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Abstract. Multi-criteria decision-making (MCDM) has been widely applied for complex decisions in construction 
when a lot of conflicting as well as interactive criteria were involved. Accordingly the need of improving and sup-
plementing the methodology of compromise decisions arose. In the paper multiple criteria decision-making theory 
was supplemented by the elements of mathematical statistics. It was proposed to integrate the Mahalanobis distance 
in the TOPSIS (Technique for the Order Preference by Similarity to Ideal Solution) and the methodology that consid-
ered statistical relations between criteria was developed. A short case study of building redevelopment was presented 
that demonstrated the application of the proposed methodology.       
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1. Introduction 

In construction management one is constantly con-
fronted with various problems that require effective deci-
sions. From a single person and a single criterion (profit), 
decision environments eventually became multi-person 
and multi-criteria.   

To determine the value ant the utility degree of the 
construction projects and to establish the priority order of 
their implementation, multi-criteria decision-making 
methods (MCDM) can be used effectively.  

MCDM methods examine the problem of evaluating 
a discrete set of alternatives in terms of a set of decision 
criteria. Since different criteria represent different dimen-
sions of the alternatives, they may conflict with each 
other. For instance, cost may conflict with profit, etc. But 
very often no such conflict is assumed. In this paper, on 
the ground of real life situations and with reference to 
Triantaphyllou (2000), it is stated otherwise. Complex 
decisions in construction are analysed when a lot of con-
flicting as well as interactive criteria are involved.        

Accordingly, multip-criteria decision-making theory 
is supplemented by the elements of mathematical statis-
tics and the MCDM methodology that considered statisti-
cal relations between criteria is developed. TOPSIS 
(Technique for the Order Preference by Similarity to 
Ideal Solution) method is modified in the paper.  

Classical crisp TOPSIS (Hwang and Yoon 1981) or 
fuzzy TOPSIS is widely applied in construction man-

agement as well as some other MCDM methods like 
SAW (Simple Additive Weighting), COPRAS (Complex 
Proportional Assessment), ELECTRE (Elimination Et 
Choix Traduisant la Realite) for ranking of construction-
technological alternatives, accepting other technological 
or facility management decisions (Zavadskas et al. 2007a, 
2008; Ginevicius et al. 2008; Lin et al. 2008; Liu 2009; 
Huang et al. 2009; Ulubeyli and Kazaz 2009), sustainable 
development decisions (Zavadskas and Antucheviciene 
2006; Ginevicius and Podvezko 2009). Assessment of 
investment and construction risk is performed (Zavadskas 
et al. 2008; Shevchenko et al. 2008), project or contractor 
selection (Marzouk 2008; Mahdi and Hossein 2008; Jian-
bing et al. 2009), territory planning decisions (Zavadskas 
et al. 2007b; Jakimavicius and Burinskiene 2007, 2009a, 
2009b), real estate projects’ efficiency are evaluated (Gi-
nevicius and Zubrecovas, 2009).      

Algorithm of classical TOPSIS is presented in the 
following Subchapter 2.1 (Hwang and Yoon 1981, Trian-
taphyllou 2000). However, according to E. Triantaphyl-
lou (2000), the Euclidean distances defined in expres-
sions (1) and (5–6), represent some plausible 
assumptions. E. Triantaphyllou maintains that it is possi-
ble to use other alternative distance measures and, respec-
tively, to get different answers for the same problem.  

Accordingly, the above assumptions are imple-
mented in the paper and the Mahalanobis distance (Maha-
lanobis 1936) is implicated in TOPSIS algorithm. Maha-
lanobis distance differs from Euclidean distance that it 
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takes into account the correlations of the data set. Apply-
ing the Mahalanobis distance instead of Euclidean dis-
tance helps to consider relations between decision criteria 
and to determine the influence of statistical relations be-
tween criteria on the ranking results of alternatives. 

2. MCDM methodology considering relations  
between criteria  

2.1. Algorithm of TOPSIS based on Euclidean  
distance 

The basic concept of the TOPSIS method is that the 
selected alternative should have the shortest distance 
from the ideal solution and the longest distance from the 
negative-ideal solution. In the classical TOPSIS (Hwang 
and Yoon 1981) the Euclidean distance approach was 
proposed to evaluate the relative closeness of the alterna-
tives to the ideal solution. The method evaluates the deci-
sion matrix, which refers to n alternatives and m criteria. 
The member ij denotes the performance measure of the j-
th alternative in terms of the i-th criterion.  

The normalized values are calculated as follows: 
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where ija  is the normalized value, i = 1, 2, … , m, j = 1, 

2, … , n. 
The weighted normalized value vij is calculated as  

,ijiij aq=ν  (2)

where qi is the weight of i-th criterion, i = 1, 2, … , m, j = 
1, 2, … , n. 

The ideal and the negative-ideal solutions denoted 

respectively as *A  and −A  are defined as follows: 
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where { }miI ,...,2,1==  and i  is associated with the 

benefit criteria, { }miI ,...,2,1==′  and i  is associated 

with the cost/loss criteria. 
The n-dimensional Euclidean distance method is 

then applied to measure the distances of each alternative 
from the ideal solution *jS  and negative-ideal solu-

tion
−j
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The relative significance of an alternative is defined 
as follows: 
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where 01 ≥≥ jC  and nj ,...,2,1= . 

The best alternative can be found according to the 
preference order of jC . 

2.2. TOPSIS applying Mahalanobis distance 

Applying classical TOPSIS (Hwang and Yoon 
1981), estimation of priorities of alternatives (7) is based 
on values of Euclidean distances in multidimensional 
space (5), (6). But in this way ranking of alternatives is 
simply performed only in the case when the criteria de-
scribing the alternatives are statistically independent. 
However, in real life multi-criteria decisions, criteria 
interconnected by correlation relations are very often 
applied. In the case when alternatives are described by 
statistically connected criteria, application of TOPSIS 
based on Euclidean distances can lead to inaccurate esti-
mation of relative significances of alternatives and cause 
the improper ranking results.  

The authors suggest applying the Mahalanobis dis-
tance (Mahalanobis 1936; De Maesschalck et al. 2000) 
instead of Euclidean distance in TOPSIS to measure the 
distances of each alternative from the ideal solution and 
negative-ideal solution and to rank the decision alterna-
tives.  

Suppose, there is the matrix of initial criteria: 
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and the normalized initial matrix: 
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where m is a number of criteria and n is a number of al-
ternatives.  

Respectively the ideal and the negative-ideal solu-
tions applying expressions (3), (4) and (9) are defined as 
follows: 
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Relations between criteria can be defined by covari-
ance matrix: 
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 is centered matrix and p is number of initial 
data variants (a set).    

Significances of criteria are defined by diagonal ma-
trix of weights:  
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Accordingly, Mahalanobis distances (Mahalanobis 
1936; De Maesschalck et al. 2000), calculated following 
the expressions (9) – (12) and applied instead of Euclid-
ean distances in (5) and (6), could be defined as:  
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where T
Δ  is a transposited matrix of weights, 1−

Σ  is 
inverse matrix of covariance matrix (11),    
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where j = 1, 2, … , n. 
The relative significances of alternatives are defined 

by (9) and are calculated applying expressions of dis-
tances (13) and (14).   

Covariance matrix (11) could be calculated directly 
from initial data (8) or normalized data (9) only if there 
were no fewer alternatives than criteria describing the 
alternatives. But such cases could be observed rarely. On 
the other hand, when a higher number of initial data is 
analyzed, it is doubtful if covariance matrix properly 
describes covariance of data of a particular case, because 
covariance depends on values of a particular data set. 
Consequently, it is suggested to change over from covari-
ance matrices to correlation matrices, because values of 
correlation matrices do not depend on absolute values of 
initial data. 

Correlation and covariance matrices are coincident if 
standard deviation of initial data σ = 1. Accordingly, a 
proper method of normalization of initial data matrix (8) 
should be used to ensure standard deviations of initial 

data to be equal to 1. Following the described condition, 
the elements of normalized initial data matrix (9) are 
defined:       
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and iiΣ  are diagonal elements of covariance matrix ob-

tained from a larger set of initial data, i = 1, 2, … , m. 
Applying the described criteria normalization 

method (16) the main requirement of normalization is 
realized, that is the various criteria dimensions are con-
verted into non-dimensional criteria, as well as precondi-

tions are set to use inverse correlation matrix 1−K  in-

stead of inverse covariance matrix 1−
Σ . Correlation 

matrix is calculated from a larger set of initial data and is 
defined as follows: 
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Correlation coefficients are defined: 
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where i = j =1, 2, … , m. 

3. Application of the proposed methodology for  
construction management decisions 

A simple numerical example is presented to illus-
trate similarities and differences of ranking results by 
applying TOPSIS and both the Euclidean and the Maha-
lanobis measurement of distances in a particular situation 
of construction management problem.  

In the case study presented here, revitalization of 
derelict and mismanaged buildings in Lithuania’s rural 
areas was analysed. The economic benefit of revitaliza-
tion of property was combined with the environmental 
potential as well as social interest. A sustainable devel-
opment approach was used for identifying the effective 
trends of abandoned buildings’ development. For this 
purpose, a set of criteria was developed according to the 
principles of sustainable construction and requirements of 
sustainable development (Zavadskas and Antucheviciene 
2006). 

In this paper, the above-mentioned criteria system 
was abridged and adapted for calculations that were per-
formed to determine the priorities of buildings’ redevel-
opment alternatives. In the present case study, three alter-
natives and seven criteria were considered. The 
alternatives included the reconstruction of rural buildings 
and adapting them for production or commercial activi-
ties in areas of active development (alternative A1), in 
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regressing areas (alternative A2) and in “buffer” areas (or 
areas of middle development activity) (alternative A3). 
(For detailed description of spatial development of areas 
and development strategies see Zavadskas and Antuche-
viciene 2006; Antucheviciene and Zavadskas 2008). The 
following criteria were taken into consideration, includ-
ing the average soil fertility grade in the area a1 (points), 
quality of life of the local population a2 (points), popula-
tion’s activity index a3 (%), GDP in proportion to the 
average GDP of the country a4 (%), building’s redevel-
opment costs a5 (106 LTL), growth of employment a6 (%), 
state income from business and property taxes a7 

(106 LTL per year). The criteria a2 and a5 were associated 
with the cost (their smaller value was better), while the 
remaining attributes were associated with benefit criteria 
(their greater value was better).  

Initial data for multiple criteria construction man-
agement problem that is revitalization of derelict and 
mismanaged buildings in Lithuania’s rural areas is pre-
sented in Table 1.  

 
Table 1. Initial data  

Alternatives 
Criteria 

Optimisation 
direction A1 A2 A3 

x1 max 39.9 34.8 40.0 

x2 min 31.7 29.1 30.3 

x3 max 51.7 55.9 55.8 

x4 max 98.4 94.7 78.1 

x5 min 273.6 238.6 288.8 

x6 max 3.4 2.6 3.8 

x7 max 21.6 22.0 26.6 

 
To compare the results, multi-criteria analysis of ini-

tial data (Table 1) was performed applying usual TOPSIS 
method (1–7), as well as applying improved method, 
when correlation relations between criteria are considered 
and Mahalanobis distance is used (8 – 19).   

Standard deviations of criteria were calculated from 
a larger set of a parallel data, obtained analyzing various 
redevelopment variants of rural buildings throughout the 
whole territory of the country.  

Estimated standard deviations are as follows: σ1 = 
7.2; σ2 = 5.9; σ3 = 9.1; σ4 = 25.9; σ5 = 232.3; σ6 = 4.9; 
σ7 = 15.6.         

Correlation matrix (18) is presented in Table 2.  
Assuming that the criteria are of equal significances, 

the matrix of weights (12) becomes a unitary matrix. 
 
Table 2. Correlation matrix 

Criteria a1 a2 a3 a4 a5 a6 a7 

a1 1 -0.84 0.90 0.80 -0.46 0.07 0.43 

a2 -0.84 1 -0.97 -0.84 0.45 0.14 0.39 

a3 0.90 -0.97 1 0.86 -0.47 0.10 0.41 

a4 0.80 -0.84 0.86 1 -0.42 -0.02 0.35 

a5 -0.46 0.45 -0.47 -0.42 1 0.48 0.03 

a6 0.07 0.14 0.10 -0.02 0.48 1 0.55 

a7 0.43 0.39 0.41 0.35 0.03 0.55 1 

       

Calculation results of TOPSIS applying Euclidean 
distance and Mahalanobis distance (TOPSIS – M) are 
presented in Table 3. 
  
Table 3. Ranking results 

Cj 
 Alternatives 

TOPSIS TOPSIS  – M 

A1 0.545 0.662 

A2 0.396 0.428 

A3 0.605 0.439 

 
The presented calculation example proved assump-

tions that it is possible to use alternative distance meas-
ures and to get different answers for the same problem.  
Relative significances of alternatives that describe revi-
talization possibilities of derelict and mismanaged build-
ings differ when applying TOPSIS using Euclidean dis-
tance and Mahalanobis distance (Table 3).  

Applying Euclidean distance it was estimated that 
the best alternative in terms of sustainable development 
was reconstruction of rural buildings and adapting them 
for production or commercial activities in areas of middle 
development activity (alternative A3), the next in areas of 
active development (alternative A1) and the last in re-
gressing areas (alternative A2). While applying Maha-
lanobis distance it was estimated that relative signifi-
cances of alternatives and even ranking of alternatives 
was different, the optimal alternative was A1, that is re-
construction of buildings in areas of active development. 
Relative significances of alternatives A2 and A3 were 
rather similar in the analysed case. 

Conclusions  

1. Applying the proposed modified TOPSIS method 
when estimation of relative significances of alterna-
tives is based on Mahalanobis distances, interrela-
tions between criteria are considered in multiple cri-
teria construction management decisions. 
Accordingly, estimation of significances of alterna-
tives better correspond to real life situations. 

2. When correlation relations between criteria are con-
sidered, relative significances as well as priority or-
der of alternatives can vary in comparison with usual 
TOPSIS method. 

3. The presented calculation example proved that 
relative significances of alternatives when applying 
TOPISIS using Euclidean distance and Mahalano-
bis distance varied from 8 to 35 percent, as well as 
a priority order of alternatives changed from 
A3f A1f A2 to A1 f A3f A2. Consequently, the 
above example proves that the proposed modified 
TOPSIS method could have substantial influence in 
decision making. 
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