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Abstract

Construction projects have for a long time been characterized by increased specialization, low 

productivity, and a fragmented information exchange culture, resulting in inefficient work pro-

cesses, with time delays and budget overruns. Research within the context of construction plan-

ning and scheduling and IT points to improving communication, collaboration, and cooperation 

to address these problems. However, the focus has been chiefly on production planning processes 

and scheduling tools and software. Research also points to collaborative user-friendly schedul-

ing systems remaining under-researched; even though collaborative approaches have been in-

troduced, the technological support and implementations are lacking. In this context, this thesis 

presents a novel collaborative planning and scheduling process and software system, supporting 

multiple modes of interaction such as individual review, planning, collaborative scheduling and 

review work in 4D, both co-located and remote. A Design Science Research approach was used 

to identify requirements that guided the collaborative production planning system’s design and 

development and evaluations. These evaluations show that implementing the collaborative plan-

ning and scheduling system enhances understanding of the planning and scheduling of projects 

and supports both individual and group work. The developed system facilitates information gath-

ering when creating activities and improves collaborative production of the schedule. Further-

more, the new collaborative setting shortens the length of planning workshops while simulta-

neously increasing the quality output. Thus, the thesis contributes to the body of knowledge of 

collaborative production planning, collaborative IT systems in construction, how these systems 

can support communication and collaborative processes in a social context, and how a design 

science approach could be used in this setting.

Keywords: Collaborative Production Planning, Scheduling, Construction Informatics, BIM, Con-

struction IT
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1. Introduction

This chapter introduces the background to the research followed by the identified research problem

and gap. The following section contains the research questions as well as a short description of the

research design used. The chapter ends with a summary of the structure of the thesis.

The construction industry has during the last decades been characterised by low productivity and

increasing specialisation (ter Huurne and Scholtenhuis, 2018), with a fragmented information ex-

change culture and inefficient work processes (Nepal and Staub-French, 2016). The specialisation

and fragmentation have made both the project and onsite production organisations larger, and

increased efforts are spent on managing the stakeholders (Bryde et al., 2013; Nepal and Staub-

French, 2016). Thus, there is an increased need for communication, collaboration, and cooper-

ation (Erdogan et al., 2008; Gamil and Rahman, 2017), especially in production planning which

is considered a central element in project management (Dvir et al., 2003), where the Critical

Path Method (CPM) is the dominating planning approach (Olivieri et al., 2019). Even though

the industry is seen as proficient in planning, there is still a general problem related to keeping

budgets and timeframes (Zwikael, 2009; Christiansen, 2012; Gamil and Rahman, 2017). These

problems are partly related to how the organisational culture is manifested in the specialisation

and fragmentation, which make it harder to organise (Arditi et al., 2017). These problems are

also associated with a lack of transparency in the planning process (Brady et al., 2018).

In a survey about the use of different planning and control systems and their use, classical critical

path planning is found primarily used by management positions such as schedulers, department

heads, project managers and project engineers (Olivieri et al., 2019). Literature also states that

schedules are most often used as documentation (Olivieri et al., 2019). Schedules are often dis-

tributed from the planner that merely provides schedules and rarely invites others in the planning

process; this highlights the lack of transparency in the process (cf.Winch and Kelsey, 2005; Bald-

win and Bordoli, 2014). At the same time, more broadly, planning research has been criticised

for focusing on refining current planning processes and emphasising the central specialist plan-

ner’s role. Thus, the specialist planner’s role acts as reinforcing existing hierarchical structures of

construction projects (Christiansen, 2012).

Away to improve transparency concerning planning and lessen the effects of fragmentation is the

involvement and empowerment of stakeholders such as the contractors own workers and trade

subcontractors (Dainty et al., 2002;Brady et al., 2018;Alves et al., 2020). This stakeholder involve-

ment in planning has been shown to reduce guesswork in schedules and improve buy-in and com-

mitment to the agreed schedule and overall understanding of the project (Laufer, 1992; Faniran

et al., 1994; Dvir et al., 2003; Winch and Kelsey, 2005; Söderberg, 2006; Simonsen, 2007; Friblick

and Olsson, 2009). The involvement of stakeholders is an example of the communicational and

social aspects of collaboration in plans and schedules. Through the involvement of stakeholders,
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the social aspects of the team and team building are emphasised, and the collaboration creates

a communicational environment where participants discuss and exchange knowledge. The com-

municational and social aspects are identified as two kinds of success factors for construction

projects in general and have gained increased research attention during the last decade (Erdo-

gan et al., 2008;Xue et al., 2012; Boton and Forgues, 2017;Gamil and Rahman, 2017; Boton et al.,

2018; Deep et al., 2019; Turk and Klinc, 2020). Collaborative planning, the act of stakeholders

creating the schedule together in a collaborative and social setting, has been developed both in-

ternationally as in Scandinavia through, for example, Last Planner System (LPS), (Ballard and

Howell, 2004; Schimanski and Marcher, 2020). In Scandinavia, however, there are similar collab-

orative planning processes are in use bymost construction contractors but without the clear Lean

Construction (LC) connection (Söderberg, 2006).

With the increased interests in LC, more collaborative and visual approaches to planning and

management have been seen (cf. Tezel et al., 2016), such as boards or graphics like plans, sched-

ules, or drawings. A challenge with these tools is to reflect the changing nature of construction

sites (Reinbold et al., 2020). Another visual approach developed in parallel with LC is the use of

Building Information Model (BIM), henceforth called building models, which has been argued

as common ground to communicate around through its information-rich 3D geometry environ-

ments. BIM is defined as a collection of functional and physical characteristics, often 3Dgeometry

or 3Dmodels organised in components with metadata, corresponding to specific building objects

(Borrmann et al., 2018, Ch.1). Furthermore, building models create engagement amongst the

participants and thus improve the understanding of the project complexity (Koskela et al., 2018).

This project complexity can be broken down into both the problem of the complex planning task

in terms of more technically complex projects and more challenging construction, but also in the

organisation of projects’ greater number of subcontractors (Gidado, 2004; Winch, 2010; Bryde

et al., 2013).

Building models and their use connects to the field of Construction Informatics (CI), the inter-

disciplinary field of research studying the issues related to processing, representation and com-

munication of construction-specific information for humans and software (Turk, 2006). As such,

BIM is perceived as part of CI (Merschbrock and Munkvold, 2012). With the increased general

use of 3D models in the construction process, the rise of new ways of communicating complex

schedules has appeared in this field. Examples of this are modelling, simulation and visualisation

of schedules which can be created, reviewed and simulated through construction process mod-

elling with 3D models or information-rich building models connected to time, also known as 4D

models (Heesom and Mahdjoubi, 2004; Eastman et al., 2011; Crowther andAjayi, 2019).

While 4Dmodels and visualisation predate BIM, and 4Dmodelling initially was a process of con-

necting pictures of construction stages together along a timeline, 4D modelling today is more of

a modelling process linking 3D objects to a finished schedule (Crowther and Ajayi, 2019). This

passive linking has received a critique of lacking interactivity and a more active 4D modelling

approach, where being able to utilise the building model better and integrate the 4D modelling

2



into the planning process has been suggested (Boton, 2018; Campagna-Wilson and Boton, 2020).

While several tools supporting building models and the passive 4D approach exist, these tools

are primarily aimed at expert planners. They need to be more user-friendly to enable a broader

use (Crowther and Ajayi, 2019). Available tools also offer little or no support for the develop-

ment of the 4D schedule during planning sessions, and it is cumbersome to create 4D simulations

(Campagna-Wilson and Boton, 2020). In general, there is a lack of collaborative planning and

scheduling tools aimed at construction, and the tools existing are aimed at expert and specialist

planners (cf. Deep et al., 2019; Campagna-Wilson and Boton, 2020; Dave and Sacks, 2020), and

not suitable in collaborative environments. An extensive literature review shows that the BIM

and the notion of collaboration could benefit from an increased focus with regards to project

management and control aspects since it gains little attention from research (Oraee et al., 2017,

2019). Research also shows that even with the introduction of new tools and processes, users

often revert to tried and tested practices (Christiansen, 2012; AlNasseri and Aulin, 2015). Thus,

when introducing new software tools and systems, less disruptive ones are usually preferred, as

suggested by Turk (2021). Together with the lack of collaborative possibilities, these issues call for

user-friendly software to be developed that encourages participants to engage more collabora-

tively (Fischer et al., 2005;Zhou et al., 2014). These issues further the argument in the literature of

the importance of the connection between the users and the Information Communication Tech-

nology (ICT) tools, and the highly interdependent interaction between the users and these tools

(cf. dos Santos, 1999; Xue et al., 2012; Sackey et al., 2015; Saad et al., 2015; Boton and Forgues,

2017).

This thesis presents a user-friendly collaborative production planning and scheduling system. The

system is a web-based multi-user system utilising 3D geometry and information from building

models. The system uses a collaborative visual approach to planning and scheduling. Participants

can plan, schedule and share knowledge interdisciplinary and information in the system utilises

the building model to layer information, reducing the directly visible information and making it

available at selection to minimise the extraneous information visible. The system’s design, devel-

opment, and evaluation have followed aDesign Science Research (DSR), approach, contributing

to how this method could be used and support development in construction informatics.

1.1. Research Problem and Objective

The aim and objective of this thesis are to study a production planning and scheduling process

and design, develop and evaluate a user-centric collaborative planning and scheduling system

with the use of BIM.

As outlined in the previous section, the problems are often studied as separate fields: BIM, col-

laborative planning, Lean, communication, or scheduling. The research literature on planning

and scheduling focuses mostly on techniques and algorithms(cf.Kenley and Seppänen, 2010;Kim
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et al., 2013; Koskela et al., 2014; Campagna-Wilson and Boton, 2020; Nwadigo et al., 2021; Alves

et al., 2020) and less on actual planning processes and practices. This thesis approaches the chal-

lenge of collaborative planning and scheduling in practice from a more integrated perspective.

It thus takes a socio-technical point of view, where the human aspects, the artefacts, and the pro-

cesses are studied. This thesis bridges the gap in research between these dispersed fields of re-

search mentioned above.

This thesis thus investigates a collaborative planning and scheduling process used in practice, then

describes the design and implementation of a collaborative planning software system enabling

this process to utilise and incorporate the building models. The system is evaluated to validate

the support of the collaborative planning and scheduling process and investigate the effects.

1.2. Research Questions

As the thesis aims to enable collaborative planning and scheduling through buildingmodels, there

is a need to understand the existing collaborative planning and scheduling practice used in the

Scandinavian context and how this can be enhanced by integrating building models in the plan-

ning process.

Three research questions were identified to address this aim and specify the research objective

to apply a DSR approach to the CI field of digitalised planning and scheduling, as below:

RQ 1 How is a collaborative planning process performed in construction production, and espe-

cially in a Scandinavian context?

RQ 2 In what ways can ICT for visualisation with building models support collaborative planning

and scheduling?

RQ 3 What new insights could be gained from integrating building models in the planning and

scheduling process?

The three questions address three stages of the research, the current situation, the design and

requirements of an ICT system supporting collaborative planning and scheduling, and what in-

sights the evaluations of such a system could bring. RQ 1 is aimed at identifying collaborative

planning approaches in planning and scheduling in construction in general as well as more specif-

ically in a Scandinavian context. Thus, the question addresses the current knowledge base and

themore specific application domain, the Scandinavian context where this collaborative planning

and scheduling process is used.

While planning theory and collaboration with BIM have been studied separately (Kenley and

Seppänen,2010;Kimet al.,2013;Koskela et al.,2014;Campagna-Wilson andBoton,2020;Nwadigo

et al., 2021; Alves et al., 2020), the combination could benefit from an increased focus with re-

gards to project management(Oraee et al., 2017, 2019; Alves et al., 2020). This research ques-
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tion explores this context and helps to build the foundation for the design and development.

The question provides background for identifying requirements for a collaborative planning and

scheduling process.

RQ 2 aims to address the design, development and evaluation of the ICT system supporting a

collaborative planning and scheduling process. This question is more explorative in its nature

and aims to guide the design and development of the ICT system.

RQ 3 is also explorative in its nature, focusing on the developed system and what effects or devel-

opments can be identified using the system in the collaborative planning process. The question

addresses the contribution of this research, both to the application domain of construction pro-

duction planning in the form of the developed system and added understanding of collaborative

planning and scheduling concepts to the knowledge base. Enabling a comparison and contrast be-

tween the planning and scheduling process as practised and the collaborative process developed

utilising ICT and building models.

RQ 3 should generate lessons learned that could be applied in the wider construction informatics

field. See Chapter 3 for a more in-depth description of the design and relation of the research

questions.

1.3. Research Approach

This research follows a Design Science Research (DSR), approach, where the technology in con-

cert with the social aspects in which people operate and interact is addressed. In this context of

the CI field of digitalised planning and scheduling, the DSR approach helps build an understand-

ing of how ICT tools can be shaped and developed concerning existing context and processes

rather than replace known processes with new ones. Thus, the intention is to keep the process

but change the implementation of the process through ICT. First, relevant core theories are iden-

tified through a literature review, and then requirements are developed from field observations

of the existing planning and scheduling process. From these kernel theories and requirements,

a system was designed and developed. This system was then evaluated and evolved through a

series of design and evaluation cycles. A more detailed account of the approach can be found in

Chapter 3 Research Design.

1.4. Structure of Thesis

The thesis is structured around a DSR approach. The main focus is on exploring a collaborative

planning and scheduling process and developing and creating an artefact to be used in a currently

existing planning process. The thesis starts with this introduction, then in Chapter 2, background
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and related work is presented; this presents some collaborative planning approaches to planning

common in construction and focuses on the collaborative techniques developed in Sweden and

Scandinavia. In Chapter 3, the research design and the use of the DSR approach are explained

in more detail. Methods used to collect and analyse data and the studied planning approach is

also discussed in this chapter. Then in Chapter 4, the four papers are summarised. An account of

the developed artefact, i.e., the Virtual Production Planning (VPP)-system, follows in Chapter 5.

The thesis then continues in Chapter 6 with the analysis and discussion around the findings, and

then in Chapter 7, conclusions and suggestions for future work are presented.
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2. Frame of reference

This chapter introduces the frame of reference for the thesis. It begins with the view of construction

planning processes and construction production planning in particular. Then follows the view of

construction informatics used in the thesis and a description of building information modelling,

digitalised planning, four-dimensional planning and modelling and collaborative environments.

The construction industry has a long-standing reputation for often being late and over budget

(Alves et al., 2020;Doloi, 2013). Literature indicates that as little as 50% of activities are finished

according to schedule (Baldwin and Bordoli, 2014). These delays and overruns are suggested

in research to be associated with organisational culture (Arditi et al., 2017). The organisational

culture is manifested in the high specialisation of trades and following fragmentation of the con-

struction industry and especially in construction production (ter Huurne and Scholtenhuis, 2018;

Luo et al., 2017). This specialisation creates fragmentation that does construction projects chal-

lenging to manage (Bryde et al., 2013). This challenge is put on top of the already busy work-

day and site managers. Research shows that the site managers daily work over the years has

switched from essentially coordinating trades outdoors on-site to more office and administrative

tasks (Fraser, 2000; Styhre and Josephson, 2006;Mäki and Kerosuo, 2015). The specialisation and

fragmentation increase the need for communication and coordination between trades, but this is

challenged by inefficient work processes and a general culture of poor information exchange and

communication (Nepal and Staub-French, 2016).

Construction projects face many challenges that affect communication. It ranges from a lack of

effective communication between construction parties, communication between ICT-platforms,

improper communication channels, and support for advanced communication technologies to

differences in education, culture, or team skills.

Simplistically communication can be defined as a sender, sending a message, which is acknowl-

edged and received by a receiver in a two-way process (Dainty et al., 2006, ch. 3, p 55). A standard

model used to define communication is the Shannon andWeaver model, which started as a tech-

nical model to depict the transference of various types of signals from a sender to a receiver,

modelled on the electronic telecommunication of messages. This model highlights the impor-

tance of noise to the communication process, which can add to and alter the meaning of the sent

message(Dainty et al., 2006). The issue of noise in a construction context appears on several lev-

els. Information in construction is still much communicated with drawings, schedules and other

paper-based methods (Ratajczak et al., 2017). This highlight the importance of effective com-

munication and messages conveyed between offices, between teams and between individuals (,

ibid.). Noise can have different characteristics: for example, physical noise, such as is present at a

construction site, or problems with tools used in the communication process, there is psycholog-

ical noise, noise connected to the psychological state of the sender or receiver, like nervousness
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or doubt(Dainty et al., 2006, ch3). There is also semantic noise, noise related to how the commu-

nication is done, the ”language” of the communication, semantic noise occurs when a technical

language of the sender is not understood by the receiver (Velentzas and Broni, 2014).

The specialisation of the industry could introduce this noise in communication through the tech-

nical information and language used in different disciplines. Less noise is perceived when this

technical language is in a shared frame of reference between the sender and the receiver. This

challenge highlights the importance of having a shared frame of reference. The less overlap be-

tween frames of reference, the more noise is found in the communication (Dainty et al., 2006,

ch3 p 56). In a literature review on factors and effects on communication done by Gamil and

Rahman (2017), 33 identified causes of poor communication is found, where lack of effective

communication between parties and a lack of effective communication system and Information

Technology (IT) platform are the most common factors. The effects of these factors are time and

cost overruns and conflicts among parties, to name the top three, but poor teamwork, low pro-

ductivity, misunderstandings and misinterpretations are also among the 21 effects listed (ibid.).

Additionally,Nepal and Staub-French (2016) lifts inefficient work processes related to a culture

of poor information exchange and communication as problems. Information exchange,misunder-

standings andmisinterpretation, could be classified as different types of noise and can be lessened

by the collaboration between trade contractors and subcontractors in the projects (Dainty et al.,

2006).

Because of the specialisation and fragmentation, knowledge and competence are individual, with

experience differing from person to person (Büchmann-Slorup andAndersson, 2010; Saad et al.,

2015). Planning and production control is an approach to handling different trade competen-

cies and reducing the organisational complexity created by this fragmentation (Dvir et al., 2003).

Nevertheless, even though planning and scheduling are seen as core aspects of construction pro-

duction management (Al Nasseri et al., 2016;Winch and Kelsey, 2005; Nwadigo et al., 2021), the

challenges of differences in viewpoints between general contractors and trade subcontractors are

prevalent (Dave and Sacks, 2020). One way to define planning and scheduling is that planning is

regarded as the decisions taken regarding objectives and tasks of the project, while scheduling is

the process by which the plans are prepared, sequenced and presented to stakeholders (Baldwin

and Bordoli, 2014), this is the approach taken in this thesis.

The research literature on planning and scheduling focusesmostly on techniques and algorithms(cf.

Kenley and Seppänen, 2010; Kim et al., 2013; Koskela et al., 2014; Campagna-Wilson and Boton,

2020; Nwadigo et al., 2021;Alves et al., 2020) and less on actual planning processes and practices.

According to Alves et al. (2020), this has been the problem since the problem was discussed in

Laufer and Tucker (1987) until today. San Cristóbal et al. (2018) argues along this line, where

investigations in new methods for planning, scheduling and control are suggested. Daniel et al.

(2020) goes further and argues that successful adoptions of collaborative approaches in other

industries could give inspiration on how to move from focusing on technology implementation

solely to a more social approach to project management, an approach that encourages collabo-
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ration and where stakeholders and technology are considered in concert.

2.1. Collaborative planning approaches in construction

Collaboration in construction planning is often seen in a lean construction context, with a focus

on the last planner (Ballard and Howell, 2003; Zhang et al., 2018; Daniel et al., 2016; Sacks et al.,

2010). However, collaboration in construction, in general, has steadily gained interest over the

last decade (Deep et al., 2019), and Turk and Klinc (2020) argues that social elements of collabo-

ration should be integrated into organising and managing work. Alves et al. (2020) furthers this

and argues that a better understanding of current practice, the practitioner’s perspectives on plan-

ning and scheduling, and the root causes for changes in practice will enable change toward more

collaborative scheduling practices in general. Furthermore,Alves et al. (2020) argues that collab-

oration improves schedules and thus positively affect cost and performance aspects of projects.

Similar arguments are given by Arditi et al. (2017), where a collaborative setting in the organi-

sational culture could help alleviate delays. Deep et al. (2019) concludes in a review that ’trust,

commitment and reliability will further collaboration and thus enhancing project productivity.

This ties into research on empowering the sub-contractors and workers, the effects of the frag-

mentation of the construction organisation seem to lessen (Dainty et al., 2002). The involvement

of subcontractors in the planning also helps to reduce the complexity of the project. Through in-

volvement, a common and shared understanding of the project can be discussed and understood

(Dvir et al., 2003; Faniran et al., 1994; Friblick and Olsson, 2009; Laufer, 1992; Simonsen, 2007;

Winch and Kelsey, 2005). Another effect of engaging forepersons and workers from the trade

subcontractors in the planning is that they take ownership of the schedule and commit to their

agreed work (Daniel et al., 2014; Lindholm, 2014). This type of collaboration and engagement

can be seen in Sweden and Scandinavia due to a generally collaborative culture, with low-power

distance (Bröchner et al., 2002; Elfving, 2021).

A formalised type of collaborative planning process was developed in Sweden during the late

1980s as an agreement between the Swedish construction worker union and the contractors and

employee organisations in the construction industry as a step to utilise experience and knowledge

from the workers better (SAF et al., 1986). From this, the Integrated Planning (IP), approach was

developed and adopted, but a lasting implementation does not seem to be documented (Söder-

berg, 2006). A core component in IP is collaborative planning, where the production of different

schedules are collectively developed and agreed upon, but using otherwise traditional planning

concepts such as the Critical Path Method (CPM), ultimately visualising schedules as bar charts

(Söderberg, 2006). The introduction of IP in the 1980s coincides with the increased interest in

quality in construction(Bröchner et al., 2002), and in lean manufacturing methods worldwide in

the manufacturing industry (Liker, 2005).

Lean Manufacturing inspired the Lean Construction (LC), movement and resulted in the late
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1990s in lean based production processes (Sbiti et al., 2021; Friblick and Nordlund, 2013). The

Last Planner System (LPS) is one of the core approaches in LC, created as a reaction to the tra-

ditional CPM, approach (Patricia Tzortzopoulos,Mike Kagioglou, 2020, Ch.3). LPS tries to limit

the details of high-level schedules such as the master schedule to milestones to reduce overplan-

ning in uncertain early phases of the project. At the lowest level, the phase closest to production,

the schedule is detailed using the forepersons from the trade subcontractors as last planners,

hence the name (Ballard and Howell, 2003; Daniel et al., 2016). LC research is widely spread

throughout the world, with UK and USA having central roles in the lean network with a wide set

of researchers and companies active in LC (Li et al., 2019). According to some researchers, ac-

tual use of LPS is still low and has a way to go to become established and widely adopted (Daniel

et al., 2015; Lagos et al., 2017). Patricia Tzortzopoulos, Mike Kagioglou (Ballard in 2020, Ch.3)

indicates that several industry practitioners have started their Lean journeys with the adoption

of LPS, some even stating that LPS was the most successful lean method implementation. Fur-

thermore, research has found that the high project orientation and relatively high decentralised

decision power on project level imply that the most effective implementations of Lean methods

are through a balanced approach, where pilot projects build interest. However, top management

ensures that standardisation and ”best practice”are communicated centrally (Elfving, 2021). LPS

type of implementations are beginning to spread and is exemplified in Scandinavia with imple-

mentations in Finland (Kenley and Seppänen, 2010; Elfving, 2021), in Danish production Simon-

sen (2007) and primarily in the design phase and industrialised construction in Sweden (Tjell,

2016; Kifokeris, 2021).

The LC approaches often entail visual management aspects, whether in the physical form of

boards or graphics like plans, schedules, or drawings. A challenge with these tools is to reflect

the changing nature of construction sites (Reinbold et al., 2020). It has been shown that record-

ing data in visual management systems leads to a greater understanding of the underlying data

and, in turn, the project amongst the participants (Tezel et al., 2009). While some visual tools are

more geared towards production and process management, others exist for more general per-

formance, quality and knowledge management (Tezel et al., 2016). Examples of production and

process management tools could be charts for visual control, like kanban boards or visual signals,

several of which have been digitalised (Urbina Velasco, 2013; Lin and Golparvar-Fard, 2021).

2.2. Information Communication Technologies and Con-

struction informatics

The use of ICT systems in construction is regarded as a subfield of Construction Informatics (CI).

CI is the interdisciplinary field of research, filling the gap between computer science, construc-

tion and construction management. CI studies issues related to processing, representation and

communication of construction-specific information in humans and software (Turk, 2006, 2007;
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Isikdag et al., 2009;Merschbrock and Munkvold, 2012). A system in this context is defined as in-

terdependent, interacting parts that combined form a whole (Arnold andWade, 2015), i.e. a set of

methods, combined as a process which is applied through, e.g. a software. CI literature calls for a

development of common standards and protocols for construction ICT, especially with regards to

interdisciplinary human-computer interaction, computer-mediated human-to-human interaction

and integrations of visualisation in various interfaces (Lu et al., 2015). Research has a strong fo-

cus on tools and developing digitalisation, but organisations in the construction industry struggle

more with human and organisational matters (Moscati and Engström, 2019). Moscati and En-

gström (2019) also indicates that there seems to be a shift from more technical concerns toward

social and economic aspects. Building Information Model (BIM), are a common component in

many of the technologies that are meant to facilitate construction processes today (Davies et al.,

2015; Davies and Harty, 2013), as such BIM can be perceived as part of CI (Merschbrock and

Munkvold, 2012). Crowther and Ajayi (2019) shows that BIM has helped construction projects

to move towards more collaborative approaches, thus touching at the more social aspects of con-

struction projects. More collaborative approaches could help the social context of construction

through the improvement of the information exchange and communication problems that is an

acknowledged challenge(Nepal and Staub-French, 2016).

2.2.1. Building Information Modelling and 4D modelling and visualisa-

tion

BIM is defined as a collection of functional and physical characteristics, often 3D geometry or

3D models organised in components, with non-physical hierarchies such as spaces and zones.

Objects, spaces and zones can be populated with data such as materials, types and technical prop-

erties (Borrmann et al., 2018, Ch.1). The adoption of BIM is most prevalent in the design phase

of projects and less common during the construction phase or the facility management phase

(Linderoth, 2013; Ghaffarianhoseini et al., 2017; Svalestuen et al., 2017). More specifically, in the

construction phase, the BIM use has been studied in on-site construction projects in Sweden in

a series of bachelor and master theses, which concluded that use is limited primarily to visual-

isations and clash detection (Sundquist et al., 2020). To some extent, the lack of use amongst

sub-contractors can be traced to lack of education in the BIM software as well as lack of knowl-

edge that there were BIM models available (ibid. ).

BIM and Lean concepts have been linked in research and shown to enhance their respective

benefits if adopted alongside each other, such as in increased collaboration (Bhatla and Leite,

2012; Khanzode et al., 2006). Some literature highlights BIM as having the potential to help

increase efficiency, productivity, and performance. (Dainty et al., 2017) One of the more com-

mon uses of BIM and building models, apart from the pure visualisation, is construction process

modelling, also known as 4D modelling (Borrmann et al., 2018, Ch.1). This type of visualisation
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acts as visual communication, which according to Formoso et al. (2002), increases participants

engagement in the project. The literature shows that even though 4D offers potential advan-

tages in, for example, the planners’ communication of the schedule (Eastman et al., 2011, Ch.6),

or through construction process simulations and animations (Borrmann et al., 2018, Ch.18), it

still lacks widespread adoption (Crowther and Ajayi, 2019). The lack of adoption is argued by

Büchmann-Slorup andAndersson (2010) to be related to the missing involvement of subcontrac-

tors, suppliers, and manufacturers. Another possible hindrance is the currently available software

for developing 4D construction schedules or simulations, which demands schedules and models

to be developed to a similar level to facilitate the linking of schedules and objects. Campagna-

Wilson and Boton (2020) and Tulke and Hanff (2007) shows this by arguing that the available

tools still requires significant effort to link created schedules to building models to produce the

4D simulations. The lack of standardised processes and methods for creating the 4D simulation

in parallel with preparing the construction schedule is one of the significant limitations in the

current implementation of 4D simulations according to Campagna-Wilson and Boton (2020).

2.2.2. Virtual Reality and Collaborative Virtual Environments

Buildingmodels and their use of 4D simulations are considered part of Virtual Reality (VR). The

termVR is within the scope of the thesis follows the definition by Johansson (2016), who defines

VR as a computer-generated visualisation of spatial data which a user interactively controls. Fur-

thermore,VR is primarily seen in the design phase at the moment, with some initiatives reported

during the construction phase. Typical applications for desktop and immersive VR in construc-

tion is site layout planning, construction safety planning and safety training andwalkthroughs and

reviews (Azhar, 2017;Hafsia et al., 2018;Getuli et al., 2020;Muhammad et al., 2020). The types of

VR considered in the thesis is primarily real-time walkthroughs and reviews either for reviewing

the construction project at hand or for exploring and understanding specific information in the

project.

VR use in the design phase is reported by Roupé et al. (2019) to allow stakeholders to under-

stand the project better. Furthermore, it enables the users to move from passively interpreting

documents and the design to a more active co-designing role. This move of the users’ role is ex-

emplified in the case of design review sessions, where previous studies show that VR can clarify

many aspects of the design that is difficult to comprehend from traditional design documents,

such as clashes and lack of space for installations and maintenance (Roupé et al., 2016; Zaker

and Coloma, 2018). Here the knowledge that is hard to extract from participants, experience and

insights gained over the years in the industry, the tacit knowledge, can be discussed concerning the

visualisations through simulations. VR has also been found to reduce ambiguity in interpreting

construction intent through 3D compared to more traditional 2D documentation and drawings.

With the use of 3D, the user does not have to internally visualise and interpret the documents

(Roupé et al., 2019).
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4D simulations are a typical use of desktop VR. With 4D modelling, required 3D data can be

gathered directly from building models, which somewhat eases the process of creating 4D simu-

lations. However, the creation of 4D models still lacks a standardised and formalised format but

approaches to these through constructability analysis using VR,BIM, and 4D visualisations have

been presented in Boton (2018).

Furthermore, the increased use of building models in the Architecture, Engineering and Con-

struction (AEC) industry and VR during the design phase, coupled with new generations of

affordable Head-mounted display (HMD)s, have resulted in the industry gradually adopting

more immersive VR (Roupé et al., 2019). The use of immersive VR and HMDs can be seen

in workspace planning, health and safety planning (Getuli et al., 2020), offsite introduction to

new projects and design reviews (Roupé et al., 2019; Wolfartsberger, 2019). The use of HMDs

allows stakeholders to ”step into” the model on a real-world scale and experience the project in

scale 1:1 and thus better understand challenges and design intent (Roupé et al., 2019). Also, it

has been found that participants who work in service and maintenance prefer using VR to using

desktop CAD!/BIM viewers. This preference is traced to VR being seen to resemble better their

natural work environment (Wolfartsberger, 2019)

When it comes to different types of VR at the construction site, this has been studied in a series

of research projects conducted between 2014 and 2021 (Johansson et al., 2014; Johansson, 2016;

Roupé et al., 2016, 2017; Johansson and Roupé, 2019, 2021). These studies aimed to use VR as

a user-friendly interface to the BIM to help construction workers and site personnel explore,

review, and understand the project and different work tasks better with similar conclusions as

in design reviews mentioned earlier. 4D simulations in immersive VR has also been shown in

prior research (Boton, 2018), but it has been found to need better support for collaborative and

interactive 4D modelling to go from passive consuming of simulations to active modelling and

redefinition of 4D schedules.

In general terms, tools, especially 4D and scheduling tools, need expert users to aid the workers,

which creates a barrier for usage (van Berlo et al., 2015; Chowdhury et al., 2020). Research re-

garding the development of collaborative tools calls for a more holistic, socio-technical approach,

where the tools are developed to support and encourage the individuals to engage collaboratively

(Fischer et al., 2005; Zhou et al., 2014), focusing on interactions between people and technology

as well as the work processes applied (Fischer et al., 2005; Sackey et al., 2015). These tools can

be considered part of the broader field of Collaborative Virtual Environments (CVE), used in

the more general development of ICT systems to approach the facilitation, development and

collaboration across different stakeholders or participants.

A system that facilitates a shared understanding through collaborative scheduling exemplifies

the social and creative processes stipulated in CVE literature. In CVE development, the focus

is on creating awareness, and a shared understanding of each other’s work, providing mecha-

nisms to draw out tacit knowledge and thus help the users better understand the problem. A

shared understanding can be achieved through a shared context between several users (ibid. )
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This shared context should also provide possibilities for collaborative work, both simultaneous,

in parallel and serially, building upon each other’s work (Fischer et al., 2005). This shared con-

text also stipulates a need to be able to transition from individual work to shared collaborative

work (Snowdon et al., 1998). TheCVE literature also highlights the importance for users to have

possibilities for personal reflection space as well as collective exploration and action space (Fis-

cher et al., 2005). These spaces can be facilitated through flexible multiple representations and

visualisations, tailored to different needs, tasks and users (Snowdon et al., 1998). As communica-

tion is a big part of collaborative work, there is also a need to provide possibilities in reality or

VR for face-to-face communication, conversations, gestures, postures, and facial expressions to

be communicated (Snowdon et al., 1998).

The goal for CVE is to guide the creation of tools promoting collaboration and participation,

where stakeholders can actively contribute rather than having passive consumer roles (Snow-

don et al., 1998; Fischer et al., 2005), which fits with the objective of collaborative planning and

scheduling with 4D and VR.
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3. Research Design

This chapter describes the research approach of the thesis. The chapter describes how the Design

Science Research approach is applied to collaborative planning and scheduling within the construc-

tion informatics field. It then motivates and describes the methods used to collect the data that the

thesis is based on.

In this research, I have contributed to the field of CI, and more specifically within collaborative

planning and scheduling. The scope of my research is limited to construction planning practice

and the methodologies and technology that support this. Through interviews with practitioners,

observations of collaborative planningmethods, and the design, the development and evaluations

of a novel collaborative planning system, I address the complex interaction of ICT, the planning

and scheduling and the social context where this ICT system ismanifested. Thus, the research uses

the Design Science Research (DSR), paradigm to design the research project. DSR differs from

natural science and social sciences in such away thatDSRaims to create things that serve a human

purpose, rather than merely trying to understand reality (March and Smith, 1995; Simon, 1996).

The interplay of practice, process and people highlights the socio-technical aspects ofDSR,where

not only the development of the artefact is discussed, but also the context where the artefact is

applied becomes relevant to the research (Carlsson et al., 2011).

Johannesson and Perjons (2014) defines a socio-technical system concerning DSR:

“a hybrid system that includes technical artefacts as well as humans and the laws,

rules, and norms that govern their actions.”

The thesis uses a socio-technical view addressing system development from a perspective where

both the technology in concert with the social aspects in which people operate and interact is

addressed (cf. Sackey et al., 2015). Thus, the problem in the thesis is approached from the context

of the practice through observations.

DSR is traditionally focused on the development of an artefact. An artefact is an object made

by humans, designed to address a practical problem. Artefacts can range from physical objects,

drawings, descriptions and more, to methods and guidelines that support people in processes.

March and Smith (1995) defines an artefact as a construct, a model, a method, or an instantia-

tion. Hevner and Chatterjee (2012, ch. 1, p 6) adds better design theories to the list to highlight

the addition of knowledge as a contribution to the field. A set of constructs can be defined as

the language by which shared knowledge is communicated (March and Smith, 1995). Models

are defined as descriptions or representations of how things are, while methods are formalised

instructions or a set of steps to perform a task. Instantiations are artefacts realised in their envi-

ronment. Instantiations make use of constructs, models, and methods, but instantiations can also

be developed and thus, constructs, models and methods can be derived from its use (March and
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Smith, 1995). DSR may use a local problem and practice to solve a problem. However, the arte-

fact and knowledge created while designing the artefact should be interesting in a more general

practice (Johannesson and Perjons, 2014).

This thesis exemplifies the study and development of a method through the observed planning

approach. At the same time, the developed artefact is the instantiation of the constructs and

methods using the planning approach to realise the end-product of the artefact.

March and Smith (1995) defines twomain design processes as part ofDS research: build and eval-

uate artefacts. The purpose of DSR is to produce and communicate design knowledge that is of

general interest, and this contrasts to design work that is more localised and thus may produce so-

lutions that are less relevant in a broader context and contribute no newknowledge (Hevner et al.,

2004; Johannesson and Perjons, 2014). The distinguishes DSR from routine development and de-

sign, which would be applying best practice without developing any new knowledge (Hevner

and Chatterjee, 2012, ch. 1, p 7). Routine design is typically not a valuable DSR contribution

since it only offers incremental innovation to known solutions and produces no new general-

interest knowledge to the field. To more clearly show a contribution to the studied field Gregor

and Hevner (2013) suggests a two-dimensional positional classification of DSR. See Figure 3.1,

where the axes are made up of solution maturity and application domain maturity.

High Low

So
lu
tio

n
M
at
ur
ity

Application Domain Maturity

H
ig
h

Lo
w

Improvement Invention

Routine
Design Exaptation

Figure 3.1: The contribution of the thesis as improvment, superimposed on the diagram of the

different types of design contributions adapted from Gregor and Hevner (2013).

These contributions result in four general fields where each of the dimensions goes from high to

low, as seen in Figure 3.1. Suppose a high application domain maturity is combined with a high
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solution maturity. In that case, the problems in the field are well known. They have many known

solutions, and this is just an application of best practices with little or no significant scientific

contribution. The diagram in Figure 3.1 puts high solution maturity and high application domain

maturity in the lower-left corner, represented by routine design. Above routine design in the

diagram improvements is found, where solution maturity declines but still has high application

domain maturity. Improvements are defined as new solutions to known problems and contribute

to an existing problem that is improved upon compared to state of the art, and thus constitutes

a valuable scientific contribution compared to routine design. Exaptations are situated directly

to the right of routine design. Solution maturity is high, but application domain maturity is de-

clining, enabling existing solutions to new problems. Inventions are the rarest of design science

contributions, as inventions are new solutions to new problems (Gregor and Hevner, 2013).

This research and the developed artefact improve on current planning and scheduling solutions,

adding the interactive, collaborative aspects and the direct coupling with the building model. The

positioning of the system can be seen in Figure 3.1. The system is classified as an improvement

since it improves a current planning practice from a high application domain maturity, combining

it with collaboration rather than routine design in that the designed artefact improves current

planning practice, which can be seen as a state of the art what is used in practice.

3.0.1. Research questions and DSR approach

The research approach, using DSR, incorporates the three research questions from Section 1.2

in the framework developed by Hevner et al. (2004), with the main activities of DSR defined as

the design, build, and evaluate activities. This framework is extended with three cycles, where

the design cycle is one, and the two remaining cycles are the relevance and rigour cycle (Hevner,

2007). These cycles are used to explain the relation of research to its environment, the application

domain it is used in, and the knowledge base, the academic foundation of the field of knowledge.

These can be seen in Figure 3.2.

The relevance cycle ensures that the research context is performed in a localised context and

relevant to the problem at hand. Here requirements and acceptance criteria are set and acts as

input for the development of the artefact. The output is then returned and tested in the appropri-

ate environment against the acceptance criteria. On the other hand, the rigour cycle builds upon

the existing knowledge base in the application domain of the research. A properly performed

rigour cycle identifies state of the art and existing artefacts and processes. Here, additions to the

knowledge base consist of extensions to original theories and methods, the new artefact as design

products or processes, and the experience gained from developing and field testing the artefact

in the application environment.

These three cycles seen in Figure 3.2 form the frame for how the research in this thesis has been

designed. As DSR is iterative, there is no linear progression but loops within loops that feed
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Application Domain

Environment

Evaluate

Build

Design Science Research

Foundation

Knowledge Base

Rigour CycleDesign CycleRelevance Cycle

RQ1 How is a collaborative
planning process performed in
construction production, and
especially in a Scandinavian

context?

RQ1 How is a collaborative
planning process performed in
construction production, and
especially in a Scandinavian

context?
RQ2 In what ways can
ICT for visualisation with
building models support
collaborative planning
and scheduling?

RQ3 What new insights could be gained from integrating building models in the planning and scheduling process?

Figure 3.2: DSR cycles, adapted from (Hevner, 2007) with research questions superimposed.

each other. The progression will first be described through how the research questions related

to the DSR process. This process is manifested in the four appended papers, which somewhat

represent iterations and cycles of development and evaluations of the artefact. The design cycle

is the heart of the DSR research and symbolises the rapid iterations in the design work of the

artefact. Requirements are drawn from the relevance cycle and coupled with the design and

evaluation theories and methods drawn from the rigour cycle.

RQ 1 addresses the application domain, current practice in the industry, the knowledge base and

the position of the literature on collaboration, planning and scheduling. Thus, posing questions

in both the relevance cycle, as seen in the left part of Figure 3.2, as well as the rigour cycle, in

the right part of the previously mentioned figure, drawing on planning theories, BIM, as well as

collaborative work and communication theories. This question helps identify the elements of the

collaborative process and evolves the requirements for the development of the artefact, which

leads to the second question.

RQ 2, aims to explore the design and building of an artefact to enhance the collaborative planning

and scheduling process, drawing knowledge form RQ 1 concerning design requirements, which

forms the acceptance criteria that are used for evaluation of the artefact. With these requirements

as a basis, a design is developed and then evaluated against these requirements. Thus,RQ 2 could

be said to represent the primary design-build-evaluate cycle of DSR.

DSR aims to contribute both a practical solution to the problem and a contribution to the knowl-
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edge base. Here, balancing relevance and rigour in the design cycle ensures that the research

contribution to the application domain knowledge base is firmly based in practice. Thus, the

rigour and relevance are ensured (Hevner, 2007). RQ 3 uses the evaluations to gather contribu-

tions, judged on relevance for the application domain and rigour towards the foundation. The

question stretches over all three columns and respective environments, as illustrated in the lower

parts of Figure 3.2.

3.1. Research process

To address these questions and the cycles in DSR, the research has progressed in loops. This

thesis and the appended papers consist of several design cycles intertwined with a set of rigour

and relevance cycles. The design science (DSR) research presented uses a problem-solution ap-

proach, with a produced artefact as one of the main contributions of the research. The design,

development, and evaluation of the system, the DSR approach, also contributes to how this type

of method could be used for and support development within construction informatics.

Problems in DSR are identified from the environment, see Figure 3.2. The problem in this re-

search was initially formed by a project planner employed at one of the largest construction com-

panies in Scandinavia. The planner realised that their collaborative planning process for produc-

tion planning was beneficial for the project. Much less time was spent trying to convince stake-

holders of the schedule, and fewer adjustments were made. The planner contacted the researcher

and a couple of the researcher’s colleagues to ask about a possible development of the collab-

orative planning sessions. During discussions around the planning method and its practice, the

potential to use a more visual approach than just digital sticky notes was identified. During these

discussions, it was noticed that the building models were only used for the visual representation,

and the information they contained could help solve issues during the planning sessions.

From this problem, the research questions seen in Section 1.2 were derived. DSR was chosen

as the preferred research strategy with its focus on the problem-solution approach. The thesis

addresses the requirement formulation, design development and evaluation of a collaborative

planning and scheduling system based on observed planning practice. Thus, using the definitions

above with March and Smith (1995), this thesis is mainly concerned with the planning processes,

in DSR referenced as the models which are manifested in the collaborative planning approach

studied as constructs making up a model for the collaborative planning process. The thesis re-

sults in an instantiation in the form of the developed artefact resulting from the research project

encompassing this thesis.
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3.1.1. Methods of data collection and analysis

The DSR approach taken in this thesis needs to build on a solid foundation of the current sit-

uation, both in terms of current practice and in the knowledge-base literature review, capturing

the state of the art of the body of knowledge. Thus, the design of the data capturing was done

through three distinct methods. The research was initiated with seven semi-structured interviews

in parallel with the literature review and followed by seven observations in four different projects

of the same Collaborative Production Planning (CPP) process. This research design conforms to

the recommendation to capture context and the knowledge base (cf. Hevner, 2007; Johannesson

and Perjons, 2014). The developed artefact was evaluated using four different projects through

fifteen evaluations of the developed Virtual Production Planning (VPP), system. A summary of

the observed projects can be found in Table 3.1 and an overview of the observations in Table 3.2.

Interviews regarding how disciplines approach planning.

As an initial insight into how different disciplines and subcontractors reason around their project

planning, a small set of participants were selected from site management and the subcontractors.

The aim was to gather preliminary insight into the different disciplines approach to information

and how they planned their activities. The interviews were held with workers and forepersons

(the subcontractors leading representative at the construction site). The participants represented

the major subcontractors of a typical construction project and were distributed as follows:

• One project planner

• One site manager

• One foreperson from the electrical subcontractor

• One foreperson from the plumbing subcontractor

• One foreperson from the Prefabrication subcontractor

• Two workers, whereas one was foreperson from the sprinkler subcontractor

• Two workers from the Heating,Ventilation andAir-conditioning subcontractor

The choice to keep these interviews semi-structured allowed for a more relaxed and explorative

interview, allowing the interviewee to talk more freely (Kvale, 1996). Thus, the interviews fol-

lowed an interview guide, where the interview questions were mainly concerned with planning

and information gathering related to planning in the project. The questions touched upon the

following subjects:

• what kind of information they used,
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• what kind of information they needed to perform their tasks,

• if they used information from other disciplines to understand the project,

• if they used information from other disciplines to solve specific tasks of their own,

• if they missed information at the current state to be able to perform their tasks.

The interviews were conducted with three researchers, one leading the interview, one taking

notes, and one supporting in both tasks, enabling cross-validation of the interview analysis. The

duration of the interviews varied between 20 and 45 minutes each, and the interviews were

recorded with the participants’ consent. The results from the interviews were transcribed and

coded and helped form an insight into what information workers could be interested in during

the planning and scheduling of their tasks.

Observations of the Collaborative Production Planning process.

The observations of the collaborative planning sessions were the most substantial part of the

data collection, apart from the evaluations. The observations were vital to gather insights into

the current practice of the CPP, process and how it was implemented and used. Thus the obser-

vations of the collaborative planning sessions were vital to contextualise this DSR-project in its

environment.

With insights from the interviews on how participants could view their planning and schedul-

ing process and need for information, observations were planned to observe this in practice.

The participants were observed doing their work packages in their planning sessions by going

through available material, primarily drawings and descriptions. The observations were con-

ducted throughout the seven years of the research project, as seen inTable 3.1. This spread helped

gather requirements essential in DSR for the development of the artefact as they define the eval-

uation criteria with which the artefact is to be evaluated. By doing three sets of observations,

the initial requirements could be validated by linking the observations, and possible new require-

ments could be identified and decided.

The observations helped to form an understanding of how knowledge is represented in individu-

als, documents, routines and the underlying technology (cf. Johannesson and Perjons, 2014). Thus,

the observations helped identify how the artefact should represent knowledge and how this af-

fects the organisation and the routines (ibid.). Dix et al. (2004) states that the requirements

identification aims to find the workflows that are suitable to automate, which is done through

the observations described here. These requirements need to be compared and gathered with

identified process elements from the knowledge base in the literature.

After the initial three observations, done in project OP1 as seen in Table 3.1, a preliminary un-

derstanding of the practice and use of the CPP process was gained. These observations also in-

formed the initial design cycles of the DSR project and were compared with a fourth observation
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Table 3.1: Observations and project types

No. Project type Where Proj. no. When

1 Commercial bulding Project office,Western Sweden OP1 2014

2 Commercial bulding Site office, Southern Norway OP1 2014

3 Commercial bulding Project office,Western Sweden OP1 2014

4 Public bath Head office, Gothenburg,Western Sweden OP2 2017

5 Commercial bulding Site office,Western Sweden OP3 2018

6 Commercial bulding Site office,Western Sweden OP3 2018

7 Hotel and Office Site office, Gothenburg,Western Sweden OP4 2019

of a new project organisation with a different project, OP2, and a different construction com-

pany. Observations number five and six, as seen in Table 3.1, were conducted with project OP3,

a project similar to the OP1 and helped reach saturation in the understanding of the CPP pro-

cess in practice. OP3 also shared large parts of the project organisation with OP1 and was one

of the last projects in a sequence of projects negotiated with a client to be built in Scandinavia.

The last observation was used similarly to the fourth observation, with a new project and a new

organisation to observe how other site managers implemented the CPP process. In total, seven

observations were conducted during the research project to gather more insight into collabora-

tive planning and scheduling as used in practice. The projects the observations were conducted

on are summarised in Table 3.1.

The use of repeating observations enabled a broader set of types of projects, project organisations

and companies employing the CPP process to be studied. Through this repeating set of observa-

tions, it was possible to find and validate processes and phenomena seen in different types of

projects and organisations and come closer to the principles of the CPP process itself.

To gain practical insights into the practice of the collaborative planning process and the princi-

ples of the CPP process, the researcher joined as observer-as-participant, where the researcher

declares the intention of the observation and is open about the role as a researcher while still par-

ticipating in the work (Bryman and Bell, 2011, ch. 17, p 437). In these sessions, the researcher’s

role was as a BIM-Specialist to aid the session with navigation and use of the building models,

mainly in the review and walkthrough of the projects. A thorough understanding of the context,

the CPP process as practised, was gained from participating as participant-as-observer. It also

highlighted the participants’ confusion and the complexity of the planning process and informa-

tion digestion related to this.

The selection of projects using the CPP process was limited to projects involving a specific project

planner to ensure that the use of the CPP process was consistent. The researcher’s immersion was

complete during the observations. The timeframe was somewhat limited, with the most lengthy

observations lasting about a whole day. These observations were summarised in field notes, taken

during breaks and after the sessions (cf. Bryman and Bell, 2011, ch. 17, p 444). The field notes

and the observation data were codified and thematised by grouping observations and reflections

in general themes, which later was refined and re-thematised. The analytical framework used to
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thematise the observations and interviews was based on the socio-technical view presented in

Chapter 1, with dimensions such as people, processes and technology (cf. Prodan et al., 2015; Liu

et al., 2017). The primary outcome was challenges identified in the current planning process and

the general requirements needed to be performed.

Evaluations of the Virtual Production Planning system

As the design works are incremental and cyclical and DSR relies on the Design-Build-Evaluate

design cycle, the artefact developed has undergone several stages of development and types of

evaluations. The strategy of the design of the VPP, system was to get the system useable through

small iterations and evaluations focusing on the technology and the functionality. The initial eval-

uations used Explorative Focus Groups (EFG)s (cf. Hevner and Chatterjee, 2012, ch. 10), where

the EFGs are used to improve the VPP-system design incrementally. These evaluations thus fo-

cused more on the specific functionalities and improvements of the developed application. The

EFGs were followed by Confirmatory Focus Groups (CFG)s. The CFGs studied and demon-

strated the utility of the VPP-system in a setting close to the original CPP process. The CFG

evaluation thus focused more on the overall process, taking into account the social context of

users, process and technology.

Table 3.2 lists the types of evaluations in the third column. At the moment, the system is at

version 1.7.4,where the 1 is a major version, the 7 is a minor version, and the 4 represents bugfixes

and such of the minor version, Table 3.2 shows which version of the artefact was used at each

evaluation.
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The table also shows information about each of the 15 significant evaluations conducted. The

table only depicts more systematic evaluations where more than 2 participants have taken part.

Many more evaluations were done but may be seen as more routine evaluations of certain minor

aspects of functionality. All evaluations except two were recorded with either audio recordings

or audio and video, with consent from the participants. These recordings allowed for a deeper

analysis and re-experience of the evaluations, gathering essential insights from the participants.

Later evaluations also used 360 video recordings and cameras, which literature exemplifies as

often less intrusive to capture the whole rum and place the researcher back in the room with the

evaluators (cf. Reyna, 2018).

Figure 3.3: The different projects EP1, an office complex of ca 15 000 m2, EP2, an apartment

blocks at ca 7000 m2, EP3, an office and hotel combo of ca 60 000 m2 and lastly, EP4, a office

building of ca 20 000 m2.

The evaluations used four different projects as the basis for the evaluations. Figure 3.3 shows

the four projects with some notable short data about the projects. The projects in the table are

numbered EP1-EP4, short for evaluation project. The reason for using different projects was

partly due to the development of the available building models and partly from the participants

in the evaluations. During evaluations using CFGs, the aim was to use models and a setting taken

from a project the participants worked in.
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EP1 was the first project used in the evaluations, and it was classified as a flagship BIM project in

2014. The building model was well developed, with classifications and other production-related

information in the model. The switch to EP2 was in preparation for a CFG evaluation that did

not happen, but the development of the model was slightly better than EP1, so this model was

used for evaluations no #3-#13.

In evaluation #14, a CFG, a new office project, was selected. Once again, this switch was made

to use projects the participants participated in daily work to focus on the planning process and

the VPP-system. For a more detailed description of the VPP-system see Chapter 5. This switch

enabled the researchers to evaluate a planning and scheduling session similar to the original pro-

cess but enhanced with the developed artefact. The model this time was also more detailed than

previous models used. Lastly, in evaluation #15, a new model was selected again to use the par-

ticipants’ current project. This office building, EP4, was the most detailed building model used to

date, with highly detailed information aimed at the construction production process.

The time constraints of the evaluations meant that the evaluations were limited to a subset of the

CPP process using the VPP-system, only going through one zone of the project being planned.

The size and location of the zones were taken from the CPP scheduling sessions, enabling evalu-

ations to follow the original sessions as closely as possible and focus on the artefact’s effects on

the planning process.

The selection of the evaluation participants has been made according to role and experience.

Access to middle management positions and specialists has been easier than actual on-site man-

agement and workers, which is a research limitation. A detailed account of this can be found in

Paper IV.

3.2. Research method and design reflection

The selection of DSR as an overarching research paradigm has helped keep eyes on the planning

process and the social interaction in the collaborative planning approach, balancing the influence

of the technological view. Furthermore, engaging in the observations and the initial collaborative

planning and scheduling workshops helped form an understanding of the issues prevalent in the

workshops. However, this immersion should be balancedwith the risk of becoming biased toward

certain solutions and may contribute to limitations in the research.

Approaching DSR as the primary researcher with control over observations, design, develop-

ment and evaluations has meant that I, as a researcher, had complete control over the artefact

and the development and could separate technical issues with the artefact from potential process

issues during evaluations. To have control over the development alsomeant that alternative agen-

das that the developers or stakeholders might have could be mitigated and managed. While the

researcher has been the lone developer of the VPP-system, this has also brought a thorough un-
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derstanding of the system and what is possible to achieve during the development and evolution

of the artefact.

A downside could be that the DSR approach, combined with the size of applicable projects used

as examples, probably contributed to the fact that a full-scale project evaluation in an actual

ongoing project never occurred. The size of the projects selected needed to be big enough to have

sufficiently developed building models, especially during the first few evaluations where building

models were not as common as later projects. Thus, the buildingmodels limited the possibilities of

evaluations in actual projects and planning sessions. Such tests were deemed needed to contribute

to the project at hand and not duplicate planning work already done to be acceptable to the

project team.

3.3. Ethical Considerations, Trustworthiness and Quality of

Data

The research ethics for all the interviews, observations and evaluations in this study has been con-

ducted with informed consent. The researcher has practised openness during the data collection

by explaining the usage and purpose of the collection before collecting data. All participants have

been anonymisedwhere possible, reducing gathered personal information to role and experience,

where pictures have been used, participants are anonymised, protecting anonymity and confiden-

tiality. As the research has focused on the collaborative process and how it can be supported by

ICT, the participants’ role has been essential.

From an ethics point of view, the research results generally strive to keep the participants’ roles.

As observed in the current collaborative planning and scheduling practice, middle management

roles such as site management and specialist planners take a step back and act more as facilitators

than a principal powerhouse. Thus this research entails a risk to further alter the traditional

role of the site manager and specialist planner by promoting the decision power of supervisors,

forepersons and subcontractors, concerning the planning and scheduling. However, as stated

earlier, this is already in line with initiatives taken to promote the collaborative planning and

scheduling process in general and should, as such, not pose a particular risk.

The DSR approach has also kept the focus on the people in the process and could thus be ar-

gued to help keep the participants and practitioners needs in focus. The use of actual projects as

examples could be argued to increase the trustworthiness of the results since the quality of the

data resulting from evaluations thus is closer to actual planning sessions on-site. Using actual

projects as data without altering or adding information other than breaking models into zones as

stipulated by the original project also kept results potentially closer to actual planning sessions.

There is little risk for ethical dilemma from the sponsorship of the research, since the research
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is fully funded by the Swedish construction industry’s development fund, even though one of

the big contractors in Sweden was one of the co-applicants in the research project, all interested

contractors have been welcome to participate and take part of the outcomes of the research. The

research projects reference group included the five most prominent contractors in Scandinavia,

and planners from all contractors participated during the project, thus ensuring a broad picture

of the insights around similar planning methods and approaches in these companies during the

evaluations.

With regards to the selection of participants could somewhat be argued to be some limitations.

Partly the selection has been according to availability; for example, a site manager ensured that

the subcontractors took time for the initial interviews, partly through interest, as the case was with

the evaluations. Sine evaluators were not picked randomly, and the evaluators knew about the

evaluation and goals of the evaluations beforehand, a certain bias should be expected. However,

since different groups of evaluators were used, the potential bias could be argued to lessen; this

also brought some interesting insights, as can be seen in Chapter 6.
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4. Summary of the papers

This chapter summarises the result of the four appended papers, one conference article, two journal

articles and one submitted journal paper in the review process.

4.1. Paper I - An empowered collaborative planningmethod

in a Swedish construction company - A case study

Viklund Tallgren, M., Roupé, M. and Johansson, M. (2015), in 31st annual ARCOM Conference.

Association of Researchers in Construction Management, pp. 793–802.

4.1.1. Purpose

The purpose of the first paper is to set the stage for the DSR project. Thus, the first paper focuses

on RQ 1, and touches lightly on the design of the artefact RQ 2. The observed collaborative

planningmethod is positioned compared to other planningmethods in construction. The planning

method is studied in the field in an ongoing project. The paper aims to describe the planning

method and study the interaction with the information, and between the participants to position

the method with regards to BIM.

4.1.2. Method

The paper combines a single case-study approach, where observations of three full-day sessions

are the primary source of data collection, with a literature review and seven interviews as back-

ground material. The initial work consisted of mapping current planning methods and streams

of planning. The interviews served to identify the kind of information that the sub-contractors

used in their planning. Three observations in collaborative planning sessions were conducted

in the case study project, where the primary author in the last two sessions participated as a

model-navigator. Observations were recorded in field notes after the sessions. Together with the

transcribed interviews, these notes were then coded through open coding, generating keywords

that were grouped into category themes.
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4.1.3. Findings

The interviews also showed that the workers knew of the building models but had little practical

experience of them. Many of the interviewees saw possibilities for BIM to contribute to a better

planning process. The use of forepersons from the sub-contractors is an empowerment move (cf.

Dvir et al., 2003; Faniran et al., 1994; Laufer, 1992; Dainty et al., 2002), and comparable with the

last planner approach.

The low-tech approachwith sticky notes effectively involves the participants but creates long lead

times from draft to digitalised schedule. The observations show that the BIM use shows potential,

but there were barriers to the use, such as workers could not use the model themselves. Few tools

for collaborative co-location planning exist, and existing tools are aimed at more traditional non-

collaborative methods and specialist planners.

4.1.4. Contributions

To summarise;Twomain contributions were identified; number onewas that the planningmethod

was related to several collaborative planning methods and had similar benefits. The second find-

ing was that the large amount of information available in the project also used by respective

disciplines made it hard for the disciplines to find the correct information at the right time, thus

hinting at possible enhancements.

4.2. Paper II - BIM-tool development enhancing collaborative

scheduling for pre-construction

Viklund Tallgren, Mikael; Roupé, Mattias; Johansson, Mikael and Bosch-Sijtsema, Petra, in Inter-

national Journal of Information Technology in Construction, 2020

4.2.1. Purpose

The second paper aims to outline the requirements for the artefact and how the design was de-

veloped. The paper focuses on the requirements that are the basis for developing the enhanced

collaborative planning and scheduling system and thus primarily addresses RQ 2.
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4.2.2. Method

The paper extends the observations from Paper I with additional participant observations to col-

lect insights of practice as-is, this time with another project, further saturating the insights of the

collaborative planning and scheduling method in use. The data from the interviews in Paper I

was added, and themes were identified and recorded for later use during requirement identifica-

tion. The design was then evaluated in a series of six evaluations. The evaluations were done in

a lab setting but using real-life projects as evaluation objects. The projects were one five-storey

apartment building. The first two evaluations were made during the design loops to get to a stage

where the prototype represented the majority of functions used in the original workshop. The

participants were selected from the research team, with two researchers and an expert planner

participating. The data was gathered through observations as well as a sound recording of the

workshop.

4.2.3. Findings

As seen from the literature, the collaborative and empowering approach supports and pushes

in a positive direction for the projects. An example of this is the Last Planner System (LPS); a

downside with LPS is the need to change planning processes to conform to their approach of

production control. This need to change processes is generally viewed as a barrier for imple-

mentation due to the site managements limited time to learn new processes and change ways of

working (Christiansen, 2012; AlNasseri andAulin, 2015). Also seen from literature and observa-

tions is that BIM-use is most common amongst site management, where BIM models are used,

they are seldom referenced by workers directly, but often through site management or supervi-

sors (cf. van Berlo et al., 2015).

The implementedVirtual Production Planning (VPP) system shows that it is possible to create a

more collaborative planning system, using collaboration criteria from observations of the actual

process and the collaborative virtual environment literature to ensure support for many types

of collaboration. The evaluations point toward more focused workshops and time reductions in

digitalising the schedule and time gains from draft schedule to finalised production schedule.

4.2.4. Contributions

There is a lack of adoption of new construction management tools, often related to a lack of

time and willingness to learn new processes these new tools bring. The evaluations of the de-

veloped VPP-system shows support for collaborative planning methods in general, showing im-
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provements in how participants can engage and interact with the model and schedule. TheVPP-

system promotes involvement and enables sharing of knowledge, and it also shows the potential

to reduce the time from draft schedule to finalised production schedule through the increased

possibilities to review the sequenced schedule during creation.

4.3. Paper III - 4D modelling using virtual collaborative

planning and scheduling

ViklundTallgren,Mikael; Roupé,Mattias; Johansson,Mikael, in International Journal of Informa-

tion Technology in Construction, 2021

4.3.1. Purpose

The third papers primary purposewas to position the developed artefact with relation to other 4D

software. The paper builds in the evaluations of Paper II and extends these initial six evaluations

to fifteen. The paper’s main aim is to compare existing 4D modelling approaches, thus furthering

the relation to the knowledge base, thus touching upon RQ 2 as well as RQ 3.

4.3.2. Method

This paper builds on the interviews, literature reviews and observations from previous papers.

Three additional observations of the collaborative planning and schedulingmethod are performed

to study the use in various projects. Eight evaluationswere to test the process and evaluate against

best practice, with planners and middle managers from the five major construction contractors in

Scandinavia.

The paper also uses the literature review, observation and an interview with a project planner

to analyse and model the planning processes described in the paper with a process modelling

approach. The processes are visualised through the business process modelling notation as a

reproducible way to communicate process flows (Borrmann et al., 2018, ch. 4).
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4.3.3. Findings

The paper describes the general 4Dplanning process, showing how it extends the general planning

process and links the previous process’s schedule with a model to create the 4D model. The

literature argues that collaboration in available scheduling tools is absent, especially concerning

4D (Campagna-Wilson and Boton, 2020). The paper builds on this, extends the discussion about

collaborative and involved approaches, and shows the possibility of utilising immersive VR in

the scheduling process, drawing on evaluations and experiences from immersive VR in design

review and constructability sessions. The immersive capabilities are extended to other platforms

through the VPP-system API. Initial tests with immersive interaction and planning in VR show

potential to further user communication. Users can interact in the model on a real-world scale,

querying information and taking measurements.

4.3.4. Contributions

The paper contributes through the instantiation of the collaborative planning and scheduling

method in the VPP-system. The evaluations show that VR and HMDs facilitate a better un-

derstanding of the project and the schedule review process. Thus, the use of 4D planning and

modelling increases the worker- and subcontractor- engagement. The paper reinforces previous

findings that VR supports better sequence planning and constructability analysis.

The integrated 4D modelling and scheduling approach makes it possible to make changes in the

4D schedule in the web-based scheduling interface and have the changes instantly updated in

VR. Thus, the paper argues that 4D is not static, and the use of the VPP-system promotes social

co-creation in different spaces and can help better understand different points of view and the

connection of different subtasks between various subcontractors.

4.4. Paper IV - A BIM-based collaborative production plan-

ning system: Design, development, and evaluation

Viklund Tallgren,Mikael; Roupé,Mattias; Johansson,Mikael,

Submitted to Journal of Construction Engineering and Management
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4.4.1. Purpose

This paper is thought of as the capstone of the DSR research project. It presents the final pro-

totype of the VPP-system and focuses on the fifteen evaluations of the prototypes leading to the

final prototype. Thus, the fourth paper touches lightly on the design of the artefact RQ 2. This

paper also focuses on the contributions through RQ 3.

4.4.2. Method

This paper builds on the prior literature reviews, interviews, observations, and evaluations gath-

ered together; in this paper, all the fifteen evaluations are detailed,with projects used, participant

selection for the evaluations, durations, and how data was collected, also seen in Chapeter 3 of

this thesis. These latter evaluations utilised mostly project planners and middle managers for the

evaluations. The last two evaluations were the closest to production, with site managers and BIM

specialists from production participating in the evaluations.

4.4.3. Findings

The literature shows research focus on new technologies and new process rather than develop-

ing and supporting existing processes. Thus, the fourth paper addressed these shortcomings by

describing findings from the fifteen evaluations of the tool, focusing primarily on the latter set of

evaluations which included site managers and BIM specialists, intended users of the system. The

evaluations showed general support for the VPP-system, with participants commending its use-

fulness. The evaluations showed that participants better oriented themselves in the VPP-system

and that discussion in the sequencing part of the workshop became more focused than before.

The possibility of instantly reviewing the scheduled sequence with the 4D model improves the

traditional unenhanced method.

The evaluators also commented on the low trust in currently available building models, highlight-

ing the need for models better aligned to the production. Amongst the evaluators, a clear division

between middle managers and more site management-focused participants appeared. The closer

the participant was to the construction site, the more focus was on processes, and the general

utility of the VPP-system and the less focus were on the presentation of schedules and planning

theory and existing scheduling systems.

Several evaluations were conducted with one or several evaluators participating remotely, vali-

dating the possibility of conducting workshops effectively with remote participants. While possi-

ble, it was concluded that on-site participation was preferable but not necessary. It was also seen
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that the VPP-system engaged participants more than in the original workshops, which helped

build a better understanding of the project.

4.4.4. Contributions

From the evaluations, it was clear that the VPP-system was judged more disruptive for middle

management, indicating that their fixed routines and tools provided a barrier to implementation,

which was also expected since the VPP-system was developed aim at use on-site in production.

The major contributions are as follows:

1. The gap of collaborative planning systems are addressed through the implemented VPP-

system.

2. The VPP-system is more disruptive for middle managers than for site management.

3. There is a need for BIM models to align information to production needs.

4. The use of the VPP-system reduces the cognitive load in scheduling and increases focus on

the planning task.

5. Schedules can be reviewed instantly without translation from physical draft to digital, re-

ducing turnaround time from draft to final schedule.

6. The VPP-system engages the participants, making participants more active and thus in-

creasing project understanding and ownership.

7. The VPP-system reduces the need for co-location, even though it still is beneficial.

Thus, the paper addresses RQ 3, contributing both to the body of knowledge of collaborative IT

systems in construction and how these systems could support communication and collaborative

processes in a social context and contribute to practice with a system enabling interactive 4D

modelling and scheduling.
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5. The Virtual Production Planning system

This chapter gives an overview of the developed Virtual Production Planning system.

DB

HMD #n

HMD #1
VPP Client #1

VPP Client #2

VPP Client #n

Server

Figure 5.1: overview of the setup of the VPP-system and clients.

A big contribution of this thesis is the development and evaluation of the Virtual Production

Planning (VPP), system, shortened to the VPP-system hereafter. TheVPP-system enables collab-

orative planning and scheduling using building models as the basis for planning. TheVPP-system

can be described as a backend with a web server serving an Application Program Interface (API)

connected to a database. The primary frontend is a web application also served by the webserver,

but theAPI enables integration and interaction with other applications such as desktop applica-

tions for non-immersive VR or head-mounted displays with immersiveVR.A schematic figure of

this can be seen in Figure 5.1. The implementation of the VPP-system follows the Collaborative

Production Planning (CPP) process described in Paper I, Paper II and Paper IV, and shown in

Figure 5.2.

The three main stages of interaction are:

1. Preparation and review of the project and location,

2. Individual planning of location,

3. Collaborative planning and review of the location.

These three stages map to corresponding stages in the CPP-process and is an iterative process;

columns symbolise these in Figure 5.2. All these stages take part inside the VPP-system. The

first stage, preparation, is to get the building models into the system; this stage has, during the

development, also incorporated the definition of work packages as zone or parts of the model.
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In most cases, this meant using the original building models, IFC files or Revit files, and load-

ing them into Revit, using a plugin in Revit to export geometry and metadata packaged for the

webserver. The original files have been used ”as-is”, and each discipline was supplied from the

original project as separate files. This structure was kept in the VPP-system and was essential to

the separation of concerns between different disciplines.

As each discipline logs into the system, assigned projects are displayed, and the user can select

the current project to work with. By selecting the project, as seen in 1 in the left part of Figure

5.3, a lightweight 3D representation of the project is presented, showing the different zones and

possibly subzones of the project. The user then navigates by pointing and clicking on the specific

zone/subzone, as seen in 2 in the middle of Figure 5.3, to load the building model for that zone.

When the zone is selected, as seen in 3 in the right part of Figure 5.3, the users can proceed with

the review of the project in that zone, this prepatory work enables the users to get to know the

project at hand and identify challanges pertaining to thier discipline in each zone.

1 2 3
Figure 5.3: 1. Selection of proejct view, 2. Select zone or subzone, 3 Selected zone.

The second stage is individual planning; this corresponds to the creation of sticky notes with

activities in the CPP process. Here the participants interact with the model and pick or filter

visible objects, making up the activities, as seen in Figure 5.4. The activities are given resources

and durations, just like the sticky notes. All disciplines do this individual work. The disciplines get

a visual check that a zone is planned since all building model objects should be part of activities.

When the view is emptied of objects, all work represented by objects are planned, although work

such as painting, or smaller tasks not having modelled representations could still be missing. Up

until now, the user has worked in the specific zone in a ”creation/review”view of themodel. Once

all disciplines have finished planning their activities, which could be work done beforehand, the

collaborative scheduling stage begins, all the participants gather and switch to the scheduling

view.

In this stage, the users switch to a view where they have a list of their activities on the right side of

their screen, see in the left part of Figure 5.5. In the upper left of their screen, the users see the full

schedule for the zone; it grows as the disciplines add activities to the schedule. The schedule and

activities are collectively discussed, and activities are placed by each discipline as agreed during

the discussion. The schedule is updated simultaneously in each participants browser, enabling

39



Figure 5.4: The user Part selection (left) and multipart filtering (right).

users to see changes as they happen. The schedule calculates the critical path and duration for

the zone in as the schedule is created, as seen in the right part of Figure 5.5.

Figure 5.5: The Schedule sequencing view (left) and schedule review view (right).

At any time during the collaborative scheduling, the participants can switch to a schedule review

mode, where the schedule can be reviewed if properly connected. The schedule review mode

allows the users to step chronologically through the schedule. When a user slides the timeline

forward or backwards, it causes the activities with corresponding objects to update colouring

according to their status in the schedule at the given date, as seen in Figure 5.6. Planned but not

yet started objects are transparent, objects being built is green, and finished objects obtain their

original colour or material. This enables the users to spot errors in the schdeule logic early.

As described in Paper I and II, these three stages are repeated for each unique location. A loca-

tion could be a level or a subdivision like a zone or even a room in a complex project.

In Figure 5.7 selected views from the VPP-system and stages are illustrated.

The second stage, the middle part of Figure 5.7, shows the user planning activities or activities

for the schedule. As in the CPP process, each activity consists of a name, duration, and resources
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Figure 5.6: Review of the schedule, active tasks coulured green.

allocated, but in the VPP-system, parts from the building model are directly selected, and data

from the parts is available when the activities are created.

In the scheduling view, each user sees two larger panes. The first one, in the upper left corner,

is the schedule that is being developed. The schedule view is identical for all users, and every

interaction is replicated between the users. On the right side of the screen, the second pane lists

all activities for the discipline and zone. The collaborative planning session continues as in the

CPP process, where the participants discuss who is going next, gradually discussing and agreeing

on the sequence of activities. In the screen’s background, the building model’s zone gradually

becomes visible again, as the sequencing of activities is happening. The list of activities on the

right-hand side of the screen is reduced as activities are scheduled.

The users can switch to the 4D visualisation mode at any point, where the users can use a sliding

timescale to review the schedule at any given point of the sequence. In the lower right part of

Figure 5.7, a user using an Head-mounted display (HMD) is reviewing a sequence on a scale of 1-

1, as if virtually building. TheHMDVR interface listens to changes in the time slider and updates

accordingly.
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1. Preperations and review

2. Individual planning

3. Collaborative
scheduling and review

Building model from
design team

Building parts filtered
by discipline

Building parts
grouped into zones

Discipline creates tasks
from building parts
Input duration
Input resources

Co-creation and 
sequencing of tasks

Review sequence

Review zone schedule 
through 4D or HMD

Figure 5.7: Selected views from the VPP-system.
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6. Analysis and Discussion

This chapter uses the research questions as a general outline but focuses on the DSR process as

a basis for the analysis and discussion. It starts with an analysis and discussion of the traditional

and collaborative planning processes in the thesis. Then continues with analysing and discussing

the requirements and the development. The analysis and discussion then end with the instantiation

of the collaborative planning process in the form of the VPP-system and analyses and discusses its

evaluation and findings.

The focus of this thesis has been twofold, firstly, the observation and documentation of a collab-

orative preproduction planning and scheduling process CPP, and secondly, the design, develop-

ment and evaluation of the Virtual Production Planning (VPP)-system; see the previous chapter

for a description. In essence, the VPP-system is an instantiation of the CPP process. In this con-

text, it is crucial to understand the environment and the knowledge base of the related research

areas. The following sections use the research questions to thematise the analysis and discussion

of the approach, the design,development and the evaluation, starting fromRQ1 -How is a collab-

orative planning process performed in construction production, and especially in a Scandinavian

context?

6.1. The use of collaborative planning and scheduling in

construction production

While collaboration and involvement are encouraged by literature (cf. Bhatla and Leite, 2012;

Crowther andAjayi, 2019), it is mainly promoted through lean initiatives such as the Last Planner

System. In Sweden, a collaborative planning process for traditional scheduling methods such as

the prevailing Critical Path Method (CPM) was developed during the 1980s but did not seem to

have gained a foothold (cf. Söderberg, 2006).

Furthermore, literature shows that this collaborative planning process called Integrated Plan-

ning (IP), developed along with the lean initiatives and exist in parallel with these nowadays

(Söderberg, 2006). Variants of this process are applied around Scandinavia in the larger con-

struction companies, as seen from the evaluations in Paper III and IV.These implementations is

in line with the discussion around communication, empowerment and involvement seen in re-

search (cf. Dainty et al., 2002; Dvir et al., 2003; Dainty et al., 2006; Simonsen, 2007; Friblick and

Olsson, 2009;Winch and Kelsey, 2005). Furthermore, the observations show that the IP-variants

used in the different construction companies have originated from perceived demand from the

onsite management. As discussed in research with regards to the implementation of Lean meth-

ods, this approach poses the dangers of a lack of standardised implementation and should be
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balanced with some top-down anchoring as well to ensure a standardised implementation (cf.

Elfving, 2021). The IP approach today originates from site management and project planners.

This bottom-up anchoring makes the use of the process easier to motivate and engage stakehold-

ers since the site management can see and communicate the value of the process, as seen with the

subcontractors in the observations in Paper I and II.

The observations in Paper I, II and III show an acceptance of involvement and collaboration

in general production planning in Sweden. Discussions during and after the observations with

participants of the scheduling sessions showed that the participants appreciated the collabora-

tive approach but admitted that they were a bit sceptical initially, wondering why they should

spend several days in workshops planning and scheduling together. However, their conclusions

during discussions and after observations were that the engagement and involvement increased

their knowledge of the project and helped reduce problems with the schedule later in the produc-

tion.This engagement improved their motivation to participate and decreased their reluctance.

Through comparisons of the observations from Paper I, II and III and the evaluations support

these statements.

During the evaluations in Paper III and IV, discussions with planners from the five different

construction companies explained that they used similar collaborative techniques for production

planning, at least in larger projects. However, the planners also admitted that it was hard to get

the right people involved early due to lack of time and partly due to subcontractors and onsite

management not being selected or hired when the production planning was supposed to occur.

These observations show that while collaborative approaches are used, there is still potential to

makemore planning collaborative in construction and that the industry could benefit from it. The

literature’s recommendation to promote engagement and collaboration still stands (Dainty et al.,

2006; Chowdhury et al., 2020), and even with the limited set of observations in this research, the

industry in Sweden seems to be moving in that direction, albeit slowly. The research argues that

new processes and approaches may be hindered due to the lack of time to learn these processes.

This lack of time means site management falls back into tried and tested processes that are well

known to them (Christiansen, 2012; AlNasseri and Aulin, 2015). This is also supported through

comments from a sitemanager in the later evaluations of theVPP-system, see Paper IV.The thesis

highlights the need to identify collaborative planning practices and thus identify the CPP process

and understand how the CPP process is practised.

This brings the question of the characteristics and key process elements that make up collabo-

rative planning and scheduling, especially the CPP process studied here. While this discussion

touches upon RQ 1, the following section delves deeper into the discussion of what constitutes

collaborative planning in construction.
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6.2. Characteristics and key process elements in collabo-

rative planning

Construction projects often take on a project-oriented organisation, with each project more or

less acting as a separate company,with little overlap between project organisations. This compart-

mentalisation produces a constant need for team building. Project organisations start more or

less from scratch in each project (cf.Gamil and Rahman, 2017), and thus forming communication

channels and increase trust and respect in the team, the team building, put a strain on the onsite

management. The CPP process described in this thesis relies on the stakeholders performing the

work to plan and schedule actively. The planning is thus moved from the planner to the subcon-

tractors that are selected to perform the work. This is similar to how the literature describes the

last planner approach and its form of collaborative planning (cf. Ballard and Howell, 2003). The

observations of the CPP sessions show how the planning work is moved from being traditionally

done by the planner or site manager (cf. Winch and Kelsey, 2005; Christiansen, 2012), to being

done collaboratively with each subcontractor planning their part. The observations show that by

doing the schedule collaboratively, the different stakeholders get to know each other, discuss and

schedule the sequence together, and understand how their work affects each other, arguing this

to be a sign of countering the fragmentation mentioned in the literature.

The observations show that this is where the CPP process differs from LPS;while LPS is an entire

management approach, the CPP process is comparable with the stage of phase planning in the

LPS system (Ballard and Howell, 2003). From Paper I, II and III observations, the CPP process

has roughly the same detail-level as phase planning in the LPS system, and it also engages the

subcontractors in the planning work. However, themain difference is that it does not use the pull-

planning approach stipulated in LPS but instead starts with a discussion of what work should be

performed first, giving the initial activity and then through the collective discussion led by the

project planner. The participants decide the following activities, focusing on what activities are

enabled by the current activity; this could be described as a combined push-pull type of scheduling

since the schedule is pushed forward,while the subsequent activities are prodded and pulled until

the following activities are identified and sequenced. Here the CPP process thus deviates from

LPS,which starts with the finish date and activities are added from the end, only pulling activities

that enable the current activity until a starting point is found. The push planning of activities

is the prevalent technique and perhaps the most intuitive as well. While effective in identifying

only the activities needed to be finished to start the activity doing the ”pulling”, the pull planning

approach requires the participants to approach the planning in a new way.

While the CPP process is seemingly simple, the four sets of project observations were used to

validate the initial observations and the requirements developed from these. The use of multi-
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ple projects also allowed for cross-referencing the CPP process between slightly different projects

and organisations, developing and confirming requirements between design cycles. This approach

helped document the CPP process and validate the approach between different projects and par-

ticipants, which gave a saturation of the observations.

The characteristics of the CPP process found from the observations were compared and con-

trasted with the literature (Fischer et al., 2005; Snowdon et al., 1998). The CPP process manifests

many of the properties seen in the literature concerning collaborative virtual environments, fo-

cusing on the collaborative aspects. The emphasis of the CPP-process is, for example, to create

awareness of each other’s work, build on the work of others and the shared context to enable shared

understanding as presented in Paper-II.

During the observations, it became apparent that the CPP process helped bring the team together

and increase the understanding of the project while reducing guesswork in the scheduling. In the

observations in Paper I, II and the process modelling in Paper III, it can be seen how the col-

laborative planning process builds upon the open and free communication between participants

as stipulated by the literature (cf. Snowdon et al., 1998). The planning session setting creates a

setting that promotes communication, where the planner acts as a facilitator, ensuring that all

disciplines contribute. Thus, it could be argued that the planner goes from enforcing a schedule,

as seen in many traditional project settings, towards creating an open information exchange re-

garding the planning and scheduling, as asked for in the literature about communication (Dainty

et al., 2006).

In general, the observations show that the CPP process builds the team and trust, two compo-

nents lacking in projects as argued by Arditi et al. (2017). This increase in team trust and team

identity is also hinted at in Paper I, where participants unsolicited commented on the increased

cooperation and likelihood that they would pick up the phone and consult each other if ques-

tions arose. Furthermore, the observations also show that engaging the right person at the right

time reduces the guesswork of the schedule, as suggested in literature (cf. Dvir et al., 2003), an

argument also exemplified in the last planner approach to planning. During the observations, the

interaction between the participants was high, especially during the sequencing of the activities,

to the extent that the lead-planner and facilitator of the workshop had to remind the group that

it was one meeting and not several small meetings. However, as a positive side note, the direct

interaction meant that questions and issues often were solved on the spot.

It should also be noted that parts of the CPP process produced unnecessary waste in terms of

waiting and information gathering visible. While the low tech approach of sticky notes is accessi-

ble and easy to use, the resulting schedule still needs to be manually put into scheduling software

for the team to review and get feedback on the created schedule. This waiting for manual input

could probably be somewhat alleviated by enforcing a timescale on the paper the schedule is

planned. However, interviews with the planner that used the CPP process showed that the ap-

proach to plan and schedule without regard to contractual milestones and dates initially focuses

the work on the sequence and logic. By breaking down the project into manageable locations
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and focusing purely on the schedule logic and sequence, the complexity of the planning problem

is reduced. By reducing the complexity of the planning problem, cognitive load is also reduced,

and focus can be spent on the planning and scheduling problem instead, thus resulting in a draft

schedule faster. Once this draft schedule is transformed to a digitised ideal schedule, the review

and alterations can be done. This seamless review and alteration process addresses similar issues

foundmissing in the literature, (Boton, 2018). Thus, this constitutes a contribution to the planning

and scheduling literature.

As noted in Paper I, II and III, even with the CPP process, long lead times between the collabo-

ratively developed draft schedule and the digitised draft schedule was expected, indicating room

for improvement as seen in Paper III. In the CPP process, the digitisation of the schedule takes

the specialist planner 1-2 weeks, depending on the size of the project and the number of other

projects the planner is responsible for, risking the participants to lose the train of thought, going

back and forth between projects. Improving the lead times would mean that the participant can

do the review closer to the draft, connecting the process.

6.3. ICT support of collaborative planning and scheduling

This brings the question of ICT support in the collaborative planning and scheduling process.

Research question RQ 2 - In what ways can ICT for visualisation with building models support

collaborative planning and scheduling? questions the situation of ICT support for collaborative

planning.

The DSR approach taken in this thesis exemplifies the more holistic approach advocated by Fis-

cher et al. (2005); Zhou et al. (2014); Sackey et al. (2015) for the development of collaborative

tools from the users’ needs and perspective. The CVE literature supplies core requirements for

collaborative virtual environments, which, combined with the CPP process observations, enables

the development of a digitalised collaborative scheduling system. The nine core requirements

(2.2.2), identified in CVE literature (cf. Fischer et al., 2005; Snowdon et al., 1998), coincides with

many of the characteristics that collaborative planning expresses studied in the CPP process.

Table 6.1 shows the main requirements and how they were addressed during the development of

the VPP-system.

While Table 6.1 shows the four general requirements and how these are addressed, as described

in Paper II, the requirements are geared towards the specific properties and elements identified

during the observations of the CPP process. A broader set of requirements and principles were

used but could be argued to be expected for all types of planning systems and thus does not add

to the specific discussion about collaborative planning systems.
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For example, knowledge sharing and creating awareness of each other’s work are emphasised

through the collaborative process and the discussion of the scheduling sequence. The participants

create understanding and awareness of their respective activities through the discussions and

create a shared understanding, highlighting the negotiation and communication aspects in the

CVE literature (ibid.), and is mapped to the shared context and space in which the CPP process

is conducted.

The shared context and multiple viewpoints stressed by the CVE literature (ibid.), further con-

nects the collaborative scheduling process of CPP with CVE. From the observations, it was ap-

parent that multiple viewpoints were often required to understand the planning and scheduling

challenges better. In the later observations,OP4 and OP5, the projects had a more mature build-

ing model integration than seen in the research’s early projects (OP1, OP2 and OP3). However,

ICT support in the form of BIM viewers was still sparingly used. As seen in all observations, the

use of the BIM viewers was limited, somewhat hindered by reluctance and lack of knowledge of

how to use Solibri amongst the subcontractors.

Furthermore, analysing how the building models were used in the CPP process, the first few ob-

servations in OP1 show that the building model was used only initially for a project review. Later,

during the last two projects, OP3 and OP4, the building model was more the centre of discussion

and was continuously used to better understand the best sequencing of the activities, highlighting

how the building model had become more integrated into the process. However, the participants

mainly relied on drawings, documentation, and sticky notes to create their activities.

It could be argued that during the seven years these observations were conducted, thematurity of

building models and understanding of the information in these models has increased. However,

the user still relies primarily on traditional documentation rather than the model. From the ob-

servations, it could also be noted that even though the users’ competencies have increased, there

is still a dedicated person handling the building model, hinting at problems or at least a reluc-

tance to use these tools. During the last observation, this was one of the contractors’ forepersons,

a project engineer. The most significant difference between the initial and last observations was

how the participants understood and integrated querying the building model in their workflow

while planning and scheduling. The building model was visualised in a pure model viewer rather

than a scheduling tool, thus exemplifying passive use of the building model.

While it can be concluded from the observations of the CPP process that there has been an in-

crease in the use of BIM in general, this does not tell anything about how collaborative these tools

facilitating BIM are. Recent research shows that there is a need for more collaborative planning

and scheduling tools (Campagna-Wilson and Boton, 2020).

In the last two evaluations, the participants mentioned the increased technological burden in con-

struction, with a vast set of software to use and utilise; this could raise the question if the tools

are easy enough to handle for everyone. Aside from the usability of tools, the participants of

evaluations #14 and #15 stressed a lack of collaborative tools as well as problems with interoper-
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ability between tools, an argument in line with Campagna-Wilson and Boton (2020), showing that

even with the current set of tools, there still is a need for collaborative planning and scheduling

tools and that existing tools do not fully address the characteristics and requirements found, as

presented in Paper III.

Paper III and IV also brings 4D into the process and shows how the VPP-system differs from

traditional 4D software. The literature describes 4D as a passive tool, where finished schedules

are merged with models, creating visualisations, but also ask for more collaborative approaches

to 4D modelling (Eastman et al., 2011; Campagna-Wilson and Boton, 2020; Boton, 2018). The

use of 4D, and VR, as seen in Paper III and IV, shows how collaborative approaches in VR con-

structability analysis can be compared to planning in the CPP process. Drawing on research in

collaborativeVR and knowledge sharing (cf. Johansson and Roupé, 2019, 2021), similarities with

collaborative planning and scheduling can be drawn. From observing the VR sessions in Paper

III, constructability analysis and identifying challenges in the model had a strong focus. These

challenges are also reflected in the scheduling, and during the VR sessions, the planning was ac-

tually discussed and adjusted even though this was not the main focus.

The VR study shows that given the right tools, the barriers are lowered for interacting with the

information, a better understanding of the project, in general, is gained. The users can review the

building objects and their position on a real-world scale in VR, enabling a better understanding

of limitations and possibilities connected to the schedule. It also enables a review of the schedule

in VR on a real-world scale, furthering the possibilities to adjust and approve sequences of the

schedule.

Enabling participants to more accessible take part also moves the activity of the participants.

ICT tools such as 4D planning tools enable passive visualisation of the schedule, but as seen in

literature, (cf. Boton, 2018), it still lacks collaborative properties even though 4D generally is

seen as beneficial for communication and review of the schedule. Thus, there are opportunities

to take traditional 4D planning from passive to active scheduling. Paper III and IV brings these

opportunities and shows how collaboration in 4D is manifested in VR through an Application

Program Interface to the VPP-system.

Concluding the discussion above regarding RQ 2 argues how ICT and BIM could support col-

laborative planning and scheduling, but this also raises questions regarding the design and imple-

mentation of such a system. The design and implementation are addressed in the next section.

6.4. The design and implementation of the VPP-system

One of the significant contributions of the thesis is the documentation of the CPP process, as

seen in Paper-II.The observations and the documentation shows the collaborative planning and

scheduling approach as practised and may help future research compare and contrast develop-
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ments in collaborative approaches. The analysis in Paper-II helped form the requirements accord-

ing to the DSR approach. Early in the research, it became evident that the CPP process seemed

functional and backed by literature, even though it was not consciously derived from literature.

As seen earlier, challenges of IT implementations in construction and especially in production

are prevalent (cf. Campagna-Wilson and Boton, 2020), leading to the conclusion that there was a

need to keep as close to the CPP process as possible.

Thus the developedVPP system keeps the CPP process but the medium for creating the schedule

changes. The implementation is changed by keeping how the planning and scheduling are con-

ducted but evolving the tools supporting the process. The change is from sticky notes to a digital

collection of boxes of activities, representing digital sticky notes directly correlated to the build-

ing model. TheDSR approachmeant that rather than beginning with designing and focusing on a

routine design from best practices, theDSR approach brought the users in focus and helped focus

on understanding the practice and environment together with best practices from the knowledge

base. Thus, the planning process is not changed, only the medium of the planning session.

By keeping the process, working familiarity was sustained, allowing for the slight disruption of

digitalising the process introduced. From the evaluations, especially of the sessions with partici-

pants proficient in the CPP process, it could be seen that focus was shifted from understanding the

location and interpreting drawings of the location, as observed in the CPP process observations,

to understanding the planning and scheduling problem itself.

Furthermore, the VPP-system strives to adopt a contextualised interface for the scheduling sys-

tem, displaying fewer options compared to common desktop scheduling systems and instead fo-

cusing on the task at hand in the process. By reducing menus and options in the interface, the

users can focus on the crucial task, creating, sequencing, and reviewing activities and the sched-

ule. Evaluation #14 exemplifies how even a computer sceptical site manager readily used the

VPP-system. The site manager even commented on how other construction ICT tools were cum-

bersome and how the SM often deferred these to younger, more technology versed engineers.

Comparing the VPP-system to other 4D systems, the VPP-system allows for direct interaction

and adjustment of the schedule, even in VR, thus allowing for collaborative planning, as seen in

paper III.While these developments are early on, they show great potential to further the under-

standing for the participants using theVPP-system. During the last two evaluations, it was shown

that the participants could collaboratively plan and sequence the schedule, check the sequence

directly as it was planned and then re-structure the schedule as needed. This shows that the VPP

system creates the collaborative 4D modelling environment that literature identifies as missing

(cf. Boton, 2018).

Thus it is shown that through the requirements derived in RQ 2 from the observations with

regards to RQ 1, the VPP-system could develop as an instantiated version of the CPP-process

through the design cycles of the DSR approach. The DSR approach contributed to the process

mapping of the collaborative planning and scheduling approach, which brought a better under-

51



standing of why and how the implementation should be done to support the requirements defined

through RQ 1 and RQ 2.

An integral part ofDesign ScienceResearch (DSR) projects is the evaluations andwhat is learned

from the new artefact and the instantiation in its problem context; this is what the next section

will discuss through RQ 3.

6.5. Newunderstanding and developments of collaborative

planning and supporting systems

Research question RQ 3 are framed to explore what we can learn from the artefacts used. As

seen in Paper IV, fifteen observations were done in different iterations and stages of the artefact

prototype. As mentioned in Chapter 3 Research Design, the evaluations were either explorative

or confirmative.

Since the projects used for observations were rather large, the project’s commitment to test and

use a newly developed system was rather steep and not feasible, resulting in a limited implemen-

tation and evaluation. The incremental developmentmeant that we used an explorative approach

to development, evaluating the VPP-prototype in small batches, as seen in table 3.2, where the

prototype numbers are visible for each evaluation.

The small increments in the prototypes are indicative ofminor revisions of the prototype between

the evaluations. This helped the explorative evaluations focus on specific functions of the VPP-

system and evaluating usability against the requirements. Early evaluations focused on getting

the general usability to an acceptable level. One of the early evaluations showed that while the

building models gives spatial and visual information, the information may be subdivided into an

unmanageable amount of parts visibly. Thus, alternative ways to interact with the building model

and its data was developed, allowing for filtering data in a pre-selected area. In this way, the users

could manage more extensive sets of visual data and still manage to create activities efficiently.

This filtering function later helped emphasised the need to populate the model with clear and

concise meaningful information for the user, as stated by the site manager in evaluation #14 in

Paper IV.

The site manager mentioned that the codes and marks used by designers and engineers in the de-

sign and stipulated in theBIMmanual were too hard to interpret, needing dictionaries to translate

to useful information about layers or construction of a wall type or similar, showing how different

the participants of the project view the information. The VDC engineers and BIM managers fo-

cused more on this type of information since they are used to perform quality control or takeoff

of the model. However, as seen with the site manager, the evaluators closer to production and

performing the work onsite wanted more direct information. Here the complexity of the use of
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BIM is visible; while a BIMmodel enables an information-rich environment, it is also challenging

to expose the right amount of information not to overburden the user. This challenge is also part

of the cognitive load discussion touched upon earlier.

Paper IV also shows how the middle managers such as project planners and VDC managers

focused more on functions and methods aligning to their scheduling systems such as Primavera,

power project or existing BIM tools such as Solibri. From this perspective, the VPP-system is

more disruptive for these roles than to the production personnel onsite. The key aspect for these

groups is that they are further from the work to be performed onsite, although their job is to

manage and coordinate the information delivered to the production personnel. TheVPP system

also more closely resembles the work processes conducted onsite since it is modelled on these

processes. Thus, the VPP system is less disruptive for the production personnel, especially with

persons familiar with the CPP process. These findings are supported through the observations, as

seen in Paper III and IV.

What also became apparent throughout the research project was the access to different partici-

pants. Production personnel was hard to engage due to their busy schedule. Middle managers,

project planners and VDC engineers were easier to engage since they more often drive the de-

velopment and implementation of new tools.

One could argue that this is solvable through education of the production personnel, but this

then becomes a question of reducing waste. As seen in lean literature, a core concept is reducing

waste; while educating the production personnel in the use of BIM could be beneficial, it is not

value-adding. It may be an indirectly value-adding activity, but it does not help users do their job

more efficiently.

The DSR approach, in combination with the size of applicable projects, probably contributed to

the fact that a full-scale project evaluation in an actual ongoing project never occurred. A test in

an actual project needs to contribute to the project at hand and not duplicate planning work they

already had done. There is also a limited number of projects in the region using the CPP process,

which limits the possibilities.

The DRS approach helped identify the role and importance of the production personnel in the

evaluation and implementation of new tools. VDC and Project planners the driving force behind

the implementation of new tools.

Also seen during the evaluations, especially in the last evaluation,was how theVPP-system could

be used in other settings than the CPP process it was developed for. The system supports both

push and pull-planning, and as such, could be used as a last planner planning tool, enabling a

broader generalisability of theVPP-system to construction outside the Swedish and Scandinavian

context and the collaborative consensus culture seen here (cf. Bröchner et al., 2002).
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7. Conclusion

The twofold aim of the thesis has been; (a) to study a production planning and scheduling process

in use in Scandinavia and (b) design, develop and evaluate a user-centric collaborative planning

and scheduling systemwith the use of BIM. The research ismanifested through the three research

questions.

The first question RQ 1 -How is a collaborative planning process performed in construction pro-

duction, and especially in a Scandinavian context? is mainly addressed through the observations

of the Collaborative Production Planning (CPP) process and the description and documentation

of this process in Paper I, II and III.The observations, albeit limited, further indications found in

the literature that BIM use is limited (cf. Sundquist et al., 2020). Furthermore, the observations

indicate that the collaborative planning and scheduling process is known in the industry.

The documentation and analysis of the CPP process have provided a deeper insight into the

practice of the planning process, which serves as knowledge added to the field of collaborative

planning and scheduling. The research shows that collaboration and empowerment have a clear

role in production management and control, not only in Scandinavia but also in general.

The second question RQ 2 - In what ways can ICT for visualisation with building models support

collaborative planning and scheduling? is answered through Paper II, III and IV where schedul-

ing and visualisations such as 4D modelling, visualisations and simulations are identified and

exemplified as ways ICT could support the planning and scheduling process. Furthermore, the

literature highlights the shortcomings of these types of approaches. The need for the ICT system

was identified through observations of the practised CPP process. The final requirements, how-

ever,was derived both from the observations and the literature concerning scheduling,modelling

and visualisations and CVE.

Together with the documentation, the developedVirtual Production Planning (VPP)-system can

be a step in the direction of lessening the perceived fragmentation and embrace collaboration.

The papers also show that the VPP-system has the potential to go beyond this.

Thus, answers to research question RQ 3 -What new insights could be gained from integrating

building models in the planning and scheduling process? is partly answered already from the an-

swers in RQ 2. This question was mainly answered through the evaluations. It was found that the

VPP-system improves the engagement of the participants in the planning, making participants

more active during the planning and scheduling, increasing ownership of the schedule as well

as increasing the overall project understanding. The evaluations also indicated that the system

is more in line with how the site management and workers work currently and thus less disrup-

tive than for themiddlemanagement, planners andVDCmanagers. TheVPP-system also showed

indications of reducing cognitive load by focusing on value-adding activities in the observed plan-
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ning and scheduling process, thus reducing the length of the collaborative planning sessions. Fur-

thermore, schedules can be reviewed instantly without translation from physical draft to digital,

further reducing the potential length of the collaborative planning sessions. TheVPP-system also

reduces the need for co-location, even though it still is beneficial. Thus, the VPP-system enables

more ways of collaborating and enables remote participants.

7.1. Implications for practice

The developed VPP-system is in itself a contribution to the practice. The implemented VPP-

system addresses the identified gap of collaborative production planning software and shows

potential to bridge a gap that previous 4D solutions does not cater to, namely the collaborative

and interactive aspects of planning and scheduling.

7.2. Implications for the knowledge base and future re-

search

The collaborative approach to 4D modelling is perhaps the most significant contribution to con-

struction planning and the construction management body-of-knowledge. The manifestation and

development of the interactive, collaborative 4D modelling and scheduling approach is a clear

contribution combining dispersed areas such as planning and scheduling,BIM, and the use of VR

both on screens and in head-mounted displays.

The use of theDesign Science Research (DSR) approach is in itself a contribution to the body-of-

knowledge of Construction Informatics (CI). Furthermore, the modelling of the different plan-

ning processes is also a contribution to CI, as it provides a certain amount of comparability for

future research into similar planning processes.

Judging from the evaluations and discussions with participants along with the research project,

possible future areas of interest could be:

• to follow the implementation of the VPP-system in an actual construction project, further

evaluating the effects of the VPP-system in practice.

• to explore a collaborative planning approach using theVPP-system in early stages of projects,

such as design development.

• to explore the possibilities of a collaborative planning approach using the VPP-system in

other types of projects, like infrastructure.

• to extend functionality to enable immersive 4D modelling in VR and explore the effects,
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for example, constructability issues identified in the planning process.

• to extend functionality to enable follow-up of the work, study how the VPP-system could

help the project participant better understand the project’s current status and identify pos-

sible challenges concerning current status compared to planned progress.

• to extend functionality to explore how the bid process can be incorporated in the VPP-

system and how this could affect the planning in pre-construction, possibly enabling com-

parisons between bids and between the bid and the actual plan.

• to explore how the VPP-system could facilitate knowledge management sharing between

projects, how the database could facilitate, for example, bid evaluation, and help identify

risk in activities by comparing the duration of similar older activities.

• to explore increased remote participation and the effects on the planning process.

As seen above, there are plenty of options going forward, both looking towards the design and

bid phases and the daily and weekly planning work onsite. It has been an exciting journey over

the past seven years, and it seems that the use of building models, VR, HMDs, augmented and

extended reality is just beginning to develop.

The fragmentation and specialisation of the construction industry may not have a single solve-all

solution, but the thesis is a piece of the puzzle in addressing these issues. This research can be a

cornerstone in much work to come.

57



58



References

Hammad Abdullah Al Nasseri, Kristian Widen, and Radhlinah Aulin. A taxonomy of planning

and scheduling methods to support their more efficient use in construction project manage-

ment. Journal of Engineering, Design and Technology, 14(3):580–601, 2016. ISSN 17260531.

doi: 10.1108/JEDT-11-2013-0078.

HammadAlNasseri and RadhlinahAulin. Assessing Understanding of Planning and Scheduling

Theory and Practice on Construction Projects. Engineering Management Journal, 27(2):58–72,

2015.

Thais daC.L.Alves,MinLiu,NatalieM.Scala, andAshtad Javanmardi. Schedules and Schedulers:

A Study in the U.S. Construction Industry. EMJ - Engineering Management Journal, 32(3):

166–185, 2020. ISSN 10429247. doi: 10.1080/10429247.2020.1738878. URL https://doi.org/
10.1080/10429247.2020.1738878.

David Arditi, Shruti Nayak, and Atilla Damci. Effect of organizational culture on delay in con-

struction. International Journal of Project Management, 35(2):136–147, 2017. ISSN 02637863.

doi: 10.1016/j.ijproman.2016.10.018. URL http://dx.doi.org/10.1016/j.ijproman.2016.
10.018.

Ross D.Arnold and Jon P.Wade.A definition of systems thinking: A systems approach. Procedia

Computer Science, 44(C):669–678, 2015. ISSN 18770509. doi: 10.1016/j.procs.2015.03.050. URL

http://dx.doi.org/10.1016/j.procs.2015.03.050.

Salman Azhar. Role of Visualization Technologies in Safety Planning and Management at Con-

struction Jobsites. Procedia Engineering, 171:215–226, 2017. ISSN 18777058. doi: 10.1016/j.

proeng.2017.01.329.

Andrew Baldwin and David Bordoli. Handbook for construction planning and scheduling. John

Wiley & Sons, 2014. ISBN 1118826930, 9781118826935.

Glenn Ballard and Gregory Howell. Competing construction management paradigms. Lean

Construction Journal, 1(1):38–45, 2004.

Glenn Ballard and Gregory A Howell. An update on last planner. In Proc., 11th Annual Conf.,

International Group for Lean Construction, Blacksburg,VA, pages 1–10, 2003.

A Bhatla and F Leite. Integration framework of bim with the last planner systemtm. In

IGLC 2012 - 20th Conference of the International Group for Lean Construction, 2012. URL

http://www.scopus.com/inward/record.url?eid=2-s2.0-84874473993{&}partnerID=
40{&}md5=f1d0a3125bc8391cba925390e71e2d1f.

59

https://doi.org/10.1080/10429247.2020.1738878
https://doi.org/10.1080/10429247.2020.1738878
http://dx.doi.org/10.1016/j.ijproman.2016.10.018
http://dx.doi.org/10.1016/j.ijproman.2016.10.018
http://dx.doi.org/10.1016/j.procs.2015.03.050
http://www.scopus.com/inward/record.url?eid=2-s2.0-84874473993{&}partnerID=40{&}md5=f1d0a3125bc8391cba925390e71e2d1f
http://www.scopus.com/inward/record.url?eid=2-s2.0-84874473993{&}partnerID=40{&}md5=f1d0a3125bc8391cba925390e71e2d1f


André Borrmann, Markus König, Christian Koch, and Jakob Beetz. Building information mod-

eling: Why? What? How? 2018. ISBN 9783319928623. doi: 10.1007/978-3-319-92862-3_1.

Conrad Boton. Supporting constructability analysis meetings with Immersive Virtual Reality-

based collaborative BIM 4D simulation. Automation in Construction, 96(May):1–15, 2018.

ISSN 09265805. doi: 10.1016/j.autcon.2018.08.020. URL https://doi.org/10.1016/j.
autcon.2018.08.020.

Conrad Boton and Daniel Forgues. The Need for a New Systemic Approach to Study Collab-

oration in the Construction Industry. In Procedia Engineering, volume 196, pages 1043–1050.

Elsevier Ltd, 2017. doi: 10.1016/j.proeng.2017.08.060.

Conrad Boton, Louis Rivest, Daniel Forgues, and Julie R. Jupp. Comparison of shipbuilding and

construction industries from the product structure standpoint. International Journal of Product

Lifecycle Management, 11(3):191–220, 2018. ISSN 17435129. doi: 10.1504/IJPLM.2018.094714.

Denise Ann Brady, Patricia Tzortzopoulos, John Rooke, Carlos Torres Formoso, and Algan

Tezel. Improving transparency in construction management: a visual planning and control

model. Engineering, Construction and Architectural Management, 25(10):1277–1297, 2018.

ISSN 09699988. doi: 10.1108/ECAM-07-2017-0122.

Jan Bröchner, Per-Erik Josephson, and Anna Kadefors. Swedish construction culture, manage-

ment and collaborative quality practice.Building Research& Information, 30(6):392–400, 2002.

ISSN 0961-3218. doi: 10.1080/09613210210159866. URL http://www.tandfonline.com/doi/
full/10.1080/09613210210159866.

David Bryde, Martí Broquetas, and Jürgen Marc Volm. The project benefits of building infor-

mation modelling (BIM). International Journal of Project Management, 31(7):971–980, 2013.

ISSN 02637863. doi: 10.1016/j.ijproman.2012.12.001. URL http://dx.doi.org/10.1016/j.
ijproman.2012.12.001.

Alan Bryman and EmmaBell.Business researchmethods 3e. Oxford university press, 2011. ISBN

0199583404.

Rolf Büchmann-Slorup and N Andersson. BIM-based scheduling of Construction–A compara-

tive analysis of prevailing and BIM-based scheduling processes. In Proc., 27 the Int. Conf. of

the CIBW78, number Kenley 2006, pages 113–123, 2010. URL http://itc.scix.net/data/
works/att/w78-2010-113.pdf.

Jeanne Campagna-Wilson and Conrad Boton. Challenges Related to 4D BIM Simulation in the

Construction Industry, volume 12341 LNCS. Springer International Publishing, 2020. ISBN

9783030608156. doi: 10.1007/978-3-030-60816-3_30. URL http://dx.doi.org/10.1007/
978-3-030-60816-3{_}30.

SvenACarlsson, Stefan Henningsson, Stefan Hrastinski, and Christina Keller. Socio-technical IS

design science research: developing design theory for IS integration management. Information

60

https://doi.org/10.1016/j.autcon.2018.08.020
https://doi.org/10.1016/j.autcon.2018.08.020
http://www.tandfonline.com/doi/full/10.1080/09613210210159866
http://www.tandfonline.com/doi/full/10.1080/09613210210159866
http://dx.doi.org/10.1016/j.ijproman.2012.12.001
http://dx.doi.org/10.1016/j.ijproman.2012.12.001
http://itc.scix.net/data/works/att/w78-2010-113.pdf
http://itc.scix.net/data/works/att/w78-2010-113.pdf
http://dx.doi.org/10.1007/978-3-030-60816-3{_}30
http://dx.doi.org/10.1007/978-3-030-60816-3{_}30


Systems and e-BusinessManagement, 9(1):109–131,2011. doi: 10.1007/s10257-010-0140-6.URL

https://doi.org/10.1007/s10257-010-0140-6.

Mahmuda Chowdhury,M. RezaHosseini, IgorMartek,David John Edwards, andTandeep Singh.

Web-based construction collaboration tools: text mining of user perceptions.EnablingTheDe-

velopmentAnd Implementation of Digital Twins - Proceedings of the 20th International Confer-

ence on ConstructionApplications ofVirtual Reality - (30th Sep - 2nd Oct 2020), pages 324–332,

2020.

Fredrik Christiansen. The Planning Process at a Construction Site. PhD thesis, 2012.

James Crowther and Saheed O.Ajayi. Impacts of 4D BIM on construction project performance.

International Journal of Construction Management, 0(0):1–14, 2019. ISSN 15623599. doi: 10.

1080/15623599.2019.1580832. URL https://doi.org/10.1080/15623599.2019.1580832.

Andrew R.J. Dainty, Alan Bryman, and Andrew D F Price. Empowerment within the UK con-

struction sector. Leadership & Organization Development Journal, 23(6):333–342, 2002.

Andrew R.J. Dainty, David Moore, and Michael Murray. Communication in construction teams.

2006. ISBN 0203018796. doi: 10.4324/9780203018798.

Andrew R.J.Dainty,Roine Leiringer, Scott Fernie, and Chris Harty. BIM and the small construc-

tion firm: a critical perspective. Building Research and Information, 45(6):696–709, 2017. ISSN

14664321. doi: 10.1080/09613218.2017.1293940. URL https://doi.org/10.1080/09613218.
2017.1293940.

Emmanuel I. Daniel, Christine Pasquire, Ezekiel Chinyio, David Oloke, and Subashini Suresh.

Development of collaboration in planning: What can construction project management learn

from other fields? IGLC 28 - 28th Annual Conference of the International Group for Lean

Construction 2020, pages 289–300, 2020. doi: 10.24928/2020/0002.

Emmanuel ItodoDaniel,Christine Pasquire, andGrahamDickens. Social perspective of planning

in construction: The UK experience. In 30th Annual ARCOM Conference, Portsmouth, UK,

pages 1355–1365, 2014.

Emmanuel Itodo Daniel, Christine Pasquire, and Graham Dickens. Exploring the Implementa-

tion of the Last Planner® SystemThrough Iglc Community: Twenty OneYears of Experience.

In: ANNUAL CONFERENCE OF THE INTERNATIONAL GROUP FOR LEAN CON-

STRUCTION, (February 2016):153–162, 2015. ISSN 2309-0979. doi: 10.13140/RG.2.1.4777.

2000. URL www.iglc.net.

Emmanuel Itodo Daniel, Christine Pasquire, Graham Dickens, and Glenn Ballard. The relation-

ship between the Last Planner® System and collaborative planning practice in UK construc-

tion. Engineering, Construction andArchitectural Management, pages 407–425, 2016.

BhargavDave andRafael Sacks. Production control systems for construction at the nexus of Lean

and BIM. In Lean Construction, chapter 4, pages 54–84. 2020. doi: 10.1201/9780429203732-4.

61

https://doi.org/10.1007/s10257-010-0140-6
https://doi.org/10.1080/15623599.2019.1580832
https://doi.org/10.1080/09613218.2017.1293940
https://doi.org/10.1080/09613218.2017.1293940
www.iglc.net


R. Davies, F. Crespin­Mazet,A. Linne, C. Pardo,M. I.Havenvid, C. Harty, C. Ivory, and R. Salle.

BIM in Europe: innovation networks in the construction sectors of Sweden, France and the

UK. In 31st Annual ARCOM Conference, Lincoln, UK, pages 1135–­1144, Lincoln, 2015.

Richard Davies and Chris Harty. Measurement and exploration of individual beliefs about the

consequences of building information modelling use. Construction Management and Eco-

nomics, 31(11):1110–1127, 2013. ISSN 01446193. doi: 10.1080/01446193.2013.848994.

Shumank Deep, Thayaparan Gajendran, and Marcus Jefferies. A systematic review of ‘enablers

of collaboration’ among the participants in construction projects. International Journal of Con-

struction Management, 0(0):1–13, 2019. ISSN 15623599. doi: 10.1080/15623599.2019.1596624.

URL https://doi.org/10.1080/15623599.2019.1596624.

Alan Dix, J Finlay, G DAbowd, and R Beale. Human-Computer Interaction. Pearson Education

Limited, UK, 3 edition, 2004. ISBN 978-0-13-046109-4.

Hemanta Doloi. Cost Overruns and Failure in Project Management: Understanding the Roles

of Key Stakeholders in Construction Projects. Journal of Construction Engineering and Man-

agement, 139(3):267–279, 2013. ISSN 0733-9364. doi: 10.1061/(asce)co.1943-7862.0000621.

Aguinaldo dos Santos. Application of flow principles in the production management of construc-

tion sites. PhD thesis, University of Salford, 1999.

Dov Dvir, Tzvi Raz, and Aaron J Shenhar. An empirical analysis of the relationship between

project planning and project success. International Journal of ProjectManagement, 21(2):89–95,

2003.

Charles M. Eastman, Paul Teicholz, Rafael Sacks, and Kathleen Liston. BIM handbook: A guide

to building information modeling for owners, managers, designers, engineers and contractors.

JohnWiley & Sons, 2011.

Jan A. Elfving. A decade of lessons learned: deployment of lean at a large general contractor.

Construction Management and Economics, 0(0):1–14, 2021. ISSN 1466433X. doi: 10.1080/

01446193.2021.1938161. URL https://doi.org/10.1080/01446193.2021.1938161.

Bilge Erdogan, Chimay J. Anumba, Dino Bouchlaghem, and Yasemin Nielsen. Collaboration

Environments for Construction: Implementation Case Studies. Journal of Management in En-

gineering, 24(4):234–244, 2008. ISSN 0742-597X. doi: 10.1061/(asce)0742-597x(2008)24:4(234).

Olusegan Oyewale Faniran, Jacob Oludoye Oluwoye, and Dennis Lenard. Effective construction

planning. Construction management and economics, 12(6):485–499, 1994.

Gerhard Fischer,Elisa Giaccardi,Hal Eden,Masanori Sugimoto, andYunwenYe. Beyond binary

choices: Integrating individual and social creativity. International Journal of Human-Computer

Studies, 63(4):482–512, 2005. doi: http://dx.doi.org/10.1016/j.ijhcs.2005.04.014. URL http://
www.sciencedirect.com/science/article/pii/S1071581905000479.

62

https://doi.org/10.1080/15623599.2019.1596624
https://doi.org/10.1080/01446193.2021.1938161
http://www.sciencedirect.com/science/article/pii/S1071581905000479
http://www.sciencedirect.com/science/article/pii/S1071581905000479


Carlos Torres Formoso, Aguinaldo dos Santos, and J A Powell. An exploratory study on the

applicability of process transparency in construction sites. Journal of Construction Research, 3

(01):35–54, 2002.

Campbell Fraser. The influence of personal characteristics on effectiveness of construction site

managers. Construction Management and Economics, 18(1):29–36, 2000. ISSN 01446193. doi:

10.1080/014461900370924.

Fredrik Friblick and Tobias Nordlund. Framgångsrik planering i byggprojekt. Technical report,

2013.

Fredrik Friblick andVeronica Olsson. Planering i byggproduktion. Sveriges byggindustrier, 2009.

Yaser Gamil and Ismail Abdul Rahman. Identification of causes and effects of poor communi-

cation in construction industry: A theoretical review. Emerging Science Journal, 1(4):239–247,

2017. ISSN 26109182. doi: 10.28991/ijse-01121.

Vito Getuli, Pietro Capone, Alessandro Bruttini, and Shabtai Isaac. BIM-based immersive Vir-

tual Reality for construction workspace planning: A safety-oriented approach. Automation in

Construction, 114(February):103160, 2020. ISSN 09265805. doi: 10.1016/j.autcon.2020.103160.

URL https://doi.org/10.1016/j.autcon.2020.103160.

Ali Ghaffarianhoseini, John Tookey, Amirhosein Ghaffarianhoseini, Nicola Naismith, Salman

Azhar, Olia Efimova, and Kaamran Raahemifar. Building Information Modelling (BIM)

uptake: Clear benefits, understanding its implementation, risks and challenges. Renewable

and Sustainable Energy Reviews, 75(December 2016):1046–1053, 2017. ISSN 18790690. doi:

10.1016/j.rser.2016.11.083.

Kassim Gidado. Enhancing the prime contractor’s pre-construction planning. Journal of Con-

struction Research, 5(01):87–106, 2004.

Shirley Gregor andAlan R Hevner. Positioning and presenting design science research for max-

imum impact. MIS quarterly, 37(2):337–355, 2013.

Mehdi Hafsia, Eric Monacelli, and HugoMartin. Virtual reality simulator for construction work-

ers. ACM International Conference Proceeding Series, 2018. doi: 10.1145/3234253.3234298.

David Heesom and Lamine Mahdjoubi. Trends of 4D CAD applications for construction

planning. Construction Management and Economics, 22(22):171–182, 2004. doi: 10.1080/

0144619042000201376.

Alan Hevner and Samir Chatterjee. Design Research in Information Systems, volume 28.

Springer, 2012. ISBN 9781441956521. doi: 10.1007/978-1-4419-6108-2.

Alan R Hevner. A Three Cycle View of Design Science Research. Scandinavian Journal of

Information Systems, 19(2):87–92, 2007. ISSN 09050167. doi: http://aisel.aisnet.org/sjis/vol19/

iss2/4.

63

https://doi.org/10.1016/j.autcon.2020.103160


Alan R Hevner, Salvatore T March, Jinsoo Park, and Sudha Ram. Design science in information

systems research. MIS quarterly, 28(1):75–105, 2004.

Umit Isikdag, Jason Underwood,Murat Kuruoglu, Jack Goulding, and UtkuAcikalin. Construc-

tion informatics in Turkey: Strategic role of ICT and future research directions. Journal of

Information Technology in Construction, 14:412–428, 2009. ISSN 14036835.

Paul Johannesson and Erik Perjons. An introduction to design science. Springer, 2014. ISBN

3319106325.

Mikael Johansson.FromBIM toVR -The design and development of BIMXplorer. Phd,Chalmers

University of technology, 2016. URL http://www.cmb-chalmers.se/wp-content/uploads/
2015/10/From{_}BIM{_}to{_}VR{_}Thesis{_}FINAL{_}Mikael{_}Johansson{_}small.
pdf.

Mikael Johansson and Mattias Roupé. BIM and Virtual Reality (VR) at the construction site.

In Proceedings of the 19th International Conference on Construction Applications of Virtual

Reality, Bankok,Thailand, 2019.

Mikael Johansson andMattias Roupé. KanVR förbättra kundskapsåterföring från produktionen

under projekering? SBUF Rapport 13763. Technical report, SBUF, Göteborg, 2021.

Mikael Johansson, Mattias Roupé, and Mikael Viklund Tallgren. From BIM to VR - Integrat-

ing immersive visualizations in the current design process. In Fusion-Proceedings of the 32nd

eCAADe Conference-Volume 2 (eCAADe 2014), volume 195, pages 261–269, 2014.

Russell Kenley and Olli Seppänen. Location-based Management System for Construction: Plan-

ning, Scheduling and Control. Spon Press, 2010. ISBN 978-0-415-37050-9.

Atul Khanzode, Martin Fischer, Dean Reed, and Glenn Ballard. A guide to applying the princi-

ples of virtual design& construction (VDC) to the lean project delivery process.CIFE,Stanford

University, Palo Alto, CA, 2006.

Dimosthenis Kifokeris. Variants of Swedish Lean Construction Practices Reported in Research:

Systematic Literature Review and Critical Analysis. Journal of Construction Engineering and

Management, 147(7):1–14, 2021. ISSN 0733-9364. doi: 10.1061/(asce)co.1943-7862.0002079.

Hyunjoo Kim, Kyle Anderson, SangHyun Lee, and John Hildreth. Generating con-

struction schedules through automatic data extraction using open BIM (build-

ing information modeling) technology. Automation in Construction, 35:285–295,

2013. ISSN 0926-5805. doi: https://doi.org/10.1016/j.autcon.2013.05.020. URL

http://www.sciencedirect.com/science/article/pii/S0926580513000873http:
//www.scopus.com/inward/record.url?eid=2-s2.0-84884500391{&}partnerID=
40{&}md5=133bb5c758bdb1bc5aa31db497ab4a18.

Lauri Koskela,Greg Howell, Ergo Pikas, and Bhargav Dave. If CPM is so bad,why have we been

using it so long? 2014.

64

http://www.cmb-chalmers.se/wp-content/uploads/2015/10/From{_}BIM{_}to{_}VR{_}Thesis{_}FINAL{_}Mikael{_}Johansson{_}small.pdf
http://www.cmb-chalmers.se/wp-content/uploads/2015/10/From{_}BIM{_}to{_}VR{_}Thesis{_}FINAL{_}Mikael{_}Johansson{_}small.pdf
http://www.cmb-chalmers.se/wp-content/uploads/2015/10/From{_}BIM{_}to{_}VR{_}Thesis{_}FINAL{_}Mikael{_}Johansson{_}small.pdf
http://www.sciencedirect.com/science/article/pii/S0926580513000873 http://www.scopus.com/inward/record.url?eid=2-s2.0-84884500391{&}partnerID=40{&}md5=133bb5c758bdb1bc5aa31db497ab4a18
http://www.sciencedirect.com/science/article/pii/S0926580513000873 http://www.scopus.com/inward/record.url?eid=2-s2.0-84884500391{&}partnerID=40{&}md5=133bb5c758bdb1bc5aa31db497ab4a18
http://www.sciencedirect.com/science/article/pii/S0926580513000873 http://www.scopus.com/inward/record.url?eid=2-s2.0-84884500391{&}partnerID=40{&}md5=133bb5c758bdb1bc5aa31db497ab4a18


Lauri Koskela, Algan Tezel, and Patricia Tzortzopoulos. Why visual management? IGLC 2018

- Proceedings of the 26th Annual Conference of the International Group for Lean Construc-

tion: Evolving Lean Construction Towards Mature Production Management Across Cultures

and Frontiers, 1:250–260, 2018. doi: 10.24928/2018/0527.

Steinar Kvale. InterViews: An Introduction to Qualitative Research Interviewing. SAGE Publica-

tions, 1996. ISBN 9780803958203.

Camilo Ignacio Lagos,Rodrigo Fernando Herrera, and Luis FernandoAlarcón. Contributions of

InformationTechnologies to Last Planner System implementation. InProc.Lean&Computing

in Construction Congress (LC3), volume 1, 2017.

Alexander Laufer. A micro view of the project planning process. Construction management and

economics, 10(1):31–43, 1992.

Alexander Laufer and Richard LTucker. Is construction project planning really doing its job? A

critical examination of focus, role and process. Construction management and economics, 5(3):

243–266, 1987.

Long Li, Zhongfu Li, Xiaodan Li, and GuangdongWu. A review of global lean construction dur-

ing the past two decades: analysis and visualization. Engineering, Construction and Architec-

tural Management, 26(6):1192–1216, 2019. ISSN 09699988. doi: 10.1108/ECAM-03-2018-0133.

JeffreyK.Liker.The toyotaway, 14management Principles from theworld’s greatestmanufacturer.

Esensi, 2005. ISBN 9797813770.

Jacob J. Lin and Mani Golparvar-Fard. Visual and Virtual Production Management System for

Proactive Project Controls. Journal of Construction Engineering and Management, 147(7):

04021058, 2021. ISSN 0733-9364. doi: 10.1061/(asce)co.1943-7862.0002045.

Henrik Linderoth. BIM i byggproduktionen: organisatoriska hinder och drivkrafter. Centrum för

management i byggsektorn (CMB), 2013.

Tomas Lindholm. Lean in Construction Projects: Is lean suitable for all construction projects?

PhD thesis, 2014.

Yan Liu, Sander Van Nederveen, and Marcel Hertogh. Understanding effects of BIM on collab-

orative design and construction: An empirical study in China. International Journal of Project

Management, 35(4):686–698, 2017.

Yujie Lu,Yongkui Li, Miroslaw Skibniewski, ZhileiWu, RunshiWang, and Yun Le. Information

and Communication TechnologyApplications in Architecture, Engineering, and Construction

Organizations: A 15-Year Review. Journal of Management in Engineering, 31(1):1–19, 2015.

ISSN 0742-597X. doi: 10.1061/(asce)me.1943-5479.0000319.

Lan Luo, Qinghua He, Edward J. Jaselskis, and Jianxun Xie. Construction Project Complexity:

Research Trends and Implications. Journal of Construction Engineering and Management, 143

(7):04017019, 2017. ISSN 0733-9364. doi: 10.1061/(asce)co.1943-7862.0001306.

65



TarjaMäki andHannele Kerosuo. Site managers’ daily work and the uses of building information

modelling in construction site management. Construction Management and Economics, 33(3):

163–175, 2015. ISSN 1466433X. doi: 10.1080/01446193.2015.1028953. URL http://dx.doi.
org/10.1080/01446193.2015.1028953.

Salvatore T March and Gerald F Smith. Design and natural science research on information

technology. Decision support systems, 15(4):251–266, 1995.

Christoph Merschbrock and Bjørn Erik Munkvold. A research review on building information

modeling in construction-an area ripe for is research. Communications of the Association for

Information Systems, 31(1):207–228, 2012. ISSN 15293181.

Annika Moscati and Susanne Engström. Digitalisation and industrialisation exploration of the

current and future challenges in the swedish built environment sector. In CGorse and C JNeil-

son, editors, Proceedings of the 35th Annual ARCOM Conference, 2-4 September 2019, pages

386–395.Association ofResearchers inConstructionManagement, 2019. ISBN9780995546349.

Abbas Ahmad Muhammad, IbrahimYitmen, Sepehr Alizadehsalehi, and Tolga Celik. Adoption

of Virtual Reality (VR) for Site Layout Optimization of Construction Projects. Teknik Dergi,

pages 9833–9850, 2020. ISSN 1300-3453. doi: 10.18400/tekderg.423448.

Madhav Prasad Nepal and Sheryl Staub-French. Supporting knowledge-intensive construction

management tasks in BIM. Journal of InformationTechnology in Construction, 21:13–38, 2016.

Okechukwu Bruno Kizito Nwadigo, Nicola Naismith,Ali GhaffarianHoseini,Amirhosein Ghaf-

farianHoseini, and John Tookey. Construction project planning and scheduling as a dynamic

system: a content analysis of the current status, technologies and forward action. Smart and

Sustainable Built Environment, 2021. ISSN 20466102. doi: 10.1108/SASBE-02-2021-0022.

Hylton Olivieri, Olli Seppänen, Thais Da C.L. Alves, Natalie M. Scala, Vincent Schiavone, Min

Liu, andAriovaldo Denis Granja. Survey Comparing Critical Path Method, Last Planner Sys-

tem, and Location-Based Techniques. Journal of Construction Engineering and Management,

145(12), 2019. ISSN 07339364. doi: 10.1061/(ASCE)CO.1943-7862.0001644.

Mehran Oraee, M. Reza Hosseini, Eleni Papadonikolaki, Roshani Palliyaguru, and Mehrdad

Arashpour. Collaboration in BIM-based Construction Networks : A Bibliometric-Qualitative

Literature Review. International Journal of Project Management, 35(7):1288–1301, 2017.

Mehran Oraee,M. Reza Hosseini, David J. Edwards, Heng Li, Eleni Papadonikolaki, and Dong-

ping Cao. Collaboration barriers in BIM-based construction networks: A conceptual model.

International Journal of Project Management, 37(6):839–854, 2019. ISSN 02637863. doi: 10.

1016/j.ijproman.2019.05.004. URL https://doi.org/10.1016/j.ijproman.2019.05.004.

Lauri Koskela Patricia Tzortzopoulos, Mike Kagioglou. Lean Construction-Core Concepts and

New Frontiers, volume 53. 2020. ISBN 9780429203732. URL https://doi-org.libproxy.
ncl.ac.uk/10.1201/9780429203732.

66

http://dx.doi.org/10.1080/01446193.2015.1028953
http://dx.doi.org/10.1080/01446193.2015.1028953
https://doi.org/10.1016/j.ijproman.2019.05.004
https://doi-org.libproxy.ncl.ac.uk/10.1201/9780429203732
https://doi-org.libproxy.ncl.ac.uk/10.1201/9780429203732


Mircea Prodan,Adriana Prodan, andAncaAlecandra Purcarea. Three New Dimensions to Peo-

ple, Process, Technology Improvement Model. In New Contributions in Information Systems

and Technologies, pages 481–490. Springer, 2015.

Julia Ratajczak, Christoph Paul Schimanski, Carmen Marcher, Michael Riedl, and Dominik T.

Matt. MobileApplication for Collaborative Scheduling andMonitoring of ConstructionWorks

According to Lean Construction Methods. Lecture Notes in Computer Science (including sub-

series LectureNotes inArtificial Intelligence andLectureNotes in Bioinformatics), 10451 LNCS:

207–214, 2017. ISSN 16113349. doi: 10.1007/978-3-319-66805-5_26.

AnaReinbold,Olli Seppänen, andAntti Peltokorpi. The role of digitalized visual management to

empower self-managed crews in construction projects. IGLC28 - 28thAnnualConference of the

International Group for Lean Construction 2020, pages 925–936, 2020. doi: 10.24928/2020/0021.

Jorge Reyna. the Potential of 360-Degree Videos for Teaching, Learning and Research. 12th

International Technology, Education and Development Conference, 1(March):1448–1454, 2018.

ISSN 2340-1079. doi: 10.21125/inted.2018.0247.

Mattias Roupé, Mikael Johansson, Mikael Viklund Tallgren, Fredrik Jörnebrant, and Petru An-

drei Tomsa. Immersive visualisation of building information models: Usage and future pos-

sibilities during design and construction. CAADRIA 2016, 21st International Conference on

Computer-Aided Architectural Design Research in Asia - Living Systems and Micro-Utopias:

Towards Continuous Designing, pages 673–682, 2016.

Mattias Roupé, Mikael Johansson, and Mikael Viklund Tallgren. Virtuell Produktions Modell

i Skala 1:1 på Byggarbetsplatsen. SBUF Rapport 13033. Technical report, SBUF, Göteborg,

2017.

Mattias Roupé, Mikael Johansson, Laura Maftei, Rikard Lundstedt, and Mikael Viklund Tall-

gren. Seamless Integration of Multi-touch Table and ImmersiveVR for Collaborative Design.

Advances in Informatics and Computing in Civil and Construction Engineering, pages 263–270,

2019. doi: 10.1007/978-3-030-00220-6_32.

Modar Saad, Shukri Baba, and Omar Amoudi. A suggested solution to improve the traditional

construction planning approach. Jordan Journal of Civil Engineering, 9(2):185–196, 2015. ISSN

2225157X.

E Sackey,MTuuli, andAndrew R.J.Dainty. Sociotechnical systems approach to BIM implemen-

tation in a multidisciplinary construction context. Journal of management in engineering, 31(1):

A4014005, 2015.

Rafael Sacks, Lauri Koskela, Bhargav Dave, and Robert Owen. Interaction of lean and building

information modeling in construction. Journal of construction engineering and management,

136(9):968–980, 2010. ISSN 07339364. doi: 10.1061/(ASCE)CO.1943-7862.0000203.

SAF, LO, and PTK. Utvecklingsavtal i byggnadsindustrin. Technical report, 1986.

67



José R. San Cristóbal, Luis Carral, Emma Diaz, José A. Fraguela, and Gregorio Iglesias. Com-

plexity and project management: A general overview. Complexity, 2018, 2018. ISSN 10990526.

doi: 10.1155/2018/4891286.

Maroua Sbiti, Karim Beddiar, Djaoued Beladjine, Romuald Perrault, and Bélahcène Mazari.

Toward BIM and LPS Data Integration for Lean Site Project Management: A State-of-

the-Art Review and Recommendations. Buildings, 11(5):196, 2021. ISSN 20755309. doi:

10.3390/buildings11050196.

Christoph Paul Schimanski and Carmen Marcher. The Last Planner ® System and Building In-

formation Modeling in Construction Execution : From an Integrative Review to a Conceptual

Model for Integration. pages 1–29, 2020. doi: 10.3390/app10030821.

HerbertA Simon. The sciences of the artificial, (third edition), volume 33. MIT press, 3rd edition,

1996. ISBN 9780262691918. doi: 10.1016/S0898-1221(97)82941-0. URL http://linkinghub.
elsevier.com/retrieve/pii/S0898122197829410.

Rolf Simonsen. Et ledelseskoncept i politiske arenaer-Lean Construction i dansk byggeri. PhD

thesis, 2007.

Dave Snowdon, Elizabeth F Churchill, and Alan J Munro. Collaborative Virtual Environments:

Digital Spaces and Places for CSCW: An Introduction. Virtual Reality, 3(1):3–15, 1998. doi:

10.1007/978-1-4471-0685-2_1. URL https://doi.org/10.1007/978-1-4471-0685-2{_}1.

Jan Söderberg. Concordia – försök med integrerad planering. Technical report, Lund, 2006.

Alexander Styhre and Per-Erik Josephson. Revisiting site manager work: stuck in the middle?

Construction management and economics, 24(5):521–528, 2006.

Viktoria Sundquist,Alessio Domenico Leto,Mathias Gustafsson,Mikael Johansson, andMattias

Roupé. Bim in construction production: Gains and hinders for firms, projects and industry.AR-

COM 2020 -Association of Researchers in Construction Management, 36thAnnual Conference

2020 - Proceedings, pages 505–514, 2020.

Fredrik Svalestuen,Vegard Knotten, and Ola Laedre. Using Building Information Model (Bim)

Devices To Improve Information Flow and Collaboration on Construction Sites. Journal of

Information Technology in Construction, 22(22):204–219, 2017. ISSN 18744753 (ISSN). URL

http://www.itcon.org/2017/11.

Ramon Bjorn Antoinne ter Huurne and Léon Luc Olde Scholtenhuis. Digitization

for integration: Fragmented realities in the utility sector. ARCOM 2018 Confer-

ence, (September):3–5, 2018. URL https://research.utwente.nl/en/publications/
digitization-for-integration-fragmented-realities-in-the-utility-.

Algan Tezel, Lauri Koskela, and Patricia Tzortzopoulos. Visual management in production man-

agement: A literature synthesis. Journal of Manufacturing Technology Management, 27(6):

766–799, 2016. ISSN 1741038X. doi: 10.1108/JMTM-08-2015-0071.

68

http://linkinghub.elsevier.com/retrieve/pii/S0898122197829410
http://linkinghub.elsevier.com/retrieve/pii/S0898122197829410
https://doi.org/10.1007/978-1-4471-0685-2{_}1
http://www.itcon.org/2017/11
https://research.utwente.nl/en/publications/digitization-for-integration-fragmented-realities-in-the-utility-
https://research.utwente.nl/en/publications/digitization-for-integration-fragmented-realities-in-the-utility-


BATezel, Lauri Koskela, and Patricia Tzortzopoulos. Visual management–A general overview.

2009.

Janni Tjell. The constructed space of a construction design team. PhD thesis, Chalmers University

of Technology, 2016.

JanTulke and JochenHanff. 4DConstruction Sequence Planning –NewProcess andDataModel.

Proceedings of CIB-W78 24th International Conference on Information Technology in Con-

struction, pages 79–84, 2007. URL http://citeseerx.ist.psu.edu/viewdoc/download?
doi=10.1.1.116.4602{&}rep=rep1{&}type=pdf.

Žiga Turk. Construction informatics: Definition and ontology. Advanced Engineering Infor-

matics, 20(2):187–199, 2006. doi: https://doi.org/10.1016/j.aei.2005.10.002. URL http://www.
sciencedirect.com/science/article/pii/S1474034605000911.

Žiga Turk. Construction Informatics in European Research: Topics and Agendas. Jour-

nal of Computing in Civil Engineering, 21(3):211–219, 2007. ISSN 0887-3801. doi:

10.1061/(ASCE)0887-3801(2007)21:3(211). URL http://ascelibrary.org/doi/10.1061/
{%}28ASCE{%}290887-3801{%}282007{%}2921{%}3A3{%}28211{%}29.

Žiga Turk. Structured analysis of ICT adoption in the European construction industry. Inter-

national Journal of Construction Management, 0(0):1–7, 2021. ISSN 1562-3599. doi: 10.1080/

15623599.2021.1925396. URL https://doi.org/10.1080/15623599.2021.1925396.

Žiga Turk and Robert Klinc. A social–product–process framework for construction. Building

Research and Information, 48(7):747–762, 2020. ISSN 14664321. doi: 10.1080/09613218.2019.

1691487. URL https://doi.org/10.1080/09613218.2019.1691487.

Alberto UrbinaVelasco. Assessment of 4D BIM applications for project management functions.

2013.

Léon A H M van Berlo, Mathijs Natrop, Léon A H M Van Berlo, and Mathijs Natrop.

BIM on the construction site: Providing hidden information on task specific drawings.

Journal of Information Technology in Construction, 20(Special Issue: ECPPM 2014):10,

2015. ISSN 14006529. URL http://www.scopus.com/inward/record.url?eid=2-s2.
0-84921685621{&}partnerID=tZOtx3y1.

John Velentzas and Georgia Broni. Communication cycle : Definition , process , models

and examples. Recent Advances in Financial Planning and Product Development, pages

117–131, 2014. URL http://www.wseas.us/e-library/conferences/2014/Istanbul/
FINANCE/FINANCE-00.pdf.

GrahamM.Winch.Managing construction projects. JohnWiley & Sons, 2010. ISBN 1405184574.

Graham M.Winch and John Kelsey. What do construction project planners do? International

Journal of Project Management, 23(2):141–149, 2005. ISSN 02637863. doi: https://doi.org/10.

1016/j.ijproman.2004.06.002.

69

http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.116.4602{&}rep=rep1{&}type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.116.4602{&}rep=rep1{&}type=pdf
http://www.sciencedirect.com/science/article/pii/S1474034605000911
http://www.sciencedirect.com/science/article/pii/S1474034605000911
http://ascelibrary.org/doi/10.1061/{%}28ASCE{%}290887-3801{%}282007{%}2921{%}3A3{%}28211{%}29
http://ascelibrary.org/doi/10.1061/{%}28ASCE{%}290887-3801{%}282007{%}2921{%}3A3{%}28211{%}29
https://doi.org/10.1080/15623599.2021.1925396
https://doi.org/10.1080/09613218.2019.1691487
http://www.scopus.com/inward/record.url?eid=2-s2.0-84921685621{&}partnerID=tZOtx3y1
http://www.scopus.com/inward/record.url?eid=2-s2.0-84921685621{&}partnerID=tZOtx3y1
http://www.wseas.us/e-library/conferences/2014/Istanbul/FINANCE/FINANCE-00.pdf
http://www.wseas.us/e-library/conferences/2014/Istanbul/FINANCE/FINANCE-00.pdf


Josef Wolfartsberger. Analyzing the potential of Virtual Reality for engineering design review.

Automation in Construction, 104(November 2018):27–37, aug 2019. ISSN 09265805. doi: 10.

1016/j.autcon.2019.03.018. URL https://www.sciencedirect.com/science/article/abs/
pii/S0926580518312093https://doi.org/10.1016/j.autcon.2019.03.018.

Xiaolong Xue, Qiping Shen, Hongqin Fan, Heng Li, and Shichao Fan. IT supported collabo-

rative work in A/E/C projects: A ten-year review. Automation in Construction, 21:1–9, 2012.

ISSN 0926-5805. doi: doi:10.1016/j.autcon.2011.05.016. URL http://www.sciencedirect.
com/science/article/pii/S0926580511001002.

Reza Zaker and Eloi Coloma. Virtual reality-integrated workflow in BIM-enabled projects col-

laboration and design review: a case study. Visualization in Engineering, 6(1), 2018. ISSN

22137459. doi: 10.1186/s40327-018-0065-6.

Xun Zhang, SalmanAzhar,Abid Nadeem, andMalik Khalfan. Using Building InformationMod-

elling to achieve Lean principles by improving efficiency of work teams. International Journal

of ConstructionManagement, 18(4):293–300, 2018. ISSN 15623599. doi: 10.1080/15623599.2017.

1382083. URL https://doi.org/10.1080/15623599.2017.1382083.

Wei Zhou, David Heesom, Panagiotis Georgakis, and Tah Joseph HM. User-Centred Design for

Collaborative 4D Modelling. Construction Innovation, 14(4):493–517, 2014.

Ofer Zwikael. Critical planning processes in construction projects. Construction Innovation, 9

(4):372–387, 2009.

70

https://www.sciencedirect.com/science/article/abs/pii/S0926580518312093 https://doi.org/10.1016/j.autcon.2019.03.018
https://www.sciencedirect.com/science/article/abs/pii/S0926580518312093 https://doi.org/10.1016/j.autcon.2019.03.018
http://www.sciencedirect.com/science/article/pii/S0926580511001002
http://www.sciencedirect.com/science/article/pii/S0926580511001002
https://doi.org/10.1080/15623599.2017.1382083

	Introduction
	Research Problem and Objective
	Research Questions
	Research Approach
	Structure of Thesis

	Frame of reference
	Collaborative planning approaches in construction
	Information Communication Technologies and Construction informatics
	Building Information Modelling and 4D modelling and visualisation
	Virtual Reality and Collaborative Virtual Environments


	Research Design
	Research questions and DSR approach
	Research process
	Methods of data collection and analysis

	Research method and design reflection
	Ethical Considerations, Trustworthiness and Quality of Data

	Summary of the papers
	Paper I - An empowered collaborative planning method in a Swedish construction company - A case study
	Purpose
	Method
	Findings
	Contributions

	Paper II - BIM-tool development enhancing collaborative scheduling for pre-construction
	Purpose
	Method
	Findings
	Contributions

	Paper III - 4D modelling using virtual collaborative planning and scheduling
	Purpose
	Method
	Findings
	Contributions

	Paper IV - A BIM-based collaborative production planning system: Design, development, and evaluation
	Purpose
	Method
	Findings
	Contributions


	The Virtual Production Planning system
	Analysis and Discussion
	The use of collaborative planning and scheduling in construction production
	Characteristics and key process elements in collaborative planning
	ICT support of collaborative planning and scheduling
	The design and implementation of the VPP-system
	New understanding and developments of collaborative planning and supporting systems

	Conclusion
	Implications for practice
	Implications for the knowledge base and future research

	 References
	AllaPaper.pdf
	Introduction
	Research Problem and Objective
	Research Questions
	Research Approach
	Structure of Thesis

	Frame of reference
	Collaborative planning approaches in construction
	Information Communication Technologies and Construction informatics
	Building Information Modelling and 4D modelling and visualisation
	Virtual Reality and Collaborative Virtual Environments


	Research Design
	Research questions and DSR approach
	Research process
	Methods of data collection and analysis

	Research method and design reflection
	Ethical Considerations, Trustworthiness and Quality of Data

	Summary of the papers
	Paper I - An empowered collaborative planning method in a Swedish construction company - A case study
	Purpose
	Method
	Findings
	Contributions

	Paper II - BIM-tool development enhancing collaborative scheduling for pre-construction
	Purpose
	Method
	Findings
	Contributions

	Paper III - 4D modelling using virtual collaborative planning and scheduling
	Purpose
	Method
	Findings
	Contributions

	Paper IV - A BIM-based collaborative production planning system: Design, development, and evaluation
	Purpose
	Method
	Findings
	Contributions


	The Virtual Production Planning system
	Analysis and Discussion
	The use of collaborative planning and scheduling in construction production
	Characteristics and key process elements in collaborative planning
	ICT support of collaborative planning and scheduling
	The design and implementation of the VPP-system
	New understanding and developments of collaborative planning and supporting systems

	Conclusion
	Implications for practice
	Implications for the knowledge base and future research

	 References
	Paper II .pdf
	1. INTRODUCTION
	2. BACKGROUND & LITERATURE REVIEW
	2.1 Requirements for adopting a collaborative user perspective

	3. DESIGN SCIENCE
	3.1 Data collection for requirements
	3.2 Data collection during the evaluations

	4. PROBLEM EXPLICATION
	4.1 An approach to collaborative planning
	4.2 Observations from the workshops
	4.2.1 Review zone phase
	4.2.2 Plan zone phase
	4.2.3 Schedule zone phase
	4.2.4 Overall drawbacks

	4.3 Current limitations concerning existing software

	5. THE VISUAL PROJECT PLANNER APPLICATION
	5.1 Application process overview
	5.2 Requirements
	5.3 The developed VPP-application

	6. EVALUATION OF THE VPP-APPLICATION
	6.1 Overview of project and participating disciplines
	6.2 Individual and group work.
	6.3 Information gathering while creating activities.
	6.4 Collaborative creation of the schedule.
	6.5 Summary of the evaluations

	7. DISCUSSION AND FUTURE WORK
	ACKNOWLEDGEMENTS
	REFERENCES





