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Abstract. With increasing maturity in model-based design and construction, a
concomitant increase in the need for system-based methodologies and toolsets to
support systems integration, requirements management, verification and vali-
dation and configuration management is evident if model-based information is
to serve the operations of complex buildings and civil infrastructure projects.
There is much to learn from best practices reported in complex discrete man-
ufacturing. In particular, closed-loop product lifecycle management (PLM),
systems engineering (SE) and model-based systems engineering (MBSE) are
key to systems approaches to digital complex construction delivery and the
reuse of model-based information for operations and maintenance (O&M). The
paper reviews related research and investigates the role of the V-model in the
development process, discussing its significance to structuring a through-life
approach to information management. A discussion of Erasmus’ PLM aligned
V-model is presented, and missing links in current BIM-enabled environments
are identified relative to requirements engineering, verification and validation,
and configuration management. The paper closes with a discussion of the gaps
in supporting model-based tool ecologies and lack of a central structuring
infrastructure, as well as the deficiencies in current process and data standards.
Closing with the identification of a future research agenda.
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1 Introduction

Within the lifecycle of a building asset, different actor-groups are involved in gener-
ating and sharing data and information throughout the design, construction, and
operations and maintenance (O&M) phases [1]. The fragmented nature of both the
construction and facilities management (FM) industries leads to the inefficient
exchange and low reuse of asset information [1, 2]. During the past decade more
effective utilization of product and product-related information has improved in the
development of new complex buildings and infrastructure [3]. Building Information
Modelling (BIM) is widely regarded as a key enabler of this trend, and together with
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the increased use of sensors and the internet of things (IoT), the foundation of the
fourth industrial revolution, or Industry 4.0 are being laid [3]. BIM is defined as “a new
approach to design, construction, and FM, in which a digital representation of the asset
process is used to facilitate the exchange and interoperability of information in digital
format” [4]. The implementation of BIM in design and construction phases brings with
it benefits regarding performance-based simulation and analysis, as well as greater cost
and schedule control [5]. Yet these benefits are marginal in light of the potential gains
to the O&M of a facility’s assets [6]. The realization of a through-life approach to
product data and information management faces a variety of persistent barriers. Issues
relate to the highly fragmented nature of the construction supply chain, traditional
procurement methods, and lack of process standardization [9]. These and other barriers
related to technology infrastructures [10, 25] prohibit the integration and flow of
model-based product information [7]. The knock-on effects of these barriers on the
management of vast amounts of data and information generated are significant and
prohibits an integrated systems approach to development processes [8].

To capitalize more fully on the potential of BIM to support the integrated flow of
digital information and process activities, it is necessary to define a structuring concept
linking BIM models, BIM uses, related information flows in the project together, with
workflows that commence at requirements elicitation and analysis and include defined
verification and validation (V&V) activities capable of supporting both functional
product and information quality assurance together with linked with user profile
information [9, 10]. Previous researchers have identified how the application of sys-
tems engineering (SE) activities in construction can structure the flow of data and
information as well as process activities [11, 12]. SE is a multidiscipline approach that
(i) supports the realization of complex systems integration, (ii) using requirements
engineering methods increases the project team’s ability to deliver high quality prod-
ucts, and (iii) services a variety of different business processes across the organization
[13]. Key to SE is the emphasis on requirements traceability through-life to achieve the
alignment of components, units, subsystems, and system [14]. However, whilst SE
provides a robust set of methods and processes (e.g., information requirements man-
agement [3], configuration management [15, 16] and change management [17, 18]),
gaps remain in how these methods translate to the complex nature of construction
projects, where challenges persist in the implementation of BIM surrounding the way
data is structured, verified, validated, reused and managed over the lifecycle of the asset
[1, 3, 19, 20]. Recent initiatives to develop BIM Standards (e.g., PAS 1192 and
ISO/DIS 19650) have sought to address such issues. However, an understanding of
how SE methods and processes can be used to implement systems-based collaborative
methodologies is currently lacking.

Against this backcloth, this paper presents a review and discussion of related
literature surrounding BIM and through-life information management. The paper
introduces the widely used V-model, popularized in the SE research in support of
development processes in complex discrete manufacturing. The paper discusses BIM
tool ecologies and standards in light of V-model objectives. Focusing on requirements
management, verification and validation and configurations management activities,
gaps are identified in construction practice. The paper ends with a discussion of the role
of SE methods in support of in complex building and infrastructure projects.



82 Y. Chen and J. Jupp

2 Background

With the increasing uptake of model-based design and construction technologies during
project delivery, opportunities for reusing information throughout the life of the asset
have arisen. Accordingly, technologies supporting the required backbone infrastruc-
ture, data structuring, cloud provisioning services, and enterprise architectures have
also emerged. Much effort has also been made to support interoperability, where data
standards have sought to support data exchange across various AEC disciplines.
Remaining challenges for the successful delivery of both the physical and digital asset
surround the use of various data standards and immaturity in the use of BIM process
standards that support the use of BIM in the delivery of 3D ‘as-builts’ and associated
data for O&M. Whilst best practices in the specification of information requirements
during project delivery to support BIM-enabled O&M/FM, the implementation
requirements of through-life information management relative to key verification and
validation processes, and configurations management remain relatively unknown.
A significant issue remaining in the fragmented supply chains of construction and FM
industries is the difficulty in determining “what data and context are required for each
phase of the product lifecycle” [21].

Over the last three decades, the complex, discrete manufacturing industries have
made significant progress in productivity increases and management efficiencies. This
is in large part due to a more seamless integration of systems enabled by SE methods
and the technology infrastructure that Product Lifecycle Management (PLM) platforms
provide [9, 21, 22]. Similar improvements, however, have not been achieved in the
construction and FM industries [9]. Given the increasingly cyber-physical nature of
these industries in the last decade, SE and recent approaches to model based systems
engineering (MBSE) have the potential to inform new approaches to BIM-enabled
systems integration and through-life information management [9, 11, 14].

In the field of information processing, researchers investigating lifecycle approa-
ches to BIM have explored the relevance of PLM. Whilst PLM is a business-oriented
solution, at its core PLM is a software-enabled strategy streamlines the flow of
information about the product and related processes throughout the product’s lifecycle.
As such, the right information, in the right context, at the right time can be made
available [23]. By providing the backbone technology infrastructure to improve pro-
cesses to conceptualize, design, develop and manage products, PLM implementations
drive higher levels of productivity and product profitability [29]. Jupp [9] presents a
typology for comparing PLM and BIM in a comprehensive literature review, under-
taking comparative analysis between aerospace and construction. The study highlights
that the similarities between PLM and BIM trajectories stem from a few common but
key characteristics surrounding data requirements, object-oriented approaches to
modelling and visualization, project level data sharing, and organization of teams
around digital deliverables [9]. Jupp and Nepal [24] explore how BIM and PLM have
impacted the professional practices in construction and manufacturing industries. They
concluded that the level of BIM maturity across the construction industry is improving;
increasing the possibility to reach a “common endpoint with manufacturing industries”.
Boton et al. [10, 25] present a comparison between the PLM and BIM approaches from
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the standpoint of the Product Structure (PS) and Bill of Material (BOM), highlighting
significant differences in approaches to 3D modelling and systems decomposition, data
structures and workflow automation [25].

Other notable research works include studies on the adoption of SE approaches in
construction [1, 14, 26, 27]. Whyte [14] provides a comprehensive review of system
integration research in the delivery and operation of infrastructure projects and suggests
future directions for research on systems integration within the civil infrastructure.
Whyte highlights the potential of combining “data-sets and model-based systems
engineering, BIM and performance-based models” and using “new forms of data
analytics to reveal new patterns” [14]. A chief concern raised by the translation of SE
into a built environment context is the reliance on a single source of data and the
potential for errors and significant failures in the absence of robust processes for
information verification and validation throughout the project [14]. Hoeber and Alsem
[1] present a way of working that utilizes open-standard BIM, SE ontologies, object
libraries and an Information Delivery Manual to support information management
throughout the life of infrastructures assets. Mata et al. [26] develop a ‘Systems of
Systems’ model using SE concepts and Systems Modeling Language (SysML) to
evaluate the sustainability performance of infrastructure projects. Notably, De Graaf
et al. [27] assessed the level of SE applications in six construction projects of the Dutch
Water Board based on the SE process model developed by the U.S. Department of
Defense (DoD).

This growing body of literature signals the case for understanding SE methods and
PLM functionalities relative to the unique context and requirements of designing,
delivering and O&M of facility assets.

3 Model-Based Systems Engineering and the PLM V-Model

One of the most accepted definitions of SE is that proposed by INCOSE: “SE is an
interdisciplinary approach and means to enable the realization of successful systems. It
focuses on defining customer needs and required functionality early in the development
cycle, documenting requirement, and then proceeding with design synthesis and system
validation while considering the complete problem” [13]. Model-based systems engi-
neering (MBSE), is an approach that is founded in SE, and is aimed at the use of
models (instead of documents) to support system requirements, design, analysis, ver-
ification and validation of the system being developed [28]. The “V” model, one of the
most widely used development process models in SE that takes a lifecycle approach,
describing the through-life requirements management, and continuous verification and
validation processes [13]. In typical V-model representations, traceability is ensured
from both “horizontal” and “vertical” verification and validation linkages [29]. During
system decomposition and definition, requirements, functions, and objects (R/F/O) are
verified with higher-level R/F/O before then being validated against client expectations,
which enable the “vertical” traceability [30]. The components of a system are then
integrated and recomposed into the product. System components are therefore verified
with corresponding R/F/O at each level with ongoing validation, which enable the
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“horizontal” traceability [30, 31]. In this way, V&V are not treated as separate phases
but are integrated activities executed continuously throughout the MBSE process [30].

Erasmus et al. [32] have united the V-model development processes and PLM’s
backbone infrastructure to produce a framework that aligns objectives and capabilities
to support model-based delivery processes. Figure 1 shows this alignment between
PLM and a MBSE V-model. The model describes requirements [R], functions [F],
logical solution elements [L], and physical elements [P]. Using a PLM platform, three
information management capabilities can be harnessed to enabled MBSE, including the
integration: (i) of product information across the entire lifecycle and the associated
information, (ii) for improved collaboration between practitioners from different dis-
ciplines and business functions, and (iii) of people, data, processes and business sys-
tems to provide a product information methodology for the company and its extended
enterprise [32].
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Fig. 1. PLM aligned V-model to enable model-based systems engineering [32]

In Erasmus’ PLM V-Model, time and system maturity proceed from the left ‘wing’
(top-down) to the right ‘wing’ (bottom-up) [13]. Top-down processes reflect the def-
inition and decomposition of the system into sub-systems and components; while the
bottom-up approach enables the integration and verification from system components
to the system level [31]. In MBSE approaches, the ‘V’ reflects the definition of model-
based V&V plans during the top-down requirements developments process. In a BIM-
enabled environment, the development of information management methodologies
relies on similar approaches, for example as reflected in EIR definitions in PAS 1192.3-
2014. However, Erasmus’ combined PLM V-model highlights further deficiencies in
the application of BIM, where as a model-based development process it should be
supported by similar mechanisms that can facilitate the relationship between the var-
ious participants in the supply chain and their model-based deliverables, by enabling
the exchange of the information that describes the product, its configuration, its
intended use, and how it will be maintained.
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4 New Complex Construction and Information Management

This section introduces a conceptual framework that attempts to describe the different
approaches to model-based design, construction and operations. The framework
illustrated in Fig. 2 provides a means of identifying and structuring the problem of
implementing a through-life approach to information management in a construction
context so as to highlight the gaps to model-based requirements management, verifi-
cation and validation, and configuration management processes and infrastructures.
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The framework consists of five layers: (i) Construction Asset Lifecycle Phases
according to RIBA [33], (ii) MBSE PLM aligned V-model, (iii) Model-based appli-
cations (iv) Data standards, and (v) Process standards. In this framework, the RIBA’s
project lifecycle stages are adopted [33]. There are eight phases in total: strategic
definition, preparation and brief, concept design, development design (same as sche-
matic design), technical design (also called detail design), construction, handover and
close out, and in use. The following sub-sections discuss layers (iii) to (iv).

4.1 Model-Based and Data-Driven Applications

Model-based and data-driven applications can be broadly divided into two areas:
supporting software/platforms and supporting technologies (as shown in Fig. 3).
Typical software adopted in different phases were listed according to their corre-
sponding function. Some applications span phases, e.g. requirements management; 3D
design, 4D planning, and 5D costing will have different applications according to the
minimum modelling requirements specified at each phase. Applications may also occur
across multiple functions based on the multifunctional modules supported.
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Fig. 3. Model-based and data-driven applications
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The use of requirements management workflows and technologies are not wide-
spread in the construction industry and appear to be somewhat more common in the
civil engineering and infrastructure sectors. Within these sectors, the use of require-
ments management tools such as IBM Rational DOORS is increasing. In the health
infrastructure sector, case studies documenting BIM applications also report limited use
of planning and data management tools such as dRofus, which offer requirements
management capabilities that utilize a space-based approach to requirements man-
agement [34]. However, interactions between multiple dependent requirements remain
independent, and links to the model to automate traceability are seemingly uncommon
according to our review of the few academic studies documenting its use. To support
data integration, Common Data Environment (CDE) platforms and data warehouses are
now essential to complex construction delivery. The CDE provides an environment to
share geometric information as well as related information such as registers, schedules,
contracts, reports and model information. The CDE therefore builds on the concept of a
“federated” model by bringing everyone’s information together in a virtual space.
Cloud-based platforms such as Aconex, Trimble Connect, Autodesk BIM360,
GroupBC, ProjectWise and a host of Autodesk Forge’s applications including AEC
Hub, provide different forms of CDE.

Due to the complexity of the tool ecologies utilized throughout complex con-
struction project delivery phases, a variety of data and process standards have been
developed and despite the growing maturity in collaborative modeling software and
CDE, they remain bolt-on solutions to the systems integration problem that persist due
to construction’s fragmented supply chain and typical design and construct (D&C)
delivery methods.

4.2 Supporting Data Standards

Data standards encompass a range of data exchange and data formats (as shown in
Fig. 4). Data standards reviewed here are based on the classification systems proposed
by Sabol [35]. Whilst standards are primarily applied during design and are directed
towards supporting the onsite integration of asset equipment, recent data standards such
as Project Haystack are designed for operations. One of the most commonly used data
standard includes Industry Foundation Classes, or IFCs (ISO16739) were developed to
support the data exchanges between different software. Uniclass is the main classifi-
cation systems in the UK while the UniFormat and MasterFormat standards are well
known and widely used in the North American construction context, the successor
classification system, OmniClass (also known as ISO 12006-2) is also utilized
worldwide [25]. COBie' was first proposed by the US Army Corp of Engineers in 2007
[36] and was adopted as a British Standard in 2014 [37]. More recent classification
systems are aimed at the O&M phases are gaining traction in the industry. An example
is the Project Haystack, which has developed an open set of tags for naming key
building automation and energy components [38].

! Construction Operation Building Information Exchange.
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Fig. 4. Data Standards used in BIM-enabled complex construction

4.3 Supporting Process Standards

BIM process standards consist of the current developed project-level BIM standards
informed by industry BIM standards and guidelines as well as its reference industry
standards (as shown in Fig. 5). The project-level BIM standards include BIM
requirements for projects, project BIM brief, and BIM execution plan (BEP), also
known as a BIM management plan (BMP) for design, construction, and facility/asset
management purposes. These three types of documentations are informed by relevant
industry standards and guidelines. For example, in the UK, the British Standard
Institute published the PAS? 1192-2: 2013 and later PAS 1192-3: 2014 focusing on
information management process to support BIM Level 2 in the capital/delivery phase
of projects, and operational phase [39, 40]. Both Standards introduce new concepts and
system-level processes to BIM implementation. In the US there are Level of Devel-
opment specifications while in Australia there are National BIM Guide and BEP
template. Internationally, the ISO/DIS 19650-1.2 and 2.2 are aimed to support the
information management during the life cycle of built assets when using BIM [41].
Industry BIM standards are supported or informed by several reference standards to
support quality management (ISO 9001:2005), asset management (ISO 55000 series),
data management (ISO 8000), requirement management (ISO 16404).

2 Publicly Available Specification.
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Fig. 5. Process Standards used in BIM-enabled complex construction

5 Conclusion and Ongoing Research

The development of BIM as an enterprise strategy that can integrate and streamline the
flow of information about product and product-related processes through-life (sup-
porting the right information, in the right context, at the right time) is a central moti-
vator of this research project. This paper has therefore sought to investigate SE and
MBSE and enumerate their relevance in support of a BIM-enabled approach, where
through-life information management continues to prove to be challenging to AEC
project teams [7]. The V-Model is a widely accepted approach to the development
process in complex discrete manufacturing. By supporting requirements management,
continuous V&V and configurations management of product and product-related
information throughout development processes, this simple structuring of systems
decomposition and integration demonstrates a relevant method and technology
infrastructure that can benefit construction and FM industries. Erasmus’ PLM V-Model
[32] demonstrates how the backbone infrastructure and enterprise level approach of
PLM is required to achieve model-based systems integration and its inherent relevance
to V&V and configurations management throughout the development process. These
capabilities, whilst developed in a complex discrete manufacturing context, have rel-
evance in the model-based development and O&M of complex built assets; that is,
where 3D deliverables are mandated by clients contractually.

Throughout the life of a built asset, different requirements come into and out of
specification and management processes. To leverage the value of BIM in construction,
system-based information management processes across all phase of the lifecycle must
not only account for a variety of model-based applications and data standards, but also
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implement industry (e.g. ISO/DIS 19650) and project (e.g., Design BMP/BEP) stan-
dards without structured workflows. The need to include structured requirements
management and V&V processes, supporting model-based data structures and back-
bone technology infrastructure is key to supporting through-life information manage-
ment in complex construction.

The overall aim of this research is to develop new approaches to the through-life
management of model-based information in the context of complex construction.
Ongoing research is therefore focused on documenting industry practice in case studies
that utilize SE/MBSE methods, including PLM technology infrastructures and sup-
porting V&V and configurations management activities and toolsets. Case studies are
targeting both complex discrete manufacturing where these approaches are more
readily observable, but also notable cases in civil infrastructure and complex hospital
projects. The goal is to minimize the need for manual, time-consuming, error prone,
point-mapping between information systems across the lifecycle phases of complex
built assets.
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