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ABSTRACT Many construction workers are getting injured or killed in fires and explosion accidents each
year. The workers are prone to severe fatal accidents due to unavailability of permanent firefighting system
in many construction sites, thus they typically rely on portable firefighting equipment (PFE) to minimize fire
damage. Many occupational health and safety agencies have developed safety regulations for PFE installation
and monitoring in construction. Howeyver, in the traditional construction fire safety management process, the
installation spots for PFE’s are visually identified in a 2D floor plan and then top-down supervisory approach
is used to inspect the active availability of the PFE’s. Such manually operated conventional methods of PFE
installation and monitoring are expensive, prone to manipulation, and do not provide sufficient motivation for
voluntarily following fire safety policies. Therefore, this research study develops a fire safety rule-based PFE
installation approach and proposes an alternative method for shifting the top-down inspection approach to
the bottom-up voluntarily approach for convenient, transparent, and automated safety inspection information
delivery. To validate the bottom-up approach concept, a visual language algorithm is initially developed for
PFE installation planning system (PFE-IPS) in BIM, followed by an optical character recognition (OCR)
and blockchain -based android application for safety inspection information system (SIIS). This article also
presents two case studies to evaluate the feasibility and practicality of the developed systems. The proposed
approach out-turn reduces the safety manager’s manual efforts and burdens of government safety auditors
while enhancing efficiency and reliability.

INDEX TERMS Fire safety rule, visual languages, BIM, optical character recognition (OCR), blockchain,

portable firefighting equipment (PFE).

I. INTRODUCTION

The construction industry involves numerous unhealthy
activities that causes project progress delays, cost overruns,
low project productivity, reputation damage, and human fatal-
ities and injuries [1]. The construction process inherent high
risk of accidents owing to the unique nature of the tasks
involved, such as working at heights, exposure to severe
weather, unskilled labor involvement, psychologically vul-
nerable working conditions, working with explosive materi-
als [2]. The recent accident reports in construction indicate
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incident rates of 36%, 29.3%, and 27% in Singapore, South
Korea, and the UK, respectively, that are almost twice the
average incident rate in other industries [3], [4]. Over the
last decade, academic researchers and industry profession-
als have devoted significant efforts toward enhancing con-
struction safety, such as an extensive legislative framework
for safety rules, penalties, and incentive programs. Despite
these efforts, construction sites are still known to be haz-
ardous work sites with high accident rates. Fire accidents
proportions a significant share of construction site accidents.
The U.S. Bureau of Labor Statistics 2018 report divulged
the deaths of 66 workers each year due to fires and explo-
sions at construction job sites [5]. Five years (2010-2014)
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FIGURE 1. Conceptual illustration of PFE-IPS and SIIS implementation.

renovation/under-construction residential project data from
the National Fire Protection Association (NFPA) reports
280 million USD in direct property damage each year [6].
Thus, a compact, advanced, and automated system is required
to cope with the fire accidents at construction sites.

This applied research is initiated by assessing fire accident
reports to understand the significance of fire safety manage-
ment in construction and issues in the conventional system.
Generally, fire safety management is a significant issue in
all sectors; however, it is especially important in construc-
tion owing to numerous reasons that frequently result in fire
risks. First, workers are exposed to combustible substances
at numerous job sites, and the presence of wind around
under-construction buildings can quickly extend the fire [7].
Second, as under-construction sites do not possess a perma-
nent fire protection system, PFE or occasionally water tanks
are the only preventive options that can be adopted [8].

Fire safety management includes two major phases:
(1) fire safety planning, and (2) fire safety monitoring. The
conventional fire safety planning in construction follows
a site-specific planning practice to manage the fire haz-
ards [14], [15], which required significant manual revisions
with intervals [16]. Consequently, a dynamic and site-specific
fire safety plan could be a labor-intensive job if done man-
ually [17]. Several studies have focused on safe evacuation
planning for existing buildings as well as under-construction
buildings and tunnels [9]-[13]. However, very few studies
have investigated the fire safety equipment installation. Apart
from fire safety planning, fire safety monitoring is pivotal
among these phases because it is the final management layer
for preventing fire accidents. Extensive research has been
conducted in fire safety monitoring domain, such as early
detection of smoke and heat using various tools and tech-
niques, dual infrared (IR/IR) spectral band flame detection,
very early smoke detection apparatus, and fiber optic attached
to distributed temperature sensing [18]-[20]. Despite this
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extensive research, the number of fire accidents during con-
struction has not yet decreased significantly. Therefore, fur-
ther efforts are required to strengthen fire safety management
processes in construction, supported by the voluntary imple-
mentation of the industry’s best practice.

The Occupational Safety and Health Administration
(OSHA) stipulates that a site-specific safety plan should
include a fire protection plan for every construction project.
As several construction job sites rely on PFE as a pre-
ventive measure, two vital factors must be considered:
(1) appropriate locations for PFE, and (2) proper maintenance
to ensure active work order of PFE [17]. Therefore, intending
to ensure the proper location and good working order of
the PFE, this applied research study presents a rule-based
visual programming approach for location optimization and a
smartphone-based android app that employs optical character
recognition (OCR) and blockchain technology for inspec-
tion data delivery system. The Fig 1., revealed the concep-
tual idea of the PFE installation planning system (PFE-IPS)
and safety inspection information system (SIIS), the sys-
tems includes inputs, processes, and outputs. BIM model
and OSHA fire safety rules are the inputs that are processed
by using the cited tools and techniques to have the desired
outputs. Contrarily, to access the android app for fire safety
information system, users are defined in Fig. 1. The process
layer enlisted the required tools and technologies to generate
the outputs such as placement plan, quantity estimates, and
inspection information database. The specific outputs and
contributions to the existing knowledge are summarized as
under:

o As the current PFE installation plan rely on 2D-paper
based manual observation. Also, the workers in small
companies with average skills do not understand the
proper and correct position for the PFEs in a job
site [7]. This research developed a fire safety rule-based
BIM modeling for PFE installation plan, intending to
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automate the process and ensure appropriate location in
the job site.

o The traditional inspection process is a top-down super-
visory approach that comprises safety managers from
the general contractor, safety inspectors from subcon-
tractors, and the government’s safety auditors. This top-
down monitoring approach does not provide sufficient
motivation for voluntarily following fire safety policies.
Moreover, this top-down inspection is impractical due
to a lack of human resources with the government as
well as with general contractors. An android app sup-
ported by blockchain and OCR is developed to shift the
paradigm of safety inspection from a top-down approach
to a voluntary-based bottom-up method.

« Due to vigorous enforcement of the government’s safety
policies, many cases of forged documentation have
been reported, mainly manipulating PFE tags and its
records [21]. This research proposes an effective, trans-
parent, and reliable approach as an alternative to tradi-
tional paper-based manual methods to prevent forged
reporting and manipulation in inspections records,
thereby reducing the safety auditor’s burden.

o The conventional inspection information delivery sys-
tem pertaining to PFE is prone to data loss. This research
presents a convenient method to promote automation
of the safety inspection information delivery through
blockchain system to all the relevant stakeholders.

The findings of this study are expected to play a significant
role as a benchmark for future research in technology conver-
gence approaches for the construction industry.

II. LITERATURE REVIEW

A. LIMITATIONS OF THE CURRENT FIRE SAFETY
MANAGEMENT PRACTICES IN CONSTRUCTION

In the distant past, people have typically relied on them-
selves or those in the neighborhood for relief and rescue
operations in the event of fire [22]. The recent years have
witnessed frequent fires in construction projects, and many
of them have brought the enormous loss of property damage
and human casualties [23]. Many countries across the globe
have developed different strategies, such as upgrading fire
safety codes to enforce fire safety inspections policies to
overcome the critical issue of fire safety [24]. Besides, new
tools and techniques have been developed over the recent
decade to meet with the required fire safety rule compli-
ance. Several concepts and their enabling technologies have
been investigated to attain enhanced fire safety management
[71, [17], [25]-[27], though automated rule-based fire safety
planning for PFE placement is not yet achieved. Tradition-
ally, essential inspection information related to firefighting
equipment is primarily distributed among the stakeholders;
however, this can occasionally lead to data loss [25]. Another
significant issue associate with the current process is the
falsification and forgery of PFE documentation or tags, and
numerous such cases have been reported [21]. To address this
issue, a BIM-based approach capable of storing necessary
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information related to these devices, such as device and man-
ufacturer names, maintenance staff, equipment type, previous
repair/inspection time, exterior features, and other specifi-
cations, along with the location coordinates of firefighting
equipment has been proposed [28]. However, this process is
mutable and requires manual inputs from the field.

Despite this extensive research, various workplaces, build-
ings, and tunnels currently employ PFE based on pre-
construction 2D supported site-specific fire safety plan, and
frequent inspection at specific intervals is routinely per-
formed for PFE maintenance. Hence, an automated system is
necessary to ensure optimized allocation and active working
conditions of the PFE while achieving convenience, trans-
parency, and increased reliability, which, in turn, would be
valuable for the performance evaluation metrics in the bid-
ding process.

B. BUILDING INFORMATION MODELING AND

VISUAL PROGRAMMING LANGUAGES

The construction safety management includes safety plan-
ning and safety monitoring. Unexpectedly, safety planning
is considered the contractor’s liability and is thus ignored
in the design phase [7]. However, extensive research studies
have recently considered Building Information Modelling for
safety integration in the design phase. Widespread research
work has been presented by many authors to adopt rules
in the pre-construction stage, for instance, to develop rule-
based checking of building codes, BIM is applied to adopt the
rules [12], automatic safety planning approach to deal with
the fall risk using BIM [29], limited access zone identification
and visualization using 4D BIM [30], excavation safety mod-
eling [31], however, fire safety planning remains unexplored.
In order to translate building codes of Korea from natural
language into computer-readable language, the KBimCode
rule interpretation plug-in has been introduced to conve-
niently translate the rules [32], and later adopted by many
studies [7], [12], [31]. On that account, this applied research
work also leverages the visual programming language for
the conversion of human text language to machine-readable
language; for instance, fire safety rules conversion part of the
proposed system.

C. OCR AND BLOCKCHAIN TECHNOLOGIES
APPLICATIONS IN CONSTRUCTION

Artificial intelligence is probabilistic, changing, and involves
algorithms to guess at the reality, whereas the blockchain
is deterministic, immutable, and features cryptography to
record reality. The blockchain was first introduced in 2008 in
the form of an underpinning technology as a verification tool
for the world’s first cryptocurrency transactions [33], [34].
Blockchain technology offers encrypted, distributed, and
secure logging of digital transactions, exhibiting the potential
to revolutionize numerous global industries [34]-[37], and
the construction is no exception.
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Previous efforts to explore blockchain technology for
different domains can be grouped into seven categories:
(1) smart homes; (2) smart cities; (3) smart government;
(4) smart energy; (5) intelligent transport; (6) organiza-
tional structures and business models; and (7) construction
management and BIM [37]-[45]. Even though blockchain
technology-related research is still in the elementary stage in
the construction management domain, the literature’s scope
summarized in this article is limited to studies associated
with construction and buildings. This technology has the
potential to address a couple of problems that discourage
the construction industry from employing new technolo-
gies such as BIM; it offers features such as confidential-
ity, disintermediation, provenance tracking, non-repudiation,
inter-organizational recordkeeping, change tracing, and
data ownership [35]. A hybrid approach involving BIM
and blockchain technology has been applied for energy
management by measuring indoor temperature using the
Internet of things (IoT)-based smart home devices [46].
Wang et al. (2017) presented a blockchain-based smart con-
tract to solve one of the challenging issues of construc-
tion worker’s wage payments [44]. However, to the best
of the authors’ knowledge, no research has been carried
out to investigate the significance of blockchain technology
in the inspection and maintenance process of construction
equipment.

On the contrary, OCR techniques include image acquisi-
tion, pre-processing, segmentation, feature extraction, clas-
sification, and recognition [47]-[49]. Considering the OCR
with a blockchain, numerous studies have focused on char-
acter recognition through optic vision. OCR technology aims
to convert handwritten or typed texts within the image into
texts [47]; however, handwritten text recognition is more
challenging compared with typed or printed texts. Generally,
handwriting styles vary depending on the individual; thus,
managing these variations is vital for OCR [48]. Previous
efforts have not employed OCR and blockchain technologies
to inspect and record construction safety. Therefore, the pro-
posed approach incorporating OCR and blockchain for safety
inspection information system (SIIS) pertaining to PFE is
presented herein.

IIl. NEED FOR CONVERGING TECHNOLOGIES BASED
CONSTRUCTION FIRE SAFETY SYSTEM

In the construction industry, disaster prevention management
focuses on fire safety equipment, escape route planning,
alert or monitoring device, and educational training intended
to ensure individuals’ safety [25]. However, disaster preven-
tion systems mostly depend on manual procedures that are not
reliable and cumbersome. Workers with average construction
skills do not understand the proper and correct position for
the PFEs in a job site [7]. In the last decade, extensive
research has been carried out by various researchers regard-
ing safety planning in construction, revealing the absence
of reactive tools and techniques to support designers in
the pre-construction phase [50]. Surprisingly, the designer
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generally remains unaware of the impact of fire safety con-
siderations in the planning and design stage [51]. However,
recent fire safety developments have revealed the potential
of integrating fire safety rules compliance in the planning
and design stage. Therefore, fire safety equipment installation
and placement planning considerations in the design stage
are needed. To do so, the fire safety regulations related to
the construction job site are extracted from the open-source
OSHA database and translated leveraging visual language
programming (VPL).

Another major issue in maintaining PFEs is proper inspec-
tion, tag catalogs, and report to the concerned department.
Generally, the government safety auditor visits the construc-
tion site to check the tags of the PFEs randomly, and thus
known as the top-down safety enforcement approach, and
is not practically possible to control the entire region, area,
and site. The general contractor’s safety managers in the
current system are also unable (in terms of work burden) due
to the responsibility of many other tasks. Apart from that,
foraged tagging and loss in the data make it more crucial,
thus inevitable to have an appropriate system for the cited
issues.

Artificial intelligence and blockchain technologies’ rapid
developments have yielded significant contributions to the
current global environment [52]. This rapid advancement
has resulted in a paradigm shift from the real world to a
digitized world, via numerous automated devices and effec-
tive processes that enable time- and cost-savings [53]. OCR
is an artificial intelligence technique that employs image
acquisition, pre-processing, segmentation, feature extraction,
classification, and recognition [49]. There are currently many
commercial and open-source tools available in many lan-
guages to convert the image into text form. As the name
indicates, the blockchain can be regarded as a series of
blocks (virtual cubes) linearly aligned in a vertical struc-
ture. Each block contains a specific amount of data in the
form of ciphers and codes [34], [54]. Once the block’s
data has been completed and validated, the block is then
permanently locked and cannot be modified [55]. Previ-
ously, many researchers have used the blockchain to increase
the automation of the process, reliability, and credibility
through inherited functions of this technology, for instance,
smart contract, transparency, and immutability. For example,
to detect diamond frauds, Everledger [56] proposed a reli-
able blockchain verification service to generate an immutable
diamond ledger for owners, law enforcement agencies, and
insurance companies. Previous attempts to apply blockchain
in the construction domain involve extensive research focused
on smart contracts to increase payment transactions [57].
However, very few studies have focused on the conceptual
blockchain framework for construction safety; consequently,
this technology’s potential remains unexplored. To overcome
the inherited limitations in the fire safety management in
construction pertaining to PFEs, thus, OCR has been cho-
sen to support the blockchain technology for a compact
system.
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FIGURE 2. Proposed framework of PFE-IPS and SIIS.

IV. PROPOSED SYSTEM FRAMEWORK FOR PFE
INSTALLATION AND SAFETY
INSPECTION INFORMATION
This study aims to develop a fire safety management system
in construction that utilizes convergence technologies con-
cepts , such as VPL, BIM, OCR, and blockchain technology
for effective planning and monitoring systems pertaining to
PFE. This system includes five primary attributes: (1) VPL
for translating the fire safety rules from OSHA into a BIM
model, (2) multi-agent simulation for virtually evaluating the
PFEs installation and adding more PFEs based on the require-
ments described in fire safety rules of OSHA, (3) implement-
ing OCR to determine the appropriate information generated
via PFE inspection and maintenance activities; (4) leveraging
a blockchain to ensure the reliability of data generated during
inspection and maintenance processes by allocating a specific
hash to each transaction; (5) providing accurate assessment
information to stakeholders based on images of tag reports
captured in the field at an elementary level by workers, tech-
nicians, or safety inspectors.

Figure 2 presents the system framework diagram of the
proposed PFE-IPS and SIIS, and is schematized into user
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interface (UI) that enable the users to leverage the system,
VPL is utilized for translating human language into computer
understandable language for establishing rule-based PFEs
installation in a BIM, OCR for converting digital image data
into text and documents, extracting the text for verifying
input data, and employing the blockchain service for ensuring
data reliability through storing the generated hash on the
on-chain and big data in the off-chain server. The BIM and
VPL part of the proposed PFE-IPS in Construction further
consists of three layers, namely: (1) Rule Extraction (RE),
(2) Logic Development (LD), and (3) Fire Safety Plan Gen-
eration (FSPG), the FSPG includes Installation Plan and
quantity take-off of PFEs. During the initial accident report
analysis, deployment of PFEs was found as a significant pre-
ventive measure in routine under-construction works. On the
contrary, the sprinkler system was perceived as a vital pre-
ventive measure for fire-sensitive construction projects such
as tunnels and train-subway stations. In the second step,
the OSHA safety rules database that provides lessons learned
and current best practices to prevent the construction work-
place accidents are investigated, and fire safety rules from the
database are extracted. This scope is limited to PFEs related
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TABLE 1. Construction fire safety regulations in OSHA.

1926 Subpart F Fire Protection and Prevention

No. Standards Explanation
This standard explains the
roles and responsibility of fire
General protection plan, locations of

1926.150(a)

requirements | firefighting equipment’s and
its periodic check to assure
protection of life
This rule discusses the fixed or
enough temporary water suppl
1926.150(b) | Water supply requi%ement]; ogther watelrjp '
mains installed underground.
Portable This safety rule is to determ-
1926.150(c) | firefighting ine the PFE type-based locat-
equipment ion criteria

Fixed Fire safety rules related to

1926.150(d) | firefighting the installation of sprinkler
system fire protection system.
. This section is about the estab-
Fire lishment of communication
1926.150(e) | alarming 1
devices system and an alarm system

with the fire department.

safety rules only because the construction sites generally use
PFEs to deal with fire safety. The manually extracted fire
safety rules pertaining to PFE are converted to mathematical
logic because math-based logic could easily translate into
computer language, leveraging visual programming.

The OSHA standard 1926 enlist construction safety and
health regulations to the construction industry. The subpart-F
of construction safety and health standard (1926) further
include fire protection and prevention safety rules, as men-
tioned in the Table 1, that demonstrates the general require-
ments, water supply, portable firefighting equipment, fixed
firefighting equipment, and fire alarm devices. The scope of
this study is limited to PFEs only because the construction
sites generally use PFEs to deal with fire safety.

In the first layer (RE), the following fire safety rules are
extracted from the OSHA database, for instance, conferring
to OSHA, “A fire extinguisher, rated not less than 2A, shall be
provided for every 3000 square feet of the protected building
area, or major fraction thereof. Travel distance from any point
of the protected area to the nearest fire extinguisher shall not
exceed 100 feet.” The math-based logic from this could be as
under:

o Type: rated not less than 2A, at least one PFE should be

installed for the area of 3000 square feet.

Total protected area
T PFE(< 2A) = 1
ype of PFE(< 24) 300077 (1
o The distance from any point of the protected area to
the nearest fire extinguisher should not be greater than

100 feet (ft) for the PFE type, rated not less than 2A.
Distance(ft) < 100ft for type > 2A 2)

« The distance from any point in a protected area to the
nearest PFE should be equal to or not greater than 50 ft
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for the type, rated not less than 10B.
Distance(ft) < 50ft for > 10B 3)

The proposed framework of SIIS allows the categorical
generation of PFE inspection information at the very bot-
tom level, where the person performs the actual inspection.
However, instead of the conventional paper-based reporting
system, a smartphone-based system automatically determines
and controls the reliability of generated information. Inspec-
tion information of the PFE is generated after a thorough
inspection of the equipment at the job site by the contrac-
tors or subcontractors’ safety inspectors. It is then recorded
as evidence on the attached tag to the PFE. Additional
information is reported to the concerned higher manage-
ment using a paper-based method or any other tech-based
method. Moreover, a fire safety auditor from a government
agency randomly visits the job site to monitor fire safety
management activities.The proposed system further adopts
licensed protocols and appropriate stakeholders’ registration
procedures through a decentralized android app to limit the
system’s access for relevant stakeholders. This feature of the
android application ensures that only authorized participants
are permitted to their concerned network. The image data of
the tag or the documents could be captured immediately after
the thorough inspection is performed at the actual location;
this process serves as a smart contract to prove that the
required inspection has been accomplished. As mentioned
in Fig.2, the OCR transcribes image data into text documents
by utilizing optical recognition techniques; each document
transaction is encrypted into a unique character string, termed
as a hash, for storage in the blockchain. Based on data charac-
teristics, the resultant data such as hashes, URLs, images, and
documents are distributed into two chains: (1) the on-chain
and (2) the off-chain; the former is referred to the chain for
storing hashes and URLSs, whereas the latter is used to store
big data files, such as images and documents. The following
section discusses the development of the practical system for
the proposed approach.

V. TECHNICAL DEVELOPMENT OF PFE-IPS AND SIIS

On the construction job site, the PFE serves as a substan-
tial first rapid response to fire emergencies; thus, significant
attention is inevitable to ensure that the PFE is located appro-
priately and is in good working condition. Hence, OSHA
safety rules have been extracted in the first layer for the auto-
mated PFE-IPS. In the second layer (LD), a commercially
available BIM authoring platform named Rhinoceros, and a
VPL tool called Grasshopper, were availed to make the visual
algorithm. That visual algorithm converts the extracted math-
based logic. Visual programming is employed in this research
because of its comparatively simple interface and convenient
use, compared with other programming languages such as
Java, Python, and C++ [7]. Therefore, this study adopted the
VPL approach for translating fire safety rules of sub-part F in
OSHA-1926. The developed algorithm initially extracts the
geometric information of the building from the 2D plan or 3D
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FIGURE 3. Visualization of input parameters, its processing, and corresponding outputs for PFE-IPS.

model. As portrayed in Figure 3, the system enables the users
to describe the required four parameters such as P1, P2, P3,
P4; P1 is for importing building envelope (BE) as a 2D plan
geometry, P2 is to define the geometry of interior walls (IW)
lines in a 2D plan, P3 is to determine locations of stairs
(SL) as pick points, and P4 is intended to select PFE type
from the drop-down list, for instance, either type 2A or 10B.
As presented in Fig. 3, the Voronoi Grid is adopted in the
algorithm to generate the centerline (CL) of a building. In this
research study, the centerline (CL) of a building is referred to
the 2D lines positioned in the middle of a closed curve inside
the building borders envelope (BE). To generate the initial
installation plan for PFEs, the algorithm is designed to divide
that centerline (CL) on the value gained from the division of
the total building area divide by the area advised in OSHA
fire safety rules (3000 ft2). To create an appropriate PFEs
location (FL), since it is not practical that locations would be
set in the middle, these initial allocations for PFEs are then
moved to their nearest interior walls (IW). To examine the
distance between BL and FL, the algorithm divides the BL
into random numbers of points (PT) and leverages the shortest
walk logics (a pre-designed component in the Grasshopper)
to verifies the appropriate location of the PFEs. This shortest
walk logic populates points in the surface geometry of the
building and then establish many lines between the generated
random points and PFEs location (FL) using two-dimensional
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proximity logics. Thus, the developed algorithm could cal-
culate a network of the shortest path between the cluster of
PFE and the nearest points (PT). The algorithm then measures
the curve length (D) of the closest route between the FL and
PT and assess it through if statement: If curve length D is
equal or less than the distance advised by the OSHA fire
safety rules that (based on the type of PFE, parameter (P4),
depends on the particular type selected by users), then ignore,
If curve length D is greater than P4 then divide D over P4 and
round up the number, as shown in the following equation (4).

if D(< P4),
Return Null

else

D
Roundup — 4
ounupP4 “4)

Based on equation (4), the system is designed to add more
PFEs to the existing cluster of the PFE required by the
calculated paths. The program then moves the PFE to the
nearest interior walls and moves-up by 3 ft in the z-direction.
This PFE installation plan is visualized in the third layer
(FSGP) as a (.obj) file inside the Grasshopper and rhinoceros’
environment, which could also be integrated with Revit using
the WIP add-on package. The algorithm also automatedly
extracts the list of geolocations coordinates (X, y, and z)
for each PFE and calculates the number of locations.
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The algorithm generates the quantity take-off based on the
number of locations and automatically saves the results in an
Excel file on a local machine for cost estimation.

This segment of the technical system development section
focuses on the SIIS, the second part of this research. The
roles responsible for safety inspection data recording and
conformance in traditional PFE inspection process were iden-
tified. OCR and blockchain technologies were adopted to
develop the proposed approach. The android app was devel-
oped in an android studio using Java and Extensible Markup
Language (XML). Streaming API for XML (StaX), which
is considered superior to Simple API for XML (SAX) and
Document Object Model (DOM), was used in Java 6.0 for
parsing the XML documents. Java was used for the back-
end business logic, whereas XML for the front-end design.
Java is a user-friendly objected-oriented language, which is
platform-independent; however, it is compiled in bytecode
with the Dalvik Virtual Machine’s support. To extract the
PFE identity document (ID) and other relevant information
from the tag, this system integrated the open-source Google
OCR library, Vision API, which extracts and detects text from
images. Vision API executes feature detection on an image
file by transferring the contents as a base64 encoded text.

The database was designed using MySQL for storing
user information and record storage. REpresentation State
Transfer (REST) API was utilized to interact with the reside
database and share information between them in JavaScript
Object Notation (JSON). In the back-end, the REST
API was developed in PHP to communicate between the
app and the server (encode and decode requests/response).
An open-source blockchain service TrueTimeStamp (true-
timestamp.org), is used as a proof of existence for each trans-
action. When an image of PFE’s tag is submitted, the complex
mathematical formula converts the file into a string of num-
bers and characters. Two different submissions, even with a
slight variance, would generate a different hash. The system
then uploads that hash, not the image to the TrueTimeStamp
Service, where it is then stored in the database. The trans-
action can then be verified by going to the TrueTimestamp
website and putting the same hash in the verify box. The
confirmation of the transaction’s time and date when it was
initially being updated can then be observed. The network-
based location service API from Google maps, Naver maps,
and kakao maps is also integrated into this app, which helps
determine the location coordinates of PFE based on Wi-Fi
access points or the available cell towers in the area.

VI. PROCESS DESCRIPTION OF PFE-IPS AND SIIS

This section presents the process description of PFE instal-
lation planning system (PFE-IPS) and safety inspection
information system (SIIS) by converging BIM, OCR, and
Blockchain for a more convenient, transparent, automated
fire safety management system. The graphical demonstra-
tion in Fig. 4. illustrates six sections. In Section-1, the
system allows the users to define the input parameters: build-
ing envelop, stair locations, interior walls, and PFE type.
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As shown in Fig. 4, Section-2 is determined to generate
Voronoi grid logic. Subsequently , in Section-3, the algo-
rithm identifies the optimized centerline in the Voronoi mesh.
Section-4 divides the centerline (based on user preferences of
PFE type) into several segments to generate random points.
Thereafter, the system transfers the allocated PFE to the
adjacent interior walls (IW). Section-4 also shows the shortest
walk logic’s deployment to generate the shortest path from
the random points (PT) to the PFE location (FL). Moreover,
Section 5 visualize the shortest walk to measures the dis-
tance between the building’s envelop and PFE and highlight
longer paths for the additional PFE. To verify the fire safety
rule compliance of the PFE installation plan, the multi-agent
crowd simulation library called PedSim is utilized and illus-
trated in Section-6. The system will automatically generate
the required safety equipment installation plan for PFE. The
developed PFE-IPS also calculates the required quantity of
the PFEs for the cost estimation and export that into Microsoft
Excel (Ms. Excel). Cost estimators with this powerful built-in
function could conveniently develop the cost plan of the PFEs
in a given project.

The process description of a decentralized android app for
the SIIS pertaining to PFE is proposed herein; the SIIS lever-
ages an integrated approach involving OCR and blockchain
technologies. The process flow of the developed system is
presented in the use case diagram (Fig. 5), which includes
the registration required for user access, OCR for transform-
ing images into text, and the blockchain to record transac-
tions with their corresponding timestamps. Conventionally,
for PFE inspection, two stakeholders are involved to ensure
the fire safety on a given job site, such as the government
safety auditor and the safety manager or an inspector from a
general contractor or sub-contractor. As portrayed in Fig. 5,
these responsible roles are adjusted in the developed app.

The app is designed to allow the system’s functions for
the registered participants based on individuals’ roles. As a
preliminary step, the role is responsible for investigating PFE
status; for instance, the safety inspector captures the images
of the attached tags or final reports to upload the data into
the system. A trackable PFE ID is configured to match this
ID extracted from image data using an OCR optical vision
technique. During the OCR process, the image captured via
the built-in camera of the smartphone traverses three phases:
localization (the region where the test is located), segmenta-
tion (extraction of each symbol), and recognition (reconstruc-
tion of words and numbers using contextual information).
Subsequently, the system extracts the ID of the observed
PFE and matches it with the corresponding input ID for
submission to the database. Matching the extracted and input
IDs will ensure accurate images of the tag for a given PFE;
this will help reduce false reporting and forgery.

The submission process can be smoothly accomplished
if both IDs are identical, and a hash value is allocated
to the uploaded image using the Secure Hashing Algo-
rithm (SHA-256). This hash value is a digital signature
that provides cryptographic proof to avoid any modification
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FIGURE 4. lllustration of the process steps for PFE-IPS.

or reproduction. As shown in Fig. 5, the uploaded image
is stored in the database, while the generated hash value
is recorded on a server using the TrueTimeStamp service.
All associated stakeholders, particularly the government
agency safety auditor, can view these stored records and
verify any transaction through the server.

Figure 6 presents the login protocol process for users
to register and access the developed application functions.
Associated stakeholders must also be registered in the system
before they can use this application. The registration process
is initiated with a sign-up form; users need to fill in the
required information on this form and save it to the MySQL
database. To further illustrate the method in terms of user
login functionality, Fig. 6 also depicts the “User Login”
case. Users Users enter their personal information, such as
e-mail IDs, usernames, and passwords, and system verifies
the entered information. If the entered information is valid,
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the system grants access to that user and proceeds to a new
“Main Dashboard” session.

In this dashboard, the safety manager or safety inspector
adds project details and the ID assigned by the government
department. Similarly, the government safety auditor repeats
the same process for registration and functional access; this
would enable the auditor to remotely view and verify submit-
ted PFE inspection records along with their location coordi-
nates. The following section focuses on simple case studies
to validate the PFE-IPS and SIIS.

VII. CASE EXAMPLES FOR PROPOSED

SYSTEM IMPLEMENTATION

This segment of the study presents two case studies car-
ried out to validate the practical implementation of the pro-
posed systems. Due to the current situations of COVID-19,
one case study is validated using virtual humans leveraging
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FIGURE 5. Use case diagram for developed SIIS.
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FIGURE 6. Sequence diagram for user registration.

multi-agent approach in the grasshopper environment. The
other case study has been carried out inside the campus.
However, the research team tried their best to reflect the real
scenarios in both examples.

A. CASE 1

This case intended to implement the developed PFEs instal-
lation safety planning system and bill of quantities estimation
approach. To do this, a sample from the Autodesk Revit
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FIGURE 8. Initial PFE installation by the proposed system.
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(see Fig. 7) is selected, and the 2D plan with the exclusive
property’s information is imported into the Grasshopper and
Rhino environment. The system needs various kinds of pre-
defined conditions to fulfill the required parameters, such as
importing building envelope (BE) as a 2D plan geometry,
the geometry of interior walls (IW) lines in a 2D plan, loca-
tions of stairs (SL) as pick points, and selection PFE types
from the dropdown (2A or 10B) and then run the algorithm.
The algorithm initially converts exterior walls into a closed
curve, and a point object highlights stair locations (SL).
As mentioned earlier, the user could select the desired PFE
types from the top-down list, for instance, 2A or 10 B.
We selected 2A, and the algorithm was simulated, accord-
ingly. The optimized building centerline is generated through

VOLUME 8, 2020



N. Khan et al.: Converging Technologies for Safety Planning and Inspection Information System of PFE

IEEE Access

P o o i e = G =

- A= Multi-starting points . 4
5 2 =

! B=Multi-agent end points I - '42\“

| B = Travel distance (D) |

+ with in the range
! il 1| = Travel distance longer
| than the range |

Number Travel Distance
(Inches)

il 1311.8
2 618.9
3 7524
4 726.7
5 835.0
6 488.1
7 350.4
8 570.0
9 357.8
10 559.5
31 690.2
12 378.6
13 135.9
14 752.4
15 550.6

T

o

11

Pt

FIGURE 9. Multi-agen simulation for verification of the proposed PFE-IPS.

FIGURE 10. 3D BIM model of multi-agent Simulation.

VORONOI logic. The developed algorithm finds the appro-
priate locations for PFEs utilizing the shortest walk logic’s
and computes the length between the closest PFE with the
building border envelope. Thus, supplementary PFE is added
in the area if protracted than required; in this case, the system
did not identify any long distance (see Fig. 8). To evaluate the
system’s real performance and to have diversity in the shape
of the building, one big room is added to the existing model.
The multi-agent simulation is in Fig. 9 and Fig. 10, that works
on the concept of social forces model algorithm (PedSim in
Grasshopper), In which a persons move from Point (A) to
Point (B) using the shortest route, avoiding walls or other
barriers and obstacles, as in shown Fig. 9. After running the
algorithm on the modified model, the travel distance to PFE
in that room comes-up greater than the desired length directed
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FIGURE 11. Quantity take off for portable firefighting equipment.

by OSHA safety rules. Hence, the system allocates an addi-
tional PFE on a longer path and moves the added PFE to the
nearest wall. In this case study, the 14 paths among 15 paths
traveled by the generated human agents are in the safe range
of 1200 inches (100feet), excluding the highlighted number
in the table of Fig. 9, which is 1311.8 inches. Consequently,
a new PFE is added to the existing PFE cluster, as depicted
by a teal color path in Fig. 9. In addition to this, the program
automatically generates the quantity-take-off for the cited
case study. In order to get the quantity take-off (see Fig. 11),
a layer of PFE family is established , and the coordinates
(X, Y, Z) are extracted and counted.

B. CASE 2

To further illustrate the second motive of the proposed
research, safety inspection information system (SIIS), this
section presents a case study for the OCR and blockchain-
based inspection data recording and delivery system
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FIGURE 12. Case study for testing the proposed SIIS.
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FIGURE 13. Sign-up process for system user registration.

pertaining to PFE. The second-floor corridor of the Depart-
ment of Architectural Engineering building (208) in Chung-
Ang University, Seoul was considered for this purpose
(Fig. 12). As mentioned earlier, the current practice for
fire safety management includes two primary participants;
therefore, two major participant roles and one sub-participant
role, such as a government agency safety auditor, man-
ager, or inspector, is incorporated in the designed app.
Figure. 13 demonstrates the cases created to test the

211184

FIGURE 14. Example of portable firefighting equipment inspection
recording.

functionality of the registration process in Fig. 6, which
explains the incorporated roles and the sign-up process for
registering users in the database. After completing the reg-
istration, the process is initiated through the android client
by registering three emails against the corresponding roles.
As depicted in Fig.13, the authorized users then enters
their usernames or email IDs along with the corresponding
passwords. The system verifies this entered information and
generates another session (main dashboard) for the valid
users. Through this dashboard, the safety inspector can cre-
ate a new project and work on it or view previous history
been already made for other projects. Fig. 14 presents the
categorical process required to record the PFE tag informa-
tion after a thorough inspection. The information tags for
enlisting the safety inspection evidence were assigned to
each PFE (Fig. 14-c) to achieve the demonstrated scenario.
As the app is designed to enhance the bottom-up reporting
approach instead of a top-down enforcing approach, a new
project named as ““Construction Technology Innovation Lab
(ConTIL)” under the company name ‘‘company c”’ is created
in the project list menu by using the safety inspector role,
as shown in Fig. 14-b. This role is assigned to the person
who is actually responsible for assessing the maintenance
and monitoring of PFE. The safety inspector could submit the
record via two sources: (1) a captured image, or (2) images
imported from local storage. For this instance, the tag images
were captured using the camera and uploaded to the database
with the ID of each PFE, as depicted in Fig. 14-d. The
system uses REST API to communicate between the front-
end android app (client) and the back-end database (server)
over HTTP protocols.

The embedded OCR technology in the app extracts the ID
from the image and matches it with the manually entered
ID. To overcome fraudulent submissions and ensure absolute
proof that the inspection was performed at a certain date,
an open-source blockchain service, named TrueTimeStamp
(truetimestamp.org), is used for each transaction. All the
timestamps are decentralized and do not depend on any other
third party. When the image of a PFE tag is submitted,
TrueTimeStamp API automatically converts the file into a
unique hash and generates a certificate proving that the
data was created at a certain point and time. This process
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FIGURE 15. Android application screenshots depicting functions and
data verification.

employs a cryptographic data fingerprint in a public
blockchain, which makes the regeneration of original data
impossible; thus, the submitted data is immutable and no one
would ever get their hands on the data. In our case, several
images have been uploaded; the blockchain-based proof of
existence service allocates a unique hash value (a digital sig-
nature) to each record and stores them on the server. An exam-
ple of such tag image is presented in Fig. 14-c, and 14-d,
the digital signature generated for this specific inspec-
tion is presented in Fig. 15-d, that is “b5f4687aff
73ba6418d15ecb2f2eb3bc3a3ea90d358a0b036d67f9e¢91057
64b6.” As depicted in Fig. 15, the safety auditor from the gov-
ernment agency (see Fig. 15-a) or the safety officer from the
company (see Fig. 15-b) could remotely view and verify the
inspection conducted by a safety inspector through logging-
in to their respective accounts. As mentioned, the transaction
can then be verified from the TrueTimeStamp website by
inputting the same hash in the verify box. Alternatively,
the safety auditor from the government agency or the safety
manager from the concerned company could double-check
inspection-related data by clicking on relevant transactions.
Confirmation regarding the time and date, when these data
were originally updated can also be observed. For instance,
in our case, the respective transactions of each PFE inspec-
tion associated with this project can be verified by clicking
on the “VERIFY TIMESTAMP” button on the dashboard.
The inspection performed by xyz khan dated 2020-06-14 at
13:09:05 is verified, and the results associated with this
record are presented in Fig. 15-c, d, and e; this indicates
that “SHA-2 Fingerprint is found in the database,” with
the same hash, date, and time. In addition to transaction’s
verification, locations can also be traced using different maps
services such as Kakao, Naver, or Google. The network-
based location service API from the entire three sources are
also integrated into the proposed app, which helps determine
the location based on Wi-Fi access points or through other
internet sources, such as the available cell towers in the
region.
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VIil. DISCUSSION AND LIMITATIONS

The primary goal of this study was to develop a novel
approach for PFE installation plan, maintaining reliability
and overcoming forged tag reporting through bottom-up
inspection approach and by leveraging the convergence of
BIM, VPL, OCR, and blockchain technologies, to ultimately
ensure that the PFE is in the appropriate place and good
working condition. The conventional fire safety plan in con-
struction follows the site-specific plan [11] and is a 2D
based cumbersome process. Modeling safety facilities in BIM
is significant for quantity estimation, cost calculation, and
visualization [7]. With this regard, a novel system named as
PFE-IPS to sort out this challenging issue is presented. Based
on the complexity and the scale of the project, the tedious
modeling process generally needs hours, days, or even
weeks [29].

Case-1, in this study, disclosed that the proposed approach
could deliver an advanced and inclusive evaluation for the fire
safety rule-based planning. The developed semi-automated
approach has successfully generated the PFE installation plan
(see case-1). In addition, this research presented an expedient
approach for visualization and calculated the quantities for
actual cost with regards to just on time approach. Therefore,
the vagueness of overestimate or underestimate could be
eradicated, and the acquired cost estimation would be shared
with certainty.

Previous studies on fire safety monitoring and inspec-
tion data recording failed to consider a blockchain-based
method to shift the top-down approach into a bottom-
up voluntary approach. The proposed method integrates
OCR and blockchain technologies to develop a decentral-
ized android app to automate the inspection data recording
process. The developed app is expected to be beneficial
and could serve as an alternative for government inspec-
tion agencies and the safety managers and inspectors from
contractors/subcontractors responsible for fire safety in con-
struction. This approach provides reliable, transparent, and
verified information required to ensure conformance to con-
struction fire safety policies. The integration of advanced
technologies, such as image recognition, image matching,
and IoT-based sensors, with blockchains, could help deter-
mine accurate and secure information pertaining to safety
conformance. As evidenced by the case study, the system
designed to capture the required information and upload it
to the server was implemented successfully.

Moreover, the developed method was also suitable for
viewing and analyzing the stored inspection information.
This feature makes the stakeholders powerful in terms of
information access and data deliveries. The results generated
via this approach are advanced, transparent, and more effec-
tive than the conventional paper-based reporting and record-
ing method. The submitted inspections are recorded with
enhanced reliability and the relevant stakeholders can verify
each transaction. This verification feature in our approach is
validated in Case-2. A blockchain is a digital ledger for stor-
ing and recording transactions. Once a transaction has been

211185



IEEE Access

N. Khan et al.: Converging Technologies for Safety Planning and Inspection Information System of PFE

performed and validated, the block’s information is crypto-
graphically sealed, providing immutability. Therefore, this
technology offers a reliable verification service to generate an
immutable ledger of any interesting domain in construction,
which is significantly beneficial for owners and insurance
companies as well as during the bidding process. The model
developed in this study could be extended in terms of con-
struction safety and quality by considering safety check-
lists and material supply chains. The proposed app could
be integrated with a coin reward system or other apprecia-
tion systems to motivate the bottom managers. For instance,
the Hyper-ledger fabric protocols and IoTs could be utilized
to store critical information regarding quality-related events
and activities on job sites by using blockchain technology,
thereby ensuring quality conformance. Additionally, the inte-
gration of artificial vision intelligence with blockchains is
expected to increase safety monitoring effectiveness on con-
struction job sites.

Similar to other research studies, this applied research is
also deprived of some limitations; for instance, the inputs
parameters such as 2-D plan, selection of stair location and
interior walls required manual efforts, detection of 2D plan
elements could be automated leveraging space family in BIM,
then the user does not require the selection of 2D plan,
manually. Incentives in coins or an appreciation system are
necessary to promote the bottom-up approach and encour-
age workers or bottom-level managers. Thus, by employing
an appropriate reward system, the proposed method can be
further enhanced. Moreover, the ID of a given PFE needs
to be input manually, constituting another limitation of the
approach. However, this manual effort can be minimized
through QR coding, which will also improve the automation
and efficiency of this process.

IX. CONCLUSION

This study introduced an automated PFE installation planning
system (PFE-IPS) and a smartphone-based application for
a bottom-up reporting approach named as safety inspection
information system (SIIS) to replace the existing PFE instal-
lation and monitoring process. The outcomes were achieved
by converging Building Information Modeling (BIM), Opti-
cal Character Recognition (OCR), and Blockchain technolo-
gies. Two case studies validated the implementation of the
developed approach for construction fire safety management
pertaining to PFE. The developed systems provided an opti-
mized PFE installation plan and reliable safety inspection
data. A multi-agent simulation in PFE-IPS demonstrated that
the proposed system would be an effective tool for practical
fire safety planning at construction sites. In addition, the suc-
cessful implementation of SIIS revealed reliability in-terms
of data recording and improved access to fire safety inspec-
tion information. Based on these case studies, the authors are
convinced that PFE-IPS and SIIS can address the limitations
of the current construction fire safety management proce-
dures to a greater extent. The presented research will promote
construction 4.0, enhance transparency, minimize the use of
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paper, decrease the burden on concerned stakeholders, and
reduce the visits of physical safety auditors/managers, that is
also beneficial during the current COVID-19 pandemic.

In future research, a comprehensive system will be devel-
oped by integrating the PFE-IPS with the schedule (BIM 4D)
to have dynamic planning based on the construction site
changes. In order to make a comprehensive safety perfor-
mance system, an extension of SIIS to evaluate concerned
contractors’ fire safety performance required in the bidding
process would be developed in the future.
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