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From process-based to technology-driven: a study on functionalities as key 
elements of collaborative planning methods for construction projects

Moslem Sheikhkhoshkara , Hind Bril El-Haouzia , Alexis Aubrya , Farook Hamzehb and  
Farzad Rahimianc 

aUniversit�e de Lorraine, CNRS, CRAN, Nancy, France; bDepartment of Civil and Environmental Engineering, University of Alberta, Edmonton, 
Canada; cSchool of Computing, Engineering & Digital Technologies, Teesside University, Middlesbrough, UK 

ABSTRACT 
With the advancement of emerging technologies, significant attempts have been made to develop 
collaborative planning methods and to involve as many project stakeholders as possible in the con
struction project planning and control process. However, inadequate consideration has been paid to 
the characteristics, goals, and principles underlying these methods to meet the needs of collaboration 
for project planning between project teams. To deal with this, a multi-stage methodology was carried 
out to achieve the aims of this study. The first step was identifying collaborative planning methods 
and their functionalities in the construction sector. Further, a quantitative analysis based on Social 
Network Analysis (SNA) was conducted to determine the most frequently utilized functionalities in col
laborative planning methods. The results revealed that process-based collaborative planning methods’ 
functionalities prioritized process and people-related characteristics such as team trust and promise, as 
well as social interactions, whereas technology-driven methods highlighted visualization along with 
collaboration and communication as a key element of collaborative planning. Subsequently, this study 
contributes to the body of construction project planning and control knowledge from both theoretical 
and practical perspectives by enhancing the understanding and sensemaking of project stakeholders 
towards the underlying concepts and objectives of collaborative planning methods.
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Introduction

Over the past decades, the construction industry has been 
known for its poor productivity performance compared to other 
sectors (Momade et al. 2023). The lack of effective communica
tion, the fragmented and temporary nature, the uncertain and 
dynamic environment, and the lack of efficient collaboration 
between stakeholders are among the important factors contri
buting to this issue (Durdyev et al. 2019; Sheikhkhoshkar, El- 
Haouzi, Aubry, and Hamzeh 2023). Significant efforts, especially 
with emerging new technologies, have been made to enhance 
collaboration in the planning process to address any issues 
posed by poor productivity due to inefficient construction plan
ning and control (Cii 2021).

In construction projects, schedules are crucial for determin
ing payments, completion dates, coordinating various stake
holders, and controlling project progress (Sheikhkhoshkar et al. 
2024). Predominantly, the construction industry employs Critical 
Path Method (CPM) logic as the primary scheduling tool, 
acknowledged for its efficiency in formulating plans and sched
ules for projects characterized by high complexity (Olivieri et al. 
2019). However, it falls short in fostering collaboration during 
project planning and scheduling processes (Koolwijk et al. 
2018). Due to the complexity of projects and the involvement 

of many stakeholders, the industry realized the need for better 
integration in project planning and control. This recognition led 
to the essential adoption of collaboration as a key process to 
align participants towards the common goal of delivering proj
ects (He et al. 2022). In this context, the introduction of the 
Last Planner System (LPS) marked a pivotal transformation in 
project planning (Ballard 2000; Ballard and Howell 2003), 
enhancing the productivity of trades (Ballard and Tommelein 
2021), reducing waste (Ballard et al. 2020; (Sheikhkhoshkar, El- 
Haouzi, Aubry, and Hamzeh 2023), improving collaboration 
through social conversations (Daniel et al. 2017), increasing the 
reliability of project planning (Javanmardi et al. 2018; 
Sheikhkhoshkar, El-Haouzi, Aubry, and Hamzeh 2023), boosting 
transparency (Salhab et al. 2021), enhancing the network of 
commitments (Scala et al. 2022), and improving communication 
and teamwork among the project team (Daniel, Pasquire, and 
Dickens 2019). Further advancements have seen the application 
of agile methodologies, such as Scrum and Kanban, alongside 
innovative approaches like Advanced Work Packaging (AWP) to 
bolster planning efficiency and project execution (Guerra and 
Leite 2020; Rebai et al. 2022; Sakikhales 2021).

Emerging Building Information Modelling (BIM) has further 
revolutionized collaborative planning, enhancing information 
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exchange and project visualization throughout the lifecycle of 
construction projects (Ayman, Mahfouz, and Alhady 2022). 
Moreover, the integration of Industry 4.0 technologies with 
BIM applications has opened new avenues for engaging stake
holders more in project planning and control processes 
(Dawood, Rahimian, and Sheikhkhoshkar 2022; Sheikhkhoshkar 
et al. 2019).

Despite these advancements, adopting modern collabora
tive planning methods faces barriers primarily due to a reluc
tance to move away from traditional practices and a lack of 
awareness regarding the underlying concepts and benefits of 
these innovative approaches (AlNasseri and Aulin 2015; 
Sheikhkhoshkar, El-Haouzi, Aubry, and Hamzeh 2023). This 
gap underscores the need for a deeper understanding of col
laborative planning principles and their practical application 
within the construction industry, leading to the introduction 
of the ‘functionality concept’ in this study based on 
Sheikhkhoshkar, El-Haouzi, Aubry, and Hamzeh (2023)’s defin
ition for integrated scheduling methods. Functionality refers 
to the operations and primary goals within collaborative 
planning methods. In this study, identifying and analysing 
functionalities can enhance understanding and sensemaking 
among project stakeholders, such as the engineering team 
(contractors/engineering cross-disciplinary), project owners, 
as well as suppliers towards the key features and objectives 
of technology-driven and process-based collaborative planning 
approaches. This augmented understanding is pivotal in facili
tating the informed selection of the most efficacious collabora
tive strategy for the planning and control of construction sites, 
thereby optimizing project outcomes through improved stake
holder alignment and decision-making processes.

This paper aims to address these challenges by providing 
a comprehensive analysis of collaborative planning methods 
in construction, focusing on their functionalities and the 
interconnections between different approaches. To this end, 
the objectives of this study include:

1. Identify the most significant collaborative planning 
methods in the construction industry.

2. Identify underlying concepts of collaborative planning 
methods as their functionalities.

3. Analyse the identified functionalities based on their 
interconnections and figure out the most frequently uti
lized functionalities in collaborative planning methods.

It should be noted that this paper focuses on collabora
tive planning methods for planning and operation phase of 
the projects and applicable to all types of project delivery 
including Integrated Project Delivery (IPD)/Alliancing and 
those employing traditional delivery methods.

The following sections address research methodology, 
then results and analyses, validation, discussion, and future 
directions, and finally conclusions and limitations.

Literature review

Throughout the review of collaborative planning methods 
over time, several topics have been discussed, including 

general discussions regarding collaboration within project 
planning and scheduling as well as in-depth analyses of spe
cific collaborative planning approaches. Regarding the former, 
Elsayegh and El-adaway (2021) conducted a comprehensive 
study into the factors influencing collaborative planning 
within the construction sector. Elsayegh and El-adaway (2021) 
proposed a Collaborative Planning Index (CPI) to measure the 
effectiveness of collaborative planning practices within con
struction projects. Scala et al. (2022) presented a practical 
maturity model for Collaborative Scheduling (CS), enabling 
practitioners to assess the current state of collaboration in 
their projects across five distinct dimensions or pillars and 
identify actionable steps for enhancing collaboration. As for 
the latter category, Pourrahimian, Shehab, and Hamzeh (2023) 
delved into the effect of collaboration across various phases 
of the Last Planner System (LPS). According to Daniel et al. 
(2020), while current construction planning methods, such as 
CPM and waterfall models, lack adaptability and collaboration 
support, scrum methods and last planner systems (LPS) are 
innovative approaches that integrate ’transformation’, ’flow’ 
and ’value’ view theory, promoting effective collaboration and 
workflow within projects.

Moreover, the recent technological advancements, particu
larly in Industry 4.0, have spurred numerous studies on 
enhancing collaborative planning and control through the 
integration of BIM applications, notably the fourth dimension 
(4D), Virtual Reality (VR) (Boton 2018; Rashidi et al. 2022), 
digital twin that created and continuously updated through 
integrating of artificial intelligence (AI), internet of things (IoT), 
machine learning and cognitive computing (Alizadehsalehi 
and Yitmen 2023; Kim, Ham, and Kim 2021), multi-user VR 
(Truong et al. 2021; Zhou et al. 2012), touch table and touch 
wall screens (Boje et al. 2019; Boje et al. 2022), as well as 
web-based platforms (Kang, Anderson, and Clayton 2007; Lin 
and Golparvar-Fard 2016) have emerged as key technologies 
integrated with 4DBIM. These technologies address a range of 
objectives, including identifying sequencing planning issues, 
enhancing project and process comprehension, conducting 
constructability analysis, promoting safety and disaster man
agement, optimizing resource allocation for schedule manage
ment, decentralizing work tracking and information sharing 
on construction sites, facilitating collaborative interactions 
among team professionals and stakeholders within a unified 
environment, and embracing a user-centric approach in col
laborative planning.

It’s worth noting that while collaborative planning litera
ture includes applications in various fields such as urban 
planning (Lin 2022), digital manufacturing (Wang et al. 2009), 
process planning and manufacturing in product lifecycle 
management (Ming et al. 2008), low-carbon innovation strat
egy development (Wu et al. 2023), and so on, this paper spe
cifically focuses on its relevance within the construction 
industry.

The analysis of existing literature has consistently high
lighted the lack of comprehensive studies on the diverse 
range of collaborative planning methods employed within 
the construction industry (Bolshakova et al. 2019; Elsayegh 
2021; Scala et al. 2022; Sheikhkhoshkar, El-Haouzi, Aubry, and 
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Hamzeh 2023). Furthermore, there has been an inadequate 
exploration of the fundamental principles and concepts that 
form the foundation of collaborative planning methods. 
Additionally, there is a notable dearth of knowledge regard
ing the functionalities that are most commonly utilized in 
real-world collaborative planning scenarios. These gaps high
light the need for further investigation and a more compre
hensive understanding of collaborative planning methods to 
address the challenges faced in construction planning and 
control.

Research methodology

A multi-stage methodology is adopted to achieve the goals 
and objectives of this research. The steps of the approach 
are shown in Figure 1. Data collection using Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses 
(PRISMA), content analysis, and Social Network Analysis (SNA) 
are the main pillars of the adopted methodology. The follow
ing sections elaborate on each of these steps.

Systematic literature review (SLR)

The Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) guideline and content analysis were 
followed to collect the required data for this study’s objec
tives. PRISMA offers a standard approach that employs a 
guideline checklist, which was precisely considered in this 
paper to ensure the quality assurance and replicability of the 
review process (Abelha et al. 2020). To do so, a review proto
col was established providing a search strategy, the article 
selection criteria, a screening procedure, and data extraction, 
as shown in Figure 2.

Search procedure

A systematic search was conducted on two electronic data
bases, Web of Science and Scopus, addressing collaborative 
planning methods in the construction industry over the last 
three decades. The search term was formulated by incorpo
rating the relevant keywords and synonyms to collaborative 
planning methods using the Boolean operators ‘AND’ and 
‘OR’ (Table 1) and conducted for the topic (WoS), article title, 
abstract, and keywords (Scopus). The initial search identified 
a total of 943 articles.

Eligibility criteria

In order to evaluate the quality of the selected articles, sev
eral inclusion and exclusion criteria were employed to ensure 
that they were relevant to the research objectives as well as 
methodologically rigorous, as shown in Table 2.

Screening process

The initial identified papers were screened and reviewed 
using a multi-step process. The filters available in Scopus 
and WoS, including document type, subject area, and source 
title, were used in the first stage to reduce the number of 
articles and eliminate those not meeting the eligibility crite
ria. Furthermore, the screening process involved removing 
duplicates, screening the title and abstract and applying 
inclusion and exclusion criteria in the full-text review stage. 
Also, to ensure the key publications were included, backward 
and forward citation searching were applied. In the end, 94 
papers were selected for content analysis. The whole proced
ure of screening is depicted in Figure 2.

Figure 1. The process of applied methodology.
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Content analysis

The content analysis was performed on 94 finalized papers 
that passed the screening process to extract the collaborative 
planning methods and their functionalities for further analysis. 
To do this, NVivo 12 was used to codify the required contents. 
Considering Sheikhkhoshkar, El-Haouzi, Aubry, and Hamzeh 
(2023)’s study, the authors established three distinct codes to 
extract the functionality of collaborative planning methods. 
These codes include (1) the goals and objectives of collabora
tive planning methods, (2) the research questions of each 
paper, and (3) the advantages of each collaborative planning 
method. The analysis and coding of 94 finalized papers identi
fied 157 objectives and underlying concepts related to collab
orative planning methods in the initial stage. In order to 
streamline the functionalities, duplicate functionalities were 
eliminated, and those with similar concepts were merged. The 
first author carried out the aggregation of functionalities and 
assessed and approved by the other authors of the 
paper. Finally, ten collaborative planning methods and 75 
functionalities were identified for further analysis.

Quantitative data analysis

After performing a content analysis, the authors formulated 
two reference matrices, C and T, to analyse the identified 
functionalities. To do so, the finalized papers were classified 
according to their collaborative planning methods. This study 
divided collaborative planning methods into two groups. The 

first category consisted of process-based collaborative plan
ning methods, such as the Last Planner System (LPS), agile 
(Scrum and Kanban), Advanced Work Packaging (AWP), and 
some papers that discussed this topic in a general sense and 
were considered to be general collaborative planning. The 
second category comprised technology-driven collaborative 
planning methods, such as web-based 4DBIM, conventional 
4D (refers to stand-alone dedicated 4DBIM tools), 4D-VR, 
multi-user VR, multi-touch screen-based 4D, and 4D-digital 
twins. The articles discussing process-based collaborative plan
ning methods were included in the reference matrix C: In 
addition, the articles that covered the technology-driven col
laborative planning methods were included in the reference 
matrix T: In a reference matrix, the columns indicate the ana
lysed articles and the rows correspond to the identified func
tionalities. A value of 1 is entered into the cell that 
corresponds to a functionality if it is specified in the article; 
otherwise, a value of 0 is provided. The Social Network 
Analysis (SNA) approach was employed to analyse the devel
oped reference matrices quantitatively, and the simplified ana
lysis approach was used to verify the results. Further details 
regarding these approaches are provided as follows.

Social Network Analysis

Social Network Analysis (SNA) is a mathematical approach 
based on graph theory that considers the interconnections 
of a network’s variables to study its behaviour (Elsayegh and 
El-adaway 2021). In SNA, nodes and edges are used to 

Figure 2. Applied review process.

Table 1. Search query.

Search databases Search term

Web of Science & Scopus ("collaborative scheduling" OR "collaborative planning" OR "4D" OR "4DBIM" OR "last planner system" OR "LPS" OR "VR" OR  
"virtual reality" OR "Metaverse" OR "Digital Twins" OR "Agile") AND ("project planning" OR "project scheduling" OR " 
project control" OR "construction planning" OR "construction scheduling")

Table 2. Employed eligibility criteria.

Inclusion criteria Exclusion criteria

Written in English Papers in languages other than English
Peer-reviewed publications from reputable construction and manufacturing journals and conferences Not peer-reviewed scientific reports and documents
Relevant to the aims of this study (collaborative planning methods) Outside the scope of this research
Within the scope of the construction industry Not applicable to the construction industry
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illustrate relationships and various metrics and statistics can 
be utilized for analysing these networks. As measuring a 
node’s centrality in a network is the easiest and most reliable 
method of discovering its significance (Hosseini, Maghrebi, 
et al. 2018), in this study degree centrality (DC) is utilized to 
analyse and quantify each node’s importance. The preference 
for the SNA method stems from its ability to evaluate inter
actions among various aspects of collaborative planning 
methods discussed in various papers. It also provides visual 
representations of findings and patterns, as well as uncover
ing connections and patterns among functionalities that 
would otherwise remain hidden in a simplified analysis 
(Elsayegh and El-adaway 2021; Sheikhkhoshkar, El-Haouzi, 
Aubry, and Hamzeh 2023).

Weighted adjacency matrices and metrics

In order to calculate the DC metric for reference matrices C 
and T, it is necessary to construct the weighted adjacency 
matrices. The weighted adjacency matrix is a square matrix of 
dimensions f � f , where f indicates the number of functional
ities, and the values vij are the weights of the edges depict
ing the interconnectivity or co-occurrences between each pair 
of functionalities. This matrix is calculated using Eq. (1).

Wf�f ¼
Mf�p �MT

f�p for i 6¼ j
0 for i ¼ j

�

(1) 

where Wf�f ¼ weighted adjacency matrix; Mf�p ¼ reference 
matrix; MT

f�p ¼ transpose of the reference matrix; f ¼ num
ber of identified functionalities (i.e. 75); and p ¼ number 
analysed papers (i.e. 64 in matrix T). The procedure of devel
oping the weighted adjacency matrix is performed for both 
matrices, C and T:

Following the development of the weighted adjacency 
matrices, the DC for each functionality of collaborative 
planning methods is calculated based on Eq. (2).

DCi ¼
Xn

j¼1

vij (2) 

where DCi ¼ degree centrality of functionality i; vij ¼ value 
of ith row and jth column of the weighted adjacency matrix; 
and n ¼ number of functionalities. Given the varying number 
of articles employed in each matrix, to ensure score consist
ency and facilitate functionalities comparison, a normalized 
DCi was computed within a range of 0 to 1. The calculation 
of normalized DC values is shown in Eq. (3), whereby the DC 
value of each functionality is divided by the maximum DC 
value in the corresponding network.

DCi ¼
DCi

max DCff g
(3) 

Validation method

To evaluate whether the SNA is working as expected, several 
studies utilized the simplified analysis technique (Elsayegh 
and El-adaway 2021; Sheikhkhoshkar, El-Haouzi, Aubry, and 
Hamzeh 2023). The same approach was applied to validate 

the SNA results in this paper. This method calculates a score 
for each functionality by summing all related cells in the row 
using Eq. (4).

Si ¼
Xn

j¼1

aij (4) 

where Si ¼ normalized simplified score of a functionality i;
and aij ¼ value of ith row and jth column of the reference 
matrix. Considering the normalization reason and procedure 
for DCs, the normalized score for the simplified analysis is 
calculated using Eq. (5).

Si ¼
Si

max Spf g
(5) 

Results and analysis

In this section, the research results are presented and dis
cussed, from data collection to analysis.

Data collection efforts

Through a systematic literature analysis, 94 papers were 
deemed to meet the necessary quality requirements for further 
analysis. Table 3 indicates the details of the selected papers in 
three decades. As can be seen in Table 3 and the right side of 
Figure 3, most of the approved papers were published after 
2019. This highlights that collaborative planning methods are a 
research domain that has attracted increasing interest in recent 
years. In addition to the published articles, this claim is sup
ported by the attention of the Construction Industry Institute 
(CII) in 2021 to investigate the challenges and opportunities 
associated with implementing collaborative scheduling in con
struction projects (Cii 2021). The distribution of publications 
throughout the research period is depicted in Figure 3. As 
shown on the left side of Figure 3, despite variations in the 
number of papers published between 2016 and 2023, there is 
a considerable rise in the number of publications compared to 
1999 to 2016. This increase in focus on this domain is a reac
tion to the challenges construction project managers are still 
facing in deploying methods to promote collaboration in con
struction project planning, despite the availability of various 
tools, technologies and methods to enhance collaborative 
planning and scheduling (He et al. 2022).

Identified collaborative planning methods

After reviewing the full text of the selected articles, ten col
laborative planning methods were discovered. In order to 
investigate the different perspectives of their functionalities, 
these methods were divided into two groups: process-based 
collaborative planning methods and technology-driven meth
ods. Table 4 presents the methods assigned to each group; 
the details are explained below.

In the context of this research, technology-driven collabora
tive planning methods are those that have used technologies 
such as Building Information Modelling (BIM), Virtual Reality 
(VR), touch table or touch wall screen, digital twins, and web- 

PRODUCTION PLANNING & CONTROL 5



based platforms to facilitate collaboration between project 
stakeholders in project planning and control. Web-based 4D 
Building Information Modelling (BIM) emerges as a pivotal 
facilitator of remote collaboration. Leveraging accessible plat
forms, this technology enables real-time collaboration among 
stakeholders situated in disparate locations. Concurrently, 
Conventional 4D BIM assumes significance in its role as a vis
ual representation tool for project timelines. Its utility lies in 
aiding project teams in comprehending temporal aspects and 
identifying potential conflicts during the planning phase. 
Multi-user Virtual Reality (VR) presents a critical role by creat
ing an immersive shared environment, providing stakeholders 
with a virtual construction site experience that enhances com
prehension and decision-making through realistic simulations. 
Furthermore, Multi-touch Screen-based 4D offers an inter
active platform, fostering collaborative planning sessions 
where multiple team members can contribute concurrently. 
The integration of time into Virtual Reality, as exemplified by 
4D-VR, provides a unique immersive perspective of the proj
ect’s temporal evolution. Lastly, 4D-Digital Twins (4D-DT) 

integrates real-time monitoring and predictive analysis, collect
ively enhancing decision-making efficacy. The combination of 
these technologies contributes synergistically to a paradigm 
shift in collaborative planning, fostering real-time collabor
ation, augmenting visualization, and incorporating temporal 
dimensions into the decision-making process. This synthesis 
underscores the profound impact of these technologies within 
the academic discourse on construction project planning.

It should be mentioned that conventional 4D BIM in this 
group refers to the 4D model created by integrating the 3D 
model and Critical Path Method (CPM)-based scheduling in 
stand-alone software such as Navisworks, Synchro, or similar 
ones.

In addition, process-based collaborative planning methods 
are those that attempt to involve stakeholders by changing 
and simplifying the process and improving communication, 
such as the Last Planner System (LPS) and Advanced Work 
Packaging (AWP). It is worth noting that some articles have dis
cussed collaborative planning methods in general, and without 
focusing on a specific method or technique, these articles were 

Table 3. Reviewed articles list.

Years Finalized papers No. of papers

1999–2008 (Jongeling et al. 2008; Kang, Anderson, and Clayton 2007; Li et al. 2006; Retik and Shapira 1999; Shelbourn et al. 2007; 
Sriprasert and Dawood 2003; Strelzoff and Sulbaran 2008; Verheij and Augenbroe 2006; Yerrapathruni et al. 2003)

9

2009–2018 (Altun and Akcamete 2018; Bataglin et al. 2017; Bolshakova et al. 2017; Boton 2018; Boton, Kubicki, and Halin 2013; 
Daniel et al. 2017; Dawood and Sikka 2009; De Vargas, Bataglin, and Formoso 2018; El-Sabek and McCabe 2018; 
Ganah and John 2017; Guerriero et al. 2017; Hamledari et al. 2017; Lin and Golparvar-Fard 2016; 2017; Mirzaei et al. 
2018; Olivieri, Sepp€anen, and Peltokorpi 2017; Pe~naloza et al. 2016; Pratama 2015; Priven and Sacks 2016; Ratajczak 
et al. 2018; Ribeiro and Costa 2018; Romigh, Kim, and Sattineni 2017; Sacks et al. 2013; Schimanski et al. 2018; Su 
and Cai 2016; 2018; Von Heyl and Teizer 2017; Zegarra and Alarc�on 2015; Zhao and An 2016; Zhou et al. 2012; 
2014)

31

2019–2023 (Afzal and Shafiq 2021; Alizadehsalehi and Yitmen 2023; Alzarrad et al. 2021; Ayman, Mahfouz, and Alhady 2022; 
Ballard et al. 2020; Ballard and Tommelein 2021; Boje et al. 2019; 2022; Bolshakova, Guerriero, and Halin 2020; 
Bolshakova et al. 2019; Bortolini, Formoso, and Viana 2019; Boton et al. 2022; Bourlon and Boton 2019; Cii 2021; 
Daniel, Pasquire, and Dickens 2019; Daniel et al. 2020; Doukari et al. 2022; 2022; Elghaish and Abrishami 2020; 
Elmughrabi et al. 2020; Elsayegh and El-adaway 2021; 2021; Fazeli et al. 2022; Guerra and Leite 2020; He, Du, and 
Perlin 2020; He et al. 2022; Huang et al. 2021; 2022; Jimenez Anders 2022; Kandregula and Le 2020; Khan et al. 
2021; Khataei, Akcamete, and Sonmez 2020; Kim, Ham, and Kim 2021; Korb and Sacks 2021; Ma, Zhang, and Chang 
2020; P�erez and Bastos Costa 2021; Poudel, Garcia de Soto, and Martinez 2020; Rashidi et al. 2022; Rebai et al. 2022; 
Roup�e et al. 2020; Sakikhales 2021; Salhab et al. 2021; Scala et al. 2022; Schiavi et al. 2022; Sheikhkhoshkar et al. 
2019; Tallgren, Johansson, and Roup�e 2022; Tallgren, Roup�e, and Johansson 2021; Tomar and Bansal 2022; Torres- 
Calderon et al. 2019; Truong et al. 2021; Viklund Tallgren et al. 2020; Wu et al. 2021; Yang et al. 2021)

54

Figure 3. The distribution of articles over time.
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categorized in the form of general collaborative planning meth
ods and put in the process-based methods group.

Figure 4 depicts the evolution of collaborative planning 
methods over twenty-four years. The diagram is divided into 
two sections, the upper part for technology-driven methods 
and the lower part for process-based methods, each repre
senting a specific period for their corresponding methods. 
The left section of the diagram represents the starting point 
24 years ago, illustrating the emphasis placed on the last 
planner system to incorporate the project team into the pro
ject planning process (Ballard 2000). Although the emer
gence of technology-driven methods such as conventional 
4D and 4D-VR in the early years (Retik and Shapira 1999), 
the technological, organizational, hardware, and software 
maturity required to use them for collaborative planning in 
the construction industry was not available. Moving to the 
right and with technological advancement, the diagram 

depicts technology integration into collaborative planning 
methods. In recent years, with the development of technol
ogy in the era of the fourth industrial revolution, the focus 
has shifted towards the use of technologies such as virtual 
reality, web-based platforms, multi-user touch screens, digital 
twins and metaverse for collaborative planning (Boje et al. 
2022; Huang et al. 2021; Rashidi et al. 2022; Truong et al. 
2021), although the focus on process-based collaborative 
methods has also been an integral part of collaborative 
planning.

Quantitative analysis of collaborative planning 
methods’ functionalities

By reviewing the papers provided in Table 3, in addition to 
identifying collaborative planning methods, the authors 

Table 4. Identified collaborative methods.

ID Collaborative planning methods References

1 Technology-driven Web-based 4D BIM (Kang, Anderson, and Clayton 2007; Lin and Golparvar-Fard 2016; Olivieri, 
Sepp€anen, and Peltokorpi 2017)

2 Conventional 4D BIM (Bortolini, Formoso, and Viana 2019; Doukari et al. 2022; Fazeli et al. 2022; 
Huang et al. 2022; Ma, Zhang, and Chang 2020; Torres-Calderon et al. 
2019)

3 Multi-user virtual reality (VR) (Truong et al. 2021; Zhou et al. 2012; 2014)
4 Multi-touch screen-based 4D (Boje et al. 2022; Bolshakova, Guerriero, and Halin 2020; Bolshakova et al. 

2019)
5 4D – virtual reality (4D-VR) (Bourlon and Boton 2019; Rashidi et al. 2022; Roup�e et al. 2020; Schiavi et al. 

2022; Tallgren, Johansson, and Roup�e 2022)
6 4D – digital twins (4D-DT) (Alizadehsalehi and Yitmen 2023; Huang et al. 2021; Kim, Ham, and Kim 2021; 

Von Heyl and Teizer 2017)
7 Process-based General collaborative planning (Daniel et al. 2020; Elsayegh and El-adaway 2021; He et al. 2022; Scala et al. 

2022; Verheij and Augenbroe 2006)
8 Last planner system (LPS) (Ballard et al. 2020; Ballard and Tommelein 2021; Daniel et al. 2017; Priven 

and Sacks 2016; Salhab et al. 2021; Viklund Tallgren et al. 2020)
9 Advanced work packaging (AWP) (Guerra and Leite 2020; Rebai et al. 2022; Wu et al. 2021)
10 Agile (scrum, kanban) (Daniel et al. 2020; Jimenez Anders 2022; Poudel, Garcia de Soto, and 

Martinez 2020; Sakikhales 2021)

Figure 4. Evolution of collaborative planning methods over time.
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discovered 75 of their functionalities in the construction 
industry, illustrated in Table 5. As detailed in the method
ology part, two reference matrices, T and C, were created to 
analyse these functionalities. The matrix T contains 64 papers 
and 64 functionalities, resulting in a matrix of dimensions 64 
by 64. Similarly, matrix C consists of 30 papers and 46 func
tionalities, creating a matrix of dimensions 46 by 30. After 
constructing the reference matrices, SNA was utilized as a 
quantitative technique to analyse the functionalities of col
laborative planning methods. The following explains the 
results of the functionalities analysis.

Social Network Analysis

As a result of the constructed reference matrices, the 
weighted adjacency matrices, C46�46 and T64�64, were devel
oped to calculate the degree of centrality (DC) for identified 
functionalities. The results of the scores for each functionality 
are provided in the Appendix, Table A. Using this metric 
within this study’s context can emphasize the understudied 
and extensively studied functionalities in both technology- 
driven and process-based collaborative planning methods. In 
this regard, Figure 5(a) and Figure 6(a) show the networks of 
functionalities for process-based and technology-driven collab
orative planning methods, respectively. The process-based 
collaborative planning methods’ functionalities network 
(Network C) includes 864 edges and 46 nodes, indicating that 
process-based collaborative planning methods covered 46 
functionalities out of 75. Also, the functionalities network for 
technology-driven collaborative planning methods (Network T) 
consists of 1558 edges and 64 nodes, demonstrating that 
technology-driven collaborative planning methods can sup
port 64 out of 75 functionalities. The network nodes reflect 
the functionalities, whereas the edges indicate the inter
dependence or co-occurrence of each pair of functionalities. 
The node’s colour corresponds to the computed DC of the 
associated functionality, higher DC values equate to darker 
colours. Furthermore, the thickness of the edges reveals the 
degree of interconnection between functionalities, with 
greater thickness indicating a higher degree of co-occurrence. 
As networks have a significant number of connections, colour- 
coded matrices are provided to illustrate the co-occurrence of 
functionalities more clearly, Figure 5(b) and Figure 6(b). The 
matrices are colour-coded according to the strength of the 
link between the two functionalities. The blank cells corres
pond to a pair of functionalities that never co-occurred in any 
of the collaborative planning methods, while darker cells indi
cate high weights and, so, a high co-occurrence between 
functionalities in the collaborative planning methods. The col
laborative planning methods’ functionalities in each network 
can be discussed from two perspectives: (1) the functionalities 
that were extensively studied or considered in collaborative 
planning methods, and (2) the functionalities that were 
neglected or understudied.

Addressing the first point of view, Figure 5(a) reveals that 
the most often utilized functionalities in process-based col
laborative planning methods are F72 (supporting the trust 
and reliable promises among the team), F61 (reducing 

uncertainty and risk), F8 (continuous improvement process), 
F73 (systematic identification and removal of constraints), F70 
(supporting collaboration through social conversations), and F3 
(assisting in reducing waste). In addition, as shown in Figure 
6(a), F36 (improving communication and teamwork between 
the project team), F41 (improving safety management on site), 
and F74 (visualizing alternative construction sequences based 
on various what-if scenarios) are the most frequently employed 
functionalities in technology-driven collaborative planning 
methods.

Concerning the second perspective, based on Figure 5(a)
and Figure 6(a), F66 (solving disputes more efficiently), F1 
(allowing just-in-time (JIT) purchasing and delivery of mater
ial), F41 (improving safety management on site), and F59 
(reducing the change orders during construction) have 
received the least attention in process-based collaborative 
planning methods. Also, the results indicate that F1 (allowing 
just-in-time (JIT) purchasing and delivery of material), F73 
(improving decision-making among geographically dispersed 
industry practitioners), F60 (reducing the impacts of potential 
causes of delay), and F20 (enabling real-time collaborative 
4D planning to gain a robust construction plan) are function
alities with little consideration in technology-driven collab
orative planning methods.

The interesting point is that F41 (improving safety man
agement on site) is one of the most used functionalities in 
technology-driven collaborative planning methods, while it 
has been one of the least used functionalities in process- 
based methods. This indicates that technology-driven meth
ods pay more attention to various project planning aspects, 
including safety. Moreover, another finding indicates a weak
ness in supply chain management within current collabora
tive planning methods, as evidenced by the low DC value for 
F1 (allowing just-in-time (JIT) purchasing and delivery of 
material) in both process-based and technology-driven 
approaches. Further study and investigation will be required 
to address this issue.

The co-occurrence analysis of functionalities, based on the 
colour-coded matrix of Figure 5(b) and Figure 6(b), shows 
that the pairs of F70 (supporting collaboration through social 
conversations) and F3 (assisting in reducing waste), F72 (sup
porting the trust and reliable promises among the team) and 
F61 (reshaping an individual’s cognitive determinants to 
influence collaboration throughout project delivery), F72 
(supporting the trust and reliable promises among the team) 
and F73 (systematic identification and removal of con
straints), and F72 (supporting the trust and reliable promises 
among the team) and F70 (supporting collaboration through 
social conversations) are considered most in process-based 
collaborative planning methods. Also, F36 (improving com
munication and teamwork between the project team) and 
F74 (visualizing alternative construction sequences based on 
various what-if scenarios), F36 (improving communication 
and teamwork between the project team) and F7 (construct
ability evaluation), F65 (site layout and environment manage
ment) and F41 (improving safety management on site), and 
F13 (dynamic collision detection and spatial-temporal conflict 
analysis) and F17 (empowering automated project progress 
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Table 5. Collaborative planning methods’ functionalities.

ID Collaborative planning methods’ functionalities

F1 Allowing just-in-time (JIT) purchasing and delivery of material
F2 Allowing the interactions of multiple team professionals and stakeholders in a common environment.
F3 Assisting in reducing waste
F4 Automated planning of concrete joint layouts
F5 Automatic generation of the as-built real-time 4D simulation
F6 Better flow of information
F7 Constructability evaluation
F8 Continuous improvement process
F9 Continuous learning
F10 Creativity, option generation, and innovation
F11 Decentralized work tracking and information communication on construction sites
F12 Detected more logical errors, more accurately, and faster, with less need for intrateam communication
F13 Dynamic collision detection and spatial-temporal conflict analysis
F14 Early involvement of key project stakeholders
F15 Easing of access and low training time
F16 Effective supply chain practices
F17 Empowering automated project progress monitoring
F18 Enabling lean construction adoption and situation awareness
F19 Enabling project performance prediction
F20 Enabling real-time collaborative 4D planning to gain a robust construction plan
F21 Enabling real-time communication with workers
F22 Enabling real-time tracking in construction site
F23 Enabling value management/engineering
F24 Enhancing transparency
F25 Experiencing and reviewing scheduled sequences on a 1:1 scale
F26 Facilitating communication with subcontractors
F27 Fosters the convergence of 4D uses with project documents
F28 Generating real-time interactive project visualization
F29 Aligning goals with owner
F30 Higher sense of immersion and interaction
F31 Highlighting the importance of short-term planning at crew level
F32 Identifying possible optimizations
F33 Identifying time-space conflicts
F34 Improving alignment of engineering & procurement with construction and commissioning
F35 Improving collaborative sensemaking
F36 Improving communication and teamworking between the project team
F37 Improving decision making among geographically dispersed industry practitioners
F38 Improving engineering curriculum
F39 Improving organizational agility
F40 Improving role description and responsibilities
F41 Improving safety management on site
F42 Improving the involvement and the commitment of all the professional groups
F43 Increasing the work-flow reliability onsite
F44 Maintaining a workable backlog
F45 Making decision under a user-centric approach
F46 Monitoring worker motion and worker location
F47 More efficient resources management.
F48 More natural and industry-adapted interactions during a collaboration session
F49 Moving participants from passive receivers of a schedules to active contributors to the schedule
F50 Permitting real-time virtual collaboration for stakeholders from different locations
F51 Providing predictive control/monitoring method to make the best decisions with forwarding simulation
F52 Providing a digital equivalence to face-to-face communication in construction projects
F53 Providing better budget control
F54 Providing enhanced awareness of ongoing work
F55 Providing ergonomic interactions with the session workflow.
F56 Pull planning effectiveness
F57 Real-time safety monitoring
F58 Reducing information loss in data exchange
F59 Reducing the change orders during construction
F60 Reducing the impacts of potential causes of delay
F61 Reducing uncertainty and risk
F62 Reshaping an individual’s cognitive determinants to influence collaboration throughout project delivery
F63 Safer learning environment
F64 Sharing the knowledge and lessons learned
F65 Site lay-out and environment management
F66 Solving disputes more efficiently
F67 Solving site logistic problems
F68 Supporting the learning and process of planning of offsite construction production challenges
F69 Supporting co-navigate, co-sort, co-plan, co-simulate and co-talk
F70 Supporting collaboration through social conversations
F71 Supporting multi-functional review meetings
F72 Supporting the trust and reliable promises among the team
F73 Systematic identification and removal of constraints
F74 Visualizing alternative construction sequences based on various what-if scenario
F75 Workspace planning
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monitoring) are received the most co-occurrence in technol
ogy-driven collaborative planning methods.

Figure 7 illustrates the derived differences of normalized 
DC (C-T) for the functionalities of collaborative planning 
methods in the construction industry to better make sense 
of and visualize the differences between the most utilized 

functionalities presented in Figures 5 and 6. Large positive 
values in Figure 7 indicate that process-based collaborative 
planning methods have emphasized the respective function
alities more. Large negative values, on the other hand, indi
cate those associated functionalities have been supported 
more by technology-driven collaborative planning methods.

Figure 5. (a) Process-based collaborative planning methods’ functionalities network, (b) colour-coded matrix of functionalities.
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As can be seen in Figure 7, Only four out of 75 functional
ities have closely comparable DC scores in process-based and 
technology-driven collaborative planning methods, which are 
F37 (improving decision-making among geographically dis
persed industry practitioners), F1 (allowing just-in-time (JIT) pur
chasing and delivery of material), F34 (improving alignment of 

engineering & procurement with construction and commission
ing), and F60 (reducing the impacts of potential causes of 
delay). These functionalities are among the least considered in 
both methods. Moreover, although the technology-driven 
methods have covered more functionalities, as seen in the C&T 
network in Figure 5(a) and Figure 6(a), the network 

Figure 6. (a) Technology-driven collaborative planning methods’ functionalities network, (b) colour-coded matrix of functionalities.

PRODUCTION PLANNING & CONTROL 11



corresponding to the process-based methods is denser, and 
functionalities have obtained more DC values. To discover the 
reason for this, collaborative planning methods for each group 
(process-based and technology-driven) were evaluated concern
ing their ability to support people, process and technology 
aspects, as depicted in Figure 8. The explanation for taking into 
account these three aspects is that, according to Shelbourn 
et al. (2007) and Dave et al. (2008), effective collaborative works 
in construction, including collaborative planning, can be per
formed by bringing together and integrating these three stra
tegic areas of process, people, and technology.

As seen in Figure 8, process and people aspects have 
received considerable attention in process-based collabora
tive planning methods, while in technology-driven collabora
tive planning methods, the emphasis has been on people 
and technology. In a survey conducted by Shelbourn et al. 
(2007) regarding the significance of three essential strategies 
for effective collaboration, respondents assigned 40% impor
tance to people, 34% value to processes, and 26% to tech
nology. Moreover, Wilkinson (2005) argued that for adopting 
and implementing any collaboration technologies in the con
struction industry, people, process, and technology should 
be considered in proportions of 40%, 40%, and 20%, respect
ively. These findings reveal that current collaborative plan
ning methods, whether process-based or technology-driven 
are ineffective since the necessary and sufficient attention 
has not been paid to integrate the aspects of people, pro
cess, and technology in their development, adoption, and 
implementation. For instance, in technology-driven collabora
tive planning methods, a great deal of effort has been spent 
on developing functionalities by focusing on the visible 
aspect, technology, while the process side has received 
less attention. Also, the technology dimension is almost 
ignored in process-based collaborative planning methods. 
Considering previous studies’ findings (Dave et al. 2008) and 
based on the beliefs of this paper’s authors, the collaborative 
planning methods could be more effective by a paradigm 
shift and bringing together and leveraging the people, 

process, and technology components by following this order 
and putting a greater emphasis on the people and process 
aspects first. These findings offer a transformative opportun
ity for construction projects by facilitating customized imple
mentations tailored precisely to the unique needs of each 
project. This personalized approach enhances overall effi
ciency and contributes significantly to project success. It 
achieves this by fostering collaborative decision-making and 
actively involving project stakeholders and considering their 
skills and knowledge in the planning and control process. In 
summary, these insights empower construction projects to 
make informed decisions, fostering a holistic and adaptive 
approaches, optimizing resource allocation for adoption and 
implementation of more fitted collaborative planning meth
ods that improve efficiency, reduce risks, and enhance col
laboration during the project lifecycle.

Validation of SNA results

This study uses a simplified analysis to verify the SNA out
comes. The normalized scores were computed to compare 
with the DC values for two reference matrices. Based on nor
malized degree centrality values for the SNA and normalized 
score for simplified analysis, Pearson correlation, variance, 
and standard deviation, the same as Sheikhkhoshkar, El- 
Haouzi, Aubry, and Hamzeh (2023), have been utilized to 
evaluate the correlation between the findings of these two 
methodologies and validate the SNA results. The Pearson 
correlation is a statistical measure used to assess linear rela
tionships between variables. Using a scale of −1 to þ1, it cal
culates the strength and direction of their association, where 
−1 means a perfect negative correlation, þ1 means a perfect 
positive correlation, and 0 indicates no correlation at all. 
Furthermore, variance and standard deviation are measures 
of how far the values of a dataset deviate from the mean. In 
this manner, they are able to quantify the degree of variabil
ity or dispersion within the data points. Table 6 displays the 
outcomes of the aforementioned statistical tests. In addition, 

Figure 7. Difference between network C and network T normalized DCs.
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to visualize the statistical tests’ results, violin plots for the 
findings of two techniques are provided in Figure 9. A violin 
plot integrates a box plot and a kernel density plot to pre
sent summary statistics and distribution shapes of the data. 
For instance, in the case of violin plots for matrix T, both vio
lin plots (simplified analysis and SNA) exhibit similar distribu
tion shapes, as indicated by smooth and symmetric kernel 
density curves. Thus, the data points are concentrated 
around similar values, resulting in comparable distribution 
patterns. In addition, based on the similarities between the 
box plots of the two violin plots, we can conclude that the 
data sets have comparable measures of central tendency, 
spread, and overall distribution. In light of this, it is reason
able to conclude that the two methods being compared 
have similar characteristics and statistical properties.

There are minor differences in the results of the two analyt
ical techniques when considering the box plots, distribution 
shapes, and statistical test scores for each matrix. The fact that 
SNA employs more sophisticated criteria to evaluate the 
functionalities’ interrelationships may help explain this slight 
variation (Elsayegh and El-adaway 2021; Sheikhkhoshkar, El- 
Haouzi, Aubry, and Hamzeh 2023). Therefore, the statistics and 
violin plots in Table 6 and Figure 9 confirm that the SNA func
tions as anticipated.

Discussion, and future directions

This study contributes to the body of collaborative planning 
methods knowledge by identifying and analysing the collab
orative planning methods and their functionalities in the con
struction industry. In this regard, the analysis of collaborative 
planning methods indicates that in recent years, with techno
logical advancement, particularly industry 4.0 technologies, 
researchers and the market have focused on developing tech
nology-driven solutions, including virtual reality, web-based 
platforms, multi-user touch screens, digital twins and meta
verse for collaborative project planning and control in the 
construction industry. Even though these technologies facili
tate communication, collaboration, and processes among pro
ject stakeholders for planning and control, several studies 
(Dave et al. 2008; Shelbourn et al. 2007; Wilkinson 2005) 
revealed that for effective collaborative planning, people and 
process aspects are more crucial than technology. Indeed, for 
effective collaborative planning, focusing on technology-first 
approaches is difficult to successfully implement if the human 
resource challenges are not considered. Thus, before deter
mining the appropriate technology for the particular needs of 
the collaboration, it is necessary to identify the staff’s chal
lenges, define a process, and then decide which technology 
would be most appropriate. It is worth noting that although 
BIM, especially 4D, has been utilized in all technology-driven 
collaborative planning methods to improve collaboration, 
communication and visualization of what-if scenarios, it has 
only been used as a tool. However, BIM is not only a tool; 
rather, it is a process that can support all three aspects of 
people, process, and technology. As a result, it is recom
mended that future research and market platforms integrate 
people and process characteristics in process-based methods 

Figure 8. Evaluating collaborative planning methods in view of people, process and technology.

Table 6. Results of statistical tests on the simplified analysis and SNA.

Statistics tests

Matrix C Matrix T

Simplified Analysis SNA Simplified Analysis SNA

Mean 0.333 0.255 0.16 0.206
Variance 0.061 0.080 0.047 0.037
Standard Deviation 0.246 0.282 0.217 0.192
Pearson Correlation 0.928 0.966

PRODUCTION PLANNING & CONTROL 13



such as the last planner system with new technologies to 
have more effective collaborative planning methods.

Concerning the collaborative planning methods’ functional
ities, the analysis followed by highlighting functionalities that 
have gotten the most attention and the ones that have 
received the least in both process-based and technology- 
driven collaborative planning methods. In light of this, the 
results of process-based collaborative planning methods’ func
tionalities network indicated that supporting the trust and reli
able promises among the team, reducing uncertainty and risk, 
continuous improvement process, systematic identification 
and removal of constraints, supporting collaboration through 
social conversations, and assisting in reducing waste are the 
most often employed functionalities in process-based collab
orative planning methods. These outcomes reflect a special 
focus on process and people-related characteristics such as 
team trust and promise, systematic identification and elimin
ation of constraints, and collaboration via social interactions. 
Moreover, solving disputes more efficiently, allowing just-in- 
time (JIT) purchasing and delivery of material, improving 
safety management on site, and reducing the change orders 
during construction are the least received focus in process- 
based collaborative planning methods. Since project planning, 
scheduling, and control is a complex and dynamic process, it 
must integrate numerous concepts, including safety, supply 
chain, cost, quality, teamwork, and so forth, to be successful. 
As a practical matter, contractors and owners tend to pay 
more attention to contractual, legal, and technical concerns, 
and these should be included in the fundamental functional
ities of project planning and control methods. However, the 
results of the functionalities analysis revealed that in both pro
cess-based and technology-driven collaborative planning 
methods, little attention is paid to the essential aspects of 
project planning and control, such as effective delay and claim 
management, change order management, procurement and 
supply chain management, and site safety management. 
These issues have the potential to be studied in the future.

Addressing the findings of technology-driven collaborative 
planning methods’ functionalities, improving communication 
and teamwork between the project team, improving safety 
management on site, and visualizing alternative construction 
sequences based on various what-if scenarios have been 
considered frequently used functionalities. This analysis high
lights that although technology-driven collaborative planning 
methods cover more functionalities than process-based 
methods, there is still confusion regarding the functionalities 
that must be prioritized to develop an effective collaborative 
planning method. This is due to the fact that only 3 out of 
64 functionalities achieved high degree centrality scores in 
technology-driven methods. Furthermore, besides concentrat
ing on collaboration and communication among stakeholders, 
these methods have significantly emphasized visualization as a 
central function in collaborative planning. Visualization exam
ples include utilizing fourth dimension (4D) simulation, Virtual 
Reality (VR), digital twins, multi-user VR experiences, and inter
active touch table and touch wall screens. These tools enable 
stakeholders to immerse themselves in the project environ
ment, explore scenarios, and gain a comprehensive view of 
construction processes. Visualization fosters better communica
tion, facilitates real-time collaboration, and aids in identifying 
potential issues early in the planning phase, contributing to 
more efficient and informed decision-making throughout the 
project lifecycle.

Additionally, the outcomes illustrate that allowing just-in-time 
(JIT) material purchasing and delivery, improving decision- 
making among geographically dispersed industry practitioners, 
reducing the impacts of potential causes of delay, and enabling 
real-time collaborative 4D planning to gain a robust construction 
plan are functionalities that acquire least scores in technology- 
driven collaborative planning methods. It can be discovered that 
despite the necessity of geographically dispersed and real-time 
communication and collaboration throughout the COVID period 
and thereafter, they are still in infantile maturity in collaborative 
planning methods. Focusing on technologies such as digital 
twins and metaverse can considerably improve the possibility of 

Figure 9. Violin plots for the simplified analysis and SNA.
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practical implementation of these two functions. Future studies 
can investigate this concern as well. Also, technology-driven 
collaborative methods often focus on the technology, such as 
real-time solutions, without taking full advantage of their collab
orative potential.

Due to the growing interest in using integrated project 
delivery (IPD) and other collaborative project delivery meth
ods such as early contractor involvement or progressive 
Design-Build (DB) and prefabrication methods in the con
struction industry (Hosseini, Maghrebi, et al. 2018; Rashed 
and Mutis 2023), there will be an increased demand to 
develop integrated project planning, scheduling and control 
methods to combine planning and control of design and 
engineering, procurement and construction phases. While 
the functionalities analysis in this article reveals that in both 
collaborative planning methods, the functionalities related to 
the supply chain and procurement, allowing just-in-time (JIT) 
material purchasing and delivery, have been neglected, high
lighting the need for more research in the future.

The implications of the findings

The implications of the findings are thoroughly discussed in 
this section concerning the identified collaborative planning 
methods and their functionalities from both theoretical and 
practical standpoints.

Theoretical implications

The findings of this study significantly contribute to the body of 
production planning and control knowledge within the con
struction management domain. This contribution is achieved by 
the identification and thorough examination of both process- 
based and technology-driven collaborative planning methods, 
along with a comprehensive analysis of their respective func
tionalities. In particular, this examination sheds light on the 
functionalities that have garnered the greatest attention, as well 
as those that have received comparatively less focus within 
both process-based and technology-driven collaborative plan
ning approaches. Theoretical implications underscore a shift 
towards a more people-centric and process-oriented perspec
tive, harmonized with emerging technologies in collaborative 
planning within construction. They also highlight the need for 
further exploration and development of methodologies that 
incorporate crucial aspects like dispute resolution, change order 
management, and the integration of dimensions such as delay 
management, claim resolution, and supply chain optimization 
into collaborative planning methods. Moreover, the emphasis 
on visualization in technology-driven collaborative planning 
methods indicates a move towards data-driven decision- 
making and improved project visualization.

In summary, these theoretical implications not only guide 
future research endeavours but also reflect the evolving 
nature of collaborative planning in construction, emphasizing 
the importance of human dynamics, process considerations, 
and technological integration in shaping the industry’s 
practices.

Practical implications

This research also holds substantial practical implications for 
the construction industry. Firstly, it provides and analyzes a 
comprehensive list of collaborative planning methods’ func
tionalities, enhancing various stakeholders’ understanding, 
sensemaking, and situational awareness, including designers, 
contractors, owners, and project participants. This, in turn, 
empowers these stakeholders to make informed decisions 
when selecting the most suitable collaborative planning 
methods for their construction projects. In addition, the 
result’s emphasis on trust-building, collaboration through 
social conversations, continuous improvement, and con
straint removal suggests that organizations should priorities 
fostering a collaborative culture that encourages open com
munication, and trustworthiness among team members. 
Additionally, the research illuminates a significant challenge 
in technology adoption within organizations and construc
tion companies. Often, decisions regarding technology adop
tion are driven by upper-level management in construction 
companies (Alinaitwe, Mwakali, and Hansson 2007; Elsayegh 
2021) without considering the perspectives and needs of 
engineers responsible for on-site implementation. This top- 
down approach has led to fragmented and inefficient tech
nology utilization, including collaborative planning methods 
and tools. To address this challenge effectively, this study 
emphasizes the importance of thoroughly assessing human 
resource challenges and establishing clear processes before 
implementing technology-driven solutions. Organizations are 
encouraged to priorities understanding their staff’s specific 
requirements and capabilities at lower organizational levels and 
on construction sites. Consequently, technology adoption can 
be tailored to align with these unique needs. Furthermore, it is 
highlighted that specific areas within collaborative planning 
methods have received limited attention, including dispute 
resolution, just-in-time material procurement, safety manage
ment, and change order management. In light of these gaps, 
contractors and owners need to recognize these shortcomings 
and consider integrating appropriate strategies and tools into 
their collaborative planning practices.

Contributions to the body of collaborative planning 
knowledge

This study significantly advances collaborative planning meth
ods knowledge in construction by examining both process- 
based and technology-driven approaches. While recognizing 
the increasing focus on technology-driven solutions, it empha
sizes the pivotal roles of people and processes in effective 
collaborative planning, challenging the prevalent technology- 
first approach. The findings recommend a paradigm shift, 
prioritizing people and processes before selecting suitable 
technology. The analysis highlights specific strengths in pro
cess-based methods, such as trust-building and constraint 
removal, and in technology-driven methods, particularly com
munication enhancement and visualization. The study under
scores the need for more attention to essential aspects like 
delay management, claim resolution, and procurement 
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functions in both approaches. Practical implications stress the 
importance of a balanced focus on people, processes, and 
technology, advocating for a thorough understanding of staff 
requirements before technology implementation. Overall, the 
research guides future endeavours, emphasizing a holistic 
approach and clearer prioritization of functionalities for effect
ive collaborative planning in construction.

Conclusion and limitations

This study extensively examined collaborative planning 
methods and their functionalities in the construction indus
try. Identifying ten collaborative planning methods and 75 
associated functionalities, categorized into process-based and 
technology-driven groups, has revealed a need for a more 
balanced focus on people, process, and technology aspects. 
Process-based methods emphasize people and processes, 
while technology-driven methods lean towards people and 
technology, often overlooking the process. In this regard, to 
develop more effective collaborative planning methods, it is 
recommended to direct future studies and construction com
panies’ strategies on thinking about a paradigm shift and 
bringing together and leveraging the people, process, and 
technology components by following this order and putting 
a greater emphasis on the people and process aspects first.

Additionally, Social Network Analysis (SNA) for functionality 
assessment has demonstrated a prevalent focus on process and 
people-oriented functionalities in process-based collaborative 
planning methods. Even so, critical aspects of project planning 
and control, such as delay and claim management, change 
order management, procurement and supply chain manage
ment, and site safety management, require additional attention. 
Also, the findings highlight the need for clarity when it comes 
to technology-driven collaborative planning methods. Even 
though it encompasses a broad range of functionalities, there 
needs to be more clarity regarding prioritizing these functional
ities for effective and practical implementation. Notably, visual
ization plays a vital role in these methods; however, the 
development of geographically distributed and real-time collab
oration functions remains in its infancy. Moreover, both pro
cess-based and technology-driven methods have been 
overlooked in supply chain and procurement functions, provid
ing an avenue for further research.

It is also evident that the process-based methods’ functional
ities network is characterized by a dense network that facilitates 
collaborative activities. In contrast, the network of technology- 
driven methods’ functionalities reveals a great deal of potential 
for more collaborative functionalities that are sometimes not 
harnessed. Companies often deploy technology-driven methods 
without understanding process-based methods, which leads to 
a lack of full utilization of collaboration’s potential. To harness 
this potential fully, organizations and projects should consider 
integrating the foundational concepts of both process-based 
and technology-driven approaches.

This article’s evaluation relied on data gathered through 
an extensive review of the existing literature. Given the prac
tical nature of project planning and control, it is necessary to 

incorporate insight from industry experts to conduct a more 
comprehensive and pragmatic assessment. Furthermore, 
future investigations could explore the application of cluster
ing algorithms and expert opinions to refine the categoriza
tion of functionalities based on their underlying knowledge 
domain. Moreover, while this study examined collaborative 
planning methods by categorizing them into process-based 
versus technology-driven approaches, there is potential for 
future research to explore additional divisions. These might 
include distinctions such as input versus output-focused, pro
cess versus product-focused, tools versus processes, project 
management versus project-focused, result versus effect- 
focused, people versus data-focused, visualization versus 
communication-focused, and quality versus time-focused, 
among others. This approach could pave the way for further 
advancements and insights in collaborative planning meth
ods within the construction industry. Eventually, this research 
focuses on collaborative approaches for project planning and 
control, excluding collaborative delivery models and specific 
techniques such as Integrated Project Delivery (IPD), allianc
ing, co-location, big room, and so on. Although these models 
and techniques have been recognized for their comprehen
sive and stakeholder-inclusive approach, they are not expli
citly explored in this study. Future research might expand on 
this foundation by looking at how different delivery models 
interact with collaborative planning and control approaches, 
resulting in a more complete understanding of collaboration 
in construction projects.
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“Collaboration Support for 3D and 4D Models: A Pedagogical 
Experiment with Wooden Construction.” Proc., CIB W78–Information 
Technology for Construction. https://hal.science/hal-02556066.

Bolshakova, V., G. Halin, P. Humbert, and C. Boton. 2017. “Digital 
Synchronous Collaboration Workspace and 3D Interactions for an AEC 
Project. Decision-Making Scenario Evaluation.” Proc., Cooperative 
Design, Visualization, and Engineering: 14th International Conference, 
CDVE 2017, Mallorca, Spain, September 17–20, 2017, Proceedings 14, 168– 
176. Springer. https://doi.org/10.1007/978-3-319-66805-5_21.3319668048.

Bortolini, R., C. T. Formoso, and D. D. Viana. 2019. “Site Logistics 
Planning and Control for Engineer-to-Order Prefabricated Building 
Systems Using BIM 4D Modeling.” Automation in Construction 98: 
248–264. https://doi.org/10.1016/j.autcon.2018.11.031.

Boton, C. 2018. “Supporting Constructability Analysis Meetings with 
Immersive Virtual Reality-Based Collaborative BIM 4D Simulation.” 
Automation in Construction 96: 1–15. https://doi.org/10.1016/j.autcon. 
2018.08.020.

Boton, C., S. Kubicki, and G. Halin. 2013. “Designing Adapted 
Visualization for Collaborative 4D Applications.” Automation in 
Construction 36: 152–167. https://doi.org/10.1016/j.autcon.2013.09.003.

Boton, C., L. Rivest, S. Kubicki, and O. Ghnaya. 2022. “4D Simulation 
Research in Construction: A Systematic Mapping Study.” Archives of 
Computational Methods in Engineering 30 (4): 2451–2472. https://doi. 
org/10.1007/s11831-022-09873-x.

Bourlon, S., and C. Boton. 2019. “Automating the Integration of 4D 
Models in Game Engines for a Virtual Reality-Based Construction 
Simulation.” Proc., Cooperative Design, Visualization, and Engineering: 
16th International Conference, CDVE 2019, Mallorca, Spain, October 
6–9, 2019, Proceedings 16, 123–132. Springer. https://doi.org/10.1007/ 
978-3-030-30949-7_14.3030309487.

Cii, C. I. I. 2021. Breaking through to Collaborative Scheduling: Approaches 
and Obstacles. Austin: The University of Texas.

Daniel, E., C. Pasquire, A. E. Chinyio, D. Oloke, and S. Suresh. 2020. 
“Developments of Collaboration in Planning: What Can Construction 
Project Management Learn from Other Fields?.” Proc. 28th Annual 
Conference of the International Group for Lean Construction (IGLC28), 
Berkeley, California, USA https://doi.org/10.24928/2020/0002.

Daniel, E. I., C. Pasquire, and G. Dickens. 2019. “Development of 
Approach to Support Construction Stakeholders in Implementation of 
the Last Planner System.” Journal of Management in Engineering 35 
(5): 04019018. https://doi.org/10.1061/(ASCE)ME.1943-5479.0000699.

Daniel, E. I., C. Pasquire, G. Dickens, and H. G. Ballard. 2017. “The 
Relationship between the Last PlannerVR System and Collaborative 
Planning Practice in UK Construction.” Engineering, Construction and 
Architectural Management 24 (3): 407–425. https://doi.org/10.1108/ 
ECAM-07-2015-0109.

Dave, B., L. Koskela, M. Kagioglou, and S. Bertelsen. 2008. “A Critical Look at 
Integrating People, Process and Information Systems within the 
Construction Sector.” Proc., Proceedings for the 16th Annual Conference 
of the International Group for Lean Construction, Citeseer, 795–807.

Dawood, N., F. Rahimian, and M. Sheikhkhoshkar. 2022. “Industry4. 0 
Applications for Full Lifecycle Integration of Buildings Proceedings of 
the 21st International Conference on Construction Applications of 
Virtual Reality.” Proc., 21st International Conference on Construction 
Applications of Virtual Reality, Teesside University, 0992716136.

Dawood, N., and S. Sikka. 2009. “Development of 4D Based Performance 
Indicators in Construction Industry.” Engineering, Construction and 

Architectural Management 16 (5): 438–458. https://doi.org/10.1108/ 
09699980910988357.

De Vargas, F. B., F. S. Bataglin, and C. T. Formoso. 2018. “Guidelines to 
Develop a BIM Model Focused on Construction Planning and Control." 
Proc., Proceedings.” Of the 26th Annual Conference of the International 
Group for Lean Construction: Evolving Lean Construction towards Mature 
Production Management across Cultures and Frontiers, Chennai, India, 
744–753. https://doi.org/10.24928/2018/0450.

Doukari, O., B. Seck, and D. Greenwood. 2022. “The Creation of 
Construction Schedules in 4D BIM: A Comparison of Conventional 
and Automated Approaches.” Buildings 12 (8): 1145. https://doi.org/ 
10.3390/buildings12081145.

Doukari, O., B. Seck, and D. Greenwood. 2022. “The Efficient Generation 
of 4D BIM Construction Schedules: A Case Study of the Nanterre 2 
CESI Project in France.” Frontiers in Built Environment 8: 998309. 
https://doi.org/10.3389/fbuil.2022.998309.

Durdyev, S., M. R. Hosseini, I. Martek, S. Ismail, and M. Arashpour. 2019. 
“Barriers to the Use of Integrated Project Delivery (IPD): A Quantified 
Model for Malaysia.” Engineering, Construction and Architectural 
Management 27 (1): 186–204. https://doi.org/10.1108/ECAM-12-2018- 
0535.

El-Sabek, L. M., and B. Y. McCabe. 2018. “Coordination Challenges of 
Production Planning in the Construction of International Mega- 
Projects in the Middle East.” International Journal of Construction 
Education and Research 14 (2): 118–140. https://doi.org/10.1080/ 
15578771.2016.1276109.

Elghaish, F., and S. Abrishami. 2020. “Developing a Framework to 
Revolutionise the 4D BIM Process: IPD-Based Solution.” Construction 
Innovation 20 (3): 401–420. https://doi.org/10.1108/CI-11-2019-0127.

Elmughrabi, W., O. B. Sassi, T.-M. Dao, and A. Chabaane. 2020. 
“Collaborative Supply Chain Planning and Scheduling of Construction 
Projects.” IFAC-PapersOnLine 53 (2): 10761–10766. https://doi.org/10. 
1016/j.ifacol.2020.12.2858.

Elsayegh, A. 2021. "Collaborative planning in the construction industry: A 
holistic framework for assessing collaborative planning practices and 
predicting project performance." Missouri University of Science and 
Technology https://scholarsmine.mst.edu/doctoral_dissertations/3054.

Elsayegh, A., and I. H. El-Adaway. 2021. “Collaborative Planning Index: A 
Novel Comprehensive Benchmark for Collaboration in Construction 
Projects.” Journal of Management in Engineering 37 (5): 04021057. 
https://doi.org/10.1061/(ASCE)ME.1943-5479.0000953.

Elsayegh, A., and I. H. El-Adaway. 2021. “Holistic Study and Analysis of 
Factors Affecting Collaborative Planning in Construction.” Journal of 
Construction Engineering and Management 147 (4): 04021023. https:// 
doi.org/10.1061/(ASCE)CO.1943-7862.0002031.

Fazeli, A., S. Banihashemi, A. Hajirasouli, and S. R. Mohandes. 2022. 
“Automated 4D BIM Development: The Resource Specification and 
Optimization Approach.” Engineering, Construction and Architectural 
Management 31 (5): 1896–1922. https://doi.org/10.1108/ECAM-07- 
2022-0665.

Ganah, A. A., and G. A. John. 2017. “BIM and Project Planning 
Integration for on-Site Safety Induction.” Journal of Engineering, 
Design and Technology 15 (03): 341–354. https://doi.org/10.1108/JEDT- 
02-2016-0012.

Guerra, B. C., and F. Leite. 2020. “Bridging the Gap between Engineering 
and Construction 3D Models in Support of Advanced Work 
Packaging.” Journal of Legal Affairs and Dispute Resolution in 
Engineering and Construction 12 (3): 04520029. https://doi.org/10. 
1061/(ASCE)LA.1943-4170.0000419.

Guerriero, A., S. Kubicki, F. Berroir, and C. Lemaire. 2017. “BIM-Enhanced 
Collaborative Smart Technologies for LEAN Construction Processes." 
Proc. 2017 International Conference on Engineering, Technology and 
Innovation (ICE/ITMC), IEEE, 1023–1030 1538607743. https://doi.org/ 
10.1109/ICE.2017.8279994.

Hamledari, H., B. McCabe, S. Davari, and A. Shahi. 2017. “Automated 
Schedule and Progress Updating of IFC-Based 4D BIMs.” Journal of 
Computing in Civil Engineering 31 (4): 04017012. https://doi.org/10. 
1061/(ASCE)CP.1943-5487.0000660.

He, C., M. Liu, T. d C. Alves, N. M. Scala, and S. M. Hsiang. 2022. 
“Prioritizing Collaborative Scheduling Practices Based on Their Impact 

18 M. SHEIKHKHOSHKAR ET AL.

https://hal.science/hal-02555769
https://doi.org/10.1007/s42524-020-0111-7
https://doi.org/10.1007/s42524-020-0111-7
https://doi.org/10.1007/s42524-019-0041-4
https://hal.science/hal-02556066
https://doi.org/10.1007/978-3-319-66805-5_21
https://doi.org/10.1016/j.autcon.2018.11.031
https://doi.org/10.1016/j.autcon.2018.08.020
https://doi.org/10.1016/j.autcon.2018.08.020
https://doi.org/10.1016/j.autcon.2013.09.003
https://doi.org/10.1007/s11831-022-09873-x
https://doi.org/10.1007/s11831-022-09873-x
https://doi.org/10.1007/978-3-030-30949-7_14
https://doi.org/10.1007/978-3-030-30949-7_14
https://doi.org/10.24928/2020/0002
https://doi.org/10.1061/(ASCE)ME.1943-5479.0000699
https://doi.org/10.1108/ECAM-07-2015-0109
https://doi.org/10.1108/ECAM-07-2015-0109
https://doi.org/10.1108/09699980910988357
https://doi.org/10.1108/09699980910988357
https://doi.org/10.24928/2018/0450
https://doi.org/10.3390/buildings12081145
https://doi.org/10.3390/buildings12081145
https://doi.org/10.3389/fbuil.2022.998309
https://doi.org/10.1108/ECAM-12-2018-0535
https://doi.org/10.1108/ECAM-12-2018-0535
https://doi.org/10.1080/15578771.2016.1276109
https://doi.org/10.1080/15578771.2016.1276109
https://doi.org/10.1108/CI-11-2019-0127
https://doi.org/10.1016/j.ifacol.2020.12.2858
https://doi.org/10.1016/j.ifacol.2020.12.2858
https://scholarsmine.mst.edu/doctoral_dissertations/3054
https://doi.org/10.1061/(ASCE)ME.1943-5479.0000953
https://doi.org/10.1061/(ASCE)CO.1943-7862.0002031
https://doi.org/10.1061/(ASCE)CO.1943-7862.0002031
https://doi.org/10.1108/ECAM-07-2022-0665
https://doi.org/10.1108/ECAM-07-2022-0665
https://doi.org/10.1108/JEDT-02-2016-0012
https://doi.org/10.1108/JEDT-02-2016-0012
https://doi.org/10.1061/(ASCE)LA.1943-4170.0000419
https://doi.org/10.1061/(ASCE)LA.1943-4170.0000419
https://doi.org/10.1109/ICE.2017.8279994
https://doi.org/10.1109/ICE.2017.8279994
https://doi.org/10.1061/(ASCE)CP.1943-5487.0000660
https://doi.org/10.1061/(ASCE)CP.1943-5487.0000660


on Project Performance.” Construction Management and Economics 40 
(7-8): 618–637. https://doi.org/10.1080/01446193.2022.2048042.

He, Z., R. Du, and K. Perlin. 2020. “Collabovr: A Reconfigurable Framework 
for Creative Collaboration in Virtual Reality." Proc. 2020 IEEE International 
Symposium on Mixed and Augmented Reality (ISMAR), IEEE, 542–554 
https://doi.org/10.1109/ISMAR50242.2020.000821728185084.

Hosseini, M. R., M. Maghrebi, A. Akbarnezhad, I. Martek, and M. 
Arashpour. 2018. “Analysis of Citation Networks in Building 
Information Modeling Research.” Journal of Construction Engineering 
and Management 144 (8): 04018064. https://doi.org/10.1061/(ASCE)CO. 
1943-7862.0001492.

Hosseini, M. R., I. Martek, E. K. Zavadskas, A. A. Aibinu, M. Arashpour, and 
N. Chileshe. 2018. “Critical Evaluation of off-Site Construction 
Research: A Scientometric Analysis.” Automation in Construction 87: 
235–247. https://doi.org/10.1016/j.autcon.2017.12.002.

Huang, L., R. Pradhan, S. Dutta, and Y. Cai. 2022. “BIM4D-Based 
Scheduling for Assembling and Lifting in Precast-Enabled 
Construction.” Automation in Construction 133: 103999. https://doi. 
org/10.1016/j.autcon.2021.103999.

Huang, Y., A. Hammad, G. Torabi, A. Ghelmani, and M. Guevremont. 
2021. “Towards near Real-Time Digital Twins of Construction Sites: 
Developing High LOD 4D Simulation Based on Computer Vision and 
RTLS.” Proc., ISARC. Proceedings of the International Symposium on 
Automation and Robotics in Construction, IAARC Publications, 248– 
255 https://doi.org/10.22260/ISARC2021/0036.

Javanmardi, A., S. A. Abbasian-Hosseini, M. Liu, and S. M. Hsiang. 2018. 
“Benefit of Cooperation among Subcontractors in Performing High- 
Reliable Planning.” Journal of Management in Engineering 34 (2): 
04017062. https://doi.org/10.1061/(ASCE)ME.1943-5479.0000578

Jimenez Anders, V. B. 2022. "Scrum applied to a construction Small- 
Medium Enterprise." Universitat Polit�ecnica de Catalunya. http://hdl. 
handle.net/2117/372958.

Jongeling, R., J. Kim, M. Fischer, C. Mourgues, and T. Olofsson. 2008. 
“Quantitative Analysis of Workflow, Temporary Structure Usage, and 
Productivity Using 4D Models.” Automation in Construction 17 (6): 
780–791. https://doi.org/10.1016/j.autcon.2008.02.006.

Kandregula, S. K., and Le, T. 2020. “Investigating the Human Errors in 4D 
BIM Construction Scheduling.” Proc., Construction Research Congress 
2020: Project Management and Controls, Materials, and Contracts, 
American Society of Civil Engineers Reston, VA, 750–757 https://doi. 
org/10.1061/9780784482889.079.

Kang, J. H., S. D. Anderson, and M. J. Clayton. 2007. “Empirical Study on 
the Merit of Web-Based 4D Visualization in Collaborative Construction 
Planning and Scheduling.” Journal of Construction Engineering and 
Management 133 (6): 447–461. https://doi.org/10.1061/(ASCE)0733- 
9364(2007)133:6(447).

Khan, A., S. Sepasgozar, T. Liu, and R. Yu. 2021. “Integration of BIM and 
Immersive Technologies for AEC: A scientometric-SWOT Analysis and 
Critical Content Review.” Buildings 11 (3): 126. https://doi.org/10.3390/ 
buildings11030126.

Khataei, S., A. Akcamete, and R. Sonmez. 2020. “4D BIM Integrated 
Productivity Estimation of Construction Projects.” 6th International 
Project and Construction Management Conference (IPCMC2020), 
Istanbul, Turkey.

Kim, W.-G., N. Ham, and J.-J. Kim. 2021. “Enhanced Subcontractors 
Allocation for Apartment Construction Project Applying Conceptual 
4d Digital Twin Framework.” Sustainability 13 (21): 11784. https://doi. 
org/10.3390/su132111784.

Koolwijk, J. S. J., C. J. van Oel, J. W. F. Wamelink, and R. Vrijhoef. 2018. 
“Collaboration and Integration in Project-Based Supply Chains in the 
Construction Industry.” Journal of Management in Engineering 34 (3): 
04018001. https://doi.org/10.1061/(ASCE)ME.1943-5479.0000592.

Korb, S., and R. Sacks. 2021. “Agent-Based Simulation of General 
Contractor–Subcontractor Interactions in a Multiproject Environment.” 
Journal of Construction Engineering and Management 147 (1): 
04020151. https://doi.org/10.1061/(ASCE)CO.1943-7862.0001944.

Li, B., S. Austin, and T. Thorpe. 2006. “Management and Planning of a 
Collaborative Construction Planning Process.” The International 
Conference on Asia-European Sustainable Urban Development China. 
https://repository.lboro.ac.uk/account/articles/9437369.

Lin, J. J., and M. Golparvar-Fard. 2016. “Web-Based 4D Visual Production 
Models for Decentralized Work Tracking and Information Communication 
on Construction Sites." Proc. Construction Research Congress 2016, 1731– 
1741 https://doi.org/10.1061/9780784479827.173.

Lin, J. J., and M. Golparvar-Fard. 2017. “Proactive Construction Project 
Controls via Predictive Visual Data Analytics.” Computing in Civil 
Engineering 2017, 147–154 https://doi.org/10.1061/9780784480830.019.

Lin, Y. 2022. “Social Media for Collaborative Planning: A Typology of 
Support Functions and Challenges.” Cities 125: 103641. https://doi. 
org/10.1016/j.cities.2022.103641.

Ma, H., H. Zhang, and P. Chang. 2020. “4D-Based Workspace Conflict 
Detection in Prefabricated Building Constructions.” Journal of 
Construction Engineering and Management 146 (9): 04020112. https:// 
doi.org/10.1061/(ASCE)CO.1943-7862.0001883.

Ming, X. G., J. Q. Yan, X. Wang, S. Li, W. F. Lu, Q. Peng, and Y. Ma. 2008. 
“Collaborative Process Planning and Manufacturing in Product 
Lifecycle Management.” Computers in Industry 59 (2-3): 154–166. 
https://doi.org/10.1016/j.compind.2007.06.012.

Mirzaei, A., F. Nasirzadeh, M. Parchami Jalal, and Y. Zamani. 2018. “4D- 
BIM Dynamic Time–Space Conflict Detection and Quantification 
System for Building Construction Projects.” Journal of Construction 
Engineering and Management 144 (7): 04018056. https://doi.org/10. 
1061/(ASCE)CO.1943-7862.0001504.

Momade, M. H., S. Shahid, G. Falah, D. Syamsunur, and D. Estrella. 2023. 
“Review of Construction Labor Productivity Factors from a Geographical 
Standpoint.” International Journal of Construction Management 23 (4): 
697–707. https://doi.org/10.1080/15623599.2021.1917285.

Olivieri, H., O. Sepp€anen, T. d C. Alves, N. M. Scala, V. Schiavone, M. Liu, 
and A. D. Granja. 2019. “Survey Comparing Critical Path Method, Last 
Planner System, and Location-Based Techniques.” Journal of 
Construction Engineering and Management 145 (12): 04019077. https:// 
doi.org/10.1061/(ASCE)CO.1943-7862.0001644.

Olivieri, H., O. Sepp€anen, and A. Peltokorpi. 2017. “Real-Time Tracking of 
Production Control: Requirements and Solutions." Proc. Lean & 
Computing in Construction Congress (LC3), 671–678 https://doi.org/ 
10.24928/2017/0177.

Pe~naloza, G. A., D. D. Viana, F. S. Bataglin, C. T. Formoso, and I. R. Bulh~oes. 
2016. “Guidelines for Integrated Production Control in Engineer-to-Order 
Prefabricated Concrete Building Systems: Preliminary Results.” Proc., 
Proceedings of the 24th Annual Conference of the International Group 
for Lean Construction, Boston, MA, USA, 18–24.

P�erez, C. T., and D. Bastos Costa. 2021. “Increasing Production Efficiency 
through the Reduction of Transportation Activities and Time Using 4D 
BIM Simulations.” Engineering, Construction and Architectural Management 
28 (8): 2222–2247. https://doi.org/10.1108/ECAM-02-2020-0132.

Poudel, R., B. Garcia de Soto, and E. Martinez. 2020. “Last Planner System 
and Scrum: Comparative Analysis and Suggestions for Adjustments.” 
Frontiers of Engineering Management 7 (3): 359–372. https://doi.org/ 
10.1007/s42524-020-0117-1.

Pourrahimian, E., L. Shehab, and F. Hamzeh. 2023. “Investigating and 
Simulating Collaboration among the Lps Phases.” 31st Annual 
Conference of the International Group for Lean Construction (IGLC31), 
929–941 https://doi.org/10.24928/2023/0174.

Pratama, L. A. 2015. “Immersive Virtual Reality Prototype for Evaluating 
4D CAD Model.” In Master of Science in Construction Management. 
Seattle, WA: University of Washington. http://hdl.handle.net/1773/ 
33484.

Priven, V., and R. Sacks. 2016. “Impacts of the Social Subcontract and 
Last Planner System Interventions on the Trade-Crew Workflows of 
Multistory Residential Construction Projects.” Journal of Construction 
Engineering and Management 142 (7): 04016013. https://doi.org/10. 
1061/(ASCE)CO.1943-7862.0001102.

Rashed, A., and I. Mutis. 2023. “Trends of Integrated Project Delivery 
Implementations Viewed from an Emerging Innovation Framework.” 
Engineering, Construction and Architectural Management 30 (3): 989– 
1014. https://doi.org/10.1108/ECAM-06-2021-0516.

Rashidi, A., W. Y. Yong, D. Maxwell, and Y. Fang. 2022. “Construction 
Planning through 4D BIM-Based Virtual Reality for Light Steel Framing 
Building Projects.” Smart and Sustainable Built Environment 12 (5): 
1153–1173. https://doi.org/10.1108/SASBE-06-2022-0127.

PRODUCTION PLANNING & CONTROL 19

https://doi.org/10.1080/01446193.2022.2048042
https://doi.org/10.1109/ISMAR50242.2020.000821728185084
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001492
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001492
https://doi.org/10.1016/j.autcon.2017.12.002
https://doi.org/10.1016/j.autcon.2021.103999
https://doi.org/10.1016/j.autcon.2021.103999
https://doi.org/10.22260/ISARC2021/0036
https://doi.org/10.1061/(ASCE)ME.1943-5479.0000578
http://hdl.handle.net/2117/372958
http://hdl.handle.net/2117/372958
https://doi.org/10.1016/j.autcon.2008.02.006
https://doi.org/10.1061/9780784482889.079
https://doi.org/10.1061/9780784482889.079
https://doi.org/10.1061/(ASCE)0733-9364(2007)133:6(447)
https://doi.org/10.1061/(ASCE)0733-9364(2007)133:6(447)
https://doi.org/10.3390/buildings11030126
https://doi.org/10.3390/buildings11030126
https://doi.org/10.3390/su132111784
https://doi.org/10.3390/su132111784
https://doi.org/10.1061/(ASCE)ME.1943-5479.0000592
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001944
https://repository.lboro.ac.uk/account/articles/9437369
https://doi.org/10.1061/9780784479827.173
https://doi.org/10.1061/9780784480830.019
https://doi.org/10.1016/j.cities.2022.103641
https://doi.org/10.1016/j.cities.2022.103641
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001883
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001883
https://doi.org/10.1016/j.compind.2007.06.012
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001504
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001504
https://doi.org/10.1080/15623599.2021.1917285
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001644
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001644
https://doi.org/10.24928/2017/0177
https://doi.org/10.24928/2017/0177
https://doi.org/10.1108/ECAM-02-2020-0132
https://doi.org/10.1007/s42524-020-0117-1
https://doi.org/10.1007/s42524-020-0117-1
https://doi.org/10.24928/2023/0174
http://hdl.handle.net/1773/33484
http://hdl.handle.net/1773/33484
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001102
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001102
https://doi.org/10.1108/ECAM-06-2021-0516
https://doi.org/10.1108/SASBE-06-2022-0127


Ratajczak, J., C. P. Schimanski, C. Marcher, M. Riedl, and D. T. Matt. 2018. 
“Collaborative Tool for the Construction Site to Enhance Lean Project 
Delivery.” Proc., Cooperative Design, Visualization, and Engineering: 
15th International Conference, CDVE 2018, Hangzhou, China, October 
21–24, 2018, Proceedings 15, Springer, 192–199 https://doi.org/10. 
1007/978-3-030-00560-3_26.3030005593.

Rebai, S., O. Hamdi, S. BuHamdan, Z. Lafhaj, and P. Yim. 2022. “AWP for 
Residential Buildings to Modular Construction: A Proposed 
Framework.” Modular and Offsite Construction (MOC) Summit 
Proceedings 2022: 50–57. https://doi.org/10.29173/mocs264.

Retik, A., and A. Shapira. 1999. “VR-Based Planning of Construction Site 
Activities.” Automation in Construction 8 (6): 671–680. https://doi.org/ 
10.1016/S0926-5805(98)00113-7.

Ribeiro, F. S., and D. B. Costa. 2018. “Last Planner System: Implementation 
and Evaluation with Focus on the Phase Schedule.” Proc., 26th Annual 
Conference of the International Group for Lean Construction (IGLC), 
Chennai, India. https://doi.org/10.24928/2018/0411.

Romigh, A., J. Kim, and A. Sattineni. 2017. “4D Scheduling: A 
Visualization Tool for Construction Field Operations.” Proc. 53rd ASC 
Annual International Conference Proceedings, 395–404.

Roup�e, M., M. Johansson, L. Maftei, R. Lundstedt, and M. Viklund- 
Tallgren. 2020. “Virtual Collaborative Design Environment: Supporting 
Seamless Integration of Multitouch Table and Immersive VR.” Journal 
of Construction Engineering and Management 146 (12): 04020132. 
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001935.

Sacks, R., R. Barak, B. Belaciano, U. Gurevich, and E. Pikas. 2013. "KanBIM 
Workflow Management System: Prototype implementation and field 
testing." Lean Construction Journal https://leanconstruction.org/resour
ces/lean-construction-journal/lcj-back-issues/2013-issue/.

Sakikhales, M. 2021. “Nonlinear Project Management: Agile, Scrum and 
Kanban for the Construction Industry.” Industry 4.0 for the Built 
Environment: Methodologies, Technologies and Skills, 227–246. 
Switzerland: Springer. https://doi.org/10.1007/978-3-030-82430-3_10.

Salhab, D., K. Noueihed, A. Fayek, F. Hamzeh, and R. Ahuja. 2021. “A 
Framework for Implementing the Last PlannerVR System in a Virtual 
Environment." Proc., Proc.” 29th Annual Conference of the 
International Group for Lean Construction (IGLC), 75–84 https://doi. 
org/10.24928/2021/0179.

Scala, N. M., Liu, M. Alves, T. d C. L. Schiavone, V, and Hawkins, D. 2022. 
“The Gold Standard: developing a Maturity Model to Assess Collaborative 
Scheduling.” Engineering, Construction and Architectural Management 30 
(4): 1636–1656. https://doi.org/10.1108/ECAM-07-2021-0609.

Schiavi, B., V. Havard, K. Beddiar, and D. Baudry. 2022. “A VR Training 
Scenario Editor for Operation in Construction Based on BIM 4D and 
Domain Expert Authoring.” Smart and Sustainable Built Environment 
12 (5): 1074–1089. https://doi.org/10.1108/SASBE-06-2022-0125.

Schimanski, C. P., C. Marcher, P. Dallasega, E. Marengo, C. Follini, A. U. 
Rahman, A. Revolti, W. Nutt, and D. Matt. 2018. “Promoting 
Collaborative Construction process management by Means of a 
Normalized Workload Approach." Proc. 26th Annual Conference of the 
International. Group for Lean Construction (IGLC), Gonz�alez, VA(“ed.”), 
Chennai, India, 764–774. https://doi.org/10.24928/2018/0488.

Sheikhkhoshkar, M., H. Bril El Haouzi, A. Aubry, and F. Hamzeh. 2024. “An 
Advanced Exploration of Functionalities as the Underlying Principles of 
Construction Control Metrics.” Smart and Sustainable Built Environment 13 
(3): 644–676. https://doi.org/10.1108/SASBE-12-2023-0379.

Sheikhkhoshkar, M., H. B. El-Haouzi, A. Aubry, and F. Hamzeh. 2023. 
“Functionality as a Key Concept for Integrated Project Planning and 
Scheduling Methods.” Journal of Construction Engineering and 
Management 149 (7):27. https://doi.org/10.1061/JCEMD4/COENG-13427.

Sheikhkhoshkar, M., H. B. El-Haouzi, A. Aubry, F. Hamzeh, and M. 
Poshdar. 2023. “Analyzing the Lean Principles in Integrated Planning 
and Scheduling Methods." Proc. 31st Annual Conference of the 
International Group for Lean Construction, IGLC31, 1196–1207 https:// 
doi.org/10.24928/2023/0159.

Sheikhkhoshkar, M., F. P. Rahimian, M. H. Kaveh, M. R. Hosseini, and D. J. 
Edwards. 2019. “Automated Planning of Concrete Joint Layouts with 
4D-BIM.” Automation in Construction 107: 102943. https://doi.org/10. 
1016/j.autcon.2019.102943.

Shelbourn, M., N. Bouchlaghem, C. Anumba, and P. Carrillo. 2007. 
“Planning and Implementation of Effective Collaboration in 
Construction Projects.” Construction Innovation 7 (4): 357–377. https:// 
doi.org/10.1108/14714170710780101.

Sriprasert, E., and N. Dawood. 2003. “Multi-Constraint Information 
Management and Visualisation for Collaborative Planning and Control 
in Construction.” Journal of Information Technology in Construction 8: 
341–366. http://www.itcon.org/2003/25.

Strelzoff, A., and T. Sulbaran. 2008. “Transformation of a Collaborative 
Virtual Reality Environment for Construction Scheduling to Help 
Individual with Mental Health Issues.” Proc. 2008 38th Annual 
Frontiers in Education Conference, IEEE, S4J-13–S14J-18 1424419697. 
https://doi.org/10.1109/FIE.2008.4720671.

Su, X., and H. Cai. 2016. “Enabling Construction 4D Topological Analysis 
for Effective Construction Planning.” Journal of Computing in Civil 
Engineering 30 (1): 04014123. https://doi.org/10.1061/(ASCE)CP.1943- 
5487.0000463.

Su, X., and H. Cai. 2018. “A Graphical Planning Method for Workspace- 
Aware, Four-Dimensional Modeling to Assist Effective Construction 
Planning.” Journal of Information Technology in Construction 23 (Jan): 
340–353. http://www.itcon.org/2018/17.

Tallgren, M. V., M. Johansson, and M. Roup�e. 2022. “Developing Support 
for BIM-Based Takt Time Schedules for Production Control.” 
Proceedings of the 22nd International Conference on Construction 
Applications of Virtual RealityChung-Ang University, South Korea.

Tallgren, M. V., M. Roup�e, and M. Johansson. 2021. “4D Modelling Using 
Virtual Collaborative Planning and Scheduling.” Journal of Information 
Technology in Construction 26 (42): 763–782. https://doi.org/10.36680/ 
j.itcon.2021.042.

Tomar, A., and V. Bansal. 2022. “Generation, Visualization, and Evaluation 
Schedule of Repetitive Construction Projects Using GIS.” International 
Journal of Construction Management 22 (6): 1104–1119. https://doi. 
org/10.1080/15623599.2019.1683691.

Torres-Calderon, W., Y. Chi, F. Amer, M. Golparvar-Fard, and V. A. Reston. 
2019. “Automated Mining of Construction Schedules for Easy and Quick 
Assembly of 4D BIM Simulations.” Computing in Civil Engineering 2019: 
Visualization, Information Modeling, and Simulation, American Society of 
Civil Engineers 432–438 https://doi.org/10.1061/9780784482421.055.

Truong, P., K. H€oltt€a-Otto, P. Becerril, R. Turtiainen, and S. Siltanen. 2021. 
“Multi-User Virtual Reality for Remote Collaboration in Construction 
Projects: A Case Study with High-Rise Elevator Machine Room Planning.” 
Electronics 10 (22): 2806. https://doi.org/10.3390/electronics10222806.

Verheij, H., and G. Augenbroe. 2006. “Collaborative Planning of AEC 
Projects and Partnerships.” Automation in Construction 15 (4): 428– 
437. https://doi.org/10.1016/j.autcon.2005.06.011.

Viklund Tallgren, M., M. Roup�e, M. Johansson, and P. Bosch-Sijtsema. 
2020. “BIM-Tool Development Enhancing Collaborative Scheduling for 
Pre-Construction.” Journal of Information Technology in Construction 
25: 374–397. https://doi.org/10.36680/j.itcon.2020.022.

Von Heyl, J., and J. Teizer. 2017. “Lean Production Controlling and 
Tracking Using Digital Methods.” Proc., Proceedings of the 25th 
Annual Conference of the International Group for Lean Construction, 
Heraklion, Greece, 9–12. https://doi.org/10.24928/2017/0238.

Wang, L., A. Y. C. Nee, A. Y. C. Nee, and L. Wang. 2009. Collaborative 
Design and Planning for Digital Manufacturing. London: Springer. 
https://doi.org/10.1007/978-1-84882-287-0.

Wilkinson, P. 2005. Construction Collaboration Technologies: The 
Extranet Evolution. Kirjastus: Routledge. https://doi.org/10.4324/9780203 
004791.

Wu, B., Q. Gu, Z. Liu, and J. Liu. 2023. “Clustered Institutional Investors, 
Shared ESG Preferences and Low-Carbon Innovation in Family Firm.” 
Technological Forecasting and Social Change 194: 122676. https://doi. 
org/10.1016/j.techfore.2023.122676.

Wu, C., X. Wang, P. Wu, J. Wang, R. Jiang, M. Chen, and M. Swapan. 2021. 
“Hybrid Deep Learning Model for Automating Constraint Modelling in 
Advanced Working Packaging.” Automation in Construction 127: 
103733. https://doi.org/10.1016/j.autcon.2021.103733.

Yang, B., M. Dong, C. Wang, B. Liu, Z. Wang, and B. Zhang. 2021. 
“IFC-Based 4D Construction Management Information Model of 

20 M. SHEIKHKHOSHKAR ET AL.

https://doi.org/10.1007/978-3-030-00560-3_26
https://doi.org/10.1007/978-3-030-00560-3_26
https://doi.org/10.29173/mocs264
https://doi.org/10.1016/S0926-5805(98)00113-7
https://doi.org/10.1016/S0926-5805(98)00113-7
https://doi.org/10.24928/2018/0411
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001935
https://leanconstruction.org/resources/lean-construction-journal/lcj-back-issues/2013-issue/
https://leanconstruction.org/resources/lean-construction-journal/lcj-back-issues/2013-issue/
https://doi.org/10.1007/978-3-030-82430-3_10
https://doi.org/10.24928/2021/0179
https://doi.org/10.24928/2021/0179
https://doi.org/10.1108/ECAM-07-2021-0609
https://doi.org/10.1108/SASBE-06-2022-0125
https://doi.org/10.24928/2018/0488
https://doi.org/10.1108/SASBE-12-2023-0379
https://doi.org/10.1061/JCEMD4/COENG-13427
https://doi.org/10.24928/2023/0159
https://doi.org/10.24928/2023/0159
https://doi.org/10.1016/j.autcon.2019.102943
https://doi.org/10.1016/j.autcon.2019.102943
https://doi.org/10.1108/14714170710780101
https://doi.org/10.1108/14714170710780101
http://www.itcon.org/2003/25
https://doi.org/10.1109/FIE.2008.4720671
https://doi.org/10.1061/(ASCE)CP.1943-5487.0000463
https://doi.org/10.1061/(ASCE)CP.1943-5487.0000463
http://www.itcon.org/2018/17
https://doi.org/10.36680/j.itcon.2021.042
https://doi.org/10.36680/j.itcon.2021.042
https://doi.org/10.1080/15623599.2019.1683691
https://doi.org/10.1080/15623599.2019.1683691
https://doi.org/10.1061/9780784482421.055
https://doi.org/10.3390/electronics10222806
https://doi.org/10.1016/j.autcon.2005.06.011
https://doi.org/10.36680/j.itcon.2020.022
https://doi.org/10.24928/2017/0238
https://doi.org/10.1007/978-1-84882-287-0
https://doi.org/10.4324/9780203004791
https://doi.org/10.4324/9780203004791
https://doi.org/10.1016/j.techfore.2023.122676
https://doi.org/10.1016/j.techfore.2023.122676
https://doi.org/10.1016/j.autcon.2021.103733


Prefabricated Buildings and Its Application in Graph 
Database.” Applied Sciences 11 (16): 7270. https://doi.org/10.3390/ 
app11167270.

Yerrapathruni, S., J. I. Messner, A. J. Baratta, and M. J. Horman. 2003. 
"Using 4 D CAD and immersive virtual environments to improve con
struction planning." Pennsylvania State University https://www. 
researchgate.net/publication/253968162.

Zegarra, O., and L. F. Alarc�on. 2015. “A Production Control Tool for 
Coordination of Teams, Meetings and Managerial Processes.” Iglc 23: 113.

Zhao, N., and S. An. 2016. “Collaborative Management of Complex Major 
Construction Projects: Anylogic-Based Simulation Modelling.” Discrete        

Dynamics in Nature and Society 2016: 1–8. https://doi.org/10.1155/ 
2016/6195673.

Zhou, W., P. Georgakis, D. Heesom, and X. Feng. 2012. “Model-Based 
Groupware Solution for Distributed Real-Time Collaborative 4D 
Planning through Teamwork.” Journal of Computing in Civil 
Engineering 26 (5): 597–611. https://doi.org/10.1061/(ASCE)CP.1943- 
5487.0000153.

Zhou, Wei., David Heesom, Panagiotis Georgakis, and Joseph H.m. Tah. 
2014. “User-Centred Design for Collaborative 4D Modelling.” 
Construction Innovation 14 (4): 493–517. https://doi.org/10.1108/CI-01- 
2014-0008.

Table A. The results of normalized score and DC for each functionality in each matrix.

This step is to compare the results of SNA with Simplified Analysis Using Simplified Analysis Using SNA

Normalised score Normalised DC

Code Functionalities Matrix C Matrix T Network C Network T

F1 Allowing just-in-time (JIT) purchasing and delivery of material 0.083 0.040 0.042 0.019
F2 Allowing the interactions of multiple team professionals and stakeholders in a common environment. 0.500 0.400 0.250 0.456
F3 Assisting in reducing waste 0.667 0.440 0.792 0.381
F4 Automated planning of concrete joint layouts 0.000 0.040 0.000 0.063
F5 Automatic generation of the as-built real-time 4D simulation 0.167 0.080 0.354 0.131
F6 Better flow of information 0.167 0.200 0.094 0.225
F7 Constructability evaluation 0.083 0.600 0.156 0.563
F8 Continuous improvement process 1.000 0.120 0.938 0.100
F9 Continuous learning 0.333 0.000 0.531 0.000
F10 Creativity, option generation, and innovation 0.333 0.000 0.365 0.000
F11 Decentralized work tracking and information communication on construction sites 0.000 0.160 0.000 0.169
F12 Detected more logical errors, more accurately, and faster, with less need for intrateam communication 0.167 0.400 0.146 0.381
F13 Dynamic collision detection and spatial-temporal conflict analysis 0.000 0.480 0.000 0.531
F14 Early involvement of key project stakeholders 0.250 0.000 0.281 0.000
F15 Easing of access and low training time 0.000 0.160 0.000 0.206
F16 Effective supply chain practices 0.250 0.000 0.104 0.000
F17 Empowering automated project progress monitoring 0.000 0.560 0.000 0.600
F18 Enabling lean construction adoption and situation awareness 0.167 0.080 0.188 0.081
F19 Enabling project performance prediction 0.333 0.120 0.240 0.169
F20 Enabling real-time collaborative 4D planning to gain a robust construction plan 0.000 0.080 0.000 0.075
F21 Enabling real-time communication with workers 0.000 0.080 0.000 0.106
F22 Enabling real-time tracking in construction site 0.000 0.120 0.000 0.194
F23 Enabling value management/engineering 0.083 0.000 0.156 0.000
F24 Enhancing transparency 0.750 0.080 0.719 0.106
F25 Experiencing and reviewing scheduled sequences on a 1:1 scale 0.000 0.240 0.000 0.344
F26 Facilitating communication with subcontractors 0.500 0.200 0.573 0.300
F27 Fosters the convergence of 4D uses with project documents 0.000 0.080 0.000 0.100
F28 Generating real-time interactive project visualisation 0.000 0.160 0.000 0.225
F29 Aligning goals with owner 0.500 0.040 0.458 0.075
F30 Higher sense of immersion and interaction 0.000 0.320 0.000 0.425
F31 Highlighting the importance of short-term planning at crew level 0.417 0.000 0.552 0.000
F32 Identifying possible optimizations 0.167 0.160 0.104 0.150
F33 Identifying time-space conflicts 0.083 0.600 0.156 0.438
F34 Improving alignment of engineering & procurement with construction and commissioning 0.250 0.040 0.115 0.088
F35 Improving collaborative sensemaking 0.417 0.120 0.427 0.106
F36 Improving communication and teamworking between the project team 0.583 1.000 0.625 1.000
F37 Improving decision making among geographically dispersed industry practitioners 0.167 0.160 0.188 0.194
F38 Improving engineering curriculum 0.000 0.240 0.000 0.256
F39 Improving organisational agility 0.333 0.000 0.229 0.000
F40 Improving role description and responsibilities 0.167 0.000 0.135 0.000
F41 Improving safety management on site 0.083 0.800 0.063 0.794
F42 Improving the involvement and the commitment of all the professional groups 0.667 0.120 0.750 0.138
F43 Increasing the work-flow reliability onsite 0.583 0.200 0.583 0.206
F44 Maintaining a workable backlog 0.167 0.000 0.250 0.000
F45 Making decision under a user-centric approach 0.000 0.120 0.000 0.138
F46 Monitoring worker motion and worker location 0.000 0.080 0.000 0.144
F47 More efficient resources management. 0.417 0.440 0.552 0.381
F48 More natural and industry-adapted interactions during a collaboration session 0.000 0.160 0.000 0.181
F49 Moving participants from passive receivers of a schedules to active contributors to the schedule 0.250 0.320 0.167 0.256
F50 Permitting real-time virtual collaboration for stakeholders from different locations 0.083 0.240 0.083 0.294
F51 Providing  predictive control/monitoring method to make the best decisions with forwarding simulation 0.083 0.200 0.094 0.231
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Table A. Continued.

This step is to compare the results of SNA with Simplified Analysis Using Simplified Analysis Using SNA

Normalised score Normalised DC

Code Functionalities Matrix C Matrix T Network C Network T

F52 Providing a digital equivalence to face-to-face communication in construction projects 0.083 0.200 0.083 0.238
F53 Providing better budget control 0.333 0.080 0.219 0.081
F54 Providing enhanced awareness of ongoing work 0.083 0.160 0.094 0.194
F55 Providing ergonomic interactions with the session workflow. 0.000 0.120 0.000 0.119
F56 Pull planning effectiveness 0.333 0.000 0.594 0.000
F57 Real-time safety monitoring 0.000 0.120 0.000 0.156
F58 Reducing information loss in data exchange 0.000 0.080 0.000 0.144
F59 Reducing the change orders during construction 0.167 0.080 0.083 0.144
F60 Reducing the impacts of potential causes of delay 0.167 0.080 0.094 0.063
F61 Reducing uncertainty and risk 0.750 0.320 0.927 0.388
F62 Reshaping an individual’s cognitive determinants to influence collaboration throughout project delivery 0.000 0.200 0.000 0.225
F63 Safer learning environment 0.000 0.240 0.000 0.300
F64 Sharing the knowledge and lessons learned 0.333 0.080 0.542 0.100
F65 Site lay-out and environment management 0.000 0.440 0.000 0.394
F66 Solving disputes  more efficiently 0.083 0.160 0.031 0.138
F67 Solving site logistic problems 0.000 0.360 0.000 0.369
F68 Supporting the learning and process of planning of offsite construction production challenges 0.000 0.360 0.000 0.288
F69 Supporting  co-navigate, co-sort, co-plan, co-simulate and co-talk 0.000 0.200 0.000 0.231
F70 Supporting collaboration through social conversations 0.833 0.200 0.802 0.306
F71 Supporting multi-functional review meetings 0.000 0.200 0.000 0.244
F72 Supporting the trust and reliable promises among the team 0.833 0.000 1.000 0.000
F73 Systematic identification and removal of constraints 0.833 0.040 0.896 0.038
F74 Visualizing alternative construction sequences based on various what-if scenario 0.417 1.000 0.344 0.756
F75 Workspace planning 0.000 0.720 0.000 0.594
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