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Abstract: Negative environmental impact (NEI) is the result of human economic activity, including construc-
tion. At first sight, reducing the negative environmental impact and creating a comfortable living environment
(LE) seem to be mutually exclusive concepts. Within the framework of research in this area, it is advisable to us e
a complex concept of biopositivity of construction objects. This concept will help to determine the balance be-
tween reducing NEI and ensuring the comfort, health and well-being of consumers. The literature review did not
indicate any researches in which fuzzy logic methods, including fuzzy logic inference models, were utilized to
assess the biopositivity of the living environment of residential buildings. Moreover, the existing methods of
“post occupancy evaluation” (POE) do not assume the integration of quantitative and qualitative user assess-
ments to manage the quality of the building environment. The paper presents a methodology for assessing the in-
tegral index of biopositivity of civil buildings and iterative determination of the values of the LE parameters, at
which the comfort of the individual consumer will be ensured. The simulation procedure of adaptive neuro-fuzzy
inference system was implemented in MATLAB software using Neuro-Fuzzy Designer. The model was trained
on a data set of 843 strings. Instrumentally measured values of LE parameters were used as predictors, and the
response was a qualitative user assessment of the LE. The proposed model of the process of forming a comfort-
able and biopositive LE provides an opportunity to take into account a set of main factors that form the LE, to fix
an integral indicator of the biopositivity of a building facility and make a decision on its advanced improvement.

Keywords: sustainable development, environmental safety, living environment, biopositivity, design criteria,
comfort, health saving

OLIEHKA BUOIIO3UTUBHOCTHU CPEJIbI
"KU3HEJIESTEJIBHOCTHU 'PAKIAHCKHUX 3TAHUI HA
OCHOBE AJIAITUBHON HEMPO-HEYETKON CUCTEMBI
BBIBOJIA
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! HaumoHansHeIi necienoBaTenbekuii MOCKOBCKHIM TOCYIapCTBEHHBIN CTPOUTENbHBINA YHUBEPCHTET, I. Mocksa, POCCU ST
2 000 «Hslo uMMO cepBucH3», I. Mocksa, POCCUSI

Annotanusi: HeratusHoe BiausiHEe Ha okpyskatorryio cpexy (HBOC) o0yciioBiieHO X039HCTBEHHOI 1esITeNbHO-
CTBIO YeNIOBEKa, B TOM uHcie crpoutenbHoi. Ha mepsbiii B3 cHmwkenne HBOC u co3nanune komdopTHOM
cpenbl xu3HeAesTenbHocTH (CXK) BUAsTCS B3aMMONCKITIOYAIOIMIMME KOHIEIIMSAMH. B pamkax vccienoBaHuil 1Mo
JTAHHOMY HaIpaBJICHUIO 11e7IecO00Pa3HO MCIOIB30BAHNE KOMITJIEKCHOTO HOHSTHSI OMOTIO3UTUBHOCTH CTPOUTEIb-
HBIX OOBEKTOB, KOTOPOE TIPH MX OLICHKE IO3BOJIUT OIpPEAEInTh Oananc Mexay cHikenneM HBOC n obecrieue-
HHEM KOM(OPTHOCTH, 3/10pOBbS M OJaronorydust noss3zosareneil. [IpoBeeHHbBIN aHaIN3 IUTEpaTypHBIX NCTOU-
HHUKOB HE BBISIBHJI palbOT, B KOTOPBIX JUI OLEHKHA OMOMO3UTHBHOCTH CPEAbl KU3HEACATEIbHOCTH TPAKIAHCKUX
3/IaHMH MCIOJIB30BATINCH METO/IbI HEUETKOMN JIOTHKH, B TO YHCIJIE MOJIEIN HEYETKOI0 JIOTHUECKOT0 BbIBosia. boiee
TOTO CYIIECTBYIOLIME METOJUKU «OLEHKH 3JaHMil mocie 3aceneHus» (post occupancy evaluation umu POE) e
MPE/IoNaraloT HHTErpalii KOMUYECTBEHHBIX M KaUeCTBEHHBIX MOJIb30BATEIbCKUX OIICHOK I YIPABICHUS Ka-
yectBoM C)K. B crathe mpencTaBieHa METOMKA OIIEGHKH WHTErPajJbHOrO MOKa3aTess OMOMO3UTHBHOCTH I'PaX-
JTAHCKUX 37[aHUH W MTEpaIllMOHHOTO OmpeeneHus 3HaueHnit mapameTrpoB CXK, mpu xoTopbix Oyner obecrieueH
KoM]OpT KOHEYHOTo nosb3oBarels. [Iporenypa MoemMpoBaHys aaanTHBHON HEHPO-HEYETKON CHCTEMBI BBIBO-
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na peanu3oBana B cpene MATLAB ¢ ucnonbs3zoBanuem Neuro-Fuzzy Designer. Mogenb 00yvanack Ha BeIOOpE
u3 843 crtpok. B kauecTBe NMpenMKTOPOB UCMOIB30BAaHBl MHCTPYMEHTAIBHO U3MEPEHHbIE 3HAUEHHUS MapaMeTpoB
CIXK, a oTkIMK — KaueCTBEHHAs! MoJib3oBaTenbekas orienka CK 3manus. [lpennoxenHas Mojelb mporecca Ghop-
MupoBaHust KompoptHOH 1 Ouono3utuBHOU CXK mpeaocTaBiIseT BO3SMOKHOCTD YYHTHIBATH COBOKYITHOCTh TJIaB-
HBIX (akTopoB, popmupyronmx CXK, pukcupoBaTh HHTETPATIBHBIN TOKA3aTEIh OMOMO3UTHBHOCTH CTPOHUTEIBHO-
ro 00bEKTa U MPUHUMATH PCIICHHUE O r0 ONCPEKAIOICM MTOBHIIIICHUH.

Ki1ioueBble cj10Ba: yCTOHYMBOE Pa3BUTHE, IKOJIOTHUECKasi 0€30MacHOCTb, CpeJia KU3HEACATEIBHOCTH,
OMOTIO3UTUBHOCTD, KPUTEPUH MTPOCKTUPOBAHUS, KOM(POPT, 310pOBbECOCPEIKECHIE

INTRODUCTION

Within the context of the modern pace of life,
the development of communications and infor-
mation technologies, growing urbanization lead-
ing to overpopulation of megalopolises, the
achievements of post-industrial society, together
with the increased mobility of the population of
large cities, the change of ideas about the quali-
ty of living environment (LE) is inevitable.

In Russia, the creation of a comfortable living
environment is one of the priority tasks of the
national projects “Housing” and “Ensuring Sus-
tainable Reduction of Uninhabitable Housing
Stock”. However, the lack of a clear definition of
the concept of “comfort” and methods of its ob-
jective assessment significantly complicates the
development of effective design solutions [1].
Methods of evaluation of completed construc-
tion projects traditionally rely on expert assess-
ments based on technical criteria. However,
they often do not take into account an end-user's
satisfaction. As response to this challenge, the
Post Occupancy Evaluation (POE) methodolo-
gy, aimed at analyzing user evaluations of
buildings after occupancy, began to develop in
the 1960s in Western countries [2-5]. Currently,
one of the most common POE methodologies is
the system developed by the Center for Built
Environment (CBE) at the University of Cali-
fornia, Berkeley. This methodology suggests the
use of Likert scales to assess user satisfaction
with various aspects of SL and allows bench-
marking buildings to identify problem areas and
suggestions for improvement [7].

However, within the framework of the above-
mentioned methods, quantitative assessment of
the LE parameters and qualitative user assess-
ment of L factors are considered separately. In-
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tegration of qualitative and quantitative assess-
ments supported by modern mathematical and
system-technical methods will allow us to create
a refined model of forming a comfortable envi-
ronment for successful management of its char-
acteristics.

One of the most complex concepts in the field
of ecological safety of construction is bioposi-
tivity. According to A.N. Tetior's definition, the
biopositivity of buildings and structures implies
their ability to integrate organically into eco-
systems, minimize negative environmental im-
pact (NEI), contribute to the restoration of na-
ture and provide a high quality of life for users
[7, 8]. However, the concepts of reducing the
negative environmental impact and creating a
comfortable environment are often viewed as
mutually exclusive.

The introduction of biopositivity as an integral
indicator of LE allows us to consider the prob-
lem in a comprehensive way, seeking to deter-
mine the balance between environmental safety
and user comfort.

The objective of this study is to integrate the
qualitative user assessment of the biopositivity
of LE with instrumentally measured values of
LE parameters through the development of an
adaptive  neuro-fuzzy  inference  system
(ANFIS). This approach will allow to fix the
integral index of biopositivity of a construction
object and plan its advanced improvement.

MATERIALS AND METHODS
The authors have formed a system of 36 factors

of biopositivity of LE of residual buildings. The
factors are subdivided into 10 groups:
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1. Factors determining the parameters of cli-
matic conditions of the territories adjacent to
the building;
2. Factors determining the spatial comfort of
the internal environment of the building;
3. Factors determining the ergonomics of
space;
4. Factors determining satisfaction with the
quality of finishing materials;
5. Factors determining visual comfort;
6. Factors determining acoustic comfort;
7. Factors determining thermal comfort;
8. Factors determining air quality;
9. Factors determining water quality;
10. Factors determining the operation of the
building as a whole.
Based on the formed system of factors [9] of
biopositivity LE for administrative buildings, a
survey has been developed to collect initial data
for the subsequent mathematical modeling.
To obtain a sample, 843 respondents - users of
11 administrative buildings in Moscow were
interviewed. The respondents were practicing
specialists in the field of design and construc-
tion of buildings and structures. Within the
framework of the survey the respondents were
offered 36 questions. Each of them corresponds
to the factors of biopositivity of LE [10], as well
as 1 generalizing question, within the frame-
work of which it was necessary to assess the
overall comfort of the building in which they
are located.
Each of the 37 questions required selecting 1 of
7 verbal judgments that characterize the degree
of comfort of the environment for each factor.
The following verbal judgments were used:
e Absolutely discomforting;
Discomfortable;
Relatively uncomfortable;
Neutral;
Relatively comfortable;
e Comfortable;
e Absolutely comfortable.
In general, these judgments correspond to a 7-
point Likert rating scale. The results of user rat-
ings were coded on a scale of -3 to 3, where 0 is
neutral, for further statistical analysis.
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Next, a regression model was developed where
the qualitative biopositivity scores of each envi-
ronmental factor are the predictors and the
building biopositivity score is the response. The
purpose of this step is to identify the most sig-
nificant environmental factors for modeling
fuzzy inference systems. The slide shows the
results of the analysis of variance. The model
explains about 88% of the variability in the re-
sponse. Significant factors were determined on
the basis of P-value, those predictors with P-
value less than 95% and multicollinear predic-
tors were eliminated [11].

As aresult, 25 significant factors remained. This
is a lot for modeling fuzzy inference, for which
it 1s recommended to use 5 input parameters
[12]. To determine 5 significant factors for
modeling adaptive neuro-fuzzy inference sys-
tem, the predictors were sorted by the modulus
of regression coefficient. Thus, it was deter-
mined that the significant factors for modeling
ANFIS are: the quality of finishing materials
(VOC emission), the level of natural lighting,
the level of artificial lighting, the level of pene-
trating airborne noise, and air temperature.
Simultaneously with the survey, instrumental
measurements [13] of the following parameters
were carried out in each room or zone (in case
of open office layout) for further modeling of
the adaptive neuro-fuzzy inference system:
VOC concentration; CO2 concentration; con-
centration of fine particles PM 2.5; CEO meas-
ured in a separate zone or office of the object
under study; illumination of the working sur-
face; light pulsation; penetrating noise level; air
temperature; air humidity.

Measurements of air temperature and humidity,
VOC concentration, CO2 concentration, con-
centration of fine particles, light pulsation,
working surface illumination were carried out
by the Climate Guard mobile indoor climate
measuring station. ClimateGuard is a hardware-
software complex that allows collecting, analyz-
ing and transmitting information on indoor cli-
mate parameters to external information sys-
tems. The Climate Guard station registers the
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values of indoor climate parameters using the
following sensors:

e Concentration CO2 - mh-z19b;

*  Temperature, humidity — bme280;

e VOC - bme680;

*  Light pulsation - as7262;

* [llumination of the working surface -
bh1750;

*  Concentration
pms7003;
Air flow velocity was measured with a Testo
425 thermoanemometer. To measure the level of
penetrating airborne noise, a noise meter
ECOFIZIKA 110A and a microphone VMK-
205 were usedConcentration of fine particles.

of fine particles -

RESULTS AND DISCUSSION

Neuro-fuzzy network construction will be per-
formed in MATLAB program software, using
Neuro-fuzzy designer extension package, the
interface “rule viewer” of which allows to itera-
tively select the values of environmental param-
eters and immediately see their influence on the
overall level of biopositivity of the object.

As part of the objective of developing a meth-
odology for selecting or iteratively selecting a
combination of values of environmental pa-
rameters, which will ensure the comfort of the
end user of LE, it seems necessary to reduce the
number of terms of five input linguistic varia-
bles. When using 5 input variables with 7 lin-
guistic terms in each, the model will be consid-
ered numerically and linguistically complete,
but the number of rules will be 16807. The use
of such a large rule base is impractical due to
limited computing power. When reducing the
number of terms of input variables to 5, it is
proposed to combine the terms ‘“Absolutely
Discomfortable” and “Discomfortable” into a
group under the term “Discomfortable”, and the
terms “Absolutely Comfortable” and ‘Comfort-
able’ into a group under the term “Comforta-
ble”. When using 5 input parameters with 5
terms in each, the number of product rules will
be 3125.
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If the number of terms of input linguistic varia-
bles is reduced to 3, it is also proposed to com-
bine the terms “Relatively discomforting”,
‘Neutral’ and “Relatively comfortable” into a
group under the term “Neutral”. If 5 input pa-
rameters with 3 terms each are used, the number
of production rules will be 243.

Note that if 7 and 5 linguistic terms are used in
each input parameter, the response surfaces of
the output functions are more detailed relative to
the system in which 3 linguistic terms are used
in the input parameters. Also, in the case of
more detailed response surfaces it is possible to
note the presence of clearly limited areas of the
surface, reflecting one or another linguistic term
of the output variables. However, within the
framework of solving the problem of develop-
ing a methodology for assessing the biopositivi-
ty of construction solutions, taking into account
the limited computing power, it will be reasona-
ble to adopt in the development of an adaptive
neuro-fuzzy output system 5 input variables
with 3 linguistic terms in each.

Moreover, this decision can be justified by the
methodology adopted in [14], where the user's
assessments of the comfort of SL on a 7-point
scale (from -3 to 3) were combined into 3
groups according to the principle similar to that
adopted in this paper:

* The group “Discomfortable” combines the
therms “Absolutely Discomfortable”, “Discom-
fortably Discomfortable”;

* The group “Neutral” combines the terms “Rel-
atively Discomfortable”, ‘Neutral’ and “Rela-
tively Comfortable”;

* The group “Comfortable” combines the therms
“Absolutely Comfortable”, “Comfortable”.

Thus the following input variables are defined:

- Quality of finishing materials: VOC emission.
Therms: discomforting, comfortable, neutral.

- Level of natural light. Therms: discomforting,
neutral, comfortable.

- Level of artificial light. Therms: discomfort-
ing, neutral, comfortable.

- Level of penetrating airborne noise. Therms:
discomforting, neutral, comfortable.
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- Air temperature. Therms: discomfort, neutral,
comfortable.
As ANFIS implements Sugeno's fuzzy inference
system as a dataframe [15, 16], a data set should
be adopted to train the neural network, in which
user ratings of the overall biopositivity of the
building's SL coded based on a 7-point rating
scale will be the response, and instrumentally
measured values will be used as predictors:

— VOC concentration (ppm);

— ALF (%);

— Illumination of the working surface (1x);

— Penetrating airborne noise level (dBA);

— Air temperature (°C).
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The 843 rows raw data array was divided into
train and test samples in the ratio of 360 to 483
rows. The model was trained at 150 epochs
[17]. Based on the training results, the model
error was 0.0714.

According to the modeling results, the model of
user's perception of the values of LE factors. In
the Neuro-fuzzy designer extension package,
the “rule viewer” interface allows to iteratively
select such a combination of values of environ-
mental factors that will allow to achieve a high
index of biopositivity of LE and user comfort

(Fig. 1).

Sound pressure = 37.4 Temperature=21.1  Biopositivity = 1.44

i
[T
il

T

Biopositivity =247

Sound pressure=35.5 Temperature=21.7

i

i

Figure 1. The Rule viewer interface of Matlab software, which allows iterative selection of co-
combinations of the values of the biopositivity factors of the LE

As part of the analysis of modeling results it is
necessary to investigate the function of integral
index of biopositivity of LE (Biopositivity) at
different combinations of input parameters.

The function of the integral biopositivity index
at input parameters VOC concentration and
sound pressure level has the following form
(Figure 2).

The diagram shows that the greatest value of the
Integral Index of Biopositivity comes at sound
pressure values of less than 45 dBA and VOC
concentration levels of less than 1 ppm, which
are optimal for the human body. If the recom-
mended MPC of VOCs is exceeded and the rec-
ommended sound pressure level is exceeded, the
Biopositivity value is the lowest.
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The function of the Integral index of biopositivi-
ty at input variables Temperature of air and II-
lumination of working surface has the form
(Figure 3).

The graph shows that the greatest value of the
Integral index of biopositivity is achieved at
levels of natural and artificial lighting levels op-
timum for the human body, which is described
in Section 1.2 of the article. At the value of il-
lumination of the working surface in the range
of 400-700 lux and the value of air temperature
in the range of 21-23 °C the value of the Integral
index of biopositivity is the greatest.

The function of the Integral Biopositivity Index
with the input variables Quality of finishing ma-
terials: VOC emission and [llumination of the
working surface has the form (Figure 4).
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B1ONO3UTHEHOCTL

3BykoBOE_f1aBneHue noc

Figure 2. Function Integral biopositivity indica-
tor with input variables VOC concentration and
sound pressure level

Bu1onosnuTuBHoOCTL

Temnepatypa OcBeleHHoCTs

Figure 3. Function Integral indicator of bio-
positivity with input variables Temperature and
llluminance

B1onosuTUBHOCTE

noc QOCBeLLeHHOCTE

Figure 4. Function Integral biopositivity index
with the input variables VOC concentration and
Sound pressure level
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The diagram demonstrates that the greatest val-
ue of the Integral index of biopositivity is
achieved at values of VOC concentration up to
1 ppm and values of illumination of the working
surface up to 400 lux. The lowest value of the
Integral index of biopositivity is achieved at
maximum VOC concentration and minimum
illumination of the working surface.

Based on the study of adaptive neuro-fuzzy in-
ference system it can be drawn a conclusion that
the model to a large extent logically describes
the subjective human perception of biopositivity
factors of the environment [18]. Thus, the de-
veloped model should be used to solve the prob-
lem of iterative selection of combinations of en-
vironmental parameters that ensure the comfort
of the end user of an administrative building.
The assessment of the biopositivity of building
objects must account for a significant number of
both internal and external environmental factors
that are related to both design decisions and op-
erational modes, along with the subjective per-
ception of the biopositivity of environmental
factors by building users.

From the point of view of quality management
and life cycle management of a building project,
especially the longest stage of the life cycle
such as operation, assessment as benchmarking
is not a sufficient tool to improve the quality of
the object. In order to realize the advanced
planning of increasing the integral indicator of
biopositivity of the object, it is necessary to use
the methodology of assessment of biopositivity
of the construction object and the subsequent
iterative determination of the values of the pa-
rameters of LE (diagrammatic interpretation is
presented in Figure 5), at which the comfort of
the user of the construction object will be en-
sured, which consists in performing a number of
interrelated steps:

1. Analysis of project documentation and
management company documentation to exam-
ine which of the biopositivity factors are present
at the facility.

2. Conduct a user survey. Using the survey
form presented in Annex 1 of this study to con-
duct a survey of regular users of the facility. In
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order to achieve a representative sample, it is
necessary to survey at least 30% with the num-
ber of regular users up to 1000 people, at least
25% with the number of regular users from
1001 to 2000 people, at least 20% with the
number of regular users from 2001 to 3500 peo-
ple, at least 15% with the number of regular us-
ers from 3501 to 5000 people, at least 10% with
the number of regular users from 5001 to 10000
people [19, 20].

3. Conducting instrumental measurements
of environmental parameters: VOC concentra-
tion; CO2 concentration; concentration of CEQ,
concentration of fine particles PM 2.5; CEO
measured in a separate zone or office of the ob-
ject under study; illumination of the working
surface; light pulsation; penetrating noise level,
air temperature; air humidity.

4. Coding the respondent's answers on a
numerical scale from -3 to 3 in increments of 1
to allow for regression analysis of the results.

5. Conducting regression analysis of the
coded responses of respondents. Determination

- Collection of initial data: | .
- Design project, detailed design project;
- documentation of the managing company

¥

I Conducting a user survey I

Conductjng instrumental measurements of the
Life Environment factors during the user survey

Regression analysis to determine the magnitude
of the influence of the Life Environment Tactors
on biopositivity with further determination
of significant factors for fuzzy inference modeling

r Adaptive neuro-fuzzy inference system "l
(AFIS) modeling

Determinatjon of the integral indicator
of biopositivity

Valeriy I. Telichenko, Nikita S. Rud

of significant factors of biopositivity of LE on
the basis of P-values of each environmental fac-
tor, which are predictors within the regression
model. Determination of significant factors for
neuro-fuzzy network modeling by ranking the
moduli of the regression coefficients of the pre-
dictors. For further modeling of the neuro-fuzzy
network, 5 predictors with the highest values of
regression coefficient modules are taken as sig-
nificant modeling factors.

6. Building a refined regression model to
assess the significance of the model and verify
the absence of multicollinearity.

7. Modeling of adaptive neuro-fuzzy infer-
ence system in MATLAB software program.

8. Fixing the integral indicator of bioposi-
tivity of the construction facility.

9. Iterative determination of the combina-
tion of the values of the parameters of LE, at
which the comfort of the user of the construc-
tion facility will be ensured in the interface
“rule viewer” of the extension package Neuro-
fuzzy designer of the Matlab software program.

Whether the
correction is necessar;
or not?

Fixing the
potential of the
construction
object

Living

Environment

Biopositive p>1 P

End <

Iterative determination
of combinations of values
of the Living Environment
parameters until P > 1

Preparation of
Terms of Reference
for design adjustments

Figure 5. Flow chart of the methodology of biopositivity assessment and subsequent iterative de-
termination of combinations of values of environmental parameters, which ensure the comfort of

the user of a facility
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CONCLUSIONS

As part of this study, an adaptive neuro-fuzzy
model has been developed for iterative determi-
nation of combinations of the values of the pa-
rameters of the LE, at which the comfort of the
users of the administrative building will be en-
sured. The response function of the output vari-
able Biopositivity at different combinations of
input variables has been analyzed. The adaptive
neuro-fuzzy network to a large extent correctly
describes the subjective human perception of
the biopositivity of the factors of LE.

The methodology for assessing the biopositivity
of a construction facility (on the example of an
administrative building), which allows to fix the
integral indicator of Dbiopositivity of a
construction facility and plan its advanced
increase. The methodology can be widely
applied in the management of construction
facilities and used in the formation of technical
specifications for the reconstruction and design
of various types of residential buildings.

As the sampling of user assessments of the
biopositivity factors of LE and instrumentally
measured values of environmental factors of
different types of civil buildings increases, the
retrained adaptive neuro-fuzzy inference
systems will be useful in determining the
normative values of LE parameters.
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