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Abstract

Construction robots are expected to have disruptiygacts on the building industry, but
there is still a lack of utilisation. While sigreant attention has been paid to technical
advancement, little has been done to comprehegsivelerstand the broader societal issues
associated with the use of this technology. Thigepaims to provide a holistic exploration
of the influencing factors of the future utilisatiof construction robots in a systems manner,
analyse the interactions among these factors aedtiig the key ones that are most
influential in shaping the technological transfotima. A modified fuzzy decision-making
trial and evaluation laboratory (DEMATEL) methoddsveloped and applied. Hong Kong
was selected as the desirable case for the studytauts vibrant yet challenging built
environments. Factors were first systematicallynided and synthesised before being
empirically verified, evaluated and analysed thiodlge modified fuzzy DEMATEL. The
results demonstrate the multi-faceted and compléxigrrelated factors influencing the
utilisation of construction robots. Eleven influemg factors were determined as critical for
shaping the future trajectory of robotic applicaip among which “construction cost”,
“governmental support” and “the scale of prefaliiam@ are the most influential ones. The
findings indicate that more interdisciplinary et®and broader non-technical discussions are
needed to achieve the successful transition ofrthestry towards robotic construction. The
findings further reveal the driving forces of emrimental pressures behind the future
utilisation of construction robots. Detailed ution scenarios which fit to the evolution of
the whole society are recommended for future rebear

Keywords. Influencing factors; utilisation; constructionbat; fuzzy DEMATEL; Hong
Kong.
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1. Introduction

The building and construction industry is incregbmfacing grave challenges on a
worldwide level such as stagnant productivity gitoewdost escalation, an ageing workforce
and skilled labour shortages [1]. Conventional tmresion methods have reached their limits
to meet the growing need for enhancement in prodtyGtquality, safety and sustainability
[2]. The application of robots has been advancednasof the most promising solutions to
reform the industry [3]. However, despite yearsesearch and a growing number of startups
and spin-offs, the real-world uptake of construttiobots remains limited [4, 5], and the
reasons behind this are not entirely understood.

This paper aims to provide a holistic exploratidnirdluencing factors of the future
utilisation of construction robots in a systems m&nanalyse the interactions among factors
and identify the key ones to shape the technolbgiaasformation. The ultimate goal is to
guide future research and technology developmefarteftowards being more target-
orientated. The exploration of factors was carpatin a multi-dimensional and multi-level
manner. A modified fuzzy decision-making trial asdaluation laboratory (DEMATEL)
method was developed and applied for a causal tef@alysis. While construction
automation and robotics cover a broad spectruneaifrologies [2], this study narrows the
focus to robots for buildings, which are regardesl machines or devices that are
programmable, mechanically actuated and have aedegi autonomy, enabling them to
perform construction tasks which are normally dsito humans. Hong Kong is selected as
a desirable case for study. Its building and coiestvn industry has a favourable
environment for utilising advanced construction htemogies like construction robots.
However, few practical attempts in this area hagenbmade thus far [6, 7]. Hong Kong
could enable a comprehensive exploration of pld@didictors, direct or indirect, that may
influence the use of construction robots where itdustry is experiencing the most
fundamental problems that robots aim to solve. &loee, it could serve as a universal
reference point to understand the essentials teetidenorld utilisation of construction robots
towards various pressures and challenges.

In the remainder of the paper, the literature nevie first presented, followed by the
methodology including the systems framework andettgped a modified fuzzy DEMATEL
method. Then, a holistic review and a systematalysis based on the systems framework
follows, which aims to identify and synthesise thiduencing factors. The paper then applies

the modified fuzzy DEMATEL method on the identifiéattors via a survey to evaluate the
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degree of importance of the individual factors aedhonstrate their interrelationships. After
discussing the main findings, the paper drawsatghkisions and provides recommendations

for future research.

2. Construction robots utilisation: evolution, challenge and research

Construction robotics was first discussed in thédk9 which has triggered a plethora of
research development efforts since the initialnaptis in the 1980s [8]. To speed up the
breakthrough of construction robots, technical iesichave increased substantially with
compelling technological advancements and new ¢k [8, 9]. Consequently, a number
of robotic technologies for on-site building constion have been developed, ranging from
single-task robots (e.g. mobile and/or aerial repabbots for facade installation) to
integrated robotic sites, providing evidence fa tapability of robotics to assist construction
tasks in a more efficient, accurate and safe maf@jeCross-sectional technologies such as
building information modelling (BIM), distributedeasing systems, intelligent human-
machine-interfaces and machine learning applicatrenently gained momentum in research
on construction robotics and hold the potentialstyve as interconnecting information
backbones for construction robot applications [¥pwever, the real-world utilisation of
construction robots is still limited [4, 5].

Some previous attempts have been made to interpret slow adoption and
implementation of construction robots. For exampgrszawski and Navon [11] identified
four fundamental reasons for the minimal successraifotic adoption in building
construction, namely, insufficient development, witable building design, inadequate
economic justification and managerial barriers. bah [12] analysed and ranked the
obstacles preventing the infiltration of constraotiautomation and robotics in Japan,
Australia and Malaysia with differing levels of gga Quezada, et al. [10] indicated the
inward and outward forces pushing the construatiolustry towards automation and robotic
use and further highlighted the consequences dhreguirements and job profiles. Despite
the contributions of these studies, concerns ammagoly on the factors associated with
technology and process, and the coupling influeridactors on technological use is poorly
investigated. Construction robots and their evolutas radical innovations to the industry
should be embedded in the social movements, whireh rot only technically and
economically formed, but socially shaped by inteoaxs among various stakeholders [13].

Hence, to explore how construction robots can ssfadly gain in utilisation and unlock
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their potential for large-scale applications, adaker analytical perspective that considers

both technical and non-technical issues and th&rplay is required.

3. A systems framework for influencing factors of the utilisation of

construction robots

Systems approaches have been proposed to undersemaology evolution and
transition as complex systems that involve the wiset of stakeholders, processes, products,
technologies, business, policies, culture and sleNelopment. These systems have been
described using terms such as “socio-technical], [E2ological’ [14], or “dialectical” [15],
foundational to which is the emphasis on the comigledynamics and multi-dimensional
nature of systems’ elements and their interactions.

Studies on construction robots have concentrated“tenhnical” aspects, while
insufficient research has comprehensively exploteé “non-technical” factors and
interactions among them to influence the real-wartdisation. Drawing on the systems
theory, this study argues for a systems approactxamine the utilisation of construction
robots as complex systems, which integrates theisheukl perspective (MLP) [13] and the
PESTLE (political, economic, socio-cultural, tectogical, legal, environmental) model
[16]. The MLP has been widely applied to explainl @malyse the technological transitions
as interactive processes of change, which higtdigie co-evolution and multi-dimensional
interplay at three conceptual levels: landscapginres and niches [13]. The landscape level
includes external factors that exert influence egimes and niches, the regime level refers to
the rules embedded in social networks and techiwabgrtefacts to fulfil a certain societal
function such as building supply, and niches, wtadh radical innovations that deviate from
the current regime [13]. The PESTLE is a usefullydital tool for examining factors in a
multi-dimensional way [16], which could underpinsgstematic exploration of factors in
niches, regimes and landscape. The dimension astngdwas identified as an additional area
to cover the factors reflecting the characteristmfs the industry, which is widely
acknowledged to influence construction innovati@i][ The integrated systems framework
was illustrated in Fig. 1. The three levels in treanework present that, firstly, construction
robots as niche-innovations create the internal emdom for breakthrough; secondly, the
landscape creates pressures on the regime; andlythichallenges in the regime
(destabilisation) create opportunities for nicheewations to entry and generate transitions.
For each level, the potential changes are influgrime factors from different dimensions.

4
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Therefore, the framework goes beyond studies aViddal technologies, supporting a multi-
dimensional, multi-level exploration of factors lidncing the successful transition to

construction robots.

1 Socio-cultural Technological

Landscape level /\_/\/
Economic \TI< ~ Legal /\/\/

Political Environmental »
_I \ -

l -\ / *

; .

. I /—$
Regime level ' \>—> /V
(building and ;_Industry T ——>
construction industry) 1 \ > \, 2 "
\ \
.\ \
N ; Lv -
\ A Zoy 7 = .
Niche innovations level = “a Failed innovations

< g4
(construction robots) @'

Fig. 1. A systems framework for a multi-dimensional, midtel exploration of influencing

factors of the utilisation of construction robdbaged on [13] and [16])

4. The exploration of influencing factors

The exploration of influencing factors was carrad within the context of Hong Kong
while referring to the broader worldwide knowledbase. Over the years, construction
companies in Hong Kong have developed their exgedind gained a reputation for quality
performance in such a large and fast-growing mdd&jt However, considerable challenges
are emerging as the city is not only suffering franmmapidly ageing population but also a
deteriorating building stock, and the industry tsuggling to satisfy the ever-increasing
demand for building construction [19]. Under theadition of land scarcity in Hong Kong,
the increasing number of skyscrapers being corstlum increasingly dense areas has
become a trend, thus triggering the technical ehgkts and safety issues. All these issues
create a favourable environment for utilising adexh construction technologies like
construction robots.

Based on the theoretical framework, 65 influendactors (see in Appendix A) were
initially identified from the literature, brainstoing and expert interviews. Although some of

the reviewed studies focus on other types of caostm innovations, the factors influencing



151 their real-world adoption should share some comrtraits with the implementation of
152 construction robots. The initially identified facsovere combined and synthesised. The legal
153 factors were integrated into the political areapssdering their pertinence to political issues
154 and the level of enforcement. Finally, 25 factarenf three levels are summarised in the
155 economic, environmental, industry, political, sacidtural and technological areas (Table 1).
156

157 Tablel Identified influencing factors

Influenceareas Influence factors“FN

Economic F1: Economic environment
4 Factors
( ) F2: Productivity (e.g. labour, timé)

F3: Construction cost (e.g. material, labdur)

F4: Initial investment cost and economic performarssoaiated with robots

Environmental F5: Demand for environmentally friendly buildint8

4 Factors -
( ) F6: Land resource for building construction
F7: Climate changé
F8 Awareness of environmental impacts of constructictivities (e.qg.
construction waste, air quality, energy consumpffon
Industry F9: Fragmentation and collaboration of the induStry
(5 Factors) . . : :
F10 Unstructured, dynamic and unique site environfient
F11 The scale of prefabricatich
F12 Globalisation in constructidh
F13 Building typology (e.g. height, diversity and aitelstural freedom}
Padlitical F14 Government labour policy (e.g. occupational safetg health, working
(4 Factors) hours)"-

F15 Charging for Construction Waste Dispo3al
F16. Government policy on foreign worker8

F17: Governmental support on robotics applicationsoinstruction (e.g.
financial, guidance, public procurement, legal éssfor robots™

Socio-cultural  F18 Size and number of households
(4 Factors)

F19 Culture of innovation in the indust?)’
F20 Occupational safety & health performarice

F21: Work structure and organisation (e.g. age streadfithe workforce,
shortage of skilled labour, education and trainfhg)

Technological  F22 The uptake of information and communication teébgy (e.g. BIM, [oT)

4 Fact
(4 Factors) F23 Technological difficulty to provide robotics perfoance features (e.qg.
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robustness, flexibility, advanced sensing, interap#ity) at reasonable cost
levels"

F24 Ease of use of robots (e.g. usability, size, weigbwer supply}'

F25 Availability of construction robotics"

L/R/N: L — landscape level; R — regime level; N -h@dnnovations level

ReferenceswWorld Economic Forum [1]; Saidi et al. [4]; Bogue]f3an et al. [5]; Wong et al. [6]; Bock and Linner
[9]; Quezada et al.[10]; Warszawski and Navon [1Mahbub [12]; Kangari and Halpin [20]; Lim et al. [21
Skibniewski and Zavadskas [22]; Agusti-Juan ef2dl]; Blayse and Manley [27].

4.1. Economic factors

The economic environment is a critical concernhat landscape level to influence the
real-world application of construction robots. Eeide has been witnessed in Japan that
construction activities have plunged after the bafghe bubble economy in the late 1990s,
limiting the development of construction automatiand robotics [12]. Considering the
regime requirements, the need to improve constmgiroductivity is a significant driver for
adopting robotics [1, 6, 20-22], but the tight ) timeframes could also inhibit the
implementation of new technologies like robots, athiequire change arrangement and more
rigorous planning [12]. Another relevant factortie construction cost [1, 10, 21]. Hong
Kong’s construction industry is suffering from hidgloour costs, and industry players are
generally interested in any machinery or technolibgy could save labour [6]. Construction
materials in Hong Kong are primarily imported wikcalation trends which may facilitate
the adoption of robots to save on material and geduaste [23]. An influential economic
factor concerning the niche level is the high aptosts and lack of long-term economic
justification of construction robots [8, 24], whidan affect the interest of construction

companies on investment.

4.2. Environmental factors

The adverse impacts of building and constructiontren environment and public are
critical in terms of carbon emissions, wastage deimio, noise pollution and disturbance to
the surrounding areas [5]. The greening of thedmul sector and increasing awareness of
construction activities calls for innovative apprbas to construction, offering an excellent
opportunity for adopting robots [5]. Hong Kong, asompact city, is also facing significant
challenges in managing the impact of building cartsion works on the environment and
public. Hong Kong has for a long time been plagbgdand shortages [6], which could
require the use of robots to construct more high-uildings and minimise the land

7
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requirement for C&D (construction and demolitionaste disposal [5]. Despite regulatory
control, construction noise remains a tricky prable Hong Kong [25]. Additionally, with
rising temperatures and severe weather conditisgscaated with climate change, there may
be a severe challenge for future construction wodssa jumping-off point for utilising

automation and robotics [10, 26].

4.3. Industry factors

The construction industry characteristics derivenynmfluencing factors at the regime
level. Firstly, the fragmented nature of the indusiften makes it reluctant to accept change
and innovations [27]. The multi-point responsipilileads to difficulties in robotic
applications, while the increase of internal cabliations and collaboration with other
advanced industries could enable knowledge-shammgl benchmarking in robotic
technologies, driving the industry to adopt conginon robots [1, 6, 22]. Secondly, the
unstructured and dynamic site environment resufisdifficulties in the control of
construction robots, and the uniqueness of spesiifes requires case-by-case consideration
of using robots, creating barriers of utilisatiof, [11, 12]. Thirdly, the large-scale
industrialisation and prefabrication enable a weflanised and standardised on-site
environment, where robots can be better integredeconduct assembly works [4, 9, 10].
However, the large-scale of prefabrication maytithe economic benefits to use robots on-
site [28]. Fourthly, the globalisation of the camstion industry is deemed as a major
influence for the uptake of advanced constructemhinologies [9, 10]. To gain a competitive
edge in the overseas market, robotics could beuabi® investment. Local companies can
also efficiently learn up-to-date technologies tlgio partnering arrangements with foreign
companies. Lastly, Hong Kong is characterised Ilgyise, high-density buildings, and the
increasing height of the buildings can be a driveuse robots in the future to avoid aloft
work and enable urban mining [10, 21]. Diversitydancreasing architectural freedom is
deemed as a barrier but also a force driving tdastry towards the use of robotics.

4.4. Political and legal factors

Government labour policy is responsible for govegnivorkplace safety and health,
stipulating standard working hours and wages. Tanging labour policy could facilitate or
inhibit the utilisation of robots concerning impex/ safety, health and productivity

performance. Legislative requirements of constamctactivities in terms of any forms of

8
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pollution, waste disposal or consideration of nbmirhood environments could be triggers
to use robotic construction [5, 12]. Governmentgyobn foreign workers can influence the
implementation of robots in areas such as employmiecheap foreign workers, introducing
senior talents [12]. Strong policies and incensgekemes are often effective in promoting the
adoption of innovative technologies in the condtamc industry [1, 6]. Governmental
financial and non-financial supports could accetethe research and development (R&D)
efforts and applications of construction robotse Hovernment also has an immense impact
on building construction through its role as thierd, and can foster the application of robots

in the public procurement [1].

4. 5. Socio-cultural factors

Societally speaking, the number of domestic housishim many places is projected to
increase with smaller household size [10], whichuldo change the demand of
accommodation types and drive the adoption of iofassisted construction. However, the
construction industry has been lagging in the nemmtfers of technological development
[27]. The lack of innovation culture pertinent teetreluctance of changes is a significant
inhibitor to acquiring innovative technologies likebots [10, 22] or other new technologies
[30]. Another socio-cultural concern is the need feducing safety and health issues of
human workers on the construction sites, whichigbllghted as a major driver to use more
automation and robotics [1, 6, 20, 21]. Besides,daher-increasing demand for a workforce,
accompanied by skill mismatches and the ageingulafayce, poses significant risks to the
fulfilment of a productive industry in Hong Kong,[8]. The shortage of labour results in
increased salaries, which also contributes to ds escalation of the construction activities
[23]. Those challenges in the work structure andjanisation provide the golden
opportunities for construction robots. Meanwhildueation and training is quite influential
to the use of robotics by enhancing the robotickedge and competence of the younger
generation and existing workers [10, 12, 22].

4.6. Technological factors

The industry-wide uptake of information and comneation technology (ICT) such as
BIM and Internet of Things (IoT) provides the foatidn for automation and robotic
applications [10, 28]. Another important considenatis the technological difficulty in
providing robotics performance features [9, 11,20, Construction robots should be robust,

9
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flexible, mobile and versatile due to the unpreaiitd and hazardous nature of construction
sites. The current state of technological develagmes still insufficient, which creates
difficulties and risks when using robots. Futurbats should be smarter and better fit to the
construction works, supported by the advancementemnsors, laser scanning and artificial
intelligence [10]. Besides, ease of use is a kdluencer to making the robots more
acceptable. The incompatibility, bulkiness, heawyd ahigh-power features of many
construction robots that reduce their usability aeeognised as constraints for their
application [9, 11]. The improvement of usabilifyoonstruction robots is a critical challenge
for future adoption in terms of better understagdaf the technology, easier human-robot
interface/interaction and control modes, flexiblewvament and accurate analysis of the
complicated surrounding environment [2, 3, 12]gémeral, construction companies are more
likely to be late followers of innovations. Robotechnologies are still quite new and they
are often unavailable locally and difficult to aagt which is often in and of itself a critical
issue for their future utilisation [12].

5. Research methods

The research is carried out in three main stagss Fgg. 2) to analyse and identify the
key influencing factors of the future utilisatiohanstruction robots for buildings, based on
a modified fuzzy DEMATEL method.

Research stages Data collection (Section 5.2)
Stage One - - - ; ;
; Factor identification — identify th . . . .
(Section 4) .ac ort 'en vieation =1 en ify the Literature review, brainstorming
influencing factors, combine and dinf | ¢t intervi
synthesise the initial identified factors and informat expert Iterviews
Stage Two Influencing factors verification — verify the Semi-structured interviews:
(Section 6) R . . . .
synthesised influencing factors interviews with twenty expert
|
DEMATEL-based analysis — apply the . . )
modified fuzzy DEMATEL technique for DEM,A TEL questlor'malre- survey:
. . C a matrix-based questionnaire survey
factor analysis and key influencing factor with eighteen professional
identification ith eighteen professionals
}
Key influencing factors verification — Focus group meetings: two meetings
verify the identified key influencing factors and each with eight relevant experts
Stage Three
(Section 7) Discussion — key findings and implications

Fig. 2. Research process

10
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* Stage onés the factor identification. The influencing facs were first identified through
a holistic literature review, brainstorming andoirhal expert interviews, drawing on the
multi-dimensional, multi-level theoretical framewofrom a systems perspective. The
initially identified factors were combined and dyesised.

* Stage twas mainly DEMATEL-based analysisSemi-Structured expert interviews were
first conducted to provide triangulated verificatitor the identified influencing factors
in stage one. Then, a modified fuzzy DEMATEL metheds applied to analyse the
importance of factors and causal relationships wddta collected from relevant
professionals and, thereby, the factorial relatigps and key influencing factors can be
determined. Results were then further discussed \ardied through focus group
meetings, and key influencing factors were finalise

e Stage threes the discussion: key findings are discussed,iamdications are explored
regarding how the successful shift of constructechniques towards robotics might be

achieved.

5.1. A modified fuzzy DEMATEL method

The DEMATEL method was developed in the 1970s by Battelle Memorial Institute
of Geneva to address complicated and correlatigblems [31]. It collates related variables
in the decision-making or problems into a strudtaradel onto which the importance of the
variables can be identified, and causal relatigrshisualised [32]. Specifically, it is based
on digraphs and uses a causal diagram to depictconéextual relationships and the
importance of influence among a set of variabledagtors, which are also regarded as
elements of the studied system [32]. Data is ctdEérom experts, who are asked to assess
the pair-wise influence relations of factors imterof direction and influence within a Likert-
type scale. The DEMATEL method, in combination water techniques, has been widely
used to study complicated phenomena and to soleside-making problems in different
fields such as performance assessment [33], syratetpction [34] and critical factors
identification [35, 36]. Since the diversified facd might influence the future use of
construction robots, it is crucial to identify tkey ones and explore how they are interrelated
to gain a deep understanding of the whole picfline. DEMATEL method, therefore, fits the
purpose of this study and provides the advantagessystematic approach. Although there
are other approaches, such as cross impact ang@y$isapplied as standard ways to identify

the key influencing factors, most of them only ddaes the direct impacts of a factor for
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causal relationship analysis but DEMATEL consideath direct and indirect impacts to
provide a more reliable identification of the kefliencing factors.

Although the Original DEMATEL is a powerful tool tadentify the influence
relationships within the systems [32], it is basedcrisp values in developing the structural
model and thus highly dependent on experts’ judgesnéiowever, the judgements are often
subjective and expressed in ambiguous lingual espras based on their experiences and
expertise. The fuzzy set theory [38] has been mated into the DEMATEL in many studies
to tackle the ambiguities and unclear issues of drujudgement. Fuzzy numbers can
describe linguistic terms. Specifically, the triatey fuzzy numbers are commonly used for

representing linguistic terms by fuzzy numbers addpted by previous studies regarding
fuzzy DEMATEL method (e.g. [33]). A fuzzy s&k is a subset oX (universe of discourse),

which is characterised by a membership functigr{x). The function value ofy; (x) is
called the membership values»pfrepresenting the degree of truth thdéselongs to the fuzzy

setA. If A is a triangular fuzzy set, it can be defined aspdet (I,m,r), wherel <m<r.
Then, the membership functiqm, (x) is defined as:

0, x<lorx=r
My (X) =2 (x=)/(m=1), l<x<m (1)
(r=x)/(r-m), ms<x<r

Furthermore, the DEMATEL or fuzzy DEMATEL methodessa simple averaging
technique to combine the judgement results fronfediht professionals. However, people
have different judgment criteria, and some may tendive high scores while some may
provide scores that are more differential. Themeftine same evaluation score may represent
different judgements across professionals, andighmnot entirely reflect the combined
results through averaging. Thus, this study propésesxtend the fuzzy DEMATEL method
[33] with a double normalisation operation on thmlividual matrices to ascertain the
reliability of the combined judgement of professatsa The main steps in the modified fuzzy
DEMATEL for this study are as follows (also seeidiibn of key notations in Appendix B).

Step 1: Transferring collected data into positive triangular fuzzy numbers. Given
then factorsF={F1, F2,...,Fn},K professionals are asked to evaluate the pair-wfkesnce
with a 4-point scale from [0, 1, 2, 3], represegtihe linguistic terms [No influence, Low

influence, Medium influence, High influence]. Foaol professional, am x n initial

influence matrix can be generated>(as=[>§]nxn, wherek is the number of professionals with

12
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1<k < K. The collected influence scobé represents the judgement of the influence of

factori on factorj. The fuzzy logic is then introduced to deal with #mabiguities of>{. The

evaluation data in the matrices from the individpabfessional can be transferred into

triangular fuzzy numbers. According to Chen and Hgvgd39], >{ is transferred and

expressed in positive triangular fuzzy numbalfs- (Iijk, m", iyk) based on Table 2.

Table 2 The fuzzy linguistic scale.

Linguistic terms Influence score Corresponding triangular fuzzy numbers
No influence 0 (0, 0, 1/3)

Low influence 1 (0, 1/3, 2/3)

Medium influence 2 (1/3, 2/3, 1)

w

High influence (2/3,1,1)

Step 2: Defuzzificating fuzzy numbers to crisp scores. The defuzzification step
transfers the fuzzy numbers &f :(Iijk,rri]k,iyk) back to the crisp scored’, which is

performed as follows by Converting Fuzzy data i@sp Scores algorithm [40], a highly

recommended defuzzification method [33].

First, the fuzzy numbers c&'j‘ are normalised based on results from all profesdson

= (- i) e~ i @
i = =i )/ mar = i) ®
= - i)/ mae - i, @
Secondly, the left scords] and right scorer§) can be calculated as:
sy = mf* /(14 i = ) ®)
rsy =1 /(L -y (6)

Then, the total normalised valo& can be computed as:
nx :[Isnk (1-18) + rgtx rﬁ]/(l— 8+ 1) (7)
Lastly, the crisp scorai;‘ of the transferred fuzzy assessm&htcan be computed as:

al = minI..k+n>§jk(max[k— minj.k) (8)
U acksk Y 1<k<K D 1<ksK !

13



362 Step 3. Normalising and generating the average matrix. Based on the above
363 defuzzification, the new initial influence matriX professionalk is obtained a8, =[6f]nxn.

364 Here, the added normalisation step is applied taiolthe normalised initial influence matrix

365 D _[dilj(:lnxn of professionak, which is the mapping frorﬁf to [0, 1]. The commonly used

366 method [32, 33, 36] is adopted for the normalisate follows.

367 D, =S, A )
368 where
1
369 ST —=v (10)
rESnxzjﬂaﬂ
370 Then, the average matriX that represents the combined evaluation resuits fall
371 professionals can be obtained, with the elenze(t< i, j <n) calculated as:
1 K
372 a =—> d (11)
Kia
373 Step 4: Calculating the normalised direct and indirect influence matrix. The average

374 matrix A can be normalised via equations (9) and (10) toutste the normalised direct
375 influence matrixD. Similar to obtaining the transition matrix of aaMov chain, the
376 normalised indirect influence matrid¥D can be computed from the normalised direct
377 influence matrixD.

378 ID=D?+D%+...+D" =) D"=D?(1-D)" (12)
h=2

379 wherel denotes the identity matrix.

380 Step 5: Obtaining the total influence matrix. The total influence matriX containing

381 both direct and indirect influences can be acquir@sed on the summationfandID as:

-1

382 T=D+ID=[D(1-D)+D*|(1-D)"=D(I -D) (13)
383 Step 6: Depicting the causal diagram. Supposs; is the,() element of total influence

384 matrix T, then the sum of thigh rowr; (total influences of factor Fi on others) and sien of
385 thejth columng; (total influences of others on factor Fi) can b&alated as:

386 = itij (14)
387 c = Z g (15)



388 The importance degreec and net effect degreec can be computed. For factor Fi,
389 ri+c;is an index of the power of the influences perfdwor (a measure of the importance of
390 the factor), andi-c is an index of whether the factor has more immecothers or can be
391 impacted by others (a measure of the net effetig. vialues of-c also categorise factors into
392 cause and effect groups [33]. When the valuewis positive, the factor belongs to the cause
393 group. Otherwise, it belongs to the effect groulpe Tausal diagram [32], also nhamed as the
394 cause-effect relationship diagram, can then bemddaby mapping the dataset of¢, r-c),

395 which visualises the complex causal relationshipsray factors.

396

397 5.2. Data collection

398 As illustrated in Fig. 2, there are following fommain components for the data collection
399 in this study for different purposes. Details of tharticipants in interviews, survey and focus
400 group meetings are presented in Table 3. Relewdmtation regarding construction robots
401 and the explanation of influencing factors are pied.

402 e« Literature review, brainstorming and informal experterviews were performed to
403 identify the initial influencing factors.

404 + Semi-structured expert interviews were conductedianfy the identified influencing
405 factors. Twenty experts covering different stakdbol groups were selected by
406 purposeful sampling to ensure the representatigenfethe sample [41].

407 + A matrix-based questionnaire survey derived from ittentified influencing factors was

408 carried out for collecting required data for thedified fuzzy DEMATEL method. An
409 example of the questionnaire is illustrated in BgEighteen professionals were selected
410 by purposeful sampling [41] to ensure their exgertin building construction and
411 construction robotics and Hong Kong industry, adl @e beinginformative about the
412 topic of interest. The professionals were askeeviduate the influence of one factor on
413 other factors using a 4-point scale (no, low, medand high).

414 + Two focus group meetings were organised to veh#y results from the modified fuzzy

415 DEMATEL, each involved eight professionals.

416 Table 3 Details of the participants in interviews, sunasd focus group meetings

Item Descriptions |* Q F Total
Primary area of Contractor (main and sub) 7 4 2 13
practice Developer, Client and Investor 2 2 1 5

(professional) Professional advisor 3 5 4 12
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417
418

419
420

421

422
423
424
425
426
427
428
429
430
431
432
433
434

Government and its agencies 3 1 3 7
Manufacturer and Supplier 2 1 1 4
Universities and professional bodies 3 6 5 14
5-9 3 7 4 14
Years of experience 10-19 7 9 6 22
More than 20 years 10 2 6 18
Total 20 18 16 54

*|=interviews; Q=DEMATEL questionnaire survey; F=ios group meeting

Brief introduction:
Please fill in the blank cells in the right table;
For each blank cell, please evlauate and score the

influence of the item i in the column to the one (j) in Influencing factors
the row; 0, if variable i has no influence on variable j
Please find the descriptions of factors in the next 1, if variable i has a low influence on variable j eee

sheet. 2, if variable i has a medium influence on variable j
3, if variable i has a high influence on variable j

Economic environment

Example: If you think economic environment has a
medium influence on productivity in building
construction, then you should enter "2" in the second _[No.

Productivity (labour, time, etc.)
Construction cost (material, labour,

P Availability of robotic technology

Economic environment
Productivity (labour, time, etc.)
Construction cost (material, labour, etc.) 1

N

U [N |

25]Availability of robotic technology

Fig. 3. An example of the questionnaire for performingitinedified fuzzy DEMATEL

6. Results and analyses

The influencing factors were verified by relevantperts that are inclusive and
influential to the future utilisation of construmti robots for buildings in Hong Kong.
Cronbach’sa was used to estimate the reliability of the DEMAT&uestionnaire [32]. The
value of Cronbach’s. from data on all the 600 assessed cells was &A683t revealed that
the questionnaire used is highly reliakbie@.7).

According to the procedures introduced in the medifuzzy DEMATEL method, the
collected data from the questionnaire can be tesirexd based on Table 2 and defuzzied from
equations (2) to (8). Then, the normalised diraiuence matrixD and the total influence
matrix T (Table 4) can be obtained from equations (9) 8).(Based orT, the sum of each
row r and columrc can be calculated using equations (14) and (1%. ifnportance degree
r+c and the net effect degreec can be computed to further determine the impoganc
ranking and causal groups, as shown in Table 4.cHusal diagram (Fig. 4) can then be

drawn by mapping the dataset o#¢, r-c). An exploratory analysis of factors is further
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435
436
437
438

439
440

441

provided regarding the importance and causalitthefinfluence, based on Table 5 and Fig.
4, with consideration of the degree of importarcayse-effect group, and c values. Key

factors influencing the future utilisation of congttion robots in Hong Kong can thereby be

figured out.
0.8 T T T : T T T : T
o i o L s
Section L ; Section M . Section R
06 . v -
I I
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The importance degree r+c

Fig. 4. The causal diagram of factors
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442 Table4 The total influence matrix T
FI1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14 FES6 F17 F18 F19 F20 F21 F22 F23 F24 F25
F1 0.1040.1560.1290.118 0.127 0.090 0.123 0.148 0.098 0.145 0.116 0.1250.131 0.122 0.118 0.134 0.104 0.156 0.129 0.118 0.127 0.090 0.123 0.1480.098
F2 0.1140.1540.1050.104 0.132 0.080 0.123 0.135 0.080 0.136 0.117 0.122 0.126 0.109 0.112 0.117 0.114 0.154 0.105 0.104 0.132 0.080 0.123 0.1350.080
F3 0.1150.1610.1180.119 0.128 0.086 0.124 0.137 0.091 0.136 0.1150.124 0.131 0.114 0.1150.122 0.1150.161 0.118 0.119 0.128 0.086 0.124 0.1370.091
F4 0.096 0.1390.101 0.104 0.1100.072 0.103 0.128 0.080 0.134 0.098 0.112 0.127 0.107 0.103 0.118 0.096 0.139 0.101 0.104 0.110 0.072 0.103 0.1280.080
F5 0.1050.1490.1090.114 0.108 0.099 0.095 0.131 0.083 0.141 0.1100.1130.127 0.106 0.104 0.113 0.105 0.149 0.109 0.114 0.108 0.099 0.095 0.131 0.083
F6 0.0950.1210.087 0.102 0.091 0.086 0.086 0.111 0.083 0.105 0.083 0.084 0.095 0.084 0.086 0.089 0.095 0.121 0.087 0.102 0.091 0.086 0.086 0.1110.083
F7 0.086 0.1250.088 0.087 0.092 0.095 0.082 0.108 0.066 0.112 0.091 0.085 0.095 0.085 0.088 0.091 0.086 0.125 0.088 0.087 0.092 0.095 0.082 0.1080.066
F8 0.1020.1400.1010.104 0.114 0.107 0.094 0.121 0.074 0.132 0.108 0.109 0.118 0.096 0.101 0.105 0.102 0.140 0.101 0.104 0.114 0.107 0.094 0.1210.074
F9 0.1060.1500.1130.101 0.1130.0750.108 0.129 0.075 0.140 0.114 0.124 0.139 0.1150.116 0.117 0.106 0.150 0.113 0.101 0.113 0.075 0.108 0.1290.075
F100.0730.1380.096 0.106 0.102 0.075 0.089 0.115 0.073 0.1250.107 0.107 0.114 0.107 0.116 0.109 0.073 0.138 0.096 0.106 0.102 0.075 0.089 0.1150.073
F110.1270.1210.1190.1350.1340.102 0.118 0.142 0.094 0.149 0.131 0.136 0.145 0.129 0.1320.1330.127 0.121 0.119 0.135 0.134 0.102 0.118 0.1420.094
F120.097 0.141 0.082 0.107 0.122 0.082 0.126 0.126 0.079 0.141 0.108 0.122 0.135 0.118 0.121 0.127 0.097 0.141 0.082 0.107 0.122 0.082 0.126 0.126 0.079
F130.108 0.134 0.094 0.072 0.095 0.072 0.086 0.113 0.088 0.119 0.101 0.100 0.113 0.104 0.105 0.107 0.108 0.134 0.094 0.072 0.095 0.072 0.086 0.1130.088
F14 0.094 0.1250.102 0.090 0.081 0.0710.117 0.120 0.0700.122 0.117 0.117 0.113 0.097 0.097 0.104 0.094 0.125 0.102 0.090 0.081 0.071 0.117 0.1200.070
F150.092 0.1350.090 0.097 0.095 0.057 0.082 0.117 0.065 0.120 0.099 0.100 0.106 0.091 0.090 0.099 0.092 0.135 0.090 0.097 0.095 0.057 0.082 0.117 0.065
F16 0.0900.1190.108 0.087 0.125 0.068 0.072 0.111 0.072 0.118 0.104 0.117 0.108 0.094 0.098 0.102 0.090 0.119 0.108 0.087 0.125 0.068 0.072 0.1110.072
F170.1210.1510.116 0.101 0.1310.0820.117 0.107 0.084 0.154 0.121 0.130 0.140 0.138 0.140 0.147 0.121 0.151 0.116 0.101 0.131 0.082 0.117 0.1070.084
F180.0730.101 0.074 0.089 0.082 0.059 0.078 0.087 0.043 0.093 0.080 0.081 0.084 0.084 0.081 0.084 0.073 0.101 0.074 0.089 0.082 0.059 0.078 0.087 0.043
F190.1180.1570.121 0.117 0.126 0.094 0.114 0.143 0.082 0.111 0.119 0.131 0.145 0.128 0.1330.134 0.118 0.157 0.121 0.117 0.126 0.094 0.114 0.1430.082
F200.099 0.131 0.097 0.095 0.120 0.074 0.103 0.124 0.0730.122 0.0750.115 0.111 0.098 0.097 0.102 0.099 0.131 0.097 0.095 0.120 0.074 0.103 0.1240.073
F210.1030.1380.107 0.102 0.1300.077 0.121 0.132 0.078 0.137 0.114 0.087 0.129 0.109 0.114 0.112 0.103 0.138 0.107 0.102 0.130 0.077 0.121 0.1320.078
F220.1120.1430.111 0.107 0.114 0.082 0.099 0.137 0.079 0.143 0.106 0.118 0.096 0.135 0.1300.131 0.112 0.143 0.111 0.107 0.114 0.082 0.099 0.1370.079
F230.1110.144 0.108 0.106 0.119 0.078 0.100 0.147 0.076 0.153 0.109 0.123 0.135 0.087 0.137 0.1320.111 0.144 0.108 0.106 0.119 0.078 0.100 0.1470.076
F240.1120.1450.108 0.114 0.120 0.083 0.107 0.137 0.078 0.152 0.118 0.124 0.136 0.133 0.0890.139 0.112 0.145 0.108 0.114 0.120 0.083 0.107 0.1370.078
F250.117 0.1420.1100.1130.120 0.079 0.108 0.146 0.077 0.148 0.113 0.123 0.133 0.128 0.129 0.092 0.117 0.142 0.110 0.113 0.120 0.079 0.108 0.146 0.077
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Table5 Degree of total influence of factors

r c r+c r-c Impqrtance Group*
ranking

Economic factors 6.223 -0.455
F1: Economic environment 2936 2818 5.753 0.118 10 s€au
F2: Productivity 2.889 3,570 6.458 -0.681 3 Effect
F3: Construction cost 3.043 3771 6.814 -0.729 1 fedef
F4: Initial investment cost and economic 2670 3.196 5866 -0526 8 Effect
performance associated with robots ' ' ’ '
Environmental factors 4755 0.348
F5: Demand for environmentally friendly buildings .824 2.549 5.394 0.295 16 Cause
F6: Land resource for building construction 2.323.851 4.177 0.469 24 Cause
F7: Climate change 2339 1979 4319 0.360 23 Cause
F8: Awareness of environmental impacts of 2699 2431 5130 0268 18 Cause
construction activities ' ‘ ‘ §
Industry factors 5.620 0.018
F9: Fragmentation and collaboration of the indust®y826 2.790 5.616 0.036 12 Cause
F10: Unstructured, dynamic and unique site 2588 2528 5115 0060 20 Cause
environment ' ‘ ‘ ’
F11: The scale of prefabrication 3.234 3.483 6.710.249 2 Effect
F12: Globalisation in construction 2899 2.631 BH.530.268 14 Cause
F13: Building typology 2549 2,573 5.122 -0.024 19 Effect
Political factors 5.385 0.058
F14: Government labour policy 2580 2.871 5.451 290. 15 Effect
F15: Charging for Construction Waste Disposal 2.52D.038 4.559 0.482 22 Cause
F16: Government policy on foreign workers 2516 985 5.112 -0.080 21 Effect
F17: Governmental support on robotics 3269 3.148 6417 0121 4 Cause
applications in construction ' ' ' '
Socio-cultural factors 5331 -0.056
F18: Size and number of households 1995 1.935 03.93.060 25 Cause
F19: Culture of innovation in the industry 3.081 2”@ 6.351 -0.189 5 Effect
F20: Occupational safety & health performance 2578670 5.248 -0.092 17 Effect
F21: Work structure and organisation 2.896 2.89979%. -0.002 9 Effect
Technological factors 5.776 0.081
F22: The uptake of information and communicati(y910 3066 5976 -0.155 6 Effect
technology ' ' ’ '
F23: Technological difficulty to provide robotics 2883 2710 5594 0173 13 Cause
performance features ' ' ' '
F24: Ease of use of robots 2913 2.745 5.657 0.168 Cause
F25: Availability of construction robotics 3.008 889 5.877 0.139 7 Cause

*. If r-c>0, the factor belongs to the cause group, otheriviselongs to the effect group [32].

6.1. Importance analysis

Ther+c value reveals how important a factor is to thérerstystem, thus facilitating the
identification of vital factors. According to Tab% economic factors, on average, have the
highestr+c (6.223), followed by technological factors (5.7,7&)dustry factors (5.620),
political factors (5.385) and socio-cultural factdb.331), while environmental factors have

the lowest (4.755). The highest and lowest values of essential areas are then considered
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as thresholds to visually divide individual elengeimto three sections, as seen in Fig. 4. The
right part (+c > 6.223), referred to as Section R, includes F3, FR1 F17 and F19, which
are the most critical factors that should be ptiged as key. The left partHc < 4.775),
denoted as Section L, contains F18, F6, F7 andWwhish are the least critical ones, have no
critical influence on the system and cannot begeised as key. The remaining factors are in
the middle section (4.775 rc < 6.223), named as Section M, among which are thé mos

significant and influential ones which should bered as critical factors.

6.2. Cause-effect analysis

The influential power (net effect degree) of thetéa is indicated by the-c value which
is applied in the DEMATEL method to determine they Kactors. Individual elements are
divided into cause and effect groups according kether theirr-c values are positive or
negative. The causal factors are impulsive onesexedt a greater influence on others that
are normally accepted to be valued. Converselyetteet factors are reactive, and they tend
to be more easily impacted by others making thess deitical to some extent.

Concerning the factors in Section R, only F17 isised which implies its high
influential impact upon others. The other four fastbelong to effect group with negative
values. Nevertheless, the values of the influentigbact index ) of these vital effect
elements are relatively high among all the factavhjch suggests that they also have
noticeable impacts on others. Therefore, considefilme importance degree and the
influential impact index, all factors in SectionalRe recognised as key.

For Section M, more emphasis should be placed erc#lusal factors, which dispatch
more significant impacts on others than they rexeR5 has the highestc value in the
section and a relatively high influential impactléx r, although its importance scorec is
relatively low, it ranks top among the environméritectors. The cluster of key elements
should be comprehensive enough to sketch the bigsei view of the future utilisation of
construction robots. However, environmental facgirsuld not be ignored. Therefore, F5 is
also suggested as a key factor. Additionally, F2he most important causal factor with the
highest influential impact index)(in the section, which means it can play a pivotée tin
influencing the future development and applicatérronstruction robots and it is identified
as a key factor. The importance degree of F1 raakend among all causal factors in Section
M, but it is the lowest among economic factors. @aned to F2 and F3, F1 is less dominant

in influencing the system and thus not consideredcraicial. F24 ranks third regarding

20



485
486
487
488
489
490
491
492
493
494
495
496

497
498

499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516

importance degre@+c) and influential impact index) among causal factors in the section,
showing its significance and influential force dretsystem. Since the importance of the
technological area is high, F24 and F25 are regaedepivotal factors too. Regarding the
effect factor, F21 has the highest value slightly below zero, which indicates that 21
merely net affected by others. Furthermore, it &las a considerable impact on the system.
Consequently, it is also considered as a vitabfagith a compelling impact on the system.
The remaining factors are not considered as keg dne to their relatively low influential
impacts and importance degree.

Factors in Section L are all in the effect groupwever, they all possess very low
influential impact indicesr] and influenced impact indices){ which lead to their small
importance scoreg%c). Thus, they cannot have a critical influence oam sgstem and are
excluded in the set of critical factors.

6.3. Rationality and superiority of the modified fuzz{EMATEL

Comparative tests were conducted using the traditiduzzy DEMATEL and the
modified fuzzy DEMATEL for method validation. Therslarity of importance ranking and
cause-effect grouping between methods can be wsdldigtrate the rationality of the new
method [35]. Consistent results are obtained far taethods, indicating that the modified
method is reasonable. Spearman's rank correlatb@fficent [42] between importance
ranking of two methods is 0.995 (p < 0.01), whieHacts their high similarity. Besides, the
modified fuzzy DEMATEL can also ascertain the rellidy of the combined judgement and
avoid the unequal weights caused by different juelgincriteria, especially when the sample
size is small. The effects of the assessment freenyeexpert on the final factor ranking and
grouping were tested in two methods by comparimgatiginal results with results obtained
when removing one assessment sample. The modiiezy fDEMATEL provides better
performance for acquiring consistent results widuced samples. Statistically, Kendall's
coefficient of concordancaA() [42] was used to show the ranking consistencgliofesting
samples. Results from the modified fuzzy DEMATBNA0.991, p < 0.001) has a higher
Kendall'sW, indicating a greater consistency than from tlaglitronal fuzzy DEMATEL
(W=0.980, p < 0.001). Although the testing revealat tresults from both methods are
consistent and reliable, one sole judgement imesféess with the combined judgement in

the modified fuzzy DEMATEL than the traditional gnéemonstrating its enhanced
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robustness and accuracy of the combination of jondge. In sum, the modified fuzzy

DEMATEL is proved reasonable and superior.

6.4. Key influencing factors verification

Nine fundamental factors were determined from tloglifred fuzzy DEMATEL analysis
and verified by two focus group meetings. The rssulere first presented, and then the
importance of the factors was discussed within rthati-factorial network influencing the
future of construction robots in practice. Two dudial factors, F4 (initial investment cost
and economic performance associated with robotd)F22 (the uptake of information and
communication technology), are taken into consitemaafter the discussion. F4, albeit
strongly affected by others, was argued to be thmstndirect indicator to assess the
attractiveness of construction robots and allowsoae intuitive understanding of the future
scenarios. F22 is recognised as a critical foundadnd a facilitator for construction robots
under technology co-evolution in the constructioustry, which may not be readily
traceable from other factors.

To sum up, eleven key influencing factors coverihg six influence areas were
extracted: F2, F3, F4, F5, F11, F17, F19, F21, F22,and F25. These are the most crucial
ones to influence the future understanding, exglomaand utilisation of construction robots
for buildings in Hong Kong.

7. Discussion

7.1. Discussion on Influence areas

The results from the empirical study illustrate thetential impacts from different
influencing areas on the future utilisation of domstion robots for building in Hong Kong
and reveal the complicated interactions of theoi@ctThe empirical results suggest that
economic and technological areas are, in generakt mignificant on the future use of
construction robots, which contrary to past redediredings [12, 20]. Besides, the systems
perspective and examination of the causality anfastprs contribute to more noteworthy
findings on influence areas, the implications ofchhare elucidated below.

Firstly, the economic area may act as a doubleedg®rd affecting the future use of
construction robots in Hong Kong. The need for dreteconomic performance (e.g.

productivity) can force the industry towards robstibut the continued focus on only the
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economic justification of technology [11] inhibhé real-world practice. This also explains
the slow uptake of construction robots in real-wqtactice, where high uncertainties result
in high risks. Construction robots are still in itheafancy with uncertainties, and efforts

should be channelled to factors beyond economis,doeinstance, technology development
and transfer.

Secondly, the technological factors could play angh@ant role in shaping the future
uptake of construction robotics, consistent wittvous studies [9, 24]. Greater use could be
achieved not only through improved technologicalpatality, interoperability and
availability, but also from a more youthful, vibtaand knowledge-intensive industry
influenced by technological development. Howevedjvidual technological factors are not
the most important ones from the study, which mastly explain the minimal real-world
adoption, albeit substantial technology developnaent advancement. There is a great need
to focus more on the “soft” aspects and requireséoin different stakeholders.

Thirdly, environmental pressures from landscape @gime could actively drive the
utilisation of construction robots. Notwithstanditigit environmental factors are identified as
the least important ones, they are causal factatsdould influence the future trajectory of
others, thereby directly and indirectly impacting the robotic applications. A few studies
verified that the use of construction automatiod asbotics could improve sustainability in
construction, but such an environmental considematias not been widely embedded in
current technology design and development [5, 2B results further demonstrated the
influential power of the environmental area andditect benefits gained from construction
robots. Environmental attractiveness could actiyaigmote future technology application.
Such impetus might be further strengthened by ticeeasing emphasis on environmental
aspects in performance metrics, which enables thergence of a more sustainable

technology than through conventional developmemequirements engineering processes.

7.2. Discussion on key influencing factors

In terms of key influencing factors, eleven werernitified to play a pivotal role in
swaying the future use of construction robots owtngtheir high importance and net
influence, together providing the big-picture vies¥ the future robotic utilisation In
particular, “construction cost” (F3), “governmentslipport on robotics applications in

construction” (F17) and “the scale of prefabricatiGF11) are the most critical ones.
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Firstly, “construction cost” was identified as tmeost important factors, which is
commonly deemed as a critical driver for pushingstauction down the automation and
robotic path [12]. Hong Kong is facing pressing l@rages in high construction costs [7],
while the increasing pressure on the constructmstsccould be the top driver to shift the
industry from relying on human workers to robotibdur in the future. However, as noted, it
should be judged together with other factors toewstnd the plausible scenarios in future
usage.

Secondly, “governmental support on robotics appbcs in construction” was
identified as the most important factor in the @group. Government plays an essential
role to underpin the use of advanced technologjesdonstruction robots concerning R&D
investments, offering incentive schemes and fortmgaregulations and standards [1]. This
has been the backup force to the robotics capabilih countries like Japan and the USA
[12]. As the largest developer in Hong Kong, theegament could exert a broader influence
on the future utilisation of construction robotgeSifically, the government should engage
more directly and influentially to promote constion robots through adoption and
demonstration in public projects or pilot projecasd should actively liaise with different
stakeholders across the entire sector to geareaupetthnology development and knowledge
sharing of construction robots.

Thirdly, “the scale of prefabrication” was idengifi as the second most important factor
in the causal group, which has not highlightedrevpus relevant studies. Prefabrication has
played an essential role in building and constamctn Hong Kong for decades, particularly
in the public sector, as it has been applied teessfully achieve a significant reduction in
time, waste and on-site labour requirements [&4], It is foreseeable that prefabrication
will continue to develop, and the scale might iasein both the percentage and intensity of
use. The influence on the uptake of robots can bkifaceted. It could positively affect the
controllability of robots in the more regulatedesiénvironment, but may push robotics
towards off-site manufacturing and limit the ecomnompotential for on-site use. Thus, one
potential technical direction of construction rabathould address the issue of how to
harmonically integrate on-site robotics with prefeétion or modularisation [28].

The results together also show that the successfiil of construction techniques
towards robotics may undergo a socio-technicalstt@m in the industry, influenced by the
political support and environmental pressure frév flandscape, regime level changes and
technological advancement at the niche level, teguin social and economic benefits in the

building construction regime. So far, in the fiedd construction robotics, considerable
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attention has been directed to technology developifie4], but little to the broader, non-
technical aspects such as stakeholder acceptalilitginess models, societal functions,
sustainability and marketability. Thus, more intscgplinary efforts and systems approach
are needed to foster future use and developmemtiaud of construction robots.

8. Conclusions and futurework

This research attempts to comprehensively explodeaamalyse the factors interactively
influencing the real-world utilisation of constrign robots, which have long been expected
to open up new and enormous possibilities in thstry with substantial benefits. This
paper has developed a modified fuzzy DEMATEL method adopted a systems approach
to investigate the factors influencing the utilisatof construction robots with the case of
Hong Kong. Based on a multi-dimensional, multi-lesssstems exploration and synthesis, 25
influencing factors for the breakthrough of constian robots were identified and verified. A
structural model of identified factors was develbpe construct the questionnaire for data
collection. The fuzzy DEMATEL method was modified tminimise the combination
inaccuracies involved in different judgment crigelly professionals and provides results with
improved robustness and accuracy, which was appioedfactor analysis regarding
interactions and importance. Notably, 11 key inficiag factors were highlighted for focus.
The most influential and prominent ones were fouttd be “construction cost”,
“governmental support on robotics applications iaongtruction” and “the scale of
prefabrication”, further emphasising the need mi ihe development of construction robots
to non-technological issues.

The findings demonstrate that influencing factore &ighly interrelated, and their
intertwined impacts may explain why the previousu® on technology advancement or
technology-associated factors is not enough to dorehtally promote real-world practices.
The findings further indicate that the successhiftsof construction techniques towards
robotics may undergo a socio-technical transiti®olitical support and environmental
pressure from the landscape, regime level changdstechnological advancement at the
niche level provide impetus to the transformatim@sulting in social and economic benefits
in the building construction regime. These findisgpplement previous studies by enriching
the broad perspectives and extending the causdlamships among factors influencing the

utilisation of construction robots.
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In summary, this paper has made several fundamentdtibutions. Theoretically, a
systems framework was presented to enable a folistderstanding of the influencing
factors of the future utilisation of constructiarbots, which is illustrated by the case in Hong
Kong, and may also apply to other countries andorsg Methodologically, the modified
fuzzy DEMATEL method improves reliability and rigoof the combination of judgement
and strengthens the analysis and findings, whichdcbe readily applicable to other similar
research problems. Practically, the empirical studyHong Kong demonstrates the
evaluation of key influencing factors and the explon of causal relationships among
factors, and thereby shedding new light on thertutlevelopment and implementation of
construction robots. More future studies are neededhe “soft” aspects and different
stakeholders’ requirements to drive the practicaplementation of construction robots.
Detailed utilisation scenarios to fit for sociemmbvement are also recommended for future
research, which could support strategic decisiokingafor different stakeholders. Besides,
referring to the case of Hong Kong, later studiesla construct the model of influencing
factors to guide technological development in otbi#les and countries, which are in a
similar state of transition from conventional tovadced construction technology and are

pursuing the potential of construction robots.

Acknowledgements

The work was supported by a grant from the Germfaklpng Kong Joint Research
Scheme sponsored by the Research Grants Coundionf Kong (Reference No. G-
HKU704/15) and the German Academic Exchange Se(liéAD Grant No. 57217359).

Appendix A. Thefull list of initial identified influencing factors

Table A.1. The full list of initial identified influencing fetors

Influenceareas No. Influencefactors Level*  Sources**

Economic 1 Economic environment L [12, 22]
(10 Factors) 2 The sharing economy L [10]
3 Construction material cost R [1, 10, 21]
4 Construction labour cost R [1, 10, 20, 21]
5 Need for productivity improvement R [1, 6, 20-22]
6 Need for quality improvement R [1, 25]
7 Construction cost R [1, 10, 21]
8 Tight project timeframes R [12]
9 Initial investment cost associated with robotic$l [12]
10 Economic performance of construction robots N , 116 12]
Environmental 11  City's agenda for sustainable development L E
(8 Factors) 12 Demand for environmentally friendly buildings L [10]
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13 Land resource for building construction L [5, 6]
14  Climate change L [10, 26]
15 Air quality [5]
16  Construction waste situation R [5, 10]
17  Awareness of environmental impact of [1,5, 6,10, 22, 26]
construction activities
18 Construction energy consumption situation R 28,
Industry 19  Fragmentation of the industry R [1,6,12,729, 2
(10 Factors) 20  CGlobalisation in construction R [9, 10]
21  Unstructured, dynamic and unique site [6, 11,12]
environment
22  Repeatability of tasks R [12, 20]
23  Diversity of tasks and work processes R [12, 27]
24 Project delivery methods R [26]
25 Internal and cross-industry collaboration R q122]
26  The scale of prefabrication R [4,9, 10]
27  Unsuitable building design to support R [1,12],
28  Building height and diversity R [10, 21, 22]
Legal 29  Employment law (e.g. Occupational Safety & R [10, 12, 27]
(3 Factors) Health, working hours)
30 Environmental legislation of construction R [5, 12]
works (e.g. Charging for Construction Waste
Disposal)
31 Legalissues for robots (e.g. liability, N B
responsibility)
Palitical 32  Working Hours Policy L B
(6 Factors) 33  Government policies on foreign workers L [12]
34 Institutional barriers in project delivery L m2
35  Public procurement R [1, 6]
36  Governmental support and incentives on N [1, 6]
robotics applications in construction
37 Relevant industry standards and guidance N 1, 2
Socio-cultural 38  Size and number of households L [10]
(14 Factors) 39  Ageing population L [10, 12]
40 Unemployment rate L B
41  Population growth and urbanisation L [12]
42  Gender gap of workers in the industry R [10]
43  Culture of innovation in the industry R [10, 22]
44  Need for safety and health improvement of R [1, 6, 20, 21]
workers
45  Willingness of the young generation to enter R [10]
the industry
46  Education and training R [10, 12, 22]
47  Shortage of skilled labour R [6, 10, 20, 22]
48  Age structure of the workforce in construction R [6, 10]
49  Awareness of technology by the industry N [12]
50 Awareness and acceptance by workers and N [11, 12]
workers union (mind set)
51 Managerial apprehension of robots N [11]
Technological 52  Global penetration of construction robotics L B
(14 Factors) 53 R&D efforts on construction innovations L [12]
(robots)
54  The development of artificial intelligence L J10
55  The development of sensor technology L [10]
56  Architectural freedom R [21]
57  The uptake of information and communicatiorR [10]
technology in construction
58 Technological difficulty to provide robotics N [9, 11, 12, 20]
performance features
59  Technology complexity N E
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60 Technology compatibility N E

61 Technology interoperability N [6, 9, 11]

62  Size, weight and power supply of robotic N [9, 11]
technology

63  Ease of use of robotics N [3,9,12]

64 Relative advantage of robotics N [9]

65  Availability of construction robotics N [12]

*. L — landscape level; R — regime level; N — nigheovations level
**: E: additional ones from expert interviews; Blditional ones from brainstorming

Appendix B. The definition of notations

The definition of key notations used in the modifituzzy DEMATEL method are
summarised below.

n: the total number of influencing factors from F1Ho

K: the total number of professionals in the evaluation

x : the influence score given by professiokahat represents the judgement of influence of
factori on factorj

X, =[%1.., - the initial influence matrix representing the rpaise influence of factors
evaluated by professionkl

aj = (I, mf, ;) : the triangular fuzzy numbers represent the imftgescore; by professional
k

g the calculated crisp scores of fuzzy numbhkrs resmtx

A =[&],..: the new initial influence matrix from professibmka

D, =[d;1,.,: the normalised initial influence matrix from pessionak

A: the average matrix of the normalised initial uigihce matrices from K professionals

D: the normalised direct influence matrix from K fassionals

ID: the normalised indirect influence matrix from Kofessionals

T: the total influence matrix from K professionals
t; - the (, j) element of total influence matrik

ri: the sum of théth row of total influence matriX that denotes the total influences of factor
Fi on others

¢: the sum of thgth column of total influence matrik that denotes total influences of others
on factor Fi

ri+ci: an index of the power of the influences per tdr (a measure of the importance)
ri-ci; an index of whether the factor has more impacoihers or can be impacted by others
(a measure of the net effect)
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Highlights:

» Asystems perspective is applied on the futuresatibn of construction robots.

* A modified fuzzy DEMATEL method is proposed forluéncing factor analysis.

* Eleven key influencing factors are identified t@gh the trajectory of construction
robots’ utilisation.

* Environmental pressures were found to activelyadthe utilisation of construction
robots.

* Broader, non-technical factors are critical tofili@re utilisation of construction robots.
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