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INVERSE MULTIPLE CRITERIA SORTING PROBLEM WITH FUZZY
PARAMETERS: AN APPLICATION OF BUILDING ENERGY LABELLING

IMPROVEMENT

Billur Ecer1,* , Mehmet Kabak2 and Metin Dagdeviren2,3

Abstract. Classification is defined as the problem of assignment of objects to the predefined classes.
In general view, classification problems divided into two groups: classification and sorting problems.
Sorting problems define the case of existence of ordered classes for objects, while classes are not ordered
in classification problems. Besides these two groups of classification problems, Inverse Multiple Criteria
Sorting Problem (IMSCP) is also introduced into the literature in recent years. IMSCP deals with
finding the possible actions that can change the assignment of objects to classes in order to obtain
the desired classification of objects. The main aim in this study is to propose an extension of IMSCP
with fuzzy parameters with a proper solution approach. A case study of building energy labelling
improvement in an existing building site in Ankara is solved by using parametric fuzzy solution approach
of Carlsson and Korhonen. Obtained results of the application presents the possible actions to improve
the energy labels of the buildings within the site. Also, solution results show that the proposed model
in this study can be used to improve current Building Energy Performance model in Turkey to a new
one with efficiency improvement suggestions.
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1. Introduction

Decision making techniques have largely been used by researchers and practitioners to solve different problems
in a wide application area. Some of these areas can be listed as inventory management [7, 26, 27], production
planning [19], supplier selection [3], quality evaluation [1], website ranking [12], site selection [18], business
aircraft selection [9], etc. Some applications of decision making require assignment of objects to predefined
classes. These kinds of problems are named as classification problems. Classification problems are divided into
two groups as classification and sorting problems respectively based on the definition of classes as ordered or not
[31]. In sorting problems, classes of objects are defined in a preference order starting from the most preferred
to the least like, very good, good, moderate, bad, very bad or high, medium, low. However, in classification
problems, classes are generally descriptive and there is no preference order within the classes.
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Classification and sorting problems generally have a complex structure that require consideration of several
criteria simultaneously. This kind of decision problems with complex structure are generally handled by multiple
criteria decision making methods. Moreover, a new perspective introduced on multiple criteria sorting problems
is to improve the current classification in order to obtain a desired classification situation. This perspective is
named as Inverse Multiple Criteria Sorting Problem (IMSCP) [21].

The main aim of this study is to propose a mathematical formulation and a solution method for the fuzzy
extension IMSCP. A classification improvement procedure under the assumptions of existence of several action
performing companies and fuzzy uncertain problem parameters with the working possibility at the same time on
different actions is formulated and an application of building energy labelling is solved by using the parametric
solution approach of Carlsson and Korhonen [6]. Using such a model would be useful to see the best way for
improvement of classification results in complex decision situations with uncertainty.

The main contributions of the paper can be listed as follows:

– An extension of IMSCP with fuzzy uncertain parameters is firstly introduced into the literature.
– Fuzzy parametric solution approach [6] is utilized to solve the problem.
– An application of the proposed model on a case study of building energy labelling improvement is presented.

The rest of the paper is organized as follows: The second section consists a literature review related to mea-
suring and improvement of building energy efficiency studies. Then, definitions of IMSCP and Fuzzy Parametric
Solution Approach used in this study are presented in the third section. In the fourth section, the proposed
model is explained in detail by giving problem assumptions, notations and mathematical formulation. Next, a
case study of building energy labelling improvement is presented in the fifth section in order to demonstrate the
applicability of the proposed model. In the sixth section, conclusions and managerial implications of the study
are given with suggestions for further studies.

2. Literature review

Measuring and improvement of building energy efficiency was commonly modeled as a multiple criteria
decision making problem by researchers in recent years. Some of these studies were summarized as follows:

Energy efficiency improvement decisions for buildings in design stage were made by using a multi-objective
optimization model which contains decision variables defining the building structure and energy system being
used [10]. The aim of the study was to define design parameters that minimize rational deviation from building
energy consumption, CO2 gas emission and investment cost objectives. In Wang et al.’s study [28], quantitative
energy performance evaluation methods for existing buildings were analyzed. Energy performance evaluation
methods were classified into three groups in this study as calculation based, measurement based and hybrid
methods. Building energy performance measurement system was used by Kabak et al. [16] in order to determine
energy classes of three buildings based on seven criteria, which has interactions and expressed by linguistic
variables. Fuzzy Analytic Network Process (ANP) method was used to assess building performances and com-
parison of results with Analytic Hierarchy Process (AHP) and Technique of Order Preference by Similarity to
Ideal Solution (TOPSIS) methods were presented.

Three sections of a building in Wuhan University campus were evaluated based on six criteria [13]. Results
obtained by using ANP were interpreted in views of further improvements. Importance degree of efficient criteria
for sustainable improvement of energy performances of hotel buildings in China were determined by using Fuzzy
ANP [30]. The obtained results from the decision model, which takes interactions among criteria into account,
showed the important factors for performance improvement.

Bayata and Temiz [4] developed a Non-dominated Sorting Genetic Algorithm II (NSGA-II) approach for
optimization of design parameters of new buildings in order to define the most energy efficient building design.
Objective of the model was to minimize building energy consumption, initial investment costs and CO2 emission
simultaneously and they obtained Pareto front by using genetic algorithm. A three-objective optimization model
to optimize building energy performance in views of energy consumption for cooling, heating and lighting aspects
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for four different climate regions in Iran was proposed [8]. A Multi-Objective Particle Swarm Optimization
(MOPSO) based approach was developed to solve the proposed model and good solutions are obtained in very
short solution times.

Ignatius et al. [14] indicated that sustainability is one of the most important concerns in construction projects
and evaluated green buildings in Malaysia by using a hybrid approach based on Quality Function Deployment
(QFD) and Fuzzy ANP. The study also presented a sensitivity analysis on changing weight value in defuzzifi-
cation of fuzzy results to analyze changes occur according to opinions of different decision makers. A building
energy performance evaluation approach based on Additive Ratio ASsessment (ARAS) multiple criteria decision
making method was proposed [20]. Seven criteria related to economic, technical and environmental aspects of
building energy performance were considered in the study. Obtained results showed energy performance building
energy performance is not directly proportional to investment, in other words, additional expenses do not affect
building energy performance.

Jeong et al. [15] proposed a revised version against possible problems related to criteria and evaluation
measures of Building Energy Consumption Certification (BECC) system, which is used for building energy
performance evaluation of existing buildings in South Korea. Energy performance classification of 504 buildings
was improved by using the proposed system and 𝐾-means clustering method. Stepwise Weight Assessment Ratio
Analysis (SWARA), Weighted Additive Sum Product Assessment (WASPAS) and Building Energy Simulation
(BES) have been integrated for selection of Heating, Ventilation and Air Conditioning (HVAC) system for an
industrial building [2]. With these integrated methods, eleven HVAC systems were evaluated in ergonomic,
environmental, reliability, technical and economic aspects.

The weighted sum method was used to evaluate energy saving measures for indoor swimming pools [22]. The
results of the study have been compared with AHP and fuzzy AHP methods. In a study conducted in South
India, a household energy efficiency survey was conducted in 125 houses and analyzed using the Best Worst
Method (BWM) [25]. Various factors and sub-factors were listed as a result of the study. Finally, Ecer et al. [11]
suggested that IMCSP can be used to improve energy efficiency in buildings under the assumption of certainly
known parameters. Contribution of these papers are presented in Table 1 as follows along with the contributions
of this study.

In real life problems, it may not always be possible to reach values based on measurement. At this point, the
information obtained from the opinions of the experts of the problem becomes very important. In such cases,
fuzzy logic is a valuable and important tool in the processing and use of this information. Therefore, this study
is an extension of Ecer et al. [11]’s work with fuzzy parameters.

3. Methods

3.1. Inverse multiple criteria sorting problem

Decision making models were applied on many problems by researchers and a large number of studies were
published on this subject. The main aim in a class of decision making applications is placement of alternatives
into predefined groups. If there are more than one criterion to consider, these kinds of decisions can be handled
by multiple criteria classification and sorting techniques. The difference between multiple criteria sorting and
classification problems is based on the structure of classes. Multiple criteria classification problem refers existence
of nominal groups, while ordered classes from the most preferred to the least preferred exists in multiple criteria
sorting problem.

Multiple criteria sorting problem can be defined as follows:
𝐴 = {𝑎1, 𝑎2, . . . , 𝑎𝑚} denotes the set of 𝑚 alternatives. Let’s assume that these 𝑚 alternatives are evaluated

in views of 𝑛 criteria denoted by the set 𝑔 = {𝑔1, 𝑔2, . . . , 𝑔𝑛} and the performance of alternative 𝑖 in views of
criterion 𝑗 is expressed by 𝑔𝑗(𝑎𝑖). The decision maker wants to sort alternatives by assigning into 𝑞 classes. 𝐶𝑘

shows 𝑘th class, where 𝐶1 is the most desired and 𝐶𝑞 is the least desired class. Set of classes is denoted by
𝐾 = {1, 2, . . . , 𝑞} . Assignment of alternatives into classes is the concern of multiple criteria sorting problem [17].
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Table 1. Contribution of author(s).

Author(s) Problem Method Uncertainty

Diakaki et al. [10] Building energy efficiency improve-
ment at design phase

Multi-objective opti-
mization

No

Wang et al. [28] Energy performance assessment for
existing buildings

Review of measure-
ment and assessment
methods

No

Kabak et al. [16] Energy performance assessment for
existing buildings

ANP Fuzzy

Hu et al. [13] Energy performance assessment for
existing buildings

ANP Fuzzy

Xu et al. [30] Building energy efficiency retrofit
for existing buildings

ANP No

Bayata and Temiz [4] Energy efficiency optimization in
building design

NSGA-II No

Delgarm et al. [8] Energy efficiency optimization in
building design

MOPSO No

Ignatius et al. [14] Green building assessment ANP–QFD Fuzzy
Migilinskas et al. [20] Building energy performance evalu-

ation
ARAS No

Jeong et al. [15] Energy performance assessment for
existing buildings

Clustering analysis No

Bac et al. [2] Determination of the best HVAC
system alternative for a factory
building

SWARA–WASPAS No

Nikolic et al. [22] Energy auditing of indoor swim-
ming facilities

AHP, WSM Fuzzy

Qarnain et al. [25] Evaluation of energy efficiency fac-
tors in residential buildings

BWM No

Ecer et al. [11] Energy efficiency improvement for
existing buildings

Goal programming No

This study Energy efficiency improvement for
existing buildings

Integer programming Fuzzy

Multiple criteria classification and sorting problems have a wide range of application area, such as healthcare,
pattern recognition, human resources management, financial management and economics [31].

IMCSM tries to determine the best actions from the possible actions set, which change alternative performance
on some criteria, by this way, ensure the desired sorting of objects [21]. Under the assumption of each action
affects at least one alternative in views of at least one criterion and has a cost associated with it, the goal of
the problem will be determination of actions to ensure desired sorting at minimum total cost. Moreover, based
on the sorting approach, view point of decision maker and problem specific restrictions different models can be
developed for this problem.

The basic for IMCSM is given as follows:

min
𝑚∑︁

𝑘=1

𝑐𝑘𝑥𝑘 (3.1)

subject to

𝑜′𝑖𝑗 = 𝑜𝑖𝑗 +
𝑚∑︁

𝑘=1

𝛿𝑖𝑗𝑘𝑥𝑘 ∀𝑖, 𝑗 (3.2)
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𝑛∑︁
𝑗=1

𝑤𝑗𝑜
′
𝑖𝑗 ≥ 𝑏𝑝𝑖 ∀𝑖 (3.3)

𝑥𝑘 ∈ {0, 1} ∀𝑘. (3.4)

Objective function of the model is expressed by equation (3.1) and states that the total cost of selected actions
should be minimized. Effect of selected actions over alternatives defined in equation (3.2). Alternatives are
assigned into classes by using weighted sum function and final performances of alternatives. If the least desired
class for alternative 𝑖 is defined as class 𝑝, then the weighted sum for this alternative must be greater than or
equal to the lower bound of class 𝑝. This condition is expressed by equation (3.3). Equation (3.4) states that
the decision variable 𝑥 is a binary variable, which shows the selection decision for action 𝑘.

There are quite little number of studies on IMCSP published in the current literature. The oldest one of
these studies is Özpeynirci et al. [23], which is presented at the Operations Research and Industrial Engineering
Congress in 2015 and can be considered as the first study in which the problem was presented. In this study,
two mathematical models of the problem are proposed. The first model determines the improvement actions
to be selected at the lowest cost and the second one finds the best sorting under the budget constraint. Later,
experimental study results of these models have been presented as an article for both cases of existence of
deterministic parameters and robust solutions for feasible values of the parameters [21]. Özpeynirci et al. [24]
developed an interactive algorithm to solve IMCSP for a case study concerning on classification improvement of
public buses. In a recent study on IMSCP [29], reducing the vital effects of nuclear power plants is model as an
IMSCP. In the study, models are introduced that determine the central smallest actions, aim to obtain robust
results for the worst case in order to learn the examples of the parameters, and reduce the expected effect level
in the probabilistic case. Studies related to building energy performance optimization were generally focused on
optimization of design parameters for buildings at design stage. Ecer et al. [11] suggested that IMCSP can be
used to improve energy efficiency in buildings under the assumption of certainly known parameters.

3.2. Solution approach for mathematical models with fuzzy parameters

In some cases, all parameters of a linear programming problem may be defined by fuzzy uncertainty. This
type of problems is formulated as follows:

max 𝑧 = 𝑓(𝑐, 𝑥) = 𝑐𝑥

𝑔𝑖(𝑥) =
(︁
𝐴𝑥

)︁
𝑖
≤ �̃�𝑖 𝑖 = 1, 2, . . . ,𝑚

𝑥 ≥ 0.

Carlsson and Korhonen [6] proposed a trade-off approach for given fuzzy linear programming problem. Before
the solution of the fuzzy problem, the increasing form of parameter ranges (𝑐, 𝐴, 𝑏) needed for the solution
of the certain form of the problem. To do so, parameter ranges [𝑐0, 𝑐1), [𝐴0, 𝐴1) and [𝑏0, 𝑏1) for the possible
values of problem parameters are defined. The lower bounds of these intervals show the values that obtaining
the solution is more certain and they are risk-free values. On the other hand, upper bounds show unrealistic
and impossible parameter values. The solution obtained by using these values are unreal. Changing parameter
values from risk-free values to impossible ones means a movement from reliable solutions optimistic solutions.
After this movement, solutions with higher satisfaction degree are preferred to solutions with lower satisfaction
degree. Optimal parameters can be determined by using defined preference based functions of each interval.

Carlsson and Korhonen considered the relationship between any solution of the problem and parameters of
the problem. The solution of the model (𝑧* = 𝑧*(𝑐, 𝐴, 𝑏)) is an increasing function of 𝑐, 𝐴 and 𝑏. With this
aim, membership functions of 𝑐, 𝐴 and 𝑏 can be considered to be monotone decreasing functions. Member-
ship functions of monotone decreasing functions can be linear, piecewise linear, hyperbolic, exponential, etc.
functions.
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By considering the trade-off approach and under 𝜇 ∈ [0, 1] condition, 𝑔𝑐, 𝐺𝐴 and 𝑔𝑏 are inverse functions of
𝜇𝑐, 𝜇𝐴 ve 𝜇𝑏, respectively and the following transitions are valid.

𝑐 = 𝑔𝑐(𝜇), 𝐴 = 𝐺𝐴(𝜇) and 𝑏 = 𝑔𝑏(𝜇).

By using these equations in the model, the problem can be written as follows:

max 𝑧 = 𝑓(𝑐, 𝑥) = 𝑔𝑐(𝜇)𝑥
[𝐺𝐴(𝜇)]𝑥 ≤ 𝑔𝑏(𝜇)
𝑥 ≥ 0.

If 𝜇 values are assumed to be decision variable, this model becomes a nonlinear programming model. If 𝜇 values
are given or can be predefined, this model can be solved by using a linear programming solution technique
and solution values correspond to the 𝜇 value can be obtained. A solution corresponds to any 𝜇 value can be
expressed as a point (𝑧*, 𝜇) in two dimensional space. Decision maker can choose the suitable solution among
these points. The solution process of linear programming models with Carlsson and Korhonen’s approach can
be defined as:

Step 1. Start from 𝜇 = 0 point and assume that you are trying to obtain 𝑠 solutions. So, at each solution step
𝜇 will be increased by 𝑄 = 1/𝑠.

Step 2. Solve the linear programming model for 𝜇 = 0 and find the optimal solution.
Step 3. Insert the (𝜇, 𝑧*) =

(︀
0.0, 𝑧*𝜇=0.0

)︀
value into solution table. Then, take 𝜇 = 𝜇 + 𝑄. If 𝜇 > 1, go to Step

4. Otherwise, go to Step 2 and solve the model for 𝜇 = 𝜇 + 𝑄.
Step 4. The solution table represents the relation between membership value and optimal solution of the model.

By analyzing this relation, decision maker can find the optimal solution for acceptable uncertainty level of
himself/herself.

4. Problem description

In this study, a mathematical model for determination of improvement strategies of multiple criteria sorting
application is proposed. To improve the sorting results, some of the predetermined actions will be applied.
Each action causes a cost associated with it and needs some time to be completed. Actions can be performed
by different companies. Each company can perform one action and different companies can perform different
actions at the same time. Each action can be only performed by one company. Objects are measured in views
of several criteria and lower value of each criterion shows better performance of the object. Weighted sum of
object performance on each criterion is calculated and resulting value is the determinant of object class. Also,
within the proposed model, uncertainty of some parameters is taken into account. It is assumed that there is no
sufficient amount of data for uncertain parameters, so the parameter values are determined based on opinions
of experienced people and defined as fuzzy elements. Based on the aforementioned assumptions of the problem,
the formulation of the mathematical model of the problem with fuzzy parameters is presented as follows:

Indices

𝑖: objects
𝑗: criteria
𝑘: actions
𝑙: companies
ℎ: classes

Parameters

𝑐𝑘𝑙: fuzzy value of performing cost of action 𝑘 by company 𝑙
𝑡𝑘𝑙: fuzzy completion time for action 𝑘 offered by company 𝑙
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�̃�: fuzzy budget limit
𝑜′𝑖𝑗 : final performance score of object 𝑖 in views of criterion 𝑗
𝑜𝑖𝑗 : initial performance score of object 𝑖 in views of criterion 𝑗
𝛿𝑖𝑗𝑘: effect of action 𝑘 on object 𝑖 in views of criterion 𝑗
𝑤𝑗 : weight of criterion 𝑗
𝑏ℎ: upper level of aggregated performance score to be assigned to class ℎ
𝑀 : a sufficiently big number

Decision variables

CTG𝑙: total completion time for company 𝑙
CT: completion time for all companies

𝑥𝑘𝑙 =
{︂

1, if company 𝑙 is selected to perform action 𝑘
0, otherwise

𝑦ℎ𝑖 =
{︂

1, if object 𝑖 is assigned to class ℎ
0, otherwise

Mathematical model

𝑍max =
ℎmin∑︁
ℎ=1

𝑚∑︁
𝑖=1

𝑦ℎ𝑖 (4.1)

subject to
𝐾∑︁

𝑘=1

𝐿∑︁
𝑙=1

𝑐𝑘𝑙𝑥𝑘𝑙 ≤ �̃� (4.2)

𝑜′𝑖𝑗 = 𝑜𝑖𝑗 +
𝐾∑︁

𝑘=1

𝛿𝑖𝑗𝑘

𝐿∑︁
𝑙=1

𝑥𝑘𝑙, ∀ 𝑖, 𝑗 (4.3)

𝑛∑︁
𝑗=1

𝑜′𝑖𝑗𝑤𝑗 ≥ 𝑏ℎ−1 −𝑀(1− 𝑦ℎ𝑖), ∀ 𝑖, ∀ℎ = 2, . . . , 𝑡 (4.4)

𝑛∑︁
𝑗=1

𝑜′𝑖𝑗𝑤𝑗 ≤ 𝑏ℎ + 𝑀(1− 𝑦ℎ𝑖), ∀ 𝑖, ∀ℎ = 1, . . . , 𝑡− 1 (4.5)

𝐿∑︁
𝑙=1

𝑥𝑘𝑙 ≤ 1, ∀ 𝑘 (4.6)

𝑡∑︁
ℎ=1

𝑦ℎ𝑖 = 1, ∀ 𝑖 (4.7)

𝐾∑︁
𝑘=1

̃︀𝑡𝑘𝑙𝑥𝑘𝑙 ≤ CTG𝑙 (4.8)

CT ≥ CTG𝑙, ∀ 𝑙 (4.9)

CT ≤ 𝑇 (4.10)
𝑥𝑘𝑙 ∈ {0, 1}, ∀ 𝑘, 𝑙 (4.11)
𝑦ℎ𝑖 ∈ {0, 1}, ∀ℎ, 𝑖 (4.12)
CTG𝑙 ≥ 0 and integer, ∀ 𝑙 (4.13)
CT ≥ 0 and integer. (4.14)
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Figure 1. Flowchart of the proposed approach.

The objective function of the model is presented in equation (4.1). The goal of the model is to maximize
number of alternatives assigned to desired classes. Equation (4.2) shows the budget limitation. Final performance
scores are calculated by using equation (4.3). Assignment of alternatives to classes are done according to the
procedure described in equations (4.4) and (4.5). Equation (4.6) states that each action can be performed by
at most one company. Each alternative must be assigned to a class. This requirement is expressed in equation
(4.7). Completion time of work is calculated by equations (4.8)–(4.10). Decisions for selection of actions and
assignment of alternatives are binary variables and defined in equations (4.11) and (4.12). Equations (4.13) and
(4.14) express that the completion times for company and total work are positive integer variables.

The main aim of this study is to propose a mathematical formulation and a solution approach to improve
obtained results in multiple criteria sorting applications with fuzzy parameters. To do so, IMSCP is reformulated
with fuzzy parameters and Carlsson and Korhonen’s fuzzy solution approach is employed to obtain solution
under different membership values. Decision makers may choose one of the solutions according to their acceptable
uncertainty level. The solution procedure with the proposed model is given in Figure 1 as follows.

The first step of the proposed approach is problem description. Decision makers have to define their goal(s),
limitations and restrictions with problem assumptions and alternatives to be sorted. Then, criteria to be used
for sorting alternatives must be determined. Criteria should be selected among effective factors on sorting of
alternatives and their definitions must be clear. After criteria definitions, performance score of each alternative
for each criterion have to be measured. Next, sorting rules for the application must be defined. Definition of
sorting rule means the aggregation function for performance scores and assignment conditions for each class.
When sorting rules are defined, the initial conditions for alternatives can be determined.

The next step of the application is identification of actions and their effects. Possible actions are identified in
this step with their cost, time, etc. parameters and their effects on alternatives. At that point all, parameters
for construction of sorting model are collected. IMCSP is constructed at this point with collected information
about the problem and possible parameter values. Proposed IMCSP model with fuzzy parameters is solved
under different membership values according to the methodology of Carlsson and Korhonen. At the last step,
objective function value, budget consumption amounts and selected actions are presented in the solution table
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for the decision maker. According to the acceptable uncertainty of decision maker, final performance scores of
alternatives and their classes are presented.

5. An application of building energy efficiency improvement

Energy efficiency is a vital issue in terms of natural resources and the environment. A regulation on taxation
of buildings based on energy efficiency is being planned in Turkey. On the current basis, energy efficiency is
expressed by building energy labels, from A (the most efficient) to G (the least efficient). Buildings are labeled
based on the energy consumption and different attributes of buildings are taken into account. So, the labeling
process can be considered as a multi-criteria sorting problem. In this study, energy labeling of buildings is
modeled as an inverse multi-criteria sorting problem with fuzzy parameters in order to determine the actions,
which are taken to improve the energy labels and decrease tax expenses of buildings by reducing the harmful
effects of buildings on the environment.

Energy Identification Certificate is a document that includes the information of energy requirements and
energy consumption classification of building, in order to provide efficient and effectively use of energy and
energy resources in buildings. Determining the energy classes of buildings is obligatory in Turkey as in many
countries. This obligation has been registered with the Energy Efficiency Law No. 5627 enacted in 2007 and the
Regulation on Energy Performance in Buildings related to this law.

Building Energy Performance (BEP) must be calculated to form the Energy Identification Certificate. Annual
energy needs and CO2 emission related to the energy needs are defined for calculation of Building Energy
Performance. After this calculation, building is assigned to one of the energy classes from the best (A) to the
worst (G) based on the reference building. Design of new buildings are requested to meet at least C class of
energy efficiency and it is being planned to apply an incentive tax reduction policy based on energy classes of
buildings in the future.

5.1. Problem data

In this part, application of the proposed model is presented for building energy efficiency improvement
planning for a site management in Ankara, Turkey. According to the Regulation on Energy Performance in
Buildings, the energy label of new buildings has to be at least C. Site management wants as much number
as buildings among the 10 buildings in their site to have acceptable labels for the regulation. But they have a
budget limitation of 210 000 TL and improvement actions have to be completed in 15 days. Moreover, the budget
can be increased up to 60 000 TL for much improvement and time limit can be increased by 5 more days. So,
the objective function is maximization of number of buildings in desired classes (A, B, and C) subject to budget
and time restrictions. Improvement actions can be performed by different companies, which provide different
cost and completion time offers for improvement actions. Each group can perform one action at one time, but
the groups can work together. Moreover, an improvement action can be performed by only one company.

Sorting criteria for buildings are defined as the same criteria in the study of Kabak et al. [16] since it
proposes an evaluation model for buildings in Turkey and criteria in this study are determined based on the
same regulations. These criteria are Location and climate data (C1), Geometrical shape (C2), Building envelope
(C3), Mechanical Systems (C4), Lighting system (C5), Hot water system (C6), and Renewable energy and
Cogeneration (C7).

Then, the performance scores of buildings are measured for these criteria and presented in Table 2. The scores
of buildings are normalized into 0–30 interval, where 0 shows the best performance and 30 shows the worst.
Parameter values are determined based on the opinions of a 20-year experienced professional on a reputable
building construction company in Ankara.

Sorting of buildings are made by using weighted sum function. To do so, weight values of criteria are taken
the values in Kabak et al. [16]. By using weighted sum an aggregated Building Energy Score (BES) value is
obtained and this value is used for assignment of building into a predefined class. Upper bound of BES value
for each energy label is given in Table 3 as follows.
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Table 2. Initial performance score of buildings in views of criteria.

Building C1 C2 C3 C4 C5 C6 C7

B1 11 16 15 11 7 9 3
B2 25 25 21 23 24 22 27
B3 12 1 3 1 2 2 2
B4 13 19 16 9 8 18 15
B5 20 26 28 8 7 13 12
B6 17 12 14 11 9 16 13
B7 11 19 11 16 5 20 17
B8 19 20 23 23 16 24 26
B9 21 15 23 20 19 15 18
B10 18 13 22 10 10 15 15

Table 3. Intervals of BES value for each energy label.

Energy label A B C D E F G

Upper bound for BES Value 5 10 14 18 22 26 30

Table 4. Initial energy labels of buildings.

Building B1 B2 B3 B4 B5 B6 B7 B8 B9 B10

Energy label B F A C D C C E E D

Criteria weights are assumed to be 0.27, 0.07, 0.10, 0.16, 0.12, 0.08 and 0.20, respectively. After these defini-
tions, energy labels for each building are obtained by using the sorting rules. Initial energy labels for buildings
are presented in Table 4.

According to Table 3, five buildings (B2, B5, B8, B9, B10) have unacceptable energy labels. Thus, improve-
ment actions have to be analyzed.

Next, possible improvement actions are collected from 3 companies with their effect on buildings, costs
and completion times. Possible improvement actions are chosen as five possible actions and these actions are
determined as changing roof of all buildings (A1), changing HVAC system of buildings (A2), changing the
lighting systems (A3), building a central hot water system (A4) and installing solar panels on roofs to support
energy demand (A5). Effects of actions are uncertain and given with possible values in Table 5. Moreover, as
it seen in Table 6, proposals of companies include different cost and completion time values from one company
to another. Site management has to form the improvement plan by considering uncertainty and variability of
offers from 3 companies.

After determination of problem parameters, IMCSM with fuzzy parameters is constructed. The goal of this
model is to maximize the numbers of buildings assigned into desired classes. Performance scores of buildings
are aggregated by using weighted sum function and calculated BES value is used for determination of building
label. There are different companies for each improvement action with different costs and completion times.
Moreover, some problem parameters (action costs, budget limit, effects of actions, completion times and time
limit) are fuzzy uncertain. Different companies can perform their activities together, but each company can
perform one job at a time.
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Table 5. Offers for improvement actions.

Action A1 A2 A3 A4 A5
Effects on C2 C3 C4 C6 C5 C6 C7

B1 [−7,−9) [−8,−9) [−9,−10) [−7,−8) [−5,−7) [−6,−8) [0,−1)
B2 [−14,−18) [−13,−16) [−18,−19) [−14,−17) [−13,−16) [−12,−15) [−21,−25)
B3 [−2, 0) [0,−2) [0, 0) [0,−1) [0,−1) [0, 0) [0,−1)
B4 [−10,−11) [−8,−12) [−6,−7) [−14,−15) [−6,−7) [−11,−12) [−8,−10)
B5 [−16,−19) [−13,−14) [−5,−6) [−6,−9) [−3,−4) [−8,−9) [−6,−7)
B6 [−6,−8) [−9,−10) [−8,−9) [−12,−14) [−4,−5) [−8,−10) [−7,−8)
B7 [−10,−12) [−4,−6) [−10,−12) [−14,−15) [−1,−2) [−13,−14) [−12,−13)
B8 [−12,−15) [−14,−18) [−16,−18) [−15,−16) [−9,−10) [−16,−18) [−20,−22)
B9 [−5,−7) [−15,−16) [−14,−15) [−10,−13) [−13,−16) [−6,−7) [−7,−9)
B10 [−8,−9) [−15,−17) [−5,−7) [−11,−12) [−6,−8) [−6,−9) [−11,−13)

Table 6. Cost and completion time offers of companies.

Action Company A1 A2 A3 A4 A5

Cost (× 1000 TL) L1 [150, 110) [190, 170) [40, 30) [90, 70) [100, 90)
L2 [140, 120) [140, 135) [50, 35) [80, 70) [120, 80)
L3 [150, 100) [175, 160) [45, 35) [90, 80) [115, 90)

Time (days) L1 [15, 12) [10, 7) [10, 9) [11, 8) [8, 6)
L2 [18, 14) [15, 14) [10, 8) [10, 8) [9, 6)
L3 [16, 13) [9, 7) [11, 9) [10, 7) [10, 6)

Table 7. Solution results for different membership values.

Membership value Objective value Selected actions Budget consumed Completion time

Initial state 5 – 0 –
1.0 7 A1 (L1) 150 000 15
0.9 7 A1 (L1) 146 000 15
0.8 7 A3 (L2), A5 (L1) 145 000 10
0.7 7 A4 (L3), A5 (L2) 195 000 10
0.6 8 A2 (L2), A5 (L1) 234 000 15
0.5 8 A2 (L2), A5 (L1) 232 500 15
0.4 8 A2 (L2), A5 (L1) 231 000 15
0.3 8 A2 (L2), A5 (L1) 229 500 15
0.2 8 A2 (L3), A5 (L2) 251 000 8
0.1 10 A2 (L2), A3 (L3), A5 (L1) 262 500 15
0.0 10 A2 (L2), A3 (L3), A5 (L1) 260 000 14

5.2. Solution results

Proposed IMCSP with fuzzy parameter is solved under different membership values according to the method-
ology of Fuzzy Parametric Solution Approach [31] on a PC with Intel R○ CoreTM i7-5500U @2.40 GHz processor
and 8 GB RAM with CPLEX solver of GAMS 24.1.3 optimization software. Objective function value, budget
consumed and selected actions are presented in Table 7 as the solution table for the decision maker.

According to the acceptable uncertainty of decision maker, one of these solutions can be selected as an
improvement plan. Let’s assume that the acceptable uncertainty level for decision maker is 0.4, which means a
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Table 8. Final performance scores and classes of alternatives for 𝜇 = 0.6.

Alternative C1 C2 C3 C4 C5 C6 C7 Class

B1 11 16 15 1.6 7 1.6 2.6 B
B2 25 25 21 4.6 24 6.8 4.4 D
B3 12 1 3 1 2 1.6 1.6 A
B4 13 19 16 2.6 8 3.6 6.2 B
B5 20 26 28 2.6 7 5.8 5.6 C
B6 17 12 14 2.6 9 3.2 5.6 B
B7 11 19 11 5.2 5 5.6 4.6 B
B8 19 20 23 6.2 16 8.6 5.2 C
B9 21 15 23 5.6 19 3.8 10.2 D
B10 18 13 22 4.2 10 3.6 3.2 C

solution with 0.6 membership value is acceptable. For this solution final performance scores of alternatives and
their classes are presented in Table 8.

As it can be seen from Tables 7 and 8, due to the selection of A2 and A5 as actions to be performed, perfor-
mance scores of buildings were changed in views of C4, C6, and C7. Under this uncertainty level, completion
time will be 15 days and 234 000 TL of budget will be consumed. After these changes, 8 of 10 buildings are
assigned to desired classes. Different improvement plans can be developed to assign the other buildings.

6. Managerial insights

The main aim of this study is to propose a mathematical model with fuzzy parameters and a solution approach
for it to support improvement planning decisions in classification based decision problems under uncertainty.
By using the proposed model, decision and policy makers may obtain optimal improvement plans under fuzzy
uncertainty. In some cases, values of problem parameters cannot be known exactly or no statistical data for
these values can be obtained. Based on the opinions of experienced people in the application area, fuzzy values
for parameters can be derived. This is the main reason for proposing a model with fuzzy parameters.

Solutions obtained from this model can lead policy makers to understand in which way they should make
new regulations for continuous improvement. In some countries like Germany and England, an information
package including energy efficiency improvement information is presented to real estate investors. This model
can be considered as a development way for the current BEP-TR model in Turkey with an extension of energy
efficiency improvement strategy suggestions. This model can also be used in energy efficiency topic by house
owners and construction companies to develop optimal plans under uncertainty of parameters.

In most of the construction projects like the case study in this study, parameter values contain uncertainty.
Each project may have specific characteristics, so parameters for its elements like completion times, costs, etc.
may differ from any other project. To estimate the parameter values, asking opinions of some construction
experts may be a useful approach. Moreover, other similar problems like class success improvement in education
or hospital service quality improvement in healthcare systems can also be solved by using the proposed model.
In such systems where collecting statistical data is difficult and historical data is insufficient, fuzzy logic is a
useful tool for defining uncertain problem data. Fuzzy logic helps to express the evaluations made by experts
on the value of a parameter based on their experience.

7. Conclusion

Energy efficiency is a very popular topic in today’s world. Increasing population and developing technology
leads more and more energy consumption by time. So, efficient use of energy is a key issue for a sustainable
world.
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Energy efficiency of buildings is an important issue, due to the high proportion of energy consumption. Like
many other countries, Turkey has made some regulations for energy efficiency evaluation and improvement in
buildings and activities on this topic are also going on. The current energy labeling algorithm in Turkey (BEP-
TR) is just interested in measuring the energy needs. However, there are some algorithms around the world,
which suggest improvement strategies besides presenting the energy label.

In this study, a decision model based on Inverse Multiple Criteria Sorting Problem with fuzzy parameters is
proposed to determine energy efficiency improvement strategies for buildings. The proposed model is important
in that it is the first study to apply IMCSP with fuzzy parameters. This model can be used as a decision support
tool for property owners for selection of actions in order to improve energy efficiency of their properties. Also,
construction companies working on energy efficiency improvement actions can use this model to support their
improvement plan offers they prepare for their customers.

Also, this model can be considered as a generic model for improvement of multiple criteria sorting applications.
Decision makers in different sectors like education, healthcare, production, etc., who is not happy or want to
improve the class of objects in their application and don’t have sufficient amount of data for problem parameters,
can use this model to determine improvement strategies for their systems.

The main limitation of the study is presenting the solution of the model with an application of small dimension
data. In further studies, solution capability of the proposed approach can be tested. Also, a decision support
system with a user interface could be developed to present a useful tool for a wide range area of applications.

As an extension of the application, results of energy efficiency measurement algorithms in different countries
can be compared with the results of the proposed approach. The proposed approach can also be utilized on
different sorting problems such as education, healthcare, human resources management, etc. to improve present
classes of objects. For example, Bhuniya et al. [5]’s study can be extended as a customer service level improvement
study in a supply chain or Aktas et al. [1]’s study as a hospital service quality improvement study by using the
proposed model. Also, the proposed model can be tested on several industrial case studies in further studies. In
these case studies, effects of parameter value changes can be investigated by conducting sensitivity analyses.
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