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Multiple Criteria Decision Making Analysis
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Abstract—This paper presents architectural acoustic modeling
to estimate reverberation time in room acoustic design using
multiple criteria decision making analysis. First, fundamental
decision criteria were determined to evaluate the reverberation time
in the room acoustic design problem. Then, the proposed model was
applied to a practical decision problem to evaluate and select the
optimal room acoustic design model. Finally, the optimal acoustic
design of the rooms was analyzed and ranked using a multiple
criteria decision making analysis method.
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I. INTRODUCTION

M ULTIPLE criteria decision making analysis (MCDMA)
is an important mathematical tool that expresses
preference based on applicable attributes defined as multiple
criteria in a decision analysis environment. MCDMA is a
quantitative method for ranking decision alternatives and
choosing the best one when the decision maker has more than
one criterion.

With MCDMA, the decision maker selects the alternative
that best meets the decision criteria and develops a numerical
score to rank each decision alternative based on how well
each alternative meets them. Also, human judgments and
decisions about alternatives can be partial, and often it is
difficult to choose the best alternatives.

Of the many MCDMA methods, only a few are mentioned,
such as preference analysis for reference ideal solution
(PARIS) [1-4], analytical hierarchical process (AHP) [5-7],
VliseKriterijumska Optimizacija 1 Kompromisno Resenje
(VIKOR) [8-10], preference ranking organization method for
enrichment evaluation (PROMETHEE) [11-14], technique
for order preference by similarity to ideal solution (TOPSIS)
[15-18], ELimination et Choix Traduisant la REalité
(ELECTRE) [19-20], and fuzzy decision making etc [21-22].

MCMDA has been effectively applied to evaluate a variety
of engineering and technological decision analysis problems
[1-22]. Analysis of reverberation time includes multiple
decision criteria in room acoustic design modelling.
Architectural acoustic evaluation of important indoor spaces,
such as many concert halls, auditoriums, churches, and
mosques, has been researched considering acoustic design for
spatial acoustic comfort and measurement of acoustic
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qualities.

The comparing the acoustics of mosques and Byzantine
churches project dealt with the means of qualifying and
enhancing the acoustical heritage of mosques and byzantine
churches. The acoustical measurements were carried out
inside a selected group of spaces of worship and
systematically collected their primary acoustical data. By
successive processing, the main features of the two types of
enclosures could be described and compared. The transition
from the acoustics of a byzantine church to that of a mosque
was also analyzed thanks to the architectural similarity
between the former St. Segius and St. Bacchus church in
Istanbul (now Kucuk Ayasofia mosque) and the Basilica of
St. Vitale and St. Agricola in Ravenna, Italy [23].

Catholic churches and mosques are worship places but
with different occupation modes and acoustic requirements,
decoration, and architectural styles. The acoustic
performance of these worship places was compared to
describe main similarities and differences. It was analyzed the
variability —between objective acoustical parameters
(Reverberation Time, Clarity C50 or C80 and STI or RASTI)
and architectural parameters (volume, area, length, height,
and width). Regression models were created to find the best
relationships among the parameters. A comparison between
the acoustics of churches and mosques was established using
data analysis to allow for a discussion relating to the
comprehension of those parameters’ variability [24].

Auditorium evaluation was considered by four important
acoustic design issues for auditoria: volume and seats; control
of reverberation time (RT); diffusion of sound; elimination of
defects [25]. The acoustic design of the classical concert hall
and evaluation of the acoustic performance were discussed in
terms of three acoustic parameters (i.e., reverberation time
(RT), clarity (C80), and lateral fraction (LF)) [26].

The acoustic quality of commercial spaces and buildings is
determined by speech intelligibility, which is mainly
influenced by reverberation time within an enclosure. These
analyses were focused on reverberation time and other
parameters related to speech intelligibility [27].

The ceiling structure, which affects the acoustics of the
mosque the most, is designed for mosques with either
curvilinear elements or flat ceilings. Eight historical mosques
with ceiling structures of different materials and types in
Turkey were examined in terms of acoustic properties in the
main place of worship. Acoustic data were collected by
measurements to reveal how morphological differences and
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material changes in ceiling structures affect the acoustic
environments of mosques with similar volumes. In order to
reflect the effect of architectural features on the acoustic
characteristics of the place of worship, the distribution of
acoustic parameters and the suitability of the values obtained
from the measurements were compared [28].

As a result of the analyses of the architectural acoustic
characteristics of the three monumental Ottoman Mosques
(Selimiye Mosque (Selimiye Camii) [29], Ug Serefeli
Mosque (Ug Serefeli Camii) [30], Muradiye Mosque
(Muradiye Camii) [31]) in Edirne, Turkey, it has been
revealed that architectural acoustic parameters alone are not
sufficient in the evaluation of indoor spaces, and that
architectural acoustic parameters should be considered with
the architectural characteristics of the volumes.

The literature review provides the basic acoustic design
features of interiors and their measurement parameters for
architectural acoustical evaluation. This paper aims to
examine the objective parameters of the reverberation time of
indoor spaces such as rooms, concert halls, auditoriums,
churches, and mosques. Acoustic evaluation of numerical
samples and comparison of results with a classification are
the objectives of the MCDMA methodology.

The reminder of this paper is organized as follows: In
Chapter 2, the original idea of the multiple criteria decision
making analysis method is explained. In Chapter 3, a
numerical example is examined. Finally, in Chapter 4,
concluding evaluations and recommendations are presented.

Il.METHODOLOGY

In decision theory, Bayes rule or Bayes-Laplace principle,
weighted linear combination or simple additive weighting
model is the best known and simplest quantitative multiple
criteria decision analysis method [1-4]. The Bayes rule
method combines all multiple objective functions into a
single scalar, composite-objective function using the
weighted sum.

Suppose that multiple criteria decision making analysis
problem has 7 alternatives & =(a,...8), [ €

{i=1..,1} and jcriteria g; =(g,,...9;) j€{j=1...9 },
and the importance weight of each criterion (@,;, j €

{j=1..,3}) is known. The procedural steps of Bayes rule

method for evaluation of the alternatives with respect to the
decision criteria are presented as follows:

Step 1. Construction of decision matrix X = (x; ),

) 9j
a, || Xu X1j
X=|i || i (1)
a X, Xi:
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where X =(X;),; represents the decision matrix and x; is
the value of ith alternative with respect to jth indicator g; .

In exceptional decision problems, if there are negative
values in the decision matrix, first, the decision matrix is

transformed by x; = x; —min, x;, then, the values of x; are

used in the next procedural steps.

Step 2. Determination of reference ideal (optimal) solution

elements ( XJ- )

X; ={X .. X} ={(max, x; | j € B),(min; x; | jeC} @)

where, B represents the benefit criteria and C represents the
cost criteria.

Step 3. Normalization of the decision matrix R = (r;),

9 9j
a )| rn r1j
R=[: ||+ . @A)
a) o

ixj

ol j=1..3 4)

ol j=1.3 (5)

where, Xij denotes the evaluation indices, and i =1,...,| , the

number of alternatives, and j=1,...,J, the number of
criteria.

When the criteria of the decision matrix are normalized, all
elements are reduced to range values of [0, 1] so that all
criteria have the same proportional metrics.

Step 4. Calculation of the weighted normalized matrix
Y:(yij)ixj
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G 9j
al yn - ylj
Y=[i 8 (6)
g Yo yij
ixj
yijzwjriji i=1,...,|, J=11!‘] (7)

J
where Z w; =1, @;, g;importance criteria weight of
j=1

attribute, r;

normalized values of the attribute/criteria g, respectively.

and y; are the normalized, and weighted

Step 5. Determining the values of the optimality function

J

J
T =2 Yy =2 o, i=1..
=

=

1, j=1..3 @)

where, 77; is the value of the optimality function of the
alternative i.

Step 6. Ranking the alternatives in ascending order (Q.)

Among the candidate alternatives, the alternative with the
highest valuation score is the best choice.The degree of utility
of the alternative a, is determined by comparing it with the

ideally best value of the candidate 7’ being analyzed. Q,
calculates the degree of utility of an alternative a, .

Q=2 ©)

i

where 7z, and 7 are the optimality criteria values.

Step 7. Identifying the most acceptable alternative

ai*:{ai|maxyi},i:1,...,l (10)

where a denotes the most acceptable alternative.

Step 8. Risk assessment analysis

J
K = {K‘i | max{lZa)jrij +(L-A)min wjrij}waﬁ A sl} (11)
i ]

i=1

where, «; optimality criterion, Ae[0,1] risk assessment
factor, o, criteria weight,
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K = { I max (12)

where, «; is the optimal alternative, A = 0 (no confidence)

gives the solution according to Wald's rule. A = 1 (great

confidence) gives the solution according to Bayes' rule.

Step 9. Calculation of Spearman Correlation (p,)

The Spearman correlation method calculates the
correlation between the rank of x and the rank of y variables.

n

D (r(x)=rX)(r(y,) ~r(¥)
i=1 (13)

ps =
JZUUJ%WWJZUWJ%WW

where r(x;) and r(y;) observations in the sample.

The hierarchy of the MCDMA model is constructed to
represent the evaluation and selection process, as shown in
Fig. 1.

Level 1:
Goal

Level 2: e _
Criteria 9 9. 9

Architectural Acoustic Modeling

Le_vell 3: o, o, o
Criteria

weights
Level  4: a e a
Alternatives 4 2
Level 5:
Selection

and analysis

a =1{a |max[ia)jyij)miwj =1

=t =t

Fig. 1. Evaluation and selection hierarchy multiple criteria decision
making analysis

I11. APPLICATION

A. Parameters for Room Acoustics Quality

According to the ISO 3382-1 standard [32], reverberation
time is a predominant indicator of the acoustic quality of a
music or speech room. Although Reverberation Time
continues to be recognized as an important parameter, there
is consensus that other measures such as early/late energy
ratios, specific intelligibility indices and background noise
level are necessary for a more complete assessment of the
acoustic quality of speech rooms.

The Reverberation Time (T), in seconds, is the measure of
time elapsing between the disarming of a sound source and
the moment when the sound level is decreased by 60 dB.
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Reverberation Time can be evaluated based on a smaller
dynamic range than 60 dB and extrapolated to a decay time
of 60 dB. Particularly, Reverberation Time is evaluated from
the time at which the decay curve reaches 5 dB and 25 dB
below the initial level for T20, and 5 dB and 35 dB for T30,
respectively.

The DIN 18041 standard [33] defines optimal T values
according to the different activities in a room for speech or
music, the room volume, and the frequency in octave bands.
The standard always refers to occupied rooms. The following
equation is applied to calculate optimal occupied T values in
the frequency range 0.125 kHz—4 kHz in case of occupied
rooms, starting from the volume V or the room itself [34]:

Communication

Topoce =0.321gV —0.17 [5] (14)
Speech

Topoce =0.371gV —0.14 [5] (15)
Music Performance

Topoce = 04519V +0.07 [s] (16)
Music Rehearsal

Toptoce =047 IgV —0.37 [s] a7

High reverberation times are perfect for large music halls.
Low reverberation times are preferable for lecture halls or
recording studios. If there is no reverberation whatsoever, the
sound levels are subject to the inverse square law. In
literature, the improvement of the room acoustic quality of
two medium sized meeting rooms through the investigation
of the optimal placement of absorption and diffusive panels
on the walls and ceiling was considered, and the acoustic
measurements reveal that the Speech Transmission Index
(STI) is a less sensitive parameter for the different acoustic
scenarios, compared to Reverberation Time (T) and Clarity
(C50) [34]. The assessment of acoustic quality indicators of
enclosures, such as early/late energy ratios, certain
intelligibility indices, and background noise level etc. are
defined by various acoustic standards, specifications,
instructions, and requirements [35-43].

B. Architectural Acoustic

Reverberation Time

In the application of the proposed MCDMA model, the
equations from (14) to (17) were used to calculate optimal
occupied T values in the frequency range 0.125 kHz—4 kHz
in case of meeting rooms, starting from the volume V (1000
mq) to V (2000 m®) as shown in Table 1.

Modeling for Predicting
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Table 1. Decision matrix

gv gl gZ ga g4

a, 2000 0886 1081 1555 1,181
a 1000 079 097 142 104
a, 1100 0803 0985 1,439 1,059
a, 1200 0815 0999 1456 1,077
a, 1300 0826 1012 1471 1,094
a; 1400 0,837 1,024 148 1,109
a; 1500 0,846 1,035 1499 1123
a, 1600 0855 1046 1512 1136
a; 1700 0864 1,055 1524 1148
a, 1800 0872 1064 1535 1,160
a, 1900 0879 1073 1545 1,171

The evaluation criteria determined to predict reverberation
time [s] for various rooms are volume [m®] (g,),

communication ( g, ), speech ( g, ), music performance ( g, ),
and music rehearsal (g,). The decision matrix was
established using equations from (1) to (3).

The decision matrix was normalized using equations (4)
and (5), and the normalized decision matrix is shown in Table
2.

Table 2. Normalized decision matrix

gv gl gZ gS g4

a, 2000 1 1 1 1
a 1000 0891 0897 0913 0,880
a, 1100 0906 0911 0925 0897
a, 1200 0920 0924 0936 0912
a, 1300 0932 0936 0946 0926
a; 1400 0944 0947 0955 0938
a; 1500 0955 0957 0964 0950
a, 1600 0965 0967 0972 0961
a 1700 0975 0976 0980 0972
a, 1800 0,983 0984 0987 0982
a, 1900 0992 0992 0994 0991

The normalized matrix was weighted by the mean weight

J
method ) o, =1, o, :%:%:0,25.

i1
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Table 3. Weighted normalized decision matrix

g, 9, 9, O; 9,4 Q R;

a, 2000 0,25 0,25 0,25 0,25 1  optimal
q 1000 0,223 0224 07228 0220 0,895 10
a, 1100 0,227 0228 0,231 0,224 0,910 9
a,; 1200 0,230 0,231 0,234 0,228 0,923 8
a, 1300 0,233 0,234 0,236 0,231 0,935 7
a; 1400 0,236 0,237 0,239 0,235 0,946 6
a; 1500 0,239 0,239 0,241 0,238 0,957 5
a, 1600 0,241 0,242 0,243 0,240 0,966 4
ag 1700 0,244 0,244 0,245 0,243 0,975 3
a, 1800 0,246 0,246 0,247 0,245 0,984 2
&, 1900 0,248 0,248 0,248 0,248 0,992 1

The weighted normalized decision matrix was established
using equations (6) and (7) shown in Table 3. The values of
the optimality function were calculated, and ranking results
were calculated using equations from (8) to (12), as well as
Spearman ranking order correlation equation (13). a, denotes

the optimal values of decision criteria. Q,is the degree of
utility of the optimality function, and R; is the ranking order

of the alternative room volumes ranging from 1000 m? to
2000 m®,

Table 4. Risk assessment analysis

g, A=1 A1=0 K
a, 2000 1 0,25  optimal
q 1000 0,895 0,220 10
a, 1100 0,910 0,224 9
a,; 1200 0,923 0,228 8
a, 1300 0,935 0,231 7
a; 1400 0,946 0,235 6
a; 1500 0,957 0,238 5
a, 1600 0,966 0,240 4
ag 1700 0,975 0,243 3
a, 1800 0,984 0,245 2
a, 1900 0992 0,248 1

The systematic simulation of acoustical design data of
various rooms gives the possibility of a scientific
qualification and comparison of the acoustics of those rooms
for multipurpose functions. The experimental result is that
better acoustic design configurations can be established using
the proposed MCDMA model. Dealing with both the physical
and psychological aspects of the acoustics of rooms, concert
halls, auditoriums, churches, and mosques, research is

International Scholarly and Scientific Research & Innovation 15(9) 2021

concerned with these findings about what is being measured
and observed in existing halls of various sizes, shapes and
details, and guiding future design more precisely towards
increasingly successful results.

IV. CONCLUSION

This study aims to lead a mathematical MCDMA
systematic approach to acoustic design and deliberate
application of acoustic modeling in rooms for public speaking
and professional meetings, such as meeting rooms with a
volume of 1000-2000 m3. The first part included a
comprehensive review of the literature aimed at collecting
useful guidelines on optimal occupied T values in different
rooms used for multipurpose functions. The second part
covered methods and results related to the acoustic modeling
of various rooms of different volumes.

Simulations were carried out using four different acoustic
function in the rooms, and results were compared and ranked
using the proposed MCDMA model. Simulations of different
occupied room configurations of various acoustic functions
have been carried out with the proposed MCDMA model.
Reverberation Time can be obtained in the frequency range
0.125 kHz—4 kHz in case of occupied rooms. Results from the
different configurations simulated in the rooms recommend
optimal T values. The research also outlined an acoustic
design scheme, useful to successfully design various rooms,
which allows to determine the optimal T values using
architectural acoustic modeling.
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