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A B S T R A C T

Accurate assessment of a project's progress enables managers to control and manage costs and schedule.
Automating the processes to monitor and inspect the progress of works in construction, and ensure that the data
acquired and retrieved are able to produce an accurate ‘as-built’ model is an issue that has received ubiquitous
attention in the literature. Emphasis has been placed on utilizing technologies such as mobile augmented reality,
laser scanners, and computer visions to monitor and control physical objects that possess geometrical properties.
Connected systems such as Electrical, Instrumentation and Control Systems (EICS), however, do not possess
geometrical properties and as a result have been overlooked, receiving limited attention. This paper utilizes a
digital System Information Model (SIM) to enable a project control system based on human-machine interac-
tions, to be developed, in order to monitor progress during the construction of connected systems. By in-
corporating the design, schedules, activities, and tasks into a digital, cloud-based model, the system enables
different parties involved in a project to synchronously work together. Information can be recorded, distributed
and shared in real-time therefore significantly improving decision-making, the approvals process, and man-
agement of information. A SIM is discipline-specific and there is a need to ensure its interoperability with
building information modeling software. Therefore, a bi-directional link between the SIM and the project's
overall schedule and three-dimensional model needs to be developed in the future.

1. Introduction

To be able to monitor and control time, cost, quality and safety in
real-time during the construction of an asset can provide contractors
with the capability to better manage, forecast and deliver their projects
[5,10,11,17,27]. Digital technologies such as augmented reality, laser
scanning, photogrammetry, and computer vision enabled by the
adoption of Building Information Modelling (BIM) are beginning to be
used in construction to better manage projects and the operations and
maintenance of assets [4,7,9,12,30,31]. Such monitoring has typically
focused on utilizing geometric properties, which has enabled the pro-
gress of a physical structure and its materials during construction to be
monitored.

Cloud-based systems, for example, such as the Autodesk BIM 360™
suite, that can support progress monitoring during the construction of
projects (e.g., [27]), are reliant on physically modeled objects in order
to assign properties such as construction sequence, or status. Progress
monitoring can also be extended to operations and maintenance.

However, rather than maintaining building information models that
have been handed-over to asset owners, there has been a tendency to
use laser scanning to recreate the ‘as-built’ [3]. While software solutions
such as BIM 360™ Field and dRofus can capture and utilize semantic
information, they are unable to adequately support information con-
tained in connected systems (i.e. electrical, control and instrumenta-
tion) as they focus on operations on discrete objects [26].

Due to the complexity of these connected systems, and the absence
of geometry, automatic project progress monitoring is not attainable
with prevailing digital technologies. This has resulted in an absence of
research examining the performance of connected systems during
construction even though they are core to the functioning of an asset.
As connected systems are invisible and intangible they tend to be
overlooked with preference given by researchers to the examination of
physical objects through three-dimensional (3D) representations that
provide a visual context. But, as assets become more reliant on auto-
mation and digital technologies their importance will increase ex-
ponentially and therefore there is a need for research to focus on future-
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proofing the information that is attributed to connected systems [26].
This is an area that has been neglected by the construction and en-
gineering management literature.

Against this contextual backdrop, this paper utilizes a digital System
Information Model (SIM) to enable a project control system based on
human-machine interactions, to be developed, in order to monitor
progress during the construction of connected systems. By in-
corporating the design, schedules, activities, and tasks into a digital
model that is cloud-based, the system enables different parties involved
in a project to synchronously work together. Information can be re-
corded, distributed and shared in real-time therefore significantly im-
proving decision-making, the approvals process, and management of
information.

In the next section of this paper, the concept of a SIM is briefly
introduced before introducing the project control system for progress
monitoring of connected systems, which is demonstrated using a case
study. The literature is replete with studies that have examined progress
monitoring in construction using digital technologies. A detailed review
of progress monitoring, particularly from automated and real-time
perspectives, can be found in a number of studies, for example, Kim
et al., [14]; Golparvar-Fard et al. [12], Kopsida et al. [15], Matthews
et al. [27], Li et al. [17] and Kropp et al. [16]. The research not only
presents a real-life application of a SIM being used to monitor progress
in real-time but also provides a platform for a new line of inquiry to
examine the performance of connected systems during their construc-
tion, specifically in the context of electrical, instrumentation and con-
trol systems (ECIS).

2. System information modelling

The concept of SIM has been examined from a number of perspec-
tives in construction such as retrospective ‘as-built’ generation [20],
life-cycle management [32], enabling digital asset management [21],
retrospective constructability assessment [22], and analysis of tender
documentation quality [24]. A SIM is a derivative of BIM, but ‘Building’
is replaced with ‘System’ to represent the process of modeling complex
connected systems, such as electrical, control, power, and commu-
nications, which do not possess geometry [21]. A SIM takes a discipline-
specific perspective but can be integrated with when a consolidated
point of truth is formed [26].

A SIM model is a digital representation of the physical system to be
constructed. The object modeled in a SIM has a 1:1 relationship to its
real-world counterpart. Thus, a SIM is object-oriented, and children are
able to inherit information from parents. In this instance, the parent/
child relationship in object-oriented programming (OOP) should be
viewed as a concept of ‘inheritance’ rather than one of the containers
and contained elements. When manipulating the SIM, a parent is one
object, and a child is another object contained within. However, within
an OOP, it is necessary to consider classes than the individual objects
themselves. In OOP, a parent is one class, and a child is another that
inherits all of the attributes and functions that are assigned to the

parent. The upshot is that data re-entry can be eliminated when changes
are required to a model. Effective information management ‘Input once,
user forever’ can be achieved, which can consequently reduce errors,
omissions, and redundancy that prevail when connected systems are
documented using Computer-Aided-Design (CAD) with the output
being typically in a paper format. According to McKinsey [28], em-
ployees spend 1.8 h every day or 9.3 h per week on average as a result
of searching and gathering information from documents. This is even
higher in the case of mega-projects when data and information gath-
ering can become a momentous task.

Designing within a SIM environment enables the data to be pre-
defined, structured and gradually created in a digital model throughout
all phases of a project. The digital SIM is established using a Structured
Query Language (SQL) database that enables modeled objects to be
dynamically interconnected. Software applications such as Digital Asset
Deliverable (DAD), can be used to manage the data of a SIM.

To enable a SIM to be used on different phases of a project, dedi-
cated functional modules are developed [32]: (1) Design; (2) Review:
(3) Procurement; (4) Construction; (5) Commissioning; and (6) Op-
eration (Fig. 1). User groups provided with access rights are created for
each functional module. For example, a design team can be granted
with an ‘Edit’ right to the ‘Design Module’ and the review team is
granted with ‘Check’ and ‘Approve’ rights in the ‘Review Module’. In
protecting the design from unauthorized changes, only the design team
is able to modify the ‘Design Model’. Thus, users from other functional
modules are able to attach data to the design model without affecting
its integrity.

When a SIM is used to model ECIS, which is a connected system,
physical equipment is modeled as components and cables as connectors.
Components are classified by their ‘Location’ and ‘Type’ and connectors
are classified by ‘Type’ (Fig. 2). This classification is very similar in
nature to other object-oriented software applications that enable BIM to
be undertaken. Users can define new attributes to suit their specific
needs and attach them to the model. Various supplementary documents
can also be attached to the model such as pictures, pdf. files, and da-
tasheets.

A SIM model can be accessed either locally using a Personal
Computer (PC) or remotely with a mobile device such as a Tablet. A
cloud-based service can enable the users to synchronize their in-
formation to the central database. Then, this can enable engineers to
gain instant access to information so that can oversee a project's pro-
gress and make prompt decisions should deviations from what has been
planned to begin to occur.

3. Case study

A case study can be used to examine issues such as ‘why’ and ‘how’
and acquire an understanding about ‘practice’ (i.e. the actual activity,
events or work) [21–23]. As a result, a case study can provide practical
insights about industry-specific problems that are being addressed and
therefore enable learning and changes in practice to occur. A case study

Fig. 1. SIM functional modules.
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approach was therefore adopted to contribute to examining ‘how’ a SIM
is used during construction to monitor the progress of the installation of
connected systems. Parallels can be drawn here with several studies
such Davis and Harty [8] Matthews et al. [27] and Li et al. [17] that
examined the implementation of BIM during construction for project
controls. The justification of ‘why’ a SIM should be used to enable the
digitization of EICS assets at each phase of their life-cycle has been
empirically examined in a number of studies (e.g., [20–22,24,25,32]).
Key benefits of using a SIM emerging from previous research include:

• a reduction in costs to create documentation and a digital model;

• elimination of information redundancy;

• consolidated point of truth;

• improved access, usability, and manageability of information; and

• engendering collaborative work environment.

While it has been demonstrated that a SIM can provide significant
cost and productivity savings during the design process, there has been
no research that has examined how it can be used in construction.
Drawing on practice and the experiences from a real-life project the
purpose of this case study is to examine the use of a SIM in construction
as a project controls mechanism and how semantic information needs to
be used to monitor the progress of ECIS during their installation. Thus,
the case study provides a basis for organizations to consider a new
technological solution and workflow to monitor the progress of ECIS in
real-time. Monitoring ECIS progress in real-time can ensure that an ‘as-
built’ documentation provided at handover reflects that what has been
constructed and installed. Having access to the right information at the
right time during the assets operation and maintenance can provide
help reduce costs and improve productivity. In plant operations, ECIS
typically account for 60% of maintainable items and are for critical to
ensuring the safe and efficient operation of an asset [2]. Thus, it is
imperative that ‘as-built’ documentation is error-free and reflects pre-
cisely what has been installed [2], though this seldom the case for EICS
‘as-builts’ [24,25].

To acquire an understanding about how the SIM was being used for
project controls and ensure the reliability of the information at hand-
over, a triangulated approach to data collection was adopted to over-
come problems associated with bias and validity [19]. This approach
also enabled the researchers to gain an understanding of the case
study's context and documentation that was made available. Cohen and
Manion [6] define the process of triangulation as an “attempt to map, or
explain more fully, the richness and complexity of human behavior by
studying more than one standpoint” (p.254). Thus, multiple viewpoints

were obtained from within the engineering organization to obtain a
balanced understanding of the design and development of the project
control system. Unstructured interviews and observations over a three-
month period in the engineering organization's office were undertaken
to seek explanation and clarification about issues that were identified
from the documentary sources provided, which enabled intrinsic biases
that may have arisen to be overcome. Interviews provided the re-
searchers with a mechanism to ask questions and seek clarification with
engineers involved with the selected case study project.

3.1. Case selection

The authors have been collaborating with an EICS organization for a
number of years examining issues associated with the design, devel-
opment, and implementation of SIM. However, the adoption of a SIM as
a mechanism to be used for project controls has been limited. The EICS
organization was provided with an opportunity to deploy a SIM on an
energy infrastructure mega-project which provided the researchers with
an opportunity to examine its development and implementation in
practice.

3.2. Case background

A client-initiated, with the support of their Government, a US$27
billion economic development on the southern coast of the Red Sea. As
part of this development an oil refinery (US$4 billion), port terminals
(US$1.4 billion) and a 2400MW power plant (US$2.5 billion) are re-
quired. The refinery will cover an area of 12 km2 and have a processing
capacity to process approximately 400,000 barrels per day of heavy and
medium crudes to produce gasoline (75,000 bpd), ultra-low-sulphur
diesel (100,000 to 160,000 bpd) and fuel oil (160,000 to 220,000 bpd).

An Engineering Procurement Construction Management (EPCM)
organization was awarded a contract by the client to provide Front-End
Engineering and Design (FEED), and Project Management Services
(PMS). When the FEED was complete the project was divided into a
total of 13 Engineering Procurement and Construction (EPC) packages,
which included a marine terminal, utility facility, and building; sour
water stripper unit and amine regeneration unit; naphtha and aromatics
(benzene and paraxylene) units; two tank farms packages; crude dis-
tillation and vacuum unit; hydrocracker and diesel hydro-treater
packages. The EICS organization who has been working with the au-
thors was contacted by the EPC which is responsible for delivering the
utility and building facility to create a platform enabled by a digital SIM
for the purpose of project controls. As a result, the specific ‘Construction

Fig. 2. Component and connector classifications.
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Functional Module (CFM)’ that forms an integral part of the SIM was
enacted so that cost, time and quality information directly observed by
onsite engineers was provided directly to project managers. The
workflow of the CFM followed the Deming Cycle
Plan➔Do➔Check➔Act (PDCA) cycle [21–23]. In the next section of the
paper, the CFM that was created to enable EICS works to be monitored
in a digital environment in the case study project is presented.

4. Enacting SIM in construction

The SIM's ‘Construction Portal’ provided a comprehensive all-in-one
solution for having access to design information of the construction
objects, together with their associated activities and progress informa-
tion which was updated every time a specific activity was completed.
This meant that engineers on-site were able to access the SIM design
through a construction portal in real time. When activity was com-
pleted, the engineer immediately updated the status enabling in-
formation to be made available instantly to the project manager.

The project's schedule was created using Oracle's Primavera P6
software and developed by the EPCM organization. Input from both the
construction contractor and the project management team to ensure the
client's specifications and expectations could be met within the allo-
cated time period were also required to create the schedule. It was
extracted from P6 as a CSV file and then imported into SIM. The agreed
sequencing of construction tasks and monitoring activities reflected a
reasonable workflow that adhered to the contractors and project
management team's quality control procedures. The workflow was di-
gitally created, evaluated and modified until a satisfied procedure was
determined. A date attribute was created in the SIM and assigned to the
objects and activities. The scheduled date (created in P6) for each ac-
tivity was assigned to the corresponding activity as the ‘Planned Date’
in the SIM. The actual date the engineer completed the activity was
recorded in the SIM as an ‘Actual Date’ attribute, which enabled a
project manager to view differences. An overview of the ‘Construction

Portal’ that was established for the project is presented in Fig. 3 and the
progress dashboard in Fig. 4.

The PDCA workflow of the ‘Construction Portal’ provided site en-
gineers and managers with the ability to continuously monitor and
improve their decision-making as they had access to real-time data. The
digital design data stored in the SIM formed the foundation for the
construction portal's application. Having accurate and coherent design
data enabled construction activities to be scheduled effectively and
efficiently. There was no requirement to manually cross-check and
validate the information contained in the SIM as it acted as a con-
solidated point of truth, which enabled the scheduling of activities to be
completed at minimum cost and time.

The construction activities were created in a hierarchical structure
that reflected the actual workflow adopted in the project. A typical
structure included ‘Work step’, ‘Work class’, and ‘Discipline’ (Fig. 3).
The created construction activities were then allocated to a ‘Work
Package’ and assigned to an engineering team. The number of compo-
nents, cable length and cable terminations were used to measure the
works that were completed.

To reflect the actual workload of different disciplines a set of
Relative Weight Factors (RWF) were created. In this project, the RWF
for the electrical discipline was defined as 4.68% and 5.96% for the
instrumentation discipline. This indicated that the electrical and in-
strumentation work accounted for 4.68% and 5.96% respectively of all
the work to be finished in the project. The total construction person-
hours for the project was 25,550,000, with the electrical and in-
strumentation consuming 1,195,740 and 1,522,780 respectively. The
RWFs for the ‘Work steps’, ‘Class’ and ‘Discipline’ were defined ac-
cording to the features of the project and the type of activities under-
taken (Fig. 4). Progress was calculated using the equations created in
the construction portal (Fig. 5). For example, the progress of ‘Cable
Pulling’ was calculated using the following equation:

Fig. 3. Overview of the construction portal.
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× ×

×

length
cable length in WP

cable pulling flag No. of steps in work class

work step WF% (1)

and the cable termination progress can be calculated as:

× − ×

×

termination
sum of terminations in WP

(1 cable pulling flag) termination flag

work step WF (2)

×% No.of steps in work class

With this in mind, the project manager was able to monitor work

Fig. 4. Construction progress dashboard.
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Fig. 5. Understanding construction progress.
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progress and the according man-hours consumed.

4.1. Activity definition and job assignment (plan)

In the CFM, the activity schedule followed a ‘Define ➔ Assign ➔

Work Package’ mechanism. When formulating the plan for the EICS
works to be undertaken, the first step was to determine the activities
that needed to be performed to the target objects. The installation of an
electrical cable on site, for example, typically involved the following
activities: (1) cable drum handling; (2) cable pulling; (3) insulation test;
(4) marker installation; (5) inspection and termination; and (6) termi-
nation inspection.

In the CFM ‘Activity Type’ view, users were able to create and define
folders for specific activities. Fig. 6 illustrates the process of activity
definition and assignment that took place. It can be seen that a number
of activity folders were created based on the work classifications of the
project. Under each folder, the activities relating to the specific work
class were defined. For instance, in Fig. 6, the activities relating to the
cable works can be found. These activities were then automatically
assigned to the corresponding cables by importing them into each ac-
tivity type using a ‘filter’ function. In Fig. 7, the method used for ‘Ac-
tivity Definition’, which reflected the feature of the work, is presented
using cables as an example. A verb is also used to denote the activity
that was performed. Once the activities were defined and assigned to

the objects, they were allocated to the ‘Work Package’ and assigned to
the corresponding contractor who had agreed to undertake the works
(Fig. 8).

By using the SIM, the activity definition and job assignment were

Fig. 6. Activity definition and assignment.

Fig. 7. Activity definition.

Fig. 8. ‘Work Package’ allocation.
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able to be detailed at the object level. The corollary being that project
progress monitoring and control could be undertaken at this level. To
facilitate the project monitoring and control, various types (e.g., string,
numeric, date and equation) of attributes (e.g. planned start/finish
date, man-hours, and weighted factors) were defined and assigned to
the ‘Work Package’ folders, which are inherited by the children tasks
under the folder (Fig. 9).

The value of an attribute was then assigned at the ‘Work Package’
level such that the children tasks could inherit the value from their
parent. The attribute value could also be managed at the task level so as
to reflect the status of each individual task. Using this method, project
managers were able to measure the progress precisely based on the
status of the tasks and ‘Work Package’.

Noteworthy, this level of detail is unable to be achieved when CAD
is adopted in a project as ‘Work Packages’ tend to be comprised of
numerous drawings where it is often difficult to identify components
and cables as they are often mislabeled or missing [20,25]. The ‘Work
Package’ developed in the case study for the EICS was divided into
‘Electrical’ (i.e. 35,369 activities) and ‘Instrumentation’ (i.e. 52,323
activities) to reduce their size and complexity. Both the electrical and
instrumentation works accounted for 10.5% to the total construction
costs.

4.2. On-site job recording and submission (do)

When tasks from within the ‘Work Package’ were assigned to con-
tractors, site engineers who had been given authorized access to the
SIM were able to acquire the design data and the job schedules. The SIM
data was accessible both ‘locally’ (without the need for a network
connection) and ‘remotely’. When local mode was used, the SIM data-
base, which was supported by the DAD software, was installed on
mobile devices. To ensure the consistency and traceability of the
changes made to the SIM database by users, which may have occurred
due to status updates and the attachment of new documents, it needed

to be synchronized with the master database on a regular basis. For
example, synchronization was necessary to reflect the project's progress
and changes over a 24-h period. In this case, delays between events and
synchronization could have potentially caused issues and disagree-
ments between different parties, as the users may not have been aware
of any changes made by other users. When the ‘remote’ approach was
used, users could simultaneously access the database stored on a server
from their local devices using SQL authentication. That is, multiple
users were able to concurrently perform different activities on the same
SIM model.

A change made to the SIM by one user was instantly available to
others, which enabled them to access the latest data. Noteworthy, to
access the remote SIM database required the ‘Parallels Client’ software
to be installed to enable users to access the services that were hosted on
the remote server. This reduced software licensing costs and also sim-
plified the maintenance and upgrade process. Mobile devices such as PC
tablet and smartphone were used by the site engineers to access the
database remotely (Fig. 10).

Traditionally site engineers need to manually record work progress
and sign-off its completion. In this case study, this would have been a
time-consuming process for site engineers considering the sheer
number of tasks involved. Moreover, if progress had been recorded
manually then there would be an increased likelihood for errors to be
made. Manually completed progress reports would also have needed to
be submitted to a project manager for review. Extracting information
from the reports is a tedious process (e.g., incomplete information is
provided) and can hinder decision-making when being subjected to
budget and schedule constraints. The use of a SIM-enabled the status of
tasks to be recorded chronologically to ensure information traceability.
As all EICS works had been scheduled in the digital SIM, site engineers
were able to directly update the task status once it had been completed
(Fig. 11). The updated task status was automatically attached with a
digital signature of the engineer. As a result, there was no need to sign
on each task that had been completed. The history log of the task

Fig. 9. Attribute management.
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indicated the users and the corresponding activities that had been
performed (Fig. 12). This simplified the project recording process and
enabled better traceability and accuracy to be obtained. The status
change was visible to the project manager instantly who was also
connected to the master database.

4.3. Project progress monitoring and control (check & act)

Inspecting the progress of electrical and instrumentation works was
a time-consuming and labor-intensive process in the cases when it had
to be conducted manually. Technologies, such as laser scanning and
Radio Frequency Identification which are popular technologies for
checking those elements that contain geometry, are unable to be used
for electrical and instrumentation systems. Thus, the process of in-
spection for electrical and instrumentation systems is different from
other aspects of a project performed during construction. In addition to

checking that a device has been installed, the inspector also needs to
confirm that it is the required model, from the right manufacturer.
Moreover, the cable terminations need to be checked such as power,
signal and grounding connections. Usually, specialized equipment can
be used to assist the inspection to ensure that the electrical connections
are reliable. However, in this instance, the inspector also needed to
confirm that the parameters of the devices were set and calibrated in
accordance with the specification. For those smart devices that had
been installed, such as Programmable Logic Controllers (PLC), it was
necessary to ensure that the correct coding had been uploaded.

Traditionally the inspection process was conducted manually using
drawings, manuals and the production ‘Inspection Test Reports’ but in
this study, this was replaced by PC tablets enabling the SIM's digital
capability to capture and store information. The design data and the
construction schedules were digitally stored in the SIM enabling them
to be accessed by the onsite inspectors through mobile devices. The

Fig. 10. Accessing SIM data through a mobile device.

Fig. 11. Submission of a finished job.
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inspection tasks were scheduled within the SIM to provide guidance for
the inspectors to complete their works. The inspection tasks were cre-
ated in detail for each construction object and activity by describing the
items that needed to be examined. Comments were attached as nota-
tions for further actions.

The history log recorded the activities that had been performed by
the inspector and therefore their signature was no longer required as
they could be readily identified. Fig. 13 illustrates a portion of the items
to be checked regarding the installation of an electrical cable. Here the
inspector selects the status for each item based on the inspection result.
When all the items have been checked, the inspector passes and the
submitted tasks to be reviewed by their project manager. If the in-
spection had been failed, then it would be sent back to the construction
team for them to rectify the problem. Project managers were able to
oversee the progress of works using a dashboard in real-time (Fig. 14).

Real-time project progress monitoring requires a wireless network
to be readily available on site to enable engineers to access the SIM
through the construction portal. In remote locations, this is not always
feasible and therefore a local copy of the SIM can be uploaded to a
mobile device and used to record performance. Then, when the en-
gineer returns to their office, the local copy can be synchronized to the
master, which will be made available to the project manager. A delay,
however, exists between the completion of activities and when progress
is reviewed by a project manager.

5. Discussion

Project monitoring and control requires processes to be tracked,
reviewed and changes to plans to be initiated should they need to be
undertaken. Thus, works need to be inspected and comparisons be-
tween the planned and actual made to determine progress. In the case
of EICS, particularly in energy and mining, this process has been con-
ventionally based upon manual paper-based systems, which has sty-
mied the ability to make an accurate and timely assessment of progress
and valuations of work that has been undertaken. Despite technological
advances (e.g., BIM, computer vision, and sensors) being made to
monitor and control work in real-time during construction, EICS
documents tend to contain duplication, errors and information re-
dundancy as they are prepared in a CAD-based environment where pdf.
file formats are issued for construction. Within a SIM environment, EICS
are designed and engineered in an object-oriented environment, which
provides the number of drawings produced for construction to be sig-
nificantly reduced. For example, Fortescue Metal Group employed a
SIM during the construction of their North Star Magnetite project,
which resulted in being paperless for EICS [29]. The corollary in this
instance being a reduction from 20,000 to 10,000 h required to in-
specting and testing equipment due to the accuracy of the information
contained in the digital SIM that had been issued for construction [29].
In the case study presented when final system checks were undertaken,
technicians were required to simply tick checkboxes, which were

Fig. 12. Activity history.

Fig. 13. Scheduled inspection tasks.
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immediately uploaded into the SIM allowing managers to have a real-
time view of progress.

The use of a SIM enables the established document-oriented in-
formation exchanges that typically are used in EICS projects to become
a collaborative data-sharing environment, and therefore enabling its
monitoring and control activities to be viewed holistically against other
‘Work Packages’ [23]. A SIM is a discipline-specific model, therefore,
needs to be created and maintained. It can be used to share data
through the use of ‘Global Unique IDs’ (GUID) enabling it to be co-
ordinated and shared across a variety of software platforms without the
need for complex data exchanges [23]. However, in the case presented
it was not able to be automatically synchronized with the process
plant's 3D model that had been developed as it was not used to manage
construction operations. Thus, real-progress monitoring only could
occur at the ‘Work Package’ level, which only provided managers with a
view of EICS, and therefore as it is not integrated with the entire pro-
ject's schedule.

To ensure the integration of a SIM with building information model
they can be linked together using an Industry Foundation Classes (IFC)
data format. This is a neutral, open file format intended to describe
construction data. This means that the 3D model can be created in any
BIM software, exported to an IFC file and opened in the IFC viewer in
order to link with the schedule imported into the SIM as well as other
information. Such an IFC viewer, for example, can be developed using
an open-source toolkit such as xBIM [18]. Future research will use the
xBIM functionality to enable the IFC viewer to be programmatically
linked to a SIM database so that information (attributes) can be re-
trieved and displayed about a component's status when selected in the
viewer.

6. Conclusion

Accurate assessment of a project's progress enables managers to
control and manage costs and schedule. While a considerable amount of
research has made headway to automating the processes to monitor and
inspect the progress works in construction, and ensure that the data
acquired and retrieved is able to produce an accurate ‘as-built’ model,
there has been an explicit emphasis placed on physical objects that
possess geometrical properties. Yet despite EICS being critical to the
operation and management of facilities they have received limited

attention. Put simply, without EICS facilities are unable to function.
Ensuring that EICS are efficiently and effectively installed, in-

spected, tested and commissioned is a challenge as the process is ty-
pically undertaken manually using CAD in energy and resource based-
projects, despite technological advances being made in the area of OOP.
Such documentation tends to be reliant on the production of paper-
based systems, which may be electronically transferred in a Portable
Document Format. A SIM presents an alternative method to produce
engineering documentation for ECIS where a 1:1 relationship is created
between the model and the real objects. By constructing a 1:1 model,
information redundancy can be eliminated, which reduces the pro-
pensity for errors and omissions to be made by engineers, which can
result in rework and losses of productivity manifesting during con-
struction. The shift toward embracing real-time progress monitoring of
construction requires the design of EICS systems to be produced in an
object-oriented environment and a ‘Construction Portal’ for the SIM to
be created and aligned with a PDCA workflow. Ideally, the schedule
should be produced collaboratively between the EPCM's project man-
agers and contractors to produce a ‘look ahead plan’ that can be rea-
listically achieved given the available time and resources.

In this paper, the design and development of a SIM and its im-
plementation for progress monitoring of EICS in a mega-project de-
velopment are presented. The architecture of the system and its role in
enacting progress monitoring is described. It is shown that the SIM
provides a valuable platform for ensuring the accuracy and timely
transfer of information from the workface to a consolidated point of
truth that projects managers can access in real-time. A SIM is discipline-
specific and there is a need to ensure its interoperability with building
information modeling software. Therefore, a bi-directional link be-
tween the SIM and the project's overall schedule and 3D model needs to
be developed in the future.

The EPCM organization that utilized the SIM in their project,
however, recognized its potential to provide a new way of working as
part of a strategy to engage with the digital future. Naturally, techno-
logical innovations such as a SIM that is incongruous with established
work practices are often confronted with strong skepticism and a lack of
legitimacy. But, how such legitimacy is created and enacted will not
automatically result from championing a SIM through its advocacy, but
also empirically identifying the failure and bottlenecks with using
software systems (e.g. CAD) that are not object-oriented in nature. To

Fig. 14. Status overview.
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this end, it is suggested that future emphasis needs to be placed on
providing empirical evidence of both the direct and indirect benefits,
costs and risks of engaging in new digital solutions so that lessons and
experiences can be shared to ensure their successful adoption.
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