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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-
ratives emerging within urban communities connected 
through horizontal networks. These narratives shaped the 
symbolic meanings of architectural projects, reflecting 
the transient mindset of society. Public engagement with  

architecture had turned into a tool of political positioning, 
media influence, and cultural negotiation, making design 
itself a mirror of social reality. In Lviv, the historical tradi-
tionalist mentality and the aspiration for European rein-
tegration entered into sharp opposition, resulting in two 
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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 
19th-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 

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. Jannière & 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. Topdağı Yazıcı 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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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 

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.

Positive semantic field
Historical continuity 53%

National-regional commitment 28%
Domesticity and individualism 73%

Authenticity, heritage 85%
Artistic intuition 95%

Opposition vector
Aggressive modernism 15%
Indifference to context 10%

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, 

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).

44.3%

Confrontational

5.7% Neutral

30.0%

Positive

4.3%

Euphoric

15.7%
Aggressive

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  
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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 

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

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; c – neomodernist proposal for the Bristol Plaza hotel 
and office complex on Hnatyuk Street
Source: photos and sketch by the authors

a) b)

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 Kuryłowicz & 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 (19th-20th 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).

a) b) c)
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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  

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.

Figure 5. Contrast between traditionalist and modernist tendencies
Source: developed by the authors

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: Kapsuła Hostel (2019), Ateitis.lt (2024), Wanderlust Welsh (n.d.), Encyclopedia Novobudov (n.d.)

a) b) c)

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.

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 a result, 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 
using social media for planning – such as population and 
spatial biases, privacy issues, and difficulties in extracting 
useful information – and highlighted the need for careful 
methodological handling of such data.

CONCLUSIONS
So, in research two main phases of the Lviv architectur-
al development in the period 1991-2025 (postmodernist 

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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Архітектура в контексті соціокультурної поляризації:  
на прикладі міста Львів (1991-2025)

Анотація. Актуальність дослідження полягала у вивченні сучасного архітектурного врядування міста Львів, що 
потребувало розвиненої медіакомпоненти та налагодженого діалогу між групами з протилежними культурними 
й естетичними поглядами. Метою дослідження було визначення залежності стилістики міської архітектури 
від модерації громадської думки та запобігання антагоністичним і ворожим наративам у професійному й 
публічному середовищі. У статті розглянуто взаємозв’язок між соціокультурною поляризацією та стилістичною 
еволюцією міської архітектури Львова у 1991-2025 роках. На прикладі Львова показано, що відсутність 
ефективного посередництва між традиціоналістськими та ліберальними позиціями в архітектурному дискурсі 
призводила до конфліктів цінностей і зниження якості проєктних рішень. На основі аналізу медійних і 
професійних матеріалів було виокремлено дві основні фази архітектурного розвитку: постмодернізм (1991-
2010), що характеризувався відкиданням радянського модернізму та романтизацією історичних форм, і 
неомодернізм (2011-2025), у межах якого модернізм переосмислювався як символ європейської ідентичності. 
Різка критика неомодерністських проєктів з боку громадськості стала соціальним явищем, що впливало 
на архітектурні рішення. Прикладом цього був конфлікт навколо реконструкції площі Святого Юра, який 
завершився компромісним рішенням і започаткував тенденцію до «нейтральних» та прозаїчних форм. 
Практична цінність статті полягає у демонстрації того, як налагодження взаєморозуміння між прихильниками 
різних архітектурних підходів може підвищити якість проєктних рішень, уникнути надмірного спрощення та 
зберегти архітектуру як носій міської ідентичності
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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 
solely by wartime destruction. Although the large-scale 
damage caused since 2022 had intensified the situation, 

many structural weaknesses of the housing sector pre-
dated the invasion. V. Teremetskyi et al. (2024) noted that 
the national housing system continued to operate within 
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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 19th 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 Ritterstraße 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 m2 total living space, ~80-132 m2 unit sizes, and 
an average cost of about EUR 2,150/m2) 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. 

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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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-IX  (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 

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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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 m2 of damaged 
housing, versus the pre-war annual commissioning of only 
9-10 million  m2. 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.

Figure 1. Modern issues and challenges of housing policy in Ukraine
Source: UkrInform (2024)
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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. Bartholomäi (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 & I.  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 Tübingen 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. Bartholomäi (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-IV (2003) and 

the Law of Ukraine No. 1087-IV  (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. Höller (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  
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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. Denèfle (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. Kopeć 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 of the Local Agenda 21 (United Nations Sustainable 

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.J. Coates (2013)

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.J. 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.



24

Post-conflict housing in Ukraine: The Baugruppen model...

Architectural Studies, 12(1)

G.J. 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), 
сoperative 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  

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 
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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 

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.

Sustainability 
mechanism Vauban example Adaptation potential for Ukraine

Participatory urban 
governance

Mandatory community consultation led by “Forum 
Vauban”; collaborative decision-making integrated 

into planning and design

Establish local participatory planning bodies  
with decision-making authority; integrate civil society 

and IDPs in post-war housing design processes

Transparent land 
allocation

Competitive concept-based bidding prioritising social, 
environmental, and affordability criteria

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

low-carbon design and social inclusion

Energy efficiency 
standards

Over 200 passive houses; first German multi-family 
passive house; bioclimatic design principles

Incorporate passive house or NZEB standards  
into cooperative housing legislation; incentivise  

with subsidies or tax benefits

Renewable energy 
integration

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

investment funds

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

for solar and heat-pump integration in housing

Sustainable 
mobility

Car-free district design; underground parking;  
car-sharing schemes; pedestrian-  

and cycling-friendly infrastructure

Prioritise pedestrian- and cycle-friendly layouts  
in new developments; integrate car-sharing hubs; limit 

on-street parking in cooperative housing projects

Social inclusion 
policies

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

of shared spaces

Ensure quota systems for vulnerable groups  
(IDPs, veterans, low-income households);  

support cooperative governance training for residents

Institutional 
support structures

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

cross-sector collaboration

Establish municipal or regional cooperative housing 
offices to provide technical, legal,  

and financial advisory support

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

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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Постконфліктне житло в Україні:  
модель Baugruppen як каталізатор сталого відродження міст

Анотація. Метою дослідження було аналізувати можливості застосування моделі Baugruppen в Україні як 
інструменту для доступного житла та відновлення після війни, поєднуючи правові, інституційні та просторові виміри. 
Порівняльний аналіз правового та політичного контексту між двома країнами виявив прогалини в регуляторному 
середовищі України, такі як недостатнє повноваження місцевих органів влади, відсутність фінансових стимулів 
та відсутність посередницьких організацій. У цьому дослідженні розглянуто потенційне застосування моделі 
Baugruppen (розвиток, ініційований громадою) для вирішення сучасних проблем житлового будівництва в Україні. 
У статті досліджено історичний розвиток кооперативного житла в Німеччині та Україні, зокрема, як підтримуючі 
правові рамки та інституційні механізми Німеччини сприяли розвитку ініціатив Baugruppen. Використовуючи 
район Ваубан у Фрайбурзі (Німеччина) як приклад, дослідження продемонструвало, як участь у проєктуванні, 
екологічні принципи та спільне управління сприяли успіху проєктів Baugruppen. Результати підкреслили 
необхідність реформування житлової політики України, враховуючи уроки з моделі Baugruppen Німеччини, та 
зазначили можливості для співпраці між муніципалітетами, місцевими громадами та міжнародними партнерами 
для створення умов для реалізації таких проєктів. Було визначено, що ці зміни мають охоплювати переорієнтацію 
політики розподілу земель, впровадження механізмів конкурсного відбору на основі концепцій та створення нових 
рамок розвитку, в яких кінцеві користувачі братимуть активну участь у прийнятті рішень і матимуть значно більший 
вплив на результати проєктів. Якщо такі інституційні прогалини будуть усунені, модель може допомогти Україні 
відновити зруйноване житло, забезпечити житлом переміщених осіб та підтримати сталий розвиток міст у рамках 
національних та міжнародних реформ

Ключові слова: сталий розвиток міст; доступне житло; будівельна кооперація; відновлення після конфлікту; 
участь у проєктуванні
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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 

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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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 

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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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 MEd

 ≤ MRd, 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.

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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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 MRd 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 MRd 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).

Structural 
parameter

Normative condition 
(document)

Normative interpretation  
of influence on MRd

Conclusion for compliance  
with MEd

 ≤ MRd

Concrete slab 
thickness

Normative requirements 
for the behaviour  

of concrete 
 and reinforced concrete

Increasing thickness enhances the potential 
for the formation of the compressed zone 

and the integral resistance  
of the composite cross-section

With rational parameter ratios, the risk  
of MEd approaching MRd is reduced

Profiled 
decking 

geometry

Requirements for steel 
elements and profiles 

Determines the structural capacity 
and effectiveness of engaging the steel 

component in bending

With geometrically compatible design, the 
range of permissible solutions is expanded; 

with incompatible geometry, it is limited

Degree 
of shear 

interaction

Conditions  
for considering full/
partial interaction 

Reduced interaction lowers the effective 
resistance of the composite cross-section 

and increases sensitivity  
to parameter variations

Partial interaction increases the likelihood 
of the criterion reaching its limit

Composite 
action scheme

Principles  
of composite action 

Establishes the normative framework  
for the integral cross-section resistance  

as a result of the composite action  
of steel and concrete

When composite principles are observed, 
the criterion is formulated  

within the integral resistance model

Level  
of design load

Standardisation  
and load combinations 

Increasing MEd raises the requirements  
for the integral cross-section resistance

Compliance with the criterion depends  
on the margin of MRd relative to MEd

Table 1. Systematisation of normative parameters influencing fulfilment of the MEd
 ≤ MRd criterion  

for the first group of limit states in steel-concrete floors

Note: MEd – design bending moment from normative load combinations; MRd – design resistance (load-bearing capacity) 
of the composite cross-section in bending; criterion MEd

 ≤ MRd – 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 MEd

  ≤  MRd 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 

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 MRd. 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  



33

Petriv

Architectural Studies, 12(1)

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.

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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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 

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 

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; kq – 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)

a) b)

c)
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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  

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

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

 ≤ wlim)
Source: developed by the author

Performance characteristic Full shear interaction Partial shear interaction Normative reference

Compatibility of deformations Complete along the entire span Disrupted, with relative  
slips present SCN No. V.2.6-160:2010 (2010)

Effective cross-section stiffness Fully realised Reduced DSTU No. B V.2.6-
215:2016 (2016)

Transformed moment of inertia Close to full composite Reduced Normative consideration  
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

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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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 MRd and the shift in the  

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 
MEd ≤ MRd 

SLS – deformability 
wmax ≤ wlim 

Integrated normative assessment 
(ULS + SLS) 

Degree of shear interaction 

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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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 

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 

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 MEd

 ≤ MRd 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 
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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  
deflection values, i.e., the effective stiffness of a cross-section 

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.
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Несуча здатність та деформативність сталебетонних перекриттів 
по профільованому сталевому настилу

Анотація. Метою статті було нормативно-аналітичне обґрунтування впливу ступеня зсувної взаємодії 
на виконання вимог першої та другої груп граничних станів композитних перекриттів із профільованим 
настилом. Методологія дослідження ґрунтувалася на нормативно-аналітичному підході з використанням чинної 
національної нормативної бази України та нормативно визначених розрахункових моделей сталебетонних 
перекриттів як композитних згинальних елементів, для яких у межах нормативної розрахункової моделі 
приймалася повна або часткова сумісність деформацій сталевої та бетонної складових. Результати дослідження 
показали, що несуча здатність і деформативність перекриттів формувалися як взаємопов’язані характеристики 
в межах єдиного жорсткісно-силового механізму роботи композитного перерізу. Було встановлено, що ступінь 
зсувної взаємодії між сталевим настилом і бетонною плитою є інтегруючим параметром, який одночасно 
визначав реалізований розрахунковий опір згину та ефективну жорсткість перекриття. За умов повної зсувної 
взаємодії забезпечувалася максимальна реалізація приведених геометричних і жорсткісних характеристик 
перерізу та виконання вимог обох груп граничних станів. За часткової композитної роботи було зафіксовано 
узгоджене зниження розрахункового опору та зростання прогинів, причому деформативні показники виявляли 
вищу чутливість до зменшення ефективної жорсткості, ніж показники несучої здатності. Показано, що за 
однакових експлуатаційних навантажень прогини могли досягати гранично допустимих значень раніше, ніж 
реалізовувалися граничні напруження, що визначало експлуатаційну придатність як обмежувальний чинник 
проєктних рішень. Практична значимість отриманих результатів полягала в можливості їх використання 
проєктними та експертними організаціями у практиці нормативного оцінювання і проєктування сталебетонних 
перекриттів із профільованим настилом

Ключові слова: композитна робота; зсувна взаємодія; експлуатаційна придатність; ефективна жорсткість; 
прогини; граничні стани
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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  

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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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, AI, 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, CO2, 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) 

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 AI 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 
CO2 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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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).

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  
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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 

Table 1. Comparative analysis of smart home devices

Figure 1. Integrated smart building framework
Source: based on B. Qolomany et al. (2019)

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).

Sensors 
and Actuators

Smart 
Control 
Devices

HVAC System

Software 
Platform

Networking 
and Communication

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. 

Device Communication 
Technology

Supported 
Platforms Main Advantages Main Limitations

WeMo Wi-Fi
Android, iOS, 

Windows, 
Phone

Low-cost ecosystem; scalable via 
SmartThings and IFTTT; easy entry into 

smart automation

No dimming support; lacks colour 
lighting; occasional signal latency

Nest Thermostat Wi-Fi, ZigBee, 
Thread

iOS, Android, 
Windows, 

macOS

Learns user behavioural patterns; adapts 
heating/cooling schedules automatically; 

strong energy-saving potential

Higher cost than many competitors; 
may lack manual fine-tuning 

preferred by some users

Lockitron Bluetooth iOS, Android Keyless and proximity-based unlocking; 
silent operation; user-friendly installation

Wi-Fi bridge purchase required 
for remote access; limited device 

interoperability

SmartThings 
Hub

Wi-Fi, ZigBee, 
Z-Wave, 

Bluetooth

Android, iOS, 
Windows 

Phone

Multiprotocol support; can integrate 
multiple third-party devices;  
quiet and reliable operation

Compatibility issues may occur with 
non-native devices; configuration 

complexity for some users

Philips Hue Wi-Fi iOS, Android
Wide integration support; large 

community; deep customisation via 
scenes, scheduling, and smart automation

Higher product cost; some features 
harder to configure for beginners

BluFit Bottle Bluetooth iOS, Android Easy setup; helps users monitor 
hydration; attractive design

Premium price compared  
to conventional solutions
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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 façades 
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 20th 
century (approximately 1980s-1990s) and continuing into 
the 21st 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).

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 façades and in-
telligent engineering systems enabled approximately 30% 
energy savings compared to conventional solutions for fa-
cilities of similar scale. Framework assessed environmental 

Device Communication 
Technology

Supported 
Platforms Main Advantages Main Limitations

Canary Security 
System Wi-Fi iOS, Android Simple installation; central smart security 

functions in a single unit
Expensive for its feature set; limited 

mainly to internal monitoring

Amazon Echo Wi-Fi, Bluetooth FireOS, 
Android, iOS

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 iOS, Android

Reliable installation; balanced 
functionality; integrates well  

with multi-device smart homes

Higher cost than similar competing 
thermostats

Table 1. Continued

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

Figure 2. The concept of smart home and its advantages
Source: based on S. Vattano (2014)
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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).

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). 

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

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)

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 19th-20th 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 –  

a)

b)

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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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 IoT, 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  

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 

Figure 5. U.S. commercial building regional locations
Source: based on J. King & C. Perry (2017), H. Ghayvat et al. (2015)
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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).

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). 

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 

policy guidance, the design of distributed energy systems, 
and peer-to-peer (P2P) energy trading.

 
Figure 7. Structure diagram of data-driven SBIPV systems

Source: based on Z. Liu et al. (2023)

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 

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, IoT, robotics, drones, BIM, digital twins, and intelli-
gent algorithms enabled the optimisation of workflows, 
increased productivity, and the promotion of sustainable 
development. J.L. Hernández 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 
AI, 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  
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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 IoT, 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, 
sustainability, and operational resilience.

CONCLUSIONS
Smart buildings represented a transformative paradigm 
in architecture, combining automated systems, real-time 
data analysis, and intelligent control to create energy-ef-
ficient, sustainable, and occupant-friendly environments. 
The analysis of experimental projects demonstrated that 

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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будівлею і реалізовані за допомогою технологій IoT, датчиків та актуаторів. Такі системи збирали дані в реальному 
часі, що дало змогу використовувати прогнозну аналітику, адаптивне управління та енергетичну оптимізацію. 
Проаналізовано методи машинного навчання, зокрема навчання з учителем, без учителя, підкріплення, нечітку 
логіку та стохастичну оптимізацію, для прогнозування енергоспоживання, управління відновлювальними 
джерелами енергії, інтелектуального контролю та діагностики несправностей. Досліджено системи контролю, 
орієнтовані на мешканців, які враховували наявність людини, її уподобання та комфорт, дозволяючи динамічно 
коригувати режими роботи будівлі та використання енергії. Була проаналізована інтеграція розумних будівель 
з розумними мережами на основі вдосконалених систем управління енергоспоживанням будівель, що 
дозволяли брати участь у програмах реагування на попит, регулюванні напруги та управлінні розподіленими 
відновлюваними джерелами енергії. Досліджено інтегровані фотоелектричні системи розумних будівель і 
підходи, засновані на даних, для прогнозування енергогенерації та споживання в реальному часі. Цифрові 
технології, такі як моделювання інформації про будівлю, цифрові двійники, робототехніка, дрони, обчислення 
на краю та хмарні платформи, підвищували ефективність процесів проєктування, будівництва, моніторингу, 
експлуатації та обслуговування. Незважаючи на переваги, залишилися проблеми, пов’язані з високими 
витратами на впровадження, ризики кібербезпеки, питання сумісності систем та необхідність удосконаленої 
інфраструктури управління даними. Практична цінність цього дослідження полягає в застосуванні результатів на 
різних етапах архітектурної практики, включаючи проєктування нових будівель, реконструкцію та модернізацію 
наявних споруд, а також постійну оптимізацію операцій та управління будівлею

Ключові слова: машинне навчання; цифрові двійники; контроль мешканців; управління енергією; розумна 
мережа; оптимізація даних; сталий розвиток
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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
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INTRODUCTION
Studies in architectural design confirmed the enduring 
relevance of rule-based approaches for representing and 
generating architectural form. Among these, shape gram-
mars remained a foundational paradigm for modelling the  

iterative transformations, through which architects ex-
plored and developed design alternatives. By explicitly 
encoding form manipulations as rule-based operations, 
shape grammars provided a formal bridge between design 
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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.

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. Çelik & Z. Şahin 
Çağli  (2024) also applied shape grammar as an analytical 
and generative tool for facade design, identifying forma-
tion rules for detached houses on Ankara’s Çınar 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 façade 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. Berčič (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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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.

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). 

Measure Architect 1 Architect 2 Interpretation
Percentage agreement 95% 93% Excellent (>90%)

Cohen’s Kappa 0.87 0.85 Almost perfect

Table 1. Intra-coder reliability measures

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”. 

Figure 1. Examples of plastic form in architecture
Note: a - architectural form “lobster”; b – architectural form “slug”
Source: based on F.D.K. Ching (2007)

a) b)

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. 

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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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

Source: developed by the authors

Repertoire of shape rules 

Plastic shape rules (PL). 
Superficial operative 

(Appearance) 

Structural shape rules (ST). 
Deep operative rules 

(Structure) 

Figurative shape rules (FIG) 
(Image framing, cadrage, change 

of viewpoint) 

Conformation 
transformation  

Size 
transformation  

Colour 
transformation  

Texture 
transformation  

Topological relations 
transformation 

Change of the type 
of representation 

Change of the shape 
rules’ space/object 

Change of the shape 
rules’ space/ floors 

Change of the point 
of view 

Geometrical relations 
transformation 

Constitutive 
transformation  

Change of the 
direction of view 

Change of the 
complexity level 

Change of the size 
of the sketch 

Categories of shape rules Classes of shape rules Examples Illustrations

Plastic (PL)

Conformation transformation Truncate, bend, push, fold, 
pierce, twist, pinch

Size transformation Change length/width/depth

Colour transformation Change colour

Texture transformation Change texture

Structural (ST)

Topological relations 
transformation Change position

Geometrical relations 
transformation Rotate, reflexion

Constitutive transformation Add, delete, split, combine

Figurative (FIG)

Change of:

Change representation type, 
extend sketch, change floor

Type of representation

Shape rules’ space/object

Shape rules’ space/floors

Point of view

Direction of view

Complexity level

Size of the sketch
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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 

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.

Sketch 3 Sketch 4 

1 

2 

3 

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. 

Segments
Categories of shape rules

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

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

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

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. 

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)

Count percentage
n = 32
15%

n = 8
17%

n = 40
15%

Structural shape rules (ST)
Count percentage

n = 160
73%

n = 38
79%

n = 198
74%
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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. 

Source: developed by the authors

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

Table 4. Continued

Descriptive statistics Architect 1 Architect 2 Total

Figurative shape rules (FIG)
Count percentage

n = 27
12%

n = 2
4%

n = 29
11%

Mean of shape rules/sketch 11.53 12 11.60

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). U1 explained 97.64%/99.58% of 
variance; U2 explained 2.36%/0.42%.
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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

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

a) b)

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.

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  

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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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 AI-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 AI-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 AI 
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 AI-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 

Table 5. Summary of empirical patterns and theoretical interpretations

Source: developed by the authors

Pattern Finding Interpretation

Bipartite structure (PCA + cluster) ST isolated; PL + FIG together 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
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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.  El-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-
tion through protocol analysis of two architects’ residen-
tial design tasks confirmed that the repertoire accurately 
captured the full range of form manipulations observed 
during early-stage sketching. The repertoire’s structural  

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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Систематичний репертуар правил трансформації форм  
у архітектурному дизайні: концептуальне доведення

Анотація. Метою цього дослідження було виявлення, структуризація та емпірична перевірка систематичного 
репертуару елементарних правил трансформації форм, що точно відображають процеси архітектурного дизайну 
на основі ескізів та можуть бути безпосередньо впроваджені в обчислювальні середовища. Для вирішення 
проблеми відсутності систематизованого та детального репертуару операцій трансформації форм у дослідженнях 
архітектурного дизайну було розроблено 48 правил трансформації форм через огляд літератури та уточнено за 
допомогою емпіричних спостережень за сесіями малювання, проведеними двома досвідченими архітекторами. 
Правила були розподілені на дві операційні категорії (пластичні, структурні), одну мета-категорію (фігуративні) 
та 14 класів правил. Протокольний аналіз підтвердив, що репертуар охоплював увесь спектр спостережуваних 
маніпуляцій з формами через 23 ескізи та 267 закодованих трансформацій, з високою внутрішньою узгодженістю 
кодерів (Каппа Когена: 0.85-0.87), що підтвердило надійність та чіткість запропонованої класифікації. Структурні 
правила становили 74  % спостережуваних трансформацій, підкреслюючи домінування конфігураційного 
дослідження на ранніх етапах проєктування, тоді як пластичні та фігуративні правила складали 15  % і 11  % 
відповідно. Статистичні аналізи, включаючи аналіз головних компонент та ієрархічний кластерний аналіз, 
показали послідовну дводольну структуру у обох дизайнерів: структурні правила утворювали окремий кластер, в 
той час як пластичні та фігуративні правила групувалися, при цьому PC1 пояснював 97-99 % загальної дисперсії. 
Практичне значення цього дослідження полягає в наданні прозорої та багаторазової платформи трансформацій, 
який підтримує аналіз поведінки при архітектурному малюванні та сприяє розвитку засобів обчислювального 
проєктування на основі правил

Ключові слова: архітектурне малювання; маніпуляція формами; граматика форм; протокольний аналіз; 
пізнання в дизайні
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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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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 
CO2 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  

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 AI-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 CO2 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 

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
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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 

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 AI-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 (A1 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
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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.

Smart mobility management strategic framework
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Table 2. Socio-demographic and professional profile of the expert sample (N = 47)

Source: developed by the authors

Source: developed by the authors

Table 1. Continued

Variable Category Frequency (n) Percentage (%)

Professional role

Technical experts (planners, architects, developers) 23 48.94
Administrative & officials 13 27.66

Academics 6 12.77
Potential users (residents) 5 10.64

Work sector
Public/Government sector 21 44.68

Private sector 16 34.04
Academic/Research 10 21.28

Work experience
Less than 10 years 5 10.64

10-15 years 11 23.40
Over 15 years 31 65.96

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 

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 
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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:

,          (1)

where Meani  – 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:

,    (2)

where Mean Ranki – 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 

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑀𝑀𝑀𝑀𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑀𝑀𝑀𝑀 𝑅𝑅𝑅𝑅𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑅𝑅𝑅𝑅 (𝑃𝑃𝑃𝑃𝑂𝑂𝑂𝑂𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑂𝑂𝑂𝑂𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) =
∑ 𝑘𝑘𝑘𝑘
𝑖𝑖𝑖𝑖=1 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑅𝑅𝑅𝑅𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

𝑁𝑁𝑁𝑁
  

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:

MeanEPS
 = 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 RankEPS = 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

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑀𝑀𝑀𝑀𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑀𝑀𝑀𝑀 (𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂) =
∑ 𝑘𝑘𝑘𝑘
𝑖𝑖𝑖𝑖=1 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖𝑖𝑖

𝑁𝑁𝑁𝑁
  

Standard 
deviation (SD)Mean (Y)CriterionIndicatorRank 

(Importance)
0.204.9574A.5 (SPS)Electronic Parking Space Reservation1
0.324.9362A.3 (PSP)Emergency Services Provision2
0.324.9362A.6 (ITMS)Traffic Signal Priority Management3
0.464.9149A.3 (PSP)Security and Safety Measures4
0.554.8511A.4 (TMC)Traffic Data Aggregation5
0.584.8085A.2 (SM)Real-Time Data-Driven ITS6
0.544.8085A.4 (TMC)Incident Management Systems7
0.434.7660A.3 (PSP)Trip Information Provision8
0.504.7234A.6 (ITMS)Quality Assurance for Public Transport9
0.504.5319A.2 (SM)Advanced Traffic Management Systems10
0.504.5319A.6 (ITMS)Driver and Fuel Monitoring System11
0.514.5106A.2 (SM)Advanced Public Transportation System12
0.504.4681A.2 (SM)Advanced Traveller Information Systems13
0.584.4468A.4 (TMC)Reduction of Traffic Accident Rate14
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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.

Standard 
deviation (SD)Mean (Y)CriterionIndicatorRank 

(Importance)
0.624.4468A.6 (ITMS)Automatic Vehicle Location15
0.504.4043A.1 (ST)Ease of Access to Commercial and Health Services16
0.494.3617A.1 (ST)Optimising Operational Efficiency17
0.474.3191A.3 (PSP)Electronic Payment Systems18
0.474.3191A.5 (SPS)Automated Smart Parking Systems19
0.474.3191A.6 (ITMS)Bus Control Unit (BCU)20
0.474.3191A.6 (ITMS)Transit Depot Management21
0.694.1489A.6 (ITMS)Accessibility to Public Transport Modes22
0.503.5745A.7 (SLUP)Planning Development Axes Supporting Transport Network23
0.503.5319A.5 (SPS)Smart Payment/Ticketing24
0.513.4894A.4 (TMC)Reduction of Greenhouse Gas (GHG) Emissions25
0.503.4681A.1 (ST)Shift to More Sustainable Modes26
0.503.4681A.4 (TMC)Environmental Conditions Monitoring27
0.503.4681A.6 (ITMS)Bus Scheduling and On-Board Payment System28
0.503.4468A.1 (ST)Ease of Access to City Services29
0.503.4255A.3 (PSP)Improved Access to Vehicle Sharing Alternatives30
0.503.4255A.7 (SLUP)Smart Planning to Pre-empt Traffic Issues31
0.473.3191A.2 (SM)Operational Systems for Commercial Vehicles32
0.783.0426A.1 (ST)Avoidance of Unnecessary Trips33
0.512.5106A.7 (SLUP)Smart Land Use Distribution34
0.502.4468A.1 (ST)Expansion of Cycling Network Infrastructure35

4.0985Overall mean

Table 3. Continued

Source: developed by the authors

Statistical Measure Value

Sample size (N) 47

Kendall’s W 0.759

Friedman Test Chi-square (χ2) 1212.427

Degrees of freedom (df) 34

Asymptotic significance (p-value) <.001

Table 4. Statistical reliability and consensus tests for indicators ranking

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 (χ2  =  1212.427, 

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 
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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.

Source: developed by the authors

Table 5. Final implementation priorities (Mean Ranks from Friedman’s test)
Mean Rank (X)CriterionIndicatorRank (Priority)

5.52A.4 (TMC)Reduction of Traffic Accident Rate1
5.82A.1 (ST)Ease of Access to Commercial and Health Services2
6.10A.3 (PSP)Trip Information Provision3
6.93A.2 (SM)Advanced Public Transportation System4
7.04A.7 (SLUP)Planning Development Axes Supporting Transport Network5
7.34A.5 (SPS)Automated Smart Parking Systems6
7.97A.5 (SPS)Traffic Signal Priority Management7
9.04A.5 (SPS)Electronic Parking Space Reservation8
9.22A.4 (TMC)Ease of Access to City Services9
9.22A.6 (ITMS)Incident Management Systems10

10.13A.6 (ITMS)Driver and Fuel Monitoring System11
13.06A.7 (SLUP)Smart Land Use Distribution12
13.20A.3 (PSP)Electronic Payment Systems13
14.32A.2 (SM)Advanced Traveler Information Systems14
14.48A.3 (PSP)Emergency Services Provision15
14.55A.7 (SLUP)Smart Planning to Pre-empt Traffic Issues16
16.34A.5 (SPS)Smart Payment/Ticketing17
17.76A.2 (SM)Operational Systems for Commercial Vehicles18
20.60A.2 (SM)Advanced Traffic Management Systems19
20.91A.4 (TMC)Reduction of Greenhouse Gas (GHG) Emissions20
21.28A.4 (TMC)Traffic Data Aggregation21
21.96A.6 (ITMS)Transit Depot Management22
22.76A.1 (ST)Expansion of Cycling Network Infrastructure23
23.49A.1 (ST)Optimising Operational Efficiency24
23.65A.3 (PSP)Security and Safety Measures25
23.84A.6 (ITMS)Automatic Vehicle Location26
26.13A.2 (SM)Real-Time Data-Driven ITS27
27.39A.1 (ST)Shift to More Sustainable Modes28
28.10A.3 (PSP)Bus Control Unit (BCU)29
28.30A.6 (ITMS)Improved Access to Vehicle Sharing Alternatives30
28.79A.4 (TMC)Environmental Conditions Monitoring31
29.54A.1 (ST)Avoidance of Unnecessary Trips32
30.82A.6 (ITMS)Quality Assurance for Public Transport33
31.56A.6 (ITMS)Accessibility to Public Transport Modes34
32.85A.6 (ITMS)Bus Scheduling and On-Board Payment System35
18.00Overall mean rank

consensus among the experts regarding the priority list. 
Subsequently, Table  5 presented the mean ranks for the 

indicators, where a lower mean rank signified a higher pri-
ority for implementation.
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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.

Avoidance of Unnecessary Trips

Shift to More Sustainable Modes

Optimizing Operational Efficiency

Expansion of Cycling Network 
Infrastructure

Ease of Access to City 
Services

Ease of Access to 
Commercial and …

Real-Time Data-Driven ITS

Advanced Traffic Management Systems

Advanced Traveler Information Systems

Operational Systems for 
Commercial Vehicles

Advanced Public Transportation 
System

Trip Information Provision

Electronic Payment Systems

Emergency Services Provision Security and Safety Measures

Improved Access to Vehicle Sharing 
Alternatives

Incident Management Systems
Traffic Data Aggregation

Environmental 
Conditions MonitoringReduction of Greenhouse Gas 

(GHG) Emissions

Reduction of Traffic 
Accident Rate

Automated Smart Parking 
Systems

Electronic Parking Space Reservation

Smart Payment/Ticketing

Bus Control Unit (BCU)
Automatic Vehicle Location

Transit Depot Management

Bus Scheduling and 
On-Board Payment …

Driver and Fuel Monitoring System

Traffic Signal Priority 
Management

Accessibility to Public Transport Modes

Quality Assurance for Public 
Transport

Smart Planning to Pre-
empt Traffic Issues

Planning Development Axes 
Supporting Transport Network

Smart Land Use Distribution
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Figure 1. Distribution of the 35 smart mobility indicators across the IPMA matrix
Source: developed by the authors

Table 6. Definition and strategic focus of the IPMA quadrants

Quadrant Strategic focus Description Conditions/Range Execution scenario

Q1 Quick Wins  
(Highest Priority)

High Importance (Y High) + High Priority 
(X Low Rank)

Y ≥ 4.098
X ≤ 18.00

Immediate investment  
and direct implementation

Q2 Strategic 
Investment

High Importance (Y High) + Low Priority 
(X High Rank). Structural Challenges

Y ≥ 4.098
X > 18.00

Long-term planning and allocation 
of structural resources

Q3 Over-Emphasis Low Importance (Y Low) + High Priority 
(X Low Rank). Strategy Review needed

Y < 4.098
X ≤ 18.00

Strategy review and rerouting  
of resources

Q4 Low Priority Low Importance (Y Low) + Low Priority 
(X High Rank). Deferral

Y < 4.098
X > 18.00

Postponement of implementation 
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 

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 
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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 
I.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 AI 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 

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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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. Ambühl (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. 

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 
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(Improve) over behavioural shifts (Avoid/Shift). Integrating 
transport with TOD was therefore essential for long-term 
urban growth and resilience. For practitioners and urban 
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  

developing contexts to enhance cross-sectoral coordina-
tion and evaluate the financial feasibility of TOD models in 
aligning technology with sustainable urban planning goals.
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Аналіз матриці «важливість-пріоритет»  
для оцінювання індикаторів розумної мобільності  

в новій адміністративній столиці Єгипту

Анотація. Стрімкий розвиток Greenfield Smart Cities зумовив необхідність стратегічного підходу до 
пріоритезації мобільних технологій з метою забезпечення операційної ефективності та сталого розвитку. 
Метою дослідження було розроблення ієрархії пріоритетів для оцінювання індикаторів розумної мобільності 
в контексті урбаністики із застосуванням аналізу матриці «важливість-пріоритет» для нової адміністративної 
столиці Єгипту. Шляхом інтеграції чотирьох симбіотичних складових (інфраструктура, цифрова трансформація, 
надання послуг і врядування) дослідження перейшло від теоретичного опису до ієрархії виконання, що 
базувалася на даних. Методологія передбачала застосування аналізу матриці «важливість-пріоритет», 
підтриманого тестом Фрідмана та коефіцієнтом конкордації Кендалла (0,759). Аналіз, здійснений на основі 
порогових значень 4,0985 для важливості та 18,00 для пріоритету, виявив біфурковану траєкторію управління 
розумною мобільністю. Результати визначили 12 «швидких перемог» (Quadrant 1), серед яких провідними 
стали електронне резервування паркомісць (Mean = 4,9574) та зниження рівня дорожньо-транспортних пригод 
(Mean Rank = 5,52), що забезпечували високоефективні рішення, необхідні для формування початкової довіри 
суспільства. Матриця виявила стратегічний розрив готовності у 10 базових системах (Quadrant 2), визначених 
як стратегічні інвестиції. Такі індикатори, як інтелектуальні транспортні системи на основі даних у реальному 
часі (Mean = 4,8085) та агрегування транспортних даних, мали низький пріоритет реалізації (Mean Rank > 18,00) 
через фрагментованість інституційних повноважень і повільні процедурні процеси планування. Сім індикаторів 
у Quadrant 4, пов’язаних зі сталими поведінковими практиками (цілі avoid/shift), зокрема розширення мережі 
велосипедної інфраструктури (Mean = 2,4468), продемонстрували найнижчі показники важливості та пріоритету. 
Було визначено, що успішний перехід до інтегрованої екосистеми мобільності потребує фундаментального 
зсуву парадигми від моделі, яка акцентована на технології, до стратегії, орієнтованої на врядування. Розроблена 
рамка слугувала стандартизованим і відтворюваним інструментом підтримки прийняття рішень, що дало змогу 
узгодити технологічні інвестиції з рівнем інституційної готовності. Дослідження сприяло подоланню розриву між 
впровадженням технологій та сталим міським плануванням через підходи транзитно-орієнтованого розвитку та 
«розумного» врядування, забезпечуючи стійкість та сталий характер трансформацій у сфері розумної мобільності

Ключові слова: урбаністична модернізація; інтелектуальні транспортні системи; статистичне ранжування; 
інституційна фрагментація; управління на основі даних
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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/m2 for large species to 9 plants/m2 
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 m2), flower beds (10-20 m2), alpine rock gardens (15-
20  m2), container plantings, greening around water features (20-30  m2), ornamental groups with solitary elements 
(5-10  m2), group plantings (10-15  m2) 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
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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.).

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 

Table 1. Range of plants for greening the city of Zhytomyr
Plant name Type Height/width Frost hardiness Quantity, pcs. Appearance

Salvia nemorosa 
‘Caradonna’

Perennial 
herbaceous 40-60/30-40 cm High 30
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Plant name Type Height/width Frost hardiness Quantity, pcs. Appearance

Lychnis viscaria  
‘Pink Rosea Plena’

Perennial 
herbaceous 30-35/25-30 cm High 35

Pennisetum 
alopecuroides 

‘Moudry’
Ornamental grass up to 80/ up to 80 

cm High 65

Festuca glauca 
‘Elijah Blue’ Ornamental grass 15-25/20-30 cm High 65

Sedum hybride 
‘Purple Emperor’

Perennial 
herbaceous 40-50/35-40 cm Zone 4  

(down to -34°C) 65

Yucca filamentosa Evergreen perennial
foliage up to 70 cm, 
flowering stem up  

to 1.5 m

Zone 4  
(down to -30°C) 20

Echinacea purpurea 
‘Magnus’

Perennial 
herbaceous 60-90/60-70 cm High 35

Perovskia 
atriplicifolia  
‘Blue Spire’

Perennial 
herbaceous 60-70/50-60 cm High 35

Hosta ‘Halcyon’ Perennial 
ornamental foliage up to 40/40-50 cm High 40

Hosta ‘Fire and Ice’ Perennial 
ornamental foliage 25/40 cm High 40

Hosta  
‘Sunset Grooves’

Perennial 
ornamental foliage 30-40/40-50 cm High 40

Hemerocallis hybrida 
‘Stella de Oro’

Perennial 
herbaceous 40-50/40-50 cm High 60

Lavandula 
angustifolia 
‘Elisabeth’

Evergreen perennial 
shrub 50-60/70-80 cm down to -30°C 60

Pennisetum 
alopecuroides ‘Little 

Bunny’
Ornamental grass 40-50/30-40 cm High 65

Table 1. Continued

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/m2 depending on plant size (7-9 
plants/m2 for low-growing species and 4-5  plants/m2 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 

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/
m2 for tall grasses to 9 plants/m2 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 m2); waterside 
zones (20-30 m2); flower beds (3-5 units, each 10-20 m2); al-
pine rock gardens (15-20 m2); decorative compositions (5-7 
units, each 5-10 m2); group plantings (10-15 m2); 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.

Layer Type Quantity per 10 m Height Colour/texture
Front (ground cover) Festuca glauca ‘Elijah Blue’ 20 units 15-25 cm 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

Table 2. Layered structure of the border composition planting

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/m2, 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.

3   

2   

1   

3   

2   

1   

Figure 2. Variants of container compositions
Source: Realtime Landscaping Architect 2025 (Idea Spec-
trum) (n.d.)

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

a) b)

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 compositions and 
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 

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.
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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.)

Table 4. Grouping of plants in the waterside zone

Table 3. Layered structure of the mixborder composition

Source: compiled by the authors

Source: compiled by the authors

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

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  m2. 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. 

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

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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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).

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 4. Waterside landscaping variant
Source: Realtime Landscaping Architect 2025 (Idea 
Spectrum) (n.d.)

Figure 5. Circular flower bed variant (3 m)  
with a concentric arrangement

Source: Realtime Landscaping Architect 2025 (Idea 
Spectrum) (n.d.)

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.)

a) b)

Alternative planting arrangements may also be ap-
plied for a circular flower bed or a park flower garden, 

Alpine rock gardens (rockeries) were established on 
sloping, sunny sites with an area of 15-20 m2, 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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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 m2. 
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.)

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

Table 5. Layered structure of the alpine rock garden (variant for an area of 5 m2)

Source: compiled by the authors

Source: compiled by the authors

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 + 8 units 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

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 m2, 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).

Composition  
layer Species Quantity Placement Decorative  

function
Solitary element 

(dominant) Yucca filamentosa 1 unit Centre Evergreen vertical accent

Middle layer 
(accompanying)

Sedum ‘Purple Emperor’ + Pennisetum 
‘Moudry’ + Lavandula angustifolia ‘Elisabeth’ 5 + 5 + 2 units Around the 

solitaire
Textural contrast: purple 

foliage + silvery spikes + aromatic accent
Lower layer 
(framing)

Hosta ‘Fire and Ice’ + Festuca glauca  
‘Elijah Blue’ 5 + 3 units Along the 

periphery
Contrasting variegated foliage, 
transition to the adjacent area
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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 m2) – 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.)

a) b)

The planting scheme was characterised by high re-
sistance to pests and diseases, drought tolerance (water-
ing required only during prolonged dry periods), minimal  

maintenance requirements, and provided seasonal var-
iation in ornamental features and a natural, ecological 
appearance throughout the growing season. A flower  
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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).

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/
m2) 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-IV  (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 

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.)

a) b)

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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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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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; 
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Комплексні пропозиції з ландшафтного озеленення  
та благоустрою міських територій Житомира  
на основі асортименту багаторічних рослин

Анотація. Швидкий розвиток міської забудови міста Житомир призводить до скорочення площі зелених 
насаджень нижче нормативного рівня та посилення ефекту міського теплового острова, що підвищує 
температуру повітря влітку на 2-4  °C. Це зумовило необхідність впровадження екологічно стійких рішень, 
спрямованих на регулювання мікроклімату, підвищення естетичної привабливості міського середовища 
та забезпечення соціального благополуччя мешканців. Метою дослідження була розробка комплексних 
пропозицій з ландшафтного озеленення та благоустрою міських територій Житомира у пейзажному стилі 
на основі асортименту багаторічних декоративних рослин. Це забезпечило біорізноманіття, безперервність 
сезонної декоративності та функціональне зонування міського простору. Було здійснено класифікацію рослин 
за висотою, потребами в освітленні, вологості та декоративними характеристиками. На підставі аналізу інсоляції 
типових міських територій було розроблено схему зонування: 60  % сонячних ділянок, 30  % – напівтіньових, 
10  %  – прибережних зон водойм. Щільність посадки варіювалася від 4 рослин/м2 для великих видів до 9 
рослин/м² для низькорослих ґрунтопокривних, що забезпечувало змикання насаджень протягом 1-2 років. 
До асортименту увійшли морозостійкі, посухостійкі та невибагливі в догляді види рослин – декоративні злаки 
(Pennisetum, Festuca), багаторічні трав’янисті (Echinacea, Salvia, Hemerocallis, Sedum), вічнозелені (Yucca, Lavandula) 
та декоративно-листяні (Hosta), що не мали інвазивних властивостей. Також, було запропоновано дев’ять 
типів озеленювальних композицій: бордюри (50-70 м завдовжки), міксбордери (100-150 м2), клумби (10-20 м2), 
альпійські гірки (15-20 м2), контейнерні насадження, озеленення при водоймах (20-30 м2), декоративні групи з 
солітерними елементами (5-10 м2), групові насадження (10-15 м2) та рабатки (шириною 0,5-1,0 м). Усі варіанти 
забезпечували безперервну сезонну декоративність з травня по жовтень, рівень озеленення від 40 % до 70 %, 
що перевищувало мінімальні нормативні вимоги, та потребувало мульчування та поливу в посушливі періоди. 
Практична цінність роботи полягає у готових до впровадження проєктах із детальними схемами розміщення 
рослин і можливістю адаптації до інших міст України зі схожими кліматичними умовами

Ключові слова: пейзажний стиль; варіанти композицій; ландшафтний дизайн; міське озеленення; біорізноманіття; 
сезонна декоративність; екологічна стійкість
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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
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INTRODUCTION
Digitalisation of cultural heritage conservation had cre-
ated a need for tools that can be used for documentation 
of the condition of architectural monuments and support 

restoration decisions. In this context, methods such as 
artificial intelligence (AI), computer vision, digital mod-
elling and spatial data analysis held promise for detecting  
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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 
AI 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 
AI, 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 AI 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 AI 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 AI in the field of archi-
tectural heritage restoration. Using the systematisation 
method, the areas of AI application in the field of architec-
tural heritage restoration were summarised – Unmanned 

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 AI 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 AI for classifying architectural her-
itage in semi-automated scan-to-BIM reconstruction. This 
approach viewed AI 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.  Lourenço  (2024) summarised the 
state of research into AI-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 AI 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 AI for the semantic enrichment of point clouds 
of architectural heritage, using the Palacio de Sástago 
in Zaragoza as an example. AI 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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Aerial Vehicle (UAV) photogrammetry and AI-enhanced 
Three-Dimensional (3D) reconstruction, computer vision 
for automated detection of cracks and defects, AI-based 
point cloud segmentation and the Scan-to-HBIM approach 
(Cotella, 2023; Ge et al., 2024; Yiğit & Uysal, 2024). More-
over, digital twins, Structural Health Monitoring (SHM), 
predictive modelling, and AI 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 AI application and establish a com-
parative framework for further analysis of the possibilities 
and limitations of using AI 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 AI 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 AI 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-III  (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 AI in 
the field of architectural heritage restoration. It reflected 
the basic principles of heritage protection, ethical require-
ments for AI, specialised recommendations for the cultural 
sector, and the Ukrainian legal framework. This was done 

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 AI in restoration practice.

Using a case-study approach, the study systematised 
global and Ukrainian examples of AI implementation in cul-
tural heritage conservation and restoration processes – the 
Dunhuang Mogao Grottoes (China) (Yu et al., 2022), Mezgit 
Castle (Turkey) (Yiğit & 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 AI 
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 AI applications in Ukraine, these examples were 
considered AI-ready practices that formed the basis for the 
further integration of AI 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 AI use in the restoration of 
architectural heritage and to identify the prerequisites for 
the further implementation of AI, particularly in Ukraine.

RESULTS AND DISCUSSION
Areas of application for AI in the restoration  
of architectural heritage
AI was one of the key tools for the digital transformation of 
the architectural heritage conservation sector. In the field 
of architectural heritage restoration, AI 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, AI 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 AI should be viewed not as 
a replacement for professional restoration expertise, but as 
a form of technological enhancement (Pasikowska-Schnass 
& Lim, 2023). To systematise the main areas of AI 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 AI into the restoration process of architectural heritage sites

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

Method/approach Role in restoration cycle Key challenges of integration The benefits of AI use

UAV photogrammetry 
and AI-enhanced 3D 

reconstruction

Digital documentation of the 
monument, creation of 3D 
models, and comparison of 
the monument’s condition

Image quality requirements, 
large data volumes,  

and processing complexity

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

AI-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 
of existing solutions

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

interventions, analysing the condition and 
long-term management of the monument

Digital twin, SHM  
and predictive 

modelling

Monitoring of condition, 
recording of changes over 

time, and prediction  
of deterioration

Need for high-quality multi-
source data, infrastructure, 

interoperability and metadata

Development of an integrated workflow: 
documentation → diagnosis → 

prognosis → post-intervention monitoring

AI as a decision support 
system in restoration

Risk assessment, 
prioritisation  

of interventions, and 
comparison of scenarios

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 AI enhances expert judgement 

rather than replacing it

The effectiveness of integrating AI 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, AI 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 AI 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, AI 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 
AI 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, AI was increasingly becoming a val-
uable decision-support tool, enabling the comparison of 

intervention scenarios, the prioritisation of work, and the 
enhancement of the soundness of the restoration process. 
At the same time, the effectiveness of AI 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 AI 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 façades, 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 
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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 AI 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 façades, 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 (Yiğit 
& Uysal,  2024). In addition to detecting individual de-
fects, AI 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 

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, AI 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. AI 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 AI 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 AI 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 AI 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 İ.  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 
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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 AI 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 AI into conser-
vation were data quality, expert validation, transparency 
of algorithmic processing, and the preservation of human 
oversight. In this context, AI 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 AI 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 AI 
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 AI 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 AI 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 AI 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 

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 AI 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 AI 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 AI 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 AI in restoration of architectural heritage:  
International and Ukrainian contexts
International regulations governing the use of AI 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 AI, 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 AI 
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 AI 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, 
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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 AI 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 AI 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 AI as a separate technology; therefore, under 
current Ukrainian law, AI 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 AI 
was directly linked to data quality, the standardisation of 
methodologies, and the institutional capacity to work with 

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 AI.

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 AI 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 AI 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 AI 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/
object AI method/tool Function Practical significance for restoration

Dunhuang 
Mogao 
Caves, 
China

Deep learning, automated restoration, 
object detection algorithms, search and 
analysis tools, style transfer, and AI for 

the Dunhuang specialised dataset

Automated restoration of wall 
paintings, accelerated analysis of large 
visual datasets, and support in building 

a thematic library of elements  
for research and conservation

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

systematisation of visual elements,  
and greater justification  
for restoration decisions

Mezgit 
Castle, 
Turkey

UAV photogrammetry, digital twin 
technology and deep learning methods 

for automated crack detection

Automated crack detection on 3D 
models, support for the preparation 

of repair plans and subsequent 
monitoring of damage progression

Prompt identification of defects, 
assessment of the extent of damage and 
planning of restoration work based on a 

precise digital model of the building

St. Peter’s 
Basilica, 
Vatican

Photogrammetry, AI techniques and 
cloud computing for creating a high-

precision digital twin of an object

Digital replica was created using around 
400,000 high-resolution images; AI 
helped to improve the visualisation  

and identify signs of potential structural 
deterioration, including cracks  
and missing mosaic fragments

Provides a highly accurate digital 
framework for assessing the 

condition of a heritage site, planning 
conservation work and long-term 

monitoring of changes to the structure 
and decorative elements



100

Integration of artificial intelligence into the restoration...

Architectural Studies, 12(1)

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, 
AI 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, AI 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 AI 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 AI 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, AI 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 AI 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 AI-ready approaches that lay the ground-
work for the subsequent use of AI in documenting, fore-
casting the condition of heritage sites and planning resto-
ration interventions (Table 3).

Case/
object AI method/tool Function Practical significance for restoration

Lausanne 
Cathedral, 

Sweden

AI-powered digital co-pilot, digital 
twin, augmented reality, 3D modelling 

based on laser scanning and 
photogrammetry

Assessment of the condition  
of historic stone structures, integration  

of structural and materials science 
data, and support for inspection  

and restoration decisions

Provides a digital framework  
for interdisciplinary analysis, early 

identification of problem areas  
and justification  

of conservation interventions

Table 2. Continued

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

Case/object Technologies/tools Primary benefit Value for further AI use

Lviv, 2024 (buffer zone 
of the UNESCO World 
Heritage Site “Lviv – 

Historic Centre”)

3D visualisation, damage 
and risk assessment, 

standardised UNESCO/
ICCROM form

An inspection of the damaged cultural 
heritage sites has been carried out, a 

detailed assessment of their condition has 
been conducted, and the groundwork has 

been laid for urgent conservation measures

Creates a structured database 
for subsequent AI-based risk 

analysis, damage classification 
and prioritisation  
of interventions

Odesa, 2025 (the UNESCO 
World Heritage Site 

“Historic Centre of Odesa” 
and associated cultural 

heritage sites)

Standardised 
methodology for 

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

Supports the transition to a 
digitally controlled restoration 
cycle, within which AI can be 
used to predict the condition 

of the tooth and plan 
interventions

The T. Shevchenko 
Chernihiv Regional 

Academic Music  
and Drama Theatre, 2025

Ground-based 
laser scanning, 

photogrammetry, and 
geospatial analysis

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

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

Note: table does not list completed AI-based restoration projects, but rather the most representative examples of 
Ukrainian AI-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 

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 
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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 AI-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 AI in the practice of monitoring, con-
dition forecasting and planning restoration interventions.

The prospects for applying AI 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 AI 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  

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 AI 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 
AI 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 AI. 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 AI algorithms. Fur-
thermore, interdisciplinary collaboration between conser-
vators, architects, engineers, architectural historians and 
data analysts was essential, as the effective application of 
AI 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, AI 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 AI 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 
AI in the restoration of architectural heritage was possi-
ble only if technological effectiveness was combined with  
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application of AI 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 AI 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 AI 
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 AI 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 AI 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 AI 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 
AI-ready foundation rather than complete models of full-
scale AI integration into the restoration process. Thus, 
whilst international experience demonstrated the expan-
sion of AI’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 AI solutions in restoration practice. Future research 
should address empirical testing of AI tools in restoration 
practice, the standardisation of digital data, the creation of 

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 AI-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 AI 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 AI 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 AI 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. Gîrbacia (2024), who 
analysed research trends in the application of digitalisa-
tion in the field of cultural heritage and demonstrated that 
AI was increasingly being used for classification, computer 
vision, 3D reconstruction and other tasks involving the dig-
ital processing of heritage. The development of 21st-centu-
ry AI 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. Ocón et 
al.  (2026) proposed an ethical framework for the use of 
Generative AI in the restoration, reconstruction and re-
production of movable cultural heritage, emphasising the 
tension between the technological capabilities of GenAI 
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 AI 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 AI in restoration practice. Thus, the 
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specialised datasets, and the development of integrated sys-
tems based on HBIM, digital twins and predictive analytics.
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Інтеграція штучного інтелекту  
в процес реставрації архітектурних пам’яток:  

методи та перспективи

Анотація. Метою дослідження було виявлення можливостей інтелектуальних цифрових технологій у оцінюванні 
стану об’єктів архітектурної спадщини та обґрунтуванні необхідних втручань. Були використані методи 
систематизації, порівняльного та порівняльно-правового аналізу, кейс-аналізу. Встановлено, що штучний 
інтелект у сфері збереження архітектурної спадщини підсилює фахову експертизу, забезпечує цифрову фіксацію, 
аналіз стану, прогнозування та підтримку реставраційних рішень. Його ефективність визначається якістю даних, 
експертною валідацією, сумісністю систем і прозорістю алгоритмів. Водночас ключовими викликами залишаються 
неповна автоматизація, складність інтеграції цифрових середовищ і потреба в людському контролі. Глобальна 
нормативно-етична рамка визначає, що застосування штучного інтелекту у реставрації має ґрунтуватися на 
принципах автентичності, людського контролю, підзвітності та використання надійних даних. Виявлено, що 
українське законодавство поки не містить спеціалізованого правового регулювання штучного інтелекту у 
реставрації, тому його застосування пов’язується передусім із документацією, стандартизацією оцінювання 
пошкоджень, підготовкою даних і професійною підготовкою фахівців. Кейси Dunhuang Mogao Grottoes, Mezgit 
Castle, St. Peter’s Basilica та Lausanne Cathedral засвідчили вже сформовані підходи до застосування штучного 
інтелекту у реставраційній практиці, моніторингу й прогнозування стану пам’яток. Українські практики у 
Львові (Ансамбль історичного центру), Одесі (Історичний центр Одеси) та Чернігові (Чернігівський обласний 
академічний музично-драматичний театр ім. Т.  Шевченка) репрезентували переважно готове до штучного 
інтелекту середовище для майбутнього впровадження таких рішень. Тому можливості застосування штучного 
інтелекту пов’язані з переходом до комплексних інтегрованих систем аналізу, моделювання й підтримки рішень, 
за умови дотримання принципів автентичності, мінімального втручання, наукової верифікації та обов’язкового 
людського контролю. Практична значимість полягає у можливості застосування результатів реставраторами, 
архітекторами, інженерами та органами охорони культурної спадщини у реставраційній практиці, під час 
документування, оцінювання стану пам’яток і планування заходів їх збереження

Ключові слова: спадщина; цифрова фіксація; пошкодження; цифрові двійники; моніторинг стану
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