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Abstract: Despite the great potential of LPS and BIM to improve construction project productivity,
the full integration of these modern production and information management systems at the data
processing level is not yet achieved. After matching the literature to empirical studies in a Construc-
tive Research Approach, it emerged that very few studies have investigated how buildings’ data
could be preserved and continuously evolve during the project lifecycle. Accordingly, we underline
the potential role of data warehousing in rendering operational data as a strategic asset for decision
making. These findings motivate the present research, which aims to capitalize on quantity surveying
data in order to automate the generation of M & E installation schedules. This paper first introduces
the system functional requirements. Then, it proposes a conceptual scheme for the planning data
mart (a data warehouse subset dedicated to planning subject area). Furthermore, we shed light on
the M & E fragnet standardization procedure and how data have been processed. Finally, we present
the current software developments to demonstrate the feasibility of this concept.

Keywords: lean; LPS®; BIM; data warehouse; information management; automation

1. Introduction

Schedule slippages and massive cost overruns are typical failures of construction
projects across the globe. Professionals underline the correlation between project failures
and labor productivity that can be measured by time on tool indicators [1]. The latter
consist of the effective working time of crews excluding anything that prevent laborers
from working, such as waiting times, movements, planning, etc. Time on tool analysis
has shown that fewer than 4 out of 10 h in a day are productive [1]. Thus, removing the
bulk of distractions and constraints that are known to impact labor productivity is the
key for improving construction project performances. Installation crews must, however,
have all the information and resources needed to complete their work. This is the aim of
Workface Planning (WP), which refers to the definition, creation, execution and tracking
of Installation Work Packages (IWPs) by Workface Planners. IWPs are small groupings
of work tasks for execution by a single crew in a short time period [2]. There are many
similarities between Workface Planning and the Last Planner System® (LPS). On one hand,
LPS is a collaborative planning process that follows Lean Construction (LC) principles.
It involves trades foremen and design team leaders in planning in greater and greater
detail as the work deadline gets closer. It encompasses multiple components: master
planning and phase planning to define what SHOULD be done, lookahead planning based
on constraint identification and removal to establish what CAN be done, weekly work

Appl. Sci. 2022, 12, 4546. https://doi.org/10.3390/app12094546 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app12094546
https://doi.org/10.3390/app12094546
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-6972-9586
https://doi.org/10.3390/app12094546
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12094546?type=check_update&version=2


Appl. Sci. 2022, 12, 4546 2 of 22

planning based on reliable promises of what WILL be done and learning based on analysis
of the Planned Percent Completed (PPC) and reasons for variance [3]. On the other hand,
WP is the last component of an overall project management methodology, Advanced
Work Packaging, that focuses more on the engineering and procurement prioritization
and early project sequencing efforts. Workface Planning includes IWP creation, constraint
and backlog management, progress monitoring, etc. Workface Planners or Last Planners
perform the function of production management, so they should be skilled enough to
break down the work scope of each discipline into installation operations. Along with
their inherent experience, planners rely basically on engineering information such as the
materials list, drawings, specifications and vendor information to build executable plans.
Likewise, each project stakeholder counts on the preceding knowledge to carry out their
activities [4]. It is important to note that a piece of information turns out to be knowledge
when it is useful and relevant to a specific subject. Knowledge is higher in the hierarchy
when compared to information; it is also perceived to be a more valuable and competitive
resource in most construction organizations. As a general rule, knowledge can be either
explicit or implicit [5]. Explicit knowledge includes information contained in databases and
documents. This information is quite shallow and does not contain deep experience-based
knowledge. On the other hand, implicit knowledge refers to “know-how” information that
employees have already learned through experience. This kind of information is hard to
communicate or transfer between people and information management systems.

In view of the fact that overall construction project processes are interdependent, effi-
cient information flows and relevance are the backbone of all successful construction projects.
Unfortunately, the dynamic and fragmented nature of the construction industry hinders the
exchange of valuable information between different actors in the project environment. The
incompatibility between project stakeholders’ systems prevents them from rapidly sharing
accurate project information and results in numerous data consistency problems and added
costs. Within this context, Workface Planners are unable to access and use commercial and
engineering data to develop consistent installation schedules. Hence, the poor information
and knowledge management implies a weak production management system that leads to
various wastages in construction, including rework, waiting, over-design and the extension
of the overall project duration [6]. Moreover, construction is often criticized as a sector that
lacks standardization. On most projects, Workface Planners are left to devise their own
production management and control system [7]. Those issues are mainly addressed by
innovative production management concepts, namely, the Lean philosophy.

1.1. Applying Lean Construction Principles to Waste Management

The last few years have witnessed the emergence of a new production management
philosophy baptized Lean Construction. Naqib Daneshjo defined production management
as the “planning, organizing, directing and controlling of production activities. Produc-
tion management deals with converting raw materials into finished goods or products.
Production management also deals with decision making regarding the quality, quantity,
cost, etc., of production” [8]. Thus, Lean Construction is the application of production
management to deliver optimal construction projects by maximizing customer value and
minimizing wastes. The desired outcomes are attained through methodic, collaborative
and continuously improved design and building processes and flows. Ultimately, Lean is
about moving ever closer to uninterrupted flow in the sequence of operations that delivers
perfect quality. In fact, it concerns the continuous learning and improvement of production
operations. The term “flow” indicates not only the physical products and services but
also the information necessary to run operations [9]. It is noteworthy to mention that
a company’s Lean transformation is a unique journey. Even if there is no silver bullet
to follow in a Lean transformation, Lean House frameworks may help to decide the ap-
proach, set the priorities and select the appropriate tools. For instance, the conventional
“House of Lean” developed by Toyota rests on two pillars: Just-in-Time and Jidoka (Flow
and Quality or “Go” and “Stop”). It also suggests building the foundations by means
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of Gemba walks, Standardization, Visual Management, 5S, etc. before dealing with the
aforementioned pillars [9]. Surprisingly, the Last Planner System® (LPS) and Just-in-Time
(JIT) are the most practiced Lean techniques in the construction industry, both addressing
the flow pillar [10,11]. Aside from the steady adoption of 5S and Visual Management by
construction companies, standardization is still embryonic in the construction sector. Still,
standardized work is fundamental to keeping the production as close as possible to the
continuous workflow [12]. For this reason, the construction industry must endeavor to
standardize its processes.

While Lean Construction techniques already in practice have had positive impacts
on construction project performance, many firms find Lean Construction methodologies
challenging to implement. Many barriers to Lean Construction implementation have been
identified, including the lack of top management support, reluctance to change and budget
costs to settle new processes and tools. Moreover, the lack of information sharing appears to
be among the top five barriers to successful Lean production management in the construction
industry [13]. Therefore, it is important to capture and share knowledge that is generated
throughout the project life cycle in order to enable improvements in decision making based
on continuous learning. To this extent, technology can accelerate the implementation of
Lean Construction practices, especially with BIM, which seems to be the key shift of the
architecture, engineering and construction industry to data-driven construction.

1.2. BIG BIM as a Support to Continuous Information Flow

Firstly, BIM, which in a narrow sense is known as “little BIM,” is advocated as a
central information management hub of the physical and functional characteristics of
a facility. Within this definition, the acronym BIM stands for the Building Information
Model. Secondly, BIM also refers to Building Information Modeling, which is the set of
processes and technologies that enable architects, engineers and construction professionals
to generate a digital model [14]. These actors will enrich, update and share the compilation
of structured data hosted in the building model. Obviously, Building Information Modeling
software allows us to model building components as parametric objects with geometric and
non-geometric attributes that represent functional, semantic or topological information [15].
Lastly, BIM designates Building Information Management, which stands for the definition,
the organization and the supervision of data exchange processes during the whole building
life cycle [14]. The definitions proposed in the literature must be used with caution, since
there is not a single satisfactory description of what BIM is. For the purpose of this
study, BIM is considered to be a way of managing information to improve understanding
throughout the building life cycle, synonymous with the BIG BIM view or the broader
sense of BIM. According to Finith Jernigan [16], “BIG BIM promotes real sustainability. It
connects the dots, improves information flow, and supports integration. It interacts with
the world we inhabit [ . . . ] by assembling knowledge and integrating a long view of our
environment.” Table 1 displays the differences between little BIM and BIG BIM.

Table 1. Little BIM vs. BIG BIM [17,18].

Little BIM BIG BIM

CAD on steroids BIM on steroids
2D 3D 4D 5D 6D

Model is incomplete Model is complete
Modeling expertise Collaboration expertise (IPD)

Silo mentality Data sharing
Information throwaway Data is an ever-evolving asset

No real-world recipes and costs Real-world recipes fully integrated
Benefits internalized to company Benefits entire ecosystem

Little change in how you do business New business opportunities
Internet is a reference Internet is pivotal
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However, the BIG BIM concept—which promotes continuous information flow through-
out the building life cycle—is not yet mature in practice [19]. In addition, there is little con-
sideration of how experience-based knowledge, which is the higher competitive company
asset, as explained earlier, can be effectively captured and used for continuous improve-
ment with BIM. Accordingly, researchers are invited to emphasize works on BIM-based
knowledge management throughout the project life cycle and try to solve interoperability
issues between different BIM tools as well as other information management systems [20].

1.3. BIM and Lean Synergy

In the last decade, research in LC and BIM has demonstrated a considerable synergy
between the two concepts. Indeed, they show clear intersections in their objectives; both
BIM and LC focus on understanding client requirements and reducing waste to bring
greater added value through the design and construction process [21]. While it is assumed
that the mutual application of LC and BIM can foster construction project performance, the
two concepts have been developed and mostly applied separately. Sacks et al. [22] first laid
out an interaction matrix identifying 56 points of intersection between Lean Construction
principles and BIM functionalities. Later, Ouskouie et al. [23] expanded the number of
interactions and possibilities in the matrix as BIM use was quickly developing over the
project life cycle. The authors of this study also conducted a literature review on the LC
and BIM interactions mostly explored by researchers. The proposed weighting matrix
showed that 4D BIM-based visualization of construction schedules produced and updated
during LPS rituals is the most prominent and promising LC and BIM interaction at the
construction stage [24]. Consistent with Schimanski et al.’s [25] results, a deep exploration
of BIM-based production management systems revealed a lack of full integration between
BIM and LPS at the data processing level [24]. In addition, the authors highlighted the
relevance of automating the generation of phase schedules as part of a true BIM and LPS
integration [24]. Automation is also a way to ensure the continuous use and improvement of
building information and reduce data loss. This implies that each actor in the construction
chain should become an intermediate customer for the preceding stages. In this way, every
project member will be able to “pull” valuable information generated at previous phases to
support their inherent activities, which pairs with LC and BIG BIM goals. One can even
say that a Lean Construction is achieved through BIG BIM implementation. Construction
schedule automation in real-life projects, which is the issue that will be addressed in this
paper, is only one aspect of BIG BIM implementation.

1.4. Problem Relevance Preliminary Study

The preceding literature review details the theoretical foundation for the Workface
Planning issue in the construction industry. As the problem area includes both theoretical
and practical concerns, empirical evidence in real-life building projects was needed to
legitimize the relevance of the selected problem. Hence, we conducted a survey involving
cross-functional teams within the organization with which we collaborated for the purpose
of this research. The company specialized in heat, ventilation and air conditioning, and the
participants interviewed included representatives, operation directors, project managers,
design technicians, foremen and laborers as well. We collected 100 answers through the
internal company network “DigitaLean,” and we believe that the number of responses was
representative enough to reveal the common trends and needs. The participants were asked
about their familiarity with LPS and BIM practices as well as the functionalities that are most
expected as part of a BIM approach. The questionnaire revealed that the firm employees’
acquaintance with LC techniques, especially LPS, was very limited. Indeed, 14 candidates
had tried the LPS methodology, 62 did not know about it and 20 participants had just heard
about it. In addition, the organization had acquired 3D modeling expertise in recent years.
However, some discrepancies in 3D Building Information Modeling skills were observed
between local agencies. Concerning future needs, almost 70% of the interviewees were
looking forward to deploying the 4th dimension of BIM related to planning capabilities.



Appl. Sci. 2022, 12, 4546 5 of 22

The main features (Figure 1) that were desired were: 3D model visualization, supply chain
management, progress monitoring and project scheduling.
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Cross-checking the aforementioned theoretical and practical setbacks revealed the
importance of Workface Planning automation to move forward with Lean and BIM integra-
tion. Therefore, this paper will shed light on how to leverage quantity surveying data and
BIM to automate mechanical and electrical (M & E) Workface schedules.

2. Research Objectives and Methodology
2.1. Research Objectives

The present research seeks to improve production management of M & E installation
works by proposing an automated planning method that enables detailed installation tasks
to be defined and estimated more easily. Explicitly, we aspired to design an IT artifact
that harnessed project estimates, design information and M & E expert knowledge to
automate the generation of mechanical and electrical schedules (Figure 2). The idea was to
offer early insight to M & E managers and foremen about the construction schedule using
project estimate information and then updating that schedule as the Building Information
Model is enriched. Furthermore, the generated output must form the basis for the progress
tracking of M & E on-site construction operations. Throughout this research, standardized
M & E work templates were defined for each material category using expert know-how
information. The latter explicit knowledge is crucial for producing an automated schedule.
Furthermore, this study presents the users’ functional requirements, the architecture of the
automated M & E planning Web application and its conceptual data model as well as the
current development state of the user interface.

This proposed solution will relieve M & E managers and foremen of the extremely
laborious and time-consuming Workface Planning activities. It will also replace the sub-
optimal ad hoc decisions made by those professionals to determine such tasks. Above all,
the main driver for this concept is ensuring data continuity between quantity surveyors
and design and execution teams. This paper only focuses on information that is relevant to
the detailed planning of M & E installations.

2.2. Research Methodology

The underlying research strategy consisted of the Constructive Research Approach
(CRA) described by Lukka [27] as a methodology that creates innovative constructions (or
artifacts, as used in Design Search Research (DSR)) to solve real-world problems. CRA and
DSR are quite similar from the process perspective; they both go from problem awareness
and definition to solution proposition, artifact development and evaluation. In terms of
application domains, DSR is predominantly applied in the information science field, while



Appl. Sci. 2022, 12, 4546 6 of 22

CRA has been adopted in both information science and general management disciplines.
However, CRA and DSR follow different trajectories in problem solving. While the basic
logic of DSR is deductive, it relies more on the application of previous knowledge through
a specific kernel theory in the design. The CRA reasoning is abductive; it follows a softer,
more intuitive and creative approach, which implies a “back and forth” direction between
theory and empirical study [28]. The use of fundamental theories is not forbidden in
CRA, but it is not a requirement, either. Moreover, the process description of CRA puts
more weight on the collaboration between the researcher and practitioner with the aim
of learning through experience. The CRA guidelines require that the artifact must be
developed in close collaboration with the target organization, whereas DSR does not
prescribe a definitive mode of collaboration, even if it requires that the resulting artifact
be evaluated rigorously. The CRA process proposed by Lukka [29] outlines the steps and
main activities conducted in this research realm. These steps are mapped according to the
abductive process in Figure 3:

i. Find a practically relevant problem with the potential for theoretical foundation:
The problem is selected through the researcher’s personal experience in the field,
expert interviews and literature search. For this study, the research topic dealt
with the automation of construction Workface Planning as part of a true BIM
and LPS integration at the data processing level. The issue was selected based
on a literature review of Lean Construction and Building Information Modeling
interactions (Section 1.3) as well as a qualitative survey conducted within the hosting
company (Section 1.4).

ii. Examine the potential cooperation with the target organization(s): A project team
is organized around the problem, and a formal agreement outlining the research
activities, schedule, key milestones, funding and access to information is established
to ensure the commitment of the stakeholders. This research is undertaken as an
industrial fellowship program; thus, it implies a contractual partnership between the
research candidate and the academic and industrial practitioners. This partnership
led us to focus on the M & E organization’s discipline. Moreover, organization
interest in data continuity drove our reasoning.

iii. Obtain a deep understanding of the topic area: The objective is to gain a pro-
found understanding of the organization’s practices. The researcher should be
well-informed about prevailing theories through a literature review and be able to
place their research in the context of existing knowledge. To meet the objectives of
this phase, we conducted a thorough literature review on construction schedule
automation techniques (Section 3.1), and we carried out interviews with compe-
tent practitioners and experienced a 3 month immersion in an MEP (Mechanical,
Electrical and Plumbing) project to depict current planning processes within the
target organization. Moreover, we examined the firm’s quantity surveying and
design tools and technologies in order to identify the relevance and availability of
the project’s estimates and design data for Workface Planning (Section 3.2). The
latter analysis revealed many challenges regarding information consistency and
loss in real-life projects.

iv. Innovate a solution and develop a problem-solving construction: Here, the re-
searcher develops a conceptual solution and studies its feasibility. If not feasible, the
research is either dropped or significantly changed. On the other hand, a prototype
of the solution is developed in an iterative (trial and error) fashion. In this phase,
we mapped an ambitious technical architecture for data transfer along the MEP
business process based on a data-warehousing concept (Section 4.1). The feasibility
study revealed some data availability issues that required huge development efforts
in third-party estimate software, emphasizing the standardization of MEP article
codification and nomenclature throughout the project life cycle as well as dealing
with change management issues. All those steps were preliminary issues that must
be solved before the implementation of the proposed solution. Despite this, the firm
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was still motivated to carry out a proof of concept for project scheduling automation
to reckon with the current data consistency constraints. In parallel to this research
study, the company had also launched a project to rationalize its estimate processes.
Under these circumstances, the research team tailored the architecture of the pro-
posed solution, formulated the minimum viable product functional requirements
and started the software prototyping (Sections 4.2, 4.4 and 4.5). In addition, the M &
E work sequences that formed the basis for an automated Workface schedule were
needed at this stage. Thus, we modeled standard M & E fragnets in collaboration
with competent M & E project managers (Section 4.3).

v. Implement and test the solution: the solution needs to be tested from the technical
and process perspective and in a real-life project within the chosen organization.
This step was carried out simultaneously with the application development in
a test and learn logic (Section 4.5). Realistic mock data were used during the
development stage for testing the functionalities under conditions that closely
simulated a production environment.

vi. Ponder the scope of applicability of the solution: An analysis of the solution’s
implementation is carried out. If the application is successful, a diffusion of the
concept to the wider industry must be performed.

vii. Identify and analyze the theoretical contribution: At this stage, the researcher
analyzes the findings and decides the implications for the original theories.
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3. State of the Art
3.1. Automation of Construction Scheduling Techniques and Previous Works

On a theoretical level, a large body of research has addressed construction planning
automation over the last three decades. The suggested scheduling engines have evolved
from user-driven to model-driven systems with respect to project scope quantification [30].
Actually, the earlier tools required the manual entry of activities or components into a
list, while modern tools take advantage of product modeling software advances such as
computer-aided design (CAD) and BIM software. For instance, De Vries and Harink [31]
derived vertical and horizontal relationships between CAD model components and used
an external database to calculate activity duration and select appropriate equipment and
labor depending on the component type. Likewise, Kim et al. [32] extracted Building
Information Model materials, locations and quantities, then calculated activity durations
using production rates from the RsMeans database. Furthermore, Liu et al. [33] used both
topological adjacencies embedded in the Building Information Model and process patterns
sourced from a Work Breakdown Structure database to perform construction sequencing.
Accordingly, research developments that reason about the project scope from a CAD of a
BIM model are mature enough. In spite of all those advances, most—if not all—construction
projects still rely on fully manual scheduling practices. Amer et al. [30] revealed three
issues that hinder the wide adoption and scaling of automated planning engines. The
first insight related to the rigidness of activities and sequencing knowledge representation.
Indeed, the examination of activity modeling and sequencing techniques showed that a
substantial amount of manual work is required for creating and maintaining the know-how
information bases. A large number of artificial intelligence-driven planning systems do
not support learning from historical knowledge related to previous projects. Thus, it is of
utmost importance to generalize activities and sequencing knowledge templates by parsing
through previous project knowledge records and automatically learn from them without
the need for extensive human input. The second insight that showed current automated
planning systems to be irrelevant was that they are not validated by real-world projects
or throughout the entirety of a project. Actually, scheduling engines were tested on a few
types of buildings, mainly offices, universities and residential buildings with a limited set
of building components that were primarily structural. Conversely, healthcare, industrial
buildings and MEP installations got little attention in previous planning automation trials.
Finally, the third insight regarded the decoupling of automated planning and schedule
optimization research, which made those solutions suboptimized and consequentially
less appealing in real-world projects. For example, Isaac et al. [34] proposed a method
for automated scheduling of M & E systems by taking advantage of the components’
topological relationships in BIM. The generated schedule was optimized to conform to
multiple constraints prescribed by practitioners and was represented using a Line of Balance
diagram. The graphic format explicitly shows the components that need to be installed, their
locations, required resources and other relevant data needed to execute the work. However,
the representation does not allow tracking subsidiary activities related to conversion tasks,
such as material reception, handling and pipe connecting, which require a high level of
activity modeling granularity. In the future, the ability of automated scheduling systems to
perform hierarchical planning at different levels of granularity throughout the project life
cycle should support Lean workflows [30]. By doing so, short-term and long-term plans
will be aligned through the automatic updating and continuous detailing of schedules from
the master schedule level to the weekly work planning level and including the lookahead
planning level.

3.2. Ongoing Planning Practices within the Partner Organization

As part of the Constructive Research Approach, a deep understanding of the target
organization challenge is necessary to highlight the issues that are usually not reported
or emphasized in the literature. This step of research was conducted through 3 months
immersion in an MEP project and many interviews with experienced partitioners. The
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analysis revealed that there was no unique and homogeneous planning method within the
firm. Actually, MEP managers were left to devise their own scheduling and control systems.
Naturally, planners used estimated data generated at the tendering phase of the project
in order to quantify their scope workload. Those estimates included lists of materials for
each discipline, per localization and MEP system, and comprised estimated working times
and material cost per unit as well. Material man-hours and cost per unit were retrieved
from an internal company’s article database. Given the lack of a conventional activities and
sequencing formalization in the firm, every planner defined each task and its dependencies
at a level of detail that seemed suitable. Then, the planner manually and approximatively
mapped the relationships between the tasks and material installation durations. The
practitioners also confirmed that they usually use master schedules milestones, defined
by the construction manager, to constrain task starting and ending dates. The produced
Workface schedule was represented via a Gantt diagram in an Excel worksheet that showed
only installation tasks. A macro view of the installation schedule was sometimes nested
in a long-term plan that included the milestones of design, drawing coordination, MEP
system installations and commissioning. In addition to the MEP Gantt chart schedule, the
most advanced planners used a simple and visual Microsoft Office 365 tool called Planner
to organize and synchronize multiple MEP actors’ tasks including design, procurement,
security, administrative and commissioning activities as well as unforeseen on-site incidents.
During the project’s installation stage, MEP foremen reported the progress and man-hour
consumption for each task on the Gantt schedule. Those downstream reports enabled the
project manager to forecast the cost at completion of the project (estimate at completion
(EAC)). Figure 4 summarizes the project management process within the target company.
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In the best circumstances, the Workface Planning exercise lasts a full-time week for an
MEP project with a EUR 10 million turnover. Usually, planners struggle to assemble pieces
of data collected from multiple tendering documents and quantity surveying tools. The
main problem reported at this stage was the loss of localizations and MEP system attributes
of materials when drawing up the customer quote from quantity take-off sheets. Strictly
speaking, one part of relevant location-based planning information—namely, localization
and system attributes—remained in quantity take-off sheets, while another valuable set
of attributes—specifically, material installation time per unit—was generated within the
estimate’s software. Considering this fragmented dataflow, planners needed to cross-
reference fetched information with their own project knowledge in order to build accurate
MEP Workface schedules. Because of the complexity and tediousness of this assignment,
Workface Planning could be left behind by some MEP managers.

After all, it is known that all plans are forecasts and all forecasts are wrong. So, the
key is planning how to “counterpunch”—how to respond effectively to a plan failure.
Thus, planning is a vital process that involves constant corrections. This explains why
building model information is as important as estimated data, since they will allow schedule
updating. This conclusion led us to investigate the current partner firm’s modeling practices
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and tools. Today, almost 30% of the company’s MEP projects are modeled using Revit
building information software at a level of detail (LOD) of 300; models are realistically
plotted as an object or assembly. Quantities, shapes, quotation positions and orientations
are accurate. Nevertheless, the BIM model alone does not allow for scheduling since no
installation processes are included in the object’s details. In addition, we observed that the
objects codification in BIM models was not consistent withthe articles codification used in
quantity surveying within the company. As a result, the definition of a standard and unique
article codification for both quantity surveying and design teams was a big issue that the
company must deal with in order to reconcile estimate and building model information.

All things considered, the partner organization carried out little BIM. We noticed
information throwaway, building model incompleteness and disintegration from real-
world recipes and costs. Therefore, we recommended applying BIM as a carrier to transfer
the knowledge contained in different knowledge management tools throughout the project
life cycle. This did not mean that everything had to be in a single model, as BIM software
vendors may claim. It would be more accurate to describe BIM as a series of interconnected
models and databases. Such an integrated framework can be achieved using the projects’
data warehouse.

4. Development of a Prototype for Automated Generation of MEP Schedules
4.1. Software Principle and Its Integration in the Project Life Cycle

The main motivation for data warehousing is to transform operational data into
strategic decision-making information. In general terms, a data warehouse is a database
that is periodically filled with data retrieved from multiple databases for the purpose of
analysis [35]. Easy access to adequately prepared data is beneficial in different decision
support applications, such as management reporting, queries, decision support systems
and executive information systems [35]. Essentially, a data warehouse ensures that the
appropriate data are available to the appropriate end user at the appropriate time. The
current trend in data warehousing is to develop a data warehouse with several smaller
related data marts. A data mart is simply a subset of the data warehouse designed for a
particular line of business or team, such as purchasing, sales and inventory [36]. As part of
our project, a scheduling decision support system is built using a combination of raw data
from project estimates and design as well as expert knowledge on activities sequencing.
Thus, we designed a data mart model called “schedule-data” dedicated to translating
complex business data into structured and usable computer information. With respect to
the firm’s strategic vision, the modeled data mart will be embedded in the organization’s
data warehouse “db_AxiBIM”.

In a perfect scheme, the modeled data mart is first populated with quantity take-off
sheet data that include a list of materials with respective quantities, localization (building
and level name), the MEP system name and the materials’ technical features (diameter, air
flow, fluid pressure, power, etc.). Secondly, quantity surveyors retrieve this information
from the data mart to produce the service quote at the level of detail required in the cost
breakdown template provided by the customer. At this stage, the latter information is
enriched with estimated working times and cost attributes that must be saved into the
data mart. Consequently, the first iteration of the installation schedule can automatically
be created from the data mart records and an MEP fragnets’ database. In the meantime,
the data mart provides a set of preliminary hypotheses for the aeraulic and hydraulic
network balance conducted by design teams using specific tools (Optimiz and Climawin,
for this company). Following a digital data continuity, logic entails that the Revit modeling
environment must use the data mart information to offer the designer a catalog of com-
ponents with predefined properties. This functionality could reduce errors and optimize
the project modeling duration, which is supposedly 20% higher using Revit compared to
ordinary computer-aided design software within the firm. Once the MEP model is conclu-
sive enough, the data warehouse should be fed up-to-date project data so as to allow for
the adjustment of the installation planning with all design modifications. The scheduling



Appl. Sci. 2022, 12, 4546 11 of 22

software proposed is intended to become an operational system within the company for
planning MEP works, estimating the weekly workload, tracking activities progress and
reporting man-hours consumption. Figure 5 presents an integrated information framework
mapping information flows between project processes within the company and motivated
by the idea of data continuity.

Given that the information flow architecture envisioned seems to be very challeng-
ing, the research team prioritized the flows that must be processed within the research
prototyping scope.

The research prototype scope is limited to the information flows between the quantity
take-off sheets, the modeled data mart, the M & E information embedded in the Revit
model and the scheduling software to be developed (represented by yellow colored ar-
rows). In addition, the research scope includes the creation of a standardized know-how
information base on MEP work and sequencing as a data source to enable transferring of
the comprehensive knowledge of expert human planners to automated planning systems.

The extension of the quote creation tool “Quick Devis” from a data producer to a data
consumer requires more sophisticated studies and developments with a third-party partner
of the organization. Thus, the research prototype will address neither this flow nor the one
related to the interdependency between the aeraulic and hydraulic balance tools and the
data mart. The progress reporting software will not be developed at this research project
phase, either.
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4.2. Functional Requirements

In this section, we undertook requirement engineering for the automated scheduling
software in collaboration with a lead software engineer. The requirement engineering
practice involved diverse tasks including stakeholder identification, requirement elicitation,
business rules analysis and change analysis. In particular, the requirement elicitation was
facilitated by the immersion period and interviews with future software users who partici-
pated in M & E fragnets standardization as well [37]. A high-level overview of the system
functionalities is presented through a use case diagram, a behavioral Unified Modeling
Language (UML) diagram (Figure 6). A use case diagram is a visual representation of users’
possible interactions with a system. It consists of actors shown as stick figures and use
cases represented by circles or ellipses [38]. On one hand, actors are users that interact with
the system. An actor can be a person, an organization or an outside system that produces
or consumes data from the system to be developed. On the other hand, a use case is a set of
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actions, services and functions that the system needs to perform [39]. While actors and use
cases are linked by association relationships, use cases are linked together by three basic
types of relationships: generalization and two standard stereotypes, i.e., «include» and
«extend». In UML modeling, a generalization relationship between use cases indicates that
the child use cases inherit the properties of the parent use case. The «include» relationship
indicates that the base use case requires the included use case to be completed. Finally, an
«extend» relationship is used when a use case conditionally adds steps to another first-class
use case [40].
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Because experts have recommended supplementing the use case diagram with more
descriptive textual functional requirements [41], we formulated more detailed system
functionalities in Table 2. From a process perspective, the table describes how data should be
processed to generate the desired outcome. It also elucidates the graphical representations
and services required from a user perspective. The following requirement list is not
exhaustive; it is evolving through prototyping iterations in line with eXtreme Programming
software development.

4.3. Standardization of Construction Sequences

Transferring planning knowledge from human planners to computers using computer-
interpretable representations is mandatory to create automated planning systems. The
challenge faced in construction planning know-how information is often ingrained through
exposure to multiple project experiences. This knowledge lacks formal definitions and
structuring, which makes transferring expert planners’ knowledge to scheduling systems
very complex. Subsequently, the project team sets up workshops with confirmed M & E
managers for the standardization of the business planning sequences using the tendering
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materials’ nomenclature as a yardstick. The latter nomenclature enumerates a large number
of articles used to build customer quotes at the tendering phase. Each article within this
reference list belongs to a group, a family and a super family, successively (Figure 7).

Table 2. List of functional requirements (FKs) for the automated M & E scheduling software prototype
and mapping to use cases (UCs), priorities and current implementation status.

Functional Requirement (FK) UC Priority Status

1 Entering the building levels’ milestones as prescribed in the construction manager
master schedule. 2 High
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First, the team begins defining, from the expert background and experience, the Bill of
Process (BOP) related to each material group. In manufacturing, the BOP comprises detailed
plans explaining the manufacturing processes for a particular product [42]. In construction,
BOP will refer to the construction processes for installing a particular material. For instance,
the stainless black steel distribution pipe group TAD belongs to the stainless black steel
pipe family TUA, and its BOP includes the following operations (Table 3): controlling the
arrival of painted pipes, pipe handling, placing the pipe hangers and supports, running pipes
and fittings, testing of pipes, connecting pipes to massive equipment, connecting pipes to
terminals, assembly control of hydraulic networks and final impoundment and water quality
control. These operations will be instantiated for each project building and level within the
automated M & E planning system. Furthermore, the task force noticed that several material
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groups could have the same BOP sequences; in this case identical rules will be applied to
every single material group. For example, we observed that the stainless black steel manifold
pipe TAC and TAD groups belong to the same family TUA and share the same rules. Second,
predecessors were identified for each operation (Table 3); this includes prerequisites related to
either M & E activities or to other construction project disciplines. Finally, each BOP step was
assigned a rate that allows for the breakdown of the installation duration of the material into
its respective operations (Table 3). Typically, as the unit installation time of a TAD 10-065 article
is 1.3 h per meter, running the pipes and the fitting task will require 50% of the total duration
of TAD 10-065 implementation in a working area. To date, the project team formalized the Bill
of Process for 55 groups out of 467.

Table 3. Bill of Process for the stainless black steel distribution pipe group TAD.

Process Operation Rates Predecessors

Installation
of hydraulic

networks

Controlling the arrival of
painted pipes 2% Premises and terraces waterproofing

Shoring props removal

Pipe handling 5% Controlling the arrival of painted
pipes

Placing the pipe hangers and
supports 15% Shoring props removal

Running pipes and fittings 50%

Controlling the drilled holes for pipe
running

Pipe handling
Placing the pipe hangers and supports

Testing of pipes 5% Connecting pipes to massive
equipment

Connecting pipes to massive equipment 5% Installation of massive equipment
Running pipes and fittings

Connecting pipes to terminals 10% Installation of terminals
Running pipes and fittings

Assembly control of hydraulic networks 3%

Connecting pipes to massive
equipment

Connecting pipes to terminals
Connecting condensate drains of

terminals
Connecting the gas line of terminals

Final impoundment and water quality
control 5% Assembly control of hydraulic

networks

4.4. System Data Modeling

In this section, we modeled the “schedule_data” database that supports the scheduling
automation process. Data modeling is defined as “the process of creating a visual repre-
sentation of either a whole information system or parts of it to communicate connections
between data points and structures” [43]. Like any design process, data modeling begins
with a high level of abstraction for the conceptual model, progresses to a logical model
and concludes with a more concrete physical model. The conceptual data model defines
the system entities and their relationships. Then, the logical data model goes beyond the
conceptual model by detailing the entities’ attributes as well as their primary and foreign
keys. Finally, a physical data model is usually derived from a logical model, considering all
technology-specific details of a particular relational database management system (RDBMS),
such as table name, column name, datatype, constraints, indexes, primary key, etc. [44].
There are two main modeling methodologies for database design: UML and Merise. At
the conceptual level of the modeling process, the class diagram and entity/relationship
schema are used in UML and Merise, respectively [45]. The conceptual model of the data
mart “schedule_data” is represented in the UML class diagram below. It comprises six
main classes and three link classes:
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• t_level: a class containing the building level attributes such as starting and ending
availabilities.

• t_article: a class hosting the tendering materials’ nomenclature.
• t_level_article: an associate class comprising the project’s Bill of Material in each level.
• t_group: a class representing the groups and the classification of material during the

tendering phase.
• t_operation: a class containing a standardized list of M & E activities.
• t_group_operation: a link class mapping material group operations with their respec-

tive rates.
• t_level_model: a class that consists of the modeled levels in the Revit model at the

execution phase.
• t_level_element_model: this class comprises the material quantity take-off per level

from the 3D BIM model.

Moreover, the semantic relationships between classes are specified in Figure 8 by
means of the UML association concept. For instance, the classes t_level and t_article_level
have a many-to-many association. During the conceptual database design, the researchers
encountered a recursive association for the t_operation class considering that each operation
has many prerequisite operations and these prerequisite are themselves operations. The
physical database model of “schedule_data” was derived from the UML class diagram and
implemented in MySQL RDBMS.
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4.5. Current Implementation Status

The latest release of the automated M & E scheduling engine has so far fully imple-
mented a total of 12 out of 19 functional requirements from Table 2. The planning update
using Revit model data has not been tackled yet. The current IT artifact is a Web application
that uses a 3-tier architecture concept. The latter architecture separates the application into
three layers: a presentation layer or user interface, a business logic layer and a data access
layer [46] (Figure 9).
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Figure 9. The 3-tier architecture of the automated M & E planning Web application.

The presentation layer is built as a single-page client application with the Angular
framework that uses Typescript, HTML and CSS. It communicates with other layers by
API calls (i.e., application program interface calls). First, the user interface displays the
list of levels per building as defined by the quantity surveying team at the tendering
stage. It also exhibits the list of non-M & E operations that constrain the starting of M
& E tasks. This content is uploaded from a back-end service using the HTTP protocol.
Then, the user is invited to enter the levels’ start and end availability dates as well as
the prerequisite milestones related to other disciplines’ operations (Figures 10 and 11).
The validation of that information triggers calculations of early start and finish dates of
M & E activities on the server side. The latter is illustrated by the business logic layer
that supports the application’s core functions and calculations, which is written in Java
programming language.
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Indeed, the business logic layer itself retrieves the prerequisites list from the data layer,
which is populated by standardized Bill of Process information as well as the project bill of
material at the tendering phase. Moreover, M & E operations are first retrieved and then
grouped by building name and level name. Their respective durations are calculated using
the following model. We first define our variables:

• Dij(x) is the total run time of the M & E operation x performed in the building i at the
level j.

• zij is the material z located at the building i and at the level j; we denote by D(zij)x the
run time of the operation x associated with the material zij.

• τx(z) denotes the operation rate for a material z.
• t(z) is the unit installation time associated with the material z.
• q(zij) is the required quantity of the material z in the building i at the level j.

These variables are related to each other by the following equations:

Dij(x) = ∑
zij

Dx(zij), (1)

Dx(zij) = t(z)× τx(z)× q(zij). (2)

Finally, the prerequisites of each M & E operation are identified for the calcula-
tion of the predicted start and end dates associated with each operation. We used the
following model:

• Let Ds(x) (respectively,D f (x)) be the predicted start date (respectively, the predicted
end date) of the operation x.

• Let Px be the set of the prerequisites of the operation x.
• We define D f (px) as the predicted end date of the prerequisite px of the operation x.
• Ts(jx) (respectively, Tf (jx)) is the day from which the level jx (i.e., in which the

operation x occurs) is available (respectively, not available anymore for installation).

We have:

Ds(x) =
{

maxpx∈Px D f (px) i f Px 6=∅ and maxpx∈Px D f (px) > Ts(jx) ,
Ts(jx) otherwise. (3)

D f (x) =

{
Ds(x)+

Dij(x)
d i f Ds(x) +

Dij(x)
d < Tf (jx) ,

Tf (jx) otherwise. (4)
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where d is the daily working hours, set by default to 8 h per day.
Running the algorithm for the operation start and end date calculation required a

topological sort of the operations list. In computer science, a topological sorting for a
directed acyclic graph is a linear ordering of vertices such that for every directed edge u
v, vertex u comes before v in the ordering [47]. The usual topological sorting algorithms
are Breadth First Search (BFS) and Depth First Search (DFS). While BFS visits and explores
key nodes of a graph in a breadthwise fashion, DFS traverses a graph in the depthward
direction. As the search tree is deep in a scheduling problem, DFS was performed in order
to reach deep nodes faster while using less memory [48]. The implementation of the DFS
algorithm requires a graph data structure; thus, an additional algorithm was developed to
transform the aforementioned M & E operation data into an adjacency list representation
of a graph. In mathematics, and more specifically in graph theory, a graph is a structure
amounting to a set of objects in which some pairs of the objects are “related.” The objects
correspond to mathematical abstractions called vertices (also called nodes or points), and
each of the related pairs of vertices are called an edge (also called a link or line) [49].

At last, an Angular Gantt component was used to display the M & E spatiotemporal
schedule in the user interface. Figure 11 presents the building and level milestones in a
master schedule view per quarter. A detailed view of the schedule is obtained by opening
level panels and zooming in on the schedule timeline (Figures 12 and 13). The hierarchical
schedule layout enables multilevel views of tasks, which are iteratively grouped in sub-
networks. Through the interface, we separated two time concepts: the runtime of an
operation and the available time to execute this operation (“Durée utile” and “Durée
disponible” in Figure 12). A parent runtime corresponds to the sum of its child runtimes.
Likewise, the start and end dates of a parent are the respective minimum and maximum of
its child start and end dates. Task information is also accessible via the task property panel,
which includes general information and dependencies as well as resources (Figure 14). In
the resource section, the checked material refers to the related equipment with the required
quantities. For example, the task “Pose des radiateur,” referring to radiator installation in
the level RDJ, requires 38 units of radiators.

The assessment of the daily workload and the labor needed to execute the generated
plan (Figure 15) is important information for the decision maker in defining the appropriate
installation strategy. Accordingly, the project manager can suggest to the construction
manager either to start some tasks earlier using factual schedule simulation or to speed
up some task paths by boosting their team size so as to meet the milestones. The ultimate
decision must lead to a smooth workload. The load curve provides an overview of the
daily workload and labor estimates (Figure 15).
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Finally, further studies and developments are required to address the remaining key
functional requirements of the application (7 FK from Table 2), including the schedule
update feature from the Revit model.

5. Conclusions and Next Steps

In this paper, we spotlighted the relevance of information and knowledge management
to promoting Lean production management in the construction industry. We urged the
company to establish a true LPS and BIM integration at the data processing level, with the
assumption that BIM is viewed as a series of interconnected databases and models. This
broader view of BIM implies that data are ever-evolving assets that need to be preserved.
Thus, we suggest that a project data warehouse can help achieve this aim. Furthermore,
we provide an empirical demonstration of a single LPS and BIM interaction, namely, the
automated generation of construction tasks for the mechanical and electrical (M & E) field.
The developed Web application makes use of tendering data and standardized installation
fragnets to build a Workface Planning schedule with a high level of detail. The proposed
solution aims to relieve project managers from tedious planning activities, to regularize
planning arrangements within the partner organization and to act as a decision support
system. So far, 12 out of 19 functional requirements have been implemented, and the
prototype built uses data from real-life projects. As the implementation of the prototype
required the consolidation of sequencing know-how, preliminary work was carried out
in collaboration with experienced M & E project managers. Finally, further studies and
developments are required to address the remaining key functional requirements of the
application. These encompass updating of the schedule as the Building Information Model
advances. At this stage, 3D object information that is relevant to planning will be exported
into the scheduling data mart using a Dynamo script. Then, the application business logic
layer and user interface will be supplemented with the unprocessed functionalities.
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