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Abstract: Higher education ought to support the identification of training needs for industrial
building information modelling (BIM) curriculum development and sustainability education in
the fields of civil engineering and management (CEM). This paper proposes a framework based
on a four-phase step-by-step quality function deployment (QFD) application for CEM curriculum
planning and quality management. The framework attempts to respond to requests collected from
17 professionals and professors in order to integrate BIM into the higher education curriculum in
China with a specific focus on construction management programs accredited by the American
Council for Construction Education (ACCE). The entropy method and a K1-K6 scale adapted
from Bloom's revised cognitive process were employed to evaluate the CEM curriculum in QFD.
The proposed framework was successfully applied to CEM curriculum planning, which included
two curriculums of the four main knowledge areas provided by the Chinese CEM guidelines:
construction cost and flow construction. Two curriculum areas showed that content should focus on
knowledge such as (a) Program evaluation and review technique(PERT) planning; (b) construction
optimization in flow construction; (c) principles of bill of quantities and (d) construction consumption
in construction costs. As for teaching quality management in China, the higher education curriculum
should focus on three aspects to promote curriculum integration: (a) pedagogical design; (b) teaching
resource and material and (c) curriculum assessment. This research sheds light on the pedagogical
shift to a similar context that has established guidelines accredited by the ACCE, with respect to
reviewing curriculum planning from a knowledge system perspective in order to meet industrial
demands at the operational level.

Keywords: education for sustainability; building information modelling (BIM); BIM capability;
civil engineering and management (CEM); quality function deployment (QFD); curriculum planning;
entropy method

1. Introduction

Architectural, engineering, and construction (AEC) industries use indicator terms such as life
cycle costing, ecological footprint and carbon footprint to implement sustainable green-building
design approaches [1,2] in an effort to improve the energy efficiency of construction projects. Building
information modelling (BIM) is increasingly being applied throughout a building’s lifecycle, including
in building renovation, energy simulation, and building system analysis throughout all processes
of AEC and facility management (FM) domains. The United Kingdom, for example, is making BIM
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mandatory on all public projects from 2016 in order to cut waste and monitor sustainability [3] (p. 80).
The innovation of BIM technology provides a new means of predicting, managing and monitoring the
environmental impacts of a project’s construction and development phases through a “one-stop-shop”.
BIM is helpful for environmental sustainability monitoring and management over a building’s full life
cycle. Furthermore, BIM presents the opportunity by the information embedded in a building project to
expand its scope within sustainability [4]. BIM would also be most beneficial at the conceptual design
stage so that sustainability is built into the design solution starting from its inception. BIM allows
for sustainability to become a key component of the design, construction and delivery of a building
and enables the corresponding decisions that affect its environmental performance, to avoid costly
redesign or engineering waste [5] (p. 268).

It could be argued that without BIM talent development, no real progress toward AEC
sustainability could be made. Civil engineering and management (CEM) in higher education
curriculum planning provides a sound foundation to train BIM talent to meet the AEC industrial needs.
Throughout this process, it may be further argued that it is imperative to intelligently convert AEC
industrial BIM needs into the corresponding curriculum development. Thus, at present, the rising
concern about the lack of BIM education in higher education has been a focus of research around the
world as the demand for talent will promote the AEC industrial sustainability [6]. These challenges may
be addressed by modifying curriculum content and setting new priorities for CEM in higher education.

Research showed that CEM education has traditionally been delivered based on specific CEM
undergraduate student guidelines [7,8], in which BIM-driven knowledge domains are logically
infused and supported by the required knowledge areas which are derived from a variety of quality
management related curricula. Numerous studies also reviewed the current status of BIM training
and its respective elements to meet the needs of industry and align with the expectations of new and
challenging job demands [7,9-14].Those elements include single BIM curriculum integration, BIM
curriculum guidelines, and BIM teaching methods. Therefore, BIM-driven knowledge domains may
require a pedagogical shift by way of integrating training of industrial BIM capabilities with related
business and management curricula, and include supportive insights from both university faculty
and industrial professionals. This is to say, addressing BIM industrial needs in academic curriculum
development is therefore imperative in all related curriculum planning efforts. Only then can CEM
graduates quickly overcome the gap between industrial sustainable requirements and traditional
university curricula and swiftly adapt to the AEC workplace [15,16].

In the meantime, quality deployment function (QFD) may provide a foundation from both
educational and industrial perspectives and from a knowledge system view point [17-22], and
QFD is applied in engineering education in order to translate key requirements for the field into
an effective curriculum and to enhance instructional quality [17,23-25]. The same research may have
identified a lack of integration between BIM and other supportive curriculum areas [8]. For example,
Kamvysi et al. [13] proposed and tested the use of an alternative framework for prioritizing students’
requirements within QFD; Liu et al. [20] proposed an industrial design curriculum that meets practical
workplace needs by applying QFD.

The purpose of this research is to systematically identify priorities for successful curriculum
development in CEM using QFD as a guideline, and to respond to the increased need for talent
development in the area of BIM in China. There are four main knowledge areas in the Chinese CEM
guidelines: (a) management; (b) contract and law; (c) civil technology and (d) information technology
and management. These knowledge areas cover the comprehensive curriculum such as construction
cost, flow construction management, engineering graphics, building technology, construction law, and
civil engineering [26].

This research could stimulate a pedagogical shift in China and other countries that have guidelines
accredited by the American Council for Construction Education (ACCE), towards giving more attention
to BIM related curriculum planning and thus moving away from the current CEM approach in order to
better meet BIM talent training demands. The research further identifies a more flexible and advanced



Sustainability 2016, 8, 525 3 0f 32

development of BIM related curriculum in CEM which is prepared specifically by both faculty and
industrial professionals using newer didactic criteria and case application [27-29].

The remainder of the paper is structured as follows: Section 2 includes a brief review of related
literature such as QFD applications in curriculum development and the need to enhance industrial BIM
capability. Section 3 provides the methodology. Section 4 implements the procedure and measurement
to analyze two of the six existing curriculum areas in CEM. Section 5 presents the conclusions and
summarizes the results to highlight the similar curriculum development attempts in CEM.

2. Theoretical Background

2.1. Sustainablity Education and BIM

In order to address challenges faced by continuously moving toward sustainability in China,
higher education in China should be regarded as a marketable service with qualified, knowledgeable
graduates who will contribute positively to society [30]. For students, higher education is a means
to employment. In the construction world, engineers must be flexible and able to respond to sudden
changes weather these changes are introduced through international and local government demands,
sustainability policies, or construction needs. Engineers of the future must be able to function in
a team environment, often globally, and be able to relate their technical expertise to societal needs.
Higher education has to focus on market demand and stop defending obsolete programs. In order to
prepare engineers to meet these new challenges, engineering training and education in China must be
revised and modernized. The researchers of this paper will look at the contributions that can be made
to CEM education, and will place emphasis on establishing teaching at the university level with an
attempt to integrate the industrial capability needs to improve the overall quality of curriculum and
education in construction [9].

Construction is rapidly moving towards sustainability. Due to the demands of the environment,
more sustainable buildings will need to be constructed. These buildings will use materials that could
decrease negative environmental impacts during the lifecycle of the building. For example, the UK
government’s Construction 2025 strategy targets a 33% reduction in the whole-life cost of built assets
and a 50% reduction in greenhouse gas emissions by 2025 [3]. The construction industry will benefit
from an integrated tool that helps optimize the selection process of material, equipment and system at
every stage of a proposed building’s life-cycle.

BIM is one of the most promising recent developments in the AEC industries. BIM represents a
new paradigm within AEC and helps architects, engineers, and constructors visualize and simulate to
the project to identify any potential design, construction, or operational issues and helps furthermore
to integrate sustainability regulations and assessment measures [4,31,32]. For example, BIM technology
provides an accurate automated sustainability compliance checking virtual modelling tool of a
proposed building. BIM is intrinsic to sustainable design and assists with the design and measurement
of a building’s environmental performance. However, perhaps its most important contribution to
sustainability is the elimination of waste throughout a building’s life-cycle. In the case of Britain,
BIM is a vital mechanism to achieve the goal of lowering carbon production by 80% by 2050 (compared
with 1990 levels) [3].

As shown in Figure 1, the overlapping aspects of sustainability education and AEC industrial
sustainability needs requires institutes of higher education accredited by the ACCE to understand how
to best utilize BIM to meet the increased demand on sustainability in AEC industries. At the same time,
in a globalized world, the basis of engineering education is made up of unique experiences, traditions
and everlasting values of specialist training at universities. Therefore, CEM education should adopt
new and innovative industrial skills (such as BIM) into curriculum design along with opportunities
and the flexibility to include important trends and advances in sustainable development, such as
cutting construction waste or carbon emissions. Thus, CEM programs should consider introducing
industrial BIM concepts and tools that enable students to apply relevant skills, and make them aware
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of potential BIM applications to prepare them for their future careers. These curricula advances would
then in turn also improve industrial sustainability overall.

CEM program
Accredited by

Capability BIM

AEC Industrial
Sustainability

Sustainability
education

Capture BIM Industrial needs to improve the
Quality of curriculum planning in CEM programs
Accredited by ACCE

Figure 1. Overlapping of key concepts regarding building information modelling (BIM) in relation
to its integration into curriculum planning of civil engineering and management (CEM) programs
accredited by the American Council for Construction Education(ACCE) in order to adapt to the needs
of architectural, engineering, and construction (AEC) industries.

Higher education should therefore integrate industrial BIM concepts and technologies into CEM
supporting curricula, and then help to meet industrial sustainable development in those respective
industries. This integration will equip CEM students with relevant preparation for industrial demands.
Only if students utilize BIM effectively will sustainable construction succeed in the future.

2.2. Industrial BIM Capacity

Implementing BIM concepts and tools into the construction industry heavily relies on the
knowledge that new construction employees bring into the labor market. Only then can BIM
continue to gain momentum and successfully change the industry. A thorough understanding of the
opportunities that BIM applications provide constitutes essential drivers for its adoption throughout
the entire construction process [31]. Industrial demand for BIM education around the world continues
to increase. AEC industrial benefits of BIM have included: (a) fully integrated projects; (b) buildings
that are fully designed before construction commences; (c) fully coordinated cost models and building
programs; (d) increased likelihood of the finished building conforming to the agreed design; and
(e) significant cost reductions due to improved effectiveness and productivity [33,34]. Thus, there is a
need for integrating BIM knowledge and skills into the curriculum. Higher education therefore plays
an important role to provide the necessary conditions for the implementation of BIM in the construction
industry. However, market demand for graduates with a workable BIM skill set has not been able
to keep pace with this apparent and rising demand for BIM capability in industry [31]. Therefore,
BIM capacity building has become one of the key skills of AEC practitioners (architects, engineers,
contractors), manufacturers, and other professionals [35]. The synergistic modeling characteristics of
BIM make it an effective tool for all practitioners in the construction industry. However, one deficiency
of BIM technology is its slow adaptation to the demands of AEC industries. For example, newer and
more modern professional BIM software tools should be developed to address the needs of different
building types. Barlish and Traylor highlighted that:

the students should not be considered as stakeholder by reasoning that students use the
curriculum but often lack information regarding the competencies needed in their vocations
and are unable to assess the curriculum from a customer’s point of view. However, the
school faculty should have the competency to evaluate the vocational and technical courses
to be taken by the students. [36]
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Based on BIM related literature, industry-academic partnerships [10,12,37-39], BIM education
guidelines [7,8] and the 2015 National BIM Standards for the United States [37] provide a basic structure
to align BIM education with industrial demands. Figure 2 is an overview of BIM industrial capability
based on the above studies.
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Figure 2. Building information modelling (BIM) capacity structure for curriculum development,
pertaining to the operation ability of BIM software (OA-BIM); the production ability of BIM models
(PA-BIM); the application ability of BIM models (AA-BIM); the building ability of BIM application
environments (BA-BIM); the management ability of BIM projects (MA-BIM); and the integration ability
of BIM businesses (IA-BIM).

The operation ability of BIM software (OA-BIM) requires that BIM professionals must have
abilities to operate one or several BIM software applications. This ability should be the essential
and basic ability of engineers for BIM model production, BIM information application, and BIM
professional analysis. The production ability of BIM models (PA-BIM) refers to the ability to build
models for different types of buildings using BIM software. The different types of models include
construction models, structural models, site models, electromechanical models, performance analysis
models, and safety precaution models. The application ability of BIM models (AA-BIM) signifies
the ability to analyze, simulate, and optimize tasks during different phases of a project, including
project demonstration, performance analysis, design inspection, and operation process simulation.
The building ability of BIM application environments (BA-BIM) pertains to the ability to build a
technical environment for a BIM application that consists of the organization and delivery of standard,
workflow, component assembly inventory, software, hardware, and network. The management ability
of BIM projects (MA-BIM) is the ability to manage and coordinate BIM project teams to achieve the goal
of BIM applications, including the establishment and training of project teams. The integration ability
of BIM businesses (IA-BIM) designates the ability to integrate BIM applications and the business targets
of enterprises include the confirmation of the value of BIM to enterprise businesses, the calculation
and estimation of the BIM investment return, the establishment of new business models.

2.3. BIM Education in CEM

BIM enables architects, cost estimators, engineers, builders, and property owners to manage a
project in its entirety in a timely manner. BIM can improve the communication between enterprises
across the entire construction industry. BIM can enable information management and help throughout
the lifecycle of a project. With the constant progress of building design, bidding, construction and
operation, BIM will continuously show its value in the management of the lifecycle of buildings.

BIM curriculum in CEM embodies the process from simple modeling, to the junior-intermediate
applications of senior skills. CEM graduates can adapt to BIM requirements and gradually gain
the business integration capacity after project practices. For BIM education in undergraduate
CEM, there are various phrases and methods that could be used for the course development.
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For example, the civil engineering body of knowledge (CEBOK) states that the knowledge and skills of
BIM-supported communication, cooperation, problem identification, and solution become very critical
to civil engineers [40]. CEM reinforces that enhancing BIM education by building systematic and
comprehensive BIM education methods has become the focus of the reform of college course [13,14].
In the undergraduate programs of CEM, BIM courses should focus on the cooperation and management
at cross-organization and cross-project level [41-43]. For example, Forsythe [40] provided an approach
to adopt the term “vertical problems” to capture the way models and problem based learning are
being utilized, where staff author “sub-plots” that utilize information models in a way that best suits
their specific subjects, e.g., cost, time, quality, sustainability subject areas.

For CEM education in the USA, although colleges have added BIM contents to the existing
courses and delivered them in various approaches and methods, it does not mean that BIM teaching
is generally implemented with high quality [44]. Many colleges provide BIM education only in
1-3 separated courses. This setting reduces the knowledge coverage of BIM to an introduction level
with the retaining duration of only 1-2 weeks [14,34]. To improve the application level of BIM in CEM,
educators should incorporate BIM instructions in an independent course in the primary stage of CEM
education. For example, in China, BIM education is introduced earlier in an educational course than in
the USA [45].Chinese researchers used the independent BIM platform to integrate sustainable building
design [46], and adopted the BIM workshop to implement the large-scale design competition [47].
Moreover, BIM contents can gradually penetrate through other courses. The design and development
of courses that integrate BIM should depend on the analysis of course development theory, current
demands, trends of construction engineering education, and the production process of construction
management [48]. To identify the multilateral relationships among BIM contents and the possible CEM
courses to integrate and to organize the contents in a consistent and coordinate manner, this research
can be applied to the QFD house method for the implementation.

BIM education for CEM students meets the demands of industries and helps to improve the
students’ capability. For example, Andersson Niclas argued that

a considerate mismatch is identified between the technical characteristics of the BIM
curricula at universities and the process-oriented approach to BIM represented by the
industry. Thus, the universities would benefit from a closer collaboration with the industry
in BIM-related matters and they need to take on a strategic approach to BIM at an overall
university or program level in order to avoid isolated BIM initiatives at a single course
level [49].

Thus, the structure of BIM education of undergraduates in CEM majors should include curriculum
content reflecting the demands and trends of the industry. The curriculum design should not only
include an introduction or fundamental, intermediate, and advanced courses, but also interdisciplinary
knowledge areas. Furthermore, BIM education in CEM should include the theories and methods of
technology, management, economics and legal aspects, as they can be associated with CEM. Students
should be equipped with industrial BIM knowledge by covering and highlighting the fundamental
abilities to carry out in all four curriculum knowledge areas [26]: (a) management; (b) contract and
law; (c) civil technology and (d) information technology and management in CEM or other supportive
engineering domains.

2.4. Research Framework

Numerous approaches to incorporate industrial needs into curricula planning exist [50-55].
Some of these approaches include: (a) curriculum mapping [51] to document and visualize the
curriculum learning at the programmatic level; (b) grounded theories to qualitative describe learning
needs; (c) the web based system Curriculum Navigator that can explore learning attitudes towards the
current curriculum [53].

QFD has been employed in engineering education to effectively analyze quality enhancement
for curriculum planning in higher education using the AHP method, fuzzy logic-based method and



Sustainability 2016, 8, 525 7 of 32

integrated the Quality Function Deployment-Service Quality (QFD-SERVQUAL) model [56-61]. Sohn
and Kim [59] applied QFD to revamp the existing industrial engineering curriculum by reassessing
it with outcome-based learning criteria to identify the overlapping and prerequisite relations among
courses. Aytac and Deniz [27] reviewed the existing curriculum and proposed a new curriculum to
meet customer needs using the QFD technique [27]. Ictenbas and Eryilmaz [62] evaluated different
teaching methods with regards to employers’ expectation also using the QFD approach.

This research adopted the four-phase QFD to quantitatively incorporate the BIM needs of AEC
industry for sustainability education (see Section 3.2). In the QFD process, it is central to convert the
industrial BIM capability into the operation level of a BIM supportive curriculum during the first QFD
phase. However, this research used Bloom's revised knowledge-levels (K-levels) for the importance
matrix to determine the QFD relationship in order to service the cognitive process to meet curriculum
assessment. Bloom’s revised cognitive process highlights the learning process and covers the goal
of formative assessment of a curriculum [13,18], which includes six progressive K-levels, such as
remember (K1), understand (K2), apply (K3), analyze (K4), evaluate (K5) and create (K6).

This research converted industrial BIM capabilities into supportive curriculum strategies using
QFD through the transition of (a) teaching quality characteristic; (b) curriculum content; and
(c) teaching quality management. The overall research process is shown in Figure 3. This particular
paper focuses on steps 4 (QFD Process) and 5 (Improvement Implications).
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Figure 3. Research process (A) and research objectives (B).

3. Methodology

Unlike purely government-designed curriculums taught exclusively in schools, teaching BIM
capability in the workplace allows young people to develop “hard” skills on modern up-to-date
equipment, and soft skills, such as teamwork, communication and negotiation, through real-world
experience. Industrial advisors along with school faculty members should evaluate technical courses
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to be taken by students, and update and align the curriculum content to meet the needs of industry [36].
Nevertheless, in this model, the authors did not consider the students as stakeholders because they are
considered are consumers of the curriculum and often lack knowledge regarding the competencies.

This research applied the expert method to solicit information and included the expertise of
seventeen faculty members and professionals from the construction industry. All professionals
involved had an academic alliance with the Chang’an University in China and maintained a long
working relationship with the faculty members of this university. These individuals were given a
scoring matrix in order to assess their views on the integration of BIM into the curriculum in higher
education in China. The 7 faculty members came from both from the School of Civil Engineering of
Chang’an University and from the Department of Technology of Illinois State University, while the
10 came from Architectural Society of China (ASC). The 10 professionals represented large international
companies in the areas of construction management and civil engineering with locations in China.

For the QFD of curriculum in CEM, we grouped the faculty members and the industry
professionals to contribute to the setting and scoring of the indicators for industrial BIM capabilities
including TQC and TQOM in CEM using the K1-K6 scale of Bloom’s revised cognitive process.
Each of these individuals had more than 8 years’ experience implementing industrial planning and
teaching activities.

3.1. Curriculum Teaching Quality Requirement Indicators

3.1.1. Teaching Quality Characteristics’ (TQC) Indicators

In order to select teaching quality characteristics (TQC) to be used in this research, a wide-ranging
literature review was undertaken [19,29]. Following the literature review, a thorough process of
evaluation of quality characteristics was identified and 13 TQC were established for this research
project, shown in Table 1.

Table 1. Teaching quality characteristics (TQC) in CEM [19,29].

Index TQC Description
a. Learning objectives for the class, each module, and each unit.
TQC1 Teaching Arrangement b. Designating which category of Bloom’s Taxonomy each
objective fits.
TQC2 Content Structure Match teaching contents with ACCE requirements.
TQC3 Prerequisites and preparation ~ Relationships of this course to other courses are closely related.
The design of lectures, assignments, projects, presentations, etc.
TQC4 Rationality of teaching content  is reasonable, according to the basic requirements of BIM
competent training.
. . The teaching content is adjusted and supplemented in time
TQes Up-to-date information according to the requirement of BIM application.
The diversity of . . .
TQC6 teaching methods Various teaching methods are utilized.
TQC7 Education Resources Various resources are }mhzed fqr teaching: Computer, software,
cloud computing, projector, online support.
TQC8 Advanced teaching methods Current teaching technology is applied.
. The teaching process is closely oriented towards the cultivation
TQC9 Competency education of BIM ability.
Interaction in teaching The teaching process emphasizes on the interaction between
TQC10 .
and learning teachers and students
TQC11 Flex assessment methods Th? assessment methods are flexible and diverse, not limited to
written tests.
TQC12 Prompt feedback Reply to students’ emails or questions in a timely manner.
TQC13 Integrated course evaluation Teaching evaluation includes students and peers.
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3.1.2. Teaching Quality Management (TQM) Indicators

After a QFD infusion, the industrial capability could be operated at the curriculum content level
to meet the requirement of both curriculum planners and teachers in higher education. Curriculum
content in CEM should aim at educating students, and enhance faculty and industry professionals to
better meet the changing needs of industry [36,63]. According to the ACCE guidelines, on-campus
recruiting by industry professionals, BIM software usage, industry guest lecturers, case studies, field
trips, site visits, flexible classroom teaching by practitioners, quizzes, and a mandatory team exercise
should be included in the contents of BIM courses [16,64—66]. Curriculum quality and classroom
management [29] in CEM should not only focus on concepts and principles of BIM but also include
real-life experiences. Below is a summary of teaching quality management (TQM) characteristics as
developed by specialists from both Illinois State University, USA, and Chang’an University, China
(Table 2).

Table 2. Teaching quality management (TQM) for superintendents and administrators.

Index Course Sub-Index Items Description
Arrangement
The details of a course, the conditions and methods of
_ . . course registration, duration of the course, course
TQM1 Well-structured TQMI-1 Course introduction delivery method, in order to help students to
syllabus understand the basic information of a course.
TQOM1-2  Content arrangement The fields and contents covered by the course.
TQM1-3 Teaching schedule Define course schedule.
Preparation of In order to provide learning materials to students, the
TQM2-1 Textbook and following items are necessary: textbook, library case
problem-based cases studies, courseware, teaching plan and references.
Teaching } . In addition to teachers, consider inviting industrial
TQM2 resource and TQM2-2 Industrial consultant experts or related professionals to the course.
material ; ; ;
TQM2-3 Classroom Identify the locatlons. of lfectures, laboratories,
and jobsites.
Funds and projects of . . . .
TQM2-4 practical teaching Identify funds, time, and projects for practice.
The course contents have detailed information of
TQM3-1 Operation skill bias specific professional positions and the relevant contents
TOM3 Tetachtigg of their operations.
content bias . .
TQM3-2 Management bias The C(?urse relates contents to marketing, operation,
finance and management related content.
TQM4-1  Classroom instruction The main teaching method is lecturing.
TQM4-2 Case Study The teaching method is based on case teaching and
group discussion.
TQM4 Peccllagpgmal TQM4-3 Hands-on exercises Include practice and training.
esign
TQM4-4 Site visit Visit companies and jobsites.
TQM4-5 Guest Speakers Invite experts to lecture or report.
Extracurricular Encourage and include self-study through
TQM4-6 .
self-study online resources.
TQM5-1 Final exam Conclude the course with a written examination.
TQM5-2 Daily performance Consider classroom performance of students.
TQM5 Assessment Assess social investigation reports, experiment reports,
TQMS5-3 Report . .
or internship reports.
TQM5-4 Assignments Assess homework assignments, projects, papers, efc.
TQM6-1  Evaluation mechanism Teaching evaluation mechanism is complete.
Teaching TQM6-2 Expert evaluation Experts participate in the teaching evaluation process.
TQMeé evah(liation TQM6-3 Student evaluation Alumni participate in teaching evaluation process.
module
TOM 64  Industrial evaluation Employers or ACCE industrial board participate in

teaching evaluation process.
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3.2. The Adaptation of the Curriculum Planning Model

This research adopted the QFD framework of industrial engineering education to propose different
curriculum planning phases [67]. Since Brackin [67] stated that all the quality characteristics in QFD had
positive effects, a simple QFD matrix was adopted to present the curriculum planning process [17,20,21].
Operations details of the four-phase house of quality of curriculum planning are described in Figure 4:

. Supportive .
TQC in CEM curriculum content TQM in CEM Capture the priority
of both curriculum
Industrial TQC Supportiv content and TQM in
BIM in curriculum CEM
capability CEM content
?

} Phase [ > Phase II »le Phase IIE >l Phase TV—>|

Figure 4. Curriculum planning phases using the Quality Function Deployment (QFD) method.

Phase I refers to curriculum planning, which prioritizes the industrial BIM capability best suited to
deliver critical teaching quality characteristics (TQC).Phase II concerns the curriculum’s design, which
identifies and prioritizes the TQC to be incorporated into the supportive curriculum content in CEM.
In phase III, regarding the curriculum’s implementation, the preferred TOM modules and techniques
are assigned to specific curriculum content in CEM. Phase IV considers the curriculum’s priorities
and integrates phases II and III to rank the curriculum content and TOM modules and techniques to
respond the industrial BIM capability. In phase I, the weight, importance and relative importance of
both industrial BIM capability and teaching quality characteristics (TQC) were calculated along with
the correlation matrix [21,67,68]. Analog to Phase I, Phases II and III used the same steps to generate
the QFD matrix.

3.3. Validation of the Curriculum Planning Model

3.3.1. Justification of the Method

This research used the entropy method to calculate the importance weight of the QFD items.
It uses two layers and more than 10 indices to structure curriculum content, while comparing multiple
layers and their respective indices. This research employed exclusively the entropy method to service
the weights even though other research has used methods such as the Analytic Hierarchy Process
(AHP). However, this research team believes that the AHP method loses its significance when involving
multiple subject weight [69,70].

3.3.2. Entropy Weight

The entropy method is an object empowerment approach that reflects the disorder degree of
information in information theory and in social sciences and education related areas [71]. With this
method, the weights of individual indicators are determined by calculating the entropy weight.
The greater the entropy is, the smaller the corresponding entropy weight. If the entropy weight is
zero, no useful information exists and its corresponding indicator may be removed. The amount of
useful information that the target provides to the decision-maker is considered objective [71,72]. Using
the entropy method to determine the index weights could therefore reflect the objective and realistic
information of curriculum in QFD. The main four steps [71,72] are shown below:
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(1)  For the formation of the evaluation matrix, suppose m units and n indicators are evaluated to
establish the original data matrix in Equation (1).

R = (rs) (s=1,2--- ,mt=12---,n) (1)

mxn

tfh

where g represents the actual value of the t'" index of st unit.

(2)  The standardization of the evaluation matrix is used to normalize matrix B,
B = (bs) (s=1,2---,mt=1,2---,n)with

mxn

Yst — 'min
by = ——— 0 ()
’max — "min

where rmax and rmin represent the max and min values for the evaluation unit if the indicator is
the positive tropism (+)

r — r’ .
bst st min (3)
and if the indicator is the negative tropism (—)

Ymax — ¥st
by = —2% % 4)
’max — "min

(3)  Then, the entropy of the system can be calculated as:

Ht——(ifstmfst)/lnm 6 =12 mt=12n) ®)

s=1

m
where fst = bst/ Y] bst, if for = 0, then redefine the fy; as
s=1

fot = (1 +Dbst) /), (1+bst) (6)

NgE

s=1

(4)  Finally, the entropy weight can be calculated as
n n
w=(wt)lm,wt=(1—Ht)/<n—ZHt> withat=1 7)
t=1 t=1

3.3.3. Importance, Relative Importance and Correlation Matrix

Once the weights of “how’s and what’s” of the QFD matrix were generated, the researchers built
the House of Quality (HoQ). We can now complete the HoQ by calculating the index importance for
the “how’s and what’s”. The index importance p; could be calculated in Equation (8).

N
pr = W X 2 tn5/N (8)

né=1

where p; refers to the " index importance, w; refers to entropy weight of the t* index, t, refers to the
score of n'" decision-maker for the " index, and n® = (1,.., N).

Select the modular p, among the importance p; as unit 1 to generate the relative importance p; of
the t" index, shown in Equation (9).

_ pt
o= 9
p D, )
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As to the correlation matrix in QFD of curriculum in CEM, the researchers used the common
method of Pearson correlation pyy to generate the coefficient [73,74], as shown in Equation (10):

0 _ cov(X,Y) _ Z(X_X) (Y_?)
XY v/ cov(X,X)-cov (YY) D (XfY)ZZ(YfY)Z
ey iV (10)

- \/(ZXZ (ZX YO v2— (ZY )

where X refers to “what’s” and Y refers to “how’s” in the QFD matrix, >} XY = Z XY, 2 X = Z X,

n=1 n=1

Y = Z Yy, S1X?% = Z X2,and Y Y? = Z Y2,
The larger the absolute pxy, the stronger the correlation. The scale of correlation evaluation is
shown in the Table 3.

Table 3. The criteria of correlation evaluation, adopted from Creswell [74] and Lehmann [73].

Absolute Coefficient 0.8-1.0 0.6-0.8 0.4-0.6 0.2-0.4 0.0-0.2
Correlation Extent stronger strong moderate weak weaker
Label @ = strong ® = moderate A = weak NO consideration
4. Results
4.1. Phase I

This research implemented Equations (1)—(7) of the entropy method to generate the entropy
weight of industrial BIM capability. It also used 13 TQC indices in CEM as shown in Figure 5.

BIM™~_ TQC | Tqc1 | TQC2| TQe3| TQe4| TQCs | TQos| Toe7| Tocs | Toes [Toct chuchuTQ(:13Emf°p3’hnpomnc4_Rﬁlam Rank
|capability weight imporiance
OA-BIM Al A& A Ale| e . 0.114] 0288 | 0479 | 6
PA-BIM A A ® | A | A [ou4| 0545 | 0907 | 4
AABIM A A A ® |0215| 065 | 1093 |3
BABIM ® | A [} A | @ Jo13a] 0370 | 0615 |5
MA BIM Al e A A| A 0215 | 1052 | 1752 | 1
[ABDM A I 0208] 0931 | 1551 | 2
Entropy weight | 0.094 | 0.063 | 0.071 | 0.065 | 0.081 | 0.046 | 0.101 | 0.049 | 0.108 | 0.064] 0.091 | 0.065 | 0.095

Importance | 0.288 | 0.225 | 0.226] 0.206 | 0290 | 0.177 ] 0.345 | 0.194 | 0.412 | 0.218] 0341 | 0267 0325

ﬁ‘:ﬁ;w 0836 | 0653 | 0.655 | 0598 | 0.839 | 0512 | 1.000 | 0561 | 1.195 | 0.632 | 0.985 | 0.774 | 0.943

Rank 6 | 9 | s || s | B2l 1 w374

Figure 5. House of Quality (HoQ) of industrial BIM capability and TQC in CEM with A = weak,
® = moderate, © = strong; and the “what’s” = industrial BIM capability including OA-BIM, PA-BIM
and so on and the “how’s” = Curriculum TQC.

Figure 5 identifies MA-BIM, AA-BIM and IA-BIM as the top BIM capability indicators. In order to
convert the BIM capabilities into the TQC in CEM, the researchers will focus on the top four aspects of
teaching quality indicators (TQCs 7, 9, 11 and 13). Industrial BIM capability indices were assigned to
different TQC requirements in order to enhance the infusion process in higher education. In particular,
MA-BIM should focus attention on the correlation with TQC2, BA-BIM with TQCs 8 and 13, OA-BIM
with TQCs 9, 10 and 12, AA-BIM with TQC13. Phase I was completed to convert industrial BIM
capability into TQC in CEM to build a solid foundation to analogy the following two QFD processes
in CEM.
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4.2. Phase II and III

According to the CEM undergraduate curriculum accredited by the ACCE in China, curriculum
content should include system cognitive knowledge such as civil engineering technology, flow
construction, construction cost, and construction law and management. This research identified
two supportive domains in CEM curriculum to infuse industrial BIM capability: Flow construction
(FC, Table 4) and construction cost (CC, Table 5).

Table 4. Flow construction (FC) in CEM.

Code Curriculum Unit Knowledge Point Description
FC1-1 Characteristics of engineering construction
FC1-2 Basic principle of construction organization plan
FC1 Introduction FC1-3 Raw data survey
FC1-4 Preparation work before construction
FC1-5 Classification of construction organization design
Basic brinciples of FC2-1 Concept of flow construction
FC2 asie prllilglp €0 FC2-2 Flow construction parameter
worktiow FC2-3 Classification and organization of flow construction
FC3-1 Drawing of single code and dual code
Program FC3-2 Computing time parameter of network graph
FC3 evaluation and FC3-3 Time scale network plan
review technique FC3-4 Overlapping network plan
(PERT) FC3-5 PERT optimization
FC3-6 PERT planning control
FC4-1 The basis and contents of construction organization
in project units
Construction FC4-2 Project profile and construction conditions
FC4 workflow design of FC4-3 Construction scheme
unit projects FC4-4 Schedule plan in project units
FC4-5 Resource requirement plan
FC4-6 Total design of project units
FC5-1 Design procedure and basis of total design
Total design of FC5-2 Construction deployment
FC5 construction FC5-3 Total schedule of construction
workflow FC5-4 Total design plan for construction
FC5-5 Technical and economic index
Table 5. Construction cost (CC) in CEM.
Code Curriculum Unit Knowledge Point Code Description
Basic knowledge CC1-1 The conception of project valuation
CC1 of project CC1-2 Project evaluation process
evaluation CC1-3 Project valuation basis
CC2-1 Project investment composition
Proi CC2-2 The composition of equipment purchase cost
cC2 r;)]ec: cost CC2-3 The cost composition of construction installation
structure CC2-4 The cost composition of other parts in construction
CC2-5 Budget reserve and interest in construction
CC3-1 Concept and principle of project quota
CC3-2 Method of compiling project quota

CC3 Project quota Consumption method of construction engineering,
material, machine
CC3-4 Unit price of construction engineering, material, machine

CC3-5 Establishment of project quota

CC3-3
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Table 5. Cont.

Code Curriculum Unit Knowledge Point Code Description
CC4-1 General guideline
CC4-2 Remote monitoring and control
cca Bill of quantities CC4-3 BoQ compilation of civil work
(BoQ) CC4-4 BoQ compilation of service building
CC4-5 BoQ compilation of electricity works
CC4-6 BoQ calculation of other works
CC5-1 Basic principles of investment estimation
ccs Investment CC5-2 Characteristics of investment estimation
estimation CC5-3 The role of investment estimation
CC5-4 Common methods of estimating investment
CCé6-1 Basic principles of concept design budget
CCe6-2 Characteristics of concept design budget
CCe Bclii%zt EZS:S? cr)ln CCé6-3 Functions of concept design budget
P & CCo6-4 Contents of concept design budget
CCé6-5 Compilation and review of concept design budget
CC7-1 Basic principles of construction drawings budget
Budget based on CC7-2 Characteristics of construction drawings budget
cC7 construction CC7-3 Functions of construction drawings budget
drawings CC7-4 Contents of construction drawings budget
CC7-5 Compilation and review of construction drawings budget
Bidding control CC8-1 Compiling Methods
CC8  price and project CC8-2 Project tender offer method
tender offer CC8-3 Project bid analysis
CCo-1 Project change and contract price adjustment
CC9-2 Project claim
. CC9-3 Definition of project settlement
CC9  Project settlement CC9-4 Plan for project settlement
CC9-5 Type for project settlement
CC9-6 Method for project settlement

4.2.1. Curriculum I: Construction Cost

Phase II: HoQ—curriculum contents and TQC

Using Equations (1)—(7), the weights of “what’s”(TQC in CEM) and “how’s”(Curriculum TCQ)
were generated. In addition, the related coefficient was generated by Equations (8)-(10). The HoQ of
CC and TQC is shown in Figure 6:

As shown in Figure 6, some curriculum contents of CC should be focused on corresponding
TQC in CEM to enhance undergraduate BIM capability education, including the principles of bill of
quantities (code CC4-2 in Table 5). Further attention should be given on diversity of teaching methods
(code TQC6 in Table 5),components of construction expenses (codes CC2-2 and CC2-4 in Table 5) and
the cohesiveness of teaching contents (codes TQC3 and TQC 2 in Table 5).Some curriculum contents of
CC should include unit price of CC (code CC3-4 in Table 5) with a focus on teaching diversity (code
TQC 6 in Table 5); and the preparation of bill of quantities (codes CC4-1, 4-3 and CC8-1 in Table 5) with
a focus on scientific and rational design of teaching content (code TQC 4 in Table 5).

Phase III HoQ—curriculum contents and TQM modules

With regards to TQM in Figure 7, some contents of CC should focus strongly on specific
requirements of good teaching quality. For example, Investment estimation (code CC5-2 in Table 5)
should be taught with the cognizance of operating skill bias (code TQM3-1 in Table 2), budget planning
of construction (code CC7-5 in Table 5) should be taught using the richness of teaching content (code
TQM1-2 in Table 2), and project bidding and analysis (code CC8-3 in Table 5) should be taught using
case studies (code TQM4-4 in Table 2).
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Figure 6. HoQ of CC and TQC with A = weak, ® = moderate, © = strong; and the “what’s”= Teaching
Quality Characteristic (TQC) and the “how’s” = Curriculum content of CC.
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Figure 7. HoQ of CC and TQM with A = weak, ® = moderate, © = strong; and the
“what’s” = Curriculum content of CC and the “how’s” = TQM.
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4.2.2. Curriculum II: Flow Construction

Phase II HoQ—curriculum contents and TQC

With regard to TQC in Figure 8, curriculum content of flow construction should use system design
of case studies (codes TQC 1, TQC2 and TQC3 in Table 1).
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Figure 8. HoQ of flow construction and TQC. Source: compiled by the authors. A = weak, ® =moderate,
© = strong; and the “what’s” = Teaching Quality Characteristic (TQC) and the “how’s” = curriculum
content of Flow Construction (FC).

Phase III HoQ matrix—curriculum content and TQM modules

With regards to TOM in Figure 9, curriculum contents of FC should enhance the teaching quality
to strengthen the base for BIM training. Construction planning (code FC4-3 in Table 4) and Program
evaluation and review technique(PERT) optimization (code FC3-5 in Table 4) should enhance the
improvement of student assessment (code TQM6-3 in Table 2). The concept of flow construction (code
FC2-1 in Table 4) should use case studies (code TQM4-2 in Table 2), the parameter of FC (code FC2-2 in
Table 4) could use simulation training (code TQM4-3 in Table 2) and the schedule and classify of FC
(code FC2-3 in Table 4) should provide on on-site teaching (code TQM4-4 in Table 2).
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Figure 9. HoQ of FC and TQM with A = weak, ® = moderate, © = strong; and the
“what’s” = Curriculum content of FC and the “how’s” = TQM.
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4.3. Phase IV: Ranking of the Importance of the Curriculum and TQM Modules

The importance of knowledge points in CEM such as CC and FC was determined by generating
the corresponding coefficients in the relational HoQ matrix during phases I, II and III. It was easy
to rank the importance of knowledge points and sub-TQM technology. As to knowledge units
composed by knowledge points, and TQM modules composed by sub-TQM technology, this research
employed the cumulative importance method of knowledge points in each knowledge unit in the
curriculum to capture the priority of curriculum units, which was also equal to ranking the importance
of TQM modules.

For example, taking the case of importance I; of knowledge unit 1 in the flow construction in HoQ
matrix during phase II, knowledge unit 1 was composed by five knowledge points, and its importance
I; could be shown in Equation (11).

Iy =11 +i12 -+ 115 (11)

where i11, 117, - - - i15 refer to the importance of five knowledge points 1-1, 1-2, 1-3, 1-4 and 1-5. So,
I; = 0.119067873 + 0.071684233 + 0.105435318 + 0.093844086 + 0.155257137 = 0.545288647.

For the remaining knowledge units and TQM modules the corresponding total importance could
be calculated, which in turn can be ranked according to its total importance. A top 10 ranking summary
of two curriculums are shown in Tables 6 and 7 respectively.

Table 6. Top 10 contents ranking of two curriculums in CEM.

Curriculum1:ConstructionCost (CC) Curriculum2:FlowConstruction (FC)
Rank KnOV\.rledge Know!edge Total Rank Knonledge Know!edge Total
Point Unit Importance Point Unit Importance
1 CC3-3 CCunit9 0.512 1 FC 3-1 FC unit 3 0.833
2 CC4-1 CC unit 4 0.472 2 FC1-5 FC unit 4 0.676
3 CC9-4 CC unit 2 0.471 3 FC 3-2 FC unit 5 0.574
4 CC24 CC unit 7 0.431 4 FC 3-3 FC unit 1 0.545
5 CC7-3 CCunit 3 0.415 5 FC 4-3 FC unit 2 0.386
6 CC2-2 CCunit 6 0.296 6 FC2-3
7 CC2-5 CCunit5 0.215 7 FC 4-1
8 CC9-3 CCunit 8 0.207 8 FC 5-4
9 CC7-4 CCunit 1 0.202 9 FC 4-6
10 CC1-2 10 FC 2-2
Table 7. Top 10 TQM ranking for two curriculums in CEM.
Curriculum1:ConstructionCost (CC) Curriculum2:FlowConstruction (FC)
Sub-TOM Total Sub-TOM Total
Rank Technology TOM Module Importance Technology TOM Module Importance
1 TQM 4-1 TQM module 4 0.974 1 TQM 4-5 TQM module 4 1.023
2 TQM 4-5 TQM module 2 0.617 2 TOM1-2  TQM module 5 0.588
3 TOQM 2-4 TQM module 5 0.608 3 TQM 4-1 TQM module 2 0.574
4 TQM 1-1 TQM module 6 0.562 4 TQM 2-1 TQM module 6 0.532
5 TQM 5-4 TQM module 1 0.466 5 TQM 4-6 TQM module 1 0.461
6 TQM 5-3 TQM module 3 0.292 6 TQM 5-1 TQM module 3 0.299
7 TQM 2-3 7 TQM 6-3
8 TQM 6-4 8 TQM 3-1
9 TQM 4-6 9 TQM 2-3
10 TQM 3-1 10 TQM 4-4

As shown in Table 6, the top three knowledge units were (1) Project Settlement; (2) BoQ; and
(3) Project Cost Structure. The top knowledge units for the construction curriculum were (1) PERT
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and (2) construction workflow design of unit projects. Some knowledge points should be used as the
main support for CEM undergraduate BIM training in CC curriculums: (1) construction consumption;
(2) the principles of BoQ; (3) CC delivery planning and implementation; (4) project expense constitutes;
and (5) the function of construction budget. In FC curriculums, these knowledge points are (1) single
code and double code network diagrams; (2) construction design classification; (3) network diagrams
parameter calculation and planning; and (4) construction scheme.

As shown in Table 7, the top three TQM modules for CC and FC curriculums were (a) pedagogical
design; (b) teaching resource and material and (c) curriculum assessment. However, for CC, sub-TQM
technologies such as industrial advisor, lecture reporting, real-life experience and fund support,
curriculum introduction and curriculum report play important roles in enhancing the integration
between industrial BIM capability and curriculum content. As for FC, lecture reporting, curriculum
content planning, class teaching, out of class self-learning and case resource pool, they all contributed
positively to the improvement of CEM undergraduate BIM capability.

4.4. Discussion

QFD is a common structured method for CEM curriculum planning. It enables focus groups
of industrial professionals and academics to specify the needs for industrial BIM capability. QFD
then continues to progressively and systematically build a matrix between each proposed “how’s
and what’s”
QFD attempts to instill qualities in students to smoothly transition from school to work after graduating
from their respective universities.

Although the QFD technique has gained growing acceptance for curriculum development in
higher education [17,18,20,29], implementing QFD to analyze the supportive relationship between
BIM education and related curriculum development in CEM is a new approach for TQM module
development at the operational level.

For CEM undergraduate students, the capability requirements from the construction industry
is rather comprehensive and includes basic technology skills that should be taught in a single BIM
courses, including (a) operation ability of BIM software (OA-BIM); (b) production ability of BIM models
(PA-BIM) and (c) application ability of BIM models (AA-BIM); (d) building ability of BIM application
environments (BA-BIM); (e) management ability of BIM projects (MA-BIM); and (f) integration ability
of BIM businesses (IA-BIM). According to the ACCE guidelines, all these capabilities need to be
included in the related curriculum.

Universities shape students’ capabilities mainly by focusing on two important aspects,
(a) curriculum content and (b) teaching methodologies. This research proposed a four-phase QFD
process in CEM supportive of the BIM curriculum to address these two areas in response to the voice
of industrial professionals and faculty members in higher education.

Identifying the individual weight of each content area is a critical precursor to analyze the
coefficients and to capture the priority of the QFD matrix between “how’s and what’s” in CEM
curriculum. Numerous studies applied the AHP and fuzzy mixed methods in the past to analyze the
QFD matrix [18,21,75,76]. This paper innovatively used the entropy method and a scale of Bloom’s

in terms of its impact on integrating industrial demands into the academic curriculum.

revised cognitive processes (K1-K6) to generate the weights of “how’s and what’s” by maintaining
objectivity of weight assessment using a variety of indices. Additionally, this research summarized the
top knowledge areas and TQM modules to enhance teaching quality in CEM. At the same time, the
two curriculums of the four main knowledge areas provided by the Chinese CEM guidelines, namely,
construction cost and flow construction, shed light on the QFD process implementation.

Curriculum I on FC showed that undergraduate students should embrace network planning
technologies and construction optimization methodologies for a better development of BIM models
(PA-BIM) and enhancing their application ability. In the process of curriculum teaching, FCF should
be prone to employing BIM, and team learning to show the infusion of knowledge points including
(a) principles and content (code FC4-1 in Table 4); (b) resource planning (code FC4-5 in Table 4) and
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(c) total construction planning (code FC5-4 in Table 4). Some knowledge points should be enhanced
with real life experiences and on-site teaching such as flow construction and application (code FC2-3 in
Table 4), network drawing (code FC3-1 in Table 4), network optimization (code FC3-5 in Table 4), project
overview and construction conditions (code FC4-2 in Table 4) and total planning in unit construction
(code FC4-6 in Table 4) (seen the corresponding HoQ in Phase II). With regards to sub-TQM technology,
flow construction should pay close attention to apply (a) BIM teaching projects and case studies;
(b) industrial lectures and reporting, and (c) homework assignments and open lab operations with
BIM software as seen the corresponding HoQ in Phase IIL

Curriculum II on CC showed that curriculum content should highlight the principles of BoQ,
construction consumption, CC delivery planning and implementation to respond to the profile request
of cost management, project and integration management to successfully implement construction
projects (as seen in HoQ in Phase II). At the same time, different sub-TQM technology should
be assigned to strengthen and promote a cognitive understanding of CC, such as finance content
(code TQM 3-2 in Table 2) to the formulation of CC (code CC 3-2 in Table 5), and industrial advisement
(code TQM 2-2 in Table 2) to reserve funds (code CC 2-5 in Table 5), which were also seen in the HoQ
in Phase III.

5. Conclusions

Trends are emerging that transform engineering education to include sustainability and BIM as
driving curricula forces within AEC industries. This paradigm shift in higher education has set new
challenges to develop new competencies that include BIM capability and meet the emerging industry
needs. The proposed approach presents a systematic way to address challenges of industrial BIM
needs and sustainability education in a real-world scenario.

This research addresses curriculum planning by considering major components of BIM education,
such as TQC and TQM modules. A four-phase QFD framework incorporating these indicators has
been developed by applying the entropy method and a scale from Bloom’s revised cognitive process
to evaluate the HoQ matrix between “how’s and what’s.”

The results show a supportive relationship between the four areas. The outcomes of this
study provide information on the impact related supportive curriculum in CEM would have on
the undergraduate BIM education. Additionally, this research summarizes the top curriculum
knowledge units and TQM modules in order to capture the priorities of curriculum planning, which
indicates that a feasible and practical approach in both curriculum contents development and teaching
quality management can be achieved in higher education. In particular, with regard to the top
10 contents area rankings of curriculums (FC and CC) in CEM, the concentration on these two content
areas demonstrated that the attention of curriculum development should focus on three objects
(a) pedagogical design; (b) teaching resource and material and (c) curriculum assessment.

The discussed content areas also suggested that the proposed approach can be used to evaluate the
mutually supportive relationships in curriculum planning especially when collaborating with industry.
We have therefore demonstrated that the proposed QFD framework can be used to solve various types
of knowledge domain challenges that impact undergraduate construction related education.

The highlight of this research is the application of the proposed framework to a large-scale
curriculum development process in CEM in higher education. The proposed framework can be
employed to a wide range of curriculum planning and design or to similar engineering programs.
Moreover, the model can be used as a basis for further extensions such as applying enhanced QFD to
recognize dynamic industrial needs to include more complex curriculum requirements into curriculum
subsystems and assemble those with supporting deployment matrices and concept selection matrices.
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Appendix
Table A1l. HoQ matrix between industrial BIM capability and TQC in CEM.
BIM Capabili . .
Toc apability A BIM PA-BIM AA-BIM BA-BIM MA-BIM IA-BIM  Weight Importance Relative Importance  Rank
TQC1 0.216 0.127 0.125 0.052 0.267 0.198 0.094 0.288 0.836 6
TQC2 0.347 0.178 0.105 0.115 0.518 0.136 0.063 0.225 0.653 9
TQC3 0.216 0.018 0.104 0.487 0.119 0.123 0.071 0.226 0.655 8
TQC4 0.023 0.256 0.142 0.215 0.153 0.237 0.065 0.206 0.598 11
TQC5 0.074 0.145 0.354 0.068 0.012 0.115 0.081 0.290 0.839 5
TQC6 0.216 0.322 0.050 0.095 0.026 0.114 0.046 0.177 0.512 13
TQC7 0.031 0.015 0.106 0.092 0.364 0.374 0.101 0.345 1.000 2
TQC8 0.273 0.044 0.287 0.467 0.061 0.069 0.049 0.194 0.561 12
TQC9 0.471 0.016 0.004 0.180 0.337 0.147 0.108 0.412 1.195 1
TQC10 0.480 0.194 0.319 0.115 0.242 0.194 0.064 0.218 0.632 10
TQC11 0.039 0.427 0.024 0.042 0.024 0.004 0.091 0.341 0.989 3
TQC12 0.410 0.268 0.046 0.249 0.189 0.040 0.069 0.267 0.774 7
TQC13 0.107 0.210 0.444 0.529 0.083 0.148 0.099 0.325 0.943 4
Weight 0.114 0.114 0.215 0.134 0.215 0.208
Importance 0.288 0.545 0.656 0.370 1.052 0.931
Relative importance 0.479 0.907 1.093 0.615 1.752 1.551
Rank 6 4 3 5 1 2
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Table A2. HoQ matrix of curriculum points of CC and TQC.

22 of 32

. N TQc TQC1 TQC2 TQC3 TQC4 TQC5 TQC6 TQC7 TQC8 TQC9 TQCI0 TQCI1 TQC12 TQC13 Weight Importance Relative Rank
Curriculum Point Importance
CC1-1 0.127 0.178 0.018 0256 0.145 0.322 0.015 0.044 0016 0.194 0427 0268 0210 0.016 0.003 0.061 25
CC1-2 0267 0518 0.119 0153 0.012 0.026 0364 0.061 0337 0242 0.024 0.189 0.083  0.030 0.002 0.045 26
CC1-3 0198 0.136 0.123 0237 0.115 0.114 0374 0.069 0.147 0.194 0.004 0.040 0.148 0.029 0.004 0.078 19
CC2-1 0117 0229 0400 0204 0.180 0400 0.324 0135 0340 0.347 0121 0202 0249 0.021 0.005 0.094 17
CC2-2 0.154 0205 0526 0165 0353 0.100 0104 0303 0.038 0.080 0497 0123 0.043 0.027 0.001 0.021 39
CC2-3 0.056  0.241 0.297  0.103 0.243 0.284 0.087 0.171 0215 0235 0.18  0.231 0.149  0.028 0.004 0.076 20
CC2-4 0.027 0428 0302 0222 0270 0.187 0.020 0163 0.139 0.141 0.080 0.489  0.030  0.033 0.001 0.018 41
CC2-5 0.032 0.142 0268 0.066 0085 0.017 018 0230 0.138 0.132 0.143 0.068 0.300  0.029 0.009 0.159 5
CC3-1 0.111 0.033  0.053 0.240 0.005 0225 0.184 0.058 0.009 0305 0.193 0352 0.063 0.018 0.001 0.021 39
CC3-2 0.241 0.251 0224 0344 0230 0.288 0402 0.061 0.083 0474 0.068 0437 0.069 0.026 0.002 0.032 35
CC3-3 0.393  0.035 0.401 0.008 0.189 0401 0.028 0218 0.131 0.152 0261 0120 0.050 0.026 0.001 0.024 37
CC3-4 0128 0.035 0423 0156 0244 0.112 0.037 0340 0713 0.198 0.107 0324 0.104 0.024 0.002 0.045 26
CC3-5 0314 0.130 0.035 0208 0369 0.133 0240 0.074 0.144 0.099 0222 0246 0.08  0.022 0.002 0.036 31
CC4-1 0.013 0208 0.228 0268 0.074 0.163 0132 0188 0389 0.146 0.349 0.231 0.170  0.033 0.006 0.101 14
CC4-2 1.000  0.501 0210 0613 0.039 0561 0074 0.149 0.112 0258 0540 0.121 0.206  0.027 0.006 0.102 13
CC4-3 0.501 1.000 0.027 0487 0.068 0258 0.103 0.020 0.348 0.121 0387 0.167 0.232  0.018 0.004 0.076 20
CC4-4 0210 0.027 1.000 0.054 0286 0.022 0178 0396 0374 0.044 0.107 0242 0.121 0.021 0.002 0.045 26
CC4-5 0.613 0487 0.054 1.000 0.157 0.127 018 0076 0.176 0231 0173 0.069 0.049 0.019 0.001 0.017 42
CC4-6 0.039 0.068 0286 0157 1.000 0267 0.183 0.050 0263 0422 0.069 0113 0.107 0.023 0.002 0.045 26
CC5-1 0558 0289 0.073 0124 0181 0925 0277 0106 0234 0232 0.609 0295 0.401 0.015 0.006 0.107 12
CC5-2 0122  0.088 0.106 0.095 0219 0.106 0966 0525 0257 0.088 0122 0198 0206  0.030 0.006 0.112 11
CC5-3 0.064  0.003 0.451 0.228 0122 0204 0409 0918 0348 0.225 0.101 0285 0492 0.014 0.007 0.126 10
CC5-4 0.025 0.198 0409 0230 0204 0.251 0336 0.176 0922 0201 0158 0.094 0.191 0.024 0.005 0.085 18
CCé6-1 0309 0.039 0.037 0203 0529 0479 0.057 0149 0.187 0954 0307 0506 0256 0.016 0.004 0.073 23
CC6-2 0599 0245 0.054 0.139 0.067 0662 0.088 0114 0.179 0333 0953 0.094 0428 0.024 0.010 0.185 3
CCé6-3 0219 0.097 0.026 0158 0.055 0.325 0.201 0.087 0.193 0468 0.010 0948 0.147 0.023 0.003 0.063 24
CCé6-4 0.158 0244  0.131 0.095 0123 0369 0.037 0471 0.032 0327 0424 0.070 0952 0.030 0.028 0.517 1
CCé6-5 0.055 0.117 0105 0.100 0.026 0214 0245 0447 0.18 0451 0.099 0.013 0.341 0.023 0.008 0.144 7
CC7-1 0266 0238 0430 0238 0245 0266 0223 0328 0352 0268 0429 0357 0235 0.018 0.004 0.076 20
CC7-2 0247 0198 0.049 0318 0076 0.168 0.059 0.281 0.232 0128 0.068 0.227 0305 0.024 0.007 0.133 8
CC7-3 0.033  0.007 0.154 0.041 0650 0.074 0.086 0123 0.010 0356 0.143 0.047 0.069 0.029 0.002 0.036 31
CC7-4 0160 0.093 0.093 0192 0315 0.052 0123 0222 018  0.012 0.027 0310 0.063 0.021 0.001 0.024 37
CC7-5 0.094  0.191 0.156 0280 0394 0125 0.022 0178 0.054 0191 0198 0.176  0.090 0.021 0.002 0.035 33
CC8-1 0355 0286 0.116 0.668 0.110 0.116 0198 0194 0.140 0.051 0.004 0.070 0.173  0.032 0.006 0.100 15
CC8-2 0323  0.067 0.014 0261 0223 0.172 0238 0143 0430 0.014 0162 0.092 0.072 0.028 0.002 0.037 30
CC8-3 0326 0.08 0.197 0.186 0.067 0439 0254 0136 0.180 0418 0.158 0276 0359  0.020 0.007 0.128 9
CC9-1 0228 0314 0459 0217 0353 0.141 0350 0320 0.122 0.020 0250 0284 0.397 0.023 0.009 0.165 4
CC9-2 0.172  0.140 0.105 0255 0273 0320 0.162 0.056 0.064 0358 0.015 0280 0.109 0.018 0.002 0.035 33
CC9-3 0476  0.152  0.369 0197 0.139 0.348 0.233  0.281 0328 0422 0221 0235 0223 0.024 0.005 0.097 16
CC9-4 0.008 0.067 0.033 0163 0.002 0.116 0.080 0450 0.101 0.355 0.179 0.102 0493 0.029 0.014 0.263 2
CC9-5 0.003 0.132 0199 0.018 0428 0.074 0113 0.056 0.045 0360 0.078 0.019 0.077 0.022 0.002 0.031 36
CC9-6 0.605 0290 0.128 0447 0.028 0.070 0.114 0.261 0312 0.146  0.027  0.091 0.391 0.022 0.009 0.158 6
Weight 0.094  0.063 0.071 0.065 0.081 0.046 0.101 0.049 0.108 0.064 0.091 0.069  0.099
Importance 0288 0225 0226 0206 0290 0.177 0345 0.194 0412 0218 0.341 0.267  0.325
Relative importance 0.836 0.653 0.655 0.598 0.839 0512 1.000 0.561 1.195 0.632 0989 0774 0.943
Rank 6 9 8 11 5 13 2 12 1 10 3 7 4
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Table A3. HoQ matrix of curriculum points of CC and TQM.

Curriculum Point

TQC

TQM1-1 TQM1-2 TQMI1-3 TQM2-1 TQM2-2 TQM2-3 TQM2-4 TQOM3-1 TQM3-2 TQM4-1

TQM4-2 TQM4-3 TQM4-4

CC1-1 0.074 0.220 0.189 0.110 0.003 0.101 0.000 0.087 0.043 0.155 0.017 0.028 0.170
CC1-2 0.357 0.031 0.171 0.216 0.095 0.034 0.000 0.162 0.403 0.246 0.533 0.301 0.192
CC1-3 0.209 0.125 0.047 0.222 0.037 0.089 0.248 0.081 0.256 0.241 0.292 0.118 0.458
CC2-1 0.012 0.338 0.194 0.179 0.093 0.165 0.144 0.066 0.255 0.056 0.240 0.109 0.108
CC2-2 0.399 0.384 0.332 0.068 0.043 0.443 0.025 0.031 0.487 0.266 0.439 0.113 0.651
CC2-3 0.017 0.341 0.159 0.383 0.476 0.163 0.413 0.457 0.101 0.123 0.192 0.303 0.015
CC2-4 0.190 0.204 0.513 0.146 0.140 0.096 0.119 0.276 0.079 0.207 0.107 0.399 0.448
CC2-5 0.088 0.317 0.040 0.110 0.560 0.074 0.274 0.504 0.177 0.145 0.130 0.026 0.237
CC3-1 0.084 0.262 0.403 0.038 0.395 0.180 0.226 0.108 0.024 0.036 0.237 0.521 0.243
CC3-2 0.658 0.264 0.102 0.318 0.199 0.278 0.280 0.462 0.460 0.217 0.000 0.075 0.115
CC3-3 0.215 0.021 0.208 0.002 0.242 0.032 0.281 0.046 0.191 0.061 0.518 0.406 0.074
CC3-4 0.034 0.025 0.143 0.319 0.494 0.122 0.163 0.373 0.429 0.238 0.306 0.126 0.091
CC3-5 0.191 0.404 0.311 0.034 0.216 0.430 0.172 0.129 0.320 0.000 0.249 0.100 0.005
CC4-1 0.252 0.421 0.064 0.226 0.446 0.119 0.187 0.088 0.392 0.483 0.008 0.061 0.281
CC4-2 0.211 0.233 0.258 0.212 0.116 0.242 0.162 0.011 0.036 0.052 0.163 0.298 0.152
CC4-3 0.141 0.218 0.094 0.091 0.052 0.097 0.000 0.019 0.180 0.242 0.118 0.071 0.215
CC4-4 0.274 0.049 0.085 0.335 0.062 0.251 0.107 0.075 0.308 0.277 0.335 0.322 0.309
CC4-5 0.124 0.380 0.105 0.027 0.120 0.413 0.192 0.212 0.134 0.186 0.007 0.371 0.151
CC4-6 0.124 0.012 0.109 0.307 0.283 0.528 0.225 0.373 0.009 0.125 0.144 0.131 0.175
CC5-1 0.153 0.170 0.280 0.355 0.164 0.327 0.229 0.082 0.086 0.278 0.265 0.115 0.215
CC5-2 0.286 0.159 0.293 0.554 0.280 0.164 0.042 0.625 0.103 0.201 0.309 0.169 0.116
CC5-3 0.325 0.491 0.071 0.192 0.185 0.184 0.057 0.217 0.191 0.056 0.259 0.166 0.038
CC5-4 0.295 0.214 0.115 0.557 0.387 0.145 0.089 0.354 0.074 0.430 0.022 0.203 0.191
CCe6-1 0.279 0.123 0.190 0.139 0.162 0.386 0.387 0.348 0.140 0.375 0.066 0.454 0.298
CCe6-2 0.059 0.260 0.155 0.201 0.109 0.113 0.133 0.084 0.048 0.129 0.184 0.283 0.008
CCe6-3 0.360 0.307 0.382 0.202 0.544 0.125 0.523 0.091 0.103 0.423 0.190 0.314 0.243
CCo-4 0.128 0.364 0.049 0.081 0.352 0.233 0.249 0.062 0.049 0.322 0.034 0.131 0.073
CCé6-5 0.081 0.220 0.138 0.281 0.068 0.081 0.047 0.241 0.138 0.322 0.151 0.345 0.089
CC7-1 0.383 0.017 0.002 0.185 0.078 0.211 0.183 0.134 0.113 0.177 0.423 0.553 0.190
CC7-2 0.482 0.118 0.193 0.017 0.086 0.284 0.218 0.100 0.081 0.026 0.132 0.118 0.161
CC7-3 0.177 0.023 0.097 0.015 0.073 0.422 0.249 0.179 0.325 0.024 0.007 0.085 0.545
CC7-4 0.371 0.150 0.198 0.106 0.396 0.284 0.283 0.127 0.513 0.034 0.173 0.108 0.250
CC7-5 0.228 0.687 0.125 0.362 0.055 0.113 0.273 0.190 0.050 0.159 0.300 0.122 0.337
CC8-1 0.109 0.458 0.332 0.285 0.075 0.144 0.079 0.111 0.099 0.038 0.277 0.147 0.090
CC8-2 0.240 0.125 0.227 0.545 0.203 0.024 0.324 0.348 0.078 0.118 0.358 0.015 0.047
CC8-3 0.129 0.377 0.174 0.319 0.365 0.101 0.101 0.582 0.103 0.049 0.106 0.189 0.636
CC9-1 0.198 0.114 0.082 0.168 0.195 0.472 0.167 0.140 0.490 0.135 0.120 0.021 0.207
CC9-2 0.042 0.216 0.005 0.007 0.050 0.209 0.063 0.305 0.120 0.061 0.071 0.025 0.457
CC9-3 0.051 0.042 0.193 0.159 0.465 0.122 0.209 0.272 0.121 0.507 0.068 0.204 0.055
CC9-4 0.259 0.279 0.219 0.140 0.336 0.348 0.325 0.180 0.436 0.032 0.359 0.197 0.122
CC9-5 0.137 0.073 0.374 0.223 0.098 0.151 0.219 0.049 0.074 0.159 0.021 0.252 0.195
CC9-6 0.231 0.267 0.466 0.040 0.288 0.045 0.260 0.084 0.096 0.224 0.078 0.161 0.010
Weight 0.059 0.049 0.038 0.038 0.030 0.045 0.052 0.044 0.039 0.055 0.037 0.040 0.031
Importance 0.196 0.136 0.134 0.124 0.113 0.173 0.207 0.155 0.137 0.222 0.134 0.144 0.106
Relative importance 1.356 0.944 0.929 0.861 0.784 1.196 1.437 1.076 0.950 1.538 0.927 1.000 0.736
Rank 4 16 17 19 21 7 3 10 15 1 18 12 23
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Table A4. HoQ matrix of curriculum points of construction cost and TQM.

24 of 32

Curriculum Point oM TQM4-5 TQM4-6 TQM5-1 TQMS5-2 TQMS5-3 TQMS5-4 TQMe6-1 TQMe6-2 TQM6-3 TQM6-4 Weight Importance Relative Importance  Rank
CC1-1 0.133 0.117 0.150 0.373 0.243 0.178 0.307 0.012 0.016 0.107 0.016 0.002 0.031 29
CC1-2 0.014 0.055 0.090 0.470 0.225 0.237 0.220 0.406 0.397 0.550 0.030 0.016 0.299 2
CC1-3 0.085 0.144 0.234 0.269 0.136 0.106 0.096 0.018 0.371 0.166 0.029 0.005 0.087 18
CC2-1 0.258 0.418 0.071 0.182 0.014 0.519 0.267 0.008 0.052 0.223 0.021 0.005 0.084 19
CC2-2 0.256 0.004 0.037 0.246 0.340 0.150 0.488 0.019 0.222 0.207 0.027 0.006 0.100 14
CcC2-3 0.061 0.061 0.367 0.289 0.322 0.006 0.330 0.268 0.039 0.011 0.028 0.000 0.006 41
CC2-4 0.013 0.124 0.258 0.406 0.048 0.231 0.192 0.016 0.019 0.021 0.033 0.001 0.013 38
CC2-5 0.179 0.111 0.069 0.325 0.291 0.142 0.403 0.429 0.224 0.270 0.029 0.008 0.143 9
CC3-1 0.150 0.059 0.311 0.218 0.068 0.144 0.304 0.434 0.102 0.156 0.018 0.003 0.051 25
CC3-2 0.347 0.110 0.235 0.273 0.631 0.184 0.161 0.104 0.024 0.452 0.026 0.012 0.213 3
CC3-3 0.377 0.110 0.183 0.215 0.161 0.248 0.072 0.041 0.214 0.375 0.026 0.010 0.180 6
CC3-4 0.083 0.041 0.533 0.017 0.183 0.092 0.031 0.317 0.054 0.030 0.024 0.001 0.013 37
CC3-5 0.375 0.188 0.226 0.063 0.295 0.061 0.298 0.231 0.289 0.452 0.022 0.010 0.184 5
CC4-1 0.163 0.045 0.438 0.254 0.337 0.080 0.252 0.044 0.182 0.193 0.033 0.006 0.115 12
CC4-2 0.111 0.504 0.019 0.045 0.403 0.328 0.374 0.001 0.249 0.009 0.027 0.000 0.005 42
CC4-3 0.217 0.203 0.042 0.581 0.057 0.138 0.180 0.104 0.411 0.216 0.018 0.004 0.071 22
CC4-4 0.211 0.346 0.182 0.248 0.011 0.716 0.041 0.260 0.086 0.023 0.021 0.000 0.009 39
CC4-5 0.259 0.479 0.009 0.254 0.143 0.336 0.148 0.084 0.453 0.157 0.019 0.003 0.054 24
CC4-6 0.060 0.077 0.344 0.218 0.328 0.123 0.037 0.018 0.334 0.052 0.023 0.001 0.022 32
CC5-1 0.116 0.017 0.203 0.082 0.459 0.228 0.066 0.357 0.047 0.295 0.015 0.004 0.079 20
CC5-2 0.229 0.549 0.044 0.165 0.458 0.091 0.048 0.171 0.221 0.031 0.030 0.001 0.017 34
CC5-3 0.010 0.355 0.616 0.142 0.211 0.244 0.198 0.229 0.097 0.344 0.014 0.005 0.088 17
CC5-4 0.036 0.072 0.348 0.054 0.212 0.052 0.102 0.138 0.134 0.207 0.024 0.005 0.092 16
CCo-1 0.007 0.026 0.180 0.559 0.506 0.142 0.191 0.182 0.082 0.410 0.016 0.006 0.117 11
CC6-2 0.101 0.334 0.078 0.227 0.419 0.125 0.563 0.015 0.214 0.058 0.024 0.001 0.025 30
CCe6-3 0.348 0.136 0.012 0.260 0.424 0.190 0.101 0.291 0.143 0.491 0.023 0.012 0.209 4
CCo-4 0.441 0.270 0.394 0.408 0.133 0.457 0.336 0.023 0.032 0.031 0.030 0.001 0.017 35
CCo6-5 0.177 0.077 0.201 0.428 0.091 0.101 0.055 0.104 0.061 0.423 0.023 0.010 0.179 7
CC7-1 0.451 0.423 0.336 0.226 0.006 0.087 0.000 0.003 0.101 0.073 0.018 0.001 0.024 31
CC7-2 0.302 0.416 0.206 0.203 0.297 0.160 0.251 0.012 0.040 0.262 0.024 0.006 0.114 13
CC7-3 0.040 0.233 0.171 0.155 0.106 0.002 0.086 0.266 0.037 0.070 0.029 0.002 0.037 27
CC7-4 0.140 0.182 0.482 0.063 0.221 0.235 0.245 0.288 0.534 0.050 0.021 0.001 0.019 33
CC7-5 0.239 0.054 0.066 0.213 0.251 0.090 0.220 0.025 0.071 0.186 0.021 0.004 0.073 21
CC8-1 0.081 0.212 0.081 0.217 0.130 0.004 0.091 0.056 0.353 0.224 0.032 0.007 0.131 10
CC8-2 0.160 0.528 0.226 0.047 0.052 0.365 0.281 0.067 0.048 0.012 0.028 0.000 0.006 40
CC8-3 0.141 0.023 0.018 0.363 0.336 0.120 0.350 0.304 0.321 0.116 0.020 0.002 0.041 26
CCo-1 0.200 0.480 0.024 0.235 0.281 0.572 0.032 0.323 0.007 0.078 0.023 0.002 0.033 28
CC9-2 0.254 0.042 0.095 0.085 0.071 0.118 0.398 0.477 0.313 0.041 0.018 0.001 0.013 36
CC9-3 0.063 0.158 0.152 0.015 0.049 0.183 0.151 0.149 0.095 0.397 0.024 0.010 0.173 8
CCo-4 0.090 0.041 0.311 0.494 0.365 0.139 0.488 0.142 0.197 0.667 0.029 0.020 0.356 1
CC9-5 0.094 0.105 0.105 0.145 0.178 0.259 0.032 0.181 0.163 0.229 0.022 0.005 0.092 15
CC9-6 0.216 0.122 0.592 0.182 0.111 0.171 0.566 0.276 0.278 0.171 0.022 0.004 0.069 23
Weight 0.063 0.051 0.040 0.036 0.045 0.046 0.037 0.035 0.042 0.047

Importance 0.212 0.156 0.143 0.119 0.173 0.174 0.112 0.139 0.152 0.160
Relative importance 1.468 1.081 0.988 0.821 1.199 1.208 0.775 0.961 1.055 1.106
Rank 2 9 13 20 6 5 22 14 11 8
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Table A5. HoQ matrix of curriculum points of FCand TQC.

25 of 32

Curri N TQc TQC1 TQC2 TQC3 TQC4 TQC5 TQC6 TQC7 TQC8 TQCY9 TQC10 TQC11 TQC12 TQC13 Weight Importance Relative Rank
urriculum Point Importance
FC1-1 0.181 0258 0076 0145 0.043 0.033 0297 0.147 0290 0.154 0.111 0.075 0.033  0.048 0.116 0.969 14
FC1-2 0.395 0.121 0.114 0.260 0.124 0.533 0.073 0.427 0.041 0.233 0.279 0.452 0.137 0.028 0.072 0.597 24
FC1-3 0.060 0.083 0240 0.101 0312 0.039 0137 0356 0.010 0.049 0.261 0.074 0395  0.041 0.105 0.879 19
FC1-4 0.511 0193 0203 0.156 0.006 0282 0259 0329 0431 0.041 0469 0.036 0.118  0.039 0.094 0.782 22
FC1-5 0294 0.127 0.066 0.059 0122 0102 0370 0.104 0.187 0.078 0.049 0266 0.052 0.075 0.155 1.294 2
FC2-1 0.082 0.138 0.155 0.067 0.034 0155 0.334 0.065 0.108 0.142 0.118 0.271 0.014  0.035 0.114 0.948 16
FC2-2 0.311 0.094 0132 0476 0069 0.184 0.057 0360 0.132 0.039 0.005 0150 0.165 0.042 0.129 1.073 10
FC2-3 0262 0359 0063 0.029 0.015 0.151 0480 0.164 0055 0.094 0.138 0.105 0.039 0.043 0.144 1.201 6
FC3-1 0.052 0.012 0.251 0.145 0255 0206 0449 0363 0.016 0443 0.131 0396  0.311 0.053 0.184 1.532 1
FC3-2 0.057 0.194 0.261 0.038 0.019 0200 0.164 0015 0016 0.008 0.191 0.050 0298  0.043 0.149 1.242 3
FC3-3 0487 0303 0398 0478 0.015 0.048 0.153 0.075 0.112 0.339 0.394 0.061 0.154  0.036 0.147 1.228 4
FC3-4 0103 0.18 0519 0.049 0.108 0.194 0305 0.003 0.315 0.227  0.091 0.033 0.176  0.028 0.113 0.940 17
FC3-5 0.188 0.150 0.194 0264 0489 0176 0496 0.019 0357 0.026 0229 0.131 0.243  0.035 0.120 1.000 13
FC3-6 0.041 0426  0.147 028 0.097 0.026 0390 0.184 0.037 0.004 0.082 0357 0.150  0.027 0.120 1.001 12
FC4-1 0.070 0.042 0456 0310 0275 0.095 0316 0.016 0529 0119 0309 0.268 0.228  0.040 0.139 1.159 7
FC4-2 0165 0.070 0.024 0211 0.094 0013 0461 0393 0407 0.103 0.014 0.007 0410 0.031 0.097 0.807 20
FC4-3 0379  0.021 0.047 0513 0553 0.078 0363 0.231 0418 0.183  0.028  0.141 0.287  0.038 0.147 1.221 5
FC4-4 0.037 0234 0275 0297 0267 0.059 0237 0.036 0.126 0409 0414 0287 0267 0.022 0.070 0.583 25
FC4-5 0250 0.039 0643 0236 0.187 0.039 0.137 0.212 0.098 0.093 0.048 0.074 0.287  0.028 0.095 0.792 21
FC4-6 0469 0034 018 0364 0.005 0242 0479 0286 0.161 0235 0407 0377 0132  0.033 0.129 1.075 9
FC5-1 0.186 0334 0418 0349 0.140 0310 0259 0226 038 0276 0.063 0209 0.268  0.036 0.093 0.778 23
FC5-2 0.157 0255 0489 0265 0476 0.187 0.036 0244 0.037 0.124 0483 0.016 0.016  0.043 0.116 0.963 15
FC5-3 0.062 0.188 0384 0.012 0.182 0218 0.011 0.187 0229 0.176 0.198 0316 0.139  0.055 0.124 1.031 11
FC5-4 0.014 0507 0170 0233 0280 0.191 0.059 0.147 0.087 0.162 0.052 0.587 0.063  0.055 0.132 1.098 8
FC5-5 0.018 0.118 0272  0.071 0.059  0.021 0.291 0.166 0200  0.031 0288 0.078 0.167  0.045 0.110 0.919 18
Weight 0.094 0063 0.071 0.065  0.081 0.046  0.101 0.049 0.108 0.064 0.091 0.069  0.099
Importance 0288 0225 0226 0206 0290 0.177 0345 0.194 0412 0218 0.341 0.267  0.325
Relative importance 0836 0653 0655 0598 0.839 0512 1.000 0.561 1195 0.632 0989 0774 0943
Rank 6 9 8 11 5 13 2 12 1 10 3 7 4
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Table A6. HoQ matrix of curriculum points of FC and TQM.

26 of 32

TOM
Curriculum Point TOM1-1 TQM1-2 TQM1-3 TQM2-1 TQM2-2 TQM2-3 TQM2-4 TQM3-1 TQOM3-2 TQOM4-1 TQM4-2 TQM4-3 TQM4-4
FC1-1 0.276 0.128 0.385 0.092 0.073 0.930 0.014 0.021 0.346 0.296 0.381 0.020 0.272
FC1-2 0.195 0.228 0.058 0.453 0.149 0.112 0911 0.176 0.410 0.045 0.107 0.471 0.292
FC1-3 0.566 0.367 0.095 0.014 0.036 0.061 0.127 0.962 0.115 0.385 0.299 0.101 0.093
FC1-4 0.173 0417 0.223 0.409 0.027 0.133 0313 0.055 0.942 0.187 0.056 0.350 0.142
FC1-5 0.316 0.005 0.193 0.081 0.207 0.280 0.029 0.349 0.279 0.974 0.016 0.263 0.309
FC2-1 0.032 0.360 0.043 0.006 0.082 0.536 0.060 0.307 0.178 0.052 1.000 0.300 0.306
FC2-2 0.177 0.003 0.013 0.109 0.302 0.122 0.296 0.090 0.333 0.208 0.300 1.000 0.086
FC2-3 0.073 0.146 0.324 0.263 0.013 0.369 0.430 0.078 0.015 0.345 0.306 0.086 1.000
FC3-1 0.361 0.291 0.394 0.142 0.029 0.368 0.012 0478 0.353 0.140 0.368 0.227 0.195
FC3-2 0.268 0.328 0.101 0.238 0.309 0.204 0.260 0.049 0.029 0.347 0.219 0.505 0.027
FC3-3 0.097 0.148 0.058 0.354 0.149 0.082 0.021 0.328 0.479 0.321 0.329 0.409 0.101
FC3-4 0.335 0.029 0.160 0.103 0.115 0.163 0.078 0.428 0.089 0.488 0.104 0.218 0.428
FC3-5 0.000 0.092 0.173 0.072 0.380 0.289 0.026 0.346 0.134 0.199 0.393 0.119 0.365
FC3-6 0.194 0.203 0.353 0.496 0516 0.246 0.179 0.035 0.257 0.353 0.002 0.203 0.195
FC4-1 0.177 0.002 0.344 0.385 0.068 0.084 0.050 0.163 0313 0.262 0.059 0.127 0.325
FC4-2 0.327 0.259 0.031 0.029 0.272 0.451 0.242 0.462 0.176 0.050 0.312 0.147 0.324
FC4-3 0.423 0.141 0.274 0.171 0.007 0.199 0.054 0.414 0.072 0.083 0.155 0.403 0.346
FC4-4 0.174 0.055 0.226 0.140 0.358 0.111 0.384 0.015 0.055 0.089 0.067 0.465 0.411
FC4-5 0.404 0.138 0.006 0.014 0.217 0.199 0.094 0.507 0.319 0.299 0.151 0.016 0.018
FC4-6 0.264 0.089 0.027 0.014 0.074 0.449 0.002 0.336 0.440 0.012 0.599 0.410 0.288
FC5-1 0.173 0.186 0.332 0.181 0.027 0.224 0.278 0.177 0.248 0.141 0.214 0.308 0.180
FC5-2 0.077 0.049 0.051 0.066 0.017 0.350 0.072 0.225 0.034 0.146 0.022 0.086 0.045
FC5-3 0.297 0.018 0.263 0.153 0.265 0.032 0.159 0.316 0.037 0.270 0.325 0.331 0.118
FC5-4 0.145 0.425 0.267 0.343 0.194 0.277 0.609 0.012 0.091 0.272 0.179 0.223 0.085
FC5-5 0.081 0.218 0.187 0.219 0.092 0.115 0.068 0.345 0.081 0.242 0.165 0.486 0.218
Weight 0.038 0.058 0.037 0.046 0.029 0.053 0.031 0.046 0.040 0.066 0.041 0.049 0.051
Importance 0.003 0.013 0.007 0.010 0.003 0.006 0.002 0.016 0.003 0.016 0.007 0.024 0.011
Relative importance 0.020 0.082 0.046 0.066 0.018 0.040 0.014 0.103 0.021 0.104 0.044 0.158 0.072
Rank 20 10 16 13 21 18 23 6 19 5 17 3 11
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Table A7. HoQ matrix of curriculum points of FC and TQM.

Curriculum Point oM TQM4-6 TQM5-1 TQM5-2 TQM5-3 TQM5-4 TQM6-1 TQMe6-2 TQMe6-3 TQMe-4  Weight Importance InI:::;tti;:ce Rank
FC1-1 0.118 0.110 0.078 0.314 0.287 0.105 0.436 0.203 0.129 0.048 0.116 0.969 14
FC1-2 0.347 0.278 0.049 0.020 0.254 0.090 0.289 0.159 0.520 0.028 0.072 0.597 24
FC1-3 0.064 0.229 0.367 0.327 0.090 0.149 0.373 0.391 0.063 0.041 0.105 0.879 19
FC1-4 0.028 0.458 0.147 0.172 0.314 0.256 0.057 0.050 0.104 0.039 0.094 0.782 22
FC1-5 0.356 0.331 0.507 0.158 0.353 0.280 0.147 0.050 0.186 0.075 0.155 1.294 2
FC2-1 0.219 0.329 0.104 0.393 0.002 0.059 0.312 0.155 0.067 0.035 0.114 0.948 16
FC2-2 0.505 0.409 0.218 0.119 0.203 0.127 0.147 0.403 0.465 0.042 0.129 1.073 10
FC2-3 0.027 0.101 0.428 0.365 0.195 0.325 0.324 0.346 0.411 0.043 0.144 1.201 6
FC3-1 0.159 0.065 0.228 0.381 0.141 0.152 0.451 0.219 0.432 0.053 0.184 1.532 1
FC3-2 1.000 0.468 0.154 0.007 0.316 0.349 0.057 0.102 0.546 0.043 0.149 1.242 3
FC3-3 0.468 1.000 0.187 0.314 0.220 0.272 0.142 0.251 0.348 0.036 0.147 1.228 4
FC3-4 0.154 0.187 1.000 0.016 0.141 0.565 0.290 0.029 0.142 0.028 0.113 0.940 17
FC3-5 0.007 0.314 0.016 1.000 0.402 0.402 0.300 0.632 0.243 0.035 0.120 1.000 13
FC3-6 0.316 0.220 0.141 0.402 1.000 0.103 0.068 0.230 0.190 0.027 0.120 1.001 12
FC4-1 0.349 0.272 0.565 0.402 0.103 1.000 0.302 0.458 0.002 0.040 0.139 1.159 7
FC4-2 0.057 0.142 0.290 0.300 0.068 0.302 1.000 0.404 0.206 0.031 0.097 0.807 20
FC4-3 0.102 0.251 0.029 0.632 0.230 0.458 0.404 1.000 0.054 0.038 0.147 1.221 5
FC4-4 0.546 0.348 0.142 0.243 0.190 0.002 0.206 0.054 1.000 0.022 0.070 0.583 25
FC4-5 0.064 0.428 0.653 0.368 0.208 0.240 0.145 0.277 0.151 0.028 0.095 0.792 21
FC4-6 0.096 0.355 0.220 0.456 0.116 0.120 0.440 0.508 0.096 0.033 0.129 1.075 9
FC5-1 0.028 0.404 0.270 0.349 0.131 0.083 0.138 0.255 0.067 0.036 0.093 0.778 23
FC5-2 0.049 0.253 0.016 0.475 0.084 0.028 0.106 0.188 0.388 0.043 0.116 0.963 15
FC5-3 0.211 0.264 0.223 0.025 0.143 0.287 0.272 0.236 0.023 0.055 0.124 1.031 11
FC5-4 0.359 0.116 0.124 0.144 0.606 0.029 0.115 0.042 0.278 0.055 0.132 1.098 8
FC5-5 0.551 0.322 0.258 0.260 0.455 0.191 0.503 0.060 0.535 0.045 0.110 0.919 18

Weight 0.050 0.043 0.033 0.041 0.032 0.047 0.037 0.045 0.026

Importance 0.028 0.014 0.008 0.011 0.015 0.009 0.018 0.003 0.014

Relative importance 0.182 0.090 0.055 0.070 0.095 0.059 0.120 0.018 0.092
Rank 2 9 15 12 7 14 4 21 8
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Table A8. The information of industrial individual and faculty in this research.

28 of 32

NO. Work Experience Workplace Major Title Education Level
1 9 years Construction Company BIM consultant Project Coordinator Undergraduate
2 10 years Construction Company Construction management Project Manager Bachler degree
3 15 years Higher University Construction management Associate Professor Ph.D. degree
4 12 years Construction Company Construction management Project Manager Master degree
5 11 years Construction Company Construction management Project Coordinator Master degree
6 16 years Owner Construction management Construction Marketing Administrator Undergraduate
7 18 years Owner Construction management Construction Superintendent Undergraduate
8 21 years Higher University Construction management Associate Professor Ph.D. degree
9 9 years Construction Company BIM consultant Project Coordinator Undergraduate
10 25 years Higher University Construction management Professor Ph.D. degree
11 13 years Higher University Construction management Associate professor Ph.D. degree
12 10 years Owner BIM consultant Project Manager Bachler degree
13 9 years Construction Company BIM consultant Project Coordinator Bachler degree
14 12 years Higher University Construction management Associate professor Ph.D. degree
15 19 years Higher University Construction management Professor Ph.D. degree
16 14 years Owner Construction management Project Coordinator Bachler degree
17 17 years Higher University Construction management Professor Ph.D. degree
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