and links between them, but
absent component of design process staging;

-4 — defined stages of the design process and inputs/
outputs of the sequence of design stages, forming a graph of
dependencies between standardized artifacts.

The evaluation results are presented in Table 12.

Table 12

Quantitative comparison of architectural methods by criteria
of effectiveness and Al-readiness

Total

Method / framework / approach | PPI| CAD
score

AHS [IRA

System-type-centric
architectural design method

10T-A reference model [18] 3 3 3 3 12
SAF (System Arch. Framework) [14] | 3 4 2 3 12
SEI (ADD, views and beyond) [7,12] | 3 3 2 3 11

FAS (Functional Arch.

4| a4 | a4 | 4] 16

3 2 2 3 10

for Systems) [13]
C4 model [6] 1 3 2 3 9
arc42 template [5] 1 3 2 2
ISO/IEC/IEEE 42010 1 2 2 2

As shown by the results of the quantitative assess-
ment (Table 12), existing standards and approaches serve
as a reliable basis for describing architecture. However, in
the context of the design of heterogeneous CSS in automa-
tion, they require significant efforts for manual adaptation.
This is reflected in the AHS index values, which do not ex-
ceed 2-3 points.

In particular, the C4 model [6] and arc42 template [5] pro-
vide structured representation of architecture (CAD = 3) but
do not contain a built-in design algorithm (PPI = 1), which
limits their use as full-fledged methods of architectural
synthesis.

In turn, the SEI (ADD, views and beyond) [7, 12] meth-
odologies, the SAF [14] framework, and the [oT-A reference
model [18] provide a higher level of process support (PPI = 3).
However, despite extended decomposition (in particular,
CAD = 4 for SAF) or partial domain specialization (AHS = 3
for I0T-A), they remain only partially formalized. None of
these approaches has built-in mechanisms of fundamental
type-oriented adaptation to different architectural natures
of systems (AHS < 4), which reduces the degree of their in-
teroperability and readiness for full automation (IRA <= 3).

The proposed system-type-centric method demonstrates
maximum values for all criteria (16 points) due to the com-
bination of several key properties. First, the method formal-
izes a reproducible and deterministic architectural design
process (PPI = 4). Second, it defines a complete hierarchical



model of architectural decomposition that covers both soft-
ware and physical aspects of systems (CAD = 4). Third, the
built-in system-type-oriented adaptation (AHS = 4) ensures
the selection of relevant architectural viewpoints depending
on the fundamental nature of the system. The combination
of these characteristics, supplemented by strict rules for de-
fining inputs and outputs for each architectural viewpoint,
ensures a high level of artifact interoperability (IRA = 4).
This allows considering the method not only as a design tool
but also as a formalized basis for building automated archi-
tecture generation systems based on artificial intelligence.

Thus, the proposed method forms a formalized basis for
architectural design with an increased level of reproducibil-
ity, completeness of decomposition, and structuredness of
artifacts, which creates the prerequisites for its application
in tasks of automated architectural design. The proposed
method ensures an increase in the integral effectiveness of
architectural design compared to existing approaches, due
to a higher level of formalization, adaptability, and complete-
ness of decomposition. The obtained results follow directly
from the structure of the method and the adopted system of
criteria, and are not based on empirical assumptions, which
ensures their reproducibility.

5. 6. Example of application of the design method

An example of application of the design method is
demonstrated on an industrial gas pumping automation sys-
tem at the level of a compressor station, described in [23]. The
system consists of the following subsystems:

- gas pumping unit (GPU) control subsystem based on
programmable logic controllers (PLCs), located at the lower
levels of the automation hierarchy; the PLC program directly
implements the control logic of the compressor shop unit. An
example of a “Continuous System”, specifically a “Physical
Control System” (the type is indicated in orange in Fig. 4);

— SCADA subsystem of the compressor shop (local SCADA).
An example of a platform-like subsystem, implemented on the
basis of “Self-hosted off-the-shelf” software (SCADA WinCC)
at the application level (the type is indicated in grey in Fig. 4);

- SCADA subsystem of the compressor station (global
SCADA), which consolidates data from local SCADAs and
provides a dispatch interface at the station level. It is also a
platform-like subsystem based on “Self-hosted off-the-shelf”
software (the type is indicated in grey in Fig. 4).

The internal structure of an off-the-shelf product is not
considered in the architectural design of the CSS. However, the
platform-like nature of both SCADA subsystems requires the
definition of a limited set of representations for project-specific
extensions (tags, message processing scripts, integration APIs);

- Data analytics processing and condition monitoring
subsystem. An example of a “Data-flow-oriented System”
(the type is indicated in green in Fig. 4);

— Autonomous high-level control subsystem. An example
of a system that is a hybrid of two subtypes of “Behavior-ori-
ented System” (the type is indicated in blue in Fig. 4): “Com-
putation-oriented System” and “Domain-data-model-orient-
ed System”;

- Air condition monitoring subsystem in the shop. An
example of a “Physical Control System” (the type is indicated
in orange in Fig. 4).

At the System scale, the following architectural represen-
tations are applied (Table 11):

- functional requirements viewpoint (I-1) and NFR and
constraints viewpoint (I-2) - for specifying the problem

space, in the form of a catalog of functional and non-func-
tional requirements and constraints, including real-time
requirements for GPU control loops, telemetry latency limits,
and SCADA availability requirements;

- capabilities viewpoint (SA-1) - for defining the hier-
archy of business-oriented and derived technical system
capabilities (GPU control, supervisory control at the shop
level, supervisory control at the station level, analytics
and equipment condition monitoring, autonomous deci-
sion-making, air monitoring) based on the input specifi-
cations I-1 and I-2;

- subsystems viewpoint (SC-1) — for decomposing the
system into subsystems, classifying each of them (custom /
off-the-shelf / external system integration), and assigning a
system type [23] to each custom subsystem. The same rep-
resentation also displays an external integration with the
SaaS service PagerDuty for notifying technical personnel of
anomalies, which is outside the system. Color coding is used
for visual differentiation of system types according to SC-1
recommendations. Fig. 4 shows the representation of subsys-
tems of the industrial automation system [23];

- UX viewpoint (XA-1), applied within the system,
for describing end-to-end user scenarios of the shop operator
and station dispatcher, covering the UX of local and global
SCADA, as well as the consoles of the autonomous control
subsystem.

For each of the subsystems, relevant architectural view-
points have been determined based on the type of subsystem.
The architectural viewpoints and selected representation
formats for each of the subsystems at the Subsystem scale are
described below.

For the GPU control subsystem based on PLC (continu-
ous control), the following set of representations has been
formed:

- control viewpoint (SSA-1) - in the format of a control
block diagram with a mathematical model of GPU control;

- high-level components viewpoint (SSA-3) and its exten-
sion with component classification (SSA-3-ext) — for logical
decomposition of the subsystem and designation of the PLC
program as a custom application-level component;

- software components viewpoint (SSC-1) - representa-
tion of software components at the application and infra-
structure levels - in this case, the PLC program as a software
component at the application level;

- infrastructure viewpoint (XC-2) - for describing the
physical controller, industrial network, etc.;

- deployment viewpoint (XC-3) - for describing the strate-
gy of deployment and updating of the PLC program on hard-
ware resources in the production environment.

For the air condition monitoring subsystem in the
shop (Continuous Control, embedded):

- control viewpoint (SSA-1) — mathematical models of
processing sensor signals and calculating integral air quality
indicators;

— SSA-3 and SSA-3-ext — for logical decomposition of the
embedded system;

- XC-2 - for describing the embedded hardware infra-
structure, in particular the design of a printed circuit board
with an ESP32 microcontroller;

— SSC-1 - for representing physical software components
(firmware);

— XC-3 - for describing the firmware version update pro-
cess in the production environment (e.g., the OTA (Over-the-
air) update process).
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Fig. 4. Example of representation of subsystems of an industrial automation system

For the data analytics processing and condition monitor-
ing subsystem (Data-flow-oriented, cloud-based):

- SSA-3 and SSA-3-ext in the format of a data flow dia-
gram - for logical representation of the telemetry processing
flow from the point of reception via MQTT to storing aggre-
gated data and invoking the ML model;

—SSC-1 and XC-2 - for representing cloud components
based on AWS (IoT Core, Kinesis Data Streams, Kinesis Data
Firehose, Lambda, S3, SageMaker, Athena, QuickSight).

For the autonomous high-level control subsystem (behav-
ior-oriented, hybrid of computation-oriented and domain-da-
ta-model-oriented):

- SSA-3 and SSA-3-ext - for logical decomposition of the
subsystem into abstract components at the application and
infrastructure levels;

- SSC-1 - represents software components, including a
server software component (Java; application level) and a
self-hosted Postgres server (infrastructure level), including
software-relevant aspects of the runtime environment;

- XC-2 - for describing the on-premises hardware infra-
structure of the subsystem and the virtualization environ-
ment.

For the local SCADA subsystem of the compressor shop
(off-the-shelf self-hosted, platform-like), full internal archi-
tectural design is not performed. According to the architec-
tural method, a limited set of representations is applied for
off-the-shelf self-hosted subsystems:

- XA-1 - for describing UX flows of the shop operator
based on the local SCADA;

- SSC-1 - for describing which off-the-shelf components
form the subsystem (SCADA WinCC server and MS SQL
server DBMS);

- XC-2 - for describing the hardware-platform environ-
ment of the SCADA server (on-premises server of the com-
pressor shop without virtualization);

— XC-3 - for describing the strategy of deploying SCADA
servers on the shop server.

For the global SCADA subsystem of the compressor sta-
tion (off-the-shelf self-hosted, platform-like), a similar set of
representations is applied with emphasis on the station scale:

- XA-1 - for describing UX flows of the station dispatcher
in the dispatch screens of the global SCADA;

-SSC-1 - for displaying off-the-shelf components that
form the subsystem (SCADA WinCC server and MS SQL
server);

- XC-2 - for describing the hardware-platform envi-
ronment of the SCADA server of the station, including the
organization of virtualization on the compressor station
server;

- XC-3 - for describing the strategy of delivery and de-
ployment of SCADA server software in the virtualization
environment, e.g., the deployment and update process via an
engineering station based on Siemens TIA Portal (Siemens
AG, Germany) for generation and updating of the SCADA
runtime configuration.

Fig. 5 shows an example of a consolidated representation
for the SSC-1 viewpoint - the representation of physical soft-
ware components.

For each of the custom application-level software compo-
nents of each of the subsystems, as well as for platform-like
off-the-shelf components, relevant architectural representa-
tions of the component scale have been determined.

For the custom component “GPU control PLC program”
(PLC program; FBD) within the GPU control subsystem (con-
tinuous control):

- execution viewpoint (CC-1) - for describing the cyclic
execution of PLC organization blocks and task distribution in
the PLC runtime environment;

- states / stages viewpoint (CC-2) - in sequential func-
tion chart (SFC) format for describing discrete operating
modes of the GPU (stopped, startup, normal operation,
emergency shutdown) and rules of transitions between
them; each mode corresponds to its own set of control
rules, traced to SSA-1;

- domain data model viewpoint (CC-6) - in PLC tags
catalog format;

-1/0 signal interfaces and pins viewpoint (CC-8) - for
displaying the mapping of PLC inputs/outputs to physical
signals of the GPU (pressure measurements, temperatures,
control of actuators).
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Fig. 5. Example of representation of physical software components

For the custom component “Air monitoring system firm-
ware” (Firmware; C) within the air condition monitoring
subsystem in the shop (continuous control, embedded):

- CC-1 - for describing RTOS tasks (sensor reading, pro-
cessing, transmission);

- CC-2 - for the finite-state machine of device operating
modes;

- CC-3 - for representing the modular structure of the
program in the format of a C4 component diagram,;

- CC-5 - for describing integration with the autonomous
high-level control subsystem;

- CC-6 - for the internal domain model of air telemetry;

- CC-8 - for describing the pins of the ESP32 microcon-
troller and their purpose (ADC, digital inputs, UART/I2C
interfaces for sensors).

For the custom component “Analytics event handler”
(Process event; Python on AWS Lambda) within the data
analytics processing and condition monitoring subsystem
(Data-flow-oriented):

- CA-1 and CA-1-ext - for the catalog of processings indi-
cating MQTT/Kinesis as the access method;

- contracts / APIs / actions viewpoint (CC-4) - for the
specification of the structure of input and output events
(event schema) in AsyncAPI format;

- integrations APIs viewpoint (CC-5) - for describing
integrations with SageMaker (calling inference of the Ten-
sorFlow model);

- persistent data model viewpoint (CC-7) - for describing
the structure of aggregated data in S3 buckets and Athena
tables;

- calculation viewpoint (D-2) - for the mathematical
model of anomaly detection;

- task / transformation viewpoint (D-3) - for the rules
of normalization, filtering, and enrichment of input telem-
etry.

For the custom component “Autonomous supervision
control system” (Java) within the autonomous high-level
control subsystem (Behavior-oriented, hybrid of computa-
tion-oriented and domain-data-model-oriented):

- CA-1 and CA-1-ext - for the catalog of behaviors indi-
cating API types (REST API, MQTT-based API, etc.) and
scheduled triggers;

- behavioral dynamic viewpoint (CA-2) - in sequence di-
agram format for cross-behavioral scenarios (e.g., “anomaly
detected - check GPU status via SCADA - decision making
- control command - escalation to PagerDuty”);

- component structural viewpoint (CC-3) — in C4 compo-
nent diagram format for the modular structure of the Java
application;

— CC-1 - for describing concurrent tasks (MQTT consum-
ers, request handlers, background tasks);

- CC-4 - for the specification of its own REST API in
OpenAPI format;

- CC-5 - for describing integrations with local and global
SCADA WinCC (via HTTP), with the analytics subsystem
(via AWS SQS), and with external PagerDuty (via HTTP);

- domain data model viewpoint (CC-6) - in class diagram
format for the domain model;

- persistent data model viewpoint (CC-7) - in ERD format
for the Postgres schema;



- procedure viewpoint (D-1) - for detailing the logic of
key decision-making behaviors;

- calculation viewpoint (D-2) - for describing mathemat-
ical models of decision-making.

For the platform-like off-the-shelf components “SCADA
WinCC” of the local and global SCADA subsystems:

— CA-1-ext and CC-4 - for documenting API extensions
(e.g., custom WinCC Unified MQTT message processing
scripts) on each of the SCADA subsystems;

- CC-5 - for describing integrations of local SCADA with
the GPU control subsystem (via S7comm), as well as global
SCADA with local SCADAS (via OPC UA);

- CC-6 - for the specification of the project-specific tag
hierarchy of each of the SCADA subsystems (tags of local
SCADA cover shop tags; tags of global SCADA - consolidated
station tag model);

- CC-7 - not applicable to SCADA systems, as the schema
of their databases (MS SQL) is not subject to extensions or
changes.

For each of the applied architectural viewpoints, a gov-
ernance document is additionally defined that describes the
project-specific standardization of representations: mandato-
ry attributes, naming conventions, mandatory information in
models, recommended modeling tools, and rules for tracing
between representations of different viewpoints. For exam-
ple, the governance document for CC-6 in the context of the
PLC program reflects the tag naming convention and manda-
tory tracing of signals in CC-8 to tags, while the governance
document for CC-4 reflects project-general conventions for
building APIs of software components.

The given set of architectural representations, defined
within the architectural viewpoints proposed in this meth-
od for the architectural design of CSS of various types [23],
demonstrates the application of the method to a typical
industrial automation system. Similarly, the method can be
applied to complex heterogeneous CSS in automation. Includ-
ing for the architectural design of IT systems in automation,
the design of robotic systems, and the design of industrial
automation systems.

6. Discussion of the results of the development of the
system-type-centric method for architectural design of
computer-software automation systems

This study defines a formalized system-type-centric
method for the architectural design and documentation of
computer-software automation systems. By synthesizing the
theoretical concepts of the system-type-centric paradigm [23]
with widely accepted standards (ISO/IEC/IEEE 42010) and
viewpoint-oriented approaches [7,8] in the industry, the
study addresses the fragmentation and over-abstraction prev-
alent in existing design methodologies.

The obtained result is explained by the definition of sets
of architectural viewpoints corresponding to the specifics
of the fundamental architectural nature of different CSS
types [23] (Table 11). The set of architectural viewpoints
corresponds to the interests of stakeholders (Table 1) defined
at different levels (Fig. 1, 2) and is formed in the form of an
architectural documentation model (Tables 2-10). The ar-
chitectural viewpoints in the applicability matrix (Table 11)
are organized according to the level structure, as well as in
the transition from abstract to concrete design (Fig. 1). The
structure of the applicability matrix defines a clear order for

constructing architectural artifacts in accordance with the
defined viewpoints. The construction of artifacts at lower lev-
els is directly based on artifacts constructed at higher levels.
This forms the architectural design process of CSS. Thus, the
method provides prescriptive and sufficiently detailed tools
for architectural design. At the same time, the method is ap-
plicable to a wide range of CSS precisely due to adaptation to
the specifics of the architectural nature of CSS [23].

The proposed method combines prescriptiveness and
detail with applicability to a wide range of CSS and complete-
ness of the model, which allows building the architecture of
the system at all levels. This is its main difference compared
to existing standards (ISO/IEC/IEEE 42010) and approach-
es [7, 8], which do not propose a prescriptive process. It also
distinguishes it from previously proposed architectural de-
sign methods [19, 20], which have a siloed nature and focus
on simplified transitions.

The main contributions of this study include:

— the establishment of a comprehensive architectural design
model defined as a set of architectural viewpoints structurally
categorized across system, subsystem, and component scales.
This model outlines a systematic progression from abstract
capabilities and logical structures to concrete, physical aspects
of the system at the software level and the infrastructure level;

- the mapping of specific viewpoint applicabilities to
fundamentally distinct system types [23] (behavior-orient-
ed, data-flow-oriented, continuous agentic, and continuous
control). This ensures that the unique architectural aspects
of systems with different fundamental architectural nature
are addressed;

— the definition of a reproducible architectural design pro-
cess that prescribes a uniform approach to computer-software
systems architectural design. The process starts from inputs
(functional requirements, NFRs, constraints) and results in
the designed and documented architecture expressed via ar-
chitectural documentation with interoperable artifacts. The
inclusion of system-specific governance documents alongside
architectural views ensures system-specific tailoring capabili-
ties built into the method, resulting in improvements to long-
term maintainability and architectural compliance.

Ultimately, the proposed method provides engineering
teams with a versatile yet highly prescriptive toolset. It min-
imizes structural ambiguity during the design of complex
automation systems and fosters interoperability between ar-
chitectural design artifacts of disparate system components.

The limitations inherent in this study relate to the bound-
aries and conditions of application of the proposed solutions:
the method is intended for use in ranges of input data where
the initial requirements (in particular NFRs and constraints)
are sufficiently formalized and stable. That is, the boundaries
of application of the method relate only to direct architectural
design. Application of the method in enterprise architectures,
where domain knowledge discovery, capability definition,
and requirements formation are separate and fundamental
processes, requires integration of this method with appropri-
ate methodologies and approaches.

Among the disadvantages of this study, the high labor in-
tensity of manual creation and maintenance of the complete
architectural documentation package according to the pro-
posed formalized method should be noted. In the future, this
disadvantage can be eliminated by integrating this method
into automated design software systems.

The formalization of the system-type-centric architectur-
al design method opens several highly promising directions



for future study and practical application within comput-
er-software systems engineering:

- integration with computer-aided design (CAD) and com-
puter-aided software engineering (CASE) tools: one of the main
areas of the study includes embedding the proposed method into
CAD and CASE tools. The development of specialized modeling
profiles based on this method would provide a semi-automated
workflow for architects, directly ensuring the production of in-
teroperable and compliant artifacts. This will require additional
efforts to standardize model documentation formats for each of
the architectural viewpoints, in accordance with the internal
formats and standards of CAD or CASE systems;

-method extensibility and evolution: another critical
area of the study is the formalization of rules for introducing
extension points (additional, domain-specific viewpoints).
Future studies may define mathematical or logical con-
straints that allow the method to evolve alongside emerging
technologies without compromising its core properties of
artifact interoperability and consistency. Related challenges
will include the proper integration of introduced architectur-
al viewpoints and extensions into the structure of existing
viewpoints, preserving dependencies and traceability;

- Al-driven architecture generation: the structured na-
ture of the proposed method may serve as a direct instruc-
tion set for Al-driven automated architecture generation
systems. Future studies may explore how large language
models (LLMs) and intelligent agents can leverage these stan-
dardized viewpoints to act as architectural co-pilots. This
could enable fully automated pipelines capable of translating
high-level business requirements into interoperable architec-
tural descriptions, and subsequently, into executable system
implementations and automated verification suites. This
direction is highly relevant at the present time, however the
proposed approaches [29] focus mainly on the aspects of arti-
ficial intelligence development and the principles of building
agentic systems. They do not pay attention to a standardized
set of instructions, which is fundamentally important, and
the basis for which the proposed method could form.

7. Conclusions

1. The conceptual foundations and structural principles
of a system-type-centric architectural design method have
been formalized, establishing a coherent methodological
basis for architectural design that integrates viewpoint-ori-
ented documentation, hierarchical architectural scales, and
a structured design progression.

2. A comprehensive and standardized set of architectural
viewpoints has been defined, spanning multiple architectural
scales and specifying their intended scope, inputs, dependen-
cies, and representation forms, thereby forming a complete
and consistent architectural documentation model.

3. A prescriptive architectural design process has been es-
tablished by defining the ordered application of architectural

viewpoints and mapping their applicability across fundamental-
ly different system types, enabling systematic and reproducible
architectural design for heterogeneous automation systems.

4. Formal rules governing the architectural design pro-
cess have been defined at the lifecycle level, ensuring ar-
chitectural consistency, decision traceability, and controlled
evolution of architectural solutions over time.

5. A quantitative assessment of the integral effectiveness
of the proposed method has been carried out by formalizing
qualitative characteristics into measurable indices and con-
ducting a comparative analysis against generally accepted
industry standards, methodologies, and frameworks of archi-
tectural design. This demonstrated the effectiveness of the
method according to the criteria of process prescriptiveness,
completeness of architectural decomposition, adaptability to
the heterogeneous nature of systems, and interoperability of
artifacts and readiness for automated application.

6. The applicability of the proposed method has been
demonstrated on the example of architectural design of a hetero-
geneous computer-software industrial gas pumping automation
system at the level of a compressor station, which confirmed its
practical suitability for designing complex automation systems
combining subsystems of different architectural types.
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