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ABSTRACT

Multi-Criteria Decision Analysis (MCDA) and in particular the Analytic Hierarchy Process (AHP) is
widely used in construction thanks to its versatility and ability to involve qualitative and quantitative
data in the analysis. On the other hand, many complex problems are difficult to be solved because of
the large amount of information to be considered.

In this paper, an Augmented Reality based Decision Making (AR-DM) is proposed to get a novel
MCDA following the hierarchical structure of the AHP. For the first time, the AR immersive
environment is combined with the Simos-Roy-Figueira method to provide a large amount of visual
information during the decision phase. The proposed approach is tested to support the selection of an
experimental Precast Concrete Panel for RC Buildings retrofitting. Finally, a comparison with the
classical approach and two other improved version of the AHP procedure is performed to validate and

show the potential of the method.
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1 Introduction

Multicriteria decision making, and in particular the Analytic Hierarchy Process (AHP) is a wide used
tool in different areas of construction [1]. These effective mathematical tools can support the subjective
evaluation of performance criteria by decision-makers [2,3]. In particular, the AHP allows to
decompose complex problems in its basic components in order to individually analyze every aspect on
the base of different criteria. After each component is weighted and judged, all the problem parts can
be reassembled to recompose the whole problem puzzle and give the resulting priority scale to the
decision maker. One of the main advantages of these approaches regards the possibility to consider
both qualitative and quantitative data in the analysis. These positives aspects allowed the wide use of
this tool in different areas of constructions. The principal field of application of the AHP in construction
can be classified as follows: i) project or construction stage; ii) maintenance and intervention and iii)
safety or risk analysis

1) In the project or construction stage, Fong and Choi [4] and Jaskowski et al. [5] used AHP for the
contractor-selection decision, and in a similar way, Plebankiewiczm and Kubek [6] and Kahraman et
al. [7] identified the best material supplier choice. Wong and Li [8] analyzed the selection of the
intelligent building systems by identifying key selection criteria using AHP methodology. In addition,
different contributions provide adequate solutions by AHP for the systematic evaluation of many
factors, which include efficiency, user comfort, safety, reliability, functionality, and maintainability, to
characterize the design work [9] and the weighting of soft benefits in comparison with costs [10,11]
and environmental impact [12] and to support the selection of construction systems according to their
contribution to sustainability [13];

ii) AHP have a positive impact to support maintenance and intervention, by comparing many measures,
such as multi-attribute, multivariate qualitative and quantitative data [14]. Such performance
assessments are used to evaluate different aspects of construction, such as safety evaluation and
management in construction sites [15,16,17], green building rating [18], energetic rehabilitation
[19,20], construction management [21, 22];

iii) Several applications involve the use of AHP in safety or risk analysis to evaluate building safety
performance level [23,24], hazardous phenomena such as marine aggressive environment [25],
vulnerability by take qualitative data into account [26,27], large-scale structural vulnerability analysis

[28, 29], and muti-risk analysis such as seismic and volcanic risk assessment [30, 31, 32].

Comparing a large number of criteria in the field of construction is often necessary. The trend is
increasing the involved parameters to perform multi attribute analysis even more complex.
Consequently, many problems are difficult to be solved by the “users” or Decision Makers (DMs)
because a large amount of information that need to be considered in the weights’ evaluation phase. In
addition, often the AHP analysis requires time consuming and the involvement of non-expert users in

the decision-making process. Some recent research focuses on novel approaches in order to decrease



the necessary number of comparisons in AHP. For instance, Ishizaka [33] proposes a method based on
clusters and pivots and Abastante et al. [34] validated a methodology to reduce and avoid the
comparison between relevant objects and less relevant objects.

An effective tool that can support multi-criteria methods is the Augmented Reality (AR). There are
few attempts to use the AR in support of decision-making process related literature [35] and exhaustive
studies to synergistically include the AR technology in a multicriteria decision making approach is
missing. Nevertheless, the potential of AR in the construction sector is amply demonstrated [36, 37].
Indeed, some authors investigated the use of distributed AR in collaborative design applications to
support architecture and interior design [38]. In addition, such tool can be useful in improving
construction, management, maintenance and renovation of structures [39]. Finally, the related literature
also demonstrated the potential of some spatial AR helpful at the territorial scale applied to the urban

design, geographic information system and large construction management [40].

In this paper, a novel Augmented Reality based Decision Making (AR-DM) is proposed to get a
powerful multicriteria analysis approach. The AR-DM exploits the immersive virtual environment to
visually provide a large amount of information during the decision process. The novel approach starts
from the problem structuring in a flowchart (typical of the classical AHP), and proceeds with new
phases inspired from the SRF method. The AR-DM steps are listed as following: 1) structuring of the
problem; 2) setting of the AR environment; 3) local weights evaluation; 4) synthesis of priorities.

In particular, the structuring of the problem and the synthesis of priorities (steps 1 and 4) follow the
classical AHP procedure. In this way, the proposed approach can exploit the decomposition of the
problem into independent criteria to transform a multidimensional scaling problem into many one-
dimensional scaling problems. This process is very useful to study each criterion individually and
identify the best 3D models that can be used in AR to support the analysis. The synthesis of priorities
of the AHP is strictly related to the structuring of the problem and consequently considered in the
proposed approach. Moreover, steps 2 and 3 exploit the AR technology and an adapted version of the
Simos-Roy-Figueira (SRF) method [41] for an effective weight evaluation. The SRF was developed
for the ELECTRE method in order to provide a simple and visual approach for the local weight
evaluation. Such approach is very effective to be adapted and used in combination with the AR. Indeed,
thanks to this combination, the user can perform the weighting of complex decision by exploiting useful

information displayed in the AR environment.

The novelties of the proposed method are listed in the following items:

1) Compared to AHP, in the AR-DM the decision maker can make the comparison of the involved
parameters exploiting the SRF procedure in a useful AR environment. In this way, even non-
expert users of the specific problem can successfully carry out the procedure thanks to the

useful information displayed in the virtual 3D models.



ii) Compared to SRF procedure, the proposed weights evaluation procedure is applied several
times to obtain all the weights defined in the hierarchical structuring of the problem according with the
AHP. In addition, the algorithm for weights evaluation is improved, based on the aggregation principles
of local weights of the AHP.

i) An adapted consistency tests can be used to assess the reliability of the local weights.

In this contribution, the proposed approach is used to select the best experimental Precast Concrete
Panel (PCP), to be integrated with a novel technology for building retrofitting [42] and applied in a
case study located in the southern Italy.

Finally, a validation is obtained by comparing the novel approach with three methods (the classical
AHP procedure and two other recent improved version of the AHP) by investigating the same decision
problem.

The rest of the paper is structured as follows. Section 2 describes the AR-DM approach specifying the
step-based procedure; Section 3 presents the case study and shows the application of the AR-DM
approach. Section 4 shows a comparison with the classical AHP and other two improved AHP and

discusses potential of the methods. Finally, Section 5 draws the conclusions.

2 The AR-DM methodology

This section proposes the novel procedure based on the synergic combination of AHP, AR and SRF.
The AHP is the theoretical approach used to effectively structure de decision and achieve the final
decision ranking. AR provides a large amount of visual information to support the DM (or “user”) in
the decision process. Furthermore, the SRF is the theoretical starting point that allowed to develop the

novel approach to make the comparison and obtain the weighs evaluation.

2.1 Overview of the method: the four steps of the AR-DM

In this section the novel procedure of the AR-DM is described and the following AR-DM 4-steps
Method are presented: 1) Structuring the problem (AR-DM Step 1); 2) the AR setting (AR-DM Step 2);
3) local weights evaluation in the AR environment (AR-DM Step 3); and 4) Synthesis of priorities (AR-
DM Step 4).

In particular, Step 1 follows the footstep of the AHP [43] and is devoted to decomposing and structuring
the problem in a flowchart to obtain a complete overview of the involved parameters which are
classified as macro-criteria, criteria and alternatives. Note that hereafter the term parameters is used to
generically indicate macro-criteria, criteria or alternatives.

In the Step 2, the AR environment is set by following a specific procedure to create the virtual 3D

models.



Step 3 regards the parameters evaluation by the DM by using the improved SRF-based approach. The

evaluation is performed directly in AR exploiting the 3D models and according to the following three

“AR phases”:

o firstly (AR phase 1) the user orders the 3D models to perform a local preliminary ranking,

e secondly (AR phase 2) the user compares 3D models in pairs and achieve the local ranking,

o thirdly (AR phase 3) the local weights evaluation is performed by exploiting SRF theory and a local
consistency test is used to verify the coherence of the results.

The Step 3 is repeated until all parameters are weighted.

Finally, in Step 4, if all parameters are weighted, the synthesis of priorities is performed to obtain the

global weights.Figure 1 shows an overview of the method illustrating the fundamental steps and phases

in a flowchart.

The steps and phases of the procedure are described in detail in the following subsections.
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Fig.1. The flowchart of the AR-DM procedure.
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2.2 AR-DM step 1: Definition of goal, criteria, and alternatives
The AR-DM step 1 regards the identification of the goal and the structure of the problem according to
a hierarchical flowchart composed by different levels [43]. This step provides a detailed, simple and
systematic decomposition of the parameters of the problem into its basic components. This flowchart
represents the goal of the analytical process, the macro-criteria, criteria and alternatives classified in

different levels, to have a complete description of the considered phenomenon.

2.3 AR- DM step 2: AR and 3D models setting
The AR-DM step 2 is essential for the procedure and in this phase AR environment and the virtual 3D
models are set for the analysis.
The number of 3D models that are necessary depend on the number and typology of parameters to be
analyzed and structured in the flowchart of AR-DM Step 1. In particular, a 3D model can be designed
for every alternative and customized with respect to the criterion to be analyzed in order to show the

most useful visual information connected to the criterion.

In particular, every 3D model could enclose the following information: i) the name of the parameter;
ii) the representative 3D model or scheme; iii) an useful description or qualitative information connected
to the parameter; iv) quantitative data, which can be typological, functional, characteristic or economic;

v) advantages, vi) disadvantages or other information.

2.4 AR-DM step 3: local weights evaluation
After all the 3D models have been created, the DM can perform the local weights evaluation by analyse
every single aspect of the decision problem in the AR environment.
In particular, the AR supported analysis is carried out in three phases named AR Phase 1, AR Phase 2,
and AR Phase 3. These three AR phases are developed in accordance to the SRF theory and are explained
as follows.
Let us assume that a set of 3D models is defined to evaluate a set of parameters.
In AR Phase 1 the user is asked to rank the 3D models (representing a set of parameters in relation to
a specific criterion) from the less important to the most important according with the decision theory of
SRF [41]. So, the user orders the 3D models in an AR environment by assigning to them an ascending
importance to obtain a preliminary local ranking: the 3D models positioned to the left correspond an
assignment of low importance, on the contrary in the right part of the AR environment the user can
position the most important 3D models. In addition, if the user decides that some 3D models have the
same importance (i.e., the same weight), he can assign the same position to a subset of 3D models.
Consequently, the output of AR Phase I is a local preliminary ranking of the considered parameters.
Figure 2 represent the local preliminary ranking of a generic set of 3D models from less important to

most important.
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Fig.2. Example of AR phase I: local preliminary ranking of a set of 3D models (representing

parameters).

In AR Phase 2, the user can decide how large the differences of two successive 3D models (or subsets
of 3D models) are. This operation is made by comparing in pairs adjacent 3D models. The users can
introduce empty spaces (represented with white cubes) between two successive 3D models (or subsets
of 3D models) in order to increase their differences in relation to the local preliminary ranking. The
absence of empty spaces between two consecutive 3D models means small difference. The more empty
spaces are introduced, the more the differences between the two 3D models are considered. The AR
Phase 2 finishes with the assignment of a rank (local ranking), both to the 3D models, empty spaces
and subsets 3D models (Figure 3).
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Fig.3. Example of AR Phase 2: local ranking obtained using 3D models and empty spaces (white

cubes).

In the AR Phase 3 it is possible to derive weights from the result of AR Phase 2. This procedure is
proposed starting from the theory of SRF. Compared with the classical SRF method, the algorithm for
weights evaluation is improved, based on the aggregation principles of local weights of the AHP in

order to apply the weights evaluation procedure several times and weight all the considered parameters.



Now it is necessary to formalize a mathematical procedure to extract weights from the local ranking
obtained by using 3D models and empty spaces. Let us assume that a set N = {p|p =1, ...,n} of
parameters (with n € N where N is the set of natural numbers) are analyzed through the AR phases and
let us denote C = {cp |p =1,.., n} the set of 3D models ¢, where c,, is associated to the p™ parameter
for p = 1, ...,n. In addition, we define the set E = {q|q = 0, ..., m} (with m € N) of empty spaces. A
rank 7, € {1,...,n + m}is assigned to each 3D model c,, € C during AR Phase 2. The local weight v, €
R™* associated to each 3D model ¢, € C (and then to each parameter p) is computed by the following

formula:

n
Xp=1Tp

vp forp=1,..,n, )

where R™ is the set of real positive numbers. Note that it holds v, € [0,1] with 22:1 vp = 1. We remark
that equation (1) is defined in order to respect the principle of the weight extraction of the matrix of
Saaty [41] where the weights are normalized to 1 by considering the perception of the DMs.

At this point, a suitable local consistency test is proposed in order to verify if the user is aware of the
choices made in the AR phases, and to check the weighs coherence. The presented test is inspired by
the theory of Saaty and SRF [4143]. Indeed, analogously with the AHP and the matrices of Saaty, the
proposed consistency test is based on additional and redundant judgements in order to verify the
coherence. In addition, it is specified to be compatible with the proposed AR phase 2.

In particular, in the AR system the DM is asked to perform an additional 3D model comparison (between
two 3D models randomly extracted from the set C) expressing numerically how much one parameter
(associated to the 3D models) is more important than another. Let us assume that the user extracts the
3D models ¢; and ¢; (with i and j = 1, ...,n) and assigns a value k to this pair comparison. This value
k represents the difference between ¢; and ¢; according to the user's perception. Consequently, if the
user has consistently applied the AR Phase 2, k should have a similar value to the ratio between the
weights v; and v; associated to ¢; and ¢; respectively.

Consequently, the local consistency denoted LC(i, j), is evaluated by the following formula:

k=(vi/vj)
vi/vj

LC(i,j) = foreach ¢;,c; € C with i# j. 2)

Formula (2) numerically specifies the difference between the additional comparison expressed by k and
the obtained weights v,,.

On the basis of several empirical tests in agreement with Saaty [43], it is possible to assume that the
values LC(i,j) < 0.30 are acceptable. It is worth noting that this first local consistency test does not
ensure that the final result is reliable, but it indicates whether the user has a good perception of the

importance of the analyzed parameters.



It should be note that analogously to AHP, the proposed AR-DM can include also quantitative
parameters in the analysis. If the DM needs to evaluate a set of parameters N composed by numerical
values of the same unit of measurement, the weights of this parameters can be directly obtained

normalizing the numerical values of the parameters.

2.5 AR-DM step 4: synthesis of priorities

In the final AR-DM step 4, the synthesis of priority (or weights aggregation) is performed to determine

the rankings and the global weights for each alternative by following existing approaches widely used

in related literature for the MCDMs.

To this aim, the weights of criteria are combined with the weights of the alternatives in order to obtain
the global weights. In the related literature there are many equations to perform the weights aggregation
and the use of a specific equation depends on the investigated problem [24, 44]. This work uses the
simplest and widespread weights aggregation method existing in literature of the weighted sum. In this
approach, the global weights are obtained by multiplying each criteria weight by the alternative weight

and totaling the results for each alternative [45].

3 AR-DM application to the case study

The proposed approach is applied to select the best cladding for the experimental Precast Concrete
Panels (PCPs) devoted to energy retrofitting. The several involved criteria and alternatives are difficult
to be compared because the DM shall simultaneously consider many information about the novel PCPs
system to make a consistent decision.

The following subsections describe in detail the PCPs system, the case study, and the application of

the AR-DM to face the complex decision problem.

3.1 The PCP system

The novel intelligent PCP system is devoted to satisfying thermal, structural needs and performance
monitoring of the residential reinforced concrete buildings (built after 1950). It is composed by
innovative precast concrete panels integrated with elements installed directly on the existing building
structure / fagade and equipped with a set of data acquisition devices (Figure 4) [46, 47].

One of the advantages in using the PCPs system is the possibility to integrate the external cladding
already during the prefabrication process, avoiding the typical waste of time due to the building finishes
after retrofitting [42]. Nevertheless, the choice of a coating material rather than another is of basic
importance. In fact, it can affect the characteristics of the panel in terms of aesthetical effect, time and

needs of production, installation, technical properties, and economic sustainability.
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Fig. 4. Constructive detail of the innovative precast concrete panel system.

3.2 The case study

The choice of the best PCP depends on the case study considered for the retrofitting. Since the PCP is
a novel and experimental technology, the decision is made complicated by the absence of previous
applications both in practical and scientific scenarios. Hence, the DMs (or users) are represented by a
group of practitioners (designer) operating in the construction field.

The considered case study regards a RC building of an economic-popular residential complex located
in Trani, a city few kilometers far away from Bari (Italy). It was built between 1958 and 1963, consisting
of a basement and two floors, four apartments and a regular footprint area of 258 m It has two principal
facades with lodges and balconies, a lateral blind facade and the last one shared with another building.
The external wall thickness is 25 cm in the lodges and 40 cm in the rest of the building with a thermal
transmittance value (U-Value) of 1.03 W/m’K. The original envelope is realized in stone tiles in the

basement and plastered in the upper part with no insulating layers included.

In the following subsection the AR-DM is used to select the best PCP cladding to be applied in the
defined case study, considering the necessity of the building retrofitting and its integration in the local

context.

3.3 Step 1: the problem structuring
The AR-DM step 1 consists in the Structure of the Problem to determine an effective choice regarding

the best selection of the PCP cladding for the building envelope.



In particular, the goal is defined as the Precast Concrete Panel Cladding Selection. To this aim, six
criteria i (with i=1,...,6) are defined to characterise the envelope by considering four macro-criteria:
aesthetics, production and executive needs, thermal behaviour and costs.

In addition, a set of six different intelligent precast envelope solutions are proposed as alternatives
j (with j=I,...,6) of the decision problem. The six criteria, and the six possible alternatives are
structured in a hierarchical flowchart that is showed in Figure 5. It is worth noting that every alternative

is related and then connected with all the defined criteria.
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Fig. 5. Structure of the Problem: criteria and alternatives to determine the best intelligent precast

envelop.

The rationality of the defined six criteria and alternatives is explained as follows.
The First macro-criterion and criterion regards the aesthetic aspects of the panel in relation to the case
study:

1) Aesthetic Impact (i=1) is an important factor because may have a strong influence on the
society. Indeed, since the PCPs system is born for the social houses retrofitting, a low aesthetic
impact may have some negative effect i.e. marginalization and social discrimination. Instead,
a high aesthetic impact may return dignity to the building, integrate tenants with the rest of the

city and makes the building gain value [48].

The Second macro-criterion takes the Production and Executive Needs into account to evaluate the

PCP cladding. It considers two qualitative criteria, one related to the vehicle required to transport the



panels from the factory to the construction site and another to evaluate the realization complexity

required during the prefabrication and installation process of the panels. To this aim, the second and

third criteria are defined:

2)

3)

Required construction vehicles (i=2) is related to the typology of lorry employed to deliver the
panels to the construction site. In general, the most used vehicles for precast modules (module
up to 3 m) are the articulated lorry and the combined truck with tractor and trailer. The Italian
road regulation lays down the size limits and the permissible weight of vehicle bodies.

Indeed, articulated lorry shall not exceed 16.50 m in length and 2.50 m in width with bodies
12.50 m or 13.60 m long. In addition, the elements shall be placed in the body up to a height of
2.50 m and the maximum load they may transport shall be 300 kN.

The combined truck can be 8 m long maximum, 2.50 m wide with a 6 m long trailer. The load
is 150 kN and the goods can be placed up to a height of 2.50 m. If they enclose the crane to
move and install the elements on the building facade, the deliverable load decreases of about
the crane weight [49].

The type of vehicle used and the number of trips depend on the arrangement and the maximum
number of panels. In turn, they depend on the size and weight of the panels. In addition, the
wooden beams to separate the rows of panels and protect their cladding shall be considered.
They reduce the permissible load of the vehicle of about 2%.

Realization Complexity (i=3) is important to consider the different requisition and measures for
the correct production and execution of the panels both in the factory and in the construction
place (according to the rules of workers prevention and protection on the work). In particular,
caution during the movement phases, scaffolds, props and stiffening of anchors are considered
in this criterion. The necessity of retail labour and the time for fabrication and installation are

also included.

Another significant macro-criterion is the Thermal Behaviour of the building which can be assessed

through two important quantitative criteria:

4)

5)

Thermal Transmittance (i=4) is the coefficient of heat transmission between surfaces. The
regulation UNI EN ISO 6946:2018 defines the thermal transmittance as “the heat flow through a
unit surface subjected to a temperature difference of one degree”. It depends on the material
characteristics and thickness of the building component [50]. The Italian regulation establishes
the limit value of the existing building elements subjected to energy improvements. It is 0.36
W/m’K for the walls. At lower values correspond a better thermal performance of the building
component [51].

Thermal Inertia (i=5) is the capacity of a building component to mitigate the temperature
fluctuations in the internal environment due to the variation of thermal loads throughout the day,

to accumulate and release heat after several hours. According to the regulation UNI EN ISO



13786:2018, two dynamic parameters are considered in order to appreciate the wall thermal
inertia: the periodic thermal transmittance and the periodic internal thermal capacity. The first
parameter evaluates the heat shift for 24 hours, the second one is the effective thermal
accumulation capacity of the wall. High performance of the wall is determined by a periodic
thermal transmittance value lower than 0.10 W/m?K (time shift coefficient greater than 12 hours
and attenuation factor lower than 0.15), and a high value of periodic internal thermal capacity
[52].
The final macro-criterion considers a preliminary evaluation of Costs. To this aim, the last quantitative
criterion is defined as follows:
6) Expected Cost (i=06) is the economic parameter that considers the increasing of expenses to realize
the PCP in function of the cladding material and its assemblage technology. It takes into account
the costs of the labour in the factory and in the construction site, the increasing in production,

installation, refinement times and the mere costs of the materials.

Supposed that the retrofitting technology of the PCPs System remains unvaried, six PCP alternatives
may be defined at the cladding variation.

1) Exposed Concrete (j=1) is the base panel (PCP) of the experimental retrofitting system. The
standard module is 1.2 m wide, 2 m long and 0.1 m thick. It consists in a precast sheet in
reinforced concrete, an internal insulating layer in lightweight mortar and recycled EPS blocks
[42]. Its external finish is smooth and shows the typical grey color of Portland cement concrete.

2) Wood Coated (j=2) is the PCP integrating the wooden planks used for external surfaces covering.
According to the designer project, the planks are easily mounted in the construction site by a
mullion-clip system embedded in the external concrete sheet of the panels. This technology
permits hiding the junctions among the panels.

3) Brick Coated (j=3) is the base panel integrated with ceramic solid bricks during the prefabrication
process in its visible part. The bricks, 25 cm long, 12 cm wide and 5.5 cm thick, are arranged in
rows along the width and with offset vertical joints. In order to reduce the panel weight, the
hypothesis to cut the bricks has been considered, obtaining pieces of 2.5 cm thick. Hence, the
panels leave the factory already with the brick coat.

4) Ceramic Coated (j=4) is the standard PCP cladded with ceramic tiles already in the factory, before
casting the concrete of the sheet. They can be arranged according to the architectural design and
with various shape tiles. Those considered are 20x40 cm in brown shadows. Also in this case,
the PCPs leave the factory integrated with the ceramic cladding.

5) Stone Coated (j=5) is the base panel cladded by “Trani’s stone” tiles. This stone type is widely
used in Apulian region, in the southern Italy, for its characteristics and whitish aspect. In the

factory, according to the designer drawing, the tiles are arranged as first layer of the PCP and



integrated in the slab by means the concrete casting. The stone coated PCP arrives to the
construction site ready to be mounted on the building.

6) Plastered (j=6) is the base panel integrated with a set of layers composed by mortar, a plaster net,
second layer of mortar and the colored tint. After installing the panels and adding the net in the
junctions among the panels, the existing building facade is cladded in situ with the plaster,

colored on the client request.

3.4 Step 2: the PCP selection in AR

Once the problem is defined, the AR-DM step 2 is applied and the 3D models c¢; associated with
alternatives j (for j=1, ... ,6) are realized.

In particular, six 3D models are developed to show in AR the final effect of the different PCPs applied
to the case study useful to compare the Aesthetic Impact of the final possible results. Moreover, other
six 3D models are realized to represent the different PCP cladding variation in order to support the
evaluation of Realization Complexity. Figure 6 shows the 3D model of the Stone Coated PCP in the
left and the Stone Coated PCP applied to the case study in the right.

It is worth noting that the comparison regarding the remaining criteria of Required construction
vehicles, Thermal Transmittance, Thermal Inertia and Costs can be carried out quantitatively as
described in the last sentence of AR-DM step 3. To this aim, there is no need for specific 3D model to

support these specific comparisons.

o

Fig. 6. Stone Coated PCP: 3D model of the panel and application to the case study.



3.5 Step 3-4: the evaluation of local and global weights
In AR-DM step 3, every criterion and alternative are analyzed in order to weight the involved
parameters. Let us define the set of criteria N; = {i|li = 1, ...,6} and the set of alternatives N, =

{jlj = 1, ...,6}. The local weights of criteria and alternatives are defined as follows:

* v; is the local weight associated with the i criterion Vi € Ny;
* w;j is the local weight associated with the j* alternative related to the i criterion, for

Vi € Ny, Vj € N,.

By involving the evaluation of the group of users operating in the construction field, the AR-DM step 3
allows evaluating local weights: an evaluation is applied in order to identify the tabulated weights of
criteria v; and six ones are developed to evaluate the alternatives w ;.
In particular, the rank 7; is assigned to each criterion i during AR Phase 2 and consequently the local
weights v; are computed on the basis of equation (1) by considering p = i.
In addition, six ranks r;; are assigned to each alternative j with respect to each of the six criteria i
during AR Phase 2. Subsequently, local weights w; ; are computed by reworking equation (1) as
follows:

Tij

Wi,j = e ,VJ € Nz,Vi € Nl' (3)

j=1Tij

To provide an example, the users start from the evaluation of the Aesthetic Impact (i = 1) by
considering the alternatives j € N,. In AR phase I the users order the 3D model associated to
alternatives j on the base of his qualitative judgement from the one that have the worst Aesthetic Impact
to the one that has the greatest Aesthetic Impact. Subsequently, in accordance with AR phase 2 a set
of empty spaces are used to increase the differences between two consecutive alternatives.

Figure 7 shows the Aesthetic Impact evaluation in AR environment useful to display and compare the
final effect of the PCPs applied to the case study. In Figure 7 an “on desk” analysis is showed with
virtual 3D models in scale. In this case the users consider Ceramic Coated PCP as the best aesthetical

solution (positioned on the right in the AR environment).



3 Exposed conerete Plaster

Aestetic Impact

Fig. 7. Example of AR phase 2 by considering Aesthetic Impact criterion.

The weights w; ; are determined by using equation (3) and exploiting the rank assigned and showed
in Figure 7.

In addition, a Local Consistency check is performed and the users randomly extracted alternatives c,
(Ceramic Coted) and c,(Wood Coted) according to AR phase 3. The users assign a value of ks, = 9.5
to the pair comparison between c, and c,. This value k represents the differences between c, and c,
according to the user’s perception. In particular the users believe that ¢, has a weight 9.5 times greater
than c,. If the AR Phase 2 has been consistently applied, k should have a similar value to the ratio
between v, and v,. To this aim, by reworking equation (2), it is possible to verify the Local Consistency

as follows:

9.5— (W1,4/W1,2)

Wi/ W12

L C4_,2 = . (4)

The Local Consistency check is verified since it holds LC,, = 0.056 < 0.3, i.e., the DMs correctly

carried out the procedure.

Analogously, the AR three phases are performed for all the criteria and alternatives. In this way, all
values of v; and w; ; Vj € N,, Vi € N; are determined.

To provide another example and show the potential of the AR environment in support of the decision
making, Figure 8 and Figure 9 show the local weights evaluation of the alternatives in relation with
the criterion Realization Complexity performed directly on site. Figure 8 shows how every 3D model
can be rotated and displayed at the real scale in AR environment, in order to comprehend many aspects
of the PCP, including the element of which are composed, the installation methods, the used materials,
the stratigraphy and the final result. More in details, Figure 8 shows how the the Wood Coted PCP is
applied to the existing fagade allowing the visualization of all the components.

In addition, the ranking evaluation of all the 3D models related to the criterion realization complexity

is showed in Figure 9. In the left part of the figure, the PCPs with less Realization Complexity are



positioned (the Exposed Concrete PCP), while on the right the more complex ones are located (the
Brick Coated PCP). Also, in this case equation (3) is used to obtain the local weights. After obtaining
all the local weights of the problem the tabulated weights related to the considered Structure of the
Problem are achieved (Table 1).

= e = 2

Fig. 8. Wood Coted PCP: virtual application on site during the building retrofit displayed in AR.

Fig. 9. Ranking of 3D models related to the Realization Complexity criterion performed on site.



Table 1 Tabulated weights obtained with the AR-DM

Criterion Vi Alternative Wi

Exposed Concrete 0.10
Wood Coated 0.03
Brick Coated 0.07

Ceramic Coated  0.31
Stone Coated 0.28
Plastered 0.21

Exposed Concrete 0.18
Wood Coated 0.15
Brick Coated 0.15

Ceramic Coated 0.18
Stone Coated 0.14
Plastered 0.18

Exposed Concrete 0.30
Wood Coated 0.13
Brick Coated 0.03

Ceramic Coated 0.27
Stone Coated 0.07
Plastered 0.20

Exposed Concrete 0.16
Wood Coated 0.17
Brick Coated 0.17

Aesthetic Impact 0.18

Required Construction Vehicle 0.03

Realization Complexity 0.09

Thermal Transmittance 0.24 Ceramic Coated  0.17
Stone Coated 0.17

Plastered 0.17

Exposed Concrete 0.19

Wood Coated 0.02

. Brick Coated 0.20

Thermal Inertia 0.26 Ceramic Coated  0.19
Stone Coated 0.20

Plastered 0.20

Exposed Concrete 0.19

Wood Coated 0.14

Expected Costs 0.21 Brick Coated 0.16

Ceramic Coated 0.18
Stone Coated 0.17
Plastered 0.17

Then, it is possible to calculate the global weights W]-' (AR-DM step 4) representing the effective

preferences of the group of users with respect to the best PCPs selection for the considered case study.
In particular, the following equation is used to obtain the synthesis of the priority according to the
classical formula of Saaty [43]:

w'y = Xis1 vi X wij, Vj € Ny. )

The obtained global weights are showed in Table 2.

Table 2 Global weights obtained with the AR-DM

Alternative w';
Exposed Concrete 0.18
Wood Coated 0.10
Brick Coated 0.15
Ceramic Coated 0.21
Stone Coated 0.18
Plastered 0.19




4 Comparison among AR-DM, AHP and two improved AHP

A comparison with the classical AHP and two improved versions of the AHP is performed and
discussed in this subsection, in order to validate the AR-DM and emphasize the potential of the method.
In particular, the same decision problem is faced by the same user group by using the following three
approaches: i) the well-known classical AHP based on the three steps of Saaty [43]; ii) an improved
parsimonious AHP methodology including five additional steps developed by Abastante et al. [34]
hereafter named A-AHP; iii) an improved AHP method based on clusters and pivots developed by
Ishizaka [33] hereafter named [-AHP.

The three AHP approaches are applied to the presented case study and are described in detail in the
Supplementary Methodology.

4.1 Comparison of results

The results obtained with the four approaches are very similar and only few differences in the
importance of some parameters appear. In particular, the same preferences and final ranking are
obtained by using all the compared approaches (AR-DM, AHP, A-AHP and I-AHP) for the PCP
selection. Indeed, the group of users individuate the following global weights: i) Ceramic Coated is
the most efficient PCP (according to all methods) thanks to good performing characteristics in all the
criteria and the related global weight expressed in percentage and ranging from 21% to 23%; ii) Stone
Coated, Exposed concrete and Plastered PCPs have a similar global weight ranging between 17% and
19%; iii) finally, Brick Coated and Wood Coated PCPs are the worst panels for the considered case
study with a weight ranging from 13-15% and 9-11%, respectively.

Figure 10 shows the global weights (expressed in percentage) obtained with the four approaches (AR-
DM, AHP, A-AHP and I-AHP) representing the final preferences of the best PCP selection for an

economic-popular residential complex located in Trani.
AR-DM AHP [-AHP A-AHP Exposed Concrete
= Wood Coated
4 = Brick Coated
ﬂ Ceramic Coated
@ = Stone Coated
= Plastered

o

Fig. 10. Global weights obtained with the AR-DM and the classical AHP approach.



4.2 Application differences between the compared approaches
Even if the results of the four approaches are equivalent, users have faced a different difficulty in the
application of the methods. The main differences have been identified in three fundamental features
(Table 3): i) the length of the decision-making, ii) the complexity of the approach and iii) the
consistency of evaluation.
1) The length of the decision-making in terms of time is the first important difference. The proposed
AR-DM is the faster approach and needs on average 15 minutes to evaluate seven rankings. On the
contrary, the AHP requires a time that can vary from 50 to 80 minutes to evaluate seven matrices of
AHP. The A-AHP and [-AHP are able to reduce the number of paired comparisons, consequently these
improved approaches can be performed on average in 50 and 38 minutes, respectively.
i1) The complexity of the approach is the second important difference. The AR-DM is entirely based on
a visual, fast and intuitive procedure exploiting an immersive virtual environment to support the
analysis. The AR environment becomes fundamental to simplify the evaluation process of the DM in
particular for weighting related to Aesthetic Impact or Realization Complexity. Furthermore, this case
study has shown how users become rapidly familiar with the AR-DM method.
On the other hand, the classical AHP required in total 105 comparison pairs to get the final result. In
addition, in the AHP, the support by an expert in the field is required in all procedure phases.
Also in this case, the A-AHP and I-AHP are able to simplify the approach by reducing the number of
comparison. In the proposed case study, the A-AHP and I-AHP respectively required 42 and 63
comparison pairs to achieve all the local weights. Therefore, users are able to focus on fewer
comparisons and keep high concentration throughout the decision process. Such improved version is
easier than the classical AHP.
iii) In conclusion, the consistency of the judgments is a typical problem of the AHP methodology.
Indeed, in AHP applied to the case study, consistency is not immediately reached in over 50% of cases.
Consequently, a trial and error procedure is used to reach consistency: such procedure can divert
decision maker concentration from the decision and compromise the result [21]. On the other hand, in
the AR-DM, A-AHP and I-AHP the consistency is almost always immediately reached. All approaches
reached the consistency at the first attempt for the 85% of the evaluation. In particular, in the AR-DM
approach the AR environment and the speed of the procedure allow users to maintain high concentration
throughout the decision-making process and pass the consistency check. In the A-AHP and I-AHP the
reduced size of the comparison matrices makes it easy to achieve consistency.
To sum up, the four approaches are all effective in terms of achieved result, but the AR-DM uses a more
intuitive AR supported procedure that is able to achieve the same result of the classical AHP in a faster
and more consistent way. For the qualitative parameters that require visual information, the DM founds
in the AR environment an exceptional support.
The A-AHP and I-AHP has very strong points such as the simplicity in the achieving consistency. The

AR-DM compared with the improved AHP methods has similar performance, but it is faster and more



useful for decision problems that require a deep visual investigation of criteria and alternatives, as in

the proposed case study.

Table 3 Application comparison of AR-DM, AHP, A-AHP and I-AHP through the proposed case

study.
Approach | Average Length (Time) Complexity of the approach Consistency Requirement
AR-DM 15 minutes 7 ranking 86% at the first attempt
AHP 65 minutes Rquired in total 105 pairs comparison 50% at the first attempt
A-AHP 50 minutes 7 ranking and 42 pairs comparison 92% at the first attempt
I-AHP 38 minutes 63 pairs comparison 89% at the first attempt

4.3 Methodological differences between the compared approaches

The last comparison of the four approaches concerns the methodological differences in terms of
improvement over the classical AHP.

The AR-DM follows the footstep of the SRF method for the comparison. To this aim the method
provides a graphical support for the DM and avoids direct comparison between the more relevant and
less relevant objects. In addition, the proposed approach is able to avoid rank reversal problems and it
has no limits in the comparison scale (in the AHP, the comparison is limited by the verbal scale related
to values ranging from 1 to 9).

In a similar way, the A-AHP and I-AHP are able to avoid direct comparison between relevant and
irrelevant objects and both the methods can enlarge the comparison scale. In addition, the A-AHP is
able to avoid rank reversal problems as specified in [34]. On the other hand, the I-AHP is able to reduce
only the possibility of the ranking contradiction. Indeed, Ishizaka indicates in [33] that the rank reversal

problem is not completely addressed by his method. Table 4 sum up and schematize the methodological

comparison.
Table 4 Methodological comparison of AR-DM, AHP, A-AHP and I-AHP.
e Graphical support for | Avoid direct co.mparison bezjween Avoid rank reversal Enlafge the
the DM relevant and irrelevant objects problems comparison scale
AR-DM X X X X
A-AHP X X X
I-AHP X X
AHP




5 Concluding Remarks

This paper proposes for the first time a Multi-Criteria Decision Method (MCDM) supported by the
Augmented Reality (AR), one of the enabling technologies of the industry 4.0, named AR-DM. The
novel approach is based on the structuring of the problem in a hierarchy typical of the Analytic
Hierarchy Process (AHP) and exploiting a visual-based comparison of parameters inspired by the
Simos-Roy-Figueira (SRF) method [41].

This ambitious research project is carried out in four phases: i) the definition of the novel AR-DM 4-
steps; ii) the involvement of an improved version of the SRF method to evaluate the weight in synergy
with AR and the AHP; iii) a case study application of the AR-DM to support the selection of the best
solution among six Precast Concrete Panel systems (PCPs) for the building envelope intervention; iv)
a comparison with the classical AHP, and two recent improved version of the AHP in order to validate
the approach and show the potential of the novel method.

The research shows that the posed method exploits the AR to obtain a great support in the decision in
addition to the positive aspects of the AHP and SRF combination. The structure of the problem and the
equation regarding the global weight evaluation are taken from the classical AHP procedure of which
the effectiveness is widely demonstrated in the literature [43]. In addition, the comparison of the
parameters of the decision problem is performed as suggested by the SRF method [41] but readapted
and supported by modern AR tools.

As a result, the decision maker is able to carry out the comparison of the involved parameters thanks to
a very simple procedure developed in AR allowing to determine numerical values for weights. The
comparison is supported by specific 3D models designed to be helpful in the understanding of the
parameters involved in the problem. In this way, even non-expert users of the considered problem can
successfully carry out the procedure. In addition, the method is provided with consistency tests in
accordance with the AHP theory that allows verifying the coherence of the local weights

The peculiarities of the AR-DM method allow overcoming some of the drawbacks of the most common
MCDM:

1) the difficulty for the user to quickly understand and correctly apply the decision method thanks
to the simplicity of the decision analysis in a user-friendly AR environment;

2) the difficulty of applying a MCDM even by users who do not have a complete knowledge of
the problem. This drawback is overcome thanks to the possibility of including useful
information in the 3D model in order to provide a fast and effective understanding of the
parameters to be compared;

3) the difficulty of carrying out the complete method in a short time to allow a high concentration
of the user in all the steps. Also in this case, the AR tool in combination with the SRF makes
the proposed method fast and effective in the same time as demonstrated by the comparison
with the classical AHP, A-AHP and I-AHP;

4) the direct comparison between relevant and irrelevant objects is avoided;



5) the rank reversal problems typical of the eigenvalue method is avoided;

6) the comparison scale is enlarged if compared with the AHP.

In conclusion, this method opens up new possibilities for applying MCDM in a simpler, faster and more
accessible way in order to being able to carry out analyzes also by non-expert users.

The method, thanks to the use of the 3D models in AR, is particularly effective in the field of
construction where technical drawing, axonometry representation and three-dimensional models have
been used for centuries for their ability to visually transmit a useful information to the decision maker.
Indeed, engineers, architects and practitioners can use this approach in any multi-criteria decision that
requires a visual support in many field (energy, structural, realization process, management). Beyond
this, the approach can be used to investigate the needs and perception of non-expert DMs which can be
represented by building users, customers, workers, suppliers etc. To provide some example, the
aesthetic impact (important for users and customers), or the realization complexity of a product
(required for the workers) can be effectively investigated by using the proposed approach.

Future research will focus on a complete analysis of the possibility of applying the method also in
different application fields. In addition, in order to increase the applicability and encourage the use of
the proposed approach, the AR-DM will be implemented in Decision Support Systems (DSS) and smart

devices in order to obtain an even fast and customized tool applicable on a large scale.
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