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Architecture in the context of socio-cultural polarisation:
The case of Lviv (1991-2025)

Abstract. The relevance of the research lay in examining the contemporary architectural governance of Lviv, which
required a developed media component and an established dialogue between groups with opposing cultural and aesthetic
views. The aim of the study was to determine the dependence of urban architecture stylistics on the moderation of
public opinion and the prevention of antagonistic and hostile narratives in professional and public environments. The
article examined the relationship between sociocultural polarisation and stylistic evolution of urban architecture in Lviv
during 1991-2025. The example of Lviv showed that the lack of effective mediation between traditionalist and liberal
positions in architectural discourse led to conflicts of values and a decline in the quality of design decisions. Based on
an analysis of media and professional materials, two main phases of architectural development have been identified:
postmodernism (1991-2010), characterised by a rejection of Soviet modernism and a romanticisation of historical forms,
and neomodernism (2011-2025), in which modernism was reinterpreted as a symbol of European identity. Sharp criticism
of neomodernist projects by the public had become a social phenomenon that had influenced architectural decisions. An
example of this was the conflict surrounding the reconstruction of St. George’s Square, which ended with a compromise
solution and initiated a trend toward “neutral” and prosaic forms. The practical value of the article lies in demonstrating
how establishing mutual understanding between proponents of different architectural approaches can improve the quality
of design decisions, avoid excessive simplification, and preserve architecture as a carrier of urban identity

Keywords: prosaic architecture; simplification; neomodernism; traditionalism; design moderation; aesthetic conflict;
urban identity

INTRODUCTION
Architectural design has become closely linked to nar-  architecture had turned into a tool of political positioning,
ratives emerging within urban communities connected media influence, and cultural negotiation, making design
through horizontal networks. These narratives shaped the itself a mirror of social reality. In Lviv, the historical tradi-
symbolic meanings of architectural projects, reflecting tionalist mentality and the aspiration for European rein-
the transient mindset of society. Public engagement with  tegration entered into sharp opposition, resulting in two
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stylistic phases — postmodernist and neomodernist. The
latter became the centre of polarised discourse, whose po-
litical and reputational consequences shifted neomodern-
ist architecture toward neutrality and restraint. The archi-
tecture of Lviv in 1991-2025 appeared as a space of value
interaction, where design was not only a technical act but
also a reaction to the dynamics of the urban community.
J. Kelly (2023) noted that a passive and reflective modera-
tion between two poles of communication led to the dom-
inance of “neutral” and compromise solutions in the spirit
of prosaic architecture, and the absence of contemporary
objects equivalent in symbolic role to historical monu-
ments that identified the city. The interaction between ar-
chitecture and public opinion was not new, but in modern
media environment, it reflected the convergence of pro-
fessional and mass cultures. With the growth of informa-
tion exchange, public opinion began to position itself as
more legitimate than the professional stance of architects.
In a period of developed social communications, key archi-
tectural decisions were influenced not only by spatial or
functional considerations but also by socio-cultural con-
text. H. Janniére & P. Scrivano (2020) emphasised that so-
ciety had become an active participant, contributing to the
authenticity of design. The prestige of architecture and its
authors often depended on their acceptance by public crit-
icism, as noted by M. Tempestini (2025), who highlighted
the spontaneity of public opinion and the need to estab-
lish boundaries for its effectiveness.

The influence of social media on architectural design
had been widely examined. G. Lindsay et al. (2025) noted
that online platforms can redefine architectural meaning
and interpretation. In their introduction to a special is-
sue, the authors emphasised that digital platforms have
become not only a tool for disseminating information but
also an active environment that redefined the meaning
and interpretation of architecture. The study focused on
how the virtual representation of objects shaped percep-
tions of them before, during, and after realisation, indicat-
ing a shift in the architect’s role within the media space.
I.B. Kosasih & M.A.G. Sangaras (2022) demonstrated that
clients shaped their design preferences under the influ-
ence of Instagram trends. This study showed a direct link
between visual trends in social media and the formation
of clients’ design preferences, who increasingly came to
architects with ready-made ideas inspired by aesthetics
popular online. Thus, Instagram functioned as a powerful,
yet often informal, regulator of style in contemporary de-
sign. Likewise, B. Topdag1 Yazici et al. (2025) analysed how
social media aesthetics — light, colour, and framing — af-
fected public reception of heritage restoration projects in
Istanbul. The authors emphasised that a project’s success
may depend less on its historical authenticity and more
on its ability to generate positive “media content”. This
illustrated how the visual appearance for social media be-
came an integral part of assessing an architectural object
in the age of advanced communication. Public media ac-
tivity had become a decisive tool for shaping architectural
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outcomes. M.E. Linko (2020) documented how strong
public opposition led to the rejection of the Guggenheim
Museum project in Helsinki. Researcher documented how
media debates, which went far beyond professional circles,
turned the architectural project into a political issue re-
lated to the use of public funds and urban identity. This
case served as an important example of how public media
activity became a decisive tool for shaping architectural
outcomes, capable of leading to the cancellation of even
high-profile international projects. J. Kubik (2024) empha-
sised that the growing divide between traditionalist and
liberal positions reflected a broader reaction challenging
Western liberal-democratic dominance through coun-
ter-narratives, sometimes neo-feudal in tone. Scientist
I. Krasnodemska (2022) analysed the redevelopment pro-
ject of St. George’s Square, intended to install a monument
to Metropolitan Sheptytsky, a religious leader of Ukraine’s
national revival. The project’s symbolism provoked a con-
frontation between liberal activists seeking preservation
and traditionalists advocating transformation. Protests
and online debates culminated in a compromise solution.
Paradoxically, liberals defended historical continuity, while
conservatives demanded change, referencing the square’s
19t-century origins (Petryshyn et al., 2016) The aim of
the study was to explore how the stylistic choices in urban
architecture were influenced by the mediation of public
opinion and the avoidance of conflicting and adversarial
narratives in both professional and public spheres.

MATERIALS AND METHODS
The methodology applied in this study was based on the
integration of three interconnected analytical compo-
nents: the relevance of architectural form within the pro-
fessional design community, its perception in mass culture,
and its actual morphological and symbolic content. These
components were examined together within a chrono-
logical framework that covered the period between 1991
and 2025, allowing the research to trace the evolution of
stylistic preferences, cultural attitudes, and socio-politi-
cal tensions that shaped architectural decision-making in
Lviv. This temporal lens made it possible to observe how
architectural forms and their interpretations changed in
response to broader socio-cultural polarisation. To achieve
this, the study incorporated a wide range of heterogeneous
sources. Professional publications from sources such as the
Architectural Herald (n.d.), and Building Differently (n.d.)
provided insights into expert discourse, while public de-
bates, media narratives, manifestos, and residents’ reac-
tions offered a broader cultural perspective. These sources
revealed a consistent pattern: a widespread public rejec-
tion of the Soviet past, which resulted in a corresponding
rejection of modernism and a reorientation of architec-
tural form-making. Additionally, opinion-based materi-
als — including user posts, detailed comments, and visual
criticism found in Facebook groups such as Lviv Architects
Forum (n.d.), Controversial Developments in Lviv (n.d.),
and Save Historical Lviv (n.d.) — supply valuable data on



public sentiment and conflict between opposing cultural
positions. The combined use of these materials allowed for
tracing the dynamics of socio-cultural polarisation and its
impact on architectural form-making.

The methodology also included a detailed analysis of
communicative and morphological materials in order to
identify the main phases of this process. Particular atten-
tion was given to shifts in semantic fields related to the
reception of architectural projects, ranging from the ro-
manticisation of historical heritage to the re-evaluation of
modernism as a symbol of reintegration into the European
cultural sphere. A binary structure of public debate — be-
tween liberal and traditionalist viewpoints — was examined
to understand how ideological oppositions influenced ar-
chitectural preferences and decision-making. For the con-
ditional postmodern stage of development (1991-2010),
the methodology incorporated a two-step analysis of se-
mantic field interactions. Firstly, the narratives associated
with the positive semantic field and its vectors of opposi-
tion were identified. Secondly, the architectural techniques
that materialised these narratives in the built environment
were outlined, focusing on how it shaped reality in accord-
ance with contemporary ideals.

RESULTS AND DISCUSSION
Architectural form in Lviv after 1991 cannot be considered
outside the context of social attitudes and media inter-
action. During 1991-2010 period that social and cultural
influence became more polarised, conflicts arose, and at-
tempts were made to neutralise them by changing the dom-
inant style. The main platform here was social media, which
was forming a new, more inclusive, and multifaceted space
for communication aimed at changing architectural reali-
ty. The information landscape of architectural discourse in
Lviv from 1991 to 2025 was heterogeneous due to the rapid
evolution of the media, primarily in terms of content crea-
tion and authorship. In the beginning, the dominant media
were traditional print media, including specialised architec-
tural magazines and daily newspapers. It generally featured

Positive semantic field
Historical continuity 53%
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one-way communication from authors on specific topics,
and discussion could only take place between authors, who
were given the opportunity to express themselves. This
format shaped the understanding of both urban develop-
ment initiatives and the preservation of historical heritage.
This fperiod can be considered a step forward compared to
the previous Soviet experience, as free professional criti-
cism became possible after Ukraine gained independence.
In this sense, Lviv’s architecture became similar to that of
the West, where important architectural structures became
not only physical but also media events (O’'Regan, 2013).

So, research was divided two separate time phases:
early — conditionally postmodernist (1991-2010) and late —
conditionally neomodernist (2011-2025). This periodisation
reflected not only the shift in the nature of public discourse
and media accessibility but also a change in the dominant
stylistics and ideas about the ideal lifestyle (Architectural
Herald, n.d.). The former referred to the idea of the normal-
ity of architectural form, while the latter referred to a nega-
tive alternative that was intended to reinforce the belief in
the truth of normality. Therefore, the analysis of the inter-
action of semantic fields helped to investigate the nature of
socio-cultural polarisation and its influence on the archi-
tecture of Lviv, which underwent changes due to the radical-
isation of the opposition vector. It should be noted that the
influence of socio-cultural polarisation occurred through
the evaluation of already constructed objects, which then
influenced the nature of subsequent projects. Therefore, it
was identified the key structures that provoked the great-
est public reaction and analysed the content of the argu-
ments put forward by various actors in media interaction. In
particular, the most discussed object of the postmodernist
trend was the Ukrsotsbank building on Mitskevych Square
in Lviv (Kos & Kharambura, 2017), and the neomodernist
trend was the Ibis Hotel on Shukhevych Street. Several forms
of discursive messages and determination of their percent-
age of distribution in the total mass of journalistic material
related to the description of modern architectural prob-
lems of the period before 2010 were depicted in Figure 1.

National-regional commitment 28% [INEEG_G_

Domesticity and individualism 73%
Authenticity, heritage 85%

Artistic intuition 95 %

Opposition vector

Aggressive modernism 15%
Indifference to context 10% M

Alienation and unification 64%

Falsification, distortion 90%

Functional determination 78% [

Figure 1. Forms of discursive messages

Source: Save Historical Lviv (n.d.)

At the second stage of the research, it became impor-
tant to determine the semantic fields related to the project
proposals of Lviv architects in 1991-2025. In this context, it

was determined the shift towards the use of techniques that
clearly signaled a break with modernist form creation and
gave architecture not only postmodern but also anti-modern
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features. Textual and visual material of 1991-2025 formed
a positive semantic field, which had an openly pre-modern
and romantic character, based on the idealisation of the past
and the desire to revive the artistic significance of architec-
tural form (Building Differently, n.d.). All these discursive
messages should be seen as part of the overall process of
“healing” architecture from the pathologies of the totali-
tarian past and a kind of decommunisation process, which
remained relevant at least during 1991-2025 (Vlasenko &
Ryan, 2022). The great attention paid to artistic intuition, not
determined by a specific identity testified to a deeper sense
of the crisis of modernism, not solely conditioned by politi-
cal and ideological positions. Also, it was worth mentioning
the characteristic styles of Lviv architects, which stemmed
from their previous experience and ideas about “good archi-
tecture”, which had three trends: a) dynamic composition of
geometric forms (a trend parallel to neo-futurism); b) post-
modernist interpretation of classical form creation; c) post-
modernist interpretation of traditional housing. Many ob-
jects showed signs of several of these trends at the same time.
Traditionalist compilations were generally well received by
the urban community, as it was perceived as a positive al-
ternative to the limited and predictable lifestyle of Soviet
dormitory districts built according to standard designs in a
manner of radical utilitarianism (Gentile, 2015). The pop-
ular genre of sacred architecture of 1990-2000 testified to
the existence of social expectations of linking the semiotic
content of architecture with the means of realistic decora-
tivism and straightforward artistic expression, including on
the basis of classical order templates, as an expression of
spirituality and extraordinary nature (Znak & Znak, 2023).

The 2015-2025 period in Lviv architecture was char-
acterised by a significant change in the positive semantic
field, which had shifted towards integration with Western,
and European design reality. Among influential profession-
al circles, a new consensus emerged regarding a return to
modernism as a style that reflected a more desirable life-
style and liberal-progressive values. At the same time, the
traditionalist camp relied on the conservative worldview of
a significant part of the urban community, which had de-
veloped as a result of the specific historical development of
the region (Lekhniuk, 2019). The emergence of new forms
of public social communication significantly complicated
the landscape of discourse around architecture. Now its par-
ticipants included community activists, cultural figures, in-
terested residents, amateurs, political and business actors,
and others. A new information field had emerged, which had
gradually gained the ability to influence decision-making
by government institutions and project initiatives (Tref-
fers, 2023). As a result, traditionalist and liberal views have
become two opposing poles of assessment of architectural
phenomena. Figure 2 indicated the percentage results of
the types of public comments on architecture, which were
divided into five main types: aggressive (threats, radical
evaluative judgments, accusations of crimes), confronta-
tional (accusations of bad taste, lack of professionalism,
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lack of necessary aesthetic qualities, distortion of the en-
vironment), neutral (opinions about the objectivity of
changes in architecture without personal approval, the
non-priority of architectural topics in general, transfer of
problems to another sphere — politics, economics), pos-
itive (approval within the framework of passive contem-
plation), euphoric (opinions have a strong emotional com-
ponent, which indicated a readiness for active support).

Positive
Euphoric
30.0%
Aggressive
A Neutral
44.3%
Confrontational

Figure 2. Types of public comments on architecture
Source: Controversial Developments in Lviv (n.d.)

So, data from Figure 2 indicated that for most members
of the urban community, who participated in the discussion
and evaluation of architectural projects, the formative con-
tent of modernism itself was not associated with art and
cultural value. Accusations of destroying the historical im-
age and authenticity of the environment were used as the
ideal weapon to discredit modernist projects. Although the
first experiments with neomodernist form creation in Lviv
date back to the early 2000s, it became widespread in the
mid-2010s, when two trends emerged: expressive-dynam-
ic and static-geometric. At the initial stage, neomodernist
objects gravitated toward the tradition of artistic content
that had developed in postmodernism. Therefore, it was
characterised by experiments with dynamics and expres-
sion, attempts at individualisation. It was at this time that
a new polarisation model of urban discourse on architec-
ture gradually emerged, focusing on criticism of projects
that arose within the historical area of the city, as well as
the lack of charisma and cultural value in new architecture
equivalent to historical architecture (Habrel et al., 2020).

One of the objects that received a noticeable reaction
was the Ibis Hotel on Shukhevych Street, completed in
2015, built in the style of expressive neomodernism with el-
ements of deconstructivism (Fig. 3, a). An analysis of reac-
tions in thematic and professional discussions on Facebook
showed a predominance of negative assessments, which
were expressed mainly by representatives of the active
non-architectural community (Lviv Architects Forum, n.d.).
Positive assessments were generally not unambiguous, but
came with certain reservations regarding individual spa-
tial elements. As a result of acute polarisation, which also
had political consequences due to criticism of the authori-
ties and city leadership, the expressive manner underwent



reduction. A trend of prosaic neomodernism with a lacon-
ic and austere geometric language became widespread. It
manifested itself, in particular, in the subsequent Ibiz Hotel,
for which a building on the neighboring Ivan Franko Street
was reconstructed in 2022. Its facade was distinguished by
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its one-dimensionality and predictability, the simplicity of
its geometric and compositional design, and conservatism in
the use of materials (Fig. 3, b). The regularity of this process
was also confirmed by the fact that both buildings were de-
signed by the same design company “Shvets and Partners”.

Figure 3. An example of the transformation of neomodernist language
Note: a - the facade of “Ibis” 2015, on Shukhevych Street, in the style of expressive neomodernism; b - the facade of “Ibis”
2022, on Ivan Franko Street, in the style of prosaic neomodernism
Source: photos by the authors

In the context of the shift in architectural design to-
wards prosaicness as a result of conflicting socio-cultural
polarisation, it was also worth considering the development
of Mitskevich Square, which had undergone a shift towards
historical reproduction as a result of criticism of the Ukr-
sotsbank building. In 2023, the construction of a hotel de-
signed by Kurylowicz & Associates in the style of prosaic
neomodernism was completed. Although the fate of the de-
velopment on this site had long been a subject of intense
interest and disagreement between supporters of the resto-
ration of the historic building that previously stood there in
the historicist style and the new building with a cut facade.
As a result, the laconic, lapidary form of the new building
significantly reduced the level of criticism and the effective-
ness of counterarguments. During the period of conditional
neomodernism (19*-20% centuries), criticism was directed
not only at modernist objects, but also at some postmod-
ernist ones, such as Ukrsotsbank building on Mitskevich
Square (Fig. 4, a). While the journalism of the conventional

postmodern period expressed neutral and positive opinions
about the future implementation at the design stage, after
the emergence of social networks, the critical attitude of
some residents and interested parties towards its architec-
ture and cladding technology became apparent. As a result,
during the subsequent reconstruction of the neighboring
building for the needs of Ukreximbank, a strategy of return-
ing to historicism was chosen, giving the functionalist fa-
cade a decorative language of eclecticism (Posatskyy, 2015).
A similar transformation also took place with other initia-
tives that shifted toward prosaicness. For example, between
2016 and 2018, a building was inserted into the historic
development of TzOV Nova Motel (architect O. Suvorov)
on Hnatyuk Street in the manner of prosaic historicism,
which provoked virtually no public reflection (Fig. 4, b). In
2008 this site had been the subject of heated debate pro-
voked by neomodernist proposals for the planned Bris-
tol Plaza hotel and office complex (architects B. Cherkes,
E. Voronich, with the participation of M. Dubova) (Fig. 4, c).

Figure 4. Examples of the transformation of Lviv’s architecture under the influence of conflict discourse
Note: a — on the right is the postmodernist building of Ukrsotsbank, and on the left is a prosaic neomodernist building; b —
house insert on Hnatyuk Street in the style of prosaic historicism; ¢ — neomodernist proposal for the Bristol Plaza hotel

and office complex on Hnatyuk Street
Source: photos and sketch by the authors
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When considering the transformation that Lviv ar-
chitecture underwent between 1991 and 2025, it was fo-
cused on the role of the contrast between traditionalist
and modernist tendencies, which manifested themselves
in different ways in the phases of postmodernism and
neomodernism (Fig. 5). In the context of the former, it
was found itself in the role of an unquestionably pos-
itive alternative to Soviet pathology, an expression of

1991-2010

local values, humanism, and individualisation. This
position did not provoke resistance based on a general
social consensus. The rethinking of modernism as a Eu-
ropean and Western style of liberal society changed the
vector of traditionalist positioning. Modernism began to
be attacked as architecture that destroys the authentic-
ity of the environment, and the approval of projects was
seen as corrupt.
2010-2025

LModernism = Soviet legacy

rModernism = West/Europe

Value via ornamentation

LValue via quality materials

[ Indifference to heritage

[ Heritage sensitivity

|:N0 civic response mechanisms

RIivic critique shapes projects

LTraditionalism unchallenged

LModernism opposed by traditionalism

[ Postmodernism naturally fading

N |

[ Neutral design avoids conflict

Figure 5. Contrast between traditionalist and modernist tendencies

Source: developed by the authors

A new consensus gradually emerged regarding the
optimal architectural form in Lviv. Both traditionalist
and modernist projects received a prosaic interpretation
without distinctive details or compositional twists. The
style of strict laconicism made it possible to avoid attacks
from various sides of the polarised urban discourse on
architecture, reducing information tension and reputa-
tional risks for political actors. In addition, such projects
reduced the costs of construction company owners, who
stopped spending money on the implementation of com-
plex projects and artistically motivated details. The main
focus shifted to maintaining the existing image of the
city (Idak, 2023) and ensuring the isolation and safety of
residents through the creation of closed communities of
residents. In addition to stylistic differences, it was also
worth noting a change in typological orientation. While
in 1990s, considerable attention was paid to sacred build-
ings, which appeared in all districts of Lviv, later on, res-
idential construction and trade became dominant. Signif-
icant volumes of new housing often led to conflicts with
local communities, which further radicalised polarisation
and, consequently, activated mechanisms for its reduction.

So, analysis of the development of architecture in Lviv
during the period 1991-2025, especially its neomodernist
phase, demonstrated the importance of moderating public

discourse around architectural projects, especially those
that affected the interests of a significant number of peo-
ple. At the same time, it should be noted that the socio-cul-
tural polarisation was a consequence of the unique histor-
ical development of Lviv and the entire Carpathian region.
Although the Ukrainian population constituted a relative
majority in the region, it effectively had only one “own” in-
stitution, which was the church. The region’s long-stand-
ing provincial status provoked a compensatory movement
toward forced reintegration into the cultural space of Eu-
rope, assimilating liberal and democratic social and artis-
tic models, as well as corresponding ideas about lifestyle,
which were directly related to architecture. As a result of
neutralising the polarisation tension through the use of
prosaicness, the overall state of architecture in Lviv under-
went changes in its development. Unlike cities with similar
historical development, such as Vilnius, Warsaw, Krakow,
Bratislava, as of 2025, Lviv had not seen the emergence of
high-rise areas or new spatial accents, nor have buildings
appeared that could complement the already established
associative series of iconic identifiers (Fig. 6). Attempts to
develop high-rise construction, faced with sharp criticism
from a polarised society, either ended up with modified and
simplified implementations in a prosaic manner, or do not
reach the stage of completion.

Y}

Figure 6. Panoramas of European cities and high-rise construction in Lviv
Note: a — panorama of Vilnius with a view of the historic centre and modern high-rise buildings; b — panorama of Warsaw
with a view of the historic centre and modern high-rise buildings; c — panorama of Bratislava with a view of modern high-

rise buildings; d — construction of high-rise building in Lviv

Source: Kapsuta Hostel (2019), Ateitis.lt (2024), Wanderlust Welsh (n.d.), Encyclopedia Novobudov (n.d.)
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The practice of public debate on issues in a particular
professional field had ceased to be seen as a problem and
was regarded as a manifestation of democracy and freedom.
As aresult, the range of possibilities for political struggle had
expanded significantly, with society’s reflections on various
areas of services and social security also being added to the
mix. J.N. Druckman et al. (2013) noted that this process also
had a reverse effect, when, under the influence of political
struggle, certain highly specialised professional discussions
underwent transformation and polarisation. R. Luck (2018)
emphasised that attempts to respond to the media and so-
cial component of contemporary design became the source
of the concept of participation, but it only partially balanced
the two poles of interaction and remained an uncertain and
controversial phenomenon. This was probably due to the
fact that participation itself was not a priority goal, unlike
the opportunity to express an opinion and saw it as impor-
tant. Since public opinion was a political asset, the assess-
ment of aesthetics had become an act of giving preference
to the side, with which a particular decision in the public
sphere was associated. R.-A. Thietart & J. Malaurent (2024)
noted that criticism in traditional and social media caused
major revisions to Paris’s Tour Triangle and contributed
to the cancellation of the Munger Hall dormitory in Santa
Barbara after viral backlash on TikTok and Twitter. M. Liz-
zio-Wilson et al. (2022) explored the relationship between
social media use and affective polarisation, focusing on
how online exposure to political content can deepen emo-
tional divides and hostility between groups in society. The
authors highlighted mechanisms such as selective exposure
and echo chambers that reinforced partisan sentiments on
digital platforms, and proposed the thesis that social media
dynamics played a significant role in intensifying social and
political polarisation. Y. Lin & S. Geertman (2019) provid-
ed a systematic literature review on the role of social me-
dia in urban planning, showing that social media data have
increasingly been used for urban analysis and modelling
(e.g., activity patterns, land use, transport) and that social
media platforms had emerged as new spaces for public par-
ticipation, communication, and collective action in planning
practices. However, researchers also identified challenges in
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and neomodernist), the origin of the process of media
influence on different ways of expressing traditional-
ist and liberal views was determined. The intensifica-
tion of the polarisation process after the emergence
of the neomodernist trend, which provoked a sharp
reaction on social networks and among media-active
citizens, who gained additional leverage with the de-
velopment of public communication technologies, was
emphasised. Confrontational rhetoric, which occupied
a significant part of the information interaction field,
gradually turned into a tool for political lobbying. So,
in order to reduce the negative projection of the tra-
ditionalist trend, the architecture of neomodernism in
Lviv underwent changes towards greater prosaicness
and ordinariness. It also affected projects that were still
being carried out in a postmodernist manner, giving
architectural solutions a strict laconicism and tacitur-
nity. Therefore, the architecture of Lviv in the period
2015-2025 lacked spatial and symbolic accents, charis-
matic plots, and solutions that could complement the
visual associative series of the city. The analysis showed
that the Ibis Hotel on Shukhevych Street in 2015, the
Ibis Hotel on Ivan Franko Street in 2022, the building
on Mitskevich Square, and the new object on Hnatyuk
Street underwent a transformation towards prosaic ne-
omodernism due to polarisation in Lviv’s architectural
environment. Various initiatives to construct high-rise
buildings became impossible in the city, as happened in
other Eastern European cities (such as Vilnius, Warsaw,
Bratislava) with similar histories and architectural her-
itage. The prosaic design style also had an impact on
residential construction, which grew significantly due
to the city’s popularity as a cultural, business, and edu-
cational centre. The new districts had come closer to the
aesthetic heritage of typical Soviet projects of the 1970s
and 1980s. In further research, it is worth paying atten-
tion to the experience of overcoming alienation and the
convergence of conflicting views on architectural form,
by expanding the concept of ideal presence and ways of
its architectural representation.
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AHoOTaLif. AKTya/lIbHICTb LOCTII)KEHHSI TO/ISITajia Y BUBUEHHI Cy4aCHOTO apXiTeKTYPHOTO BpsALyBaHHs MicTa JIbBiB, 1110
MoTpebyBaao po3BMHEHOI Me[iaKOMITIOHEHTH Ta HAJIaro;KeHOTO Jia/IoTy MisK TPyIiaMu 3 MPOTUIEXKHUMMU KyJIbTYPHUMMU
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my61iYHOMY cepeloBuIIi. Y CTATTi PO3IISTHYTO B3a€EMO3B’I30K MiXK COLIiOKYJIbTYPHOIO MOASIPU3AIIi€I0 Ta CTUTiCTUUYHOIO
eBOJIIOIIi€l0 MichbKoi apxitektypu JIbBoBa y 1991-2025 pokax. Ha mpukiazi JIbBoBa IOKasaHO, L0 BiJICYTHiCTh
eexTUBHOTO MocepeJHMUIITBA MiK TPAAMUIIIOHATICTCHKMMU Ta J1ibepaqTbHUMM MO3UILISIMU B apXiTEeKTYPHOMY AUCKYPCi
MPU3BOAM/IA 10 KOHQIIIKTIB LiHHOCTE! i 3HMKEHHSI SIKOCTi MPOEKTHUX pilmleHb. Ha OCHOBi aHanmizy mepmiitHux i
npodeciitHux MaTepianaiB 6y/10 BUOKpeMJIEHO IBi OCHOBHI a3y apXiTeKTypHOTrO PO3BUTKY: MOCTMOLepHi3m (1991-
2010), mo xapakTepu3yBaBCs BiAKMIAHHAM DaAsSIHCBKOTO MOJEpPHi3My Ta poMaHTM3ali€lo icropmuHux dopwm, i
HeomopepHism (2011-2025), y Mekax SIKOTO MOJE€pPHi3M MepeoCMIUCTIOBABCS SIK CMMBOJI €BPOIEChKOI iI€ HTUYHOCTI.
Pi3ka KpUTMKA HEOMOIEPHICTChbKMX MPOEKTIB 3 GOKY TPOMaJChbKOCTi CTajaa COIiaJibHUM SIBUILEM, IO BIUIMBAJIO
Ha apxiTekTypHi pimenHs. IIpukiagoM 1boro 6yB KOHQIIIKT HaBKOIO peKoHCTPyKIii ruiomi Cesitoro IOpa, sikuii
3aBepUIMBCS KOMIIPOMICHMM pillleHHSIM i 3aMoyvaTKyBaB TeHAEHII0 [0 «HeNTpaabHMUX» Ta Mpo3aiuHux ¢opm.
[TpakTMyHa LiHHICTb CTATTi MONSTa€ y JeMOHCTpallii TOro, ik HaJlarofykeHHS B3a€EMOPO3YMiHHS MiX IPUXUIbHUKAMU
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Post-conflict housing in Ukraine: The Baugruppen model
as a catalyst for sustainable urban regeneration

Abstract. The aim of the study was to analyse the possibilities of applying the Baugruppen model in Ukraine as a tool
for affordable housing and post-war reconstruction, combining legal, institutional, and spatial dimensions. Comparative
analysis of legal and policy contexts between the two countries identified gaps in Ukraine’s regulatory environment,
such as insufficient municipal authority, lack of financial incentives, and absence of intermediary organisations. This
study explored the potential application of the Baugruppen (community-led development) model for addressing modern
housing challenges in Ukraine. The paper examined the historical trajectory of cooperative housing in Germany and
Ukraine, highlighting how Germany’s supportive legal frameworks and institutional mechanisms had fostered Baugruppen
initiatives. Using the Vauban district in Freiburg, Germany, as a case study, the research demonstrated how participatory
design, ecological principles, and collaborative governance contributed to the success of Baugruppen projects. The findings
underlined the need for Ukraine to reform its housing policies, incorporating lessons from Germany’s Baugruppen model,
and highlighted the possibilities for cooperation between municipalities, local communities, and international partners
to create conditions for Baugruppen projects. It was determined that these changes should encompass a reorientation
of land-allocation policies, the introduction of concept-based tendering mechanisms, and the establishment of new
development frameworks, in which end users were directly involved in decision-making processes and exert a substantially
greater influence over project outcomes. If such institutional gaps were addressed, the model could help Ukraine rebuild
destroyed housing, provide homes for displaced people, and support sustainable urban development in line with national
and international reforms

Keywords: sustainable urban development; affordable housing; building cooperative; post-conflict reconstruction;
participatory design

INTRODUCTION
Ukraine’s modern housing crisis cannot be explained many structural weaknesses of the housing sector pre-
solely by wartime destruction. Although the large-scale dated the invasion. V. Teremetskyi et al. (2024) noted that
damage caused since 2022 had intensified the situation, the national housing system continued to operate within
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a regulatory framework largely inherited from the late
Soviet period. The 1983 Housing Code formally remained
in force despite profound socio-economic transformation
and Ukraine’s ongoing European integration trajectory.
T. Hudima et al. (2025) suggested that meaningful reform
cannot be limited to legislative amendments; it required
a reconsideration of governance principles, including
transparency, social targeting, and sustainability-orient-
ed regulation aligned with EU standards. The urgency of
this institutional reconsideration had been amplified by
the scale of wartime destruction. According to the latest
Ukraine recovery and reconstruction needs assessment
by the A. Himmelfarb (2025), housing constituted one of
the most heavily affected sectors, with estimated damag-
es reaching USD 57.6 billion and millions of square me-
ters of residential space destroyed or rendered uninhab-
itable. Yet reconstruction was not merely a technical task
of rebuilding housing stock. It also raised fundamental
questions about how housing was financed, governed,
and delivered.

In this context, the debate increasingly shifted from
quantity to mechanisms. Reproducing pre-war delivery
models, whether state-driven or market-led, risks perpet-
uating earlier systemic limitations, including affordability
gaps and weak community integration. Governance-based
alternatives, particularly those that incorporated partici-
patory planning and collective ownership structures, of-
fered a different trajectory. Such approaches resonated
with broader European discussions on sustainable urban
development and aligned with the objectives of Sustain-
able Development Goal, which called for inclusive, safe,
resilient, and sustainable cities (Blinova & Rodyk, 2024).
While the Baugruppen model had not yet been the sub-
ject of targeted research within the Ukrainian academic
context, there was already a growing body of literature on
participatory urban planning and collaborative govern-
ance that could serve as a foundation for its adaptation.
K. Mezentsev et al. (2020) analysed public space planning
in Kyiv through the lens of citizen participation, while
N. Antonenko (2022) examined the integration of partic-
ipatory practices in post-Soviet urban redevelopment in
Southern Ukraine. D. Pasyuta et al. (2023) offered practi-
cal tools for embedding stakeholder engagement into the
planning process. Although these works were not focus
directly on cooperative housing delivery, it established an
important theoretical and practical foundation for con-
sidering community-led development frameworks.

I. Hamiduddin & N. Gallent (2016) emphasised that
community-led and cooperative housing frameworks,
widely discussed in European planning literature, of-
fered one such direction. It repositioned future resi-
dents from passive beneficiaries to active participants
in spatial and financial decision-making, thereby link-
ing affordability, long-term stewardship, and environ-
mental performance. P.A.C. Pfatteicher et al. (2024)
analysed the German experience of housing coopera-
tives over the long term, arguing that their resilience to
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political and economic shocks was grounded in self-
help logics, cooperative principles, and robust auditing
with member-controlled surpluses. The authors traced
five historical phases — from 19™ century origins and le-
gal consolidation to reunification-era harmonisation —
showing how policy, legislation, and macroeconomic
cycles shaped cooperative governance and operating
models. Researchers concluded that transferability de-
pended on enabling regulation that protected coopera-
tive purpose and supported long-term stewardship rath-
er than short-term market extraction. G.J. Coates (2013)
conceptualised Freiburg’s Vauban as a district-scale op-
erationalisation of sustainable urbanism, in which ar-
chitectural performance, mobility systems and partici-
patory governance were treated as mutually reinforcing.
Vauban integrated compact mixed-use planning with
local services, light-rail accessibility, extensive cycling/
walking networks and car-sharing, thereby reducing pri-
vate car dependence. A key architectural contribution
was the Baugruppen-led, resident-architect co-design
process, which produced socially cohesive yet typolog-
ically diverse housing and shared outdoor spaces. The
R-50 cohousing precedent study performed by ArchDai-
ly (2013) documented a Baugruppe-led, architect-initi-
ated project at RitterstrafSe 50 in Berlin-Kreuzberg and
explained its delivery model - site acquisition through
a bidding process, collective financing, and an intensive
co-design workflow. It reported key parameters (19 flats,
~2,130 m? total living space, ~80-132 m? unit sizes, and
an average cost of about EUR 2,150/m?) and highlighted
shared and semi-public spaces as social infrastructure.
Baugruppen/cohousing models can support sustain-
able urban outcomes, while cautioning that such pro-
jects tended to over-represent middle-class households
and may exclude lower-income groups without explicit
policy instruments.

Although housing reform in Ukraine and cooper-
ative housing models in Europe had each been studied
in considerable depth, they were rarely examined in re-
lation to one another. Ukrainian scholarship tended to
concentrate on legislative changes, social housing pro-
vision, or participatory planning as separate themes. At
the same time, research on Baugruppen and collaborative
housing had largely evolved within relatively stable insti-
tutional settings, with limited attention to post-conflict
environments. This left open the question of how such
governance-based housing frameworks might function
under the specific legal, urban and socio-economic con-
ditions currently shaping Ukraine’s reconstruction pro-
cess. Therefore, the research goal was to substantiate
Baugruppen (community-led development) as a govern-
ance-ready instrument for post-conflict housing delivery
in Ukraine by comparing German and Ukrainian cooper-
ative-housing trajectories and regulatory frameworks,
and by operationalising conditions from the Vauban case
across affordability, environmental performance, govern-
ance, and participation.
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MATERIALS AND METHODS

This study employed a qualitative, sustainability-ori-
ented research methodology to assess the potential of a
community-led development (Baugruppen) approach for
delivering affordable, inclusive, and environmentally re-
sponsible housing in Ukraine. The research was organised
in three stages: first — analysis of the historical context
of cooperative housing in Germany and Ukraine; sec-
ond - review of legal frameworks and policy documents;
third - a case study of the Vauban district in Freiburg.
This structure allowed both theoretical comparison and
practical evaluation for Ukraine’s recovery. The first stage
examined the historical trajectory of cooperative, group-
built and social housing in Germany and Ukraine, with
attention to how cooperative traditions had supported
long-term resilience, social cohesion, and resource effi-
ciency in the built environment. This stage situated the
Baugruppen model within a broader sustainable devel-
opment context, drawing lessons from both countries’
socio-economic and environmental histories. The city
of Lviv and the social housing project on Mykolaychuk
Street, the concept of social housing on Hlynyanskyi
Trakt Street, Hansen Village in Tarasivka, Kyiv region, the
city of Bila Tserkva, and a housing complex for internally
displaced persons from Mariupol were selected as exam-
ples for the study. These cities experimented with pilot
projects for affordable housing, but it was also deter-
mined that they lacked the targeted measures and com-
petitive land allocation processes observed in Germany,
such as conceptual bidding (Konzeptverfahren). These
projects were chosen as the most recent affordable hous-
ing cases implemented in Ukraine after the full-scale in-
vasion began. Competitive land allocation methods, such
as concept-based bidding, were absent, and state-backed
financial tools similar to those provided by Germany’s
KfW Bank were not yet available. The second stage in-
volved a systematic review of relevant literature, policy
documents, and legal frameworks, applying a structured
content analysis to identify enabling conditions for com-
munity-led housing. The review compared German in-
struments such as Building Code (BauGB) (1960), Act on
Cooperative Societies (2024). Also, it was analysed mu-
nicipal regulations with The Housing Code of Ukraine
No. 5464-X (1983), Law of Ukraine No. 1087-IV (2003),
The Civil Code of Ukraine No. 435-IV (2003), and Draft
Law of Ukraine No. 4586-1X (2025). Special focus was
placed on how each system addressed sustainable land
allocation, climate-responsive design standards, financ-
ing for low-carbon housing, and mechanisms for mul-
ti-stakeholder collaboration between local governments,
communities, and intermediary organisations. This com-
parative analysis highlighted, where Ukrainian policy
could be adapted to embed cooperative housing within a
sustainability-oriented planning framework.

The third stage applied a case study methodology
to the Vauban district in Freiburg, Germany. This dis-
trict was selected to assess the relevance of Baugruppen
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practices for Ukraine for three main reasons: 1) Vauban
demonstrated the integration of ecological and cli-
mate-responsive principles, including high standards of
energy efficiency, the use of renewable energy, and the
implementation of green infrastructure, which directly
corresponded to sustainability goals for the reconstruc-
tion and regeneration of Ukrainian cities; 2) Vauban high-
lighted the potential of cooperative housing development
to lower construction costs, while meeting the needs of
diverse social groups, from middle-income households
to residents with limited resources. This experience was
particularly relevant for Ukraine, where there was an ur-
gent need to provide socially inclusive housing solutions
for internally displaced persons, veterans, and other vul-
nerable populations; 3) Vauban established innovative
mechanisms for collaboration among municipal authori-
ties, developers, and citizen groups, offering a model for
participatory governance and cross-sector partnerships
in urban planning that could inform sustainable hous-
ing strategies in Ukraine (Hamiduddin & Gallent, 2016).
The case study was used to assess the transferability of
Baugruppen practices to Ukraine, particularly for post-
war reconstruction, integration of internally displaced
persons, and achievement of Sustainable Development
Goals (n.d.) on inclusive, safe, resilient, and sustainable
cities. Findings from each stage were compared using
qualitative content analysis, focusing on four themes: af-
fordability, environmental performance, governance, and
participation. These themes were then juxtaposed with
Ukraine’s legislative, socio-economic, and ecological re-
alities to identify critical success factors and formulate
policy recommendations.

RESULTS AND DISCUSSION
Legal framework and institutional mechanisms
for building cooperative housing (Baugruppe)
According to data presented by UkrInform (2024) approx-
imately 50 million square meters of residential housing
stock have been destroyed or damaged due to Russian
military aggression. This massive destruction, coupled
with the aging of existing buildings and an outdated So-
viet-era social policy, had created a critical housing defi-
cit (Fig. 1). As of 2025, over 600,000 Ukrainians remained
on the national housing register, a figure that does not
fully account for the 4.9 million officially registered in-
ternally displaced persons (IDPs), 26% of whom required
immediate social protection. The infographic under-
scored the demographic diversity of those affected by the
crisis. Moreover, with every third citizen having a low-in-
come level, there was an urgent need to transition from
inefficient privatisation models to modern instruments
like social rental housing and “rent-to-own” schemes.
Creating these conditions was essential not only for the
integration of IDPs but also for the potential return of
6.6 million refugees from abroad, whose homecom-
ing depended on the availability of stable and resilient
housing solutions.
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CURRENT ISSUES AND CHALLENGES OF HOUSING POLICY IN UKRAINE
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Figure 1. Modern issues and challenges of housing policy in Ukraine

Source: UkrInform (2024)

The situation was further complicated by the Soviet-in-
herited Housing Code, which was designed for a fully state-
owned housing stock and a centralised policy framework.
As it was demonstrated by Ye. Vlasenko (2017), following
mass privatisation in the early 1990s, leaving less than 4%
of the housing stock under state or municipal ownership,
the legal framework became largely obsolete. During the
transitional period, the state of social and affordable hous-
ing deteriorated sharply, while the cooperative housing
tradition, which had provided non-commercial, commu-
nity-oriented housing solutions, was almost entirely lost.
In the 1980s, cooperative construction reached a peak, al-
lowing individuals and legal entities to pool resources for
building or renovating homes for their own use. Ye. Vlasen-
ko (2015) noted that with the shift toward market relations,
this approach was abandoned, and the housing sector be-
came predominantly profit-driven, with limited provision
even of basic economy-class housing at prices accessible
to the majority of citizens. In modern context of post-war
recovery needs, the demand for socially inclusive, afforda-
ble, and environmentally sustainable housing had become
unprecedented. As mentioned during the discussion on
the theme of the housing crisis in Ukraine with the sup-
port of the International Renaissance Foundation (2025),
citizens have submitted over 850,000 applications via the
Diia system, covering more than 60 million m? of damaged
housing, versus the pre-war annual commissioning of only
9-10 million m?. While some progress had been achieved
in the social housing sector through government initia-
tives and international support, the challenge of creating
affordable housing that was also resource-efficient, cli-
mate-adaptive, and socially cohesive remained unresolved.

To explore the potential for implementing cooper-
ative housing models such as Baugruppen in Ukraine, it
was necessary to examine the legislative and institution-
al mechanisms in Germany that had both enabled the
adoption of this model and embedded it within a wider

sustainable development agenda. The legal and institu-
tional framework supporting Baugruppen was ground-
ed in a combination of historical legislation, cooperative
law, urban planning policies, and innovative institutional
mechanisms that collectively addressed housing afforda-
bility, while advancing participatory, socially inclusive,
and environmentally responsible urban development. The
foundation for cooperative housing in Germany lain in the
Act on Cooperative Societies (2024), first enacted in 1867
and subsequently reformed, particularly in 1889 and 2006.
This law secured limited liability for cooperative members,
ensured democratic governance principles, and promoted
the equitable distribution of benefits. P.A.C. Pfatteicher et
al. (2024) had described that amendments in 2006, 2009,
and 2017 modernised its provisions by integrating digi-
talisation, simplifying administrative procedures, and en-
abling virtual participation, thereby strengthening inclu-
sivity and accessibility. In parallel, Germany’s municipal
land use and zoning laws, particularly the Building Code
(BauGB) (1960), provided a legislative basis for prioritising
cooperative housing within sustainable urban regenera-
tion strategies. This document allowed local governments
to designate land for non-speculative and community-ori-
ented housing projects, often at reduced prices, thus di-
rectly linking land policy to social equity and low-carbon
urban development objectives. I. Hamiduddin & N. Gal-
lent (2016) demonstrated that cities such as Berlin and
Hamburg had implemented these principles through
structured land allocation competitions and targeted fi-
nancial incentives. While H. Haas (2020) highlighted that
the 1990 Tax Reform Act ended the formal non-profit sta-
tus of housing cooperatives, it retained tax benefits for
those meeting conditions related to member-based reve-
nue generation. This shift prompted cooperatives to ad-
just business models, but many maintained their commit-
ments to affordability, participatory decision-making, and
resource-efficient building practices.
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Germany’s experience showed that success in Bau-
gruppen development was underpinned by institutional
mechanisms that connected legal frameworks with practi-
cal implementation. R.C. Bartholomai (2004) specified that
at federal and state levels, instruments such as low-interest
loans, targeted grants, and tax incentives reduced financial
barriers for members, while promoting environmental per-
formance and long-term community resilience. Given the
high cost and scarcity of urban land, municipal policies like
fixed-price tendering and concept-based bidding (Konzept-
verfahren) were vital. These methods allocated public land
based not only on financial bids but also on a project’s social
and ecological value to the local community. As concluded
by S. Schwarz & 1. Sabatier-Schwarz (2017), Baugruppen
often exceled in these evaluations due to their integration
of affordability, inclusive governance, and sustainable de-
sign. In several municipalities, portions of residential de-
velopment land were reserved for Baugruppen, reflecting
political commitment to community-led and climate-con-
scious housing. D. Scheller (2019) noted that cities such as
Hamburg, Freiburg, and Tiibingen allocated around 40%
of municipal land sales for such projects. Long-term lease
arrangements of up to 100 years at low interest rates fur-
ther support financial feasibility, while allowing munici-
palities to retain ownership and influence over urban sus-
tainability outcomes. R.C. Bartholomai (2004) pointed out
that participatory urban planning practices were system-
atically embedded into Baugruppen processes, enabling
future residents to collaborate with architects, planners,
and municipal authorities to achieve socially cohesive and
environmentally efficient neighbourhoods. Intermediary
organisations, including the Forum Gemeinschaftliches
Wohnen e.V. (Reimer & Peters, 2025) and regional cooper-
ative associations, provided critical expertise in legal com-
pliance, financing, and architectural planning, while also
disseminating best practices in sustainable construction.
Building cooperatives and community-led housing projects
were also becoming a significant part of the UK’s proper-
ty landscape. T. Archer & C. Harrington’s (2021) report
provided a sector-wide, funding-focused appraisal of the
community-led housing (CLH) pipeline in England and the
institutional conditions required to deliver it. Authors in-
terpreted England’s CLH pipeline as an SDG-aligned deliv-
ery system that linked affordable homes with place-based
outcomes — placemaking, community wealth-building, and
local empowerment. They contended that CLH’s architec-
tural and urban value should be evidenced through ener-
gy efficiency and climate action contributions, design-led
wellbeing gains, including shared spaces, adaptable lay-
outs, and resident stewardship, and by linking self-help
housing models to local skills, jobs, and training pathways.
The report recommended embedding CLH-supportive pol-
icies in spatial plans and strengthening impact measure-
ment to justify targeted, long-term investment.

In contrast, the Ukrainian legislative and institutional
environment for cooperative housing remained underde-
veloped. The Civil Code of Ukraine No. 435-1V (2003) and
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the Law of Ukraine No. 1087-1V (2003) provided a gener-
al basis for cooperative formation but were not tailored
to the specific requirements of housing cooperatives, in-
cluding long-term affordability, participatory governance,
and integration of ecological design principles. P. Fedoriv
& N. Lomonosova (2019) noted that repeated attempts to
revise the Housing Code between 2010 and 2021 were un-
successful, but the Russian-Ukrainian war, which started in
2022, and the resulting displacement crisis renewed urgen-
cy for reform. Consultations among government ministries,
local authorities, and international partners had led to the
Draft Law of Ukraine No. 4586-IX (2025), which outlined a
systemic approach to housing strategy, included coopera-
tive forms, and had the potential to embed sustainability
criteria into housing policy. In 2020, Ukraine lacked the
kind of institutional support ecosystem found in Germany.
Municipalities in Ukraine played a limited role in support-
ing cooperative housing. K. Holler (2024) pointed out that
the Law of Ukraine “On Local Self-Government in Ukraine”
granted local authorities the power to allocate municipal
land and implement housing programmes, but cooperative
housing was rarely a priority in these policies. As stated
in the Resolution of the Cabinet of Ministers of Ukraine
No. 695 (2020), the lack of affordable housing had become
one of the main socio-economical issue since the begin-
ning of the full-scale invasion. O. Avramova et al. (2023)
noted that existing housing programmes focused primarily
on individual ownership or social housing provision, with-
out fully addressing cooperative models. The State Fund
for Support of Youth Housing Construction (n.d.) could
potentially be expanded to include cooperative housing,
with eligibility tied to sustainability performance and com-
munity participation standards. Additionally, international
financial institutions and development partners could play
a role in providing blended finance for Baugruppen-style
projects that meet social inclusion and environmental
quality benchmarks.

By aligning future legislative reforms and institution-
al mechanisms with principles of sustainable development,
Ukraine can create a policy framework that promoted co-
operative housing as a driver of affordable, inclusive, and
low-carbon urban regeneration. Drawing on the German
experience, embedding Baugruppen within Ukraine’s hous-
ing strategy can support the achievement of the Sustainable
Development Goals (n.d.), particularly Goal 11 on inclusive,
safe, resilient, and sustainable cities, while also accelerating
post-conflict recovery. Such cooperative approaches as Bau-
gruppen, in which future residents form a “building group”
that directly participated in the design and management of
housing to meet long-term needs, reducing reliance on spec-
ulative developers helped to address three key policy chal-
lenges (Hamiduddin & Gallent, 2016): 1) improving housing
affordability through cost savings of 20-25% by eliminating
developer margins; 2) strengthening social cohesion by fos-
tering interaction and shared responsibility among residents;
3) enabling design diversity and environmental perfor-
mance improvements through direct collaboration between



residents, architects, and contractors. Given Ukraine’s urgent
housing needs, the Baugruppen model offered a pathway to
reconstruction that combined affordability, community inte-
gration, and low-carbon urban development. This relevance
was reinforced by the inclusion of cooperative practices in
the Draft Law of Ukraine No. 4586-IX (2025), which priori-
tised such approaches for both new construction and the
restoration of damaged housing. Within the framework of
sustainable urban development, the concept of community
extended beyond a purely sociological category and acquired
a distinct spatial and governance-related dimension. Re-
search on the notion of the “closed community” emphasised
that it should not be understood solely as a form of physical
isolation, but rather as a specific mode of organising social
life that shaped patterns of spatial use, levels of resident
participation, and degrees of collective responsibility. From
this perspective, cooperative housing models, including Bau-
gruppen, can be interpreted as controlled yet socially perme-
able communities, capable of integrating security, social co-
hesion, and the core principles of sustainable development.

Although no scholarly works had focused specifically
on investigating community-led development (Baugruppen)
practices in the architectural design of affordable housing in
the Ukrainian context, international studies demonstrated
the model’s capacity to integrate affordability, sustainabil-
ity, and inclusivity. For example, A. Sharam (2020) explored
cooperative housing in Australia as a pathway to greater
community inclusiveness and environmental responsibility,
while M.G. Lloyd et al. (2015) examined the mainstreaming of
self-development in the UK and the Netherlands to address
housing shortages through citizen-led initiatives. S. Bresson
& S. Denefle (2015) investigated the diversity of self-man-
aged co-housing in France, highlighting how cooperative
frameworks can be adapted to different socio-economic and
regulatory environments. Evidence of the Baugruppe mod-
el’s international adaptation included the handbook, pre-
pared by M. Kopec et al. (2015) in conjunction with the Prague
exhibition “Baugruppe ist super! Contemporary housing —
inspiration from Berlin”. The volume systematised key ter-
minology, articulated prospective advantages for members,
and offered a cost model demonstrating financial efficien-
cy. These works collectively underlined the adaptability of
Baugruppen principles across diverse national contexts.

Features of the sustainable urban district

of Vauban in Freiburg, Germany

The Vauban redevelopment was undertaken between 1993
and 2006 on a 38-hectare site formerly occupied by mili-
tary barracks. G.J. Coates (2013) noted that after the French
military’s departure in 1992, the area experienced a period
of informal occupation before the Freiburg City Council ac-
quired the land and initiated a redevelopment process cen-
tred on ecological sustainability and social integration. The
non-profit “Forum Vauban” was mandated to lead a compre-
hensive public participation process, ensuring that residents
and stakeholders shaped the district’s vision in line with the
principles ofthe Local Agenda 21 (United Nations Sustainable
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Development, 1992) and the emerging discourse on sustain-
able urban regeneration. Land allocation policies strongly
favoured community-led housing groups. Over 40 Baugrup-
pen were awarded plots through competitive processes pri-
oritising families, seniors, and residents. Many of these pro-
jects incorporated passive house standards, with more than
200 dwellings built to ultra-low energy specifications, in-
cluding Germany’s first multi-family passive house (Fig. 2).

Figure 2. The Vauban sustainable urban district project
in Freiburg, Germany — aerial view
Note: photo by A. Schwarzkopf. The bottom right part of
the image depicts Solar Settlement — 59-home Plus Energy
housing community, designed by R. Disch
Source: based on G.]. Coates (2013)

S.Fastenrath & B. Braun (2018) and Rolf Disch solar ar-
chitektur (n.d.) mentioned that the district also integrated
landmark sustainability projects such as the Solar Settle-
ment and the “Sun Ship” commercial building, developed
by Solar Settlement Ltd. and financed partly through four
Freiburg Solar Funds, pioneering ethical-ecological invest-
ment vehicles (Fig. 3). Constructed primarily from timber
and ecological materials, these buildings featured exten-
sive photovoltaic systems with a total capacity of approxi-
mately 445 kWp, generating about 420,000 kWh of renew-
able energy annually. Urban mobility strategies reinforced
environmental goals: the district was designed as a car-
free zone, supported by underground parking, car-sharing
schemes, and extensive pedestrian and cycling networks,
thereby reducing transport-related emissions and fostering
active lifestyles. Institutional support was critical.

Figure 3. The Vauban sustainable urban district project
in Freiburg, Germany. Residential houses at Solar Settlement
Note: photo by C. Andrewglaser
Source: based on G.]. Coates (2013)
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G.]. Coates (2013) and S. Fastenrath & B. Braun (2018)
highlighted that the Freiburg municipality established
dedicated bodies such as the Vauban Project Group and
the Freiburg Local Authority Vauban Committee were
created to coordinate planning, infrastructure provision,
and stakeholder engagement. As noted by A. Staub (2025),
coperative housing organisations, notably the Genova Co-
operative, took responsibility for designing and managing
shared facilities, ensuring that communal spaces strength-
ened social cohesion. Public-private-community partner-
ships facilitated job creation, supported local businesses,
and encouraged socio-economic diversity, enabling the
inclusion of low-income households, internally displaced
persons, and vulnerable groups. The Vauban case demon-
strated that a cooperative, sustainability-driven redevel-
opment model can achieve multiple objectives: delivering
affordable housing, fostering inclusive communities, re-
ducing ecological footprints, and enhancing urban resil-
ience. These outcomes were enabled by transparent land
allocation, targeted financial instruments, strong munici-
pal leadership, and embedded participatory processes. For
Ukraine, adapting these strategies could support war-dam-
aged housing reconstruction, enable climate-smart neigh-
bourhoods, and advance the national commitment to the
Sustainable Development Goals (n.d.), while reinforcing
local governance and citizen participation.

Examples of social housing in Ukraine
After the beginning of Russia’s full-scale invasion in 2022,
the topic of housing for IDPs had become one of the main
socio-economic issues. Ukrainian social-housing initia-
tives demonstrated a predominantly provider-led deliv-
ery - logic municipal, state-business, or philanthropic - in
which participation was typically mediated through insti-
tutional design choices (competitions, “needs-based” pro-
gramming, partnership governance) rather than through
resident co-production of projects. In Lviv, the pilot munic-
ipal scheme on Mykolaychuka Street was developed via an
architectural competition and was financed with external
support. As stated by D. Krutko (2025), it targeted IDPs and
war-affected residents, embeded universal design through
fully barrier-free apartments, and was planned as munici-
pal housing owned by the city community, while indicating
limited evidence of resident co-governance beyond benefi-
ciary targeting. The Big City — Lab (2025) concept and the
related case-study for Hlynyanskyi Trakt in Lviv, as it was
mentioned in the project description, focused on a 15-min-
ute access, integration with social infrastructure (school),
green spaces, and a mixed-tenure model with a substan-
tial social-housing share — yet participation was framed
primarily as transparency, shared responsibility and com-
munity integration within an institutional management
model, not as formalised resident decision-making across
the project cycle.

Hansen Village in Tarasivka (Kyiv region) exemplified
philanthropic provision of rent-free housing with exten-
sive communal amenities (including shelters, sports and
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education); however, available documentation at the Vil-
lage webpage does not specify participatory governance
mechanisms for residents beyond service provision (Hansen
Ukrainian Mission, 2025). Finally, the “My Home. Ukraine”
pilot in Bila Tserkva for Mariupol IDPs, as mentioned at
Metinvest (2025), operationalised a multi-actor partner-
ship and a social-rental affordability rule (rent capped at
30% of household income), with the housing retained as
property of the Mariupol community, while again leav-
ing participation largely at the level of institutional rep-
resentation rather than resident co-management. Across
considered Ukrainian cases, the strongest convergence
with the Vauban logic was visible in social inclusion and
welfare outcomes, while the weakest alignment concerns
participatory urban governance, transparent land alloca-
tion for resident-led groups, and the institutional ecosys-
tem (intermediaries, legal/financial advisory) that enabled
Baugruppen-type delivery. Thus, the projects mostly treat-
ed residents as beneficiaries/tenants, not as co-producers
of development.

To align the reviewed Ukrainian cases with Baugrup-
pen principles, projects should institutionalise resident
co-governance by establishing councils with formal de-
cision rights over layouts, shared spaces, rules of use and
post-occupancy management, supported by documented
consultation and feedback cycles. Municipalities should
introduce concept-based land allocation through compe-
titions for cooperative/collective groups (including ten-
ant-to-cooperative pathways), scoring social inclusion,
affordability, stewardship and low-carbon design rather
than price. Social rental schemes should be complement-
ed by stewardship instruments: enforceable long-term
affordability and anti-speculation covenants, mixed-in-
come quotas and mechanisms for tenant participation
(e.g., gradual cooperative membership or shared equity).
Environmental alignment required NZEB/passive-house
procurement standards (Bureau 69 architects, 2023) with
subsidies and technical support, plus legal-financial routes
for resident-owned renewables (PV/heat pumps) and re-
volving or green finance. Car-light planning and dedicated
cooperative-housing offices were essential enabling infra-
structures. To support a structured analysis of the Vauban
case study and to assess the relevance of its sustainability
principles for the Ukrainian context, Table 1 was developed
as an analytical framework. Table 1 systematised the key
ecological, social, and governance mechanisms identified
in the Vauban district and related them to their potential
modes of adaptation in Ukraine, taking into account dif-
ferences in legislative frameworks, institutional capacity,
and post-war recovery priorities. Thus, it was synthesised
the key sustainability mechanisms demonstrated in the
Vauban district, including participatory urban governance,
transparent land allocation, high energy efficiency stand-
ards, integration of renewable energy, sustainable mobility
strategies, social inclusion policies, and dedicated insti-
tutional support structures, and outlined their potential
applicability within the Ukrainian context. While these



mechanisms indicated a feasible framework for adapting
the Vauban concept to post-war housing reconstruction
and sustainable urban regeneration in Ukraine, their prac-
tical implementation required further empirical investi-
gation, contextual adjustment to national legislative and
institutional conditions, and in-depth interdisciplinary
research to assess their long-term social, environmental,
and governance impacts. Beyond the German context, col-
laborative and community-led housing models had been
extensively examined across Europe, particularly in the
United Kingdom and the Netherlands. Studies of commu-
nity land trusts and self-help housing initiatives in the UK
demonstrated how collective ownership structures and
locally embedded governance mechanisms can address
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affordability challenges, while fostering long-term stew-
ardship of housing assets (Moore & Mullins, 2013). At a
broader theoretical level, R. Lang et al. (2020), in system-
atic review of collaborative housing research between 1990
and 2017, identified governance transformation as a central
analytical theme. Researcher’s findings suggested that col-
laborative housing should be understood not merely as a
spatial or architectural typology, but as a reconfiguration
of relationships between residents, public authorities, and
market actors. The authors emphasised that the durability
and scalability of such initiatives depended on supportive
legal frameworks, municipal facilitation, and intermediary
structures — factors that directly resonated with the insti-
tutional conditions examined in this study.

Table 1. Vauban sustainability mechanisms and their adaptation potential for Ukraine

Sustalnal{lhty Vauban example
mechanism
. Mandatory community consultation led by “Forum
Participatory urban » . .. P
Vauban”; collaborative decision-making integrated
governance

into planning and design

Adaptation potential for Ukraine

Establish local participatory planning bodies
with decision-making authority; integrate civil society
and IDPs in post-war housing design processes

Transparent land

Competitive concept-based bidding prioritising social,

Introduce municipal-level concept competitions
for cooperative housing plots, with criteria rewarding

allocation environmental, and affordability criteria : . .
low-carbon design and social inclusion
Energy efficiency Over 200 passive houses; first German multi-family . Incorporate bassive house or NZEB s.tanda.rd.s
- P - . into cooperative housing legislation; incentivise
standards passive house; bioclimatic design principles

with subsidies or tax benefits

Renewable energy

Solar Settlement and “Sun Ship” generating
~420,000 kWh/year; funded via ethical-ecological

Promote community-owned renewable energy projects;
enable green bonds and cooperative investment funds

Integration investment funds for solar and heat-pump integration in housing
. Car-free district design; underground parking; Prioritise pedestrian- and cycle-friendly layouts
Sustainable ; . . . oL - Y
mobility car-sharing schemes; pedestrian- in new developments; integrate car-sharing hubs; limit

and cycling-friendly infrastructure

on-street parking in cooperative housing projects

Social inclusion

policies of shared spaces

Mixed-income residents, senior housing,
and low-income inclusion; cooperative management

Ensure quota systems for vulnerable groups
(IDPs, veterans, low-income households);
support cooperative governance training for residents

Institutional

support structures -
bp cross-sector collaboration

Dedicated municipal units (Vauban Project Group,
Local Authority Vauban Committee) coordinating

Establish municipal or regional cooperative housing
offices to provide technical, legal,
and financial advisory support

Source: developed by the authors

CONCLUSIONS
This research demonstrated that implementing a Baugrup-
pen (community-led) approach to affordable housing in
Ukraine was both timely and feasible, particularly in the
context of post-war recovery and long-term urban sustain-
ability. The analysis confirmed, that while Ukraine once
had a strong tradition of cooperative housing, subsequent
Soviet centralisation and post-independence market lib-
eralisation significantly weakened this tradition. Modern
legislative reforms revealed an opportunity to revive co-
operative practices and adapted them to modern sustain-
ability-oriented priorities. Germany’s experience showed
that a robust legal framework, municipal support, and in-
termediary organisations were crucial for the success of
Baugruppen projects. Mechanisms such as land allocation
competitions, long-term leases, low-interest loans, and
dedicated advisory structures provided a fertile ground
for participatory and environmentally responsible hous-
ing development. The Vauban Sustainable Urban district

illustrated how principles of resource efficiency, ecological
construction, inclusive governance, and low-carbon mobil-
ity can be integrated into community-led housing.

For Ukraine, adapting these lessons required strength-
ening municipal authority, developing financial instru-
ments for cooperative groups, and tailoring cooperative
legislation to safeguard affordability, inclusiveness, and
resilience. In parallel, the establishment of intermediary
support bodies could consolidate expertise and provide
technical guidance, bridging gaps between policy and
practice. The Baugruppen model could simultaneously re-
spond to Ukraine’s urgent housing needs and set a direc-
tion for future urban development. Its principles combined
affordability, ecological standards, and social inclusion,
which were essential for building resilient communities af-
ter the war. Study provided a foundation for future research
on the spatial morphology of community-led neighbour-
hoods, the integration of cooperative typologies within
existing urban grids, and the impact of Baugruppen-based
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development on density, mobility, and environmental per- FUNDING
formance in reconstructed districts. None.
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MocTKOHPNIKTHE XXUTNO B YKpPaiHi:
Mopenb Baugruppen K KaTanisaTop CTasioro BiapoOAYXKeHHS MicT

AHoTauiga. Meroo AOCTiIKeHHS Oyln0 aHaaisyBaTu MOXIMBOCTI 3acTOCYBaHHsS Mopeni Baugruppen B VYKpaiHi sk
iHCTPYMEHTY J/151 [OCTYITHOT'O KM'T/Ia Ta BiTHOBJIEHHS IiC/Is BiliHM, IO€AHYIOUM ITPABOBI, iHCTUTYI11iliHi Ta TPOCTOPOBi BUMipH.
IMopiBHA/IbHMIT aHai3 IPABOBOTO Ta MOJITUYHOTO KOHTEKCTY MK BOMa KpaiHaMM BUSIBUB IIPOTJIMHU B PETYISITOPHOMY
cepenoBuii YKpaiHu, Taki SIK HeJOCTATHE ITOBHOBAaKEHHSI MiCLIEBMX OPTaHiB BJIa[iM, BiICYTHICTh (piHAHCOBMUX CTUMYIIIB
Ta BifCYTHICTb TOCEpeIHMIIbKMX OpraHisailiit. Y 1[bOMYy OOCTi[IKeHHI PO3MISIHYTO TOTeHIli/iHe 3aCTOCYBaHHSI Mopei
Baugruppen (po3BUTOK, iHillilioBaHMIT TPOMAJIO0) JJIs BUPIII€HHS CyYyacHUX MPO6/IeM SKUTIOBOTO OyIiBHUIITBA B YKpaiHi.
V craTTi OCIIIKEeHO iCTOPUYHMIA PO3BUTOK KOOIlepaTMBHOrO xutiaa B HimeuunHi Ta YkpaiHi, 30kpemMa, SIK HiATPUMYIOUi
MpaBOBi paMKM Ta iHCTUTYLi/HI MexaHi3Mu HimeuumHm crpusiiv po3BUTKY iHiniaTMB Baugruppen. BukopucroByoun
paiion BaybaH y ®paiibypsi (HimeuunHa) SIK NMpUKIAL, AOCIIIKEHHS TPOAEMOHCTPYBAJIO, SIK yYacCTh y IMPOEKTYBaHHI,
eKOJIOTiYHi MPMHLMIOM Ta CIiJIbHe YIIpaBIiHHS CHOPUSUIM YCHiXy NPOeKTiB Baugruppen. Pesynbratu migkpecamnn
HeoOXiIHICTh pedopMyBaHHS KUTIOBOI MOMITUKM YKpaiHM, BpaxOBYylOUM YpPOKM 3 Mopneni Baugruppen HimeuunHu, Ta
3a3HauYMIM MOXJIMBOCTI [JIS1 CIiBIpali MK MyHillMIaniTeTaMy, MiClleBUMM IpoMaZaMiy Ta MDKHapOIHMMU MMapTHepaMu
JI7Is1 CTBOPEHHSI YMOB /IS peastidallii TaKMX IIPOEKTIB. Bysio Bu3HaueHo, 10 11i 3MiHM MalOTh OXOIUIIOBATY IlepeopieHTallil0
MIOTITUKY PO3TIOAITY 3eMesib, BIIPOBAIKEeHHS MeXaHi3MiB KOHKYPCHOTO BijoOpy Ha OCHOBI KOHIIEINIIiii Ta CTBOPEeHHST HOBUX
pPaMOK PO3BUTKY, B SIKMX KiHII€Bi KOPUCTYBavi 6paTMMYTh aKTUBHY YUaCTb Y IPUITHSTTI pillleHb i MATUMYTh 3HAYHO OiMbLINIT
BIUIMB Ha Pe3yJIbTaTH MPOEKTIB. SKIIO TaKi iHCTUTYLiMHI Tporanuum 6ymyTh yCyHEeHi, MOZenb MOe JOMOMOITH YKpaiHi
BiTHOBUTM 3pYyIiHOBaHe KUTIO, 326€3MMeUNTH KUTIOM IepeMillleHUX 0cCib Ta MigTPUMATH CTaauit PO3BUTOK MICT y paMKax
HaI[iOHATbHUX Ta MiXKHAPOLHUX pedopM

Knio4oBi cnoBa: crajnit po3BUTOK MiCT; JOCTYITHE KUTIO; OyZiBebHA KOOTMepallisi; BifHOBIEHHS Micasi KOHMIIKTY;
y4acTb Y IPOEKTYBaHHI
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Load-bearing capacity and deformability of steel-concrete floors
on profiled steel decking

Abstract. This article aimed to provide a regulatory and analytical justification of the effect of the degree of shear
interaction on compliance with the requirements of the first and second groups of limit states for composite floors with
profiled decking. The research was carried out on the basis of a regulatory and analytical approach and was implemented
with the application of the current Ukrainian normative documents and codified calculation models of steel-concrete floors
as composite flexural members. In the calculation models adopted, either full or partial compatibility of the strains of steel
and concrete elements’ deformations was adopted. The results showed that the load-bearing capacity and deformability of
floors were interdependent properties formed within the framework of a unified stiffness-force mechanism of composite
cross-section behaviour. It has been established that the degree of shear interaction between the steel deck and the concrete
slab was an integrating parameter that simultaneously controlled the achieved design bending resistance and the effective
stiffness of the floor system. With full shear interaction, the maximum realisation of the transformed geometrical and
stiffness characteristics of the cross-section was achieved, which allowed fulfilling both groups of limit states simultaneously.
In the case of partial composite action, a coordinated reduction in design resistance and an increase in deflections were
observed, with deformability indicators showing greater sensitivity to reductions in effective stiffness than load-bearing
capacity indicators. It was shown that, under identical service loads, deflections may reach permissible limit values earlier
than limiting stresses were attained, thereby defining serviceability as the governing constraint in design decisions. The
practical significance of the obtained results lies in the possibility of their application by design and expert organisations in
the practice of regulatory assessment and design of steel-concrete floors with profiled decking

Keywords: composite action; shear interaction; serviceability; effective stiffness; deflections; limit states

INTRODUCTION

In modern building structures design practice, steel-con-
crete floors reinforced with a profiled steel decking were
widely used. This was due to the features of their structur-
al scheme, a rational balance between material consump-
tion and the load-bearing capacity, as well as the ability
to cover large spans with a given self-weight. Such floors
were used both in civil and industrial construction as load-
bearing and enclosing structural elements, and as partici-
pants in the spatial work of buildings. Within the current
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regulatory framework, a key task was the assessment of
the load-bearing capacity and deformability of composite
floors with appropriate consideration of the composite ac-
tion of the steel and concrete components, as the nature of
this interaction governs the formation of the stress-strain
state of the element. In the study by Y. Dmytrenko (2021),
it was shown that code-consistent modelling of shear in-
teraction between steel elements and the reinforced con-
crete slab had a direct effect on the determination of the
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effective geometric properties of the composite cross-sec-
tion and the accuracy of its load-bearing capacity assess-
ment. Even in the framework of linear elastic calculation
models, the results were dependent on the accepted hy-
pothesis about the level of composite action. The compre-
hensive approach to taking into account the stage-by-stage
nature of structures’ behaviour was realised in the study
by M. Savytskyi et al. (2021), which stated that the stress-
strain state of the steel-reinforced concrete floors changed
essentially depending on the construction stage. This
finding substantiated the need for a normative distinction
between design situations and for separate verifications
with respect to limit states. The study also demonstrated
the transition from the behaviour of steel elements acting
without participation of the concrete slab to the formation
of full composite action, accompanied by changes in the
distribution of internal forces and deflections. In the study
by A. Hasenko et al. (2022), the influence of effective ge-
ometric parameters of the composite cross-section on the
load-bearing capacity of floors was analysed. It was shown
that a reduction in the effective width of the concrete
slab or a decrease in the efficiency of shear interaction
was accompanied by a reduction in the flexural strength
of steel-reinforced concrete systems. Within that study,
the relationship between the parameters of the compos-
ite cross-section, load-bearing capacity, and deformabili-
ty of floors was examined. The study by L. Storozhenko &
G. Gasii (2020) systematised design aspects of the calcu-
lation of steel-concrete floors, with particular emphasised
on the consideration of deflections, crack resistance, and
the composite action of materials within the national reg-
ulatory framework. It was shown that rational use of com-
posite elements enabled a reduction in material consump-
tion, provided that checks for the first and second groups
of limit states were performed correctly.

In the research by M. Hernich et al. (2021), steel-rein-
forced concrete structural systems were treated as a single
composite cross-section, for which the stress-strain state
and deformability were analysed with due regard to the
mechanical properties of the materials and the conditions
of shear interaction. Using the example of bridge super-
structures, it was substantiated that such a composite
scheme provided increased stiffness and load-bearing ca-
pacity, while simultaneously reducing mass, which was of
particular importance for tasks related to the restoration
of transport infrastructure. A publication by M. Saccone et
al. (2025) summarised the results of experimental and
theoretical investigations of composite floors, which indi-
cated the influence of longitudinal shear behaviour on the
formation of the ultimate load-bearing capacity and the
serviceability deformation capacity for various concretes.
It was noted that the characteristics of the “deck-slab”
interaction affect the actual parameters of the composite
action and the values of the calculated deflections. Similar
results were obtained in the study by P. Ravichandran &
S. Harini (2024), where it was shown that the design span,
the geometrical parameters of the profiled deck and the
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thickness of the concrete layer affected the stiffness of the
composite cross-section, due to the influence on the effec-
tive moment of inertia and the values of deflections. This
fact necessitated their normatively consistent accounting
in the design evaluation of the deformability of steel-con-
crete floors. In the study by L.G.F. Grossi et al. (2020), the
behaviour of composite slabs with profiled steel decking
was analysed through the mechanism of longitudinal
shear at the “deck-concrete” interface as a factor deter-
mining the degree of composite action and the governing
type of limit state. Experimental comparison of specimens
with different shear span lengths and additional reinforce-
ment showed that the introduction of reinforcing bars in-
creased the realised shear load-bearing capacity and shifts
slab behaviour towards a more stable and deformable re-
sponse compared with unreinforced solutions. The results
obtained were interpreted in terms of evaluating longi-
tudinal shear strength as a parameter that determined
the degree of involvement of the steel component in the
work and the limits of applicability of structural solutions
for composite floors. In the research by B.A. Izzuddin &
J. Sio (2021), the floor was recognised as the main element
of frame structures that provided force redistribution and
structural integrity under accidental actions. The authors
argued that the deformative properties of floors should
be taken into account, when analysing robustness, since
horizontal tie forces, which were decisive for excluding the
progressive collapse of structures, were transmitted pre-
cisely through the floor slabs.

Despite the presence of scientific and applied research
in the scientific and technical literature, there were various
approaches to the theoretical evaluation of the load-bear-
ing capacity and deformability of steel-concrete floors
with profiled steel decking, which have not been system-
atised in the form of a single normatively consistent de-
sign calculation scheme. The publications differed in the
methods for consistently taking into account the effect of
partial shear interaction, determining the actual geomet-
rical parameters of the composite cross-section, as well as
combining the verification of the first and second groups of
limit states without using empirical coefficients. In addi-
tion, there were differences in understanding the content
of the relationship between the loadbearing capacity and
the serviceability-related deformability in the current nor-
mative documents. This study aimed to perform a theoret-
ical estimation of the load-bearing capacity and deforma-
bility of the steel-concrete floors reinforced with profiled
steel decking, taking into account the interrelated require-
ments of the first and second groups of limit states and
the composite action of the steel and concrete elements.
To achieve the stated aim, the study performed a regulato-
ry and analytical estimation of the load-bearing capacity
of the steel-concrete floors reinforced with profiled steel
decking according to the first group of limit states, taking
into account the geometric parameters of the composite
cross-section and the conditions of shear interaction. The
influence of the degree of shear interaction between the



steel and concrete on the composite action of the floor
system and the effective stiffness characteristics of the
cross-section was analysed. A theoretical estimation of the
floor deformability according to the second group of limit
states was also carried out, and an integrated normative in-
terpretation of the relationship between the load-bearing
capacity and serviceability was provided.

MATERIALS AND METHODS

The study was performed as a regulatory and analytical
investigation, focused on a reproducible interpretation
of design verifications for the steel-concrete floors rein-
forced with profiled steel decking within the framework
of the limit state method. The source base consisted of
current regulatory and regulatory-technical documents
of Ukraine, which were applied in accordance with their
functional purpose for the specification of loads and load
combinations, verification of the steel and concrete com-
ponents, consideration of composite action, and servicea-
bility criteria. The permanent and variable loads, as well
as the design load combinations, were established in ac-
cordance with SCN No. V.1.2-2:2006 (2006). Requirements
for the steel elements of the floor system, in particular for
the profiled decking as the steel component of the com-
posite cross-section, were applied in accordance with SCN
No. V.2.6-198:2014 (2022). The design properties of con-
crete and the principles for assessing the resistance of con-
crete and reinforced concrete elements were adopted in ac-
cordance with SCN No. V.2.6-98:2009 (2009). Checks for the
first and second groups of limit states, including criteria for
load-bearing capacity and serviceability, were interpreted
in accordance with SCN No. V.1.2-6:2021 (2022). The con-
sideration of the composite action of the steel and concrete
was implemented through the code-defined concept of the
degree of shear interaction between the profiled decking
and the concrete slab. The general principles for the anal-
ysis and design of steel-reinforced concrete elements, to-
gether with terminological approaches, were adopted in
accordance with SCN No. V.2.6-160:2010 (2010). Provisions
relating to the parameters of composite action, effective
geometric and stiffness characteristics of the composite
cross-section, and conditions of partial shear interaction
were taken from the DSTU No. B V.2.6-215:2016 (2016).

The methodology was based on a sequential analysis,
harmonisation, and systematisation of regulatory require-
ments, followed by the structured presentation of conclu-
sions for the first group of limit states (ultimate limit state,
ULS) and the second group of limit states (serviceability
limit state, SLS). At the first stage, requirements for the
specification of loads and load combinations were organ-
ised, and ULS criteria were generalised in the form of a nor-
mative condition ensuring loadbearing capacity, while SLS
criteria were formulated in terms of deformation (deflec-
tion) limits as a component of serviceability. At the second
stage, provisions concerning the composite action of steel
and concrete were systematised, with explicit distinction
between conditions of full and partial shear interaction
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as prerequisites determining the effective characteristics
of the composite cross-section applied in ULS/SLS verifi-
cations. At the third stage, the factors influencing compli-
ance with the requirements of the first group of limit states
were presented in a reproducible format of “parameter —
normative condition — engineering interpretation of in-
fluence”. Within this framework, the following parameters
were identified: concrete slab thickness, geometry of the
profiled decking, degree of shear interaction, composite
action scheme, and level of design loading. The synthesis
of the results was formulated as a normatively consist-
ent theoretical interpretation of the relationship between
load-bearing capacity and deformability, considered as
interrelated characteristics of the behaviour of steel-con-
crete floors within building load-bearing systems.

RESULTS

Load-bearing capacity of steel-concrete floors
according to the first group of limit states

Analysis of the results of the regulatory and analytical as-
sessment of the load-bearing capacity of steel-concrete
floors according to the first group of limit states showed
that fulfilment of the condition Mg, < My, derived from the
normative criterion for ensuring load-bearing capacity un-
der the first group of limit states in accordance with SCN
No. V.1.2-6:2021 (2022) is governed by a set of interrelat-
ed structural and regulatory factors. This list included: the
design values and combinations of external loads; geomet-
rical parameters of the composite cross-section (the thick-
ness of the concrete slab, the geometrical parameters of
the profiled decking, and the position of the neutral axis);
design parameters of the steel and concrete; conditions
for the implementation of the composite action, which
was the degree of shear interaction between the profiled
decking and the concrete slab. All these factors together
determined the relation between the design effect and the
design resistance of the cross-section. In the framework of
the existing normative approach, the load-bearing capaci-
ty of the floor was considered not as the sum of the resist-
ances of the individual components of the structure, but
as an integral property of the steel-concrete cross-section,
formed according to the principles of the composite action.
The rational choice of the above parameters made it possi-
ble to use the profiled steel decking not only as permanent
formwork, but also to involve it in the process of resisting
bending loads, which increased the effective resistance of
the cross-section and reduces the level of stresses in the
concrete component. Such behaviour of the floor corre-
sponded to the normative concept of steel-concrete systems
as single composite elements (according to SCN No. V.2.6-
160:2010, 2010), in which the distribution of internal forc-
es between the interacting materials was determined not
by their nominal properties, but by their composite action
in the composite cross-section. It was in these conditions
that the fulfilment of the requirements of the first group of
limit states was ensured, without artificially increasing the
cross-sections or introducing additional structural reserves.
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The results showed that the normatively admissible
level of resistance of the composite crosssection was formed
depending on the geometrical parameters of the floor sys-
tem, in particular, the relation between the height of the
profiled steel decking and the thickness of the concrete
layer, and the position of the neutral axis in the flexural
cross-section. In particular, the reduction of the thickness
of the concrete slab or the efficiency of shear interaction
between the steel decking and the concrete led to a de-
crease in the design resistance of the composite cross-sec-
tion, which was observed in the results of verification of
the conditions of the first group of limit states. Within the
requirements of the SCN No. V.1.2-6:2021 (2022), it mani-
fested itself in a decrease in the design resistance M, and,
consequently, in a narrowing of the range of permissible
design solutions, even in the case of meeting the stand-
ard values of loads and impacts specified in SCN No. V.1.2-
2:2006 (2006). Under these conditions, the reserve of the
load-bearing capacity of the floor was limited, and full
composite action was not realised, which indicated the
fundamental importance of the structural compatibility

of the floor components within the normative calcula-
tion model. The formation of the load-bearing capacity of
steel-concrete floors was directly related to the conditions
of shear interaction between the profiled steel decking
and the concrete slab. In accordance with the provisions
of SCN No. V.2.6-160:2010 (2010) and DSTU No. B V.2.6-
215:2016 (2016), the level of shear interaction was used
to classify the modes of behaviour of the steel-concrete
cross-section with full or partial compatibility of deforma-
tions. A decrease in the efficiency of shear interaction led
to a redistribution of the internal forces in the cross-sec-
tion, an increase in the share of the bending stresses per-
ceived by the concrete component and a decrease in the
reduced design resistance of the steel part. In a normative
sense, this was manifested in a decrease in M, and, as a
consequence, a further narrowing of the range of admissi-
ble design solutions within the first group of limit states. In
order to systematise the effect of the main parameters on
fulfilment of the criteria for the first group of limit states,
the normative dependencies were systematised in the form
“parameter — normative condition — and effect” (Table 1).

Table 1. Systematisation of normative parameters influencing fulfilment of the M, < M, criterion
for the first group of limit states in steel-concrete floors

Structural Normative condition Normative interpretation Conclusion for compliance
parameter (document) of influence on M, with M, € My,
Normative requirements Increasing thickness enhances the potential
Concrete slab for the behaviour for the formation of the compressed zone With rational parameter ratios, the risk
thickness of concrete and the integral resistance of M, approaching M, is reduced
and reinforced concrete of the composite cross-section
Profiled . Determines the structural capacity With geometrically compatible design, the
. Requirements for steel - - . - .
decking and effectiveness of engaging the steel range of permissible solutions is expanded;
elements and profiles R . o . L
geometry component in bending with incompatible geometry, it is limited
.- Reduced interaction lowers the effective
Degree Conditions . . . . . -
A resistance of the composite cross-section Partial interaction increases the likelihood
of shear for considering full/ . e s o A
. - L. . and increases sensitivity of the criterion reaching its limit
interaction partial interaction L
to parameter variations
Establishes the normative framework When composite principles are observed
Composite Principles for the integral cross-section resistance P p p ’

action scheme of composite action

as a result of the composite action
of steel and concrete

the criterion is formulated
within the integral resistance model

Standardisation
and load combinations

Level
of design load

Increasing M, raises the requirements
for the integral cross-section resistance

Compliance with the criterion depends
on the margin of M, relative to M,

Note: M,,, — design bending moment from normative load combinations; M, — design resistance (load-bearing capacity)
of the composite cross-section in bending; criterion M, < My, — fulfilment of the load-bearing capacity requirement

according to the first group of limit states (ULS)

Source: SCN No. V.1.2-2:2006 (2006), SCN No. V.2.698:2009 (2009), SCN No. V.2.6-160:2010 (2010), DSTU No. B V.2.6-

215:2016 (2016), SCN No. V.2.6-198:2014 (2022)

As followed from Table 1, the systematisation in the
form “parameter — normative condition - effect” indi-
cated that the fulfilment of the criterion My, < My, for
the first group of limit states was determined not by
the individual effect of one or another parameter, but
by the normatively determined interconnection of the
geometric parameters of the cross-section and the con-
ditions for implementation of the composite action in
accordance with SCN No. V.1.2-6:2021 (2022). In this as-
pect, the thickness of the concrete slab was related to
the possibility of the formation of the compressed area
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and the level of involvement of the concrete component
in the total resistance of the composite cross-section.
An increase in the slab thickness at structurally justified
ratios of the parameters was normatively perceived as
an increase in M,. The geometry of the profiled deck-
ing influenced the structural capacity and the level of
involvement of the steel component in the resistance
to bending moments in the composite system: at a
geometrically coordinated arrangement, it was nor-
matively perceived as an increase in the calculated re-
sistance of the cross-section, and at a geometrically



uncoordinated arrangement, it was perceived as a re-
striction of the composite efficiency and a reduction of
the permissible design range. The degree of shear in-
teraction was a system-forming factor that determined
the mode of operation of the cross-section (full or par-
tial) and, accordingly, adjusts the normative ideas about
the compatibility of deformations and the distribution
of internal forces. A decrease in the level of shear in-
teraction was normatively perceived as a reduction in
the effective resistance of the composite cross-section
and an increase in the sensitivity of the verification of
the first group of limit states, in accordance with DSTU
No. B V.2.6-215:2016 (2016). The composite action
scheme was used to understand the resistance of the
cross-section as an integrated property, while the design
load value (determined in accordance with the standard
combinations of actions) was the upper boundary of re-
quirements for this integrated property. Therefore, the
loadbearing capacity of the steel-concrete floor in the
existing standard model was understood as a result of
the design action coordination, geometric model of the
composite cross-section and conditions for the imple-
mentation of the composite action as a result of shear
interaction between the steel and concrete.

Influence of the degree of shear interaction

on composite action of the floor

The degree of shear interaction between the profiled
steel decking and the concrete slab determined the type
of composite action of the steel-concrete floor and in-
fluences the implementation of transformed geometric
and stiffness characteristics of the cross-section. In the
existing standard model, this factor was used as an engi-
neering indicator of the strain compatibility of the steel
and concrete in the composite cross-section. The general
provisions for the composite action and the requirement
for ensuring strain compatibility of deformations were
given in the SCN No. V.2.6-160:2010 (2010). When there
was full shear interaction, the steel-concrete cross-sec-
tion was calculated as a single composite section, with
full implementation of the transformed geometric and
stiffness parameters. In this condition, the internal
forces between the steel and concrete were shared with-
in the coordinated calculation scheme without reduc-
tion of the transformed parameters. The calculation pa-
rameters of the composite crosssection and the rules for
accounting for the shear interaction were determined in
accordance with the DSTU No. B V.2.6-215:2016 (2016),
which formalised the contribution of steel and concrete
to the resistance to bending moments and shear forces
within the standard model. In the case of partial shear
interaction, the design values of the effective geometric
characteristics of the composite cross-section were de-
creased, which was normatively accounted for through
adjustment of the transformed geometric parameters
and design resistance. In this case, in the calculation
formulas, the incomplete deformation compatibility
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between the steel and concrete was taken into account,
which imposed restrictions on the maximum allowable
internal forces in the cross-section, when verified for
the first group of limit states, in accordance with the
SCN No. V.1.2-6:2021 (2022). Reduction of the degree
of shear interaction was also accompanied by a decrease
in the effective flexural stiffness of the steel-concrete
element, which was manifested in an increase in the
calculated values of deflections and an increase in the
sensitivity of the verification results for the second
group of limit states, in accordance with SCN No. V.1.2-
6:2021 (2022). Therefore, the degree of shear interac-
tion was an integral parameter that simultaneously af-
fected the evaluation of both the load-bearing capacity
and the serviceability of the steel-concrete floor in a
unified normative calculation model. To clarify, the di-
agram of the composite action of the floor and the role
of shear interaction between the steel decking and the
concrete slab were presented in Figure 1. Analysis of the
diagram showed that the transition from full to partial
shear interaction between the profiled steel decking
and the concrete slab was accompanied not only by a
decrease in the realised level of the effective geometric
and stiffness characteristics of the composite cross-sec-
tion, but also by a qualitative change in the mechanism
of its operation. In the case of full shear interaction,
a steel-concrete cross-section works as a single beam
with full compatibility of deformations, at the same
time it realised the maximum possible transformed
moment of inertia and the design moment resistance
of the cross-section. Internal forces were redistributed
between the steel and concrete parts of the section in
accordance with their transformed stiffness character-
istics, and the stress state of materials developed within
the normatively acceptable limits without local over-
strain. In the case of partial shear interaction between
the components of the floor, there were longitudinal
displacements, which disturbed the full compatibility of
deformations and led to the redistribution of the bend-
ing moments. Within the framework of the normative
model, the effective moment of inertia of the compos-
ite cross-section decreased, the transformed stiffness of
the section was reduced, and the proportion of forces
perceived by the concrete part of the section increases
in comparison with the full interaction. According to the
norm, this entailed a reduction in the realised moment
resistance of the cross-section and an increase in its
sensitivity to changes in the design parameters, primar-
ily to the geometric parameters of the profiled decking
and the characteristics of the shear connectors. In this
connection, the degree of shear interaction was a deter-
mining factor that simultaneously influenced both the
realisation of the load-bearing capacity of a steel-con-
crete floor and its deformability, which created condi-
tions that may limit the fulfilment of the first and sec-
ond groups of limit states within the current normative
calculation model.
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Figure 1. Schematic representation of the composite action of a steel-concrete floor, considering shear interaction
between the profiled steel decking and the concrete slab

Note: a — design scheme of the steel-concrete floor showing the geometric configuration of the cross-section and the
positions of the centroids of the steel and concrete components; b — generalised normative model of the composite element
illustrating the mechanism of shear transfer between the profiled steel decking and the concrete slab; c — structural
representation of the steel-concrete floor within the building’s load-bearing system. Symbols: hs — height of the steel
component of the composite cross-section; hc — thickness of the concrete slab; S — design spacing of shear connectors;
V - design transverse force; k, - shear connection stiffness; FEM - finite element numerical model; TALHGs - thin-walled
steel elements/profiles participating in the composite action of the floor

Source: SCN No. V.2.6-160:2010 (2010), DSTU No. B V.2.6-215:2016 (2016)

Deformability of steel-concrete floors

under the second group of limit states

The calculation under the second group of limit states was
a mandatory part of a comprehensive normative estima-
tion of the floor’s performance and was carried out togeth-
er with the calculation of the load-bearing capacity with-
in a single calculation model. In the existing calculation
model, the requirements for deformability were not sec-
ondary or derived; they were formalised as an independent
calculation criterion, the provision of which was necessary
for ensuring the serviceability of steel-concrete structures
throughout their entire design life. In accordance with
the requirements of the SCN No. V.1.2-6:2021 (2022), the
deformability of the floors was classified as a serviceabil-
ity criterion. For which the normative verification in the
framework of the limit state method was obligatory. In the
framework of the normative model, the design values of
the steel-concrete floor deformability are determined by
the effective stiffness of the composite cross-section. This,
in turn, depended on the degree of participation of the pro-
filed steel decking and the concrete slab in the composite
action. The effective stiffness was determined using the

& 34 Architectural Studies, 12(1)

transformed geometric characteristics of the cross-section
and the conditions of shear interaction between its compo-
nents. At full shear interaction, the effective stiffness of the
cross-section was determined based on the full participa-
tion of both the steel and concrete components in resisting
the bending deformations. As a result, the steel-concrete
floor works as a single bending element with a high effi-
ciency of stiffness, and the design deflections do not ex-
ceed the normative limits. In the context of the normative
assessment, the results of the first and second groups of
limit states were interpreted based on the comparison of
the design bending moment and floor deflections. This
provided a comprehensive analysis of the effect of the de-
gree of shear interaction on both the load-bearing capacity
and deformability of the composite cross-section. At the
same service loads, a decrease in the effectiveness of the
composite action results in an increase in the design de-
flections of the floor compared to the case of full materi-
al compatibility. At partial shear interaction, the increase
in the deflections occurred systematically and was caused
by the reduced contribution of the steel component to the
resistance of bending deformations within the composite



cross-section. In this case, the design deflections can at-
tain the maximum permissible values according to the
SCN No. V.1.2-6:2021 (2022). This was irrespective of the
satisfaction of the requirements of the first group of limit
states for the load-bearing capacity, which necessitates a

Petriv >»

separate normative verification of deformability. To stand-
ardise the effect of the degree of shear interaction on the
deformability of steel-concrete floors and the satisfaction
of the second group of limit states, the characteristic regu-
latory dependencies were systematised in Table 2.

Table 2. Effect of the degree of shear interaction on the deformability
of steel-concrete floors according to regulatory documents

Performance characteristic Full shear interaction

Compatibility of deformations

Complete along the entire span

Partial shear interaction Normative reference

Disrupted, with relative

- SCN No. V.2.6-160:2010 (2010)
slips present

DSTU No.B V.2.6-

Effective cross-section stiffness Fully realised Reduced 215:2016 (2016)
Transformed moment of inertia Close to full composite Reduced NormatlYe c.ons1derfa1t10n
of partial interaction
Deflection level Minimal Increased SCN No. V.1.2-6:2021 (2022)
Fulfilment of SLS requirements Ensured with a margin May reach limit Restriction of design solutions

Note: SLS - compliance with normative requirements for serviceability criteria, including deflection/deformation limits

W,

max

$ Wiipn)

Source: developed by the author

From the analysis of the data in Table 2, it followed that
in the regulatory calculations, the deformational behaviour
of a steel-concrete floor was directly dependent on the de-
gree of realised shear interaction between the profiled steel
decking and the concrete slab. With full shear interaction,
the strains of the deformations of the cross-section were
compatible along the entire span, which made it possible to
model the steel-concrete floor in the form of a single com-
posite bending element with a maximally realised effective
stiffness and a transformed moment of inertia, which was
close to the moment of inertia of a fully composite cross-sec-
tion. With partial shear interaction, the compatibility of
deformations of the strains of the steel and concrete was vi-
olated, and relative displacements in the contact zone occur.
In regulatory calculations, this was taken into account by
reducing the effective stiffness of the composite cross-sec-
tion and decreasing the transformed moment of inertia in
accordance with the DSTU No. B V.2.6-215:2016 (2016).
This led to an increase in the calculated deflections and in-
creases the sensitivity of the results of checks for the second
group of limit states to the adopted assumptions about the
degree of composite action. With only partial realisation of
the shear interaction, the fulfilment of the serviceability
requirements can be close to a limiting one, which norma-
tively narrowed the scope of possible design solutions. The
obtained results confirmed the existence of a regulatory re-
lationship between deformability and load-bearing capacity
of steel-concrete floors. A decrease in the effective stiffness
of a composite cross-section in the case of partial shear in-
teraction simultaneously affected the verification according
to both the first and second groups of limit states, which
was reflected in different calculated parameters, such as a
decrease in the design resistance of the cross-section and
an increase in the deflections. In this case, the fulfilment of
the load-bearing capacity requirements without ensuring a
normatively acceptable level of deformability does not give
a complete idea of the behaviour of a steel-concrete floor.

Integrated analysis of the relationship

between load-bearing capacity and deformability

of steel-concrete floors

A combined analysis of the regulatory and analytical eval-
uation of a steel-concrete floor according to both the first
and second groups of the limit states showed that, within
the framework of the current Ukrainian normative calcula-
tion procedure, the load-bearing capacity and deformabil-
ity were related characteristics of a composite cross-sec-
tion, SCN No. V.1.2-6:2021 (2022). In this approach, these
parameters were not considered separately, but rather de-
fined as a part of the stiffness-force combined mechanism
of the steel-concrete floor, as the requirements of first and
second limit state groups were interdependent parts of the
normative assessment of the structure. The degree of shear
interaction between the profiled steel decking and the con-
crete slab was common for determining the design resist-
ance and transformed stiffness properties of the composite
cross-section. A change of this parameter was always ac-
companied by a corresponding change of the design bend-
ing resistance and effective stiffness of the steel-concrete
element, which in turn had a direct influence on the design
deflections and the nature of the deformational behaviour
of the floor in service conditions. When there was full shear
interaction, the steel-concrete cross-section was calculat-
ed as a single bending element, with full implementation
of the transformed geometric and stiffness parameters.
In this case, the internal forces were distributed between
the steel and concrete components in proportion to their
transformed stiffnesses; the deformations of the compo-
nents remained compatible along the span; and the design
deflections remained within the limits established for the
second group of limit states. A partial realisation of the
shear interaction reduced the efficiency of the composite
action of the cross-section, which was taken into account
normatively by changing its transformed stiffness char-
acteristics. From a structural point of view, this reduction
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manifested itself as a decrease in the realised design resist-
ance of the cross-section. From a stiffness point of view,
this reduction led to an increase in the design deflections
under the same service loads. These changes had a direct
effect on the results of the second group of the limit state
checks. An asymmetric sensitivity of the first and second
groups of limit state criteria to a reduction of the degree
of shear interaction was observed: in the case of partial
composite action, the fulfilment of the load-bearing ca-
pacity requirements can still be ensured, while the design
deflections more rapidly approach their maximum allowa-
ble values adopted by normative standards. In these cases,
it was the results of the serviceability checks that dictated
the admissibility of design and construction solutions in
the regulatory framework. The integrated view of the nor-
mative dependence between the load-bearing capacity and
deformability was given in Figure 2.

[ULS - load-bearing capacity] [SLS - deformability]

Meq € Mra : Wmax € Wiim

[Degree of shear interaction]

Integrated normative assessment
(ULS + SLS)

Figure 2. Integrated scheme of the normative interaction
between load-bearing capacity
and deformability indicators of a steel-concrete floor
Source: SCN No. V.2.6-160:2010 (2010), DSTU No. B V.2.6-
215:2016 (2016), SCN No. V.1.2-6:2021 (2022)

From the scheme, it was seen that the degree of shear
interaction between the profiled steel decking and the con-
crete slab acts as an integrating parameter that simulta-
neously controlled the strength and stiffness parameters
of the composite cross-section of the steel-concrete floor.
It directly affected the design deflections of the floor from
the service loads due to changes in the effective stiffness
of the cross-section, and through changes in the trans-
formed geometric characteristics, it affected the achieved
design bending resistance and load-bearing capacity of the
element. A decrease in the effectiveness of the composite
action causes coordinated changes in the indicators of both
the first and second groups of limit states, without their
individual manifestation, which reflected the integration
of the normative constraints on the floor in a single de-
sign model. With partial composite action, the fulfilment
of the load-bearing capacity requirements can be pre-
served due to the availability of some constructive reserve
of the cross-section, while the design deflections more
quickly approached their maximum allowable standard
values, even at a slight decrease in the effective stiffness.
In this case, the second group of limit state requirements
determined the acceptability of design solutions in the
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normative model and actually limits the further applica-
tion of individual structural solutions. Summarising, it can
be argued that the load-bearing capacity and deformability
of steel-concrete floors developed as interrelated charac-
teristics of the composite cross-section in a unified nor-
mative evaluation system. In this system, the degree of
shear interaction provided for the simultaneous fulfilment
of the first and second groups of limit state requirements,
ensured the consistency of the strength and deformation
parameters, and limited the field of admissible design solu-
tions in terms of the safety and serviceability of the floors.

DISCUSSION

The regulatory and analytical assessment of the load-bear-
ing capacity and deformability of steel-concrete floors with
profiled decking presented in this research demonstrated
the key importance of the degree of shear interaction for
the adopted normative model of the behaviour of compos-
ite cross-sections. It has been shown that the efficiency of
the transfer of longitudinal shear forces between the steel
decking and the concrete slab was directly related to the
strength and stiffness characteristics of the floor, since the
contact interaction defined the deformation compatibili-
ty of the components and, therefore, the redistribution of
the internal forces in the composite cross-section. In this
sense, the composite cross-section was understood as an
integral system, in which the contact interaction of the
components determined the realised transformed section
characteristics, the position of the neutral axis and the pro-
portion of the contribution of each component to the re-
sistance to bending. This understanding was in agreement
with the survey conclusions presented in K. Mohammed et
al. (2017), in which steel-concrete floors were understood
as a structural system, which was primarily sensitive to the
actual composite action, rather than to the physico-me-
chanical characteristics of the individual component ma-
terials taken separately. This agreement followed from
a common understanding of composite action as a stiff-
ness-force mechanism, within which local contact effects
cumulatively determined the integral performance charac-
teristics of the floor. From the point of view of the service-
ability of structures, this conclusion can be further refined
as a result of long-term effects occurring in the concrete
component, in particular, the specific influence of drying
and shrinkage of composite slabs with profiled decking.

The mechanism of reduced efficiency of composite
action and its influence on the realised resistance of the
composite element was in agreement with the conclusions
presented in study by N.A. Hedaoo et al. (2012), in which it
was demonstrated by experimental and analytical compar-
ison that a decrease in the efficiency of bonding or interac-
tion between the components of the composite cross-sec-
tion led to incomplete utilisation of the steel component,
when resisting bending forces. From the design point of
view, the latter effect results in a change in the effec-
tive degree of compositeness represented by the value
of the design bending resistance M, and the shift in the



neutral axis of the section in the current model. The con-
vergence of the two approaches can be explained by the
same root cause: a reduction in the degree of shear con-
nection changes the deformation compatibility of the
component layers, the position of the neutral axis and the
internal force distribution between the concrete and steel
elements and, as a result, changes the effective strength
and stiffness properties of the system. Concerning service-
ability, it was crucial to keep in mind that the deformation
capacity of a composite floor was not only affected by the
current properties of the component materials but also de-
pendent on time and environmental conditions. This was
in line with the results by Y. Wei et al. (2020), who showed
that the relative humidity affects the creep of concrete
and, thus, the time-dependent accumulation of deforma-
tion. In the framework of SLS, this meant that for the same
geometrical and loading conditions, a change in the envi-
ronmental conditions results in a change in the evolution
of deflection and, consequently, in the effective stiffness
during the service life for the same loading conditions.

The sensitivity of deformation parameters and trans-
formed cross-section properties to the degree of partial
composite action was also in agreement with the exper-
imental results by A. Siva et al. (2016), who pointed out
that, when the slab was partially composite, a change in
the deformation behaviour of the slab was observed be-
fore the ultimate limit state was reached, i.e., before the
deformative signs of insufficient compositeness in terms of
strength. In the design framework adopted herein, the lat-
ter was reflected by the fact that a reduction in the degree
of shear interaction results in a reduction of the effective
stiffness of the composite cross-section and, hence, in an
increased rate of deflection in comparison to the change
in the remaining strength capacity. The inclusion of long-
term deformability in SLS verification was in line with
the findings by Y. Wang et al. (2016) about the cumulative
long-term deflection of the composite slab due to creep
and shrinkage of concrete. In the context of the present
regulatory and analytical formulation, this was related to
the dominant role played by SLS verifications in the case of
partial compositeness, even when the verifications of the
first group of limit states were already fulfilled, as a result of
the longterm processes in the concrete component, which
reduced effective stiffness over time and increase deflec-
tions. The consideration of shear interaction was related
to the geometrical features of the contact surface, name-
ly, the profile shape of the profiled decking. Such depend-
ence has been addressed by J.H.L.M. Mello et al. (2024),
who concluded that the embossment geometry influences
the longitudinal shear force transmission and, therefore,
the verification of the longitudinal shear capacity. In the
present context, this dependence meant that the geomet-
rical features of the decking influence the achieved level of
composite action and, therefore, the resulting transformed
cross-section features.

The dependence on geometrical proportions and the
load level was also extended to the combined response of
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strength and deformability. An experimental analysis car-
ried out by S. Sirimontree et al. (2021) concluded that var-
iations of the shear span-to-depth ratio influence not only
the ultimate values but also the deformation capacity of
composite slabs. In normative terms, this translated into a
reduction of the effective flexural stiffness that was mostly
accounted for by an increase in the deflection (reduction of
the partial composite action degree), whereas the variation
of the load-bearing capacity may be less significant for the
same conditions, thus leading to a nonsimultaneous var-
iation of the sensitivity of the ULS and SLS verifications.
Analogous conclusions concerning the role of the contact
surface have been reported by J. Song et al. (2021) based
on an experimental campaign that concluded that an in-
crease in deflection was obtained, when the stiffness of the
contact surface between the steel sheets and the concrete
was decreased. The contribution of contact deformation to
the total deformative response of the floor was therefore
concluded. Simultaneously, the parameters of the concrete
component were significant with respect to the deforma-
bility of composite slabs: variations in the effective modu-
lus of elasticity and long-term deformation parameters af-
fected deflection magnitudes and determined the stiffness
response of the system under service loads. In the case of
partial composite action, the sensitivity of deflections to
concrete parameters was higher due to a reduced reserve
of structural stiffness.

The review provided by M.M. Rahman & G. Ran-
zi (2022), which systematised the behaviour of steel-con-
crete slabs with respect to shrinkage deformations, showed
that non-uniform drying or shrinkage in the presence of
steel decking changes the deformation pattern over time.
In the context of the present interpretation, this confirmed
the conclusion that SLS criteria were of particular rele-
vance in the conditions of partial composite action, where
the reduction in effective stiffness made the floor more
sensitive to long-term deformations of the concrete com-
ponent. The analytical models of longterm behaviour, used
in the regulatory and analytical approach, showed that the
deformability of the floor can be the factor determining
the acceptability of a design solution, even when the re-
quirements of the first group of limit states were satisfied.
Similar conclusions were reported by Q. Wang et al. (2022),
where the increase in deflections was attributed to con-
crete creep and the gradual loss of effective stiffness in
composite slabs over time. From the methodological point
of view, this raised the question of the correspondence be-
tween code-based procedures and the real in-service per-
formance of the structure, as well as the interpretation of
the results of an assessment.

In the study of L.A.M. Oliveira et al. (2021) devoted to
the analysis of design codes in relation to the in-service per-
formance of steel-concrete composite slabs, an approach
was justified, in which SLS and ULS verifications should be
considered as independent with respect to the criteria and
consequences, without a direct transfer of conclusions be-
tween groups of limit states. Within the framework of the
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present study, this meant that, under conditions of partial
composite action, deflections may increase in a dispropor-
tionate way with respect to variations in the strength re-
serve, and therefore, serviceability can impose constraints
on a design solution independently of the results of the ULS
assessment. The difference in approaches was possible re-
garding the evaluation of reliability and reserves: D. Gino et
al. (2019), when applying the partial factor approach of fib
Bulletin 80 to an existing object, showed the need for the
explicit consideration of uncertainties and the formal res-
ervation within the verification procedure. In the frame-
work of the considered problem, this was manifested in
the difference in sensitivity of deflections and the design
bending resistance to a change in the degree of shear in-
teraction, due to the different physical essence of stiffness
and strength characteristics of the composite cross-section.

The data on the long-term behaviour of the floor were
in line with the conclusions of the studies of H. Zhang et
al. (2022), which mentioned the accumulation of deforma-
tions in composite slabs under long-term loading. In the
regulatory and analytical perception, this can be explained
by an increase in deflections with time at a constant ser-
vice load due to a gradual decrease in the effective stiff-
ness of the composite cross-section. At partial composite
action, the effect of long-term behaviour is connected with
a smaller reserve of stiffness and greater sensitivity of the
total deformation reaction to the contact interaction. The
decrease in stiffness of separate elements of the composite
should be perceived as influencing the stress-strain state
of the system as a whole, rather than as a local phenome-
non. In the research of D. Baranetska et al. (2025), the re-
sults of calculations were presented, which characterised
the systemic change in the reaction of the structure, when
changing the stiffness parameters of its components. In the
normative perception, this can be treated as evidence of the
composite action as a unified stiffness-force mechanism,
where the degree of shear interaction affected both the re-
alised resistance and the deformability of the system. In the
framework of the carried-out analysis, the revealed regular-
ities can be commented as a complexity of the composite
action in steel-concrete floors and an interdependence of
force and stiffness parameters within a unified mechanism.

In the article of V. Popov et al. (2011), the load-bear-
ing capacity and deformability of steel-concrete floors were
considered as interconnected characteristics, which were
formed as a result of the composite action of the steel and
concrete components. These provisions of the normative
document can be used to explain the systematic behaviour
of composite floors and the relationship between the force
and stiffness reactions. In the study of V. Sirobaba (2018),
it was revealed that in the conditions of partial composite
action, it was the deformability characteristics that deter-
mined the boundaries of the admissible design solutions
of steel-concrete floors. The same picture was observed
in this research, where the limiting state was the achieve-
ment of maximum deflections at earlier stages of loading
than the realisation of ultimate stresses. This was due to the
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high sensitivity of the effective stiffness of the composite
cross-section to a decrease in the degree of shear interaction
between the profiled steel deck and the concrete slab. The
general regulatory and analytical conclusion about the de-
termining role of the effective stiffness and the parameters
of composite action, which simultaneously controlled the
load-bearing capacity and the deformational behaviour of
the floors, fully agreed with the experimental and computa-
tional data, in which these same processes were directly reg-
istered by the load-deflection curve and the realised bend-
ing behaviour of the composite slabs. Bending behaviour of
composite slabs with profiled steel decking was also studied
by G. Zhu et al. (2025), where by experiment and computa-
tional simulation it was found that the parameters of the
structure affected the load-deflection curve and the failure
mode, and the analytical calculation based on the effective
stiffness was suitable for use in design calculations to deter-
mine the deflection and load-bearing capacity of slabs. In
the study of K.T. Huong et al. (2025), it was experimentally
confirmed that the parameters of composite action between
the profiled steel deck and the concrete slab determined the
achieved load-bearing capacity and the deformation behav-
iour of the elements due to a change in the effective stiff-
ness of the composite cross-section. Similar reductions of
shear interaction efficiency were identified in the present
study as a factor responsible for the premature growth of
deflection, and consequently for the prevailing effect of SLS
in cases, where the requirement M, < M,, was still satisfied.
The combined results of the regulatory and analyti-
cal assessment showed that the degree of shear interac-
tion between the profiled steel decking and the concrete
slab determined a unique stiffnessforce response of the
steel-concrete floor, where designed bending resistance
and service deformability were both simultaneously de-
fined. These relationships appeared to be consistent with
the evidence of experimental and numerical investiga-
tions on partial composite action, where the efficiency of
longitudinal shear forces determined the stress distribu-
tion, the position of the neutral axis and the magnitude of
the equivalent stiffness parameters of the cross-section.
For partial composite action, deflections were observed to
increase at a faster rate than reductions in load-bearing
capacity, in line with analytical and engineering-norma-
tive perceptions of the uneven sensitivity of the first and
second limit state verifications. The overall set of com-
parisons offered a consistent normative description of
the response of steel-concrete floors, where serviceability
and load-bearing capacity were not perceived as separate
entities but rather as correlated outcomes of composite
action, in line with contemporary trends in research and
engineering practice on steel-concrete systems.

CONCLUSIONS
The regulatory and analytical assessment offered a unified
description of the development of loadbearing capacity
and deformability of steel-concrete floors reinforced with
profiled steel decking in the context of the current design



framework for the first and second groups of limit states,
with a distinction between the ULS and the SLS require-
ments. In the normative model adopted for the study, these
characteristics were not separate entities but rather were
both ruled by a unified stiffness-force mechanism of the
composite cross-section, where the outcomes of load-bear-
ing capacity and serviceability verifications were correlat-
ed counterparts of the safety and performance evaluation
of the structure. A degree of shear interaction between the
profiled steel decking and the concrete slab guarantees an
involvement of the floor’s strength and stiffness properties
in a combined design model, and influenced the realised
design bending resistance and the effective stiffness ele-
ment. The complete shear interaction realised a monolithic
behaviour of a steel-concrete cross-section in a standard
design model, the highest possible involvement of geomet-
rical, stiffness properties of the transformed section, and
the lowest possible deflection values. All of this guarantees
the fulfilment of the requirements of the first and second
groups of limit states in terms of standard admissible val-
ues of the design load combinations. The partial realisa-
tion of composite action was accompanied by the corre-
sponding decrease of the design resistance and increase of
deflectionvalues, i.e., the effective stiffness of a cross-section
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is reduced under the same loading conditions. It was also
observed that, under partial shear interaction, deformabil-
ity indicators (deflections) reach the SLS limit values more
quickly than a reduction of the load-bearing capacity re-
serve takes place, was also found. The obtained result pre-
determined an asymmetric sensitivity of ULS and SLS cri-
teria and thus the acceptability of design solutions. The use
of normatively generalised design models without verifica-
tion for specific types of structural solutions and contact
zone configurations was a limitation of the study. In the
future, a numerical and experimental refinement of the in-
fluence of local contact zone parameters, long-term action
of concrete properties (shrinkage, creep) and an optimisa-
tion of standard procedures for an account of the partial
composite action in steel-concrete floors are foreseen.

ACKNOWLEDGEMENTS

None.

FUNDING

None.

CONFLICT OF INTEREST

None.

(1]
(2]
(3]

(4]

[5]

(6]

[7]

(8]

(9]

(10]

(11]

REFERENCES
Baranetska, D., Barabash, M., Bieliatynskyi, A., Pylypenko, O., & Mashkov, I. (2025). Numerical methods of calculation
of stress-strain state of combined elements of sheeting. Journal of Mechanics, 41, 82-102. doi: 10.1093/jom/ufaf007.
Dmytrenko, Y. (2021). Modeling of joint work of steel beam constructions with reinforced concrete ribbed floor slabs.
Building Constructions. Theory and Practice, 8, 44-57. doi: 10.32347/2522-4182.8.2021.44-57.
DSTU No. B V. 2.6-215:2016. (2016). Calculation and design of steel-concrete structures with slabs on profiled decking.
Retrieved from https://surl.li/wgddzo.
Gino, D., Castaldo, P., Bertagnoli, G., Giordano, L., & Mancini, G. (2019). Partial factor methods for existing structures
according to fib Bulletin 80: Assessment of an existing prestressed concrete bridge. Structural Concrete, 21(1), 15-31.
doi: 10.1002/suc0.201900231.
Grossi, L.G.F., Rezende Santos, C.F., & Malite, M. (2020). Longitudinal shear strength prediction for steel-concrete
composite slabs with additional reinforcement bars. Journal of Constructional Steel Research, 166, article number
105908. doi: 10.1016/j.jcsr.2019.105908.
Hasenko, A., Dariienko, V., & Butenko, A. (2022). Effect of damage to the effective width of concrete shelves
on the bearing capacity of self-stressed steel reinforced concrete floor. In Complex composite structures of buildings
and structures in conditions of martial law: Collection of scientific papers of the XIV international scientific and technical
conference (pp. 18-20). Poltava: National University “Yuri Kondratyuk Poltava Polytechnic”.
Hedaoo, N.A., Gupta, L.M., & Ronghe, G.N. (2012). Design of composite slabs with profiled steel decking:
A comparison between experimental and analytical studies. International Journal of Advanced Structural Engineering,
4, article number 1. doi: 10.1186/2008-6695-3-1.
Hernich, M., Klutchnik, S., & Spivak, D. (2021). Composite reinforced concrete bridge girders for post-conflict
reconstruction of the destroyed transport infrastructure. Bridges and Tunnels: Theory, Research, Practice, 19, 28-37.
doi: 10.15802/bttrp2021/233872.
Huong, K.T., Bui, L.V.H., & Nguyen, P.T. (2025). Experimental investigation on structural behavior of composite slabs
with steel decking, fiber-reinforced concrete, and lightweight aggregate concrete layers. Scientific Reports, 15, article
number 23786. doi: 10.1038/s41598-025-08955-7.
Izzuddin, B.A., & Sio, J. (2022). Rational horizontal tying force method for practical robustness design of building
structures. Engineering Structures, 252, article number 113676. doi: 10.1016/j.engstruct.2021.113676.
Mello, ]J.H.L.M., Pureza, D.Q., Martins, M.P., de Sousa Cardoso, H., de Melo Lameiras, R., Veloso, L.A.C.M.,
de Brito, J.L.V., da Silva, ].G.S., & Alencar, G.S. (2024). Longitudinal shear strength design of composite slabs by full-
scale FE modelling considering the embossments. IBRACON Structures and Materials Journal, 17(5), article number
e17505. doi: 10.1590/S1983-41952024000500005.

Architectural Studies, 12(1) 39 »


https://doi.org/10.1093/jom/ufaf007
https://doi.org/10.32347/2522-4182.8.2021.44-57
https://doi.org/10.1002/suco.201900231
https://doi.org/10.1016/j.jcsr.2019.105908
https://nupp.edu.ua/uploads/files/0/events/conf/2022/mtk-cscs/zbirnik_tez_konf_XIV_CSCS-2022.pdf
https://nupp.edu.ua/uploads/files/0/events/conf/2022/mtk-cscs/zbirnik_tez_konf_XIV_CSCS-2022.pdf
https://doi.org/10.15802/bttrp2021/233872
https://doi.org/10.1038/s41598-025-08955-7
https://doi.org/10.1016/j.engstruct.2021.113676
https://doi.org/10.1590/S1983-41952024000500005

L ¢ Load-bearing capacity and deformability of steel-concrete floors...

[12] Mohammed, K., Abd Karim, I., & Bulu, K. (2017). Profiled deck composite slab strength verification: A review. Arid
Zone Journal of Engineering, Technology and Environment, 13(6), 655-661.

[13] Oliveira, L.A.M., Borghi, T.M., Rodrigues, Y.O., & de Cresce El Debs, A.L.H. (2021). Assessment of design codes
for the in-service behaviour of steel-concrete composite slabs. IBRACON Structures and Materials Journal, 14(5),
article number e14501. doi: 10.1590/S1983-41952021000500001.

[14] Popov, V., Bryl, N., & Teslia, O. (2011). Modelling of reinforced concrete slabs on profiled sheeting to assess reliability
and efficiency. Modern Technology, Materials and Design in Construction, 11(2), 10-14.

[15] Rahman, M.M., & Ranzi, G. (2022). Shrinkage-induced response of composite steel-concrete slabs: A state-of-the-art
review. Applied Sciences, 12(1), article number 223. doi: 10.3390/app12010223.

[16] Ravichandran, P., & Harini, S. (2024). Review on behaviour of steel concrete composite slabs by varying different
parameters. In Proceedings of the international conference on advancements in materials, design and manufacturing
for sustainable development. Coimbatore: EAI doi: 10.4108/eai.23-2-2024.2346949.

[17] Saccone, M., Stochino, F., Zucca, M., & Simoncelli, M. (2025). Longitudinal shear behaviour in recycled aggregate
concrete composite slabs: A state-of-the-art review. Journal of Building Engineering, 113, article number 114002.
doi: 10.1016/j.jobe.2025.114002.

[18] Savytskyi, M., Nikiforova, T., & Frolov, M. (2021). Stress-deformed state of steel-reinforced concrete structures
of floors at the stage of establishment of structures. Ukrainian Journal of Civil Engineering and Architecture,3, 101-109.
doi: 10.30838/].BPSACEA.2312.010721.101.772.

[19] SCN No. V.1.2-2:2006. (2006). Loads and impacts. design standards. Retrieved from https://e-construction.gov.ua
laws_detail/3199621970136139233.

[20] SCN No. V.1.2-6:2021. (2022). Basic requirements for buildings and structures. Mechanical resistance and stability.
Retrieved from https://e-construction.gov.ua/laws_detail/3074797473579927547?doc_type=2.

[21] SCN No. V.2.6-160:2010. (2010). Steel-reinforced concrete structures. Basic provisions. Retrieved from https://e-
construction.gov.ua/laws_detail/3200413563881522897?doc.

[22] SCN No. V.2.6-198:2014. (2022). Steel structures. Design standards. With change N° 1. Retrieved from https://online.
budstandart.com/ua/catalog/doc-page.html?id_doc=58106.

[23] SCN No. V.2.6-98:2009. (2009). Concrete and reinforced concrete structures. Basic provisions. Retrieved from https://e-
construction.gov.ua/laws_detail/3200410998024438840.

[24] Sirimontree, S., Thongchom, C., Keawsawasvong, S., Nuaklong, P., Jongvivatsakul, P., Dokduea, W., Bui, L.V.H., &
Farsangi, E.N. (2021). Experimental study on the behavior of steel-concrete composite decks with different shear
span-to-depth ratios. Buildings, 11(12), article number 624. doi: 10.3390/buildings11120624.

[25] Sirobaba, V. (2018). Load-bearing capacity and deformability of reinforced concrete structures made of lightweight
concrete. (Abstact, National University “Yuri Kondratyuk Poltava Polytechnic”, Poltava, Ukraine).

[26] Siva, A., Senthil, R., & Swaminathan, S. (2016). Assessment of longitudinal shear strength of composite deck slab.
International Journal of Innovation and Scientific Research, 24(2), 277-284.

[27] Song, J., Wang, W., Su, S., Wang, B., Li, Y., & Lu, Z. (2021). Experimental investigation of the bond-slip behaviour
between corrugated steel plates and concrete in CSRC structures. Construction and Building Materials, 299, article
number 124315. doi: 10.1016/j.conbuildmat.2021.124315.

[28] Storozhenko, L., & Gasii, G. (2020). Experience and current issues of designing of steel and concrete composite
structures of roof and floor systems. Academic Journal. Industrial Machine Building, Civil Engineering, 2(55), 15-25.
doi: 10.26906/znp.2020.55.2337.

[29] Wang, Q., Yang, J., Zhang, Y., Fang, Y., & Ren, Q. (2022). Analysis and design of long-term responses of simply-
supported steel-concrete composite slabs. Journal of Building Engineering, 53, article number 104496. doi: 10.1016/j.

jobe.2022.104496.

[30] Wang, Y., Wang, Q., Geng, Y., & Ranzi, G. (2016). Long-term behaviour of simply supported composite slabs
with recycled coarse aggregate. Magazine of Concrete Research, 68(24), 1278-1293. doi: 10.1680/jmacr.16.00090.

[31] Wei, Y., Huang,]., & Liang, S. (2020). Measurement and modeling concrete creep considering relative humidity effect.
Mechanics of Time-Dependent Materials, 24, 161-177. doi: 10.1007/s11043-019-09414-3.

[32] Zhang, H., Zhang, H.-Y., Geng, Y., Fang, P-Q., & Wang, Y.-Y. (2022). Design formulae for long-term responses
of continuous steel-recycled aggregate concrete composite slabs. Structures, 45, 1477-1490. doi: 10.1016/j.
istruc.2022.09.092.

[33] Zhu, G., Wang, X., Wang, W., Wang, J., & Yang, Y. (2025). Research on the flexural behavior of profiled steel sheet-
hollow concrete composite floor slab. Buildings, 15(12), article number 2140. doi: 10.3390/buildings15122140.

&€ 40 Architectural Studies, 12(1)


https://www.azojete.com.ng/index.php/azojete/article/view/427
https://doi.org/10.1590/S1983-41952021000500001
https://stmkvb.vntu.edu.ua/index.php/stmkvb/article/view/167
https://stmkvb.vntu.edu.ua/index.php/stmkvb/article/view/167
https://doi.org/10.3390/app12010223
https://doi.org/10.4108/eai.23-2-2024.2346949
https://doi.org/10.1016/j.jobe.2025.114002
https://doi.org/10.30838/J.BPSACEA.2312.010721.101.772
https://e-construction.gov.ua/laws_detail/3199621970136139233
https://e-construction.gov.ua/laws_detail/3199621970136139233
https://e-construction.gov.ua/laws_detail/3074797473579927547?doc_type=2&utm_source=chatgpt.com
https://e-construction.gov.ua/laws_detail/3200413563881522897?doc
https://e-construction.gov.ua/laws_detail/3200413563881522897?doc
https://online.budstandart.com/ua/catalog/doc-page.html?id_doc=58106
https://online.budstandart.com/ua/catalog/doc-page.html?id_doc=58106
https://e-construction.gov.ua/laws_detail/3200410998024438840?utm_source=chatgpt.com
https://e-construction.gov.ua/laws_detail/3200410998024438840?utm_source=chatgpt.com
https://doi.org/10.3390/buildings11120624
https://nupp.edu.ua/uploads/files/0/main/page/specializovani-vcheni-radi/4405202/autoreferats/2018/Sirobaba-VO.pdf
https://nupp.edu.ua/uploads/files/0/main/page/specializovani-vcheni-radi/4405202/autoreferats/2018/Sirobaba-VO.pdf
https://ijisr.issr-journals.org/abstract.php?article=IJISR-16-059-16
https://doi.org/10.1016/j.conbuildmat.2021.124315
https://doi.org/10.26906/znp.2020.55.2337
https://doi.org/10.1016/j.jobe.2022.104496
https://doi.org/10.1016/j.jobe.2022.104496
https://doi.org/10.1680/jmacr.16.00090
https://doi.org/10.1007/s11043-019-09414-3
https://doi.org/10.1016/j.istruc.2022.09.092
https://doi.org/10.1016/j.istruc.2022.09.092
https://doi.org/10.3390/buildings15122140

Petriv >»

Bacwuis IletpiB

AcmipaHT
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79010, Bys1. ITekapcbka, 50, M. JIbBiB, YkpaiHa

https://orcid.org/0009-0009-3297-1171

Hecyua 3paTHicTb Ta edPopMaTUBHICTb CTaNne6eTOHHUX NEePEeKPUTTIB
no npo¢inboBaHOMY CTafiIeBOMY HaCcTUNY

AHoTauia. Merolo cTarti 6yJ0 HOPMATMBHO-aHATITMUHE OGIPYHTYBaHHSI BIUIMBY CTYIIE€HS 3CYBHOI B3aeMoOpil
Ha BUKOHAHHS BMMOT IepINOi Ta APyroi rpyn rpaHUYHMX CTAHIB KOMITO3UTHMX IE€PEKPUTTIB i3 MpodisboBaHUM
HACTUIOM. MeTOm0/IOoTis HOCTimKeHHS IPYHTYBaIacs Ha HOPMaTUBHO-aHTITUUHOMY ITiIXO/i 3 BUKOPUCTAaHHSIM UYMHHO1
HallioHaJbHOI HOpMaTMBHOI 6a3yu VYKpaiHM Ta HOPMATMBHO BU3HAUEHMX PO3PAXyHKOBUX MOZeJNei CTamebeTOHHUX
MEepeKpPUTTIB SIK KOMIIO3UTHMUX 3TMHAJIbHUX €JIeMEeHTIB, IJI SIKMX y Mekax HOPMaTMBHOI pO3PaxyHKOBOI Mofei
rpuiiMasacs MoBHa abo YacTKOBa CyMiCHiCTh AedopMalliii ctaseBoi Ta 6eTOHHOI CKJIaloBUX. Pe3yabTaTyt JOCTiIsKeHHS
ToKasanu, 1o Hecyya 34aTHICTh i 1eopMaTUBHICTh TIEPeKPUTTIB GOPMYyBaTMCS SIK B3a€EMOIIOB’SI3aHi XapaKTepUCTUKA
B MeXax €IMHOTO >KOPCTKiCHO-CUJIOBOTO MeXaHi3My po60TM KOMIIO3UTHOTO Iepepisy. By/io BCTaHOBI/IEHO, IO CTYIIiHb
3CYBHOI B3a€MOZii MiX CTajeBMM HACTWJIOM i GeTOHHOI0 IUIMTOI0 € iHTEerpyoyuMM IapameTpoM, SIKMii OZHOYACHO
BM3HAuUaB peasli30BaHMii PO3PAXYHKOBMIL OMip 3rMHY Ta edeKTUBHY KOPCTKICTh ePeKPUTTS. 32 YMOB MOBHOI 3CYBHOI
B3aeMoOfii 3abe3mevyBasacs MaKCHMMasabHA peasisallisi MpUBEIeHUX TeOMEeTPUUYHMX i SKOPCTKICHMX XapaKTepUCTUK
nepepizy Ta BUKOHAHHS BMMOT 000X I'PYN rPAHMYHUX CTAHiB. 32 YaCTKOBOi KOMIIO3MUTHOI poboTu 6yno 3adikcoBaHO
y3rofpKeHe 3HMKEeHHST pO3paxyHKOBOIO OTIOPY Ta 3pOCTAaHHSI MPOTUHIB, TpUUYoMy fedOpMaTHUBHI TTOKA3HMKM BUSIBIISIU
BUIIY UYYTIMBICTb 10 3MeHIIeHHS e(eKTMBHOI >KOPCTKOCTi, Hik MOKa3HMKM Hecyuyoi 3pmaTHOcCTi. [lokasaHo, IO 3a
OIHAKOBMX eKCIUTyaTallilfHMX HaBaHTa’keHb IMPOTMHU MOTIIM AOCITaT IPAHUYHO NOIMYCTMMMUX 3HAUeHb paHilile, HiX
peanizoByBa/MCs TPAaHMYHI HANPYsKeHHs, 10 BM3HAUYANO eKCIUTyaTallifiHy MPUOATHICTh SIK OOMEXYBAJIbHMI UMHHUK
MPOEKTHUX pillleHb. [IpakTMyHa 3HAUYMMICTb OTPUMMAHMUX pe3yAbTaTiB TMOJSITajia B MOXKIMBOCTI iX BUKOPUCTAHHS
MMPOEKTHUMM Ta €KCIIEPTHMMM OpraHi3allisiMy y IPaKTUIli HOPMaTUBHOIO OI[iHIOBAHHS i ITPOEKTYBAHHS CTaIe0eTOHHUX
TepeKpPUTTIB i3 MpodinbOBaHNM HACTUIOM
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Architecture of a sustainable future:
Smart building as a synthesis of technology and nature

Abstract. The purpose of this study was to provide a comprehensive analysis of smart building technologies and their
integration into sustainable, energy-efficient, and intelligent urban environments. Smart buildings were considered as
systems that combined automated solutions for heating, ventilation, air conditioning, lighting, shading, security, and
engineering infrastructure management, coordinated through building management systems and implemented using
Internet of Things technologies, sensors, and actuators. Such systems collected real-time data to enable predictive
analytics, adaptive control, and energy optimisation. It was analysed machine learning methods, including supervised
learning, unsupervised learning, reinforcement learning, fuzzy logic, and stochastic optimisation, for energy consumption
forecasting, renewable energy management, intelligent control, and fault diagnostics. Occupant-centric control systems
were investigated, as it accounted for human presence, preferences, and comfort, enabling dynamic adjustment of
building operation modes and energy use. The integration of smart buildings with smart grids based on advanced building
energy management systems was analysed, allowing participation in demand response programmes, voltage regulation,
and distributed renewable energy management. The study also examined smart building-integrated photovoltaic and
data-driven approaches for real-time forecasting of energy generation and consumption. Digital technologies, including
building information modelling, digital twins, robotics, drones, edge computing, and cloud platforms, enhanced the
efficiency of design, construction, monitoring, operation, and maintenance processes. Despite the evident advantages,
challenges remained, including high implementation costs, cybersecurity risks, system interoperability issues, and
the need for advanced data management infrastructure. The practical value of this study lies in applying the results in
various stages of architectural practice, including the design of new buildings, the renovation and retrofitting of existing
structures, and the ongoing management and optimisation of building operations

Keywords: machine learning; digital twins; occupant-centric control; energy management; smart grid; data-driven
optimisation; sustainability

INTRODUCTION

Smart buildings were central to sustainable and energy-ef-
ficient urban development. This study highlighted technol-
ogies that enhanced energy efficiency, occupant comfort,
and environmental sustainability. It analysed interna-
tional research and projects demonstrating how sensors,
automated systems, and digital tools improved building

Suggested Citation:

performance, maintenance, and management. M. Casi-
ni (2022) reviewed virtual reality, augmented reality, and
mixed reality for smart building operation and mainte-
nance. Extended reality, integrated with digital twins,
the Internet of Things (IoT), and artificial intelligence
(AI), enhanced visualisation, energy control, predictive
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maintenance, and decision-making. While promising,
practical guidance on device integration in the architec-
ture, engineering, construction, and operation sector re-
mained limited. S.F.A. Shah et al. (2022) emphasised that
machine learning and IoT enabled real-time monitoring,
automation, and data-driven energy optimisation. Integra-
tion of Al and IoT improved occupant comfort, safety, and
operational management, although security challenges
must be addressed.

H. Teixeira et al. (2025) reviewed solar-control smart
glazing technologies, including electrochromic, thermo-
chromic, photochromic, gasochromic, suspended particle,
and liquid crystal glazing. Electrochromic and thermo-
chromic glazing were the most studied and effective for
energy savings and thermal and visual comfort. The review
identified gaps in holistic performance assessment across
climates and barriers like cost, installation complexity,
and market adoption. A. Behzadi et al. (2026) investigat-
ed model predictive control (MPC) for optimising thermal
systems. In low-temperature heating and high-tempera-
ture cooling systems integrated with ground-source heat
pumps and borehole thermal energy storage, MPC reduced
operational costs by 13%, increased long-term savings by
20%, and shortened payback periods compared to rule-
based control, while maintaining comfort and lowering
CO, emissions. MPC demonstrated robustness under fore-
cast uncertainty and scalability for next-generation smart
buildings. S.S. Kumaresan & P.R. Jeyaraj (2025) proposed
transferable reward-shaping deep reinforcement learning
for energy scheduling in IoT-connected buildings. Using an
aggregator for real-time appliance data, optimal scheduled
balance energy savings, peak load reduction, and user com-
fort. Simulations and tests achieved up to 19.2% energy
savings, 6.45% peak load reduction, and a satisfaction in-
dex of 0.93, showing adaptive, data-driven energy manage-
ment enhanced grid stability and operational efficiency.

Researcher L. Qiu (2025) developed a reinforcement
learning-based adaptive energy management system for
heating, ventilation, and air conditioning (HVAC) systems,
lighting. Testing in 89 buildings showed 27% energy reduc-
tion, 32% lower peak loads, comfort maintained for 96% of
occupied hours, and 24% lower energy costs. The system
adapted quickly to occupant behaviour and weather con-
ditions, demonstrating effectiveness for sustainable energy
management. S. Padmanaban et al. (2025) described smart
buildings as IoT networks enabling control of lighting, ven-
tilation, air quality monitoring, energy and water tracking,
and consumption pattern analysis. These systems improved
energy efficiency, comfort, security, and productivity, posi-
tioning IoT as a key building management and automation
solution. M. Almadani et al. (2025) presented a conformal-
ised light gradient boosting machine combining quantile
regression with conformal prediction for short-term en-
ergy demand forecasting. Tested on commercial build-
ings from the LEAD-1.0 dataset, the model provided point
and probabilistic forecasts with 90% coverage, adapted to
variable consumption patterns, and reduced forecasting
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errors compared to baseline methods. This approach en-
hanced operational efficiency, anomaly detection, and
decision-making in smart building digital twins, while re-
maining computationally efficient and scalable.

M. Feng & H. Wu (2025) proposed a smart building
BIM (Building Information Modelling) co-design model
integrating IoT and blockchain. Using a hyperledger fabric
federated blockchain with a revolving door compression
algorithm and SDT updates, the method improved data
security, reduced redundancy, and enhanced collaboration
efficiency. Experiments showed faster response and higher
throughput, though practical validation was still needed.
By integrating digital modelling tools with real-time data,
stakeholders were able to simulate demolition scenarios,
optimise resource management, reduce environmental
impact, and minimise technical and financial risks. This
approach enhanced transparency and decision-making re-
liability throughout the project lifecycle. The aim of this
study was to provide a comprehensive analysis of modern
technologies and approaches applied in smart buildings,
focusing on energy efficiency, occupant comfort, digital-
isation of building management, and the integration of
advanced technologies such as IoT, Al, BIM, digital twins,
and predictive analytics.

MATERIALS AND METHODS
The research was conducted using a comprehensive ana-
lytical approach that combined theoretical analysis, com-
parative study of implemented projects, review of inter-
national reports, and systematisation of digital building
management technologies. At the first stage, a review of
scientific publications, international standards, and certi-
fication systems was carried out, including BREEAM (n.d.),
German Sustainable Building Council (n.d.), U.S. Green
Building Council (n.d.), European LEVEL(s), and SRI (Eu-
ropean Commission, 2010). This stage made it possible to
formulate evaluation criteria for energy efficiency, digital
readiness, and environmental sustainability of buildings.
At the second stage, the structure and operating principles
of smart building systems were analysed. This included
sensor networks (temperature, humidity, CO,, occupancy
sensors), actuators, HVAC systems, adaptive lighting, au-
tomated shading, and security systems. Data on occupan-
cy levels, energy consumption, and indoor environmental
parameters were considered key variables for optimisation.
Building Management Systems (BMS) were examined as
centralised platforms that provided monitoring, automa-
tion, and predictive maintenance. Data processing was
examined from the perspective of applying Big Data ana-
lytics, Machine Learning (ML), and Reinforcement Learn-
ing for energy forecasting, fault detection, and adaptive
control. BIM and digital twins were analysed as integrative
platforms that combined a static building model with dy-
namic sensor data. Deep Learning (DL) methods were con-
sidered for video stream analysis and occupant counting in
order to adjust system performance in real time. Particular
attention was paid to Demand-Side Management (DSM)
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and predictive control strategies for load balancing and
peak energy reduction. The research also considered
the integration of renewable energy systems (photovol-
taic modules and green roofs) and smart materials to
improve overall building performance. For example, the
study analysed data from the Beijing National Aquatics
Centre (the “Water Cube”, Beijing). In addition, a report
by the ACEEE (American Council for an Energy-Efficient
Economy) was examined (King & Perry, 2017). Thus, the
research methodology was based on the integration of
theoretical analysis, international experience review, and
systematisation of technological solutions, allowing for
a comprehensive assessment of the potential of smart
building technologies in shaping energy-efficient and
sustainable urban environments.

RESULTS AND DISCUSSION

The concept of a smart building had become central to the
creation of sustainable, energy-efficient, and intelligent
architectural environments. Unlike traditional buildings,
smart buildings integrated automated systems that regu-
lated heating, ventilation, air conditioning, lighting, and
shading based on real-time data from sensors. This ensured
optimal indoor conditions, reduced energy consumption,
and improved comfort. Their operation was coordinated
through BMS, which allowed centralised control, moni-
toring, and analysis of all building subsystems, improving
efficiency and enabling predictive maintenance. The de-
velopment of smart buildings had been driven by rapid ad-
vances in IoT technologies, which allowed the continuous
collection of data on building performance, occupancy, and
environmental conditions. Cloud computing and machine
learning algorithms enabled the processing of large data
sets, supporting informed decision-making and real-time
system optimisation. The introduction of edge computing
further enhanced responsiveness by allowing local pro-
cessing of sensor data with reduced delays.

A smart building aimed to anticipate user needs and
operate autonomously, adjusting temperature, lighting,
shading, energy and water use without human intervention.
In this context, smart buildings contributed to improving
quality of life and reducing environmental impact, while
increasing cost efficiency. Smart buildings were evaluat-
ed according to a number of frameworks that emphasised
energy efficiency, automation, sustainability, and intel-
ligent system integration. International systems such as
BREEAM (n.d.), German Sustainable Building Council (n.d.),
and the U.S. Green Building Council (n.d.), European
LEVEL(s) framework (a European framework for assess-
ing the sustainability of buildings) provided guidelines for
designing and assessing sustainable and environmentally
responsible buildings. Regarding technological readiness,
initiatives such as the European SRI assessed a building’s
digital capability, sustainability, and operational relia-
bility, providing a standardised framework for evaluating
smart building performance (European Commission, 2010).
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Data analytics was crucial in smart building evalua-
tion. By analysing data from sensors and meters, buildings
can detect anomalies, predict failures, optimise energy use,
and improve operational strategies. Digital twin technolo-
gies - virtual models of physical buildings updated in real
time - were becoming an important tool in advanced smart
building management. However, their implementation
required significant investment in sensors and data infra-
structure, as well as strong cybersecurity measures. Over-
all, smart buildings represented a shift towards adaptive,
data-driven, and environmentally responsible architecture.
While many evaluation frameworks exist, a key challenge
remained the integration of environmental, technological,
and operational indicators into a unified assessment sys-
tem. Understanding what made an intelligent building fun-
damentally different from a conventional one was crucial,
as this influenced architectural and engineering decisions.
In many commercial interpretations, a smart building was
reduced to remotely operated systems controlled by users,
offering automation but no independent decision-making
or adaptation. A more advanced perspective defines such
a building as a system capable of monitoring indoor and
outdoor conditions, identifying user behaviour patterns,
learning from accumulated data, and initiating responses
without direct human input. In this case, the building acted
as an autonomous participant in the interaction with its
occupants, optimising its functioning based on real needs.

Research and experimental projects developed by
leading universities — such as the Smart Living Lab at EPFL
and the University of Fribourg, the SM4All smart home
interoperability project involving Sapienza University of
Rome, and university-based smart building testbeds for
real-time IoT data collection and control — demonstrat-
ed that truly intelligent environments provided a broad
spectrum of advantages, including improved user comfort,
reduced resource consumption, time savings, higher safe-
ty standards, integration of expert knowledge, support of
healthy indoor conditions, and assistance for elderly or
disabled residents through automated monitoring and
alerts. These capabilities rely on three elements working
together: hardware that gathered information about the
environment and building operation; software that ana-
lysed data, identified patterns, and made decisions; and
communication networks that connected all components
into a unified system (European Commission, 2010; Smart
Living Lab, n.d.). To determine how advanced a building
was, several evaluation models calculated the share of
parameters and processes that the system can monitor
and regulate independently. This allowed specialists to
distinguish between simple automation, where the user
remained the primary decision-maker, and full intelli-
gence, where the building detected changes and respond-
ed proactively. A higher score indicated greater autonomy,
adaptability, and technological sophistication (Apanav-
iciene et al., 2020). Progress in smart building technolo-
gies had enabled the creation of integrated systems that



combined information technologies with building auto-
mation to improve energy performance and reduced op-
erational costs. Modern solutions relied on a network of
sensors, actuators, communication hardware, manage-
ment software, and intelligent control devices that operat-
ed together within a unified digital environment. Control

Sensors
and Actuators

)
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units and sensing devices were distributed throughout the
building and connected to a central platform capable of
exchanging data in real time. Each subsystem had its own
communication channels, but all operated on a shared
network infrastructure, which functioned as the techno-
logical backbone of the building (Fig. 1).

Networking
and Communication

D G Smart
Building
[;i b Software
Platform
Smart
Control
Devices

HVAC System

Figure 1. Integrated smart building framework

Source: based on B. Qolomany et al. (2019)

Among all technical installations, HVAC systems re-
mained the most complex, as it ensured thermal comfort,
air circulation, and indoor air quality, while also account-
ing for a major share of total energy use. Their correct
operation directly influenced environmental performance
and user safety. Smart buildings continuously supervised
these systems and adjusted their operation automatical-
ly. The main goal was to manage lighting, security, ven-
tilation, climate control, and other services from a single
digital interface supported by computer-based decision
mechanisms. The Honeywell Total Connect Remote Ser-
vices platform integrated home automation functions
with professional security monitoring. Through a mobile

application or a dedicated control console, residents can
manage lighting, shading devices, cameras, alarms, and
other connected systems, while receiving instant notifi-
cations about events in the home. The solution also of-
ferred remote video access and location tracking for vehi-
cles and assets. The system was compatible with Z-Wave
equipment and must be installed by a certified Honeywell
provider. It does not support Wi-Fi based smart thermo-
stats but can operate with Honeywell cameras, sensors,
and selected external products such as Lutron lighting
controls and Yale electronic locks. A comparative over-
view of smart controllers used in modern buildings was
presented in Table 1.

Table 1. Comparative analysis of smart home devices

Device G AT SOED R Main Advantages Main Limitations
Technology Platforms
Android, iOS, Low-cost ecosystem; scalable via No dimmine support: lacks colour
WeMo Wi-Fi Windows, SmartThings and IFTTT; easy entry into Lo § support,
R lighting; occasional signal latency
Phone smart automation
Wi-Fi. ZieBee i0S, Android, Learns user behavioural patterns; adapts Higher cost than many competitors;
Nest Thermostat T};re agd ’ Windows, heating/cooling schedules automatically; may lack manual fine-tuning
macOS strong energy-saving potential preferred by some users
- . Wi-Fi bridge purchase required
Lockitron Bluetooth i0S, Android K eyless and'prox1m1w—pased gnlockmg, for remote access; limited device
silent operation; user-friendly installation . o
interoperability
. Wi-Fi, ZigBee,  Android, iOS, Multiprotocol support; can integrate Compatibility issues may occur with
SmartThings . - . . ° . . X
Hub Z-Wave, Windows multiple third-party devices; non-native devices; configuration
Bluetooth Phone quiet and reliable operation complexity for some users
Wide integration support; large . .
Philips Hue Wi-Fi i0S, Android community; deep customisation via Higher product cost; some fgatures
R . harder to configure for beginners
scenes, scheduling, and smart automation
BluFit Bottle Bluetooth {08, Android Easy setup; helps users monitor Premium price compared

hydration; attractive design

to conventional solutions
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Device Communication Supported
Technology Platforms
Canary Security Wi-Fi {08, Android

System

Main Advantages

Table 1. Continued

Main Limitations

Simple installation; central smart security Expensive for its feature set; limited
functions in a single unit

mainly to internal monitoring

FireOS,

Amazon Echo Android, iOS

Wi-Fi, Bluetooth

Excellent voice recognition; supports
integrations across major ecosystems;
universal compatibility

Intruder detection limited to indoor
audio triggers; depends on constant
cloud connectivity

Honeywell Smart

Thermostat Wi-Fi, Z-Wave

i0S, Android

Reliable installation; balanced
functionality; integrates well

Higher cost than similar competing
thermostats

with multi-device smart homes

Source: based on B. Qolomany et al. (2019), D.D. Eneyew et al. (2022)

In the process of seeking solutions to complex prob-
lems, building technologists often turn to nature for inspi-
ration. Biomimetics lain at the intersection of biology, bi-
ophysics, and materials science, requiring comprehensive
knowledge in these fields. In the context of smart buildings,
biomimetic principles inspired the design of adaptive and
energy-efficient systems. For example, building facades
can emulate the self-shading patterns of leaves to optimise
natural lighting, while ventilation systems can mimic the
airflow strategies observed in termite mounds to enhance
indoor air circulation. Openness to new ideas and active
interdisciplinary dialogue facilitated the translation of bio-
logical strategies into architectural solutions, enabling the
creation of responsive, sustainable, and resilient building
environments. Although the evolutionary processes in na-
ture span millions of years, their principles can inform rap-
id technological innovation in smart building design. The
differences in time scales, the design constraints and ob-
jectives remained similar: ensuring functionality, optimi-
sation, and efficient scalability (Degha et al., 2019). Modern
evolutionary step in construction, emerging in the late 20™
century (approximately 1980s-1990s) and continuing into
the 21% century, involved the concept of smart materials.
These materials were divided into passive materials, which
sense environmental functioned as sensors, and active ma-
terials, which also acted as actuators in response to such
stimuli. Intelligent materials are capable of autonomously
adapting to changing environmental conditions. Exam-
ples of smart building components included windows and
blinds that regulated light and temperature through tech-
nologies such as shape-memory alloys or suspended parti-
cle devices (Fig. 2).

Figure 2. The concept of smart home and its advantages
Source: based on S. Vattano (2014)
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Roofs can incorporate renewable energy sources, such
as green roofs and photovoltaic modules, producing elec-
tricity for the building. Anti-microbial ceilings feature
coatings that inhibited bacterial growth, preventing odors
and stains (Dong et al., 2019). Using DSM approaches in
home energy management systems (HEMS), electricity
consumption can be effectively regulated. To reduce user
stress, the synchronisation of different household appli-
ances was proposed, enabling a more efficient response to
unexpected events. Users can reorganise their schedules to
pause one appliance and reallocate the freed time slot to
other devices of their choice using dynamic programming.
This allowed for shorter waiting times for higher-priority
devices (El-Afifi et al., 2024). Urban renewal drove eco-
nomic development and job creation but also produced
significant amounts of construction and demolition waste
(CDW), which can negatively affect the environment, public
health, and urban infrastructure. Efficient management of
construction and demolition waste was often hindered by
insufficient data collection, limited recycling practices, and
lack of integrated technologies. It was presented a smart
demolition and waste management framework that com-
bined image-based three-dimensional (3D) reconstruction
and BIM. The approach enabled automated and compre-
hensive data collection, accurate BIM modelling of existing
structures, planning of demolition sequences, assessment
of safety risks, and precise calculation of CDW volumes and
costs. By integrating these technologies, the framework
improved efficiency, reduced environmental impact, and
supported informed decision-making throughout the dem-
olition process (Hu et al., 2022).

The “appropriateness” of smart buildings refered to
their value, aesthetics, adaptability, and ability to deliver
useful benefits. The selection of suitable technologies was
determined by how well it contribute to achieving func-
tional, structural, technological, social, economic, and
environmental objectives. Research by F.M. Abo-Elazm
& S.M. Ali (2017) on the Beijing Water Cube established
criteria for evaluating the appropriateness of smart build-
ings, highlighting the extent to which design depended
on suitable technologies It was examined that the use of
ethylene tetrafluoroethylene membrane facades and in-
telligent engineering systems enabled approximately 30%
energy savings compared to conventional solutions for fa-
cilities of similar scale. Framework assessed environmental



factors (such as natural and artificial lighting and ventila-
tion), economic aspects (like the use of smart materials for
longterm energy savings), functional integration of build-
ing systems, and social benefits including safety and occu-
pant comfort (Fig. 3).

Figure 3. Beijing water cube interior
Source: based on F.M. Abo-Elazm & S.M. Ali (2017)

Local smart architecture used modern technologies
to meet the needs of a specific community in a particular
context, while supporting sustainable development for fu-
ture generations. It relied on local resources and traditions,
aimed to improve climate conditions, preserved cultural
heritage, saved energy, and promoted sustainability (Abo-
Elazm & Ali, 2017). The choice of constructions and the
development of structural systems under the influence of
technological progress shaped the characteristic features of
architecture. Buildings were determined by the properties
of available materials and technologies, while over time the
emergence of new tools and materials contributed to the
evolution of building forms and functions. Even tradition-
al structures reflected the characteristics of their location,
climate, and resources through design and materials. The
period of the 19%-20™ centuries was particularly revolu-
tionary, as reinforced concrete, glass, and steel allowed the
creation of lighter, more transparent constructions. Post-
war advancements in materials science (after World War II,
approximately 1945-1970s) further expanded the possibil-
ities of architectural design, making it more universal and
open to new materials and technologies (Frighi, 2022). For
example, ACEEE (American Council for an Energy-Efficient
Economy) conducted research, which analysed to identify
key indicators of energy efficiency, resource savings, and
the broader benefits of smart building technologies. These
data were important for this study because it provided evi-
dence-based insights into how intelligent efficiency meas-
ures can optimise building performance, reduce operation-
al costs, and improve occupant comfort, which were central
objectives of investigation (King & Perry, 2017).

Experts of the ACEEE report included utility pro-
gramme administrators, smart technology manufactur-
ers, and smart building practitioners. A combination of
available data, facts, statistics, and practical observations
was used to formulate conclusions and recommendations.
The study focused on existing U.S. commercial buildings —
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including offices, retail properties, educational facilities,
laboratories, healthcare institutions, and hospitality es-
tablishments. Residential buildings, new commercial con-
struction, data centres, and warehouses were not includ-
ed in the analysis. While multifamily buildings were not
explicitly addressed, many energy-saving solutions from
smart buildings could apply to their common areas. Com-
mercial buildings were divided into two size categories:
large (over 100,000 square feet, such as high-rise offices)
and small to medium (100,000 square feet or less, such as
a bank branch). Large buildings accounted for only 2% of
the U.S. commercial building stock but occupied about 35%
of the total floor area and were more likely to have smart
building technologies installed. Small and medium build-
ings made up nearly 98% of the stock and typically lack
such technologies, representing significant opportunities
for implementation (Fig. 4).

Large
35%

Small-Medium ‘

a) 6% <«
Large
2%
Small-Medium
b) 98%

Figure 4. Data on commercial buildings in the U.S.
Note: a — number of commercial buildings; b — floor area of
commercial buildings
Source: based on J. King & C. Perry (2017)

This study covered the entire U.S. commercial building
stock, including roughly half of all buildings that were 35
years or older (constructed before 1980) and half of newer
buildings (constructed after 1980). Building age was close-
ly linked to construction types and installed equipment,
which affected the kind of data that can be collected and
the building processes that can be automated. All U.S. re-
gions were included in the analysis. The South contained
the largest share of commercial buildings (around 40% of
the total), while the West and Midwest accounted for ap-
proximately 23% and 22%, respectively, and the Northeast
made up the remaining 15%. These regional differences
were significant, as each region had distinct weather pat-
terns, income levels, building stock characteristics, and
available utility programmes (Fig. 5).
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Commercial Building Location
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Figure 5. U.S. commercial building regional locations
Source: based on J. King & C. Perry (2017), H. Ghayvat et al. (2015)

These regional distributions indicated that the major-
ity of U.S. commercial buildings were concentrated in the
South and West, which correlated with higher potential
energy demand due to climate conditions. So, this sup-
ported the importance of context-specific smart building
strategies, as the adoption of 10T, predictive control, and
energy-efficient systems must consider regional variations
in occupancy, climate, and energy use. Consequently, the
findings highlighted that the benefits of smart building
technologies — such as energy optimisation, occupant com-
fort, and integration of renewable sources — may vary de-
pending on geographic location and building characteris-
tics. The IoT system enabled the interaction of a network of
devices for collecting, exchanging, and transmitting data.
In smart buildings, IoT devices automate control, reduced
energy consumption, and enhanced building management
efficiency. Data transmission security was ensured through
the use of Constrained Application Protocol (CoAP) and
datagram transport layer security protocols, which si-
multaneously protected information and save device en-
ergy. The application of the CoAP non-continuous awake
mode further reduces energy consumption compared to
other schemes. Key advantages included the integration
of different building systems through IoT, protection of
transmitted data with reduced energy consumption, and
scalability with compatibility across various applications
(John et al., 2005). Smart homes for ambient-assisted living
monitor resident behaviour using sensor data. Deviations
from normal patterns, either unexpected or predefined as
anomalies, trigger alerts for occupants. Behavioural mod-
els were generated using time-based deviation analysis, as
reliable forecasting requires multiple events. The wellness
prediction model had two levels: 1) lower level: raw sensor
data from appliances and movement were sent to a local
server via the home gateway, recording, which sensors were
active; 2) upper level: software analysed data to determine
optimal daily activities, using real-time intelligent recog-
nition and classification based on sensor order and timing
(Hurtado et al., 2015).

The IoT enabled a network of physical objects equip-
ped with sensors, processing units, and communication
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capabilities to detect events, exchange data, and interact
with the environment autonomously. IoT systems support-
ed real-time data collection and automated control, replac-
ing traditional monitoring systems across industries. IoT
generated large volumes of data, requiring connectivity,
power, processing, and storage to convert it into useful in-
formation. Ensuring reliable data and network security was
critical, and distributed signal processing can verify data
integrity. Blockchain technology added a decentralised,
transparent, and secure ledger for recording transactions
and interactions. Integrating IoT with blockchain created
a robust, verifiable system for managing data from con-
nected smart devices, enabling autonomous decision-mak-
ing without human intervention (Lokshina et al., 2019).
BIM-IoTDI (Building Information Modelling - Internet of
Things Digital Infrastructure) was a layered architecture
for smart-building digital twins, connecting static BIM
models with dynamic IoT sensor data. Environmental data
were collected by sensors and sent to storage, with static
information represented as a knowledge graph and sensor
data maintained in time-series databases.

The architecture provided service-oriented data access
and integrated queries across static and dynamic sources.
A query mediator, including components for dispatching,
mapping, transforming, and postprocessing data, convert-
ed raw sensor readings into a structured format. This en-
abled real-time analysis, reasoning, and decision-making
for smart-building digital twins (King & Perry, 2017). Big
Building Data offerred various tools for building users,
owners, architects, and engineering consultants. Primar-
ily, these included data monitoring tools, which provided
access to real-time metrics, historical data, and pre-calcu-
lated values. Monitoring was also useful for architects and
engineers, as it allowed them to assess building and occu-
pant behaviour. This enabled post-occupancy evaluation,
energy optimisation, and improvement of user comfort.
Architects can use these insights to create best practice
guides and enhance their experience for future projects.

Building owners were interested in anomaly detection
and predictive maintenance. By analysing historical data,
standard patterns of building and occupant behaviour can



be identified. Deviations from these patterns were auto-
matically detected and can trigger alerts, such as mainte-
nance notifications. The system can also record anomalies,
their causes, and the applied solutions to suggest opti-
mal resolutions if similar issues arise in the future. These
services were currently under development (Kumar et
al.,2021). Energy waste in buildings often results from user
behaviour. Passive approaches, like providing feedback on
appliance usage, raise awareness, while active methods,
such as automatically switching off standby devices, di-
rectly reduced consumption. However, existing methods
often overlook user comfort and fail to handle complex
contexts effectively. A context-aware system that com-
bined passive and active strategies can optimise energy
savings, while maintaining comfort. Real-time monitoring
and context-awareness allowed smart buildings to adapt
energy-saving measures to specific situations, potentially
reducing consumption by up to 40% (Linder et al., 2017).
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Sensors link environmental conditions to building
systems, enabling better management of energy and oc-
cupant well-being. Functional sensing systems linked
environmental variables, such as temperature, to build-
ing control systems like HVAC. Z. Liu et al. (2023) exam-
ined sensor types, their applications, and their impact
on occupant comfort and energy efficiency, and dis-
cussed how sensor data can be analysed to inform build-
ing management. The intelligent system used a deep
learning model pretrained on ImageNet and retrained
on a custom Room Human Counting (RHC) dataset to
count occupants in real time from CCTV (Closed-Cir-
cuit Television) video streams. To handle large data vol-
umes, Big Data technologies and deep learning libraries
compatible with Apache Spark, such as TensorFlow or
Caffe, are used. The predicted human count was then
applied to adjust building appliances through the con-
trol system (Fig. 6).
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Figure 6. The proposed transfer learning scheme in the intelligent human counting system
for smart building management

Source: based on B. Pardamean et al. (2019)

The intelligent system can be further enhanced by
integrating data-driven approaches used in smart build-
ing-integrated photovoltaic (SBIPV) systems. For da-
ta-driven SBIPV, four key characteristics are identified
(Fig. 7). Data sensing involved the collection of both sup-
ply-side information, such as weather conditions and roof
angles, and demand-side information, including daily

energy usage and prices. Collected data were then pro-
cessed and analysed to identify occupant behaviour pat-
terns and production characteristics, taking into account
factors like shading effects and variable energy consump-
tion profiles. The analysed data were subsequently used
for data-driven prediction, which allowed forecasting
of future trends in energy generation and consumption.
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Finally, data-driven optimisation enabled efficient inter-
action between energy supply and demand, supporting
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Figure 7. Structure diagram of data-driven SBIPV systems
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This integration allowed the intelligent system not
only to adjust appliances based on occupant count but
also to optimise energy usage dynamically based on re-
al-time and predictive data (Qolomany et al., 2019). Ma-
chine learning algorithms (supervised, unsupervised,
reinforcement learning, and optimisation) were used for
energy consumption forecasting, renewable energy man-
agement, intelligent control, and fault diagnostics. Spe-
cial attention is given to Occupant-Centric Control (OCC)
systems, which considered human presence, needs, and
comfort to optimise building energy systems. The study
highlighted the importance of digitalisation, automation,
data collection, and analysis to enhance building effi-
ciency and sustainability (Vattano, 2014). Future power
systems required decentralised, customer-centred struc-
tures, where buildings actively supported the smart grid
(SG). Buildings, responsible for a large share of urban
energy use, can provide flexibility through Demand Re-
sponse programmes, if integrated with advanced Building
Energy Management Systems (BEMS). This study pro-
poses a Multi-Agent System-based SG-BEMS framework,
using Particle Swarm Optimisation to maximise both en-
ergy efficiency and occupant comfort. Lower-level agents
process local building data, reducing complexity for high-
er-level agents and enabling dynamic adaptation of build-
ing systems to grid needs, such as voltage control, with-
out compromising comfort. Simulations on a low-voltage
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feeder demonstrated the system’s effectiveness in lever-
aging building flexibility to support the smart grid.

Thus, modern smart construction technologies pro-
vided integrated management of buildings and construc-
tion sites, aimed at enhancing efficiency, safety, and user
comfort. H. Zhuang et al. (2020) noted that the use of sen-
sors, 10T, robotics, drones, BIM, digital twins, and intelli-
gent algorithms enabled the optimisation of workflows,
increased productivity, and the promotion of sustainable
development. ].L. Hernandez et al. (2024) reviewed Europe-
an buildings, noting low energy efficiency and the need for
renovation. The authors discussed smart technologies like
IoT, Artificial Intelligence (AI), Big Data, BIM, and Build-
ing Digital Twins, emphasising user-centred approaches
and Smart Readiness Indicator (SRI). This informed re-
search on energy optimisation, autonomous systems, and
user-focused smart building design. G. Pinto et al. (2022)
analysed transfer learning in smart buildings for energy
optimisation, occupancy detection, building dynamics, and
system control. The study highlighted deep learning, da-
ta-driven models, and integration of IoT, smart meters, and
Al, supporting predictive control and scalable energy man-
agement. M.M.N. Shahrabani & R. Apanaviciene (2025)
proposes ML to evaluate smart building integration in
smart cities. Using data from 147 buildings and six algo-
rithms (e.g., Support Vector Regression, Random Forest),
reseacrhers predicted integration levels and assessed



impacts on sustainability, efficiency, and resilience, guid-
ing technology adoption strategies. S. Adhikari et al. (2025)
reviewed BEMS, outlining components, monitoring, and
control methods. Scientists showed how 10T, Renewable
Energy Sources, and smart technologies enhanced energy
efficiency, occupant comfort, and sustainability. G. Wang et
al. (2024) reviewed smart building envelopes, which au-
tonomously adapted to environmental changes, while pro-
viding insulation, protection, and structural support. The
study covered types, optimisation methods, and technol-
ogies like smart windows, dynamic insulation, and Phase
Change Materials, supporting energy efficiency and indoor
comfort. E. Rescorla & N. Modadugu (2012) reviewed Da-
tagram Transport Layer Security version 1.2, highlighting
its role in providing secure communication over unrelia-
ble datagram-based protocols like UDP, while maintaining
confidentiality, integrity, and authentication. Researchers
emphasised its applicability in real-time communication
systems, sensor networks, and IoT environments, offering
security guarantees similar to TLS without needing a reli-
able transport layer. Z. Shelby et al. (2014) examined the
CoAP, noting its efficiency in enabling machine-to-ma-
chine communication in IoT environments. Scientists
emphasised CoAP’s small message sizes, use of UDP, and
support for asynchronous exchanges and multicast com-
munication, making it ideal for sensor networks, smart
homes, and smart buildings. Thus, the analysis of contem-
porary research demonstrated that smart buildings evolved
from isolated automation solutions toward fully integrat-
ed, adaptive, and data-driven systems. The combination of
IoT infrastructure, digital twins, ML algorithms, and intel-
ligent materials enabled the creation of buildings capable
of autonomous decision-making and continuous perfor-
mance optimisation. The results confirmed that effective
smart building implementation required not only techno-
logical integration but also a comprehensive evaluation
framework that balanced energy efficiency, user comfort,
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intelligent environments enhanced user comfort, re-
duced resource consumption, and improved operational
efficiency. Data from analysed projects showed how the
integration of IoT devices, machine learning algorithms,
and building management systems enabled buildings to
operate autonomously, anticipate occupant needs, and
optimise energy use. Case studies of smart building-in-
tegrated photovoltaic systems highlight how predictive
analytics and context-aware energy management allow
dynamic adaptation to real-time conditions, reducing
energy waste and integrating renewable energy sources
efficiently. The Beijing National Aquatics Centre (“Water
Cube”) demonstrated that the use of ethylene tetrafluo-
roethylene membranes and intelligent engineering
systems enabled energy savings of approximately 30%
compared to traditional constructions of similar scale.
Also, it was analysed that that the adoption of intelli-
gent management systems can reduce building energy
consumption by 10-30%, depending on building type
and level of digital integration. The use of digital twins,
building management systems, robotics, drones, and ad-
vanced sensors in construction and facility management
improved planning, monitoring, maintenance, and oper-
ational optimisation, contributing to safety, productivity,
and environmental sustainability. Overall, smart build-
ings not only improve occupant comfort and resource ef-
ficiency but also support the development of sustainable
and intelligent cities, providing a scalable and replicable
model for modern urban environments. Their adoption,
combined with ongoing technological innovation, was
essential for advancing energy-efficient architecture
and sustainable urban planning. Future research should
prioritise the development of unified evaluation frame-
works that combine environmental, technological, and
operational indicators to enhance adaptability, resil-
ience, and long-term sustainability.
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ApXxiTeKTypa cTanoro MambyTHboOro:
po3yMHa 6yaiBna sK CUHTE3 TeXHoNorii Ta npupoaun

AHoTauiga. MeTo LBOTO JOCTiIKEeHHS OyI0 MPOBECTM BCEOIUHMIT aHAJIi3 TEXHONIOTi pO3yMHMX OyZIiBesb Ta iX
iHTerpatiito B ctane, eHeproedekTUBHe Ta iHTe/leKTyalbHe ypoaHicTMUHe cepenoBuiie. Po3ymHi 6yaiBii po3risgamics ik
CUCTEMMU, 110 ITOE€NHYBAIM aBTOMAaTM30BaHi PillleHHs 151 OTla/IeHHs, BeHTUJISLLi1, KOHAMIIIOHYBaHHS MTOBIiTPSl, OCBIT/I€HHS,
3aTeMHeHHsI, 6e3MeKM Ta YIpaBIiHHS iH)KeHepHOI0 iHPpPacTPyKTypow, KOOPAMHOBAHI uepe3 CUCTEMMU YIIPABIiHHS
6yzisielo i peanizoBaHi 3a ;OMOMOroo TexHosnorii [oT, aTyuKiB Ta akTyaTopiB. Taki cucteMu 36Mpain faHi B pealbHOMY
yaci, 110 a0 3MOTy BUKOPUCTOBYBATU IIPOTHO3HY aHAIITUKY, afallTUBHE YIIPaB/IiHHS Ta eHepreTM4YHy ONTUMi3alilo.
ITpoaHaai30BaHO METOAM MAIIMHHOTO HABUAHHS, 30KpeMa HaBUaHHS 3 yuuTesneMm, 6e3 yuuTesis, miaKpirieHHs, HeUiTKy
JIOTiKy Ta CTOXaCTMYHY ONTMMi3allilo, [Ji1 MPOTHO3YBAaHHS €HeproClOXMBaHHS, YIpPaBJiHHS BiJHOBJIIOBAJIbHUMU
JKepeslaMy eHeprii, iHTeleKTyaJlbHOTO KOHTPOJIIO Ta JiarHOCTMKY HeClpaBHOCTeN. [1oCIiI)KeHO CUCTeMY KOHTPOIIIO,
Opi€HTOBaHi Ha MeILIKaHIIiB, SIKi BpaXOBYBaIM HASIBHICTD JIIOAMHMY, i1 yrogo6aHHs Ta KOMMOPT, LO3BOJISIOUN JUHAMIYHO
KOPUTYBATH PEXMMM POOOTHU OYIiBJli Ta BUKOPUCTAHHS eHeprii. Bysia mpoaHasnizoBaHa iHTerpaiiisi po3yMHUX OyzaiBenb
3 PO3YMHMMM MepeXaMi Ha OCHOBi BIOCKOHAJ€HMX CHUCTEeM YIIPABIiHHS €HepProCHoXUBAHHIM OynaiBenb, IO
IO3BOJISUIM GpaTy ydacTh y IporpaMax pearyBaHHsSI Ha IMOIMT, PerylloBaHHI HAMpyru Ta YIpaBaiHHI PO3MOIiTeHUMU
BiJHOBIIOBAaHMMM [kepenaMu eHeprii. JdociimkeHO iHTerpoBaHi (OTOeNeKTpUYHi cucTeMyu pPO3yMHMX OymiBenb i
MigX0nM, 3aCHOBaHI Ha NaHUX, IJisI TIPOTHO3YBAaHHSI eHeproreHepalii Ta CIOXMBAHHS B peaqbHOMY 4Yaci. Lnudposi
TEXHOJIOTIi, Taki SIK MofentoBaHHs iHbopmalii npo 6yznismaio, uudbposi ABiiHNKM, pOOOTOTEXHIKA, IPOHM, 0OUMCIEHHS
Ha Kpaio Ta XMapHi riatdopmu, miaBuinyBany ehekTUBHICTb MPOIECiB MPOEKTYBAHHS, 6YAiBHUIITBA, MOHITOPUHTY,
ekcrutyaTaliii Ta o6CIyroByBaHHsS. HesBakarouy Ha IepeBaru, 3aJMIIVIIMCS MPOOJEeMM, TOB’SI3aHi 3 BUCOKUMMU
BUTpaTaMy Ha BIIPOBAIKeHHS, PU3NKM Kibepbe3reKu, MATAHHS CYMiCHOCTi CUCTeM Ta HeOOXiZHICTh yoO0CKOHAIeHOi
indpacTpyKkTypu yripaBaiHHs JaHUMU. IIpaKTUYHA LiHHICTb LIbOTO LOCTIKEHHSI [TOJISITAE B 3aCTOCYBaHHI pe3y/bTaTiB Ha
pi3HUX eTamnax apxiTeKTypHOI MPakTUKM, BKIIOYAIOUM ITPOEKTYBAHHS HOBUX OY/IiBeJb, pEKOHCTPYKIIIO Ta MOAEepHi3aIliio
HasIBHMX CIIOPYZ, @ TAKOX TOCTiiHY ONITMMIi3allilo orepalliit Ta ynpaBiiHHS OyzaiBieio

KnioyoBi cnosa: maiiMHHe HaBYaHHS; HUQPPOBI ABIHUKIM; KOHTPOJIb MENIKAHIIiB; YIIPaB/IiHHS eHeprici; po3yMHa
MepeKa; ONTUMIi3allist JaHWX; CTaINl PO3BUTOK
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A systematic shape rules repertoire in architectural design:
A proof-of-concept

Abstract. The aim of this study was to identify, structure, and empirically validate a systematic repertoire of elementary
form-transformation rules that accurately depicted sketch-based architectural design processes and can be directly
implemented in computational environments. To address the lack of a systematically organised, detailed repertoire
of shape transformation operations in architectural design research, 48 shape rules were developed through literature
review and refined through empirical observation of sketching sessions conducted by two experienced architects. The
rules were assigned to two operational categories (Plastic, Structural), one meta-category (Figurative), and 14 rule
classes. Protocol analysis confirmed that the repertoire captured the full range of observed form manipulations across
23 sketches and 267 coded transformations, with high intra-coder reliability (Cohen’s Kappa: 0.85-0.87), confirming the
robustness and clarity of the proposed classification. Structural rules made up 74% of the observed transformations,
highlighting the predominance of configurational exploration in early-stage design, whereas Plastic and Figurative rules
accounted for 15% and 11%, respectively. Statistical analyses, including principal component analysis and hierarchical
cluster analysis, showed a consistent bipartite structure across both designers: structural rules formed a distinct cluster,
while plastic and figurative rules grouped, with PC1 explaining 97-99% of the total variance. The practical significance
of this research lies in providing a transparent and reusable transformation framework that supports the analysis of
architectural sketching behaviour and facilitates the development of rule-based computational design tools

Keywords: architectural sketching; form manipulation; shape grammar; protocol analysis; design cognition

INTRODUCTION
Studies in architectural design confirmed the enduring iterative transformations, through which architects ex-
relevance of rule-based approaches for representing and plored and developed design alternatives. By explicitly
generating architectural form. Among these, shape gram-  encoding form manipulations as rule-based operations,
mars remained a foundational paradigm for modelling the  shape grammars provided a formal bridge between design
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cognition, visual reasoning, and computational imple-
mentation. Parametric and computational implementa-
tions have demonstrated how rule-based systems can sup-
port early design exploration by systematically controlling
transformations such as translation, rotation, scaling, and
subdivision. For instance, A.F.P. Sondakh & A. Indraprast-
ha (2023) proposed a parametric method combining shape
grammar and generative components within a Grasshop-
per environment to guide spatial and functional reason-
ing during early-stage residential design. Similarly, X.-
H. Xie et al. (2025) showed how parametric shape grammar
rules implemented in Grasshopper environments enabled
controlled, rule-driven form variation through explicit
transformation operations.

Shape grammar approaches have also been applied to
the analysis and generation of architectural form within
specific spatial and cultural contexts. S. Celik & Z. Sahin
Cagli (2024) also applied shape grammar as an analytical
and generative tool for facade design, identifying forma-
tion rules for detached houses on Ankara’s Cinar Street
through Boolean operations (join, intersect, differ) and
transformation commands (rotate, mirror, shift, scale).
Research demonstrated how extracted rules can be com-
putationally implemented in CAD systems (AutoCAD,
Showcase) to generate new facade designs for high-rise
residences, while maintaining urban texture continuity.
These bidirectional applications — analysing existing forms
to extract rules, then applying those rules to generate new
designs — exemplified the analytical and synthetic capa-
bilities of shape grammar methodologies. It illustrated
the capacity of grammars to encode complex formal log-
ics, while remaining adaptable to contextual constraints.
F.A.Linas & K. Chithra (2024) documented a wide diversity
of shape grammar applications across architectural design,
computational modelling, and spatial analysis. The authors
also noted substantial variation in how transformation
rules were defined, structured, and operationalised, limit-
ing methodological consistency and comparability across
studies. Parallel research streams have sought to expand
the expressive power of grammar-based systems through
bio-inspired models and hybrid computational pipelines.
M. Kleiss et al. (2025) explored bio-inspired generative
grammars for complex spatial configurations, while A. Plo-
charski et al. (2025) integrated grammar rules with machine
learning techniques for facade generation. Although these
approaches produced sophisticated generative outputs,
it tended to embed transformation logic within complex
computational workflows, making the underlying opera-
tions less explicit and more difficult to interpret or reuse.

S. Yiannoudes (2025) emphasised that, despite rapid
advances in deep learning, rule-based form generation re-
mained critical for maintaining transparency, interpreta-
bility, and designer control. Similarly, T. Ber¢ic¢ (2024) iden-
tified challenges in translating parametric and algorithmic
innovations into standardised, interpretable transforma-
tion frameworks that aligned with architects’ actual de-
sign practices, highlighting the importance of integrating
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shape grammars into parametric design tools to support
systematic form manipulation. So, these works confirmed
that rule-based transformation systems remained central
to architectural design research. Also, it was revealed a per-
sistent shortcoming: transformations were often defined at
high levels of abstraction, tailored to specific domains, or
embedded within opaque computational pipelines. What
remained insufficiently addressed was the articulation of
a fine-grained, systematically organised repertoire of ele-
mentary transformation operations that can accurately de-
scribe how architects manipulate form during design, while
remaining directly implementable in computational sys-
tems. Despite advances in shape grammar methodologies
and hybrid generative approaches (2023-2025), there was a
lack of a systematically organised, fine-grained repertoire
of shape transformation operations capable of accurately
capturing designers’ manipulations in a way that support-
ed direct computational implementation. Broad categories
such as “outline transformation” or “form modification”
were insufficient for algorithmic mapping, whereas explicit
operations — like rotation, translation, subdivision, bend-
ing, insertion, and replacement — can be directly translated
into computational procedures.

MATERIALS AND METHODS
Methodology of this study involved a focused sample of
two experienced architects, deliberately selected to test
whether the repertoire can successfully capture the full
range of transformations observed in residential design
activities. The transformation repertoire was developed
through a two-stage process combining theoretical syn-
thesis and empirical observation. Stage 1- literature
synthesis: a systematic review of the literature on shape
grammars, sketching, and design transformation was con-
ducted to ensure alignment with modern research trends,
including bio-inspired generative grammars, paramet-
ric extensions, and hybrid computational approaches,
while seminal works were referenced for historical con-
text. Transformation operations were extracted at a fine-
grained, operational level, including rotation, translation,
scaling, subdivision, aggregation, and deletion. Similar
operations described with varying terminology were con-
solidated, while operations rarely observed in sketches
were excluded. Stage 2 — empirical refinement: the pre-
liminary rule set was iteratively refined through obser-
vation of two architects performing residential design
tasks. Transformations not adequately captured by lit-
erature-derived rules led to additional categories, while
redundant or indistinguishable rules were merged or
removed. The final repertoire comprised 48 clearly de-
fined shape rules, organised into 14 operational classes
and grouped under three higher-level categories: plastic
transformations: modify external appearance or outline
(size, form, or texture); structural transformations: alter
spatial or topological relationships; figurative transfor-
mations: affect representational visualisation without
changing design outcomes.



This hierarchical structure enabled identification of
recurring patterns, while preserving operational detail for
computational implementation. By grounding the reper-
toire simultaneously in established theory and observed
design behaviour, this approach balanced formal rigor with
empirical validity. The resulting transformation system
was sufficiently detailed to capture nuanced sketch-based
manipulations, yet structured enough to support computa-
tional implementation and comparative analysis across de-
signers and design tasks. Having developed the repertoire
through literature synthesis, its content and structure were
validated through empirical observation of design activi-
ties using protocol analysis. Protocol analysis enabled sys-
tematic capture of design behaviours through recordings
of verbalisations and sketching activities. The think-aloud
technique, in which participants vocalised their thoughts,
while designing, was adopted. The analysis comprised three
steps: data collection, protocol description (segmentation
and coding), and data processing (Bouhelis & Arrouf, 2024).
Three architects initially participated in the study, with
two selected for analysis based on protocol completeness
and verbalisation clarity. Both participants (Architect 1 and
Architect 2) had over 20 years of professional experience
in residential design and had completed multiple residen-
tial projects. This focused sample size aligned with proof-
of-concept studies in design research and with the study’s
objective of testing the repertoire’s descriptive adequacy
rather than achieving statistical generalisation.
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The experiment comprised two phases totalling 55
minutes. Participants designed a house for a plot within a
residential subdivision, producing freehand sketches, while
thinking aloud. Two video cameras captured the activity:
one recording the designer’s gestures and facial expres-
sions, the other documenting sketch production and de-
tailed manipulations. Video recordings allowed for detailed
analysis of both verbal protocols and graphical transfor-
mations performed during the design process (Bouhelis
& Arrouf, 2024). Following data collection, protocols were
segmented into analysis units. Each sketch was treated as
a distinct segment, as graphical outputs directly revealed
shape rule applications. Video recordings and verbalisations
aided rule identification. Sketches were sequenced chrono-
logically and organised into transformation tables for pair-
wise comparison between successive sketches. Each sketch
was compared with its predecessor to identify form trans-
formations, which were then coded using the shape rules
repertoire. The protocols were coded following a test-retest
coding procedure with adjudication: the same coder per-
formed initial coding, then recoded all protocols after com-
pletion, and finally compared the two versions to establish
the final codification through adjudication of discrepancies.
Intra-coder reliability was assessed using two measures:
percentage agreement between coding rounds (Architect 1:
95%; Architect 2: 93%), and Cohen’s Kappa coefficient cal-
culated on the independent coding rounds before adjudi-
cation (Architect 1: k=0.87; Architect 2: k=0.85) (Table 1).

Table 1. Intra-coder reliability measures

Measure Architect 1 Architect 2 Interpretation
Percentage agreement 95% 93% Excellent (>90%)
Cohen’s Kappa 0.87 0.85 Almost perfect

Source: based on J.R. Landis & G.G. Koch (1977)

To validate the structural coherence of the reper-
toire, both Principal Component Analysis (PCA) and
hierarchical cluster analysis using Ward’s method with
Euclidean distance were performed on the coded pro-
tocols. These statistical methods tested whether the
proposed three-category classification system (Plastic,
Structural, and Figurative rules) corresponded to em-
pirically observable patterns in how architects deployed
shape transformations. The study received ethical ap-
proval from the laboratory’s Scientific Council LEM-
PAU-2023-HRP-037 (Bouhelis & Arrouf, 2023). Also, the
study was conducted in accordance with the norms of
The Declaration of Helsinki (2013). All participants pro-
vided written consent and were informed of their right
to withdraw at any time.

RESULTS AND DISCUSSION
Analysis of the empirical data confirmed that architects’
shape transformations can be systematically captured
using the proposed repertoire of 48 rules, organised
into a hierarchical system comprising two operation-
al categories (Plastic and Structural), a meta-category

(Figurative), and fourteen classes of operative rules. The
theoretical grounding and empirical validation of each
category have been presented, followed by an examina-
tion of the statistical patterns that emerged from their
deployment across designers and design tasks. Plastic
shape rules related to the first strategy identified by
F.D.K. Ching (2007) as a “slug”. This strategy was de-
fined as transformation by “metamorphosis” or “plastic
transformation” (Wetzel et al., 2006). The term “plas-
tic” pertained to the external appearance and outline
of an element or a form, to the set of lines, shapes, or
colours. Plastic shape rules were most commonly uti-
lised to refine and enhance architectural forms (Prats et
al., 2009). For instance, bending a volume’s outline or
changing its proportions were plastic transformations
that modified appearance, while maintaining overall
organisation. This category of shape rules was decom-
posed into four different classes. These classes describe
shape transformations that affected the visual properties
of a form or an element as: conformation, size, colour,
and texture. The second strategy, corresponded to what
F.D.K. Ching (2007) metaphorically likened to a “lobster”
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(Fig. 1). It was the process of producing forms through
adjustment and combination. The term “structure” re-
ferred to the “internal constitution” and the “internal
relations” within the architectural form, as well as the

\//- — <

relationships among shapes and elements — specifically
geometrical and topological relations (Borie et al., 2006).
These transformations were termed “structural transfor-
mations” or “transformations by composition”.
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Figure 1. Examples of plastic form in architecture

Note: a - architectural form “lobster”
Source: based on F.D.K. Ching (2007)

Structural transformations were primarily used to
explore different spatial relationships between elements
and to investigate the variety of solutions concerning
the organisation, the layout, and the composition of a
design. Structural shape rules were more likely to re-
sult in significant changes in shape compared to plastic
transformations (Prats et al., 2009). For example, adding
a new volume to an existing configuration, or rotating
an element, changes the overall design organisation and
spatial relationships. A. Borie et al. (2006) noted that it
included three classes of shape rules, namely: topolog-
ical relations (position), geometrical relations (orienta-
tion), and constitution. The category of figurative shape
rules occupied a distinct theoretical position within the
repertoire, functioning as a meta-category rather than as
a third equivalent category alongside plastic and struc-
tural rules. This distinction stemmed from a fundamen-
tal ontological difference: while plastic and structural
rules directly transformed the architectural form itself,
figurative rules operated at a representational level,
transforming how the form was visualised, explored, and
evaluated without modifying the design solution itself.
This meta-categorical status was justified by several ob-
servations: first, figurative rules exhibited an asymmet-
ric relationship with transformational rules. Plastic and
structural transformations can be visualised through
various representational modes (e.g., a structural change
can be examined through plans, sections, or 3D views),
but changes in representation do not produce formal
transformations. Rather, it facilitated the application of
transformational rules by enabling designers to select
the most appropriate view for exploring or evaluating
specific aspects of their design. Second, figurative rules
served a mediating function between the designer and
the design artifact. They do not generate new design al-
ternatives but rather provide different perspectives on
existing solutions, supporting the cognitive processes of
form exploration and evaluation.
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For instance, switching from a plan view to a section
(a figurative transformation) does not alter the build-
ing but revealed spatial relationships that may inform
subsequent structural or plastic transformations. Figu-
rative rules were primarily utilised to enable designers
exploring and visualising the shape transformations
they perform. Their role was thus to test and detail vis-
ually-figured solutions generated by architects. This
meta-category concerned transformations of the type of
representation, the change of the rule’s space or object,
the change of the rule’s space or floor (de Biasi, 2000),
the point of view (Prats et al., 2009), the direction of
view, the size of the sketch, and finally its level of com-
plexity (Rodgers et al., 2000). This meta-categorical
conceptualisation had methodological implications
for protocol analysis. The frequency and sequencing of
figurative rules can reveal designers’ exploration strat-
egies: a high rate of view changes may indicate com-
plex spatial reasoning, while the temporal relationship
between figurative and transformational rules can illu-
minate how designers prepared, executed, and verified
their form manipulations. This hierarchical structure -
with figurative rules at a meta-level supporting plastic
and structural transformations at the operational level -
provided a more nuanced understanding of the sketch-
ing process and offered a conceptual framework for both
design process analysis and computer-aided-design
tools development. Figure 2 summarised the final struc-
ture of the repertoire. The repertoire encompassed both
elementary and composite transformations identified
in residential architectural sketching tasks. Table 2 pre-
sented the distribution of these transformations across
operational classes and higher-level manipulation cat-
egories, as observed throughout the experimental work.
Notably, Plastic and Figurative transformations pre-
vailed during later compositional stages, while Struc-
tural transformations emerged predominantly in early
exploratory design phases.
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Repertoire of shape rules
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Figure 2. Global structure of the shape rules’ repertoire
Source: developed by the authors

Table 2. The final constitution of the repertoire of shape rules
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Sequential analysis of sketches revealed consistent pat-
terns in rule deployment. Across both participants, Struc-
tural rules accounted for 74% of observed transformations,
Plastic rules 15%, and Figurative rules 11%, reflecting the
dominance of structural reorganisation in initial residential
designs. Plastic transformations were frequently combined
with Structural rules, producing compound manipulations
without altering the hierarchy of operations. Figurative

Sketch 3

transformations were primarily applied for clarifying design
intent or adjusting visual readability. Figure 3 illustrated
selected transformations from Architect 1, showing exam-
ples of Plastic (scaling), Structural (translation and aggre-
gation), and Figurative (sketch overlay and annotation)
rules applied to successive sketches. This figure demon-
strated how the repertoire provided a consistent, opera-
tional framework for mapping observed design behaviours.

Figure 3. Example of coding process: transformations from Sketch 3 to Sketch 4 required 36 shape rules (Architect 1)

Source: developed by the authors

To validate the content of the repertoire, the iden-
tified shape rules were applied to the sketches pro-
duced by the two subjects. Two parameters were then
observed: their “completeness”, and their “relevance”.
“Completeness” meant the rules captured all the trans-
formations performed by the architects, while “relevance”

meant it was all involved. Following the coding proce-
dure, sketches were analysed using the shape rules rep-
ertoire. The coding of the segments was recorded for
each subject in an “objects/attribute” table. Table 3 rep-
resented the objects, and the categories of shape rules
serve as attributes.

Table 3. An excerpt of the quantification table of the protocols of Architect 2

Categories of shape rules

e Plastic (PL) Structural (ST) Figurative (FIG)
Sketch 2 0 5 0
Sketch 3 1 5 1
Sketch 4 0 1 1

Source: developed by the authors

Across both subjects, a total of 23 sketches were pro-
duced, yielding 267 coded shape transformations (Ta-
ble 4). Two temporal references guided the coding: the
immediately preceding sketch (chronological reference)
and the sketch containing the element before modification
(referential sketch). For example, if an element was added
in Sketch 5, modified in Sketch 7, and deleted in Sketch
10, the referential sketch for the deletion in Sketch 10
was Sketch 5 (where the element was created), not Sketch
7 or Sketch 9. This approach ensured accurate track-
ing of element lifecycles throughout the design process.

Structural rules were most frequent (74%, n = 198), fol-
lowed by plastic rules (15%, n=40) and figurative rules
(11%, n=29). This distribution reflected the exploratory
nature of early-stage design, where organisational deci-
sions (Structural) dominated over refinement (Plastic) and
representational adjustments (Figurative). The similarity
in rule distribution between subjects (Architect 1: 73% ST,
15% PL, 12% FIG; Architect 2: 79% ST, 17% PL, 4% FIG),
suggested consistency in how architects deploy shape
rules during early-stage design, though the small sample
size (n=2) limited generalisability.

Table 4. Descriptive statistics of the outputs of the coding process of the two Architect’s

Descriptive statistics Architect 1 Architect 2 Total
Total number of sketches 19 4 23
Total number of shape rules 219 48 267
Plastic shape rules (PL) n=32 n=8 n=40
Count percentage 15% 17% 15%
Structural shape rules (ST) n=160 n=38 n=198
Count percentage 73% 79% 74%
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Table 4. Continued

Descriptive statistics Architect 1 Architect 2 Total

Figurative shape rules (FIG) n=27 n=2 n=29
Count percentage 12% 4% 11%
Mean of shape rules/sketch 11.53 12 11.60

Source: developed by the authors

The description and codification demonstrated that
shape rules, categories, and classes within the reper-
toire were fully utilised to describe and codify the shape
transformations executed by the participating archi-
tects. Moreover, the repertoire supported all operations
performed by the subjects in this proof-of-concept. Con-
sequently, it can be asserted that all shape rules were
necessary and sufficient for a complete description of
the form manipulation and generation process observed
within the architectural design activity of the two par-
ticipating architects. Preliminary saturation was con-
sidered to have been reached under the following con-
ditions: 1) all observed shape transformations could be
coded using the existing repertoire without requiring
new rule creation; 2) the two operational categories
(Plastic, Structural) and the meta-category (Figurative)
consistently captured all transformation types across
participants; and 3) no unclassifiable transformations
emerged from the protocol analysis. While preliminary

saturation was achieved within this exploratory sample,
demonstrating the internal coherence and applicability
of the repertoire, theoretical saturation would require
validation across a larger, more diverse population of
architects with varying experience levels, design styles,
and task types. The current repertoire should be consid-
ered as providing coverage for the observed design ac-
tivities in this proof-of-concept, establishing a founda-
tion for future validation studies rather than claiming
universal completeness at this stage. PCA was performed
on the coded protocols from both architects, extracting
components that explained 100% of total variance in
both cases. The first principal component (PC1) account-
ed for 97.64% of variance for Architect 1 and 99.58% for
Architect 2, indicating a highly unidimensional struc-
ture where virtually all discrimination occurs along a
single dimension. Figure 4 presented biplots of the first
two components (PC1: horizontal and PC2: vertical) for
each architect.

Architect 1

0.15

-0.88

-1.62

-2 .36

-9.82%:545 -1.08 3.29 7.66 12.03 16.40

Architect 2

0.50
0.32

0.13.¢

-0.06
-0.25

0.44

0.3 PE—

6 i
-10.10 -7.30 -4.50 -1.70 -1.11 *"391 6.71

Figure 4. Factor analysis biplots
Note: green triangles — Figurative rules (FIG), red circles — Structural rules (ST), blue rectangles — Plastic rules (PL). Axes
represent principal components with percentage of variance explained

Source: developed by the authors

The analysis revealed clear differentiation among the
three rule categories along PC1, though with opposite
orientations between subjects — a common and interpre-
tatively neutral feature of PCA. Both architects showed a
consistent bipartite structure: ST formed an isolated clus-
ter at one extreme of PC1, while PL and FIG rules clus-
tered together at the opposite extreme. This consistent
pattern demonstrated the distinctiveness of each rule
category, and the closer functional association between

Plastic and Figurative rules relative to structural rules —
supporting the hierarchical classification system. Figure 5
provided comparative overlays that highlighted the struc-
tural consistency across subjects. Shape rule categories
(ST, PL, FIG) projected on first two components for Archi-
tect 1 (top left) and Architect 2 (top right). Bottom pan-
els showed comparative overlays (black = reference; red/
blue = subject-specific). Ul explained 97.64%/99.58% of
variance; U2 explained 2.36%/0.42%.
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Figure 5. Principal component analysis biplots
Note: a — shape rule categories for Architect 1; b — shape rule categories for Architect 2

Source: developed by the authors

This classification was further validated by hierarchi-
cal cluster analysis using Ward’s method with Euclidean
distance, illustrated in the graphs in Figure 6. The dendro-
grams revealed a consistent bipartite structure across both
architects. Structural rules (ST) formed an isolated cluster,
separating at a linkage distance of approximately 23.7 for
Architect 1 and 5.6 for Architect 2. In contrast, Plastic (PL)
and Figurative (FIG) rules clustered together, suggesting

functional similarity despite their ontological difference.
This clustering pattern supported the conceptualisation of
figurative rules as a meta-category that operated in parallel
with plastic rules during vertical transformations (refinement
and detailing), while structural rules drove lateral transfor-
mations (exploration of alternative configurations). The con-
sistency of this pattern across both participants strength-
ened the validity of the three-level classification system.

Architect 1

711

59.3

47.4

35.6

23.7:

11.9

0.0

ST PL FIG

Architect 2

111

9.3

7.4

5.6

3.7

1:9

0.0

ST PL FIG

Figure 6. Hierarchical cluster analysis dendrograms for Architect 1 and Architect 2
Note: green colour - Structural rules (ST), purple colour - Plastic rules (PL) + Figurative rules (FIG). Red line indicates

clustering threshold
Source: developed by the authors

Finally, the highly unidimensional structure revealed
by PCA (PC1 explaining 97-99% of variance) suggested
that a single underlying dimension - interpreted here as
a lateral-vertical transformation continuum - captured
most of the variation in rule deployment. This parsi-
mony was significant in relation to contemporary com-
putational design research. In machine learning-based
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generation, X. Zhuang et al. (2025) emphasised that over-
ly complex models can reduce transparency and control.
Results of this research suggested that a relatively simple
operational continuum may be sufficient for capturing
the dominant structure of transformation behaviour in
early design, supporting the feasibility of interpretable
computational tools.
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Table 5. Summary of empirical patterns and theoretical interpretations

Pattern Finding

Bipartite structure (PCA + cluster)

ST isolated; PL +FIG together

Interpretation

Two operational modes: exploration vs. refinement

Rule clustering

PL~FIG despite ontological difference Representational refinement coupled with plastic transformation

Frequency distribution

74% ST, 15% PL, 11% FIG

Early-stage design dominated by configurational exploration

Dimensionality PC1: 97-99% variance

Lateral-vertical continuum sufficient

Source: developed by the authors

So, this study identified the shape transformations
performed by architects during the form manipulation and
generation phase of architectural design activity, and pro-
posed a systematic framework capable of capturing them.
To achieve this, research on grammar-based generation,
performance-driven form exploration, and Al-assisted
design workflows was gathered and compared, providing
a contemporary basis for understanding how design rules
can be formalised and operationalised during early-stage
architectural design. S. Jang et al. (2025) highlighted that
contemporary Al-based systems increasingly depended
on data quality, evaluation protocols, and methodologi-
cal transparency. While such systems can generate high-
ly coherent formal outputs, they often lacked explicit in-
terpretability in terms of step-wise transformation logic.
Similarly, Y. Huang et al. (2025) argued that generative Al
workflows reshaped design practice but still struggle to
represent design reasoning as a sequence of explicit and
meaningful operations. In this context, this work contrib-
uted a complementary approach: rather than replacing
design operations with black-box generation, it formalised
and classified the transformations themselves, preserving
interpretability and aligning with human-centred compu-
tational design. The contributions of this study in relation
to existing research were multifaceted. A primary contri-
bution was the identification and definition of 48 distinct
shape rules, enabling a detailed and operational descrip-
tion of shape manipulation and transformation actions
carried out by architects in early design. Unlike many con-
temporary generative frameworks that focused on produc-
ing optimised outcomes or increasing output diversity, this
study foregrounded fine-grained transformation seman-
tics, providing an explicit inventory of micro-operations
that can be directly mapped to computational procedures.

A.A.C. Al-Hashim & C. Alalouch (2025) demonstrated
how shape grammar can support early design learning by
structuring creativity through explicit rule systems. Their
contribution confirmed the educational value of grammars,
yet their focus remained primarily on pedagogy rather
than on constructing a comprehensive and systematically
classified repertoire of transformation rules. In contrast,
this study contributed a more detailed operational taxon-
omy intended for both analytical and computational im-
plementation. At the level of performance-driven design,
L. Chen et al. (2025) proposed a design-grammar-based
framework for high-rise office towers in early-stage design,
integrating grammar generation with performance objec-
tives. It was equally, what had been performed by S.M. El-
gohary et al. (2023), who introduced a performative-driven

form-finding framework that combined shape grammar
with evolutionary genetic algorithms to generate building
forms optimised for energy performance. Applied to the
Sakan Masr prototype housing project in Cairo, this meth-
odology implemented shape operations through addition
and subtraction rules, while encoding environmental vari-
ables - including spatial daylight autonomy (SDA) and an-
nual sunlight exposure (ASE) - as fitness functions. These
works supported the idea that grammars can be integrated
into optimisation workflows. However, such approaches
often treat grammar rules as design constraints or gen-
erative heuristics rather than as an empirically grounded
repertoire of transformations observed in actual designer
activity. This study complemented performance-driven
grammar research by supplying the missing layer of explic-
it transformation granularity, which can strengthen the in-
terpretability and implementability of performance-based
generative systems.

X. Zhuang et al. (2025) reviewed advancements and
challenges in machine learning for generative architectur-
al design, noting that modern research must balance auto-
mation with designer control and interpretability. Overall,
studies confirmed that grammar-based and Al-assisted
generative approaches were rapidly expanding. However,
this work addressed a persistent gap: the lack of a system-
atically organised, fine-grained repertoire of shape trans-
formations grounded in empirical observation of design-
ers’ operations. This contribution was particularly relevant
for interpretability, pedagogy, and tool development. Be-
yond these conceptual contributions, the empirical anal-
yses revealed several patterns that warrant theoretical in-
terpretation. First, the bipartite structure observed in both
PCA and cluster analysis — with structural rules forming
an isolated cluster and plastic-figurative rules grouping
together — suggested that early-stage architectural design
was dominated by two distinct operational modes.

Results if this research indicated that early design
transformations were structured and interpretable, and
that computational systems may benefit from explicitly
representing these two operational modes. Also, the clus-
tering of plastic and figurative rules together, despite their
ontological difference (transformative vs. representation-
al), revealed a functional similarity in how architects de-
ployed them during refinement. This was consistent with
the observation that AI-based workflows often excel at pro-
ducing refined visual outputs but struggle to distinguish
representational operations from transformational ones.
S. Yiannoudes (2025) highlighted that deep learning mod-
els can generate convincing architectural imagery, yet it
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frequently blur the distinction between “form transforma-
tion” and “representation enhancement”. Empirical pattern
of this study supported the need for a meta-category of fig-
urative rules, clarifying that representational actions were
not secondary but structurally integrated into early design
refinement. The predominance of structural rules (74% of
total transformations) in early-stage design task aligned
with the configurational nature of conceptual design.
This finding complemented grammar-based performance
workflows such as L. Chen et al. (2025), where early-stage
generation of tower forms was primarily concerned with
organisational logic before detailed refinement. Results of
this study provided empirical support for this sequencing:
designers prioritise structural transformations during ear-
ly exploration, while Plastic and Figurative rules became
more prominent during later refinement. The repertoire di-
rectly enhanced design pedagogy. While A.A.C. Al-Hashim
& C. Alalouch (2025) demonstrated that grammars can
structure creativity and guide early design learning, and
D. ElI-Mahdy (2022) showed how they can be used to im-
prove learning through practice, repertoire of this research
built on these contributions by offering a richer, more de-
tailed inventory of transformational actions that can be
explicitly taught, thereby helping students to expand their
operational design vocabulary. Finally, the repertoire may
also support generative morphology workflows by offering a
general and systematically organised set of transformations
that can be adapted to diverse morphological contexts.

CONCLUSIONS
This study addressed a fundamental gap in design research
by developing a comprehensive, empirically validated rep-
ertoire for systematically categorising shape transforma-
tions in architectural design. The research successfully
demonstrated the feasibility of encoding all observed form
manipulations using 48 shape rules organised into two
operational categories (Plastic, Structural), a meta-cat-
egory (Figurative), and 14 rule classes. Empirical valida-

coherence was validated through statistical analysis re-
vealing a bipartite pattern supporting the theoretical
distinction between lateral and vertical transformations.
Principal Component Analysis showed PC1 explaining
97.64%/99.58% of variance across subjects, demonstrating
clear differentiation among rule categories. Hierarchical
cluster analysis confirmed consistent structural patterns:
structural rules forming isolated clusters, while plastic and
figurative rules grouped together, validating the three-cat-
egory classification system. The distribution of rule use
(74% Structural, 15% Plastic, 11% Figurative) reflected the
exploratory nature of early-stage design and showed con-
sistency across both subjects. The results demonstrated
that architects’ shape transformations can be systematical-
ly described, providing a reproducible framework for both
descriptive and computational applications, with potential
for three complementary domains: analysing sketching
activity to uncover cognitive processes, developing ped-
agogical tools to enhance design education, and creating
computational systems to support early-stage design ex-
ploration. Small sample size (n=2 architects) limited the
generalisability of findings, and while sufficient to test the
viability and internal coherence of the repertoire, it can-
not establish universal applicability across all architects,
design contexts, or architectural styles. Beyond these lim-
itations, the findings suggested that the repertoire can be
integrated into a computational tool. Future research aims
to develop a computer-assisted-design software based on
the obtained repertoire to support designers and architects
during the process of form generation and manipulation.
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CucTteMaTUYHUM penepTyap npaBun TpaHchopmMauii popm
Yy apXiTeKTypHOMY AU3alMHi: KOHUENTya/lbHe AO0BeAeHHS

AHoTaUif. MeTo10 11bOTO IOCTiIKEeHHS 6Y/I0 BUSBIIEHHS, CTPYKTYPHU3allisi Ta eMITIipMYHa TepeBipKka CUCTEMATUYHOTO
periepTyapy eleMeHTapHUX MpaBwI TpaHchopmalii GopMm, 1[0 TOYHO BiZoO6paskaloTh MPOIeCH apXiTeKTyPHOTO AU3aiiHy
Ha OCHOBi ecKi3iB Ta MOXyTb OyTM 6Ge3rocepeqHbO BIIPOBA[KEHI B 0OUMCIIOBAJIbHI cepemoBuiia. Ijisi BUPilIeHHS
Mpo6IeMU BiZCyTHOCTi CMCTEMaTH30BaHOI0 Ta IeTAIbHOTO periepTyapy onepaiiii tpancopmariii bopm y ocmigKeHHSIX
apxiTeKTypHOTO Au3aiiHy 6y/o po3pobieHo 48 npasui TpaHchopmalii hopm uepes OIS IiTepaTypy Ta YTOUHEHO 3a
JIOTIOMOTO0I0 eMITiDMYHMX CIIOCTepeXkeHb 3a ceciIMy Mall0BaHHS, IPOBeJeHMMY IBOMA JOCBiAUeHUMM apXiTeKTOPaMN.
ITpaBuia 6ynu po3MoiiieHi Ha ABi omepaliiiHi kKaTeropii (IV1IaCTUYHi, CTPYKTYPHi), ONHY MeTa-KaTeropito (pirypatusHi)
Ta 14 knaciB npaBwi. [IpOTOKOIbHMIL aHami3 MiATBEPAMB, 110 penlepTyap OXOIUIIOBAB YBECh CIIEKTP CIIOCTePeKyBaHUX
MaHimyssii 3 opmamu uepes 23 ecki3u Ta 267 3aKof0BaHUX TpaHChHOpMalliii, 3 BUCOKOIO BHYTPIIIHBOIO Y3TOIKEHICTIO
kozepiB (Kamma Korena: 0.85-0.87), o miagTBepAWIO HAAI/HICTh Ta YiTKiCTb 3aIIpONIOHOBaHOi knacudikarii. CTpyKTypHi
MpaBwia CTaHOBWIM 74 % crocTepeskyBaHuxX TpaHcdopmariiit, migkpeciaioouM IOMiHYBaHHSI KOH®irypariifHoro
OOCTi/>KeHHSI Ha PaHHIX eTanax MPOEKTYBaHHS, TOLI K MaacTu4Hi Ta ¢irypatusHi npaswia ckaaganm 15 % i 11 %
BianoBinHO. CTaTUCTMUHI aHasi3y, BKIOYAKOUYM aHali3 FOJOBHMX KOMIIOHEHT Ta i€papXiuHmMii KjiacTepHMUIl aHasis,
TOKa3aJIu MOCJIiOBHY IBOLONbHY CTPYKTYPY Y 000X IM3aiiHepiB: CTPYKTYPHi TpaBuiia yTBOPIOBAJIM OKPEeMMUit KilacTep, B
TOJ yac SIK IIacTU4IHi Ta dirypaTmBHi mpaBmiia rpymysanucs, npu npomy PC1 nosicHioBaB 97-99 % 3aranbHoi gucmnepcii.
ITpakTHUYHe 3HAYeHHSI I[bOTO TOCTiIKeHHS MTOJIATa€e B HaJaHHI MPo30poi Ta 6araTopasooi riaTdopmu TpaHchopmariiit,
SIKMI TIATPUMYE aHaMi3 TOBeIiHKM IPU apXiTeKTyPHOMY MaJIlOBaHHI Ta CIIPUsIE PO3BUTKY 3aC00iB 06UMCIIOBAIBHOTO
MIPOEKTYBAHHS Ha OCHOBI ITPaBUI
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Importance-priority matrix analysis
for evaluating smart mobility indicators
in Egypt’'s New Administrative Capital

Abstract. The rapid development of Greenfield Smart Cities necessitated a strategic approach to prioritising mobility
technology to ensure operational efficiency and sustainability. The aim of the study was to develop a prioritisation
hierarchy for evaluating smart mobility indicators in the context of urbanism, using an importance-priority matrix
analysis for Egypt’s New Administrative Capital. By integrating the four symbiotic pillars (infrastructure, digital
transformation, service delivery, and governance), the research transitioned from theoretical description to a data-
driven execution hierarchy. Methodology employed importance-priority matrix analysis, supported by the Friedman
test and Kendall’s coefficient of 0.759. Analysis based on thresholds of 4.0985 for importance and 18.00 for priority
revealed a bifurcated trajectory for smart mobility management. Results identified 12 Quick Wins in Quadrant 1, led
by Electronic Parking Space Reservation (Mean =4.9574) and Reduction of Traffic Accident Rate (Mean Rank =5.52),
offering high-impact solutions essential for building early public trust. The matrix uncovered a strategic readiness
gap in 10 foundational systems in Quadrant 2, designated as Strategic Investment. Indicators such as Real-Time Data-
Driven Intelligent Transportation Systems (Mean =4.8085) and Traffic Data Aggregation faced low execution priority
(Mean Ranks >18.00) due to fragmented institutional mandates and slow planning procedures. 7 indicators in Quadrant
4 related to sustainable behaviour (avoid/shift goals), exemplified by Expansion of Cycling Network Infrastructure
(Mean= 2.4468), recorded the lowest importance and priority scores. It was concluded that a successful transition to an
integrated mobility ecosystem required a fundamental paradigm shift from a technology-centric model to a governance-
first strategy. The developed framework served as a standardised, transferable decision-support tool enabling
policymakers to align technological investment with governance readiness. This research contributed to bridging the
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gap between technological deployment and sustainable urban planning through transit-oriented development and
smart governance frameworks, ensuring that smart mobility transitions were both resilient and sustainable

Keywords: urban modernisation; intelligent transportation systems; statistical ranking; institutional fragmentation;

data-driven governance

INTRODUCTION

The period from 2015 to 2025 had witnessed a radical shift
in global urban planning, moving towards integrating tech-
nology to achieve city efficiency and resilience. This evolu-
tion was particularly evident in rapidly expanding urban
cities, where traffic congestion had emerged as a complex
structural challenge that exceeded road capacity. D. Beck-
ers & L. Mora (2025) argued that the primary challenge in
Smart City Development (SCD) was not technological, but
a governance gap rooted in conceptual and process ambi-
guity. The authors emphasised that SCD must be viewed
as a socio-technical transition requiring shared sensemak-
ing among stakeholders to align technological innovation
with urban goals. This perspective underscored that frag-
mented governance and the lack of citywide coordination
often led to failure in orchestrating SCD projects. Digital
transformation, supported by the Internet of Things (IoT)
and Artificial Intelligence (AI), provided a promising path
for predictive mobility. M. Islam (2025) demonstrated
through a meta-analysis that Al-enabled adaptive control
systems can reduce vehicle delays by up to 36%, thereby
lowering fuel consumption and greenhouse gas emissions.
However, the author emphasised that the efficacy of these
algorithms was fundamentally linked to institutional read-
iness, noting that technical sophistication alone cannot
overcome fragmented governance.

J.M. Ngossaha et al. (2024) argued that implement-
ing such high-cost infrastructure was often unfeasible for
developing nations due to limited capital and fragmented
digital utilities. To bridge this gap, researchers proposed a
cost-effective architecture for Vehicular Ad-hoc Networks
(VANETS) utilising existing motorcycle taxis as mobile
roadside units (mRSUs). Scientist’s case study in Douala
demonstrated that this adaptive approach, which integrated
real-time data management and blockchain-based security,
had significant potential to improve mobility systems and
avoid congestion, achieving a 10% reduction in CO, emis-
sions and a 15% decrease in traffic waiting times. E.M. Gide-
on & F. Chepleting (2026) employed a systematic review
grounded in the Resource-Based View (RBV) to argue that
technical efficacy in smart transportation was strictly con-
tingent upon institutional capacity and cross-sectoral coor-
dination. Notably, the study identified institutional fragility
and policy inconsistency as primary inhibitors to mobility
transitions in the Global South. Within this context, sci-
entists highlighted a critical gap in Egypt’s New Adminis-
trative Capital (NAC); while the city adopts the 15-minute
city model and high-tech urban design, a disconnect per-
sists between planning and lived environmental efficiency.
This gap reinforced the urgent need for a governance-driven
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approach to prioritise strategic (Intelligent Transportation
Systems) ITS interventions, ensuring that digital com-
petencies align with institutional assets to deliver public
value rather than remaining mere technical artifacts. Re-
searchers H.B. Faheem et al. (2024) confirmed that structur-
al imbalances in the Greater Cairo Metropolitan Area, exac-
erbated by rapid urban sprawl, require a transition toward
advanced technological interventions. The authors argued
that, while traditional road expansions often proved inade-
quate by attracting more traffic, ITS can potentially reduce
CO, emissions by up to 80% and achieve fuel savings of 45%
on urban roads. Since transport was a major source of urban
emissions, the national transition was being guided by the
Avoid-Shift-Improve (ASI) framework to ensure resilience.
This direction, as detailed by R.A. Fathy (2025), involved the
deployment of ITS across 6,000 km of core highways using
international standards like ISO 14813 to ensure interoper-
ability between field sensors and central control centres, ef-
fectively mitigating congestion and enhancing road safety.

E. Metwally et al. (2023) identified that despite this ad-
vanced physical foundation, there was a lack of real-time
digital interfaces for traffic congestion information and en-
vironmental monitoring. According to S. Tarek & T.I. Nas-
reldin (2023), Egypt was rapidly transitioning toward an
intermediate phase of smart mobility, which demanded
the integration of smart solutions into ongoing network
upgrades. However, scientists identified a significant dis-
crepancy between expert ratings and actual performance,
where high-priority attributes, such as reaching destina-
tions efficiently and on time, remained under-addressed.
D.K. Das (2024) argued that transforming urban centres
into Smart Sustainable Cities (SSC) required a symbiotic
relationship between four cornerstones: infrastructure,
service delivery, governance, and digital transformation.
M.A. Ali (2021) highlighted the NAC’s innovative govern-
ance model managed by the Administrative Capital for Ur-
ban Development (ACUD). This model employed a holistic
Quadruple Helix strategy and a dual-management system
via the Commander Control Centre (CCC) and City Oper-
ating Centre (COC), supported by a mandatory Smart City
Code to ensure operational sustainability. So, the purpose
of this study was to establish a prioritisation framework for
assessing smart mobility indicators within the urban con-
text, employing an importance-priority matrix analysis for
Egypt’s New Administrative Capital.

MATERIALS AND METHODS
This study adopted quantitative descriptive and analyt-
ical research design, selected to address the inherent



complexity of digital transformation phenomena within
new urban contexts. The research process was conducted
over an eight-month period from May 2025 to December
2025, comprising three integrated phases: 1) identification
and validation of mobility indicators; 2) expert survey ad-
ministration; 3) statistical prioritisation and gap analysis
via IPMA. The study focused on the NAC in Egypt, consid-
ered a Greenfield environment and a Living Lab, justifying
the development of a standardised framework applicable
to similar future smart cities. To ensure a comprehensive
and scientifically grounded framework, the 35 mobility in-
dicators were derived through a rigorous three-step selec-
tion process. In the first step (Identification), an initial pool
of 58 potential indicators was established through a sys-
tematic review of ITS literature (Nosratabadi et al., 2020;
Islam, 2025). In addition, the guidelines on Sustainable
Urban Mobility Plans (SUMPs) (Rupprecht Consult, 2019)
and the technical framework for the integrated provision
of “Mobility as a Service” (MaaS) (Signor et al., 2019) were
examined. A primary pillar for this technical selection was
the Egyptian Code for the Foundations and Requirements
for Planning, Management, Operation, and Sustainability
of Smart Cities, issued by the HBRC (Housing and Build-
ing National Research Center, 2023), ensuring alignment
with the Egyptian urban context. To ensure global com-
petitiveness, these indicators were cross-referenced and
supplemented with the CITY-keys evaluation framework
(Bosch et al., 2017), specifically adopting transport-related
KPIs focusing on multi-modal accessibility, public transit
services quality, and ICT-driven operational efficiency. Fur-
thermore, this identification phase was enriched through a
benchmarking analysis of seven leading global and region-
al smart city cases — Zurich, Singapore, Amsterdam, Bos-
ton, Dubai, Riyadh, and Algiers — ensuring the indicators’
applicability to the NAC’s Greenfield environment by inte-
grating successful operational models ranging from adap-
tive management to predictive systems. These seven cities
were strategically selected to provide a diverse comparative
lens for the identification phase. While Amsterdam and
Boston offered established frameworks for pilot scalability
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and predictive maintenance, Singapore, Dubai, and Riyadh
provided essential benchmarks for high-level governance
and centralised traffic management. Furthermore, the ex-
periences of Zurich and Algiers offered critical lessons on
regulatory interoperability and adaptive management in
urban environments undergoing digital transformation.
By integrating these diverse operational models, ranging
from Al-driven adaptation to top-down governance, this
benchmarking ensured that the initial pool of indicators
was both globally competitive and applicable to the NAC’s
unique Greenfield environment.

In the second step of the process (Contextual Screen-
ing), the synthesised list of 58 indicators was manually
screened to exclude components irrelevant to Greenfield
contexts or those not applicable to the NAC’s current infra-
structure phase, resulting in a refined list of 42 indicators.
Finally, in the third step (Validation), a panel of three aca-
demic experts reviewed this filtered list for content validity
and conceptual clarity. This rigorous evaluation led to the
final selection of 35 indicators categorised into seven core
criteria (Al to A7). To provide a robust theoretical foun-
dation, these components were structured to reflect the
symbiotic relationship among the four pillars of smart sus-
tainable city development: Infrastructure, which provided
the bedrock for seamless delivery; Digital Transformation,
acting as the catalyst for innovation and efficiency; Service
Delivery, the operational output; and Governance, which
ensured strategic alignment with the evolving needs of
citizens (Das, 2024). This categorisation accounted for the
interplay between internal technical requirements and
external strategic mandates, aligning with the dual-the-
oretical approach to adoption dynamics (Fatorachian &
Kazemi, 2025). This approach ensured that the selected
criteria encompass all smart mobility dimensions required
for a Greenfield environment, ranging from institutional
readiness (e.g., TMC structure) to user-centric services.
To clarify the internal structure, Table 1 demonstrated the
conceptual framework and the hierarchical structure of the
measurement instrument, illustrating the linkage between
the seven main criteria and their respective sub-indicators.

Table 1. Conceptual framework and structure of the measurement instrument

Smart mobility management strategic framework

= A3 A.6 Intelligent
g . .
‘S A.1 Sustainable A.2 Smart Passenger A.4 Traffic A5 Sr.nart transit A.7 Smart land
9] . os . management  parking .
£ transportation mobility services management use planning
= . . centre systems
o provision systems
Avoidance . Trip Incident Automated
Real-time data- . smart . Smart land use
of unnecessary . Information =~ Management - Bus control unit e
- driven ITS oy parking distribution
trips Provision Systems
systems
E Advanced traffic Electronic Electronic Planning
= Shift to more Traffic Data Parking Automatic Vehicle development
31 . management Payment . . .
= sustainable modes Aggregation Space Location axes supporting
= systems Systems .
= Reservation transport network
Op tlmfsmg Advanced Emergency  Environmental Smart . Smart Planning
operational traveller > i Transit Depot
. . . . Services Conditions payment/ to Pre-empt
efficiency (vehicles information .. . - . Management
. Provision Monitoring Ticketing Traffic Issues
& infrastructure) systems
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Table 1. Continued

Smart mobility management strategic framework

= A3 A.6 Intelligent
5
‘% A.1 Sustainable A.2 Smart Passenger A.4 Traffic A5 Sr.nart transit A.7 Smart land
) . os . management  parking X
£ transportation mobility services management use planning
= . . centre systems
o provision systems
Expansion (s)psir;ntl:?:rl Security Reduction Bus Scheduling
of cycling network Y - and Safety  of Greenhouse and On-Board
. commercial -
infrastructure . Measures Gas Emissions Payment System
vehicles
@ Driver and Fuel
‘g Ease of access Smart MOHitOIing SyStem Smart Planning
O tocity services Improved pzflyme.nt/ Traffic Signal to Pre-empt
= Advanced public Access to Reduction of Ticketing Priority Management Traffic Issues
= transportation Vehicle Traffic Accident — -
B ¢ system Sharing Rate Accessibility to Public
ase of access to Alternatives Transport Modes
commercial and -
health services Quality Assurance

for Public Transport

Source: developed by the authors

The data collection process followed a structured
procedure, where inclusion criteria targeted key stake-
holders with relevant professional backgrounds or a di-
rect link to the NAC. This targeted sample included urban
planners, architects, government officials, administrative
officers, real estate developers, and academics, alongside
informed residents as potential users of the NAC network.
To maintain data integrity, incomplete submissions and
responses exhibiting inconsistent answering patterns
were filtered out. The final sample (N =47) demonstrat-
ed professional expertise and diversity, which was crit-
ical for the reliability of the IPMA matrix. As detailed
in Table 2, approximately 66% of the participants pos-
sess over 15 years of work experience, while 23.4% have

between 10 to 15 years. Furthermore, the sample exhib-
ited a strategic distribution across sectors; the public
sector accounted for 44.7%, reflecting its regulatory role
in the NAC, while the private sector and academia rep-
resented 34.0% and 21.3%, respectively. Notably, the ac-
ademic sector representation (21.3%) included residents
with academic backgrounds, ensuring that the evaluation
of complex ITS indicators integrated both theoretical
knowledge and lived operational experience. The partic-
ipants’ roles included technical experts (planners, archi-
tects, and developers) at 48.9%, administrative officials at
27.7%, and academics at 12.8%, ensuring the feedback was
derived from a well-informed group capable of evaluating
complex ITS indicators.

Table 2. Socio-demographic and professional profile of the expert sample (N=47)

Variable Category Frequency (n) Percentage (%)
Technical experts (planners, architects, developers) 23 48.94
Professional role Administrative & officials 13 27.66
Academics 6 12.77
Potential users (residents) 5 10.64
Public/Government sector 21 44.68
Work sector Private sector 16 34.04
Academic/Research 10 21.28
Less than 10 years 5 10.64
Work experience 10-15 years 11 23.40
Over 15 years 31 65.96

Source: developed by the authors

In compliance with the ethical principles of The Dec-
laration of Helsinki (2013), all experts were informed of the
research objectives. Their voluntary completion and sub-
mission of the survey served as free and informed consent,
ensuring the protection of their privacy and the confiden-
tiality of their personal information throughout the data
collection and analysis process. The survey was conducted
online via Google Forms ensuring accessibility for the di-
verse expert groups. The questionnaire was designed in
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dual-question format for each criterion: 1) measuring the
importance of 35 specific ITS indicators using a five-point
Likert scale (5=Essential impact, 1 =Weak impact); 2) meas-
uring priority by asking respondents to perform a Forced
Ranking of the same indicators (1 = Highest priority) based
on technical feasibility and current operational needs. Fol-
lowing data collection, the responses were processed using
IBM SPSS Statistics v.28. Descriptive statistics, including
means and standard deviations, were calculated to evaluate



the importance scores of the 35 ITS indicators, while the
Friedman test was employed to determine the statistical
significance of priority ranks due to its robustness with
non-parametric data derived from forced ranking. Addition-
ally, Kendall’s W coefficient was used to quantify the level
of consensus among the 47 experts, providing a reliability
index for the collective judgment. The IPMA matrix was im-
plemented to visualise the disparity between perceived im-
portance and execution priority, enabling the identification
of strategic readiness gaps. The overall arithmetic means
of both dimensions served as a neutral cut-off line for the
IPMA matrix, forming the horizontal and vertical axes.
The calculation of the overall arithmetic means of the im-
portance scores, which formed the horizontal cut-off line:

k Meani

e

Overall Mean (Importance) = S

where Mean, - the calculated mean importance score for
the i-th indicator; k — the total number of indicators (k=35)
included in the analysis.

Similarly, the overall arithmetic means of the priority
ranks, which forms the vertical cut-off line:

f Mean Ranki

Overall Mean Rank (Priority) = ZLlT’ 2)
where Mean Rank; — the calculated mean rank for the i-th
indicator, derived from Friedman’s test; k — the total num-
ber of indicators (k=35) included in the analysis.

By utilising the IPMA matrix, this study identified the
gaps between perceived importance and execution priority,
allowing for an empirical interpretation of implementa-
tion challenges. This approach enabled the identification
of systemic non-technical barriers by analysing indicators
that recorded high importance but low execution priority,
thereby translating the statistical results into a strategic
executive roadmap for smart mobility management.

RESULTS AND DISCUSSION
The results of the IPMA provided an empirical founda-
tion for prioritising smart transportation components in
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the NAC. By comparing expert assessments of perceived
importance with chronological implementation priori-
ties, critical strategic gaps were identified. Specifically,
the findings distinguish between immediate operational
Quick Wins and foundational components requiring long-
term structural investment. The perceived importance of
the indicators (Y-axis) was analysed in light of operation-
al implementation priorities (X-axis) to identify strategic
gaps through the IPMA matrix. To clarify the application
of the IPMA methodology, the calculation for the Elec-
tronic Parking Space Reservation (EPS) indicator was pro-
vided as an example based on the specific data obtained
for the NAC. The position of each indicator in the matrix
was determined by its coordinates (X, Y): Importance
(Vertical Axis — Y): this was the arithmetic mean of the
Likert scores (1-5). For the EPS indicator, the mean im-
portance was calculated as:

Meang,s=4.9574. (3)

Since this value was higher than the overall grand
mean (Y =4.0985), it was categorised as a high-importance
indicator. Priority (Horizontal Axis — X): This was derived
from the Mean Rank of the Friedman test (where a lower
rank indicates higher priority). For the EPS indicator, the
statistical output was:

Mean Rankg,s = 9.04. 4)

Since this rank was lower (more prioritised) than the
overall grand mean rank (X =18.00), it was categorised as
a high-priority indicator. Matrix Positioning: by plotting
these coordinates (9.04, 4.9574), the EPS indicator was em-
pirically positioned in Quadrant 1 (Quick Wins). This in-
dicated that the system was both highly valued by experts
and feasible for immediate implementation. Table 3 pre-
sented the statistical results for the perceived importance
of the indicators, including arithmetic means and standard
deviations, with the indicators ranked in descending order
based on their mean importance scores.

Table 3. Descriptive statistics of indicator importance

(Im;tiltlall(nce) Indicator Criterion Mean (Y) de\fit:trilgzr(%D)
1 Electronic Parking Space Reservation A.5 (SPS) 4.9574 0.20
2 Emergency Services Provision A.3 (PSP) 4.9362 0.32
3 Traffic Signal Priority Management A.6 (ITMS) 4.9362 0.32
4 Security and Safety Measures A.3 (PSP) 4.9149 0.46
5 Traffic Data Aggregation A.4 (TMC) 4.8511 0.55
6 Real-Time Data-Driven ITS A.2 (SM) 4.8085 0.58
7 Incident Management Systems A4 (TMC) 4.8085 0.54
8 Trip Information Provision A.3 (PSP) 4.7660 0.43
9 Quality Assurance for Public Transport A.6 (ITMS) 4.7234 0.50
10 Advanced Traffic Management Systems A.2 (SM) 4.5319 0.50
11 Driver and Fuel Monitoring System A.6 (ITMS) 4.5319 0.50
12 Advanced Public Transportation System A.2 (SM) 4.5106 0.51
13 Advanced Traveller Information Systems A.2 (SM) 4.4681 0.50
14 Reduction of Traffic Accident Rate A.4 (TMC) 4.4468 0.58
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Table 3. Continued

(Im;tiltlall(nce) Indicator Criterion Mean (Y) de\fit:trilgzr(%D)
15 Automatic Vehicle Location A.6 (ITMS) 4.4468 0.62
16 Ease of Access to Commercial and Health Services A.1(ST) 4.4043 0.50
17 Optimising Operational Efficiency A.1(ST) 4.3617 0.49
18 Electronic Payment Systems A.3 (PSP) 4.3191 0.47
19 Automated Smart Parking Systems A.5 (SPS) 4.3191 0.47
20 Bus Control Unit (BCU) A.6 (ITMS) 4.3191 0.47
21 Transit Depot Management A.6 (ITMS) 4.3191 0.47
22 Accessibility to Public Transport Modes A.6 (ITMS) 4.1489 0.69
23 Planning Development Axes Supporting Transport Network A.7 (SLUP) 3.5745 0.50
24 Smart Payment/Ticketing A.5 (SPS) 3.5319 0.50
25 Reduction of Greenhouse Gas (GHG) Emissions A4 (TMC) 3.4894 0.51
26 Shift to More Sustainable Modes A.1(ST) 3.4681 0.50
27 Environmental Conditions Monitoring A.4 (TMC) 3.4681 0.50
28 Bus Scheduling and On-Board Payment System A.6 (ITMS) 3.4681 0.50
29 Ease of Access to City Services A.1(ST) 3.4468 0.50
30 Improved Access to Vehicle Sharing Alternatives A.3 (PSP) 3.4255 0.50
31 Smart Planning to Pre-empt Traffic Issues A.7 (SLUP) 3.4255 0.50
32 Operational Systems for Commercial Vehicles A.2 (SM) 3.3191 0.47
33 Avoidance of Unnecessary Trips A.1(ST) 3.0426 0.78
34 Smart Land Use Distribution A.7 (SLUP) 2.5106 0.51
35 Expansion of Cycling Network Infrastructure A.1(ST) 2.4468 0.50

Overall mean 4.0985

Source: developed by the authors

So, the descriptive results confirmed a high con-
sensus on the importance of operational solutions for
safety and efficiency. The indicator Electronic Parking
Space Reservation tops the list with the highest mean
of 4.9574, closely followed by Emergency Services Pro-
vision and Traffic Signal Priority Management with a
joint mean of 4.9362. Conversely, Smart Land Use Dis-
tribution (2.5106) and Expansion of Cycling Network
Infrastructure (2.4468) recorded the lowest means, in-
dicating their strategic importance was secondary to
immediate technical solutions in the experts’ priorities.
Furthermore, the low Standard Deviation (SD) values
for the highest-importance indicators (such as 0.20 for

the Electronic Parking Space Reservation indicator)
suggested a strong consensus among experts regarding
their strategic importance, while higher values (such as
0.78 for the Avoidance of Unnecessary Trips indicator)
indicated greater variability in expert assessment. The
overall mean for all indicators was 4.0985, which repre-
sented the horizontal cut-off line for the IPMA matrix.
To analyse the operational implementation priority, the
Friedman test was applied to the forced rankings (repre-
senting the X-axis of the IPMA matrix) to determine the
chronological execution sequence. Table 4 summarised
statistical reliability and consensus tests supporting the
ranking significance.

Table 4. Statistical reliability and consensus tests for indicators ranking

Statistical Measure Value
Sample size (N) 47
Kendall’'s W 0.759
Friedman Test Chi-square (x?) 1212.427
Degrees of freedom (df) 34
Asymptotic significance (p-value) <.001

Note: statistical analysis was performed using the Friedman test to determine ranking significance, and Kendall’s
coefficient of concordance to measure the strength of expert agreement

Source: developed by the authors

As shown in Table 4, the results of the Friedman
test indicated a highly statistically significant difference
in the prioritisation of the 35 indicators (y’=1212.427,
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df =34, p-value < .001), confirming that the final ranking
was non-random. Additionally, Kendall’s coefficient of
concordance (W= 0.759) confirmed a strong and reliable



consensus among the experts regarding the priority list.
Subsequently, Table 5 presented the mean ranks for the
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indicators, where a lower mean rank signified a higher pri-
ority for implementation.

Table 5. Final implementation priorities (Mean Ranks from Friedman’s test)

Rank (Priority) Indicator Criterion Mean Rank (X)
1 Reduction of Traffic Accident Rate A.4 (TMC) 5.52
2 Ease of Access to Commercial and Health Services A.1(ST) 5.82
3 Trip Information Provision A.3 (PSP) 6.10
4 Advanced Public Transportation System A.2 (SM) 6.93
5 Planning Development Axes Supporting Transport Network A.7 (SLUP) 7.04
6 Automated Smart Parking Systems A.5 (SPS) 7.34
7 Traffic Signal Priority Management A.5 (SPS) 7.97
8 Electronic Parking Space Reservation A.5 (SPS) 9.04
9 Ease of Access to City Services A.4 (TMC) 9.22
10 Incident Management Systems A.6 (ITMS) 9.22
11 Driver and Fuel Monitoring System A.6 (ITMS) 10.13
12 Smart Land Use Distribution A.7 (SLUP) 13.06
13 Electronic Payment Systems A.3 (PSP) 13.20
14 Advanced Traveler Information Systems A.2 (SM) 14.32
15 Emergency Services Provision A.3 (PSP) 14.48
16 Smart Planning to Pre-empt Traffic Issues A.7 (SLUP) 14.55
17 Smart Payment/Ticketing A.5 (SPS) 16.34
18 Operational Systems for Commercial Vehicles A.2 (SM) 17.76
19 Advanced Traffic Management Systems A.2 (SM) 20.60

20 Reduction of Greenhouse Gas (GHG) Emissions A4 (TMC) 20.91
21 Traffic Data Aggregation A4 (TMC) 21.28
22 Transit Depot Management A.6 (ITMS) 21.96
23 Expansion of Cycling Network Infrastructure A.1(ST) 22.76
24 Optimising Operational Efficiency A.1(ST) 23.49
25 Security and Safety Measures A.3 (PSP) 23.65
26 Automatic Vehicle Location A.6 (ITMS) 23.84
27 Real-Time Data-Driven ITS A2 (SM) 26.13
28 Shift to More Sustainable Modes A.1(ST) 27.39
29 Bus Control Unit (BCU) A.3 (PSP) 28.10
30 Improved Access to Vehicle Sharing Alternatives A.6 (ITMS) 28.30
31 Environmental Conditions Monitoring A.4 (TMC) 28.79
32 Avoidance of Unnecessary Trips A.1(ST) 29.54
33 Quality Assurance for Public Transport A.6 (ITMS) 30.82
34 Accessibility to Public Transport Modes A.6 (ITMS) 31.56
35 Bus Scheduling and On-Board Payment System A.6 (ITMS) 32.85
Overall mean rank 18.00

Source: developed by the authors

Results showed that high implementation priorities
were focused on immediate operational and safety require-
ments. The indicator Reduction of Traffic Accident Rate
recorded the lowest mean rank (5.52), closely followed by
Ease of Access to Commercial and Health Services (5.82),
indicating an immediate implementation priority for these
components. Conversely, the highest ranked indicators
were Accessibility to Public Transport Modes (31.56) and
Bus Scheduling and On-Board Payment System (32.85),
placing them at the end of the implementation priority
list. The overall mean rank was 18.00, which represent-
ed the vertical cut-off line in the IPMA matrix. Moving
to the cross-analysis and the identification of implemen-
tation gaps via the IPMA, the importance scores (means)
and priority scores (mean ranks) were integrated into a

two-dimensional matrix to determine strategic interven-
tion priorities. The cut-off lines (overall grand means)
were established at 4.0985 for importance and 18.00 for
priority (mean rank). These values were determined based
on the overall arithmetic mean of both dimensions to en-
sure a balanced and neutral categorisation of the indica-
tors. The value of 4.0985 represented the grand mean of
all importance scores, distinguishing between high-im-
portance indicators (Mean > 4.0985) and low-importance
indicators (Mean < 4.0985). Similarly, the priority cut-off
line was set at 18.00, representing the overall grand mean
of the mean ranks, separating high-priority indicators
(Mean Rank < 18.00) from low-priority indicators (Mean
Rank >18.00). Figure 1 illustrated the distribution of the 35
indicators across the four quadrants.
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Importance-Priority Matrix Analysis (IPMA)
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Figure 1. Distribution of the 35 smart mobility indicators across the IPMA matrix

Source: developed by the authors

The two-dimensional matrix maps the distribution
of the 35 indicators across the four quadrants, based on
their mean importance (Y-axis) against their priority
mean ranks (X-axis), illustrating the strategic gap be-
tween perceived importance and execution priority. The
matrix revealed that a majority of the indicators were
clustered in the high-importance quadrants, highlight-
ing a strong consensus among experts on the necessity
of these components. Quadrant 1 (Quick Wins) comprised
12 indicators validated for immediate implementation
due to their high importance and high priority, including
Electronic Parking Space Reservation, Emergency Servic-
es Provision, and Reduction of Traffic Accident Rate, indi-
cating these components offer the highest return on in-
vestment in the short term. Conversely, 10 vital structural

components were positioned in Quadrant 2 (Strategic
Investment), characterising high importance but low exe-
cution priority due to structural bottlenecks that require
long-term planning, such as Traffic Data Aggregation and
Real-Time Data-Driven ITS. Furthermore, Quadrant 3
(Over-Emphasis) features 6 indicators that were rated as
low importance but high priority, including Smart Land
Use Distribution, suggesting a need for strategy review
and potential rerouting of resources. Finally, 7 indicators
fall into Quadrant 4 (Low Priority), including Expansion
of Cycling Network Infrastructure, indicating it can be de-
ferred to later phases due to lower expert consensus on
their immediate importance and priority. A detailed sum-
mary of the quadrants, strategic focus, and conditions was
provided in Table 6.

Table 6. Definition and strategic focus of the IPMA quadrants

Quadrant Strategic focus Description Conditions/Range Execution scenario
o1 Quick Wins High Importance (Y High) + High Priority Y >4.098 Immediate investment
= (Highest Priority) (X Low Rank) X<18.00 and direct implementation
02 Strategic High Importance (Y High) + Low Priority Y >4.098 Long-term planning and allocation
= Investment (X High Rank). Structural Challenges X>18.00 of structural resources
_ - Low Importance (Y Low) + High Priority Y <4.098 Strategy review and rerouting
Qs Over-Emphasis (X Low Rank). Strategy Review needed X<18.00 of resources
n Low Priorit Low Importance (Y Low) + Low Priority Y <4.098 Postponement of implementation
= Y (X High Rank). Deferral X>18.00 to the next phase

Source: compiled by the authors

Thus, the analysis confirmed that implementation
was primarily driven by immediate safety and accessi-
bility needs, as reflected by the high concentration of 12
indicators in Quadrant 1 (Quick Wins). These findings
validated a substantial number of highly important and
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high-priority indicators for immediate execution, offering
the highest potential for impact on public satisfaction and
system reliability. However, the identified strategic gap in
Quadrant 2, where 10 vital structural indicators were con-
sistently ranked as low priority, poses a critical challenge



that necessitates systemic interventions. This disparity,
encompassing vital indicators characterised by high im-
portance but low execution priority, suggested structural
barriers that prevented the immediate execution of high-
ly valued components. The challenges presented by this
quadrant will be the main focus of the discussion, as the
strategic gap for these essential indicators suggests sys-
temic execution barriers.

So, the analytical results derived from the IPMA
framework provided a quantitative mapping of the smart
mobility landscape for the NAC. The empirical evidence
identified two primary strategic trajectories: first, a robust
consensus on Quick Wins (Q1), where 12 indicators, pri-
marily focused on emergency response and parking effi-
ciency, demonstrated high readiness for immediate exe-
cution. Second, the identification of a significant Strategic
Investment gap (Q2), where 10 foundational indicators,
such as Real-Time Data-Driven ITS, exhibited high stra-
tegic importance but suffered from low execution priori-
ty. Furthermore, the analysis revealed a relatively limited
Over-Emphasis (Q3) on 6 indicators, while 7 indicators
related to long-term sustainability and urban planning
fall into Low Priority (Q4), indicating a secondary focus
on non-technical behavioural changes. Practically, these
findings demonstrated that despite a high technical ap-
petite for advanced ITS (Overall Mean =4.0985), the op-
erational path was constrained by structural bottlenecks,
necessitating a focus on governance over procurement.
These results established that the immediate roadmap
for policymakers should not merely focus on technology
procurement but must prioritise the institutional and da-
ta-governance frameworks required to move Strategic In-
vestment indicators into the Quick Wins category.

Empirical finding of this research aligned with the
scholarly perspective of W. van Winden & D. van den
Buuse (2017), who emphasised the “low-hanging fruit” ap-
proach in early-stage smart city deployment. By analysing
pilot projects in Amsterdam, the authors argued that such
initiatives were crucial for achieving early public trust.
This study confirmed it, as the prioritisation of Q1 indica-
tors demonstrated a clear focus on high-impact, low-com-
plexity solutions. However, a key distinction emerges from
their findings: while the surveyed experts perceived these
components as high priority Quick Wins, W. van Winden &
D. van den Buuse (2017) cautioned that many such pilots
fail to scale up once initial funding dries up. This compar-
ison suggested that the NAC’s prioritised indicators must
be designed with a clear vision for roll-out and replication,
as defined in their Amsterdam study, to ensure they do not
fall into the pilot trap but instead achieve wider diffusion.

The most critical finding for policy was the pronounced
strategic gap identified in Quadrant 2 (Strategic Invest-
ment), which encompassed 10 indicators characterised by
high importance (Y >4.0985) but low execution priority
(X>18.00 rank). This group included foundational compo-
nents, such as Real-Time Data-Driven ITS and Traffic Data
Aggregation, primarily falling under the Smart Mobility
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(A.2) and Traffic Management Centre (A.4) criteria. This
disparity was further illuminated by the benchmarking of
Dubai and Riyadh, where top-down centralised govern-
ance and integrated data platforms have proven essential
in bridging the gap between infrastructure deployment
and operational efficiency. As analysed by A. Badhan et
al. (2025), Dubai’s strategic deployment of AI-powered
traffic management systems had demonstrated a 20% re-
duction in travel time during peak hours. Such models of-
fered a strategic blueprint for the NAC, demonstrating that
high-level technological integration must be supported by
a robust strategic roadmap and public-private collabora-
tion. These frameworks, alongside the analytical insights of
L.R. Hegazy & A. Mahboob (2024), demonstrated that tran-
sitioning from Quick Wins to resilient systems required ad-
dressing internal organisational barriers. Their evaluation
of Riyadh revealed a significant innovation-implementa-
tion divide, while the city achieved high performance in
public safety through extensive surveillance, it faced per-
sistent challenges in mobility and the digital divide among
different social groups. A. Susanty et al. (2022) investigated
ITS implementation barriers using the Interpretive Struc-
tural Modelling (ISM) method. Scientists established that
the primary obstacles were not technological capacity, but
rather internal organisational barriers related to the timing
of procedures for writing plans and divided responsibilities.

The low execution priority of these indicators further
reflected the adoption dynamics analysed by H. Fatorachi-
an & H. Kazemi (2025). Researchers utilised institution-
al theory to demonstrate how external pressures, such as
regulatory mandates and industry norms, often constrain
the integration of highly valued technologies like Al and
Big Data. This explained the disparity in the current find-
ings: while experts recognise the strategic importance of
these tools, the lack of coercive regulatory incentives in
the Egyptian context stifled their immediate implemen-
tation. R. Kitchin & N. Moore-Cherry (2021) demonstrat-
ed through their empirical focus on Metropolitan Boston
that governance fragmentation created interjurisdictional
data incompatibilities and reduced the spatial intelligence
necessary for effective ITS. These findings extended this
logic to the Egyptian context, where the low priority of da-
ta-driven indicators reflected a similar adoption gap caused
by path-dependent administrative structures. D. Mitieka et
al. (2025) applied Total Interpretive Structural Modelling
(TISM) to map the hierarchy of barriers in emerging cities.
The authors identified legacy paradigms in conventional
transport planning and fragmented institutional mandates
as the foundational root-cause constraints that reinforced
downstream challenges.

Moreover, World Bank (2024) study confirmed that ur-
ban transport governance in many developing nations suf-
fered from institutional fragmentation across governance
levels, leading to poor policy coordination and inefficient
public spending. M. Alamoudi et al. (2024) pointed out in
their multidimensional analysis of Jeddah that the holis-
tic integration of smart technologies was often hindered

Architectural Studies, 12(1) 75 »



L ¢ Importance-priority matrix analysis...

by regulatory misalignment and the lack of comprehensive
policy reform. The IPMA results reinforced this, indicating
that the governance and data policy environment in the
NAC were not yet mature enough to support the execution
of complex data-driven systems. According to O.L. Lee et
al. (2019), Singapore’s success was built upon a “system of
systems” governance framework that integrated the phys-
ical infrastructure with organisational capacity and poli-
cy regulation. Building on this institutional foundation,
G. Hanxiang & L.W. Yie (2025) demonstrated how Singa-
pore’s Land Transport Authority (LTA) utilised a central-
ised analytics engine to achieve predictive coordination
and dynamic fleet adjustments.

D. Pojani & D. Stead (2015) argued that in developing
cities, technological improvements were often favoured
because it was perceived as easier to implement and do
not require the deep-seated institutional and behavioural
changes necessary for land-use reorganisation. This focus
on technology over structure reflected a deviation from the
Avoid-Shift-Improve (ASI) framework, a strategic principle
championed by S. Lim (2023) of the World Bank in the con-
text of Egypt’s green transport master plan. S. Lim (2023)
emphasised that, while Egypt had invested heavily in Im-
provement through massive infrastructure, true transport
decarbonisation required a resilient Shift toward public and
non-motorised modes. The results indicated that the Im-
prove Dimension (technology and efficiency) was currently
prioritised in the NAC over Avoid (reducing trips) and Shift
(promoting non-motorised transport), a gap also highlight-
ed by M. Sankar et al. (2024) as a common struggle in de-
veloping economies seeking seamless mobility. N. Labri &
A. Baziz (2022) noted that technical efficacy was strictly
contingent upon institutional capacity and cross-sectoral
coordination. -Researcher’s results, which highlighted a
low applicability index due to regulatory gaps, extended
this logic to the Egyptian context, where the IPMA results
identified a clear “innovation-implementation” divide.
Alignment with the Algiers case study suggested that the
NAC’s digital ecosystem must be deeply ingrained in con-
text-responsive government plans and the standardised
framework proposed in this study to ensure long-term
regulatory interoperability and effective policy implemen-
tation. Operational maturity of Zurich offered a definitive
benchmark for the NAC’s long-term aspirations. As evi-
denced by the analysis of M. Menendez & L. Ambiihl (2022),
Zurich’s success is rooted in its “Absolute Priority” policy
and technical interoperability across municipal, region-
al, and national transport agencies, which functioned as a
unified entity. The city’s transition toward network-adap-
tive traffic control demonstrated that achieving a “Sus-
tainably Smart” city required shifting from fragmented
digital procurement to a unified, data-driven ecosystem.

International standardisation landscape offered a
definitive pathway for bridging the current strategic gap.
ISO/TR 4447:2022 (2022) provided a robust framework for
MaaS, emphasising the necessity of shifting toward unified
service consumption via interoperable digital interfaces.
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Crucially, this framework explicitly defined the roles of
data providers, transport operators, and regulators, provid-
ing the structural clarity needed to ensure seamless urban
mobility. When framing these empirical findings against
this ISO benchmark, it became evident that the NAC’s evo-
lution from a technologically smart city to a sustainably
smart ecosystem required more than technical procure-
ment; it necessitated a transition from siloed deployments
to a unified governance model, where these roles were
clearly integrated. Adopting the responsibilities defined
within the ISO framework would provide the institution-
al clarity required to transition the identified Quick Wins
into the foundational, data-driven systems essential for
long-term urban resilience. So, the strategic roadmap for
the NAC must transition from technical optimism to insti-
tutional consolidation. The main strategic conclusion was
that the identified implementation gap in Quadrant 2 was
a governance challenge rather than a technological failure,
requiring a centralised data exchange infrastructure and
regulatory reform. This integrated approach ensured that
the NAC’s smart mobility vision remained not only opera-
tionally viable but strategically resilient against the insti-
tutional lags identified in the Egyptian context.

CONCLUSIONS

This study developed an empirical framework for prior-
itising ITS within the Greenfield context of Egypt’s NAC,
transitioning from theoretical modelling to a practical exe-
cution hierarchy. The IPMA application moved beyond sta-
tistical classification, providing a strategic roadmap, where
institutional readiness met technological ambition, based
on a high-consensus expert evaluation (Overall Importance
Mean = 4.0985, Overall Priority Mean Rank = 18.00). The
results established two primary trajectories for smart mo-
bility, the first prioritised operational reliability and public
safety as foundational pillars, with 12 indicators identified
as Quick Wins (Q1). These were led by Electronic Parking
Space Reservation (Mean=4.9574) and Emergency Services
Provision (Mean=4.9362), these high-impact solutions are
essential to build early public trust. The second trajectory
revealed a strategic readiness gap in 10 foundational in-
dicators categorised as Strategic Investment (Q2), notably
Traffic Data Aggregation and Real-Time Data-Driven ITS.
Despite their high strategic value, their implementation
was hindered by non-technical barriers and a significant in-
novation-implementation divide (Mean Rank > 18.00). The
proposed framework’s reliability is underpinned by a high
level of expert consensus (Kendall’s W=0.759) and statis-
tically significant priority rankings (p <.001), ensuring that
the identified roadmap was both robust and representative
of institutional reality. Study concluded that a successful
transition required a shift toward a governance-first strat-
egy to bridge the identified institutional capacity gap.

Furthermore, the findings identified a sustainability
gap in Low Priority areas, where smart land use and cycling
infrastructure remained at the periphery of current execu-
tion plans, indicating a preference for technical efficiency



(Improve) over behavioural shifts (Avoid/Shift). Integrating
transport with TOD was therefore essential for long-term
urban growth and resilience. For practitioners and urban
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developing contexts to enhance cross-sectoral coordina-
tion and evaluate the financial feasibility of TOD models in
aligning technology with sustainable urban planning goals.

planners, the developed IPMA framework served as a vali-
dated decision-support tool to align ITS investments with
actual institutional capacity, ensuring that technological
deployment addressed regional priorities. However, the
study faced limitations regarding expert subjective eval-
uations and the dynamic nature of the NAC’s regulatory
environment, which may affect the long-term stability
of the identified priorities. Future research should focus
on developing smart governance frameworks tailored to
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AHanis MmaTpuui «BaXXIMBICTb-NpiopuUTeT»
ANg ouiHIOBaHHSA IHAUKATOPIB PO3YMHOI MOGINIbHOCTI
B HOBIiM agMiHicTpaTUBHIN cTtonuui €runty

AHoTauiqa. Crpimruit posButok Greenfield Smart Cities 3ymMOBMB HeEOOXiIHICTH CTpaTEriuHOrO IMiAXOMY [0
npiopuresariii MOGIIbHMX TEXHOJOri/i 3 MeTOl 3abe3IeueHHs] orepaliiiHoi e(eKTMBHOCTI Ta CTaJOr0 PO3BUTKY.
Mertoto mocimKkeHHs 6yno po3po6yieHHs iepapxii mpiopuTeTiB [Jis OLiHIOBAaHHS iHOMKATOPiB pO3yMHOI MOOGITBHOCTI
B KOHTEKCTi ypOaHiCTMKM i3 3aCTOCYBAaHHSM aHaTi3y MATPUIL «BasKIUBICTh-MIPiOpUTET» 711 HOBOI aAMiHiCTPATUBHOI
cromuti €runty. nsxom iHTerpanii yoTupbox CUMOiOTMIHMX CKIamoBUX (iHdpacTpykTypa, nndposa Tpanchopmaris,
HaJaHHS TOCIYT i BPSIAYBaHHS) NOCIIIKEHHS Iepeiluio Bif, TeOPeTMUYHOro OMMUCY A0 i€epapxii BMKOHaHHS, L0
6asyBasiacs Ha JaHux. MeTomosorisi mepenbayana 3acTOCYBaHHSI aHajdi3y MaTpHUlli «BaskKIMBiCTb-TIpiOpUTET»,
nigTpumaHoro tecrom ®pigmaHa Ta KoedinieHToM KoHkoppauii Kenpamna (0,759). AHanis, 3pilicHeHMIiI Ha OCHOBIi
noporosux 3HaueHb 4,0985 mys BakiauBocti Ta 18,00 nyst mpiopurety, BUsiBUB 6idhypKOBaHy TPAEeKTOPIIO YIIPaBIiHHS
PO3YMHOI MOOiNbHICTIO. Pe3ynbraTy BuM3HawwImM 12 «mBuakux repemor» (Quadrant 1), cepes KX MPOBiTHUMU
CTaJIM eJIeKTPOHHE pe3epByBaHHS MapkoMicub (Mean =4,9574) Ta 3HVSKEHHS PiBHS LOPOKHBO-TPAHCIIOPTHUX MTPUTOLL
(Mean Rank = 5,52), o 3a6e3neuyBaiu BucOKOedbeKTUBHI pillleHHs, HeOOXinHi 1yisT GopMyBaHHS MTOYATKOBOI JOBipK
cycminbeTBa. MaTpullsl BUSIBMIA CTpAaTeTiyHMii po3puB TOTOBHOCTI y 10 6a30Bux cuctemax (Quadrant 2), BUSHAUEHUX
SIK cTpaTeriuHi iHBecTuuii. Taki iHAMKATOPH, SIK iHTENEKTyaabHi TPAHCIIOPTHI CUCTEMM Ha OCHOBI JaHUX Y peaJbHOMY
yaci (Mean =4,8085) Ta arperyBaHHsI TpaHCIIOPTHUX JAaHMUX, MM HU3bKMI TIpiopuTeT peanisamnii (Mean Rank > 18,00)
yepe3 HparMeHTOBaHICTh IHCTUTYLITHMX TTOBHOBAXKEHb i MOBINMbHI MpoLeAypHi Mpotiecy ranyBaHHs. CiM iHIMKATOPiB
y Quadrant 4, moB’s13aHKX 3i cTaAMMM MMOBeLiHKOBMMM MpakTMKamu (Ui avoid/shift), 3okpema posimmpeHHsT Mmepeski
BestocurieHoi iHgpacTpykrypu (Mean = 2,4468), MpoAeMOHCTPYBaIY HAHVDKYI TTOKa3HMKY BaskKJIMBOCTI Ta MPiOPUTETY.
Bysno BM3HAUEHO, IO YCIIIIHUIA Tepexin J0 iHTerpoBaHOi eKocucTeMy MOOGITBHOCTI MoTpedye (GyHIaMeHTaTbHOTO
3CYBY MapaJurMu BiJ Mozeti, ska aKlleHTOBaHa Ha TeXHOJIOrii, 7o cTpaTerii, opieHTOBaHOi Ha BpsinyBaHHs. Po3pobiieHa
paMKa cIyryBajia CTaHAApTM30BaHUM i BiITBOPIOBAHMM iHCTPYMEHTOM MiATPUMKM PUITHATTS pillleHb, 0 Ja10 3MOTy
Y3TOAMTY TEXHOIOTiYHi iHBeCTULi1 3 DiBHEM iHCTUTY1i/1HO1 TOTOBHOCTI. lOC/TiIyKEHHS CIIPUSIIO O 0JIaHHIO PO3PUBY MiXK
BIIPOBA)KEHHSIM TEXHOJIOTiii Ta CTaJIMM MiCbKMM IIJIaHYBaHHSIM yepes MifX0ay TPaH3UTHO-OPi€EHTOBAaHOTO PO3BUTKY Ta
«pPO3YMHOTO» BPSITYBAaHHS, 3a6€3MeuyIoun CTifiKicTb Ta cTanuit Xxapakrep TpaHcopmaiiiit y chepi posymHoi Mo6iTbHOCTI

KniouoBi cnosa: yp6aHicTuuHa MofepHisallis; iHTeleKTyaJbHi TPAHCIOPTHI CUCTeMM; CTATUCTUUYHE PaHKYBaHHSI;
iHcTUTYLifiHA dparMeHTallisl; yIpaB/liHHS Ha OCHOBI JaHUX
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Comprehensive proposals for greening and urban regeneration
in Zhytomyr based on a selection of perennial plants

Abstract. The rapid development of urban construction in Zhytomyr is leading to a reduction in green space below
the standard level and an intensification of the urban heat island effect, which raises the air temperature in summer
by 2-4°C. This has necessitated the implementation of environmentally sustainable solutions aimed at regulating
the microclimate, enhancing the aesthetic appeal of the urban environment and ensuring the social well-being of
residents. The aim of the study was to develop comprehensive proposals for landscape greening and the improvement
of urban areas in Zhytomyr in a landscape style based on a range of perennial ornamental plants. This ensured
biodiversity, continuous seasonal ornamental appeal and the functional zoning of urban space. Plants were classified
according to height, light requirements, moisture requirements and ornamental characteristics. Based on an analysis
of sunlight exposure in typical urban areas, a zoning scheme was developed: 60% sunny areas, 30% semi-shaded areas,
and 10% riparian zones along water bodies. Planting density ranged from 4 plants/m? for large species to 9 plants/m?
for low-growing groundcovers, ensuring that the plantings would close out within 1-2 years. The selection included
frost-hardy, drought-tolerant and low-maintenance plant species — ornamental grasses (Pennisetum, Festuca),
perennial herbaceous plants (Echinacea, Salvia, Hemerocallis, Sedum), evergreens (Yucca, Lavandula) and ornamental
foliage plants (Hosta), none of which had invasive properties. In addition, nine types of greening compositions were
proposed: borders (50-70 m in length), mixed borders (100-150 m?), flower beds (10-20 m?), alpine rock gardens (15-
20 m?), container plantings, greening around water features (20-30 m?), ornamental groups with solitary elements
(5-10 m?), group plantings (10-15 m?) and flower beds (0.5-1.0 m wide). All options ensured continuous seasonal
ornamental appeal from May to October, with a greening level of 40% to 70%, which exceeded the minimum regulatory
requirements, and required mulching and watering during dry periods. The practical value of this work lies in the
ready-to-implement projects with detailed plant placement plans and the potential for adaptation to other cities in
Ukraine with similar climatic conditions

Keywords: landscape style; composition options; landscape design; urban greening; biodiversity; seasonal ornamental
value; environmental sustainability
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INTRODUCTION

Urban greening and the improvement of urban areas are
integral components in the formation of sustainable urban
environments, contributing to microclimate regulation, air
pollution reduction, and the support of the population’s
psychological well-being. Under conditions of rapid ur-
banisation and intensive development in Ukrainian cities,
the issue of a scientifically grounded approach to green-
ing has become particularly relevant, as the reduction of
green spaces has directly affected residents’ quality of life
and the ecological condition of urban environments. Urban
greening contributes to microclimate regulation, air puri-
fication, and the maintenance of residents’ psychological
well-being. A. Addas (2023) demonstrated that urban green
spaces can reduce temperatures by 2-4°C, improve air qual-
ity, and decrease social isolation. F. Zhang & H. Qian (2024)
emphasised that urban green spaces play a critical role in
carbon sequestration, pollution filtration, and the mitiga-
tion of the urban heat island effect, making their integra-
tion into urban planning essential. T. Semeraro et al. (2021)
highlighted the importance of green roofs and community
gardens for climate regulation, water management, and bi-
odiversity support, which positively affects stress reduction
among urban residents. L. Boyko et al. (2022) substantiated
the principles of creating dendrological compositions and
the criteria for their use in urban areas, emphasising the
need to combine aesthetic and functional characteristics
of plantings. X. Zhou et al. (2025) confirmed that the ap-
plication of machine learning in optimising green spaces
increases their economic efficiency and social cohesion.

The selection of plant material for urban greening is
a key factor in the success of plantings. A. Hardberger et
al. (2025) highlighted challenges in promoting the use of
native plants due to social and market factors, proposing
policy incentives and educational measures to overcome
these barriers. An important aspect is also the selection
of frost-resistant and drought-tolerant species capable of
withstanding climatic fluctuations while maintaining or-
namental value throughout an extended growing season.
A. Pancewicz & A. Kurianowicz (2024) considered urban
greening as a tool for climate adaptation, emphasising the
importance of a systematic approach to the formation of
green spaces under conditions of intensive development
and climate change. The study by S. Chen et al. (2021)
demonstrated the positive impact of redeveloping neglect-
ed urban areas in Berlin, significantly increasing green
space and improving climatic conditions, thereby con-
firming the effectiveness of comprehensive greening ap-
proaches in densely built environments. The planning and
evaluation of urban green spaces require systematic tools
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and methodological approaches. M. Panwar et al. (2025)
developed the UGSAI index to assess the quality, quantity,
and accessibility of green spaces in Delhi, identifying are-
as with insufficient greenery and providing recommenda-
tions for their development. R. Hansen et al. (2023) noted
a shift from fragmented approaches to integrated green
space management in European cities to ensure long-term
sustainability. L. Tian (2022) highlighted the importance
of aesthetic aspects in landscape design for enhancing
the attractiveness of green spaces, which is particularly
relevant in the development of urban greening proposals.
K. Min (2025) identified key research directions focused on
integrating green technologies into architecture to achieve
carbon neutrality, opening new perspectives for urban
greening development.

In Ukraine, greening issues are associated with frag-
mented regulatory frameworks, rapid urban development,
and insufficient monitoring of green spaces. The lack of a
systematic approach to planning has led to their reduc-
tion and deterioration in quality, negatively affecting both
ecological and social conditions in cities. For the city of
Zhytomyr, located in a temperate continental climate with
cold winters and warm summers, a scientifically ground-
ed selection of perennial plants — taking into account frost
resistance, drought tolerance, and compliance with state
building regulations - is essential. A comprehensive ap-
proach to landscape greening, based on an actual selec-
tion of plant species and the principles of landscape de-
sign, makes it possible to effectively address the shortage
of green spaces in the city and to ensure their long-term
ornamental value and ecological stability. The aim of this
study was to develop landscape-style design projects with
maximum use of available resources to achieve a balance
between ecological sustainability, aesthetics, and social
comfort. The objectives included analysis of plant material,
the application of landscape design principles, the creation
of compositional options and their regulatory assessment.

MATERIALS AND METHODS

The study was based on a selection of 14 species of per-
ennial plants (Table 1), purchased by the municipal en-
terprise “Zelenbud” of the Zhytomyr City Council on 15
November 2025 from the “Dekor Zviahel Sad” farm (Zhy-
tomyr.info, 2025). The proposals for greening were based
on standard urban areas in Zhytomyr (squares, court-
yards, footpaths, patios, waterfronts, and slopes). The
visualisation of the landscape design schemes was car-
ried out using Realtime Landscaping Architect 2025 (Idea
Spectrum) (n.d.).

Table 1. Range of plants for greening the city of Zhytomyr

Plant name Type Height/width
Salvia nemorosa Perennial
‘Caradonna’ herbaceous 40-60/30-40 cm

Frost hardiness

Appearance

Quantity, pcs.

High 30

Architectural Studies, 12(1) 81 »



L ¢ Comprehensive proposals for greening and urban regeneration...

Table 1. Continued

Plant name Type Height/width Frost hardiness Quantity, pcs. Appearance
i i
Lychnis viscaria Perennial .
‘Pink Rosea Plena’ herbaceous 30-35/25-30 cm High 35
Pennisetum up to 80/ up to 80
alopecuroides Ornamental grass P P High 65
p , cm
Moudry
Festuca glauca .
‘Elijah Blue’ Ornamental grass 15-25/20-30 cm High 65
Sedum hybride Perennial Zone 4
‘Purple Emperor’ herbaceous 40-50/35-40 cm (down to -34°C) 65
foliage up to 70 cm, Zone 4
Yucca filamentosa  Evergreen perennial  flowering stem up (down to -30°C) 20
tol.5m
Echm(acea purpurea Perennial 60-90/60-70 cm High 35
Magnus herbaceous
Perovskia Perennial
atriplicifolia 60-70/50-60 cm High 35
p - herbaceous
Blue Spire
. , Perennial .
Hosta ‘Halcyon omamental foliage up to 40/40-50 cm High 40
Hosta ‘Fire and Ice’ Perennial . 25/40 cm High 40
ornamental foliage
Hosta Perennial .
‘Sunset Grooves’  ornamental foliage 30-40/40-50 cm High 40
Hemerocallis hybrida Perennial .
‘Stella de Oro’ herbaceous 40-50/40-50 cm High 60
Lavandula Evergreen perennial
angustifolia greenp 50-60/70-80 cm down to -30°C 60
o ) shrub
Elisabeth
Pennisetum
alopecuroides ‘Little ~ Ornamental grass 40-50/30-40 cm High 65

Bunny’

Source: Garden Industry (n.d.)
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The research stages included an analysis of the pur-
chased selection of plants for urban greening. The plants
were classified according to height (low-growing <40 cm,
medium-growing 40-80 cm, tall >80 cm), light require-
ments (sunny, semi-shaded), moisture conditions (dry,
moderate, moist), and ornamental characteristics (flow-
ering period, foliage texture, autumn colouration). For the
selected plants, the most suitable approach was the land-
scape style, incorporating asymmetry, multi-layering, and
the imitation of natural landscapes. The majority of species
had a natural, “wild” appearance, did not require regular
trimming, and aligned with the concept of low-mainte-
nance planting. Site zoning included: 60% sunny areas, 30%
semi-shaded areas, and 10% waterside zones near bodies of
water. Based on an analysis of insolation in typical areas of
Zhytomyr, several compositional variants were proposed,
including borders, mixborders, flower beds, alpine rock
gardens, container plantings, waterside zones, decorative
groups, and flower borders. Planting density in the design
ranged from 4 to 9 plants/m? depending on plant size (7-9
plants/m? for low-growing species and 4-5 plants/m? for
taller species). The design process also took into account
compliance with state building regulations SCN B.2.2-
5:2011 (2012) (minimum 40% greening, shrub distance of
1-2 m from pathways, and absence of invasive species) as
well as the Order of the Ministry of Construction, Archi-
tecture, and Housing and Communal Services of Ukraine
No. 105 (2006). The methods used included comparative
analysis, morphological classification of plants, and land-
scape design planning, taking into account planting densi-
ty and adaptation to specific growing conditions. The study
did not involve statistical data processing, as it was based
on landscape design proposals.

RESULTS AND DISCUSSION
The city of Zhytomyr is located in a temperate continen-
tal climatic zone (Zone 5), characterised by cold winters
(down to -30°C), warm summers, and sufficient moisture,
which determines the selection of frost-resistant and
low-maintenance perennial species for urban greening. The
city features a developed network of public squares, inner
courtyards, and waterside areas along the Teteriv River;
however, intensive construction during the 2010s-2020s
has significantly reduced green space below the standard
level (Wolch et al., 2014). The perennial plants selected for
analysis were characterised by a harmonious combination
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of colour and texture and were organically integrated
into a landscape-style design, defined by asymmetrical
arrangement, a multi-layered structure, and an emphasis
on textural and seasonal characteristics suitable for urban
greening. Their decorative flowering period extends from
May to October, ensuring both functionality and aesthetic
expressiveness of plantings. Species such as Pennisetum,
Festuca, and Echinacea were particularly well suited to the
landscape style of urban planting. During site zoning, it is
important to consider light conditions and relief: approx-
imately 60% of the area should be allocated to sunny sites
for species such as Sedum and Lavandula; around 30% to
partial shade for hostas and certain ornamental grasses;
and about 10% for waterside greening, using moisture-lov-
ing plants such as Hemerocallis and Pennisetum. For opti-
mal balance, planting density should range from 4 plants/
m? for tall grasses to 9 plants/m? for low-growing ground
cover species. This scheme ensures canopy closure with-
in 1-2 years and complies with the requirements of SCN
B.2.2-5:2011 (2012) for minimum greening levels (>40%).
Plant grouping was carried out according to height (low
plants in the foreground, taller ones in the background),
colour (dominance of a purple-pink palette with yellow and
silvery accents), and texture (combining soft ornamental
grasses with the rigid foliage of yucca).

Plant maintenance was limited to mulching, spring
pruning of grasses, and watering during prolonged dry pe-
riods. The proposed greening options included: borders
(50-70 m in length, up to 40 cm in height); containers (3-5
units, volume 4-10 L); mixborders (100-150 m?); waterside
zones (20-30 m?); flower beds (3-5 units, each 10-20 m?); al-
pine rock gardens (15-20 m?); decorative compositions (5-7
units, each 5-10 m?); group plantings (10-15 m?); and flow-
er borders (0.5-1.0 m wide, up to 10 m long). Borders were
considered one of the basic elements of urban greening,
serving to frame pathways and lawns. Their role was to es-
tablish clear boundaries, ensure compositional rhythm, and
maintain a low planting profile (up to 40 cm). For border
creation, a composition of low-growing plant species was
proposed, ensuring dense coverage and year-round orna-
mental value. On sunny sites, the base consisted of Lychnis
viscaria ‘Pink Rosea Plena’ (25-35 specimens), forming pink
accents from May to July, combined with Festuca glauca ‘Eli-
jah Blue’ (25-30 specimens), which created a silvery-blue
textural background. The total length of the border was 50-
70 m. Table 2 summarises the structure of the border layers.

Table 2. Layered structure of the border composition planting

Layer Type Quantity per 10 m Height Colour/texture
Front (ground cover) Festuca glauca ‘Elijah Blue’ 20 units 15-25cm Silvery-blue foliage
Middle (flowering)  Lychnis viscaria ‘Pink Rosea Plena’ 15 units 30-35 cm Pink double flowers
Accent (every 2 m)  Lavandula angustifolia ‘Elizabeth’ 5 units 50-60 cm Purple fragrant flowers

Source: compiled by the authors

The border layout was designed on the principle of
asymmetrical waves, repeating every 2-3 metres. A visual
focal point was created by combining the pink flowers

of Lychnis viscaria with the bluish foliage of Festuca glau-
ca, producing a rhythmic effect. The planting density was
5-7 plants/m?, which met the regulatory requirements for
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decorative density and ensured the plants would close out
within 1-2 years. In Figure 1, showing the border in its
entirety, the composition is based on a three-row plant-
ing scheme with a clearly defined hierarchy of colour and
texture. Along the edges of the border, a frame was formed
using Festuca glauca ‘Elijah Blue’, which created a light,

textural background thanks to its dense, grey-blue clumps.
The middle row features Lavandula angustifolia ‘Elizabeth’,
which forms a purple strip and provides a vertical rhythm
to the inflorescences. The central focal area is occupied by
Lychnis viscaria ‘Pink Rosea Plena’, which stands out with its
rich pink flowers and serves as the compositional focal point.

Figure 1. Border composition variant along a pedestrian pathway
Note: a — general view of the border (front view); b — plant layout (top view): 1 — Festuca glauca ‘Elijah Blue’, 2 — Lychnis
viscaria ‘Pink Rosea Plena’, 3 — Lavandula angustifolia ‘Elizabeth’

Source: compiled by the authors

For the greening of semi-shaded areas, it is advisable
to plant Hosta ‘Halcyon’ (20 plants) and Hosta ‘Fire and
Ice’ (20 plants), which create a striking contrast thanks
to their varied foliage and provide year-round ornamental
appeal. Lavandula angustifolia ‘Elizabeth’ (10 plants) can
serve as an additional accent, adding a fragrant touch to
the composition and characterised by abundant flowering
in June-August. Containers were used for greening patios
and terraces, ensuring the mobility of the compositionsand
a vertical structure for the plantings. O. Kosyk et al. (2020)
confirmed the effectiveness of container planting in urban
environments for paved areas and sites with complex en-
gineering conditions, which has become typical of court-
yards and pedestrian zones in Zhytomyr. Hosta ‘Sunset
Grooves’, characterised by wrinkled ornamental foliage
with year-round hardiness, can serve as the base element
of a container planting. Complementary plants could in-
clude Hemerocallis ‘Stella de Oro’ — yellow flowers with a
long flowering period (May-September), Pennisetum alo-
pecuroides ‘Little Bunny’ with fluffy panicles flowering in
September-October, and the solitary element Yucca fil-
amentosa (an evergreen plant up to 80 cm tall) (Fig. 2).
The container composition was organised in groups with
height layering: low hostas were placed in the lower tier,
while taller grasses occupied the upper tier. The colour
scheme was maintained in a yellow-green palette with
cream accents. Textural contrast was achieved by com-
bining the smooth foliage of hostas with the fluffy inflo-
rescences of ornamental grasses. The placement of con-
tainers was planned near benches and entrances, forming
compositional focal points. The main principles of organ-
ising container plantings included mobility for seasonal
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rotation, textural contrast between different plant spe-
cies, and the possibility of quickly replacing individual
elements of the composition depending on the season.
Mixborders were predominantly designed as dynamic
mixed compositions with a three-layer structure, pro-
viding spatial depth and seasonal variability of the orna-
mental effect. The composition structure consisted of: a
background layer with silvery spikes and purple inflores-
cences; a middle layer with vertical purple inflorescenc-
es and plants with purple foliage and decorative as well
as aromatic qualities; and a foreground layer with plants
featuring silvery-blue foliage and compact fluffy spikes.
Table 3 presents the structured layers of the mixborder in
the urban composition.

Figure 2. Variants of container compositions
Source: Realtime Landscaping Architect 2025 (Idea Spec-
trum) (n.d.)
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Table 3. Layered structure of the mixborder composition

Layer Plants Quantity per 10 m Height Seasonality
Back Pennisetum alopecuroides ‘Moudry’ + Perovskia atriplicifolia ‘Blue Spire’ 10+ 8 units 60-80 cm  August-October

Middle Salvia nemorosa ‘Caradonna’ + Sedum spectabile ‘Purple Emperor’ 10+ 12 units 40-60 cm  June-September
Front Pennisetum alopecuroides ‘Little Bunny’ + Festuca glauca ‘Elijah Blue’ 10+ 10 units 15-50 cm  All year round

Source: compiled by the authors

Thus, the seasonal changes in the mixed border un-
folded in stages, ensuring continuous visual appeal from
June to October. In June-August, the purple vertical inflo-
rescences of Salvia nemorosa ‘Caradonna’ and the fragrant
flowering of Lavandula angustifolia ‘Elizabeth’ dominated,
creating a rich colour accent in the middle ground. In Au-
gust-September, these were joined by the purple foliage
of Perovskia atriplicifolia ‘Blue Spire’ and the blue-grey in-
florescences of Perovskia atriplicifolia ‘Blue Spire’, which
enriched the colour palette with cool shades. The sea-
son culminated in October, when the silvery panicles of

Pennisetum alopecuroides ‘Moudry’ in the background
reached their peak decorative effect, forming a striking au-
tumnal accent. Throughout the season, Festuca glauca ‘Eli-
jah Blue’ and Pennisetum alopecuroides ‘Little Bunny’ in the
foreground provided a stable textural backdrop. The design
principles included layering to create spatial depth, a col-
our rhythm dominated by a violet-silver palette with purple
accents, as well as continuous seasonal variation in orna-
mental characteristics, making the mixed border one of the
most distinctive types of greening for open urban spaces
in Zhytomyr — parks, squares and pedestrian areas (Fig. 3).

Figure 3. Mixborder composition variant for urban areas of Zhytomyr
Source: Realtime Landscaping Architect 2025 (Idea Spectrum) (n.d.)

Mixborders provided spatial rhythm and seasonal
variation of ornamental accents, integrating into the
overall greening system of the area. Waterside landscap-
ing (areas near ponds and streams) may cover an area of
20-30 m?. When planning such areas, specific ecologi-
cal conditions should be taken into account, including
increased soil moisture and partial shade. A possible
planting scheme may include a shoreline composition
with Hemerocallis ‘Stella de Oro’ as the base element,

providing floral accents along the water’s edge from
May to September. The semi-shaded zone may be com-
posed of Hosta ‘Halcyon’ and Hosta ‘Sunset Grooves’,
both of which provide foliage accents in partial shade
and year-round ornamental value. Accent elements
may be represented by ornamental grasses such as Pen-
nisetum alopecuroides ‘Moudry’. Table 4 summarises
and structures the features of plant placement in the
waterside zone.

Table 4. Grouping of plants in the waterside zone

Group Species Quantity Placement Colour/texture
Shoreline Hemerocallis ‘Stella de Oro’ 10 units Along the edge Yellow flowers
Partial shade Hosta ‘Halcyon’ +Hosta ‘Sunset Grooves’ 5+5 units Closer to the water Blue-green and yellow-green foliage
Accent Pennisetum alopecuroides ‘Moudry’ 5 units In groups Silvery spikes

Source: compiled by the authors

This composition was designed according to the
principle of asymmetrical grouping, imitating a natural
shoreline. The main visual accent was the reflection of
the yellow flowers of Hemerocallis in the water surface.
The arrangement of plants ensured a balance between

ornamental richness and ecological adaptability. The se-
lected plants were characterised by tolerance to moderate
moisture and the ability to maintain their decorative qual-
ities in a waterside environment. Figure 4 shows a variant
of waterside landscaping.
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Figure 4. Waterside landscaping variant
Source: Realtime Landscaping Architect 2025 (Idea
Spectrum) (n.d.)

The flower bed composition may be designed accord-
ing to the principle of a concentric arrangement of plants
with a dominant central layer. The centre of the compo-
sition is Echinacea purpurea ‘Magnus’ — 8 plants (vertical
accent, pink flowers, flowering period July-September);
the middle layer includes: Salvia nemorosa ‘Caradonna’ —
6 plants (purple vertical inflorescences, June-August);
Lychnis viscaria ‘Pink Rosea Plena’ — 6 plants (pink double
flowers, May-July), outer tier: Festuca glauca ‘Elijah Blue’ -
8 plants (silvery-blue foliage, ornamental throughout the
year), Lavandula angustifolia ‘Elizabeth’ — 6 specimens
(purple fragrant flowers, June-August). The visual focus
was achieved thanks to the vertical centrepiece (Echina-
cea) and the colour rhythm of the pink and purple pal-
ette. The combination of textures - the smooth leaves of
lavender, the fluffy inflorescences of sage and the greyish
leaves of oatgrass — provided decorative richness. The col-
our scheme — pink and purple — was adapted to attract
pollinators (Fig. 5).

Figure 5. Circular flower bed variant (3 m)
with a concentric arrangement
Source: Realtime Landscaping Architect 2025 (Idea
Spectrum) (n.d.)

Alternative planting arrangements may also be ap-
plied for a circular flower bed or a park flower garden,
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where the accent element is Yucca filamentosa — 1-2 spec-
imens (vertical element). The middle layer may include
Echinacea purpurea ‘Magnus’ — 5 specimens (purple flow-
ers, summer-autumn) and Salvia nemorosa ‘Caradonna’ —
5 specimens (dark purple stems). The lower layer may
consist of Hosta ‘Halcyon’ — 8 specimens (blue-green fo-
liage, shade-tolerant) and Sedum hybride ‘Purple Emper-
or’ — 10 specimens (purple foliage). A border of Festuca
glauca ‘Elijah Blue’ — 12 specimens creates a blue, grass-
like effect. A variant of the flower bed with a concentric
arrangement of plants within a single composition may
also include the planting of Lychnis viscaria ‘Pink Rosea
Plena’ in the central part, enhancing the pink-purple pal-
ette and ensuring dense, rhythmic flowering in the mid-
dle layer. The outer contour of the composition, formed
by Lavandula angustifolia ‘Elizabeth’, creates a decorative
silvery-blue textural framing layer while simultaneously
emphasising the colour depth of the central part of the
flower bed (Fig. 6).

Figure 6. Variants of flower bed layout (top view)
Note: (a) flower bed variant with a concentric arrangement
in a pink-purple palette; (b) flower bed variant with a
vertical solitary element
Source: Realtime Landscaping Architect 2025 (Idea
Spectrum) (n.d.)

Alpine rock gardens (rockeries) were established on
sloping, sunny sites with an area of 15-20 m?, using stone
material to ensure drainage and to simulate a mountain-
ous landscape. The composition was based on a mul-
ti-layered arrangement of plants with a pronounced tex-
tural contrast between stones, succulent-like species, and
vertical accents. The structure of the composition was as
follows: the lower layer (Sedum hybride ‘Purple Emper-
or’ — 20 specimens; August-October, Pennisetum alope-
curoides ‘Little Bunny’ - 15 specimens; September-Octo-
ber), the middle layer (Echinacea purpurea ‘Magnus’ — 15
specimens; July-September), and the upper layer (Yucca
filamentosa — 5 specimens; evergreen vertical accent). An
aromatic component was provided by Lavandula angusti-
folia ‘Elizabeth’ — 10 specimens, with a flowering period
from June to August (Table 5).
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Table 5. Layered structure of the alpine rock garden (variant for an area of 5 m?)

Level Species Quantity Height Texture

Upper Yucca filamentosa 2 units 50-70 cm Sword-shaped foliage
Middle Sedum ‘Purple Emperor’+ Echinacea ‘Magnus’ + Salvia 8+6+8units  30-60 cm Purple foliage and pink flowers
Lower Pennisetum ‘Little Bunny’ + Lavandula ‘Elizabeth’ 8+ 5 units 15-40 cm  Fluffy spikes and aromatic foliage

Source: compiled by the authors

Figure 7 shows the scheme of an alpine rock garden,
where the stone substrate between layers imitates a nat-
ural mountainous landscape and ensures proper drainage.
The combination of stone, succulent-like plants, and or-
namental grasses creates visual depth and a naturalistic
style adapted to the climatic conditions of Zhytomyr. Or-
namental compositions within the landscape were formed
as 5-7 compositional groups, each with an area of 5-10 m?.
These compositions functioned as focal accents within dif-
ferent functional zones and were based on a combination
of vertical dominants, foliage plants, and grasses, ensur-
ing rhythm, textural richness, and seasonal ornamental
value. Accent groups with a vertical dominant included:

Yucca filamentosa — 10 specimens (evergreen vertical ac-
cent); Sedum spectabile ‘Purple Emperor’ — 15 specimens
(purple foliage, ornamental value from August to October);
Pennisetum alopecuroides ‘Moudry’ — 25 specimens (silvery
spikes, September-October). Shade compositions provided
contrasting foliage and ornamental value in partial shade;
thus, the following species were used: Hosta ‘Fire and Ice’ —
20 specimens, Hosta ‘Halcyon’ — 10 specimens, and Hosta
‘Sunset Grooves’ — 10 specimens. The compositions were
designed in circular or triangular configurations with ver-
tical dominants (Yucca) and the integration of ornamental
grasses, which respond to wind movement, creating a dy-
namic visual rhythm.

Figure 7. Alpine rock garden scheme with a three-tier structure
Source: Realtime Landscaping Architect 2025 (Idea Spectrum) (n.d.)

Visual balance was achieved through the combina-
tion of foliage and grass textures, repetition of forms, and
colour harmony. The colour palette was maintained in a
purple-pink range with yellow accents. The compositions
ensured continuous seasonal ornamental interest and
required minimal maintenance (mulching and watering
during dry periods). For example, in a composition with
a central solitary element, the area may be 3 m?, with a
triangular structure featuring a central accent and periph-
eral framing. The solitary element (central feature), Yucca

filamentosa, served as the dominant element of the com-
position due to its evergreen, sword-shaped foliage, estab-
lishing an architectural rhythm. The accompanying plants
(middle layer) included Sedum ‘Purple Emperor’, Pennise-
tum ‘Moudry’, and Lavandula angustifolia ‘Elizabeth’, while
the peripheral framing consisted of Hosta ‘Fire and Ice’
and Festuca glauca ‘Elijah Blue’. Planted along the edges
of the composition, they enhanced contrast through var-
iegated foliage and provided a smooth transition to the
surrounding area (Table 6).

Table 6. Structure of a decorative composition with a central solitary element

Conig;:;tlon Species Quantity Placement Dfeuclcl);‘tz:g:lre
Sohtary.element Yucca filamentosa 1 unit Centre Evergreen vertical accent
(dominant)
Middle lay.er Sedum ‘Purple Emperor’ngnnise.tum 54542 units Arou.nd. the ) Te.xtural cqntrast: purplg
(accompanying) ‘Moudry’ + Lavandula angustifolia ‘Elisabeth’ solitaire  foliage +silvery spikes +aromatic accent
Lower }ayer Hosta ‘Fire an(.l.lce’ +Festuca glauca 543 units Alqng the Contr.agting variegaFed foliage,
(framing) ‘Elijah Blue’ periphery transition to the adjacent area

Source: compiled by the authors
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The composition shown in Figure 8 was characterised
by a balanced combination of architectural form, textural
contrast and seasonal variation. The evergreen Yucca fila-
mentosa provided a year-round decorative base, whilst Se-
dum hybride ‘Purple Emperor’ and Pennisetum alopecuroides
‘Moudry’ reached their peak in August-October, creating a
purple-silver autumnal accent. Hosta ‘Fire and Ice’ and Fes-
tuca glauca ‘Elijah Blue’ remained decorative throughout
the growing season, enhancing the contrast and lending
the composition a sense of completeness. The triangular

configuration of the composition, with a vertical solitary
plant at its centre, provided a consistent architectural fo-
cal point and a natural transition to adjacent landscaping
elements. The colour palette featured a contrasting com-
bination of purple-silver hues with the blue-green foliage
of the hostas, maintaining aesthetic expressiveness. Such
compact accent compositions are particularly effective for
landscaping building entrances, key points along pedestrian
routes and rest areas in the courtyards of Zhytomyr, where
green space is limited but required a clear artistic solution.

Figure 8. Scheme of a decorative composition:
triangular structure with a vertical solitary element, textural framing, and foliage complement
Source: Realtime Landscaping Architect 2025 (Idea Spectrum) (n.d.)

A group planting scheme for a public garden (cover-
ing an area of 10-15 m?) - suitable for parks with partial
shade - combined ornamental grasses, shade-tolerant
deciduous species and flowering accents (Fig. 9). Layered
structure: upper layer (height 80-120 cm) Pennisetum alo-
pecuroides ‘Moudry’ — 3 plants; Perovskia atriplicifolia ‘Blue

Spire’ - 3 plants; middle layer (height 50-80 cm) Echinacea
purpurea ‘Magnus’ — 6 plants, Lychnis viscaria ‘Pink Rosea
Plena’ - 5 plants; lower layer (height 20-50 cm) Hosta ‘Sun-
set Grooves’ - 8 plants, Sedum hybride ‘Purple Emperor’ — 7
plants, Festuca glauca ‘Elijah Blue’ - 10 plants. Fragrant ac-
cent: Lavandula angustifolia ‘Elizabeth’ — 5 plants.

Figure 9. Scheme of group planting for a public square:
a multi-layered composition with ornamental grasses, flowering accents, and shade-tolerant foliage species
Note: (a) composition variant with a warm pink-purple colour palette; (b) composition variant with a cool blue-violet
colour palette
Source: Realtime Landscaping Architect 2025 (Idea Spectrum) (n.d.)

The planting scheme was characterised by high re-
sistance to pests and diseases, drought tolerance (water-

ing required only during prolonged dry periods), minimal
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maintenance requirements, and provided seasonal var-
iation in ornamental features and a natural, ecological
appearance throughout the growing season. A flower



border is a linear planting along a pedestrian path, 0.5-
1.0 m wide and 10 m long, designed for semi-shaded areas.
The composition was structured on the principle of rhyth-
mic alternation of plants of different heights, ensuring
visual dynamism, seasonal variability, and textural rich-
ness. The structure of the composition consisted of a main
row (vertical accent): Perovskia atriplicifolia ‘Blue Spire’ — 4
specimens (blue-grey inflorescences, July-September);
a middle row (flowering elements): Hemerocallis hybrida
‘Stella de Oro’ — 10 specimens (yellow flowers, repeat flow-
ering May-September), Lychnis viscaria ‘Pink Rosea Plena’ -
8 specimens (pink double flowers, May-July); a lower row
(foliage and aromatic elements): Hosta ‘Fire and Ice’ — 12
specimens (ornamental throughout the season), Lavandu-
la angustifolia ‘Elizabeth’ — 10 specimens (fragrant purple
flowers, June-August); and a border (ground cover element):
Pennisetum alopecuroides ‘Little Bunny’ — 15 specimens
(dwarf grass, ornamental September-October) (Fig. 10).

Figure 10. Flower border design: linear composition
with a multi-layered structure
Note: (a) flower border variant with a warm pink-yellow
colour palette (side view); (b) flower border variant with a
cool blue-yellow colour palette (top view)
Source: Realtime Landscaping Architect 2025 (Idea
Spectrum) (n.d.)

The composition was designed as a rhythmic line fea-
turing alternating layers of height, with tall plants serving
to divide the space, medium-sized plants providing colour
intensity, and low-growing plants creating a textural and
aromatic backdrop. The design of the composition ensured
the integrity of the colour palette, low maintenance re-
quirements and ecological adaptability. The proposed com-
prehensive landscape greening and urban improvement
schemes for Zhytomyr, based on a selection of perennial
plants, demonstrated a high level of integration of ecolog-
ical, aesthetic and functional aspects, in line with contem-
porary urban greening trends. In particular, the use of a
landscape style featuring asymmetrical layout, multi-lay-
ered composition and an emphasis on seasonal ornamental
value was consistent with the findings of C.O. Fernandes et
al. (2025), who scientifically substantiated the selection of
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plant species as a key factor in creating sustainable and
comfortable urban landscapes. The selection of frost-har-
dy, drought-tolerant species (Pennisetum, Festuca, Sedum)
was consistent with the strategies of C.Y. Jim (2013) for
compact cities, where the emphasis was on low-cost main-
tenance of plantings, and also corresponded to the prin-
ciples of creating ecologically adaptive urban plantings
outlined by M. Ramaiah & R. Avtar (2019). The developed
design options (borders, mixborders, flower beds, alpine
rock gardens, container plantings, waterside zones, decora-
tive groups, and flower borders) ensured full utilisation of
the selection of perennial plants, achieving a greening lev-
el of 40-70%, which exceeded the minimum requirements
of state building regulations (SCN B.2.2-5:2011, 2012). In-
creased greening of urban areas helped to reduce the urban
heat island effect and increase the accessibility of green
spaces for the population, as confirmed by the findings of
J.R. Wolch et al. (2014), who emphasised the importance
of balanced planning of green spaces to prevent inequal-
ity in access to environmental resources. In this context,
the proposed solutions enabled the effective integration of
planting with amenities — footpaths, benches and riverside
areas along the Teteriv River. I. Anguelovski et al. (2018)
cautioned that the development of green spaces can lead to
gentrification and the exclusion of vulnerable groups; thus,
when implementing proposals for the city of Zhytomyr, it
is important to ensure equal access for residents to green
spaces. S. Tappert et al. (2018) confirmed that public in-
volvement in the planning of urban green spaces enhances
their functionality and reduces conflicts of use. The zoning
of areas based on lighting and planting density (4-9 plants/
m?) took into account the ecological adaptability of species
to local climatic conditions. A comprehensive assessment
of the quality of green areas, using a methodology devel-
oped by W. Halecki et al. (2023) for urban parks, confirmed
the validity of this approach for ensuring the long-term
functionality of plantings. The use of a variety of peren-
nial plants ensured biodiversity and continuous flowering
from May to October, which supported pollinators and
contributed to the psychological well-being of residents.
Furthermore, the authors M. Ramaiah & R. Avtar (2019)
emphasised that, in the context of rapid urbanisation, inte-
grated planning of green spaces has become a prerequisite
for combating pollution and climate change. Potential lim-
itations included dependence on soil quality and climatic
fluctuations in Zone 5, which required further monitoring
of the plantings. Compared to approaches to the system-
atic management of green spaces, proposals for the city of
Zhytomyr could be expanded through public engagement
and the use of geographic information systems for plan-
ning, in accordance with the provisions of Law of Ukraine
No. 2807-1V (2005). O. Zibtseva & V. Yukhnovskyi (2019)
confirmed that the discrepancy between regulatory indi-
cators and the actual state of greening in Ukrainian cities
had become a systemic problem, the resolution of which
required comprehensive, scientifically grounded approach-
es. Overall, the proposed approach proved effective as a
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comprehensive solution for improving the quality of the
urban environment in Zhytomyr, ensuring compliance
with regulatory requirements, ecological sustainability
and the aesthetic appeal of the green spaces. The types of
landscape compositions developed in the study covered all
typical urban spaces and were adapted to specific condi-
tions of light, humidity and terrain, making them suitable
for implementation in other Ukrainian cities with similar
climatic conditions.

CONCLUSIONS
The study developed comprehensive proposals for the
landscaping and improvement of urban areas in Zhytomyr
in a landscape style, based on a selection of 14 species of
ornamental perennials. The selected range of frost-hardy,
drought-tolerant and low-maintenance species ensured
continuous decorative flowering from May to October,
thereby enhancing the biodiversity of the urban environ-
ment. The proposed plantings met the regulatory require-
ments for minimum greening levels and required minimal
maintenance — mulching and watering only during dry
periods. Various types of compositions were developed for
typical urban spaces in Zhytomyr - squares, courtyards,
pedestrian zones and the banks of the Teteriv River: bor-
ders and flowerbeds featuring low-growing groundcover
and grass species; mixed borders and ornamental groups
featuring multi-layered combinations of grasses, peren-
nial herbaceous and aromatic plants; flowerbeds with a
concentric arrangement of flowering and foliage species;

alpine rock gardens with succulent-like and vertical archi-
tectural elements; container plantings of mobile evergreen
and flowering species; landscaping along driveways using
moisture-loving and shade-tolerant plants; group plant-
ings for partially shaded park areas featuring shade-toler-
ant deciduous and grass species. All options ensured colour
harmony in a purple-pink palette with yellow and silvery
accents, with a greening level of 40 to 70 per cent, exceed-
ing the minimum requirements of national building regu-
lations. The proposed solutions contributed to improving
the microclimate, reducing the urban heat island effect,
supporting biodiversity and pollinators, creating recrea-
tional areas, and enhancing the social well-being of resi-
dents, all with minimal maintenance costs. Future research
prospects include monitoring the survival rates of the
proposed plant combinations in the urban environment of
Zhytomyr, expanding the range to include native species,
and developing digital tools based on geographic informa-
tion systems to optimise the placement of green spaces in
the urban environment.
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KomMnneKcHi npono3uuii 3 naHawWagTHOro o3efieHeHHS
Ta 6naroycTpolo MiCbKMX Teputopin XXutommpa
Ha OCHOBI aCOpPTUMEHTY 6araTopidYHMUX POC/IUH

AHoTauiqa. [IBuakuii po3sBUTOK Micbkoi 3a6ymoBu MicTa JKUTOMUD MPU3BOOUTH OO CKOPOUEHHS IUIONI 3eeHUX
HacagkeHb HIOKYE HOPMATMBHOTO DPiBHS Ta MOCUMIEHHS edeKTy MiCbKOro TeIJIOBOTO OCTPOBA, IO IiIBUIIYE
TeMIlepaTypy MOBiTps BIiTKy Ha 2-4 °C. Ile 3yMOBWJIO HEOOXigHICTh BIIPOBA/KEHHS €KOJIOTiUHO CTiiiKMX pillleHb,
CIIPSIMOBAHMX Ha peryaloBaHHS MiKpOK/IiMaTy, MiJBUIIEHHS eCTeTMYHOI MPMBAOGIMBOCTI MiCHKOTO CepeloBUINa
Ta 3abe3nevyeHHs COIiaJbHOTO OJIATOTIONYYUS] MeIIKaHIiB. MeTol IOoCIigkKeHHSI Oyaa po3pobKa KOMILIEKCHUX
npono3uiiiit 3 JaHamadTHOTO O3eJeHeHHSI Ta 67aroycTpoio MiCbKUX TepuTopiit JKutomupa y mei3akHOMY CTWIII
Ha OCHOBi acOpTMMeEHTy 6araTopiuHux IeKopaTUMBHMX pOCiauH. Lle 3abe3meunsio 6iopisHOMaHITTs, 6Ge3repepBHICTDb
Ce30HHO{ 1eKOPaTUBHOCTI Ta GYHKI[iOHATbHE 30HYBAHHS MiChKOTO MpoCTopy. Byno 3ailicHeHo Kinacudikaliio pocanH
3a BUCOTOIO, TOTpebaMu B OCBiT/IIeHHi, BOJIOTOCTI Ta JeKOPATUBHUMMU XapakTepucTukamu. Ha migcrasi ananisy iHcousii
TUITOBUX MiCbKUX TEPUTOPiit O6ysI0 po3pobiieHO cxeMy 30HYBaHHS: 60 % COHSYHUX HiNSTHOK, 30 % — HamiBTiHbOBUX,
10 % - npubepexHux 30H Bogoiim. LIinbHICTH MOcagkM BapitoBanacst Bifg 4 pocauMH/M? AJjisl BEJIMKUX BUIIB 10 9
POCIVH/M? [IJI1 HU3BKOPOWINX [PYHTOMOKPUBHMUX, 110 3a6e3MeuyBajo 3MUKAHHS HACAKEeHb MPOTSArOM 1-2 pOKiB.
Ilo acCOpTMMEHTY YBIiMIIIM MOPO3OCTiiKi, TOCYXOCTiliKi Ta HEBMOATMBI B JOIJISIII BUAM POCIMH — NEKOPATUBHI 3/1aKU
(Pennisetum, Festuca), 6araTopiuHi TpaB’suucti (Echinacea, Salvia, Hemerocallis, Sedum), Biuno3seneHi (Yucca, Lavandula)
Ta IeKopaTUBHO-MUCTSHI (Hosta), 1[0 He Manau iHBAa3MBHUX BIACTUBOCTei. Takoxk, GyJ0 3alpONOHOBAHO [EB’SITh
TUIIiB 03e/IeHIOBAIbHUX KOoMIo3uiLiit: 6opaiopu (50-70 M 3aBIOBKKM), Mikcoopmepu (100-150 m?), kimym6m (10-20 m?2),
anpIiiicbki ripku (15-20 mM?), KOHTeliHepHi HacaZKeHHsI, 03eJIeHeHHs Tpy BofoiiMax (20-30 m?), IeKOpaTUBHi IPYIu 3
conitTepHuMu enemeHTamu (5-10 m?), rpynosi HacamkeHHs (10-15 m?) ta pabatku (mmpunoio 0,5-1,0 m). Yei BapianTu
3abe3reuyBany 6e3nepepBHy CE30HHY JIEKOPATUBHICTh 3 TPaBHS IO KOBTEHb, piBeHb 03eyieHeHHsT Bing 40 % mo 70 %,
110 TTepeBUIIyBaI0 MiHiMaJlbHi HOpPMATUBHI BUMOTI'M, Ta MTOTPeOYBaIO MY/IbYYBAHHS Ta MOJMBY B MOCYILINBI ITepioau.
IIpakTHUYHAa I[iHHICTb POOOTHU TOJSATAE Y TOTOBUX 10 BIIPOBAIKEHHS MPOEKTAX i3 TeTATbHUMM CXeMaMy PO3MillleHHSI
POC/IVH i MOKJIMBICTIO afjanTallii o iHmmux MicT YKpainu 3i CXOXXMMHU KIIMaTUYHUMU YMOBaMU

Knio4oBi croBa: neitsaxkHuii CTIIb; BapiaHTV KOMITO3UILii; TaHaradTHMi 113aiiH; MicbKe 03e/ileHeHHs ; 6iopisHOMaHITTS;
Ce30HHA JeKOPaTUBHICTh; €KOJIOTiuHa CTiliKiCThb
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Integration of artificial intelligence into the restoration
of architectural monuments: Methods and prospects

Abstract. The study aimed to identify the potential of intelligent digital technologies in assessing the condition
of architectural heritage sites and justifying necessary interventions. Methods of systematisation, comparative and
comparative-legal analysis, and case analysis were employed. The study established that artificial intelligence in
the field of architectural heritage conservation improved professional expertise, digital documentation, condition
analysis, forecasting and support for restoration decisions. The effectiveness was determined by data quality, expert
validation, system compatibility and algorithm transparency. At the same time, key challenges remained, including
incomplete automation, the complexity of integrating digital environments, and the need for human oversight.
The global regulatory and ethical framework stipulated that the application of artificial intelligence in restoration
must be based on the principles of authenticity, human oversight, accountability, and the use of reliable data. The
study determined that Ukrainian legislation does not yet contain specific legal regulations on the use of artificial
intelligence in restoration; therefore, its application was primarily linked to documentation, standardisation of
damage assessment, data preparation and the professional training of specialists. The case studies of the Dunhuang
Mogao Grottoes, Mezgit Castle, St Peter’s Basilica, and Lausanne Cathedral demonstrated established approaches to
the use of artificial intelligence in restoration practice, as well as in the monitoring and forecasting of the condition
of heritage sites. Ukrainian practices in Lviv (Historic Centre Ensemble), Odesa (Odesa Historic Centre) and Chernihiv
(T. Shevchenko Chernihiv Regional Academic Music and Drama Theatre) represented a predominantly artificial
intelligence-ready environment for the future implementation of such solutions. Therefore, the opportunities
for the application of artificial intelligence were linked to the transition to comprehensive integrated systems for
analysis, modelling and decision support, provided that the principles of authenticity, minimal intervention, scientific
verification and mandatory human oversight were upheld. The practical significance of the possible use of results by
restorers, architects, engineers and cultural heritage authorities in restoration practice, during the documentation
and assessment of the condition of monuments, and in planning measures for their preservation

Keywords: heritage; digital recording; damage; digital replicas; condition monitoring

INTRODUCTION
Digitalisation of cultural heritage conservation had cre- restoration decisions. In this context, methods such as
ated a need for tools that can be used for documentation artificial intelligence (AI), computer vision, digital mod-
of the condition of architectural monuments and support elling and spatial data analysis held promise for detecting
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damage, classifying monument elements and processing
data from digital surveys. Despite the high accuracy of dig-
ital technologies, their application in restoration practice
was accompanied by difficulties in interpreting results,
incorporating historical authenticity, material uniqueness
and expert responsibility. This required a synthesis of the
possibilities and limitations of integrating Al into the pro-
cess of restoring architectural monuments. This topic had
already been extensively explored in academic discourse.
In a study by M. Mishra (2021), the various applications of
machine learning for the structural monitoring of historic
buildings were systematised, and it was demonstrated that
algorithmic analysis improved the speed, at which techni-
cal anomalies were detected. Such approaches were most
effective, when combined with data from actual surveys
and remained grounded in the engineering context of the
monument. V. Croce et al. (2023) demonstrated the poten-
tial of combining Historic/Heritage Building Information
Modelling (HBIM) and Al for classifying architectural her-
itage in semi-automated scan-to-BIM reconstruction. This
approach viewed Al not as an isolated recognition tool, but
as a link in the transition from a point cloud to a structured
information model suitable for further restoration deci-
sions. M. Mishra & P.B. Lourenco (2024) summarised the
state of research into Al-assisted visual inspection of cul-
tural heritage sites as of 2024 and demonstrated that the
automation of inspections enhanced the potential for early
defect detection. At the same time, the study emphasised
that the accuracy of such systems depended on the quality
of training samples and the standardisation of damage fea-
tures; consequently, the question of the reliability of inter-
pretation remained open.

As S.W. Abusaleh (2024) established, machine learning
helped to improve the effectiveness of architectural her-
itage conservation using predictive analysis and the opti-
misation of potential intervention scenarios. The author
demonstrated that algorithmic analysis made it possible
not only to assess the current condition of a site but also
to justify the selection of the most appropriate measures,
considering long-term consequences. This expanded the
role of Al from the technical documentation of damage
to supporting the strategic planning of restoration prior-
ities. M. Buldo et al. (2024) demonstrated the effectiveness
of using Al for the semantic enrichment of point clouds
of architectural heritage, using the Palacio de Sastago
in Zaragoza as an example. Al improved recognition and
classification accuracy of the structural and decorative el-
ements of a historic building, thereby increasing the infor-
mativeness of the digital model and reducing the risk of
data loss during the preparation of restoration documen-
tation. G. Sugiyama et al. (2025) proposed a comprehensive
methodology for evaluating Heritage Digital Twins based
on Portuguese case studies. The digital twin emerged not
merely as a visual copy of a heritage site, but as an inte-
grated environment for diagnostics, condition analysis
and modelling the consequences of intervention. H. Hosa-
mo & S. Mazzetto (2025) developed this line of research
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by combining knowledge graphs and digital twins for the
preservation of historic buildings. As a result, a path was
outlined towards an intelligent system capable of linking
geometry, historical data, material characteristics and
expert judgement rules within a single information field.
M. Zhang et al. (2025) proposed an automated method for
surveying architectural heritage based on semantic point
cloud segmentation. This development demonstrated that
Al can accelerate the preparation of accurate geometric
characteristics of a monument, which directly influenced
the quality of the design of restoration measures.

Research conducted in Ukraine confirmed the value
of using digital technologies to document, visualise and
monitor the condition of historical and architectural her-
itage sites. I. Kovalchuk et al. (2025) demonstrated the
significance of laser scanning and Building Information
Modelling (BIM) for visualising historical and architec-
tural heritage. This confirmed that digital modelling was
not only a means of representation but also a basis for
further analysis, compatible with AI tools. O. Chumak &
J. Gorkovchuk (2023) refined approaches to the preliminary
calculation of the accuracy of monitoring cultural herit-
age sites using unmanned aerial vehicles (UAVs) and laser
scanning. This result was fundamental, as the effectiveness
of any AI models in restoration directly depended on the
reliability of the raw data. However, existing research had
mainly focused on specific technological applications of
Al, whilst its integration into the restoration process as a
coherent sequence of documentation, diagnosis, forecast-
ing and decision support had not yet been sufficiently sys-
tematised. The conditions for the scientifically sound use
of such technologies also remained insufficiently defined,
particularly regarding the quality of source data, expert
verification, the compatibility of digital environments, the
transparency of algorithmic processing, and adherence
to the principles of authenticity preservation. Therefore,
the study aimed to determine the role of digital tools in
assessing the condition of architectural heritage sites and
preparing well-founded intervention measures. To achieve
this aim, the following tasks were set: to investigate the ar-
eas and methods of Al application in the process of digital
documentation, condition analysis and change forecasting
to justify restoration interventions on architectural herit-
age sites, to identify global and Ukrainian regulatory and
ethical principles for the application of AI in the field of
architectural heritage restoration, and to analyse global
and Ukrainian experience of using Al in the field of archi-
tectural heritage conservation to outline the prospects for
its further application.

MATERIALS AND METHODS
The study combined methods of systematisation, compar-
ative and comparative legal analysis, and case analysis to
classify the areas of application of Al in the field of archi-
tectural heritage restoration. Using the systematisation
method, the areas of Al application in the field of architec-
tural heritage restoration were summarised - Unmanned



Aerial Vehicle (UAV) photogrammetry and Al-enhanced
Three-Dimensional (3D) reconstruction, computer vision
for automated detection of cracks and defects, Al-based
point cloud segmentation and the Scan-to-HBIM approach
(Cotella, 2023; Ge et al., 2024; Yigit & Uysal, 2024). More-
over, digital twins, Structural Health Monitoring (SHM),
predictive modelling, and Al as a system for supporting
restoration decisions (Sharma, 2025; Tan et al., 2025;
Wang et al., 2025). The selection of these approaches was
based on their representativeness of the key stages of the
restoration cycle — from digital documentation of the ob-
ject and initial diagnosis to monitoring of technical condi-
tion, prediction of degradation processes, and support for
decision-making. The synthesis was based on the follow-
ing criteria: the method’s function within the restoration
cycle, key integration challenges, and the benefits of ap-
plication. This approach had made it possible to organise
the diverse areas of Al application and establish a com-
parative framework for further analysis of the possibilities
and limitations of using Al in the restoration of architec-
tural heritage. Using a comparative analysis, approaches
relating to the digital documentation and 3D modelling of
objects, the automated analysis of the technical condition
of heritage sites, and the prediction of the consequences
of restoration interventions were compared. The compar-
ison was conducted in terms of the following aspects: the
role of the technology in the restoration process, practi-
cal application possibilities, significance for assessing the
condition of a monument, and the main limitations of im-
plementation. This made it possible to systematise the ar-
eas of application of Al in the restoration of architectural
heritage and to clarify the role in supporting professional
restoration decisions.

Using a comparative legal analysis to identify the sim-
ilarities and differences between the international and
Ukrainian frameworks, this study compared the global and
Ukrainian regulatory frameworks that defined the permis-
sible limits and conditions for the use of Al in the field of
architectural heritage restoration. The analysis was based
on international documents - the International Charter
for the Conservation and Restoration of Monuments and
Sites. (The Venice Charter — 1964) (1964), a normative and
principled document in the field of heritage conservation,
and the United Nations Educational, Scientific and Cultur-
al Organization (2021) policy document. The analytical re-
port by M. Pasikowska-Schnass & Y.-S. Lim (2023) and the
policy document by the Steering Committee for Culture,
Heritage and Landscape (CDCPP) (2024) were analysed.
Ukrainian legislation was represented by Law of Ukraine
No. 1805-IIT (2000) and the United Nations Educational,
Scientific and Cultural Organization (2024a). These docu-
ments were selected for their representativeness regarding
key levels of regulation governing the application of Al in
the field of architectural heritage restoration. It reflected
the basic principles of heritage protection, ethical require-
ments for Al specialised recommendations for the cultural
sector, and the Ukrainian legal framework. This was done
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to identify commonalities and differences between the
international and Ukrainian frameworks, outline existing
gaps in national regulation, and clarify the conditions for
the responsible use of Al in restoration practice.

Using a case-study approach, the study systematised
global and Ukrainian examples of Al implementation in cul-
tural heritage conservation and restoration processes — the
Dunhuang Mogao Grottoes (China) (Yu et al., 2022), Mezgit
Castle (Turkey) (Yigit & Uysal, 2024). The study also covered
St. Peter’s Basilica (Vatican) (Smith, 2025; Microsoft, n.d.)
and Lausanne Cathedral (Switzerland) (Vogel, 2025). The
Ukrainian experience was represented by case studies —
Lviv — Historic Centre Ensemble (UNESCO World Heritage
Centre, n.d.a), Odesa — Historic Centre of Odesa (UNES-
CO World Heritage Centre, n.d.b) and associated cultural
heritage sites), and the T. Shevchenko Chernihiv Regional
Academic Music and Drama Theatre, 2025 (Skamantzari et
al., 2025). The selection of international case studies was
based on their representativeness of the main areas of Al
application in restoration practice: automated restoration,
damage detection, the creation of digital twins, and the
prediction of the technical condition of monuments. The
selection of Ukrainian case studies was determined by the
nature of the publicly available source base. Since open
sources provided the most comprehensive coverage of prac-
tices in digital documentation, 3D recording and damage
assessment, these were selected for analysis. Due to the
limited public representation of completed cases of com-
prehensive Al applications in Ukraine, these examples were
considered Al-ready practices that formed the basis for the
further integration of Al into the field of cultural heritage
preservation. The case studies were compared using the
following criteria: AI method or tool, functional purpose,
and practical significance for restoration. This was done
to analyse practical models of Al use in the restoration of
architectural heritage and to identify the prerequisites for
the further implementation of Al, particularly in Ukraine.

RESULTS AND DISCUSSION

Areas of application for Al in the restoration

of architectural heritage

Al'was one of the key tools for the digital transformation of
the architectural heritage conservation sector. In the field
of architectural heritage restoration, Al should be viewed
not as a replacement for a professional restorer, but as a
tool for technologically enhancing professional expertise,
expanding the possibilities for documentation, diagnosis,
forecasting and decision-making in restoration projects
(Kotsiubivska et al., 2024; Shevchuk & Tarasiuk, 2025). Its
significance lain not only in the automation of individual
technical operations, but also in expanding the possibilities
for recording, analysing, forecasting, and scientifically sub-
stantiating restoration decisions. In this context, Al should
be viewed as a supportive analytical and predictive tool
that works with large sets of visual, spatial and technical
data and supported the professional expertise of architects,
engineers and conservators (Sharma, 2025). Its application
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encompassed the digital documentation and modelling of
objects, automated damage detection, analysis of techni-
cal condition, prediction of degradation processes, as well
as support for decision-making within the framework of
conservation and restoration measures (Tan et al., 2025).
At the same time, in the field of architectural heritage,
AI does not function as an autonomous agent in the res-
toration process, but merely accelerated data processing,
identified patterns, compared intervention scenarios and

formed an analytical basis for further professional conclu-
sions. Therefore, integration of Al should be viewed not as
areplacement for professional restoration expertise, but as
a form of technological enhancement (Pasikowska-Schnass
& Lim, 2023). To systematise the main areas of Al applica-
tion in the restoration of architectural monuments, it was
useful to summarise the key methods, their functions with-
in the restoration cycle, the main challenges of integration,
and the practical impact (Table 1).

Table 1. Methods for integrating Al into the restoration process of architectural heritage sites

Method/approach Role in restoration cycle
UAV photogrammetry Digital documenta.tlon of the
monument, creation of 3D
and Al-enhanced 3D .
; models, and comparison of
reconstruction

the monument’s condition

Key challenges of integration

Image quality requirements,
large data volumes,
and processing complexity

The benefits of Al use

Shift towards faster and geometrically
more accurate 3D reconstruction of
historical objects, particularly for digital
preservation, restoration and post-
damage documentation

Computer vision for the
automatic detection
of cracks and defects

Automated inspection, fault
localisation, initial diagnosis

Reliance on the quality
of models and images, the need
for expert validation, and a lack
of specialised data

Integration of automated defect detection
with routine monitoring systems and
digital twins

Al-based point cloud
segmentation and the
Scan-to-HBIM approach

Transferring data to an HBIM
model: integrating geometry,
semantics and defects

Complexity of historical

geometry, incomplete
automation, and the limitations interventions, analysing the condition and
of existing solutions

Development of a semi-automated HBIM
workflow as a basis for documenting

long-term management of the monument

Monitoring of condition,
recording of changes over
time, and prediction
of deterioration

Digital twin, SHM
and predictive
modelling

Need for high-quality multi-
source data, infrastructure,
interoperability and metadata

Development of an integrated workflow:
documentation — diagnosis —»
prognosis — post-intervention monitoring

Risk assessment,
prioritisation
of interventions, and
comparison of scenarios

Al as a decision support
system in restoration

The risk of a “black box”,
the need for transparency,
human oversight
and professional verification

Development of a data-driven but not

autonomous restoration workflow, in

which AT enhances expert judgement
rather than replacing it

Source: based on V.A. Cotella (2023), Y. Ge et al. (2024), A.Y. Yigit & M. Uysal (2024), H. Sharma (2025), X. Tan et al. (2025),

H. Wang et al. (2025)

The effectiveness of integrating Al into restoration
depended on several fundamental conditions: the quality
of the source data, expert validation, the compatibility of
digital systems, the availability of infrastructure, and the
transparency of algorithmic processing. Therefore, Al in
this field should be viewed as a tool to support restoration
decisions, rather than as an autonomous mechanism for
making them. The application of Al in the restoration of
architectural heritage was complex in nature and encom-
passed several sequentially linked stages of work on a her-
itage site. At the initial stage, Al was used for the digital
documentation and modelling of the object, which created
the basis for the collection, structuring and visualisation
of data regarding its geometry, materials and condition.
The next level involves automated damage analysis, where
computer vision algorithms can be used for rapid detec-
tion of defects, their classification, and the identification
of the most vulnerable areas. Further sophistication of
Al functions was evident in predictive modelling and the
use of digital twins, which facilitate the transition from
recording the current state to assessing potential changes
over time. As a result, Al was increasingly becoming a val-
uable decision-support tool, enabling the comparison of
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intervention scenarios, the prioritisation of work, and the
enhancement of the soundness of the restoration process.
At the same time, the effectiveness of Al integration de-
pended directly on the quality of the input data, the tech-
nical infrastructure, the transparency of the algorithms,
and the essential combination of automated analysis with
professional expert assessment.

The digital documentation of architectural heritage
was one of the most advanced areas of Al application, as
it provided an accurate spatial and informational founda-
tion for further analysis, monitoring and the planning of
restoration work. It was most often based on a combina-
tion of photogrammetry, laser scanning and algorithms for
the automated processing of spatial data. Photogrammetry
provided a large volume of visual data on facades, struc-
tural elements and damaged areas, whilst laser scanning
provided highly accurate information on the monument’s
geometry in the form of point clouds, enabling the record-
ing of deformations, material loss and the slightest devi-
ations in form. In this process, AI was used to accelerate
data processing, its automated classification and prepara-
tion for further modelling (Sharma, 2025; Tan et al., 2025).
A significant step was the construction of 3D models of



historic buildings, which integrated the geometric, visual
and technical characteristics of the site and form the basis
for analysis, comparison of conditions over time and the
preparation of scientific and design documentation. Equal-
ly relevant was the transition from point clouds to HBIM,
where Al facilitated the automated recognition of elements
and the structuring of data, which was essential for com-
plex historic structures with heterogeneous composition
(Cotella, 2023). A separate area of focus involved the use of
digital twins, which combined a spatial model with mon-
itoring data, damage assessment and predictions of the
object’s future condition, enabling continuous monitoring
and analysis of the consequences of various intervention
scenarios (Ge et al., 2024). Thus, digital recording and mod-
elling using AI was not only a means of documentation but
also an analytical basis for assessing condition, planning
restoration and monitoring effectiveness.

Automated analysis of the condition of heritage sites
expanded the capabilities of digital recording, moving be-
yond mere documentation to the diagnosis and interpre-
tation of a site’s technical condition. Practical value was
determined by faster detection of defects, more accurate
classification of damage, and systematic comparison of
observation results over time. The most common task in
this field was the detection of cracks and other localised
defects using computer vision algorithms, which analysed
images of facades, decorative elements or structural sur-
faces and can be used for recording of signs of deteriora-
tion in the technical condition of the object. The combina-
tion of UAV photogrammetry and digital twin technology
created an effective basis for the automatic detection of
cracks and structural surveys of historic buildings (Yigit
& Uysal, 2024). In addition to detecting individual de-
fects, Al can classify damage by type, location, severity
and potential hazard, which was essential for structures
with complex damage patterns and limited resources for
intervention (Wang et al., 2025). Another function was the
identification of high-risk areas based on a combination
of digital survey data, information on existing defects and
external impact parameters. Equally urgent was the au-
tomated comparison of a site’s condition before and after
intervention, which can help assess changes, record new
damage and determine the effectiveness of stabilisation
or restoration, particularly in the context of multi-stage
monitoring or recurring threats. Thus, automated analysis
of the condition of heritage sites facilitated a transition
from piecemeal recording of defects to a systematic as-
sessment of the site’s technical condition.

In contrast to digital recording and automated condi-
tion analysis, which focused primarily on documentation
and diagnosis, predictive modelling was geared towards
assessing the potential consequences of restoration deci-
sions in advance. In this context, AI performed not only
an analytical but also a predictive function, enhancing the
scientific rigour of design decisions and reducing risks to
the heritage site. One of the main areas of such application
was the modelling of possible restoration scenarios based
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on data regarding the object’s geometry, the nature of the
damage, material properties, previous interventions and
external influences. This made it possible to compare al-
ternative courses of action and preliminarily assess their
feasibility without replacing the restorer’s professional
judgement. Another significant aspect was predicting the
consequences of different intervention methods, particu-
larly the risk of further crack propagation, deformation,
material loss, or disruption of structural equilibrium fol-
lowing the restoration. In practical terms, Al can also be
used to prioritise restoration by ranking problem areas ac-
cording to risk level, urgency of response and the poten-
tial consequences of inaction. This provided a basis for a
more rational allocation of resources and systematic plan-
ning of interventions, particularly in cases of monuments
that have suffered emergency damage or were partially
destroyed. Al can reduce the risk of incorrect or excessive
interventions, as preliminary digital modelling made it
possible to identify potentially dangerous solutions even
before practical work begins. In this sense, it supported the
principle of minimal intervention, assisting in the selec-
tion of courses of action that were sufficient to stabilise or
restore the site, but do not result in excessive alteration of
its historical structure.

Therefore, the effectiveness of restoration in the con-
text of Al application should be assessed according to cri-
teria such as stabilising the condition of the site, reducing
the risks of further deterioration, minimising interference
with the historical structure of the monument, the accu-
racy and soundness of restoration decisions, as well as
the ability to monitor results over time by comparing the
condition of the object before and after the works. In this
sense, predicting the effectiveness of restoration meas-
ures using Al should be viewed as a tool for enhancing the
soundness of the restoration process, the effectiveness of
which directly depended on the quality of the input data,
the accuracy of the digital model, and the combination of
algorithmic analysis with professional restoration exper-
tise. Despite its high potential, the application of Al in the
restoration of architectural heritage has several limita-
tions. First and foremost, these included dependence on
the quality of the input data, the need for expert valida-
tion, incomplete automation when dealing with complex
historical geometry, and the requirement for compatibil-
ity between different digital environments. Transparency
of algorithmic processing and the preservation of human
control during the decision-making process for restora-
tion also remained challenges. The findings of the study
indicated that AI in the field of architectural heritage
restoration should be viewed not as an autonomous deci-
sion-making mechanism, but as a tool for technological-
ly enhancing professional expertise. This interpretation
was consistent with the study by I. Karadag (2023), who
demonstrated that machine learning can be beneficial in
the conservation of architectural heritage, not only as a
means of technical automation but also as a tool for the
restoration and interpretation of lost or damaged parts

Architectural Studies, 12(1) 97 »



L ¢ Integration of artificial intelligence into the restoration...

of historical sites. The author’s study proposed a mixed
methodological framework and confirmed that the effec-
tiveness of such solutions depended to a large extent on
the completeness and quality of the dataset and on the
context, in which this data was generated. Accordingly, the
use of Al in restoration practice should be viewed as a sup-
porting analytical tool, the effectiveness of which depend-
ed on the quality of the input data and the professional
interpretation of the results obtained.

O.E. Dragomir & F. Dragomir (2025) proposed a hybrid
neuro-fuzzy approach for the proactive maintenance of
cultural heritage sites, which combined feedforward neural
networks for pattern recognition with Mamdani-type fuzzy
logic inference systems (fuzzy inference system) for inter-
pretable decision-making. The authors emphasised that
in conservation practice, high predictive accuracy alone is
insufficient, as transparency, explainability and the possi-
bility of professional verification of the recommendations
obtained are no less critical. This approach was consistent
with the findings of the study, according to which the key
conditions for the effective integration of Al into conser-
vation were data quality, expert validation, transparency
of algorithmic processing, and the preservation of human
oversight. In this context, Al should be viewed not as an
autonomous decision-making mechanism, but as a tool to
support professional analysis and the justification of in-
terventions. This logic was also supported by the study by
L.E. Mansuri & D.A. Patel (2022), in which AI was used to
build an automated visual inspection system for architec-
tural heritage sites. The authors noted that such a system
made it possible to reduce inspection time, cut costs, min-
imise the risk of human error and improve the consistency
of defect recording. This was consistent with proposed re-
search indicating that Al enhanced the capabilities of doc-
umentation and initial diagnosis but does not eliminate the
need for a specialist to interpret the results. Consequently,
automated visual inspection confirmed the value of using Al
specifically as a tool to support the restoration process dur-
ing the stage of identifying and initially analysing damage.

The results of the study showed that the priority stage
in integrating Al into the restoration cycle was the transi-
tion from the accumulation of spatial data to its structured
semantic organisation. This approach was consistent with
that of A. Gil &Y. Arayici (2025) proposed a hierarchical ap-
proach to the segmentation and classification of large data-
sets of point clouds of historic buildings using the Random
Forest algorithm and the Uniclass system. In the context
of this study, this supported the interpretation of Al as a
tool that not only processes geometric information but also
transferred it into a semantically organised environment,
which was necessary for subsequent HBIM modelling, con-
dition analysis and long-term management of the heritage
site. The application of Al in working with point clouds had
not only technical but also methodological significance, as
it created a basis for integrating data into the digital restora-
tion cycle. In their study, A. Felicetti & F. Niccolucci (2025)
developed the concept of the Reactive Heritage Digital Twin
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and demonstrated that combining AI with ontologies made
it possible not only to structure complex data about a her-
itage object but also to expand the analytical and predictive
capabilities of the digital twin. This approach involved in-
tegrating diverse information about the object’s condition,
its materials, damage and possible intervention scenarios
into a single digital environment. This was consistent with
the findings of the proposed study, according to which the
effectiveness of Al in restoration was determined not only
by the accuracy of individual algorithms but also by the
ability to integrate different types of data within a cohe-
sive digital environment. In this context, the digital twin
emerged not as a means of autonomising decisions, but as
a tool for enhancing professional analysis, forecasting and
justifying restoration interventions. Artificial intelligence
can therefore be effectively applied at various stages of the
restoration cycle, from digital documentation and analysis
of the technical condition to predictive modelling and sup-
port for restoration decisions. Its use improved the accu-
racy of documentation, expanded the scope for detecting
damage, aids risk assessment and justified interventions;
however, it does not eliminate the need for the restorer’s
professional expertise. At the same time, the effective-
ness of Al implementation was determined by the quality
of the input data, the level of expert validation, the com-
patibility of digital systems, the transparency of algorith-
mic processing, and the maintenance of human oversight.
This provided grounds for viewing Al not as an autono-
mous decision-making mechanism, but as a tool for tech-
nologically enhancing professional restoration practice.

Regulation and prospects for the use

of Al in restoration of architectural heritage:
International and Ukrainian contexts

International regulations governing the use of Al in the
restoration of architectural heritage should be viewed as a
combination of traditional principles of heritage conserva-
tion and ethical requirements for digital technologies. The
International Charter for the Conservation and Restoration
of Monuments and Sites. (The Venice Charter — 1964) (1964)
remained the foundational document in this field, as it de-
fined the limits of permissible intervention in a monument
through the principle of authenticity and respect for reli-
able sources. As applied to Al, this means that algorithmi-
cally generated reconstructions and digital interpolations
may be used as analytical or research tools, but not as a
self-sufficient basis for the physical reconstruction of lost
parts of a site. A general ethical framework for the use of Al
was provided by United Nations Educational, Scientific and
Cultural Organization (2021), which shifted the emphasis
from technical efficiency to human control, explainability,
accountability, traceability and the auditability of Al sys-
tems. This was of fundamental importance for restoration
practice, as decisions regarding a heritage site cannot be
based solely on the formal accuracy of an algorithm. A more
specialised framework for the field of culture and heritage
was established by the Steering Committee for Culture,



Heritage and Landscape (CDCPP) (2024), which specified
these requirements in terms of data quality, open stand-
ards, a trust infrastructure, and the impermissibility of re-
placing human participation with algorithmic procedures.
An analytical supplement to this regulatory framework was
a study by the European Parliament (Pasikowska-Schnass
& Lim, 2023), which identified the key risks associated with
the use of Al in the cultural sector, including algorithmic
opacity, the “black box” effect, copyright issues and data
governance. Thus, the international framework formed a
comprehensive system of guidelines within, which AI can
be regarded as a professionally and ethically acceptable
tool for restoration practice.

In Ukraine, the context for the application of Al in the
field of architectural heritage restoration differs from the
global context. Whilst international documents primarily
establish a value-based and ethical framework, the Ukraini-
an context was defined by a combination of legal regulations
governing the protection of cultural heritage and practical
challenges arising from the consequences of russia’s full-
scale war against Ukraine, the mass documentation of dam-
age, and post-war reconstruction. The key document was
Law of Ukraine No. 1805-III (2000), which established the
priority of preserving the subject of heritage protection, the
scientific nature of restoration measures, and the require-
ment for proper documentation. At the same time, it does
not regulate Al as a separate technology; therefore, under
current Ukrainian law, Al can only be regarded as a tool
for research, design and analytical support for restoration,
but not as an autonomous decision-making mechanism.
The present state of the Ukrainian sector was reflected in
United Nations Educational, Scientific and Cultural Organ-
ization (2024a), which stipulated the main priorities: the
standardisation of data collection for damage assessment,
the introduction of protocols for data collection, protection
and dissemination, as well as the training of specialists in
the field of documentation and damage assessment. This
indicated that, in the Ukrainian context, the issue of Al
was directly linked to data quality, the standardisation of
methodologies, and the institutional capacity to work with
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digital tools. Consequently, the Ukrainian practical context
focused primarily on standardising damage assessment,
field documentation, standardised procedures and profes-
sional training, rather than on delegating decisions to Al.

The international and Ukrainian frameworks do not
contradict but serve different functions. Internation-
al documents established a value-based and normative
framework: authenticity, the prevention of speculative
interference, human oversight, transparency, accountabil-
ity and the use of reliable data. Ukrainian documents, on
the other hand, stipulated procedural and practical level:
conservation protocols, documentation, damage assess-
ment, standardisation of methodologies, training of spe-
cialists and development of digital infrastructure. At the
same time, it was precisely within the Ukrainian context
that the main gaps were evident. Current sector-specific
legislation does not contain specialised provisions regard-
ing Al in restoration, so the legal admissibility of its use
was currently derived indirectly — through general require-
ments for scientific rigour, proper documentation and the
preservation of the object of conservation. For Ukraine,
the issues of data standardisation, compatibility of meth-
odologies and the dissemination of standardised damage
assessment procedures remain critical. Therefore, the main
task was determined not by accelerated implementation of
autonomous Al solutions, but by the creation of the insti-
tutional, methodological and digital prerequisites for their
responsible and scientifically verified use in the future.
The outlined regulatory, ethical and institutional differ-
ences between the global and Ukrainian contexts provided
grounds for moving from the level of principles to that of
practical implementation. In this context, an analysis of
specific case studies, in which Al was already being used
for digital documentation, automated damage detection,
technical condition forecasting and supporting restoration
decisions was noteworthy. Such examples can trace how
technological tools were integrated into cultural heritage
conservation processes, what functions they performed
and what practical significance they had for restoration; a
summary was presented in Table 2.

Table 2. Case studies on the implementation of artificial intelligence
in cultural heritage conservation and restoration processes

Case/

o Al method/tool

Function Practical significance for restoration

More accurate reconstruction of lost
or damaged sections of the mural,

Automated restoration of wall

Dunhuang Deep learning, automated restoration, paintings, accelerated analysis of large

Mogao  object detection algorithms, search and . 14 d in buildi > fvisual el
Caves analysis tools, style transfer, and Al for visual datasets, and support in building  systematisation of visual elements,
Chin;; the Dunhuz;m specialise d’ dataset a thematic library of elements and greater justification
§sp for research and conservation for restoration decisions
. .. . Automated crack detection on 3D Prompt identification of defects,
léd;szgét tegﬁl\c[)i hot;)rglzla(rjr::eig,r gﬁilt?iﬁglg ds models, support for the preparation  assessment of the extent of damage and
Turke > for alglst[oma ted cprack det egction of repair plans and subsequent planning of restoration work based on a
Y monitoring of damage progression precise digital model of the building
Digital replica was created using around Provides a highly accurate digital
s . 400,000 high-resolution images; Al framework for assessing the
S];;;e];g; s g}gﬁaocgg?nmrliei;ry’fgrl thecirilrllquae;?rﬁ helped to improve the visualisation condition of a heritage site, planning
Va tican’ precisionp digitil twin of angobjegt and identify signs of potential structural conservation work and long-term

deterioration, including cracks
and missing mosaic fragments

monitoring of changes to the structure
and decorative elements
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Case/

Assessment of the condition
of historic stone structures, integration
of structural and materials science
data, and support for inspection
and restoration decisions

st Al method/tool
Al-powered digital co-pilot, digital
Lausanne »p g co-pLot, digita
twin, augmented reality, 3D modelling
Cathedral, .
based on laser scanning and
Sweden

photogrammetry

Table 2. Continued

Function Practical significance for restoration

Provides a digital framework
for interdisciplinary analysis, early
identification of problem areas
and justification
of conservation interventions

Source: based on T. Yu et al. (2022), A.Y. Yigit & M. Uysal (2024), B. Smith (2025), B. Vogel (2025), Microsoft (n.d.)

The case studies analysed cover sites with a variety of
conservation needs. In particular, the Dunhuang Mogao
Grottoes complex in China presents the challenge of pre-
serving wall paintings that were deteriorating; therefore,
ATl was used for digital restoration, analysis of large visual
data sets, and to support conservation without direct in-
tervention on the original. For Mezgit Castle, the key chal-
lenge was the detection and documentation of cracks,
which necessitated the use of UAV photogrammetry, digital
twins and automated diagnostic algorithms. In the case of
St. Peter’s Basilica, Al was used as part of digital surveys
and conservation monitoring to identify subtle structural
vulnerabilities and support long-term monitoring of the
monument’s condition. In contrast, Lausanne Cathedral in
Switzerland demonstrated the need for continuous moni-
toring of the degradation of stone materials, early detec-
tion of problem areas and justification of conservation in-
terventions. It was possible to argue that the application
of Al in the field of cultural heritage reflected a gradual
transition from the local use of digital tools to the com-
prehensive integration of intelligent technologies into the
processes of documentation, diagnosis, monitoring and
support for professional decision-making.

Thus, the practical potential of Al was implemented in
several interrelated areas: the automated reconstruction of
damaged sections, the detection of defects based on digi-
tal models, the creation of digital twins, and the prediction
of spatio-temporal changes in the technical condition of
heritage sites. In the examples given, Al does not function
as a standalone replacement for a conservator but acts as
an analytical support tool that enhanced the accuracy of
documentation, the soundness of interventions and the
possibility of long-term monitoring of the site. Taken to-
gether, this indicated a shift in the very logic of heritage
conservation: from a reactive response to existing damage
to proactive monitoring, risk prediction and scientifically
grounded planning of restoration measures. While interna-
tional case studies predominantly reflected mature forms
of Al integration into cultural heritage conservation pro-
cesses, Ukrainian practices primarily represented the stage
of establishing the digital and methodological foundations
for such implementation. In this sense, it was appropriate
to regard them as Al-ready approaches that lay the ground-
work for the subsequent use of Al in documenting, fore-
casting the condition of heritage sites and planning resto-
ration interventions (Table 3).

Table 3. Ukrainian practices in digital documentation and Al-ready approaches to the preservation of cultural heritage

Case/object Technologies/tools

Lviv, 2024 (buffer zone
of the UNESCO World

3D visualisation, damage
and risk assessment,

An inspection of the damaged cultural
heritage sites has been carried out, a
detailed assessment of their condition has

Primary benefit Value for further AI use

Creates a structured database
for subsequent Al-based risk
analysis, damage classification

Herlltagej Site LV},V - standardised UNESCO/ been conducted, and the groundwork has and prioritisation
Historic Centre”) ICCROM form . . - X
been laid for urgent conservation measures of interventions
Standardised Supports the transition to a
Odesa, 2025 (the UNESCO methodology for digitally controlled restoration

World Heritage Site
“Historic Centre of Odesa”
and associated cultural
heritage sites)

,  assessing damage and

risks, 3D architectural
laser scanning, and

professional training

The documentation of damage, analytical
assessment and preparation of emergency
stabilisation measures have been combined

cycle, within which AI can be
used to predict the condition
of the tooth and plan
interventions

Ground-based
laser scanning,
photogrammetry, and
geospatial analysis

The T. Shevchenko
Chernihiv Regional
Academic Music
and Drama Theatre, 2025

Comprehensive digital documentation of
the damaged site and a methodological
framework for post-conflict condition
assessment have been produced

Provides high-precision data
for subsequent modelling,
digital twins and algorithmic
analysis of the monument’s
technical condition

Note: table does not list completed Al-based restoration projects, but rather the most representative examples of
Ukrainian Al-ready practices found in open sources; ICCROM - International Centre for the Study of the Preservation and

Restoration of Cultural Property

Source: based on United Nations Educational, Scientific and Cultural Organization (2024b; 2025), M. Skamantzari et al. (2025)

The analysed Ukrainian practices cover sites damaged
as a result of russian attacks or those under immediate
threat. In Lviv, these sites included monuments in the buffer
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zone of the World Heritage site, damaged by the attack on
3 September 2024, for which an in-depth damage assess-
ment was carried out, and priority stabilisation measures



were identified. In Odesa, the focus was on the historic cen-
tre, which had been inscribed on both the World Heritage
List and the List of World Heritage in Danger since January
2023; repeated attacks have necessitated assessment mis-
sions, the provision of technical assistance, and the imple-
mentation of urgent repair and restoration measures. In
Chernihiv, the case of the T. Shevchenko Music and Drama
Theatre, which suffered significant damage in August 2023,
was examined; consequently, 3D documentation, photo-
grammetry and geospatial analysis formed the basis for a
post-conflict assessment of its condition. A summary of
these practices suggested that Ukraine’s experience in the
field of cultural heritage preservation focused primarily on
digital documentation, recording damage, standardising
assessments and preparing data for further analytical use.
The case studies demonstrated that the Ukrainian context
represented not so much fully-fledged models of AI inte-
gration into the restoration process as the development of
an Al-ready environment, within which structured data-
sets were created, survey methodologies were refined, and
a digital foundation was built for future algorithmic analy-
sis. A common feature of these practices was the combina-
tion of 3D documentation, damage assessment, geospatial
analysis and professional training, which formed the basis
for a transition from reactive documentation of the con-
sequences of destruction to a more systematic, digitally
driven approach to heritage conservation. Thus, the signif-
icance of the Ukrainian case studies presented was deter-
mined by the creation of the methodological, information-
al and infrastructural foundation necessary for the further
implementation of Al in the practice of monitoring, con-
dition forecasting and planning restoration interventions.
The prospects for applying Al in the field of architec-
tural heritage conservation, therefore, lie primarily in the
transition from the piecemeal use of digital tools to com-
prehensive, integrated systems for analysis, modelling and
supporting restoration decisions. Whilst Al was used main-
ly for the digital documentation of sites, automated dam-
age detection and the prediction of technical condition,
its role may expand significantly in the future through the
combination of 3D models, HBIM, digital twins, monitoring
systems and predictive analytics algorithms. This created
the possibility of continuous monitoring of the condition of
heritage sites, comparing alternative intervention scenar-
ios, and improving the soundness of restoration decisions.
One of the most promising areas was the development of
predictive models capable of assessing the likely conse-
quences of various conservation and restoration measures
even before their practical implementation. Such systems
can be used to analyse the risk of crack propagation, defor-
mation, material loss and other adverse changes, as well
as to prioritise interventions under conditions of limited
resources. Further refinement of automated analysis of
the technical condition of heritage sites was required, in
particular, the classification of damage, the identification
of areas of increased vulnerability, and comparative anal-
ysis of the site’s condition over time. At the same time, the
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development of such technologies must take place in ac-
cordance with the fundamental principles of cultural
heritage conservation. The promising approach was not
the autonomous replacement of professional restoration
judgement by an algorithm, but rather the enhancement of
a specialist’s analytical capabilities using intelligent digi-
tal tools. Therefore, further integration of Al into this field
must combine technological efficiency with the principles
of authenticity, minimal intervention, scientific verifica-
tion and mandatory human oversight.

In the Ukrainian context, the prospects for applying
Al in the field of architectural heritage conservation were
linked primarily to the development of digital documen-
tation, the systematisation of data on damage, and the es-
tablishment of an information infrastructure for the sub-
sequent analytical use of Al Several practical tasks were of
paramount importance for Ukraine. First and foremost, it
was advisable to establish unified standards for the digital
recording of cultural heritage sites, which would ensure the
compatibility of data obtained from different projects and
regions. The creation of national and regional databases
of damage, 3D models and technical survey results, which
can be used for training and testing Al algorithms. Fur-
thermore, interdisciplinary collaboration between conser-
vators, architects, engineers, architectural historians and
data analysts was essential, as the effective application of
Al in this field was only possible through the combination
of technical and humanities expertise. Implementation of
pilot projects, in which AI could be used for the automat-
ed detection of damage, the ranking of problem areas by
risk level, the comparative analysis of digital models be-
fore and after intervention, and the prediction of defect
development was notable. It was also necessary to train
staff, adapt digital tools to the existing cultural heritage
protection system, and ensure that new technologies were
compatible with existing procedures for scientific, design
and restoration support. Under these conditions, Al in
Ukraine could become not a replacement for a professional
restorer, but an effective tool for supporting well-founded,
timely and less risky decisions in the field of architectural
heritage conservation.

The findings of the study revealed that the regulation
of Al use in the restoration of architectural heritage should
be based not only on technical efficiency, but also on eth-
ical and regulatory principles, in particular transparency,
accountability, control over data use, and the prevention of
speculative interference with heritage sites. This was con-
sistent with A. Wagner & M.-S. de Clippele (2023), viewing
the digitisation of cultural heritage as a critical challenge,
primarily linked to issues of intellectual property, access
and law enforcement in the digital environment. In this
context, the authors’ conclusions support the interpreta-
tion of the present study, according to which digital tech-
nologies in the heritage sector require not only technical
but also legal and ethical regulation. The effective use of
Al in the restoration of architectural heritage was possi-
ble only if technological effectiveness was combined with
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ethical principles and legal regulatory mechanisms. The
study by U. Bachmann-Gigl & Z. Dabiri (2024) investigat-
ed the assessment of damage to cultural heritage sites in
Ukraine using multi-temporal analysis of Sentinel-1 SAR
(Sentinel-1 satellite radar data obtained using the SAR
method) and demonstrated that a semi-automated ap-
proach was suitable for the rapid identification of areas of
destruction in crises, although it has limitations regarding
localised or isolated damage. This was consistent with the
findings of this study, which characterised the Ukrainian
context as an Al-ready environment focused on digital doc-
umentation, damage assessment, standardisation of pro-
cedures and data collection for subsequent analytical use.
Therefore, for Ukraine, it was not autonomous Al solutions
that were of primary importance, but reliable digital meth-
ods for recording and assessing damage, which can form
the basis for the future integration of intelligent systems.
The study by L. Cecere et al. (2024) examined the com-
bination of IoT and digital twins as a promising approach
to predictive maintenance in the field of cultural heritage,
emphasising the importance of continuous monitoring and
an integrated digital environment for the long-term pres-
ervation of heritage sites. This interpretation was consist-
ent with the findings of the present study, in which digital
twins and predictive modelling were identified as one of
the key areas of Al development in the restoration of archi-
tectural heritage. Both studies provided grounds for con-
sidering digital twins as the basis for predictive monitoring
and restoration planning. The results of the study showed
that the practical potential of Al in the field of architectur-
al heritage conservation was realised across several inter-
related areas - ranging from digital documentation and au-
tomated damage detection to the creation of digital twins
and the support of restoration decisions. This conclusion
was consistent with the approach of F. Girbacia (2024), who
analysed research trends in the application of digitalisa-
tion in the field of cultural heritage and demonstrated that
Al was increasingly being used for classification, computer
vision, 3D reconstruction and other tasks involving the dig-
ital processing of heritage. The development of 21*-centu-
ry Al in the heritage sector was systematic in nature and
reflected a gradual transition from the piecemeal use of
digital tools to their comprehensive integration. D. Ocon et
al. (2026) proposed an ethical framework for the use of
Generative Al in the restoration, reconstruction and re-
production of movable cultural heritage, emphasising the
tension between the technological capabilities of GenAl
and the requirement to preserve historical authenticity.
Although the authors’ study primarily addressed movable
heritage, it was relevant to the present study as it aligns
with the conclusion regarding the need to subject Al to the
principles of authenticity, minimal intervention, scientific
verification and mandatory human oversight. The authors’
conclusions were therefore consistent with the findings
of this study, which demonstrated that an international
regulatory and ethical framework was a prerequisite for
the acceptable use of Al in restoration practice. Thus, the
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application of Al in the field of architectural heritage con-
servation was developing within the framework of a com-
bination of regulatory and ethical requirements, digital
documentation, damage assessment, predictive modelling
and support for restoration decisions. The effective and ac-
ceptable use of Al in restoration practice was only possible
if technological effectiveness was combined with the prin-
ciples of authenticity, scientific verification and mandatory
human oversight.

CONCLUSIONS

The study’s findings established that the application of Al
in the field of architectural heritage conservation follows a
consistent functional structure: from the digital documen-
tation and modelling of a site to diagnostics, forecasting
and support for the selection of restoration scenarios. Digi-
tal recording based on photogrammetry, laser scanning, 3D
modelling and the transition from point clouds to HBIM
forms not only a documentary but also an analytical basis
for assessing the condition of a monument and monitor-
ing the results of intervention. Automated damage analy-
sis using computer vision expanded the possibilities for in-
specting heritage sites, as it can be used for localisation of
defects, their classification, the identification of high-risk
areas, and the comparison of the site’s condition over time.
Predictive modelling using Al can be used for preliminary
assessment of the consequences of various intervention
methods, the ranking of problem areas by risk level, and the
reduction of the probability of incorrect or excessive resto-
ration decisions. International and Ukrainian frameworks
for the application of Al were not contradictory but serve
different functions: international documents stipulated
ethical and value-based guidelines, whilst the Ukrainian
context focused on documentation procedures, damage
assessment and the development of digital infrastructure.

International case studies - including the Dunhuang
Mogao Grottoes, Mezgit Castle, St Peter’s Basilica and Lau-
sanne Cathedral — have shown that Al was transforming
the approach to heritage conservation, shifting it from re-
active damage repair to proactive monitoring, diagnostics
and risk-based planning of interventions. In Ukraine, how-
ever, practices tested on examples such as the Lviv Histor-
ic Centre Ensemble, the Odesa Historic Centre and the T.
Shevchenko Chernihiv Regional Academic Music and Dra-
ma Theatre were, for the time being, primarily forming an
Al-ready foundation rather than complete models of full-
scale Al integration into the restoration process. Thus,
whilst international experience demonstrated the expan-
sion of AT’s role from digital documentation to monitor-
ing, forecasting and supporting professional decisions, the
priority for Ukraine remained the creation of a digital and
methodological foundation for the further implementation
of such tools. A limitation of the study was its theoretical
nature, as the conclusions do not include empirical test-
ing of Al solutions in restoration practice. Future research
should address empirical testing of Al tools in restoration
practice, the standardisation of digital data, the creation of
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specialised datasets, and the development of integrated sys- FUNDING
tems based on HBIM, digital twins and predictive analytics. = None.
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IHTerpauis WUTYy4YHOro iHTeneKTy
B Npouec pecTaBpauii apXiTeKTypHMUX NaM’aToK:
MeToaM Ta NepcneKTUBMU

AHoTaLig. MeTo0 JoCTiKeHHS 6Y/10 BUSBIEHHS MOK/IMBOCTE iHTeNeKTyaIbHUX [M(DPOBUX TEXHOJIOTI y OIiHIOBAHHI
CTaHy O00’€KTiB apxiTeKTypHOi CHaAIIMHM Ta OOIPYHTYBAaHHI HeOOXimHMX BTpydaHb. ByauM BUKOPUCTAHI MeTOLU
cucTemMaTu3sallii, IOPiBHSAIBHOrO Ta MOPiIBHS/IbHO-IIPABOBOTO aHalli3y, Kejic-aHasli3y. BcTaHOBIeHO, 10 IITYYHWUIL
iHTenexTy cdepi 36epekeHHS apXiTeKTyPHOI CITaAIIMHU ITiACUITIOE (axoBY eKCIIepTu3y, 3abesneuye udpoBy dikcariio,
aHaJIi3 cTaHy, IPOrHO3yBaHHS Ta MiATPUMKY PecTaBpaLiiiHuX pileHb. Mloro eeKTMBHICTb BU3HAUAETHCS AKICTIO JAHUX,
eKCIIepTHOI0 Balialli€to,CyMiCHICTIO CUCTEM i TPO30PiCTI0 AIrTOPUTMiB. BogHOUAC KITI0UOBMMY BUKIMKAMY 37U IIAI0TbCS
HeloBHA aBTOMAaTH3allisl, CKIagHICTh iHTerpalii nmdpoBuUx cepenoBuil i morpedba B II0ACHKOMY KOHTPOII. [7T06anpHa
HOpPMAaTMBHO-EeTMYHA paMKa BM3HAYae€, 0 3aCTOCYBAHHS ILITYYHOTO iHTeNeKTy y pecTaBpallii Mae I'DyHTyBaTUCS Ha
NPUHLIUIIAX aBTEHTUYHOCTI, JTI0ICHKOIO KOHTPOJIIO, MiI3BITHOCTI Ta BUKOPUCTAHHS HaAiliHUX HaHuX. BusiBieHo, 1o
YKpaiHCbKe 3aKOHOJABCTBO IOKM He MICTUTh CIelia/li30BaHOrO NMPaBOBOTO PETYIIOBAHHS LITYYHOTO iHTENEKTy Y
pecTaBpaliii, TOMY 10r0 3aCTOCYBaHHSI TIOB’SI3y€TbCS MepeAyciM i3 TOKyMeHTAIli€lo, CTaHAAPTU3AIli€l0 OL[iHIOBAaHHS
TTOIIKO/)KEHb, TTiITOTOBKOIO JaHuX i npodeciiiHoo nigroroskoio daxisuis. Keiicu Dunhuang Mogao Grottoes, Mezgit
Castle, St. Peter’s Basilica Ta Lausanne Cathedral 3acBigumin Bxke cdopmoBaHi miaxoau 10 3aCTOCYBaHHS LITYIHOTO
iHTenekTy y pecTaBpalliliHiii MpaKTMIli, MOHITOPMHTY if MPOTHO3YBaHHSI CTAHy MaM’SITOK. YKPAiHCbKi MPaKTUKU Y
JIbBOBi (AHCaM6iib icTOpMUHOTO 1eHTpPY), Omeci (Icropuunuit eHtp Opecu) Ta YepHirosi (UepHiriBcbkuii obmacHmit
akajgeMiuyHMii My3MuyHO-IpamaTuuyHuii Teatp iMm. T. IllleBueHKa) perpe3eHTyBaaM MEPEBaXXHO TOTOBE A0 LITyYHOTO
iHTeneKTy cepenoBuile IJs1 Mait6yTHbOTO BIIPOBAIKEHHS TakuX pilieHb. TOMY MOK/IMBOCTI 3aCTOCYBaHHS IITYIHOTO
iHTeneKTy MOB’sI3aHi 3 TepexoioM 4,0 KOMIUIEKCHUX iIHTeTPOBAaHMX CUCTEM aHai3y, MOLeTIOBAaHHS i MiATPUMKH pillleHb,
32 YMOBU LOTPUMAaHHSI IPMHLIUIIIB aBTEHTUYHOCTI, MiHiMaabHOTO BTPyUYaHHsI, HaykoBoi Bepudikaiiii Ta 060B’13K0BOT0O
JIIOJCbKOTO KOHTpOI0. [IpakTyHa 3HAYMMICTD IOJISITA€ Y MOXJIMBOCTI 3aCTOCYBaHHS pe3y/lbTaTiB pecTaBpaTopaMy,
apxiTekTopaMMu, iH>)XeHepaMy Ta OpraHaMyM OXOPOHM Ky/IbTYPHOI CHaAIIVMHM Yy pecTaBpaliiiHiii mpakTuui, mig vac
IOKYMEHTYBaHHSI, OLIiHIOBaHHS CTaHY MaM’SITOK i TUIaHYBaHHSI 3aX0[iB iX 36epeskeHHSI
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