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Abstract. The article discusses various methods for creating decision support systems
to determine the technical appearance and design characteristics of multi-apartment
residential buildings at the pre-construction stage. To solve this problem, structural
optimization is used, which includes determining the number of elevators, the height
of the building and the number of floors, orienting the building to the cardinal
directions, determining the parameters of engineering communications and the
investment attractiveness of new housing. The advantages and disadvantages of
machine learning methods and various types of logical inference in expert systems
for determining the technical appearance and design characteristics of multi-
apartment residential buildings are analyzed. A comparative analysis of the various
approaches has led to the conclusion that the tools of expert systems based on fuzzy
logic are the most advisable. This paper presents an overview of the fundamental
principles underlying the operation of fuzzy expert systems. It also offers a critical
assessment of their potential for universal applicability and versatility in addressing
design challenges related to construction projects.
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MocTaHoBKa 3apa4mn onpeaeneHns TeXHUYEeCcKoro oonmka
M KOHCTPYKTUBHbIX XapaKTePUCTUK MHOTOKBaPTUPHbIX XXUJbIX 30aHUIA
Ha OCHOBE MeToA,a 3KCNEepPTHbIX CUCTEM

A.A. Mepkyaos*“™, FO.H. Pazymubiii*”, O.A. CanrbikoBa®”, U.B. Crenansin®

?Pocculickuil yHUBEpCUTET ApY>KObI HapoaoB, Mockea, Poccus
" Mucturyt mamunoBeaenus uM. A.A. Bnaronpasosa PAH, Mockea, Poccus
<1 amerkulov@levelgroup.ru

Hcropus cratbn AHHOTanms. PaccMOTpeHs! pa3InuHbIE METO/IbI CO3IaHUsI CUCTEM MOJ-
JEPAKKU MPUHATHS PELICHUH s ONpeAesIeHUs TEXHUUECKOro 00I1Ka
Y KOHCTPYKTHBHBIX XapaKTEPUCTHK MHOTOKBAPTUPHBIX KMJIBIX 30aHUH
Ha 3Talne MNOATOTOBKU K CTPOUTENBCTBY. I pelreHus 3Tod 3anadu
UCIIOJIB3YEeTCS CTPYKTYPHAsl ONITHMH3ALINsI, KOTOPAasi BKIFOYAET B ce0s
OIIpeJieTIeHNE KOJIUYeCTBa JIN(TOB, BBICOTHI 3JaHUS U KOJIMYECTBA ITa-
JKEH, OPUEHTALUIO 3/1aHKs 10 CTOPOHAM CBETA, OIPEeNICHHE TapaMeT-
POB MHXKEHEPHBIX KOMMYHUKAIUHA U UHBECTULIUOHHON NIPUBJIEKATEIb-
HOCTH HOBOTO KWIbA. [Ipoananm3upoBaHbl NMPEUMMYILECTBA U HENO-
CTaTKH METOJI0B MAIIMHHOTO 00YYEHHsSI U Pa3JINYHbIX TUIIOB JIOTHYE-
CKOTO BBIBOJA B 3KCIIEPTHBIX CHUCTEMAaX Ul ONpEAEICHUsI TeXHUYE-
CKOT0 00JIMKa W KOHCTPYKTHBHBIX XapaKTE€PHUCTHK MHOTOKBapTHp-
HBIX >KHMIIBIX 37aHuii. Ha OCHOBE CpPaBHMTEIBHOTO aHAIM3a Pa3JIny-
HBIX TIOZIXOJIOB CJIEJIaH BBIBOJ O 1I€JIECO00Pa3HOCTH HUCIOIb30BAHUS
MHCTPYMEHTOB JKCIIEPTHBIX CHCTEM, OCHOBAaHHBIX Ha HEUETKOI JIOTHKE.
ITokazaHbl OCHOBHBIE NPUHIUIBI PAOOTHl HEUETKUX IKCHEPTHBIX
CHCTEM U CAEJaH BBIBOJ 00 X YHUBEPCATLHOCTH U IIEPCIIEKTUBHOCTH
B 33/1a4aX NPOEKTHPOBAHMS CTPOUTENIBEHBIX 0OBEKTOB.

[ocrynmina B penakmuio: 24 asrycra 2024 r.
Jlopabotana: 12 okts10ps 2024 .
[Mpunsrta k myonukanuu: 27 okTs0ps 2024 r.

3asiBjieHHe 0 KOHGUINKTEe HHTEPECOB

ABTODBI 3asIBJISIIOT 00 OTCYTCTBHH
KOH(DIUKTa HHTEPECOB.

Bxkaan aBTopoB
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Introduction struction project with the set goals and objectives.

The problem of determining the technical appearance

The technical appearance of an apartment
building is determined during the design stage,
which represents its conceptual engineering model.
This model describes the tasks, structure, and main
design characteristics of a multiapartment residen-
tial building. The model must consider the main
elements that determine the compliance of a con-
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of an apartment building is solved using structural
and parametric optimization [1].

Structural optimization of the technical appear-
ance of an apartment building involves determining
the composition and interrelation of the elements
of the designed construction project, and parametric
optimization involves choosing the values of its
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parameters [2]. In relation to the problem being
solved, structural optimization includes the deter-
mination of the following characteristics:

* Number of elevators in an apartment building;

* Building height (number of floors) of an
apartment building;

* Orientation of an apartment building accord-
ing to cardinal directions;

* Determination of engineering communication
parameters;

* Determination of the investment attractive-
ness of a building (important for construction
planning).

The technical appearance of an apartment
building and its design characteristics should be
determined by considering the restrictions imposed
on the construction site (cost, parameters of the
construction site, etc.), as well as available resources
(financial, material, technical, etc.).

The purpose of this study is to determine ways
to solve the problem of parametric optimization of
the technical appearance and design characteristics
of multi-apartment residential buildings and to
justify the choice of the solutions obtained.

1. Analysis of experience in solving design
problems in the field of construction using
intelligent systems

The analysis and optimization of the technical
appearance of an apartment building are usually
carried out using various methods, including mathe-
matical modeling, system analysis, simulation, and
optimization. Currently, machine learning methods
are extensively used to solve design problems in
the field of construction. For example, in [3], where
three-dimensional models of buildings were built
using a deep learning neural network (Figure 1).
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Figure 1. Three-dimensional models of residential buildings obtained using a deep learning neural network
Source: made by H. Fan et al. [3]

The open-source project” combines parametric
modeling tools, data preprocessing scripts, and
deep neural network models and provides the
technical ability to differentiate the generalized

unlabeled 3D geometry of a building in the form
of informative three-dimensional models consisting
of highly detailed architectural components (roofs,
windows, facades, walls, chimneys, etc.). This tool
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allows automatic segmentation and detailed 3D
building models to be segmented more efficiently
and quickly than the traditional and manual soft-
ware tools. An example of how the system works
to detail a building model in an entire city is shown
in Figure 2.

Simultaneously, the use of machine-learning
methods, including neural networks, requires a large

It should be noted that there are artificial
intelligence systems based on expert decisions
(expert systems) rather than statistics (such as
machine learning). Their essence is to use expert
knowledge instead of statistical data. A comparative
analysis of the neural network and expert systems
for determining the physical forms and design
characteristics of multiapartment residential build-

training sample.
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Figure 2. Coverage map:

ings is presented in Table 1.

a— the scale of the Montreal city model; b— an example of a neural network reconstruction of one city fragment
Source: Figure is taken from 3D Building Classification & Segmentation Pipeline.
Available from: https://github.com/michaelhasey/3D-Building-Segmentation (accessed: 07.01.2024).

Table 1

Comparative analysis of the neural network method and logical inference rules
for the design of decision support systems in construction problems

Attribute Neural network approach Expert systems
« Neural networks are capable of learning from large ° 'N€inference rules ofan expertsystemare easy to
amounts of data and automatically extracting patterns. mteg;l)ret anﬂ exp.la.ln. This makes the(rjn suntak()jlehfor
* Neural networks can solve problems of classification, problems where itis nggessary to understand how
Advantages the system makes decisions.

regression, generation, and natural language processing.
The ability to adapt to changing data and conditions
without the need to directly specify rules.

Expert systems built on rules have predictable
behavior, and changes to the knowledge base can
be made through a knowledge filling block.

Restrictions

Areas of use
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* Neural networks can be difficult to interpret and their
decisions can sometimes appear to be a “black box”,
making their decision making less transparent.

« Training neural networks requires a massive amount of
data, and in some areas the data may not be sufficient.

It is used in tasks that require analysis of large amounts of
data, pattern recognition, natural language processing,
and in tasks where patterns are difficult to formalize with
rules.

Constructing rules and formalizing knowledge can
be a difficult task, especially in complex scenarios.
Inference rules cannot learn from data in the same
way as neural networks. They depend on the manual
creation of rules by experts.

It is effective in scenarios where transparency and
interpretability of decisions are important, as well as
in areas where knowledge is easily formalized, which
is convenient for construction engineering problems.
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An analysis of the literature has shown that
a significant proportion of expert systems for con-
struction problems is based on the mathematical
apparatus of fuzzy logic [4—17]. Knowledge engi-
neering methods have been used to develop expert
systems.

Knowledge engineering is a field of artificial
intelligence that studies the application of methods
for organizing, collecting, analyzing, representing,
storing, and using knowledge in expert systems [18].
It includes methods of acquiring, structuring, storing,
retrieving, retrieving, and applying knowledge.

A knowledge engineer (cognitologist) plays
a significant role in creating an expert system. The
task of a knowledge engineer is to acquire and
formalize knowledge in one or another formalism
(logical, production, frame, and other models of
knowledge representation) with the subsequent
setting of a task for programmers. To solve this
problem, it is advisable to use logical-inference
systems.

A comparative analysis of crisp and fuzzy
logic in the design of expert systems for construction
is presented in Table 2.

Table 2

Comparative analysis of crisp and fuzzy logic in the design of expert systems in construction

Attribute Crisp logic

Fuzzy logic

Works with precise, discrete values and rules. All
knowledge and rules are expressed using strictly @ fuzzy rules. Provides tools for describing uncertainty

Basic principles
defined conditions and actions.

Allows you to work with fuzzy values, as well as

and fuzziness in data.

* In expert systems based on fuzzy logic, rules

In expert systems based on clear logic, rules and
knowledge are formulated in an explicit, logical
form. An expert system is capable of making
decisions when knowledge and input data exactly
match specified conditions.

Expert systems built on the basis of clear logic work
well in tasks where rules and knowledge are strictly
defined. They are easy to develop and provide

and knowledge can be expressed in natural
language. An expert system based on fuzzy
logic is capable of making decisions even if the
data is fuzzy or inaccurate.

Fuzzy logic expert systems can handle complex
scenarios where data is fuzzy and are suitable
for problems where expert knowledge can be
expressed using linguistic variables and fuzzy

Application in expert
systems

accurate results.

Simple to consider and implement, but it is not always
possible to take into account the uncertainty and
fuzziness of the data. It works when tasks and rules

Advantages and
Limitations
are clear and strictly followed.

inference rules.

Allows to take into account and handle fuzziness,
which makes it useful in real-world situations
where data is often imprecise. However, it may
require more complex knowledge engineering.

Determining the input and output parameters
serves as the initial stage in the formation of the
knowledge base underlying an expert system. These
data were structured, systematized, and adapted for
use by the logical core of the expert system. Text
documents and standards contain a significant
amount of information that should become part of
the knowledge base, providing the expert system
with a set of key factors for analyzing input infor-
mation and making decisions.

To formalize expert knowledge, the mathema-
tical apparatus of fuzzy logic was chosen based on
the analysis in Table 2. This apparatus is more
flexible than traditional (crisp) logic and allows the
construction of multidimensional response surface

functions, which resemble hypersurfaces reproduced
by neural networks during the learning process on
the training set. Mamdani’s algorithm allows us to
reconstruct a response surface function that pro-
jects the hypersurface into a space consisting of n
dimensions, where n represents the number of factors
that influence the phenomena under study. This ap-
proach allows for a more complete and accurate
representation of the relationships and dependencies
between various variables in a fuzzy system. This
analysis is the basis for making recommendations
aimed at improving the system efficiency. In par-
ticular, this is important for determining defuzzifi-
cation methods, the shapes of membership function
curves, and other parameters. The response surface
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allows customization of the operation of the system
and increases its accuracy and predictive ability.
Systems based on fuzzy logic operate with
linguistic variables, each of which has its own spe-
cified membership functions. In the context of fuzzy
logic, a variable may not only be classified as
belonging or not belonging to a specific set, but it
may also be assigned a degree of membership
according to the membership function associated
with that set. For example, a variable temperature
of +10 °C may belong to the set “warm” with a mem-
bership of 65% and the set cold with a membership

of 20%. An example of this function is shown in
Figure 3.

Thus, fuzzy logic makes it possible to take
into account and model uncertainty, fuzziness and
variability in the parameters, which seems to be
a significant aspect in the construction industry.
The use of fuzzy logic in expert systems allows
flexible modeling of various scenarios, which helps

to increase the efficiency and accuracy of decisions.
The Mamdani inference system uses member-
ship functions to express fuzzy rules and logical
connections between inputs and outputs in accor-
dance with the diagram shown in Figure 4.

This algorithm for a conditional expert sys-

tem consisting of three rules is shown in more detail
in Figure 5.
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Figure 3. Fuzzy membership function of the satisfaction evaluation variable.
The abscissa axis shows the score in points, the ordinate axis shows the level
of membership in the range of possible values from0to 1 S
Source: figure was taken by |. lancu [19]
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Figure 4. Schematic diagram of expert systems with fuzzy logic
So ur c e: figure was taken by A.M. Abadi [20]
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- fuzzy 3. Apply
1. Fuzzify inputs. operation implication
{OR = max). mefhod (min).

A I

1 . poor rancid ] cheap |
[

0 10 0 30% 0% 30%

If service is poor or food is rancid then tip = cheap
‘ average, |
2 n rule 2 has |
no dependency I \
good oninput 2 | |
0 10 0% 30% 0% 30%
l If service is good then tip = average
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generous
delicious
0 o
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If service is excellent or food is delicious then tip = generous aggregation
method (max).
service = 3 food =8
input 1 input 2 -“
5. Defuzzify
o o, (centroid).
tip = 16.7% 0% 30%
output

Figure 5. Mamdani algorithm
So ur c e: figure is taken from Mathworks. Help Center. Mamdani and Sugeno Fuzzy Inference Systems.
Available from: https://www.mathworks.com/help/fuzzy/types-of-fuzzy-inference-systems.html
(accessed: 07.01.2024).
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Figure 6. lllustration of methods of defuzzification: sdm, centroid, mom, lom

S ourc e: figure is taken from Mathworks. Help Center. Mamdani and Sugeno Fuzzy Inference Systems. Available from:
https://www.mathworks.com/help/fuzzy/types-of-fuzzy-inference-systems.html
(accessed: 07.01.2024).
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The final step of this algorithm is to reduce the
clarity (defuzzification) of the fuzzy output values.
This process is schematically shown in Figure 6.

The Mamdani algorithm has a high degree of
rule interpretability. Owing to the use of fuzzy sets
and rules that constitute the knowledge base, this
algorithm has some degree of resistance to noise in
the data, similar to neural networks. Mamdani's
algorithm includes the following steps:

* Fuzzification. The process of transforming
input variables from numeric values into fuzzy sets
using membership functions. Each input variable
is associated with a fuzzy set that describes the
degree to which it belongs to each term (category).

* Definition of fuzzy rules based on linguistic
variables and terms that have been defined in
fuzzification. The rules describe the logical relation-
ships between the input and output variables in
terms of “if-then” in a fuzzy form.

* Rule aggregation. By combining the output
values of the fuzzy rules for each variable, union
operations are used to obtain a common fuzzy
output.

* Defuzzification converts the fuzzy inference
result back into numeric values based on the
membership function.

* In the last stage, the system makes a decision
based on the numerical values obtained after
defuzzification (control signal or recommendation).

Any expert system specializes in a narrow
problem area and is based on a knowledge base built
based on the interaction of a knowledge engineer
with sources of information, including experts [18].

In the design and construction of buildings,
where fuzzy and weakly formalized rules operate,
fuzzy logic provides flexibility in describing the
conditions and relationships between variables.
This is useful in situations where precise numerical
values may be difficult to determine, or where there
is a significant degree of uncertainty. The knowledge
base of an expert system based on the Mamdani
algorithm includes rules, facts, procedures, and
logic specific to solving problems associated with
specialized aspects of construction and is a repo-
sitory of information that covers key aspects and
expert knowledge in the field of construction. The
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generalizing properties of a knowledge base allow
us to analyze and solve problems efficiently and
accurately, thereby providing recommendations and
solutions to the end user.

Main types of defuzzification:

» Center of Gravity (COG, Centroid): the
weighted average of all elements belonging to the
fuzzy set.

* Maximum Method (Max-Min Method): the
element with the highest degree of membership in
the fuzzy set is selected.

» Weighted Average Method: Each element
belonging to a fuzzy set is weighted according to its
degree of membership; subsequently, these weighted
values are averaged.

* Quasi-average Method (Modified Center of
Sums, MCS): a weighted average of all elements,
with the weight of each element defined as the sum
of the degrees of membership of all elements that
are greater than or equal to that element.

* Averaging the Maximum of Maximums
(AMOM): The average values of the elements with
the maximum membership degree at each iteration
are calculated. The defuzzified value is the result
of the last iteration.

* LOM (Largest of Maxima): the element with
the highest degree of membership in the set is
selected.

* SOM (Smallest of Maxima): the element with
the smallest degree of membership in the set is
selected.

* Bisector: an element that divides a fuzzy set
into two equal parts (the defuzzified value is exactly
in the middle of the set).

2. Statement of the problem of parametric
optimization of the technical appearance
and design characteristics of multi-apartment
residential buildings using the method

of expert assessments

A comprehensive study of literature and open-
source information allows one to explore the theo-
retical foundations and standards in the construction
industry, as well as familiarize oneself with current
research and best practices, which is very important
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for the formation of basic knowledge and under-
standing of what is already known in the field.

To enrich the system with more practical and
expert methods, it is also important to interact with
subject matter experts in the construction industry.
Experts can gain valuable practical knowledge and
experience that can be incorporated into the system
to accurately and realistically simulate the situations
encountered in the field.

Thus, the combined approach of collecting
knowledge from literature sources and interacting
with professional experts provides a comprehensive
and reliable knowledge base for creating a prototype
expert system for problems in the construction
field. As arule, the process of developing an expert
system begins with communication between a know-
ledge engineer and experts in order to adopt their
experience, knowledge, and decision-making
methods. A knowledge engineer identifies the key
aspects, rules, and contexts that experts use to solve
problems in their field. The knowledge engineer
then transforms this knowledge into the form of
rules that can be perceived and used by the expert
system. The initial stage of expert system develop-
ment establishes a fundamental framework that
facilitates subsequent advancements, encompassing
the capacity to accommodate novel data and re-
visions to building standards. Filling the know-
ledge base with logical inference rules plays a
decisive role in the successful implementation of
an expert system since the accuracy and complete-
ness of the knowledge base directly affects the
system’s ability to adequately analyze data and
make informed decisions. The rule-filling module
provides a mechanism for systematizing, structuring,
and entering acquired knowledge into the expert
system. Objects, their attributes, and relationships
are defined in accordance with the accepted know-
ledge engineering methods used for the design and
creation of expert systems [18]. Once a model is
developed, it must be tested on the test data to
evaluate its accuracy and efficiency.

As a result of this research, a primary proto-
type of an expert system was created in the form
of a software platform with a user interface. In
accordance with the developed architecture, the

expert system consisted of separate specialized
modules. Each module performs its own tasks and
is designed based on expert knowledge. It should
be noted that when developing an expert system,
the number of knowledge bases may not coincide
with the number of calculation modules that use
these bases.

Conclusion

The research presented in this paper represents
the development of a methodology for automated
engineering decision support systems in the con-
struction industry based on the theory of expert
systems and the theory of fuzzy sets. The use of the
logical inference apparatus in the architecture of an
expert system allows one to navigate engineering
problems associated with design and construction
and represents a new, innovative approach to solving
engineering problems.

The automation of decision support processes
in the design of building placement on a construction
site is an important component of the construction
industry. This approach helps improve housing
infrastructure based on expert knowledge and
increases investor appeal and the overall quality
of construction projects. Automation of decision-
making in the design process allows you to take
into account various parameters, ranging from the
orientation of the building to the cardinal directions
and ending with engineering requirements. An ap-
proach to automating decision support for multi-
apartment residential construction problems has
the potential to speed up construction processes,
increase the level of safety, ensure the sustainability
of structures, and ultimately improve the overall
quality performance of construction projects.

Based on the calculated numerical values, it is
possible to build a 3D model of the house on the
construction site. It is also possible to add infor-
mation regarding nearby gas pipelines, parking
lots, trees, and other information to determine the
required setbacks from the site boundaries.

The implementation of the proposed metho-
dology opens up new prospects for the use of expert
systems for the design of housing facilities and
stimulates further research in the field of develop-
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ment of intelligent information systems to determine
the technical appearance and design characteristics
of multi-apartment residential buildings. Overall,
decision-support automation in design and con-
struction contributes to the development of the
construction industry.
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