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A B S T R A C T

To improve efficiency and reduce waste in Architecture, Engineering and Construction (AEC) projects,
Integrated Project Delivery (IPD) has been proposed and used in some projects, revealing great advantages.
However, IPD depends heavily on “big room” collaboration, which requires the constant presence of nearly all
participants and is particularly difficult for small or medium projects. To overcome this problem, this research
aims to develop a dedicated collaboration platform for IPD to achieve more efficient collaboration and replace
the highly resource-consuming “big room”. Based on requirement analysis and design of the system architecture,
a prototype system is developed and tested in a virtual IPD project. When combined with a few meetings, this
collaboration platform can replace the “big room”. This will significantly reduce the difficulty associated with
implementing IPD projects and thus promote the adoption of IPD.

1. Introduction

The outputs of Architecture, Engineering and Construction (AEC)
projects are unique products, and AEC projects require close colla-
boration among project participants [1]. However, collaboration in
traditional project delivery methods commonly adopted in AEC pro-
jects, such as Design-Bid-Build (DBB), Design-Build (DB) and con-
struction manager at risk (CM-at-Risk) [2], is prevented by goal in-
consistency and implementation fragmentation among project
participants. With respect to goal inconsistency, the owners' goals are to
achieve better quality, lower project costs and shorter project duration,
whereas the constructors' and designers' goals are to receive greater
construction fees and design fees, respectively. Thus, each participant
fights for his/her own goals instead of for maximizing the value of the
entire project. With respect to implementation fragmentation, partici-
pants generally conduct their work separately and simply deliver their
work results to each other; thus, they cannot easily absorb knowledge
and experience from the other participants. These two aspects both
contribute to the inefficiency and waste of AEC projects.

Deficiencies caused by goal inconsistency and implementation
fragmentation have become increasingly severe in recent years as
buildings have become more complex and the AEC industry has become
more specialized. A new project delivery method called Integrated
Project Delivery (IPD) has been proposed to overcome these defi-
ciencies and thus improve control over the cost, schedule and quality of
projects compared to traditional delivery methods [3]. IPD is char-
acterized by the early involvement of all participants, close

collaboration among them, and the combination of each participant's
unique contribution to the development and decision process, always
with the aim of optimizing the entire project as opposed to seeking the
self-interest of their respective organizations. According to the results of
a survey on IPD projects, the most commonly observed benefits of IPD
include fewer change orders, increased cost savings, shorter schedules
and fewer requests for information (RFIs) [4]. Encouraged by these
advantages, an increasing number of owners are attaching importance
to IPD.

A project delivery method has three general aspects: the organiza-
tion, which refers to how the participants in a project are organized to
establish a project team; the commercial terms, which refer to the
contractual responsibilities and associated compensation; and the op-
eration system, which refers to how the project is performed and
managed on an overall and day-to-day basis [5]. For an IPD project, the
first two aspects are typically specified clearly in IPD contracts, which
are signed before the project begins. Some standard IPD contracts have
been published for adoption [6–9]. The core of the third aspect is col-
laborative work among participants. Because of frequent communica-
tion, complex processes, management and sharing of mass information
and the large number of involved participants, collaborative work is
difficult to perform and manage.

Thus far, collaborative work in IPD projects (hereafter referred to as
IPD collaboration for brevity) has been conducted based on infra-
structures such as the “big room” or collaboration platforms. Our pre-
vious review of the literature around the world indicated that 45.5% of
IPD projects used a “big room,” 59.1% used a collaboration platform,
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27.3% used both of these infrastructure types, and only 22.7% used
neither a ‘big room’ nor a collaboration platform [10]. A “big room”
represents a large room facilitating the colocation of the entire project
team, where participants work collaboratively. Because this infra-
structure requires the near-constant presence of the project partici-
pants, it is applicable for large projects where the budget of the project
for individual participants can justify full-time allocation of all parti-
cipants, but it is difficult to implement for medium or small projects,
where participants are typically working simultaneously on several
projects in geographically disparate locations [11]. For some in-
vestigated cases in which a “big room” was not used, regular meetings
were held instead, but the effect was rather limited, and considerable
time and money must have been wasted on travel to attend meetings.

Due to the limitations of their functions, existing collaboration
platforms have largely acted as shared information repositories and are
not sufficiently powerful to replace the “big room” or the regular
meetings used in previous IPD projects, which hinders the promotion of
IPD, particularly for medium or small projects. With the development
and maturation of information communication technology (ICT), there
is an increasing trend of moving activities from offline to online, as has
occurred in the fields of communication, shopping, and education. ICT
is also expected to be beneficial for moving IPD collaboration from
offline to online. Although current ICT technology cannot yet com-
pletely replace face-to-face communication in IPD projects [11], it is
still possible and justified to develop more powerful collaboration
platforms to reduce the dependence on face-to-face communication,
i.e., replace the “big room” with regular meetings and further reduce
the frequency of such meetings, which will lower the threshold for
implementing IPD.

Collaboration platforms are used to improve the efficiency of col-
laboration, which can be further divided into synchronous and asyn-
chronous collaboration, and management and sharing of information,
which can further be divided into structured and unstructured in-
formation [12]. In the following, previous research on collaboration
platforms will be reviewed in terms of these four aspects.

For synchronous collaboration, many technologies are already suf-
ficiently mature to be applied, such as video meetings and instant
messages. Some new technologies, such as 3D [13], virtual and mixed
reality [14,15], have been used in synchronous collaborations.

For asynchronous collaboration, Chen et al. developed an online
collaborative modeling platform to support team members from mul-
tiple disciplines in the collaborative creation of Building Information
Modeling (BIM) models with fewer design iterations for conflict re-
solution. To achieve this objective, a multi-specialty BIM model to be
developed is divided into BIM sub-models according to different parts
of the building. Then, using the platform, these BIM sub-models are
developed in parallel and separately from each other. Each part of the
BIM sub-model corresponding to a different specialty, such as archi-
tecture, structure, and HVAC, is developed successively on the platform
by the specialized teams following a linear workflow, such that each
part is built based on a previous part [16,17]. Choo developed a col-
laboration platform that integrates the Analytical Design Planning
Technique (ADePT) to automate the creation of the work plan and
minimize design iterations and the Last Planner System (LPS) to guide
the flow of the creation, execution and adjustment of the work plan to
allow the work plan to be realized reliably [18].

Regarding the aspect of management and sharing of unstructured
information, existing commercial platforms support the use of hier-
archical folders along with authorities corresponding to the folders.
Forcada et al. developed a web-based tool that can automatically gen-
erate an organizational document structure according to project in-
formation such as lifecycle phases, stakeholders, contractual arrange-
ments, working areas, and document types. The structure can then be
downloaded and applied in a collaboration platform with the aim of
ensuring that all stakeholders work with the same well-structured
folder and file structure [19]. Mao et al. proposed a method to connect

elements in structured information, such as building components,
construction process and project management information, to un-
structured information to create its metadata and applied the method to
the development of a collaboration platform on which project partici-
pants are able to quickly locate the relevant information needed to
understand and process a construction document [20].

For management and sharing of structured information, Faraj et al.
developed an Industry Foundation Classes (IFC)-based model server
environment (WISPER) to facilitate BIM data exchange among project
participants [21]. Rosenman et al. developed a virtual collaborative
environment that integrates BIM models of different specialties by
building mappings among the elements in the BIM models [22]. Plume
et al. used a typical BIM-based collaboration platform in a project and
identified the functional requirements that are necessary but not rea-
lized by current BIM-based collaboration platforms according to the
problems encountered during the process [23]. By conducting Focus
Group Interviews (FGIs) in a case study on an architectural project
using a state-of-the-art BIM server and a critical review of current
collaboration platforms, Vishal et al. established a theoretical frame-
work of technical requirements for developing a BIM server to be used
as a multi-disciplinary collaboration platform [24]. The platform
BIMserver.org has been developed as an open-source BIM server that
supports the storage, maintenance and query of industry foundation
class (IFC)-based BIMs. The platform can be extended, and many ap-
plications have been developed, such as those for visualizations, clash
detection and flexible queries and filters [25,26].

Although the abovementioned research studies have responded to
the requirements of online collaborative work in traditional projects,
few studies have focused on IPD projects. In a previous study, we
analyzed IPD project cases, clarified functional requirements that are
not implemented by existing collaboration platforms to serve IPD pro-
jects, and highlighted the necessity of developing a new collaboration
platform dedicated for IPD projects [28].

The aim of this research is to clarify and implement the major
functions in a collaboration platform dedicated for IPD projects to fa-
cilitate improving the efficiency of IPD collaboration and replacing or at
least minimizing the “big room” or regular meetings. The remainder of
this paper is organized as follows. In Section 2, a process model for IPD
collaboration is established by investigating industry-accepted docu-
ments specifying the implementation of IPD projects, and the major
functional requirements for the new collaboration platform are sum-
marized. In Section 3, the architecture of the new collaboration plat-
form is established based on the requirements. In Section 4, the tech-
nology and tools adopted in the development of a prototype system of
the collaboration platform are briefly presented. In Section 5, the pro-
totype system is tested in a virtual project, and feedback is collected
from the project participants to validate its effectiveness.

2. Establishing the process model and major requirements

As noted above, our previous study clarified the functional re-
quirements that are not implemented by existing collaboration plat-
forms to serve IPD projects, such as supporting users in the creation of
multidiscipline workflows and recording the proposals accepted by the
IPD team [28]. Based on these unimplemented requirements, a more
systematic analysis of requirements is conducted here to propose fur-
ther functional requirements from the perspective of providing more
powerful tools for IPD collaboration. The functional requirements
summarized in the previous study and those presented in this paper will
be used jointly as the basis for the development of the new collabora-
tion platform.

2.1. Investigation of IPD collaboration

As the foundation of the requirement analysis, it is necessary to
clarify how IPD collaboration is conducted. For this purpose, we
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collected and investigated industry-accepted documents, including
those specifying the implementation of IPD projects [5,27,29,30] and
typical standard IPD contracts [6–9]. The following describes our
findings.

IPD collaboration mainly occurs in the design phase instead of the
construction phase because the design results have been fully reviewed,
optimized and understood by all participants before construction starts
in IPD projects. Specifically, in the design phase, because of the early
involvement of all participants, many works, such as construction
planning and cost estimation, are brought forward to be performed
along with the design, which makes IPD collaboration complex. In
addition, frequent design optimizations are conducted to maximize the
project value, which leads to a large number of design iterations and
further complicates IPD collaboration.

For synchronous IPD collaboration, traditional communication
methods, such as meetings, face-to-face discussions, and video con-
ferences, continue to be used, and the frequency of the communication
among the participants is higher than that in traditional projects. For
asynchronous IPD collaboration, as described in the investigated
documents, the use of lean methods, which are advanced technologies
translated from the manufacturing industry, has been proposed due to
their potential to improve the management of complex projects. The
lean methods that are used in IPD projects mainly include the target
value design (TVD) method, set-based design (SBD) method and LPS
method. In our previous investigation of IPD project cases [10], 45.5%
of the investigated projects used the TVD method, 45.5% used the SBD
method, 50% used the LPS method, and 31.8% used all three methods.
In addition, the participants of IPD projects that use lean methods have
indicated that these lean methods contribute greatly to improvements
in the efficiency of IPD collaboration [31]. Hence, the application of
lean methods in IPD collaboration will be introduced and analyzed
briefly in the following to facilitate their utilization in the new colla-
boration platform.

When the TVD method is used in IPD projects, designers must
continually send design results immediately upon completion to the
other participants over time. Then, the receivers will analyze and
evaluate the received design and propose modifications. The designers
further modify and optimize the design based on the analysis and
evaluation result and the modification proposals [32]. Because of the
TVD method, more design iterations and versions and more modifica-
tion proposals are proposed, evaluated and implemented in IPD projects
than in traditional projects. In addition, modification of a deliverable in
the design results according to accepted modification proposals may
trigger more modifications of other deliverables that are created based
on the initial deliverable, which can be referred to as “modification
propagation”.

When the SBD method is used in IPD projects, a set of design so-
lutions is defined and developed concurrently. During the development,
some solutions are disputed by evaluation and comparison to gradually
narrow the set while increasing the level of detail of the remaining
design solutions [33]. To evaluate and compare these solutions, the
“choosing by advantages” (CBA) method is typically used to decide
which design solutions are superior to the others. There are four key
concepts in the CBA method: “alternative”, which refers to two or more
design solutions, from which one or more must be chosen; “factor”,
which refers to an element, part or component of a decision, such as
cost, constructability, energy consumption; “attribute”, which refers to
a characteristic, quality, or consequence of one alternative design so-
lution, which can be seen as the value of the factor; and “criterion”,
which refers to a decision rule. A ‘must’ criterion represents conditions
that each alternative must satisfy, and a ‘want’ criterion represents the
preferences of one or multiple decision makers [11]. Due to the use of
the SBD method and CBA method in IPD projects, parallel design ver-
sions are generated, and the information corresponding to the four
concepts in the CBA method must be collected to support the evaluation
and comparison of design solutions.

When the LPS method is used in IPD projects, planners use the PULL
method instead of the traditional PUSH method to create plans. That is,
planners identify necessary tasks in the reverse manner from the pre-
defined milestones. In addition, planners are concerned about not only
what SHOULD be done but also what CAN be done. That is, in the
design phase in IPD projects, the completion of prerequisite tasks, the
modification proposals and the modification propagation should be
considered in plan creation. During the execution of the plan, planners
should regularly modify the plan according to the status of the plan
execution. Further details about the LPS method can be found in [34].
Due to the use of the LPS method, a plan is no longer created purely
subjectively by the planners. Instead, many objective factors must be
considered, such as milestones, completion of prerequisite tasks, mod-
ification proposals and modification propagation, which makes the plan
creation more complex. In addition, creation or modification of the plan
is more frequent when the LPS method is used.

Information sharing in IPD projects has its own characteristics due
to the adoption of lean methods. First, each participant submits par-
tially rather than fully completed deliverables to other participants to
support concurrent engineering. Second, different versions of a deli-
verable are delivered frequently due to frequent modification. Third, a
large number of design iterations and the co-existence of parallel design
solutions lead to complex versions. Finally, information is shared
mainly among participants instead of within each organization. All
these characteristics make information sharing in IPD projects prone to
errors and complicate information retrieval and tracking.

2.2. Process model of IPD collaboration

According to the above description, the process of IPD collaboration
is composed of a series of “design - evaluate/compare - modify” type of
design iteration in the design phase. The corresponding model is es-
tablished as shown in Fig. 1.

First of all, leaders of all the participants use the PULL method to
create the work plan and define milestones in the work plan colla-
boratively. As a simplified example, a work plan for the preliminary
design is created, including the following sequential tasks: create ar-
chitectural design model (T1), create HVAC system design model (T2),
create energy consumption calculation report (T3), create cost estima-
tion report (T4) and create lifecycle cost estimation report (T5). In the
work plan, accomplishment of the tasks T1, T2 and T3 is defined as a
milestone, considering all the three tasks are compulsory ones.

Then, each participant executes his/her tasks defined in the work
plan, i.e., design or conduct analysis and calculation based on the de-
sign results. All deliverables such as the architectural design model are
thus obtained and they constitute a design solution. The key results of
the deliverables obtained from analysis and calculation, for instance,
the energy consumption calculation report, are regarded as CBA attri-
butes.

When a predefined milestone in the work plan is reached, the par-
ticipants are supposed to hold meetings to evaluate the corresponding
design solutions based on the CBA attributes and then to submit pro-
posals to optimize the design solution. Continuing the above example,
when the tasks “T1”, “T2” and “T3” are accomplished, i.e., the mile-
stone is reached, a meeting is held and the participants are supposed to
submit their proposals on the design solution directly after the meeting,
because there is only one design solution. In case there are parallel
design solutions, just as two design solutions generated in the fol-
lowing-mentioned design iterations, they are evaluated according to the
corresponding CBA attributes by all the participants to choose some
better design solutions for further development. Assuming that, based
on the obtained CBA attribute, energy consumption, the HVAC sub-
contractor and the main contractor put forward the proposals “more
energy-efficient air conditioner should be used” (P1) and “thermal in-
sulation of glass curtain wall should be improved” (P2), respectively, to
improve the design solution on energy consumption.
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The proposals are then evaluated by all the participants to de-
termine which to be accepted and to make the corresponding mod-
ification decisions for implementing the next design iteration. For ex-
ample, assuming that two modification decisions are made
corresponding to “only ‘P1’ is accepted” and “both ‘P1’ and ‘P2’ are
accepted”, respectively. The work plan is then updated to include tasks
such as “modify HVAC model according to P1” corresponding to pro-
posals in the modification decisions, and tasks that have not been
executed in the previous work plan, such as “T4” and “T5”. It deserves
to note that two parallel design solutions are now included in the new
work plan corresponding to the two modification decisions.

If there are no accepted proposals and the work plan is not ac-
complished, the remaining tasks in the work plan continue to be exe-
cuted. For example, if none of “P1” and “P2” is accepted, the remaining
tasks “T4” and “T5” continue to be executed. Otherwise, if the work
plan is accomplished and there are no accepted proposals, the process
ends.

2.3. Major functional requirements

According to the process model, the major functional requirements
that specifically serve the IPD collaboration but are not realized by
traditional collaboration platforms are identified as follows:

(1) Generate the work plan automatically

To ease the complex and frequent work plan creation/modification
caused by the TVD method, LPS method and SBD method, the work
plan creation/modification should be automated as much as possible in
the new collaboration platform. In addition, according to Section 2.1,
the automated plan generation should use the PULL planning method
and consider the objective factors, including milestones, completion of

prerequisite tasks, modification proposals and modification propaga-
tion. Moreover, the work plan should guarantee consistency among the
deliverables of different versions that are the outputs of the tasks in-
cluded in the work plan.

(2) Push information to users automatically

To ease frequent and error-prone information sharing, in the new
collaboration platform, necessary information should be pushed auto-
matically in time to users who need it. Users will be able to create,
modify or review deliverables or evaluate and compare design solutions
easily based on the pushed information.

(3) Show relationships among deliverables

To ease the retrieval and tracking of project information, in the new
collaboration platform, relationships among deliverables of different
versions should be visible to clarify the evolution process of the design
and relationships among deliverables of the same version.

In addition to the above major functional requirements, the func-
tions previously obtained, including those provided by traditional col-
laboration platforms, are still useful for IPD collaboration.

3. Designing the system architecture

The above-identified major functional requirements show the im-
provement direction of traditional collaboration platforms. To reuse
mature functions provided by traditional platforms to ease the devel-
opment of the new collaboration platform, it is better to reuse and
customize existing collaboration platforms rather than to redevelop a
completely new one for research purposes.

The architecture of the new collaboration platform to be developed

Fig. 1. Process model of IPD collaboration.
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is designed as shown in Fig. 2. It is developed based on two existing
open-source systems: an open-source BIM server, i.e. the BIMserver.org
platform [25], and an open-source collaboration platform, i.e. the BEX5
platform [37]. The former provides functions for managing a BIM da-
tabase, BIM parsing, checking, query and visualization, and corre-
sponding application program interfaces (APIs) that can be invoked by
other systems. The latter provides common functions supporting col-
laboration, such as file check-in/check-out/downloading/uploading,
workflow creation/execution, and user management, and the corre-
sponding APIs.

The architecture of the new collaboration platform is a three-tier
structure in which the data layer is used to store and manage colla-
boration data that do not exist in the above open-source systems; the
business logic layer is composed of modules that implement the above
major functional requirements; and the user interface layer is a web
browser. Additional details regarding the data layer and business logic
layer will be introduced below.

3.1. Data layer

An information model must be established to specify the structure of
the data layer. By extracting elements from the process model as shown
in Fig. 1 and clarifying the relationships among the elements, the in-
formation model of IPD collaboration is established and represented
using the Unified Modeling Language (UML), as shown in Fig. 3. The
information model is composed of four parts, i.e., plan, context, deli-
verable and classification.

In the plan part, the work plan includes sequenced tasks. These tasks
are classified into three types, i.e., the tasks to create deliverables, the
tasks to modify deliverables that have been created, and the tasks to

review deliverables. The output and input of the former two types of
tasks are deliverables. The inputs of the last type of tasks are deliver-
ables, and the outputs are proposals.

In the context part, there are two types of proposals, i.e., accepted
proposals and rejected proposals. The accepted proposals comprise
modification decisions that will be implemented by the work plan of the
next design iteration. The CBA factors are related to the calculation or
analysis of deliverables whose results are the values of the CBA factors,
i.e., the CBA attributes. Based on the design solutions and corre-
sponding design factors, the CBA tables can be generated, which can be
used to choose the qualified design solutions by comparing different
ones.

In the deliverables part, deliverables that are consistent with each
other are included in a design solution. There exist “depend_on” re-
lationships among deliverables. For example, the “structural design
model” depends on the “architectural design model.” A deliverable may
include one or more files that are structured or unstructured (structured
or unstructured files hereafter for short). For example, a deliverable
“architectural design model” includes the structured files “first floor
architectural design model.ifc” and “standard floor architectural design
model.ifc”.

In the classification part, classes corresponding to elements and
work results according to different classification systems are included.
Some deliverables, including structured files, may include these classes.
For example, as shown in Fig. 4, the deliverable “architectural design
model” includes the element classes, such as “exterior walls” and “ex-
terior windows”. When a deliverable depends on another that includes
classes, the depend_on relationship can be refined to the class level. For
example, as shown in Fig. 4, the deliverable “energy consumption
calculation report” depends on the element classes, such as “exterior

Fig. 2. Architecture of the new collaboration platform.

Fig. 3. Information model of IPD collaboration.
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walls” and “exterior windows,” included in the deliverable “archi-
tectural design model.”

Beyond the database, whose data structure is specified according to
the established information model, a database interface is provided for
modules in the business logic layer to access the data in the database.

3.2. Business logic layer

Three major functional requirements have been noted in Section
2.2: “generate work plan automatically”, “push information to users
automatically” and “show relationships among deliverables”. Corre-
spondingly, three modules in the business logic layer are designed:
“plan generator”, “CBA table generator” and “relationship browser”.
The module “plan generator” can be used to satisfy the functional

requirement “generate work plan automatically”. For the requirement
“push information to users automatically”, the workflow engine pro-
vided by the existing open-source collaboration platform can be used to
execute the work plan to push information to users who create, modify
or review deliverables. Then, the module “CBA table generator” can be
used to collect and push information to users who evaluate and com-
pare design solutions using the CBA method. In addition, the module
“deliverable definer” can be used to edit the deliverable part of the
information model to satisfy special conditions of some IPD projects.
The four modules will be introduced in more detail below.

3.2.1. Deliverable definer
In the information model shown in Fig. 2, subclasses of the class

“Deliverables” can be defined to represent specific deliverables, such as
“architectural design models” and “energy consumption calculation
reports”, and the “depend_on” relationships among the subclasses are
defined as, for example, “energy consumption calculation reports de-
pend on architectural design models”. The subclasses and the re-
lationships among them are largely the same in different IPD projects
and can be predefined in the new collaboration platform. On this basis,
to satisfy the special requirements of some IPD projects, users can use
the module “deliverable definer” to create, modify or delete the sub-
classes representing specific deliverables and the relationships among
them.

For deliverables that include structured files, this module can be
used to define the classification classes included in the deliverables and
refine the “depend_on” relationships to the class level, as shown in
Fig. 3. For the calculation or analysis of deliverables, such as “cost es-
timation for HVAC system”, the design factors, such as “cost of HVAC
system (RMB)”, corresponding to their result should be defined.

Fig. 4. Example of the classes included in structured files and refinement of depend_on
relationships.

Fig. 5. Process of generating a work plan.
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In addition, this module is used to designate participants who are
authorized to create, modify or review specific deliverables to ease the
allocation of tasks when creating a work plan.

3.2.2. Plan generator
As described in the process model in Fig. 1, at the completion of the

previous design iteration, proposals raised by participants are filtered,
and some are accepted for implementation in the next design iteration.
Based on the “depend_on” relationships among the deliverables and the
accepted proposals, the work plan of the next design iteration is gen-
erated automatically with the help of the “plan generator” module. The
process of generating a work plan is shown in Fig. 5.

The planner selects deliverables to be created, as shown in Fig. 6,
including “lifecycle cost estimation report”, “design model of HVAC
system” and “cost estimation for architecture and structure”, and con-
firms the implementation of the accepted proposals, e.g., “proposal_1”
associated with the “architectural design model.”

The collaboration platform will run the graph search algorithm [35]
to supplement deliverables to be created or modified. As shown in
Fig. 6, deliverables that the previously selected deliverables depend on,
such as “cost estimation for HVAC system” and “energy consumption
calculation report”, will be supplemented. Then, the deliverables that
have been uploaded but are influenced by the modification propagation
triggered by the accepted proposal, such as “structural design model”,
will be supplemented. Next, the planner can enter the start time of the
work plan and the duration of each task.

Based on the deliverables to be created or modified, “depend_on”
relationships among the deliverables, the start time of the work plan
and the duration of each task, the collaboration platform will use the
Design Structure Matrix (DSM) algorithm [36] to generate the work
plan. The collaboration platform will automatically add a “review de-
liverables” task after each “create/modify deliverables” task and assign
a default execution duration to the task “review deliverables”.

The critical path of the initial work plan will be computed. The
planner can modify the start time of the work plan or the execution
duration of tasks on the critical path to ensure that the work plan ends
on time. The planner designates executors of the tasks to finish the final
work plan.

After the work plan is generated, it is transformed and imported into
the workflow database in the existing open-source collaboration plat-
form and executed by the workflow engine. When a user executes a
task, the collaboration platform will push deliverables that are

uploaded in the pre-tasks to the user, and the user can download files
included in the deliverables. When executing “create/modify deliver-
ables” tasks, users can upload files and enter the modification de-
scription corresponding to the accepted proposals. If design factors are
defined associated with the output deliverables, the users will need to
enter the values of the design factors, i.e., design attributes, according
to the result of the output deliverables. When executing the task “re-
view deliverables,” users should enter proposals based on the pushed
deliverables.

3.2.3. CBA table generator
After a design iteration is completed, the collaboration platform will

automatically extract the design solutions and the corresponding design
factors, attributes and criteria involved in the design iteration. Then, a
CBA table, as shown in Table 1, is generated and acts as the basis for
users to compare design solutions.

3.2.4. Relationship browser
To facilitate the tracking of project information, in the new colla-

boration platform, relationships among deliverables of different ver-
sions should be shown to clarify the evolution process of the design, as
shown in Fig. 6. Modification decisions that are composed of accepted
proposals describe the modification content among design solutions.
The CBA tables used for evaluation and comparison follow parallel
design solutions. Users can obtain more details by clicking elements in
the mapping, such as deliverables, proposals and CBA tables.

In addition, relationships within each version of the design solution
are shown to help users obtain a set of consistent information, as shown
in Fig. 7. Relationships can be expanded and retracted. Users can

Fig. 6. Example of identifying all deliverables to be created or modified.

Table 1
Example of a generated CBA table.

Factors [criteria] Design solution
V3

Design solution
V4

HVAC cost (RMB) [the lower the better] 10,000,000 13,000,000
Architecture and structure cost (RMB)

[the less the better]
30,000,000 30,000,000

Energy assumption cost (RMB/year) [no
more than 21,000, the less the
better]

20,000 10,000

Lifecycle cost (RMB) [the less the better] 50,000,000 46,000,000
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extract the relationships to obtain related deliverables and inclusive
files that can be downloaded.

4. Developing the prototype system

A prototype system of the new collaboration platform is developed
based on the design introduced in Section 3. Some tools and technol-
ogies are adopted to realize the components in the system architecture
as shown in Fig. 2. For the data layer, a MySQL database is used to store
the data according to the information model. For the business logic
layer, the Java language is used to realize the function modules as
described in Section 3.2. The function modules read/write data in the
MySQL database via database interface and invoke functions in the
open-source collaboration platform and the open-source BIM server via
their application interface. The freeware Apache Tomcat is used to es-
tablish the application server and the function modules are packed in
the server to provide web service. For the client layer, HTML5, CSS and
JavaScript are used to develop the user interface in the web browser to
invoke the web service. The open-source collaboration platform, i.e.,
the BEX5 platform [37], provides basic collaboration functions and
stores files and project management data. The open-source BIM server,
i.e., the BIMserver.org platform [25], provides functions for the man-
agement, parsing, checking, query and visualization of BIM models.
Fig. 8 shows typical user interfaces of the prototype system.

5. Validating the prototype system

An ideal method to validate the prototype system is to apply the
system to an actual IPD project and evaluate the results of the appli-
cation. However, it is difficult to find an actual IPD project to conduct
the validation because such projects remain rare. Hence, in this re-
search, the prototype system is applied to a virtual IPD project origi-
nating from a real project.

Supported by Beijing Urban Construction Group (BUCG), we chose a
finished building project, i.e., the Beijing Urban Construction
Technology Building (BUCTB). BUCTB is an office building located in
Beijing with 80,498 sq. m of space comprising fourteen levels on the
ground and four levels underground. The contract adopted by the
project was a traditional DBB contract. However, because key partici-
pants of the project, i.e., the owner, the designer, the main contractor
and some sub-contractors, were all from subsidiaries of BUCG and
wanted to try the IPD method to maximize the value of the project,
some IPD characteristics were applied in the project, such as early in-
volvement of participants, continual “design – evaluate/compare -

modify” iterations, etc. Thus, the information generated in the project
was applicable to the validation.

We collected the information on the project as comprehensively as
possible, including deliverables of programming, design, calculation
and construction, minutes of review meetings, RFIs and change orders
(COs). In IPD projects, batches of information in design are smaller and
the frequency of information transfer is higher than in traditional
projects because of the concurrent nature of the engineering [22]. To
simulate an IPD project, with the help of the participants in the project,
we broke the collected deliverables into smaller deliverables, as gen-
erated by IPD projects, and built “depend_on” relationships among
them. In addition, the comments in the minutes, RFIs and COs were all
regarded as accepted proposals that triggered modification of the de-
sign in the IPD projects.

Based on the collected and adjusted information, we acted in the
role of the participants to simulate the implementation of IPD colla-
boration using the prototype system. The simulation was conducted in
typical scenarios, including creating a new work plan, executing the
work plan, reviewing deliverables and making proposals, comparing
and evaluating various design solutions, modifying a work plan, and
tracking and retrieving historical information. Then, we showed the
process to the actual participants of the project and collected their
comments on the prototype system. 10 people from the owner (2), the
designer (3), the main contractor (3), the HVAC sub-contractor (1) and
the Plumbing sub-contractor (1), respectively, were involved in the
work. All participants had sound specialized abilities and project
management experience (8–15 years) and acted as leaders or key staff
in the project. The advantages of the prototype system are presented as
follows:

• Most of the day-to-day work in IPD collaboration can be conducted
online using the collaboration platform, and some simple meetings
can be hold online using a video conference system.

• The collaboration platform significantly simplifies the creation and
modification of the work plan. The generated work plan is of high
quality and considers such factors as the current status of the plan
execution and the implementation of proposals.

• The pushing of the information is precise and effective. Participants
do not need to look for needed information proactively, and thus,
collaboration is facilitated.

• The creation, evaluation and implementation of proposals are under
control and can be tracked more clearly.

• Management of design solution versions is more orderly, and in-
consistency among deliverables is nearly eliminated. It is more

Fig. 7. Example of relationships in a design solution.
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efficient to track and retrieve historical information with the help of
the relationship browser.

The drawbacks of the prototype system are presented as follows:

• Synchronous collaboration cannot be conducted by using the
system.

• Offline meetings are still needed when complex and important
problems are discussed.

In summary, the validation showed that the developed prototype
system supported IPD collaboration better than existing collaboration
platforms and can replace the “big room” for any project. These im-
provements are expected to significantly reduce the major difficulty in
implementing IPD projects and thus promote the adoption of IPD.

6. Conclusions

This paper clarifies the critical aspects for the development of a
dedicated collaboration platform for IPD projects. The major require-
ments were summarized with the support for lean methods, and a

prototype system of the collaboration platform was developed and va-
lidated. The new collaboration platform allows the collaborative work
plan creation and execution in IPD projects, which were previously
performed manually, to be automated. Furthermore, the project in-
formation can be managed in an orderly manner and is easy to retrieve
online, and the “big room” can be replaced for any project. These im-
provements can significantly reduce the major difficulties of the im-
plementation of IPD projects and thus promote the adoption of IPD.
This paper contributes to the body of knowledge in that it introduces
the theory and a corresponding tool to improve IPD collaboration using
a dedicated collaboration platform. This knowledge can be used not
only to customize the existing collaboration platform but also to de-
velop new collaboration platforms for use in IPD projects.

Our future work will concentrate on additional development of the
collaboration platform with the goal of further replacing the offline
activities, including meetings. Considerable work is needed to realize
this goal, including the development of a powerful virtual meeting
room to support discussion among IPD project participants, the estab-
lishment of an online social network in IPD projects to provide more
flexible communication methods and improve relationships among
participants, and the use of more advanced information integration

a. Browse the status of work plan execution

b. Execute a task

Fig. 8. Typical user interfaces of the prototype system.
a. Browse the status of work plan execution.
b. Execute a task.
c. Browse the relationships among design solutions.
d. Browse the relationships in one design solution.
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technologies to integrate scattered and heterogeneous information from
different participants.
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