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Abstract

Traditionally, production control on construction sites has been challenging, and still remains challenging. The

ad-hoc production control methods that are usually used, most of which are informal, foster uncertainty that

prevents smooth production flow. Lean construction methods such as the Last Planner System have partially

tackled this problem by involving site teams into the decision making process and having them report back to

the production management system. However, such systems have relatively long “lookahead” planning cycles to

respond to the dynamic production requirements of construction, where daily, if not hourly control is needed. New

solutions have been proposed such as VisiLean, KanBIM, etc., but again these types of construction management

systems require the proximity and availability of computer devices to workers. Through this paper, the authors

investigate how the communication framework underlying such construction management systems can be further

improved so as to fully or partially automate various communication functions across the construction project

lifecycle (e.g., to enable lean and close to real-time reporting of production control information). To this end, the

present paper provides evidences of how the Internet of Things (IoT) and related standards can contribute to such

an improvement. The paper then provides first insights – through various construction scenarios – into how the

proposed communication framework can be beneficial for various actors and core business perspectives, from lean

construction management to the management of the entire building lifecycle.
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1. Introduction

Production can be conceptualized in three com-

plementary ways: Transformation, Flow and Value

(TFV) [1, 2, 3]. In traditional production manage-

ment, the flow aspect has often been neglected, and

particularly the information flow that is quite impor-

tant from a lean construction management perspective

since it affects all other resource flows significantly

[3, 4]. In the Last Planner R© process of production

planning [5], the site team needs accurate resource

information about the construction tasks in order to

effectively conduct lookahead and weekly planning

activities. In this regard, Caldas et al. [6] mention

that in a fragmented and dynamic environment, the

integration and exchange of information between var-

ious organisational information systems and sources

is crucial for efficient production management. How-

ever, as the construction industry is a project-based
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industry, such information often lies in disparate sys-

tems that are not always available to the site team, or

even interoperable with one another, which is a major

hurdle to reach such efficiency [7, 8, 9]. Tradition-

ally, the problem of disintegration has been addressed

by explicit one-to-one connections between informa-

tion systems with the recent trends of implementing

Enterprise wide Resource Planning (ERP) systems

[10, 11, 12]. ERP systems often require significant

development work for each connection; in most cases

they do not extend to site-based processes [13]; and

being time and cost consuming such connections are

seldom created. To compound this, most construc-

tion projects have to work with manual processes and

traditional methods of communication such as phone

calls, faxes and emails [14, 15], and even though this

problem has been discussed extensively over the last

two decades, the issue still remains unsolved. Ar-

guably, there is a clear gap in the literature regarding

communication frameworks that comprehensively ad-

dress information flow requirements spanning across

the construction project lifecycle, especially with a

view to manage production related information.

Through this paper, the authors propose a commu-
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nication framework that makes it possible to lever-

age system-system, system-human and human-system

communication to fully or partially automate vari-

ous communication functions across the supply chain

and construction project lifecycle. The objective of

the paper is thus twofold: first, considering the ini-

tial communication framework of current construc-

tion management systems such as the VisiLean system

[16], the paper investigates the main opportunities and

challenges in extending this framework by integrating

standardized IoT communication interfaces to “push”

and “pull” the right (production) information to the

right people and systems. Taking into consideration

IoT technologies and standards becomes important in

view of the rapid evolution and current impact that the

IoT has in all sectors, including the construction sector

[17, 18]. According to a recent study of IDC (October

2014) about “Forecasting the Future of the Internet of

Things in Europe”, the number of the Installed Base

of Connected Devices will pass from 9.1 Billion in

2013 to 28.1 Billion in 2020 representing 17.5% of

CAGR (compound annual growth rate), and the corre-

sponding Global Revenue Forecast of IoT businesses

will pass from $1.9 Trillion in 2013 to $7.1 Trillion in

2020. The second objective is to deliver first scenarios

and related benefits of using IoT standards as commu-

nication layer of VisiLean, or any similar system (e.g.,

KanBIM).

The paper is structured as follows: section 2

presents the research methodology and underlying hy-

potheses. Section 3 defines the importance of produc-

tion and information management in lean construction

and gives insight into the main information streams

to be tracked and controlled from head office, to site

office, up to the field. Section 4 investigates how

VisiLean can be used based upon the adopted IoT stan-

dard by highlighting the main benefits and challenges.

First proofs-of-concept of this lean construction man-

agement system (i.e., VisiLean relying on the adopted

IoT standard) are presented in section 5 through sev-

eral construction scenarios; discussions and conclu-

sions follow.

2. Research methodology and hypothesis

It is hypothesized that the ubiquitous nature of IoT

communication standards will improve the efficiency

of information flow over the lifecycle of a construction

project. The research is methodically aligned with the

design science method [19, 20], where the process be-

gins by selection of a real-life problem (in this study,

from the construction project lifecycle). It is followed

by a thorough review of the problem area, i.e. appli-

cation of information management tools to manage in-

formation flow in construction management. A frame-

work for lean production system and project lifecy-

cle management incorporating new communications

standards is then developed. Based on the proposed

framework, a prototype and use case scenarios are

described, providing proofs-of-concept. The further

stages of the design science method (i.e., evaluation

of the framework in real-life use cases) and contribu-

tion to theory are not treated within the scope of this

paper, they will be covered in subsequent publications

through prototypes, and further piloted construction

projects.

Before beginning to discuss the production and in-

formation management from lean perspective, it is ap-

propriate to provide a basic definition of the key con-

cepts used throughout the paper, namely:

• Lean Construction: refers to the application and

adaptation of the underlying concepts and prin-

ciples of the Toyota Production System (TPS) to

construction. As in TPS, the focus is on reduc-

tion in waste, increase in value to the customer,

and continuous improvement;

• Last Planner System (LPS): collaborative plan-

ning and scheduling system developed by Bal-

lard, (2000). The system provides a detailed pro-

duction planning and control workflow that tack-

les variability and “flow” aspects in the construc-

tion management and involves the operatives in

the field in the planning process;

• Lean Construction Management System: refers

to any software-based construction management

that supports the lean construction management

workflows, and particularly LPS. Such examples

can be found in VisiLean [21], KanBIM [4] and

LEWIS [22] in the research arena, or still Our-

Plan1 in the industry arena.

3. Production and information management in

lean construction

In Figure 1, an overview of workflow control on

construction projects from a lean perspective is given

by Howell and Ballard [23] who argue that the plan-

ning function provides directions to the governing ex-

ecution processes, while controls provide measure-

ment of conformance to directives along with inputs

for future planning. From this vision, two types

of information flows play a crucial role in construc-

tion management, namely information flows needed

to efficiently carry out long-, medium- and short-term

planning tasks (flow represented by bold frames and

arrows in Figure 1), and information flows needed to

efficiently execute and control production in the field

(flow represented by dashed frames and arrows). Ac-

curate and timely information availability throughout

1http://our-plan.com/about-page
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Figure 1: Relationships between planning and control [23]

the construction project, and even beyond (i.e., use

and disposal phases of the facility), is a necessary con-

dition to optimally plan and schedule the construction

tasks.

Within this context, section 3.1 provides a general

discussion on information flow and task management

in production, their importance, and the main issues

that remain to be solved. Section 3.2 focuses on ex-

isting construction management systems that aim to

address such issues. On the basis of the opportuni-

ties and challenges as discussed in the literature, sec-

tion 3.3 gives a concise view of the paper objective.

3.1. Information flows for production

Within the Last Planner System (LPS), “flows” and

“tasks” have to be considered parallelly because the

realization of tasks heavily depends on flows, and

the progress of flows in turn is dependent on the re-

alization of tasks [24]. One of the key functions

of LPS is the “make ready” process that is part of

the medium term planning (often called lookahead

planning), where constraints to each task is identi-

fied (constraints refer to all those activities/inputs and

resources that are required to complete a task) [24]

and responsibility to remove them is assigned to task

leaders (foremen, site supervisors, etc.). Researchers

have discussed the importance of lookahead planning,

and more particularly its role in successfully deliver-

ing construction projects (mainly due to reduced vari-

ability and improved workflow) [25, 26, 27]. It has

also been argued that lookahead planning is one of

the most difficult aspects to implement from the LPS

[28]. One of the reasons for this is that on tradi-

tional construction projects where no software-based

systems are used, there is currently no mechanism

to track or anticipate the impact of identified con-

straints on workflow reliability before the execution

week, or even until the Percent Plan Complete2 is

measured [30]. Researchers have put forward propos-

als to tackle the constraint or resource management on

2Percent Plan Complete helps to improve the workflow and pro-

cess reliability by constantly (weekly) calculating the percentage
of plan reliability and making it visible and transparent across the

whole team [29].

construction projects by providing site specific inter-

faces, e.g. with LEWIS [22] or KanBIM [4]. How-

ever, these systems rely on data input provided by

workers in the field, and do not necessarily extend the

service to external partners in the supply chain such as

subcontractors or suppliers. Additionally, the tracking

of constraints availability (i.e., prerequisite resources)

is quite hard as the information related to their current

status is not aggregated or synchronised by any func-

tion or system [3]. Confirming this point, Formoso

and Isatto [31] describe the main flaws in production

management as follows:

• Production management and planning is inter-

preted simply as preparing a Gantt chart and

not much effort is made to synchronise accurate

project information [32]. While there have been

recent attempts to overcome this issue through

frameworks such as Service Oriented Architec-

ture [33, 34], or through LEWIS or KanBIM,

they do not yet overcome the problem of com-

plex and distributed information systems in con-

struction supply chains;

• There is a general lack of formal systems ded-

icated to the control aspect in production man-

agement, where it usually depends on verbal ex-

changes between site teams and managers. Con-

trol is also dependent on short-term decisions and

is seldom linked to long-term plans [35]. While

some recent web based management systems and

field management applications such as Our-Plan

attempt to overcome these problems by provid-

ing a web based collaborative interface similar to

VisiLean or KanBIM, it still relies on workers’

input in the field or intervention from a site su-

pervisor;

• Many construction companies tend to emphasise

the control related to global project aims, and ful-

fillment of contracts, rather than production con-

trol [36]. Within this context, spotting problems

in the production system and defining corrective

lines of action often becomes challenging [37];

• Information & communication technology (ICT)

systems have not been very effective in pro-

duction planning as they are mostly procured

and implemented without identifying user and

system integration requirements [9, 38]. This

leads to further instability in production manage-

ment and creates waste through irrelevant and

large amounts of information that do not sup-

port proactive elimination of problems but only

informs about them [39];

• There is a lack of solutions to integrate, syn-

chronize, and present production information

3



Table 1: Level of functional integration in the construction industry: survey carried out in USA with 101 valid respondents [13]
Level of integration Percent

Full integration with other parties (all functions and many different entities are integrated with seamless real-time integration) 1.3
Full integration (all functions integrated with seamless real-time integration) 12.7

Partial seamless integration (several functions integrated with seamless real-time integration) 32.9

Partial relayed integration (several functions computerized and consolidated in certain periods (daily, weekly or monthly) 32.9

No integration (several standalone computer applications with no integration) 17.7

No informational system (manual business processes and operation- 2.5

Total 100

Table 2: Proposed information integration frameworks
Framework 1: Teicholz et al. [47] Framework 2: Rezgui et al. & Zhu et al. [10, 55]

1 - Horizontal integration of multiple disciplines on the project 1 - Communication between applications

2 - Vertical integration through the project lifecycle 2 - Knowledge based interfaces between multiple applications

3 - Longitudinal integration over time to allow knowledge capture/reuse 3 - Integration through geometry

4 - Integration through a shared project model holding information

relating to a project according to a common infrastructure model

throughout the construction project, while con-

sidering all stakeholders’ requirements and con-

texts. In most construction projects, each build-

ing stakeholder uses its own system and tech-

nologies which, coupled with the fragmented na-

ture of construction supply chain, results in is-

lands of information and knowledge across the

whole industry [40, 41].

The problem of system fragmentation in the con-

struction industry is well known [42, 43, 44, 45], and

although mainly large sized construction firms dom-

inate the industry, they rarely employ direct labour;

instead they hire services of subcontractors and spe-

cialist firms to manage the delivery of construction

projects. As construction is a project-based industry,

each project brings together several SMEs (Small and

Medium-sized Enterprises); in Europe, there are ap-

proximately 2.3 million companies in the construction

sector that employ 11.8 million workers; 71% of these

employees work in SMEs, where the average size of a

company is around 5 employees [46]. Within this con-

text, a necessary condition for a smooth functioning

of production is that processes and information sys-

tems brought by all actors/SMEs must be horizontally

aligned with each other [47]. However, due to the ab-

sence of long term relationships, such an alignment

takes a significant amount of time and resources [48]

which, in turn, affects the decision making process.

The earlier consensus amongst researchers and

practitioners has been that implementing ERP systems

results in a well-integrated system that reduces du-

plication of work and increases efficiency in general

[49]. This view has led to a significant proportion of

construction companies implementing some form of

Construction Enterprise Information Systems (CEIS)

in the last 15 years in the hope of integrating several

internal and external functions such as procurement,

accounting, human resources, asset management, etc.

[50]. However, in a study carried out by Tatari et al.

[13] into the current state of CEIS, findings contrary

to this belief are reported. The survey has shown that

only 16% of participants were satisfied with their cur-

rent level of integration from their CEIS implemen-

tation. Table 1 (adapted from [13]) shows that most

construction companies do not realise full integration,

with only 1.3% claiming full integration across the

whole supply chain, and only 12.7% claiming full in-

tegration internally. Also, out of 101 firms studied,

only 4% had actually implemented project manage-

ment modules, leaving the actual core production pro-

cesses unchanged. This reinforces the view that the

majority of ICT solutions within the construction in-

dustry are applied to the peripheral processes, thus

neglecting improvement of the core production pro-

cesses. Seppanen et al. [51] have attempted to address

the core production processes through integration of

a location-based scheduling method and LPS work-

flow in a software system. Although location based

management is of importance, the proposed systems

mainly focus on the upfront scheduling processes, and

less on the actual field based production processes.

Also, they do not provide interfaces to synchronise or

tackle resource related information.

Information integration issues in construction have

been discussed quite intensively by researchers [52,

46, 53, 54] and several integration frameworks have

been proposed; Teicholz [47] argued for a three di-

mensional framework, while Rezgui et al. [10] and

later Zhu et al. [55] opted for a four dimensional one,

as reported in Table 2. Following these two frame-

work definitions, the lean construction framework de-

veloped in this paper aims to cover the three aspects

comprising Framework 1 (cf. Table 2) and the two

first aspects of Framework 2.

3.2. Existing lean construction management systems

One of the most important information within the

context of production planning and scheduling is that

of resource flows or constraints [24]. Information
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Table 3: Common information requirements for task execution in construction
Task input Information type Hosting system

Material Estimating, Inventory, Procurement Mostly handled by ERP type applications that handle pur-
chase requisitions, purchase orders, supplier management

Equipment- Asset management, resource booking, plant hire Possibly through ERP systems

Manpower- Human resource management, subcontractor’s payroll In most cases ad-hoc site based communication

Space Project plans, drawings, BIM (Building Information Mod-

eling) models

Currently no systems cater to the need of space management

for project execution

Design Individual or merged design models (architectural, struc-

tural. . . ), drawings, tendering, estimating, building regula-
tions such as local or national authorities

BIM systems and tendering and estimation systems, project

extranets

Predecessor A production management system An ad-hoc verbal communication system or through the

LPS collaborative meetings

External

conditions

Weather forecast engines, safety management system These are indicative/predictive systems, but their integration

to the system at the task level may still be beneficial

regarding the status of these constraints is required

throughout the task lifetime, starting from the pro-

duction scheduling process (i.e., when the task is

planned), to the make-ready process (i.e., when the

constraints are removed), up to the execution process

(i.e., when the task is executed in the field). The flow

of information related to these activities strongly de-

pends on the type of project, the supply chain con-

figuration, as well as the type of information systems

implemented in each organisation. Table 3 provides a

plausible scenario of where the information could re-

side for individual resources. It is important to make

available all these information sources to the LPS dur-

ing the planning and scheduling sessions, but also to

ensure that information is visual in nature, synchro-

nised with all systems (for information consistency

purposes), and easy to understand.

Dave [21] provides an information system for

construction management named VisiLean (prototype

system under development) that addresses all three

TFV of production, where traditional systems have

predominantly focused only on the Transformation

(T) aspect. VisiLean also achieves the integration of

the core requirements for supporting lean construction

management workflow, among which the support for:

i) constraint analysis and management; ii) collabora-

tion work negotiation and communication among the

project team members; iii) “push” flow control and

plan stability; iv) process and product visualisation at

the field level. A similar system called KanBIM was

proposed in [4, 36] and, as VisiLean, it helps fulfilling

the set of items listed above. However, both systems

are facing the same problem when dealing with infor-

mation exchange between heterogeneous information

sources, and between site office-based processes and

field-based processes. Other researchers have also at-

tempted to develop lean production management sys-

tems such as LEWIS [22], Workplan [56], and Inte-

grated Project Scheduler [57]. However, these sys-

tems do not provide field management specific inter-

faces, neither do they attempt to address the resource

management integration. The recent commercial sys-

tems such as Synchro [58], Autodesk Navisworks

[59], Bentley ConstructSIM [60], Autodesk BIM360

[61], etc., attempt to synchronize project management

information with BIM models. However, these sys-

tems do not provide an interface to synchronize re-

source information or to visualize real-time produc-

tion statuses. As a result, there is a clear need for more

generic communication systems that address the end-

to-end construction process, from head office to the

site office to the field, with feedback loops between

each other as depicted in Figure 2.

Site
o
ffi

ceH
ea

d
of

fic
e

Field

➫ Top level dire-
ctives

➫ Monitoring &
Control

➫ Medium/short
term planning

➫ Resource Monitor-
ing & management

➫ Execution of work

➫ Real-time monitoring &
reporting of resources &
production status

Figure 2: Communication loop between locations in a project

3.3. Challenges in existing information systems for

lean construction management

As previously mentioned, recent construction man-

agement systems such as VisiLean or KanBIM have

been developed to address the aspect of lean con-

struction management workflow, while being inte-

grated with the product model (BIM) in a visual way.

Even if they improve collaborative production man-

agement, they still fail in avoiding system fragmen-

tation throughout the construction project. They also

fail in supporting important communication features

such as the “push” and “pull”-based mechanisms that

significantly impact on production control. According
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Table 4: Information categories to be “pushed” to the work teams through the construction management system
Information Reason(s) to be “pushed” to the field

Medium term
plan

Known as lookahead planning (part of the make-ready process in LPS), a collaborative meeting takes place between
all major stakeholders, where the tasks from a 2-6 week window are analysed for constraints and, if necessary, for

rescheduling. Task leaders have to remove the constraint before the weekly planning meeting, and any task that is not

ready by this time will not be selected for execution. However, as the production crew spends a majority of the time

in the field, it is considered important to provide them with an easy-to-use interface through which they can modify the

status of a constraint without having to go back to the office

Execution plan It defines the activities for any given crew member for the current week. The following information for each task should

be made available in the field: i) task name, ii) location iii) resources/constraints iv) link to product model (BIM)
Production status

monitoring &

control

Workers need to be guided towards the execution of planned tasks to ensure proper control in the production system. In

this regard, current statuses of relevant production tasks (including notifications of predecessors being complete), changes

to production plans and approaching execution/constraint removal deadlines need to be communicated to workers

Production status

reporting

Production status reporting encompasses workers communicating actions such as starting, stopping or completing a

task and also flagging imminent problems with ongoing tasks. Currently, workers communicate with each other in an

informal way and report the work/task status to their foreman in a weekly or daily meeting. However, given the dynamic

nature of the construction site, it would be beneficial if such information is instantaneously captured and “pushed” to the

construction management system
Automated

resource tracking

With the integration of electronic procurement systems and enterprise resource management type applications in con-

struction industry, it is now possible to send automated messages regarding delivery of resources such as material, com-

ponents (e.g., precast concrete) and equipment. Moreover, with the advent of the IoT and related technologies (RFID,

GPS, sensors. . . ), it is possible to track the exact location of the incoming resources [64, 65]. It can therefore be en-

visioned that wherever possible, the production system should integrate real-time location of resources so as to provide

workers with up-to-date information for improved production planning and execution

to [62], push systems schedule the release of work,

while pull systems authorise the release of work on

the basis of system status. The underlying feature of

the pull systems, like Kanban, is that they establish a

cap for work-in-progress which, as Little’s law shows,

will also keep the cycle time in control. A production

control system can also be a mixed push-pull system,

as the system proposed by Huang and Kusiak [63] that

pushes through certain manufacturing stages and pulls

elsewhere based on the characteristics of these stages.

The authors argue that this is superior to a push sys-

tem, while avoiding some inherent problems of pull

systems.

Table 4 describes the main categories of informa-

tion that should be pushed to the work teams through

the construction management system. Although the

concept of pushing or making available the right pro-

duction information, to the right person, at the right

time and place, has been conceptually considered in

VisiLean, it has not yet been implemented. As a re-

sult, the primary objective of this paper is to inves-

tigate how IoT technologies can be combined with

VisiLean in order to concretize this conceptual view,

while highlighting the main opportunities and chal-

lenges. This lean construction management system is

presented in section 4 and first proofs-of-concept are

given in section 5.

4. VisiLean based upon IoT standards

The use of high abstraction-level communication

interfaces is of the utmost importance to leverage

inter- and intra-enterprise information systems. To

this end, our research considers recent IoT standards

published by The Open Group IoT Work Group,

namely the O-MI (Open-Messaging Interface)3 and

O-DF (Open-Data Format)4 standards [66, 67] that

provide sufficiently generic interfaces to exchange any

types of information between any types of systems or

smart products. To obtain greater details on the ben-

efits of those IoT standards, the reader is referred to

[68, 69, 70, 71] where official standard specifications,

associated history, comparison studies with other IoT

standards, and concrete proofs-of-concepts are pre-

sented. To briefly summarize all of this, O-MI and O-

DF standards emerged out of the PROMISE EU FP6

project [72], in which real-life industrial applications

required the collection and management of product

instance-level information for many domains involv-

ing heavy and personal vehicles, household equip-

ment, phone switches, etc. Information such as sen-

sor readings, alarms, assembly, shipping events, and

other information related to the entire product lifecy-

cle needed to be exchanged between several organisa-

tions. Initially (and in previous papers), the standard

names were QLM-MI and QLM-DF (QLM standing

for Quantum Lifecycle Management) but were finally

renamed (before the official specification publication

in October 2014) O-MI and O-DF. O-MI is specified

as the ‘communication level’ (defining what kinds of

interactions between O-MI nodes are possible) and

O-DF is specified as the ‘format level’ (defining the

structure of IoT information contained in the mes-

sage). In the following, the integration of both stan-

dards (O-MI and O-DF) with VisiLean is presented,

along with a discussion about how such IoT stan-

dards contribute to leverage such a traditional lean

3https://www2.opengroup.org/ogsys/catalog/C14B
4https://www2.opengroup.org/ogsys/catalog/C14A
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Figure 3: Schematic diagram of the enhanced lean construction management (VisiLean based upon O-MI and O-DF standards)

construction management system. First, let us note

that VisiLean is built on the following components:

• Production planning and control workflow:

well-established lean construction methods are

used in VisiLean such as LPS (support for long-,

medium- and short-term planning cycles, includ-

ing constraint management);

• Process and product integration: it provides the

visualization of the production planning process

(LPS workflow), the BIM model, and a one-to-

one mapping of the task to the corresponding

BIM element. Such simultaneous visualization

improves planning reliability as the LPS gets ac-

cess to the most complete and up-to-date infor-

mation on production in a single interface during

planning and execution;

• Visual controls and information in production: it

supports the “pull”-based method of production

by directly providing the interface for lean con-

struction workflow in a visual way. It builds on

the visual management principles such as Kan-

Ban and Andon [73]. The visual representation

of tasks in the planning as well as the BIM win-

dow (using colour assignments) helps to improve

the visualization of production at any given point

in the project schedule.

Figure 3 gives insight into the three major compo-

nents that are (or aim to be) integrated to VisiLean

[21] (see red/dashed arrows), namely: i) Field produc-

tion management “Apps”; ii) Core production man-

agement system; and iii) other External systems. Fig-

ure 3 also emphasises how the adopted IoT stan-

dards (O-MI/O-DF) are used to enable communica-

tions between the VisiLean system with the iv) Re-

source management and v) Production control sys-

tems (see “Workers” in Figure 3).

In this regard, O-MI provides interfaces to ex-

change construction information between a wide

range of O-MI nodes (e.g., VisiLean system, databases

of distinct building stakeholders, phones, RFID sys-

tems, USB sticks. . . ), regardless of the system or ap-

plication features. In practice, O-MI/O-DF standard

specifications are middleware-independent. In previ-

ous demonstrators, they have been implemented e.g.

in the form of “software agents” in DIALOG middle-

ware [68]. Three types of communications are defined

in the O-MI specifications: i) Write (used for sending

information updates to O-MI nodes); ii) Read (used

for retrieving information from O-MI nodes). The

subscription mechanism is a cornerstone of the O-MI

read operation, where two types of subscriptions are

available:

• Subscription with callback address: the sub-

scribed data is sent to the callback address at the

requested interval. Two types of intervals can

be defined: fixed time interval-based or event-

based;
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• Subscription without callback address: the data

is memorized on the subscribed O-MI node as

long as the subscription is valid. The memorized

information can be retrieved (i.e., polled) by is-

suing a new O-MI read query.

The third type of communication is iii) Cancel (used

to cancel subscriptions before they expire). These

three types of communications, and especially the

subscription mechanisms, enable maintaining the con-

sistency of the information flow in VisiLean and other

systems/O-MI nodes with respect to the real events

occurring in the field and the real task progress (e.g.,

for tracking resource, production planning and con-

trol, or automated procurement purposes). In short,

IoT standards combined with VisiLean have the po-

tential to close the loop between the head office to

the site office to the field (cf. Figure 2), and to si-

multaneously address the TFV aspects for enhanced

lean construction management. In addition, let us

note that O-MI/O-DF can be applied to any kind of

information, i.e. not only physical products but also

to document repositories, to query for available de-

sign documents (e.g. BIM documents); subscribing

to the addition/deletion/modification of documents,

and much more. Indeed, O-DF provides an exten-

sion mechanism that makes possible the creation of

domain-specific extensions (i.e., respecting a specific

message or information format and structure). To

date, the Open Group IoT Workgroup has created one

such extension, called the Physical Product Exten-

sion [74], which provides specifications for manag-

ing product lifecycle-related information. Similar ex-

tensions respecting BIM standards, such as Industry

foundation classes (IFCs – ISO 16739) specifications,

are planned.

5. Scenarios and opportunities to use the enhanced

lean construction management system

Scenarios in lean construction relying on the pro-

posed framework (i.e., O-MI/O-DF as support of

VisiLean) are presented in this section. This frame-

work will further be tested through pilot implemen-

tations in industrial setting and whose results will be

analyzed. Figure 4 gives insight into the considered

scenario that corresponds to a construction project of

a hospital. This scenario aims, on the one hand (in

section 5.1), to provide a complete map of the site

by emphasising how this enhanced lean construction

management framework can be beneficial for various

actors and core business perspectives and, on the other

hand (in section 5.2), to provide scenarios at a more

technical level when using O-MI/O-DF for automatic

updates in VisiLean (e.g., for task management, stock

control) or notifications addressed to predefined actors

(e.g., suppliers, quality manager). Finally, section 5.3

discusses the opportunities resulting from the frame-

work to extend the scenario from lean construction

management to the management of the entire build-

ing lifecycle.

5.1. Opportunities from different lean construction

perspectives

The use of O-MI/O-DF as groundwork for the com-

munication framework opens up a whole new spec-

trum of features and applications, such as resource

tracking, production control in the field, and auto-

mated procurement being a few. Some of the possi-

ble scenarios are detailed in the following, but further

similar services and scenarios developed in the future.

Tracking resources: constraint management and

analysis that directly supports the flow aspect in pro-

duction management depends significantly on accu-

rate resource tracking information. Since O-MI/O-

DF allow the integration of advanced tracking tools

such as RFID, QR/bar codes, and GPS systems, it is

possible to track resources at each stage of the con-

struction process. Given the hospital scenario, an or-

der for structural steel can be tracked throughout the

project, e.g. to be notified when the order is placed;

when the material leaves the supplier; when it enters

the site; when it is stored in a particular storage area

(cf. Figure 4). The production team could therefore

accurately plan the tasks that depend both on the re-

sources contained within the order and the available

ressources. Within this context, O-MI/O-DF will be

used, among other things, to “push” such information

to the pre-assigned recipients and devices (e.g., smart-

phones of the site supervisor or the project manager).

Production planning and control – field operations:

it might be beneficial to update production informa-

tion in real-time for minimizing both the waiting time

for workers (when they depend on the task comple-

tion information) and the reaction time in case work

has been stopped. The proposed framework can sup-

port a fully automated system that depends on elec-

tronic means for field communication, as KanBIM

does; for example, workers with smartphones can

simply use the dedicated “App” to access information

about planned tasks and to set task status (i.e., started,

stopped, completed) when appropriate. Furthermore,

the proposed framework can support a partly auto-

mated system (e.g., a magnetic board as depicted in

Figure 4). Indeed, it is recognised that not all con-

struction projects and workers therein are equipped

with, or have access to such devices. This situa-

tion may be more prominent in developing countries

compared to developed countries. Also, the magnetic

board (or a board displaying accurate status of the

task) provides a visual “at a glance” information to

all the surrounding workers and supervisors, follow-

ing the visual management principles of lean. In this

8
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Figure 4: General view related to a construction project of an hospital involving a wide range of actors, equipments, devices, areas, etc.

regard, workers use a magnetic board and standard-

ized symbols for setting the task status, where a fixed

camera could take photos at regular intervals of time,

analyse the images, and push relevant information out

to relevant actors (i.e. subscribers) such as construc-

tion workers, project manager, quality manager de-

pending on the context. Technical details about such

a magnetic board scenario are given in section 5.2.

Automated procurement: procurement is an activ-

ity that is closely linked with resource flow on con-

struction projects, and that directly impacts on pro-

ductivity and ultimately project efficiency. The pro-

posed framework aims to automate several aspects of

the procurement process by providing interfaces be-

tween workers, managers and suppliers. Procurement

events such as low stock notification (to suppliers or

purchasing manager), shipping notification (from sup-

pliers), storage notifications (when the material enters

the site and where it is stored) can be automated. It

is possible to use a similar system as the one previ-

ously described (a camera module) that takes photos

of the storage area (for volume based materials such

as bricks, sand. . . ) and to send a notification to auto-

mate the ordering process when the volume falls be-

low a predefined threshold/level5. On the other hand,

the system can automate the notification process to in-

form workers and managers that the material needed

for their tasks has been shipped, reached the site, and

so on.

5An image recognition engine (using a signal processing mod-
ule) is currently being developed to extract such information based

on a specific infrastructure (e.g., using marked wooden stakes, etc.).

5.2. Magnetic board scenario

This scenario is presented to demonstrate that the

system can support the process even when access

to smart devices such as tablets and phones is not

available at the worker level. A fixed camera used

in combination with an image recognition engine is

used to track production status and to update VisiLean.

The key actors involved in this scenario are listed in

Figure 5, in which the workflow/process related to

the magnetic board is also depicted. The proposed

workflow is used for example purposes and can obvi-

ously be adapted according to the involved actors, the

project requirements and constraints, and so on:

• The process starts once the collaborative weekly

planning process is concluded (see box connec-

tors denoted by “2” and “3” in Figure 5). Note

that one of the main function of the weekly plan-

ning session is to select constraint free tasks for

execution for the following week6 regarding each

subcontractors and task foreman;

• Following the weekly planning process, each

task foreman will list their respective tasks on

the magnetic board (see box connector denoted

by “5”). Each task has a unique identifier

noted Task id that helps identifying the task in

VisiLean. Each location on the project will have

one or more magnetic boards depending on the

task list; in this scenario, a magnetic board is

6At this stage, the lookahead planning meeting has already been
concluded. Subsequently, the team reschedule tasks that are not

ready and pick the ones that are constraint-free.
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Figure 5: Magnetic board workflow detailing which actors subscribe to the different information updated on the board

available at each floor of the hospital site during

the construction phase, as depicted in Figure 4;

• Once the magnetic board is setup, the project

team is able to update on the board the status of

each task as appropriate;

a) once the task starts, the foreman puts the

triangle symbol against it to indicate “work

in progress” (see box connectors denoted

by “7” in Figure 5);

b) if a problem occurs (e.g., material or labour

shortages, equipment breakdown), the fore-

man updates the task status with the “stop”

symbol to mark work interruption (see box

connector denoted by “10”). Such a sym-

bol can also be used to indicate imminent

problems even before they occur;

c) if there is no further problem and if the task

is completed as planned, the foreman will

update the status on board as “completed”

(see box connector denoted by “9b”);

d) Following the final Quality Check (QC) by

the engineer, the task will be updated with

the “QC approved” symbol (see box con-

nectors denoted by “13a”).

Various project stakeholders will likely want to re-

ceive notifications according to the task, or even ac-

cording to the task status (e.g., to be notified when

the task j is stopped but not when it starts), as it is

summarized in the table given in Figure 5 (notifica-

tion either event-based or interval-based). For in-

stance, this table shows that the task manager, as well

as VisiLean want to receive the task status whatever

the status (“started”, “stopped”, “completed”, or “ap-

proved”), and immediately after the status modifica-

tion. To comply with this requirement, it is necessary

for both recipients to subscribe to the corresponding

task by using the event-based subscription mechanism

and by providing their respective address as callback.

In contrast, the project manager is only interested in

being notified to be notified if the task is stopped (i.e.,

only if it is “critical” for the project; see Figure 5) and,

rather than receiving a notification each time a task is

approved, the project manager is interested in receiv-

ing a weekly statement (i.e., before the weekly change

of the board tasks). To this end, the project manager

has to subscribe to all tasks on the board using the

interval-based subscription mechanism, by setting the

interval to one week, and by providing its own address

as callback.

Figure 6 gives insight into how a building stake-

holder is able to discover the different information

available during the construction project (for read,

write, subscription purposes). In this figure, the

project manager uses the RESTful O-MI “discovery”

mechanism [71] to discover and retrieve the exact in-

formation types (referred to as “InfoItem(s)” in the

standard specifications), the objective for the project

manager being to access information from the mag-

netic board located at Floor 1. In practice, the Unix
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Figure 6: O-MI discovery mechanism used to discover what types of information can be accessed (read, subscribed, written) during the project

wget utility is used as shown through wget 1 in Fig-

ure 6, which returns the first level of information avail-

able in the system, namely the different sites under

construction (see the response message as well as the

information hierarchy). Indeed, O-DF uses a sim-

ple ontology specified using XML Schema, which is

structured as a hierarchy with an “Objects” element as

its top element (see Figure 6), which can contain any

number of “Object” sub-elements that, in turn, can

contain any number of “Object” as well “InfoItem”

sub-elements (an InfoItem represents a characteristic

of the Object that can be read/written, e.g. a tem-

perature, a contact sensor, a task status, a document).

Based on the response resulting from wget 1 (see Fig-

ure 6), the project manager carries on discovering the

sub-elements composing the sub-levels of the hierar-

chy using wget 2, which returns in this scenario the

different construction locations related to the Hospital

site (i.e., Floor 0, Floor 1) and other information types

that have been initially defined at this hierarchy level

(e.g., “Equipment”, “Material” classes as shown in

Figure 6). It is important to note that the initial O-DF

hierarchy can be defined based on standards (e.g., re-

specting the IFC classes), on data models dedicated to

particular applications, etc.; in other words, it can be

tuned according to the user and project needs. Using

iterative wget(s) (see wget 2 to wget 5 in Figure 6),

the project manager is able to refine his/her research

to identify relevant information to his/her business ac-

tivity (e.g., related to Task 02 as depicted with the

dashed path through the hierarchy in Figure 6). Once

appropriate Objects and InfoItems are identified, the

project manager has to use the appropriate O-MI in-

terface (write, read, subscriptions. . . ) by setting the

appropriate parameters such as the interval parameter,

name of the InfoItem to be read/written/subscribed,

duration of the subscription, and so on (see [68, 71]

for examples of such queries).

Figure 7 presents the subsequent stages, i.e. af-

ter each actor subscribed to appropriate information

on the board. Technically, a camera connected to a

computational unit (e.g., a Raspberry PI as depicted

in Figure 7) takes a picture of the magnetic board

every 10 min and automatically interprets the status

changes. In this example, two changes occurred dur-

ing the last 10 min as emphasised in Figure 7 (related

to Task 02 and Task 27). Since both statuses relate

to the starting and stopping (no critical) of tasks, only

the VisiLean system and Task manager receive a no-

tification because they beforehand subscribed to this

task information (see table given in Figure 5). This

notification corresponds to the O-MI/O-DF response

given in Figure 7, which respects the hierarchy ini-

tially established (cf. Figure 6) and that includes i)

the subscription ID (see row 3 of the XML message),

as well as ii) the new statuses of these two tasks (see

rows 9 to 13 and 14 to 18).

As previously stated, other similar examples and

scenarios in construction projects could be imagined

and developed in the future, considering the many

facets of a construction project.

5.3. From lean construction management to building

lifecycle management

The management of the entire building lifecycle,

also known as building lifecycle management (BLM)

is becoming an important aspect of the modern build-

ing industry due to, among other things, the complex-
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ity of a building lifecycle [75]. Indeed, within such

an environment, numerous applications, processes,

and data must be covered by BLM, from beginning

of life (BoL) including design, analysis, production,

and construction of the building, through middle of

life (MoL) including its use and maintenance, up to

end of life (EoL) including its recycling and disposal

[75, 76, 77].

In this paper, the focus was given to lean construc-

tion management, and particularly to the VisiLean

software, which focuses on BoL activities and pro-

cesses as illustrated in Figure 8. However, with the

use of O-MI/O-DF standards, new opportunities for

enriching the basic services supported by this soft-

ware could be investigated since the communication

framework is able to both collect and convey real-

time as well as historical data throughout the build-

ing lifetime and across organizations (see Figure 8),

thus providing a way to close the information loop be-

tween various systems, actors and phases comprising

the building lifecycle. The term “closing the informa-

tion loop” has been chosen in this context because it

is in accordance with the definition given by the re-

search consortium working on the CL2M paradigm7

(Closed-Loop Lifecycle Management) [78, 79], which

is a cornerstone for developing more advanced, com-

plete, and customized building services. For instance,

7http://cl2m.com

designers (in BoL) could be provided with real-time

data about the conditions of use of their buildings

(i.e., information from MoL) and of retirement (i.e.,

information from EoL); recyclers could be provided

with accurate data about the routine maintenance car-

ried out on the building (i.e., information from MoL:

e.g. to be aware about cracks or any other sign re-

lated to the building structure or appliances used in-

side the building), or even about modifications per-

formed during the construction project (i.e., informa-

tion from BoL). At a more concrete level, repairers or

recyclers could potentially retrieve accurate informa-

tion related to the construction project by requesting

it from VisiLean system or any other system/database,

and vice-versa. Some recent initiatives such as the

Dasher project [80] underline the interest to reuse the

knowledge capitalized from the design phase during

the operation phase by linking existing BIM models

to the different intelligent building systems. The re-

sulting tool could therefore be used as a supervision

system or as a predictive tool to predict the building

evolution, or be used to obtain information related

to the building structure (i.e., information from the

design phase) that would help improving building’s

energy efficiency and health. IoT standards such as

O-MI/O-DF provide such an opportunity to create a

“bridge” between different actors/systems throughout

the building lifetime. Figure 8 relates some benefits

for each building stakeholder to access complete and
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➫ Enable handling legal issues between companies and clients by accessing e.g. historical data that is
located in the building or in particular piece of the building and products (leads to ethical problems)

➫ Recyclers obtain accu-
rate information about
“value materials" arri-
ving via EoL routes

➫ Reduces the risks
related to the
dismantling

➫ experts assisted in their work by having up-to-date
report from BoL & MoL, e.g. data from repairer sys-
tems that indicate cracks or any other sign of risk
(e.g., equipment polluted by asbestos or PCBs)

➫ guide decision-making about the reuse of components
by having complete and always up-to-date data

Integration &
Management

Figure 8: Typical features and benefits of the proposed framework considering the whole building lifecycle: from BoL, to MoL, up to EoL

always up-to-date data from one lifecycle phase to an-

other.

6. Discussion and future research

Addressing the information flow on a construction

site is a complex issue that depends on a variety of

factors. A smooth information flow is essential to

ensure efficient production management and control.

The enhanced lean construction management system

proposed in this paper takes into account the dynamic

nature of construction projects, and aims to improve

information flow across the lifecycle of a construc-

tion project, while being scalable. First, VisiLean ad-

dresses all the three aspects of the TFV theory by pro-

viding a platform that helps integrating, synchronizing

and visualizing both product and process information

simultaneously. VisiLean has been designed for use

by workers in the field, and supports the Last Planner

workflow by providing specific production scheduling

and control features, constraint analysis and collab-

orative visualisation of information. It extends this

workflow by providing real-time task updates and di-

rect integration with BIM [21]. Through this work,

the VisiLean application is conceptually extended to

the whole project/building lifecycle, enabling realiza-

tion of lean principles from design, construction, han-

dover, and the later phases (use, maintenance and dis-

posal). Second, the underlying communication frame-

work (i.e., relying on O-MI/O-DF) has already been

set up on two University campuses: in France (EN-

STIB campus) [81] and in Finland (Otaniemi3D cam-

pus)8 for energy management purposes. Some of the

additional opportunities as anticipated by the authors

(beyond those reported in the scenarios from sec-

tion 5) are:

• Integration with BIM: BIM can play a central

role in both information delivery and consump-

tion of the communication framework introduced

in this paper. With its data-rich models, BIM pro-

vides both product and process related informa-

tion across the whole building lifecycle, while its

visual nature makes it an ideal platform for infor-

mation deliveries to workers at all stages;

• Modularity: The proposed communication

framework is modular and independent in na-

ture, i.e. it is not dependent on existing sys-

tems (not even on VisiLean) for integration and

can overcome challenges such as system frag-

mentation, system security and mobility. It sup-

ports a diverse range of communication needs

(e.g., Human-Human, Human-System, System-

System);

• Supporting the entire lifecycle: the same com-

munication infrastructure can serve a project

8https://dl.dropboxusercontent.com/u/61043462/dist/index.html#/home
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from design to construction and delivery to han-

dover and maintenance. As outlined in the sce-

narios from section 5, applications in construc-

tion can be range from logistics (tracking) to

production control and commissioning, and han-

dover. However, the same system can be ex-

tended to post-construction stages, for intelligent

monitoring of assets or energy optimization pur-

poses. This aspect makes it attractive to organi-

sations investing in a new platform.

However, like any new solution, it is anticipated

that a number of challenges will need to be overcome

before this solution can be successfully implemented.

Some of these challenges are:

• Integration with other systems: the suggested

communication platform is not of a stand-alone

nature, i.e. it relies on existing information sys-

tems to extract information from and inject infor-

mation to it. The agreement on standards such

as O-MI and O-DF in the IoT, or still IFC in

the construction area, should play a key role in

reducing development costs and times e.g. for

API integrators and maintainers. However, stan-

dards will not solve all integration issues [82],

there will still be a need for complementary tools

such as API mediators (e.g., semantic mediators)

[83] to enable the translation of existing APIs ans

systems into standardised and interoperable IoT

services;

• Consumption of information: further from the

point raised above, even when the overall com-

munication platform has been successfully im-

plemented, the information should be presented

to workers in a manner that is timely and effec-

tive (i.e., easy to consume);

• Information overload: with such a communi-

cation platform, it becomes easy to burden the

workers with too much or irrelevant information.

Hence, information delivery should be carefully

thought, filtered and set up by the production

team;

• Technical challenges: more powerful communi-

cation systems (access to Internet and wireless

terminals) should be made available to work-

ers and other stakeholders, and although this is

now becoming quite commonplace on construc-

tion projects, it may still be an issue on some re-

mote construction sites;

• Training and motivation: involvement of work-

ers is essential in such a system, as still in many

situations the system relies on workers for input

of information, and to perform needed actions.

In this regard, user training and awareness in us-

ing advanced ICT tools remains an issue, and

personalized programs adapted to each group of

users/workers still need to be developed [9].

7. Conclusion

Managing information flow within production man-

agement is one of the critical aspects that affect the

efficiency of the whole construction project, and even

of the whole building lifecycle. Even after a decade

of experience in developing ERP and similar systems

for addressing interoperability issues, most organisa-

tions are not satisfied with their current level of data

and system integration. This can be partly explained

by the fact that companies do not implement solutions

that provide sufficiently generic communication inter-

faces, rather they use communication infrastructures

and applications that are often ‘siloed’ (i.e., designed

to be domain- or vendor-specific). Without an appro-

priate communication framework as foundation of a

construction management system, such issues will re-

main unsolved and organisations will not be able to

evolve to meet new business needs.

Given this observation, this paper provides insight

into how emerging lean construction management

systems such as VisiLean or KanBIM can be enhanced

by using IoT standards in order to report real-time task

status from the field, while improving interoperabil-

ity between all major information systems and orga-

nizations throughout the construction project. The re-

cent IoT standards named O-MI/O-DF are considered,

which provide high-level abstraction interfaces for ex-

changing any types of information (building informa-

tion, production information, alarms, and much more)

between any types of systems, smart entities/products,

and people. Such standardized IoT interfaces, and

particularly the O-MI subscription mechanism and its

variants (with or without callback address, interval

or event-based), are a great opportunity of maintain-

ing the information flow consistency in lean construc-

tion management systems (i.e., VisiLean in this re-

search) with respect to the real events occurring in

the field and the real task progress (e.g., for tracking

resource, production planning and control, or auto-

mated procurement purposes). For instance, they con-

tribute strongly to “push” and “pull” the right (pro-

duction) information to the right people and systems,

thus closing the loop between the head office to the

site office to the field. Different scenarios in construc-

tion are presented in this paper to help understand-

ing i) the real opportunities and challenges of using

such an enhanced lean construction management sys-

tem throughout the construction phase, and even be-

yond (i.e., considering the operational and recycling

phases of the building lifecycle); ii) the different lev-

els of detail of the enhanced lean construction man-
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agement system (i.e., the integration of O-MI/O-DF

with VisiLean), along with the first proofs-of-concept.

Both VisiLean [21] and O-MI/O-DF [68, 69] pilots

have been developed, tested and validated by separate

studies in the past. This research attempts to provide

a framework that would lead to the interfacing of both

solutions. Work is under way in developing such an

interfacing (see e.g. the otaniemi3D campus in sec-

tion 6), together with construction industries, so that

the different use case scenarios presented in this pa-

per can be tested and validated. In terms of future

research and as was discussed in section 6, one of the

key goals is to address the whole lifecycle of a con-

struction project, with a particular focus on taking into

consideration BoL information in the use and disposal

phases of a building (i.e., MoL and EoL), which will

result in innovative or more advanced services, as the

ones listed in Figure 8.
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