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Abstract Building information modeling (BIM) has
become prevalent in construction engineering manage-
ment. However, the efficiency of traditional file-based
BIM exchange between multidisciplinary teams remains
low due to the transmission of redundant data from mostly
unchanged BIM objects. Additionally, the traceability of
changes between BIM files is limited. This paper proposes
a traceable semantic differential transaction (tSDT)
approach for open BIM exchange, which minimizes data
redundancy and enables semantic-level traceability of BIM
changes. Furthermore, openBIMdisk implements the tSDT
and provides a Blockchain 3.0 virtual disk to support effi-
cient, traceable, and secure BIM exchanges across multiple
blockchain services. A pilot study of a modular construction
project demonstrated the effectiveness of tSDT and open-
BIMdisk. Experimental results indicated that tSDT
achieved minimal BIM redundancy for storing and restoring
all BIM changes, using a sheer 0.007% of disk space on
average. openBIMdisk facilitated BIM version management
and object-level semantic traceability with a response time
of 5.3 ms. The contributions of this paper are twofold.
First, tSDT offers a novel and efficient approach for
semantic BIM change traceability. Second, openBIMdisk
provides BIM practitioners with a Blockchain 3.0 applica-
tion featuring intuitive and user-friendly interfaces for
BIM exchange.
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1 Introduction

Building information modeling (BIM) has emerged as a
milestone and is progressively mandated in conceptualiz-
ing, generating, communicating, and storing information
for construction engineering management (Sacks et al.,
2022). BIM is defined by Eastman et al. (2008) as a digital
integration of information throughout the life cycle of a
building, from concept to design through construction
and deconstruction. However, BIM collaboration has
been challenged by poor BIM interoperability, which has
resulted in inefficient data exchange (Oraee et al., 2019;
Liuetal., 2017; Zhao et al., 2017).

Industrial Foundation Classes (IFC) was developed to
support seamless data exchange across heterogeneous
professional software for BIM collaboration (bSI, 2023).
IFC presents a digital building model via an inheritance
hierarchy that defines inheritable attributes and relation-
ships of objects (Borrmann et al., 2018). IFC is gradually
growing into a de-facto standard of open BIM (Lai and
Deng, 2018). However, exchange with IFC files encounters
three prevalent challenges, i.e., redundancy (Zhang et al.,
2014), traceability (Hastig and Sodhi, 2020), and security
(Zhao et al., 2021; Berlo et al., 2021; Lou et al., 2021;
Das et al., 2021).

Researchers employed cloud computing and blockchain
technologies to ease the challenges to IFC exchange in
the literature. Cloud computing and graph models
partially overcame the redundancy and traceability chal-
lenges associated with the centralized file-based
exchange paradigm (Sacks et al., 2022; Wang et al,,
2023). Blockchain has the potential to complement BIM’
s traceability and security; Still, it is incapable of storing
IFC files directly, as an IFC project file size is tens of, or
even several hundred of megabytes, which exceeds
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blockchain’s storage capability. Studies in the literature
addressed the challenges using two architectures. One
architecture employs two-tier BIM storage, i.e., off-chain
BIM files and an on-chain storage for hashed file records
(Tao et al., 2021; 2022; Celik et al., 2023b). The two-tier
architecture compromises on blockchain’s limited storage
capacity that only metadata of BIM files, e.g., object
version, issuing discipline, etc., are stored on the
blockchain. Thus, the two-tier architecture supports only
file-level traceability and circumvents data redundancy
issues in BIM exchange. However, the semantic-level
traceability is becoming increasingly important in real-
time applications such as digital twins (Boje et al., 2020;
Liang et al., 2024; Hakimi et al., 2024) and artificial
intelligence (Chen et al., 2024). The other architecture
records all semantic BIM changes, computed by algorithms
like semantic differential transaction (SDT) (Xue and Lu,
2020), on a permissioned Blockchain 2.0 backbone. The
second architecture aims to respond to all three challenges
but is confined by the IFC processing algorithm’s leading
time and semantic-level BIM traceability. As a conse-
quence, the proposed implementation of Blockchain tech-
nologies in BIM exchange is still in its infancy and far
from reality (Celik et al., 2023a; Figueiredo et al., 2022).

This paper aims to present a novel approach for achieving
efficient, traceable, and secure open BIM exchange in
project-level application. First, a novel traceable SDT
(tSDT) approach is developed as a significant extension
of semantic traceability capability and performance to the
SDT (Xue and Lu, 2020). Furthermore, OpenBIMdisk
realizes the tSDT and provides a Blockchain 3.0 virtual
disk for supporting efficient, traceable, and secure BIM
exchanges in construction engineering management.

The remainder of this paper is organized as follows.
Section 2 provides a systematic review of IFC-based
BIM exchange, existing open BIM exchange paradigms,
and blockchain applications. Section 3 describes the
conceptual framework of this paper. Section 4 introduces
the tSDT approach with its two components: semantic
interoperability as pre-processing and tSDT processing.
Section 5 presents the openBIMdisk with a Blockchain
3.0 design and graphical user interfaces. A case study
validated the feasibility and efficiency of the tSDT
approach and openBIMdisk in Section 6. Section 7

Table 1 List of mainstream IFC formats

discusses the contributions and limitations of this paper.
The final section identifies areas for further improvement
and research.

2 Literature review

2.1 BIM exchange and IFC

“No BIM is an island” (Chen, 2018), BIM exchange
stands as an essential yet costly objective of collaboration
in construction engineering management. This is because
numerous off-the-shelf BIM vendors provide an array of
BIM software programs for BIM users to choose from
(Wu and Zhang, 2019), not to mention the specialized
disciplines and professional inputs inherent in construction
projects (Deng et al., 2019). To promote the exchange
efficiency of BIM, IFC is proposed as the data exchange
standard (Laakso and Kiviniemi, 2012). As an open BIM
standard, IFC presents a digital building model via an
inheritance hierarchy that defines the inheritable
attributes and relationships of objects (Borrmann et al.,
2018; Guo et al., 2020). The IFC schema is also open to
accommodating new extensions, such as nine actions in
three categories of typical BIM semantic changes (Kong
and Xue, 2023). Researchers have utilized the IFC inheri-
tance hierarchy for BIM exchange (Krijnen and Beetz,
2020; Tang et al., 2020).

IFC data can be encoded in various file formats, each
having benefits and trade-offs pertaining to software
support, scalability, and readability. Table 1 outlines the
benefits and tradeoffs of three primary IFC formats,
namely STEP Physical File (SPF), Extensible Markup
Language (XML), and JavaScript Object Notation
(JSON). SPF is the most widely used format in IFC practice
and the most compact of the three formats (bSI, 2023).
Nevertheless, SPF grapples with issues of poor readability
and redundant data arising from inconsistent entity names
and obscure parent-child relationships (Krijnen and
Beetz, 2020). Alternatively, the XML format is established
through an automatic mapping from EXPRESS to XML
as presented in ISO-10303 Part 28 Edition 2 (ISO, 2016).
While the XML format ensures data consistency, it
exhibits drawbacks in terms of data redundancy, processing

Format Extension Size Pros Cons
STEP Physical File (SPF) .ifc 100% * Most widely used * Data redundancy (])
* Most compact * Low flexibility (| |)
* Poor readability (] |)
Extensible Markup Language (XML) .ifexml 113% * Enhanced readability (1) * Data redundancy ({])
* Higher computational efficiency (1) * Low flexibility ()
* Higher compact (1) * Byte-level inconsistency (|)
JavaScript Object Notation (JSON) .ifcjson 148% * Enhanced readability (1) * Data redundancy (| ])

* Higher computational efficiency (11)

* Low compact (|)

» Enhanced flexibility (1) * Preliminary application
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efficiency and inflexibility, thus restricting its application
(Afsari et al., 2017; Xue and Lu, 2020; Xu et al., 2022).
Multiple previous studies have substantiated that parsing
JSON data is more efficient with fewer computing
resources, ultimately enhancing the operational efficiency
of web service applications (Wang, 2011; Lin et al,,
2012; Sun et al., 2020). Consequently, a JSON serialization
of IFC data, as proposed by Afsari et al. (2017), is
employed in this research to bolster web-based BIM
exchange.

2.2 Comparison of existing open BIM exchange
paradigms

Data redundancy, traceability, and security are prevalent
and significant concerns of open BIM exchange (Zhang
et al., 2014; Hastig and Sodhi, 2020; Zhao et al., 2021).
With the development of information technology, different
types of open BIM exchange paradigms were developed
to resolve the concerns. Table 2 lists three types of existing
open BIM exchange paradigms: (1) centralized, (2)
decentralized, and (3) distributed. The term “centralized”
means BIMs are exchanged through centralized files, the
term “decentralized” means BIM sources are available in
multiple centrally controlled data centers, and the term
“distributed” means the centralized control of BIM
sources is further eliminated and can be accessed through
any peers in the network.

Centralized open BIM exchange paradigm is the most
straightforward way for BIM communication between
stakeholders. For the improved efficiency of centralized
open BIM exchange, the BIM collaboration format
(BCF) and the Model View Definition (MVD) (Sacks
et al., 2018) were included in the IFC standard. However,
BCF requires definitions before use and lacks generaliza-
tion, and the MVD contains random contents (e.g.,
GUIDs). As a result, centralized open BIM exchanges
encounter inconsistencies and are time-consuming to
revise (Lee et al., 2021b). Moreover, the risk to security,
encompassing potential issues such as data loss, data
manipulation, and data privacy, prevents traceable
centralized BIM exchange (Berlo et al., 2021; Lou et al.,
2020).

Decentralized open BIM exchange paradigm is a new
trend to support efficient and simultaneous BIM collabo-
ration. Cloud computing is the most widely adopted ICT
for decentralized open BIM exchange (Zhao and Taib,
2022). The advent of cloud BIM is considered to realize

Table 2 Comparison of three open BIM exchange paradigms

real-time data exchange (Wong et al., 2014). Several
BIM software vendors already provide cloud services,
such as Autodesk BIM 360, Graphisoft BIM Explorer
(BIMx), and BIMcloud (Afsari et al., 2016). Further-
more, the decentralized exchange of open BIM provides
enhanced traceability. For instance, Sacks et al. (2022)
proposed a ‘Cloud BIM’ approach to building modeling,
which maintains consistency across federated discipline-
specific models. However, issues of security still present
challenges to cloud BIM integration (Mutis and Para-
mashivam, 2019).

The recent emergence of the blockchain offers a fresh
perspective on recognizing the reliable and efficient
distributed open BIM exchange of the construction industry
(Hijazi et al., 2021). Blockchain is a distributed database
that facilitates peer-to-peer communications through
cryptographic transactions and distributed consensus
protocols (Belotti et al., 2019). Thus, a secure, transpar-
ent, and distributed data exchange is achieved by elimi-
nating the requirement for centralized authorities (Li
etal., 2019). Many researchers have discussed the possible
application of blockchain for open BIM exchange to
promote security and bitwise traceability (Das et al.,
2021). According to Table 2, blockchain’s distributed
exchange performance is the best among the listed BIM
exchange paradigms. In conclusion, the distributed nature
of Blockchain responds to the challenges of basic trace-
ability and security issues in BIM data exchange. There-
fore, adopting blockchain for BIM data exchange can be
a promising solution. The only remaining problems that
prevent the integration of BIM and blockchain are BIM
data redundancy and BIM object-level traceability.

2.3  Blockchain in construction

Blockchain is a recent focal point of research. Blockchain
has rapidly gained recognition as a potentially disruptive
technology poised to propel the construction industry into
the fourth industrial revolution (Perera et al. 2020; Wu
et al. 2024) and achieve sustainability (Lu et al., 2024).
Blockchain can be categorized into two types based on
privacy: permissioned blockchain and permission-less or
public blockchain (Nawari and Ravindran, 2019).
Permissioned blockchains restrict the actors who can
contribute to the consensus of the system state, whereas
permissionless blockchains allow any participant to vali-
date transactions or create smart contracts. Hyperledger
Fabric and Ethereum are two common examples of the

Exchange paradigms Redundancy Traceability Security References

Centralized High Lack Low Sacks et al. (2018); Pinheiro et al. (2018)
Decentralized Medium Medium Low Mutis and Paramashivam (2019); Sacks et al. (2022)
Distributed Very high High High Xue and Lu (2020); Tao et al. (2021)
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types, respectively. Construction projects are typically
sensitive to copyrights, budges, and accountability of
stakeholders. Concerns about data manipulation, misuse
of information, and other security issues arising from
third-party involvement in construction projects necessi-
tate tight management of BIM accessibility. Some previous
research explored how to promote the security of permis-
sioned blockchain for BIM through information technolo-
gies, such as Zero-knowledge proof (Kong et al., 2024).
Therefore, permissioned blockchain is a better choice for
most BIM projects (Kong et al., 2022) and adopted in this
research. The word “permissioned” is ignored in the
following part of this paper for readability.

The milestone Blockchain 2.0, such as Hyperledger
Fabric, includes noteworthy attributes such as decentral-
ization to avert single point of failure (Monrat et al.,
2019), identity anonymization (Sun et al., 2016),
immutable data storage (Li et al., 2022), and transparent
transaction broadcasting (Bodkhe et al. 2020). In the
literature, Blockchain 2.0 offers off-the-shelf domain-
independent transactional functionalities for consensus
mechanism and membership services, and thus holds
significant promise for facilitating construction data
exchange (Swan, 2015).

A Blockchain 3.0 computational paradigm ports
Blockchain 2.0 transactional functionalities to construction
domain-specific systems and applications; so that decen-
tralized apps (DApps) can respond well to the needs of
construction project stakeholders (Angelis and Ribeiro de
Silva, 2019; Zhao et al., 2023). For example, Zhao et al.
(2023) designed a Blockchain 3.0 with a two-step work-
flow with a locally cached digital twin of data and
confirmed a savings of 99.2%-99.8% of the blockchain’s
response time and off-line structured BIM objects query
functions for three modular construction applications.

Some researchers have theoretically discussed the inte-
gration of blockchain with BIM for BIM data storage and
validation. For example, a preliminary case study
presented by Pradeep et al. (2020) applied blockchain to
exchange project files (e.g., drawings and schedules in
DWG and PDF formats). Similarly, Tao et al. (2021)
introduced a distributed BIM file storage framework
supported by blockchain and IPFS technologies. Celik
et al. (2023a) utilized blockchain to record metadata of
BIM objects and establish the information priority and
provenance. Wang et al. (2020) implemented blockchain
to improve information scheduling and traceability for
supply chain information management. Notably, existing
studies in this domain have primarily operated at the
framework level, often neglecting the challenge of data
redundancy. These studies chiefly store BIM file metadata
(e.g., hash signatures) on the blockchain, sidestepping the
challenge of redundant BIM data. The root of data redun-
dancy lies in the inherent conflict between the centralized
nature of BIM and the distributed nature of blockchain. A
multitude of redundant data is prevalent within a BIM

model, and the replicated data storage mechanism inherent
in blockchain further exacerbates this issue.

Semantic changes in BIM recently emerged as a new
trend in the field of open BIM exchange, rather than
concentrating solely on compressing individual IFC
models by eliminating duplicated instances through
dynamic STEP #-IDs (Gui et al., 2019). Xue and Lu
(2020) proposed the SDT model to capture incremental
semantic changes in a series of IFC models. The advantages
of documenting semantic changes rest upon two aspects:
(1) BIM inherently follows an incremental model that
lends itself to representation through semantic changes,
aligning more closely with industrial practices; (2)
recording differences circumvents the impact of inconse-
quential byte-level changes stemming from repetitive
import and export of IFC models across BIM software
programs. Researchers, such as Lee et al. (2021a) and
Pradeep et al. (2021), also discussed the potential usage
of this conceptual model. Subsequently, Wang et al.
(2022a) have advanced the proof-of-concept work for
multi-person collaborative design. However, the existing
methods for BIM incremental changes encounter several
limitations: (i) inefficient computation due to the O(n?)
complexity in solving the longest common subsequence
problem between IFC entities across versions (Xue and
Lu, 2020); (ii) unsatisfactory redundancy minimization
due to IFC entities (such as IfcOpeningElement and
IfcShapeRepresentation) generated by the black-box
conversion by commercial BIM software (Solihin et al.
2015); and (iii) lack of semantics traceability for BIM
objects for construction engineering management context.
The three theoretical defects hinder exchanging semantic
changes of BIM on the real projects’ application.

In summary, the distributed exchange paradigm offers
the best traceability and security, and higher data redun-
dancy among the three exchange paradigms. However,
current research on utilizing blockchain for BIM data
exchange remains at the theoretical or proof-of-concept
stage due to data redundancy and limited semantic trace-
ability. Thus, the minimization of data redundancy and
maximization of semantic traceability, which are the criti-
cal enablers to the distributed BIM data exchange
paradigm, can be a crucial breakthrough to advance open
BIM exchange in theory. Furthermore, Blockchain 3.0 is
a promising and user-friendly technology for BIM practi-
tioners in construction engineering management.

3 The conceptual framework

The conceptual framework of this paper is shown in
Fig. 1. The framework consists of three layers from top to
bottom: (1) the application layer, (2) the tSDT approach,
and (3) the Blockchain 3.0 framework. The uppermost
application layer, which hosts a web-based DApp named
openBIMdisk, connects to the distributed BIM exchange.
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Fig. 1 Conceptual framework of this paper (newly proposed concept and processes highlighted in red).

In this paper, the second layer is the most sophisticated.
The tSDT model layer captures and indexes all the
semantically changed BIM objects for blockchain-ready
storage and traceability. The third layer plugs in the
blockchain backbone with a novel BIM change contract
(BCC) and BIM change cache (BC(C5).

The proposed framework of this paper revolves the
SDT model in two aspects, i.e., BIM change model and
blockchain-based exchange. Regarding the BIM change
model, our tSDT model resolves, wholly or partially, the
three theoretical defects of its precedent SDT model
described in Section 2.3. The key innovation of tSDT
includes two new mapping dictionaries between IFC-
GUIDs, IFCJSON-UUIDs, and tSDT-UIDs that generated
through semantic traceability, and a novel two-step
semantic traceability operation to systematize changed
semantic identifiers. On the blockchain-based exchange,
our novel blockchain 3.0 framework partially response to
the traceability defects of its precedent SDT model. The
novel BCC, contains a locally cached database for BIM
change model and communicates with the general

blockchain backbone. Through integrating the novel
BCC; and BCC, with blockchain backbone, the
Blockchain 3.0 framework enables swift traceability of
both on-chain and off-chain records of the BIM change
model.

4 The tSDT model

4.1 The semantic interoperability

The semantic interoperability involves pre-processing
IFC files for in-depth semantic analysis and computation.
The IFC files undergo a systematic hierarchy to streamline
IFC semantics. Two dictionaries are then constructed to
map IFC elements among IFC-GUIDs, IFCJSON-
UUIDs, and tSDT-UIDs. Three main operations, namely
semantic hierarchy, de-randomization, and semantic
traceability, are employed, as shown in Fig. 1. This
section focuses on the newly introduced semantic trace-
ability, while briefly discussing the other two operations
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inherited from SDT to ensure model consistency and
clarity.

4.1.1 Semantic hierarchy

The semantic hierarchy operation processes STEP or
JSON encoded IFC files with “.ifc’ or ‘.ifcjson’ exten-
sions. The output is a structural tree-like objects dictionary
that illustrates the relationships between rooted objects
(such as IfcWindow) and their non-rooted properties and
materials. This organization and ordering of the original
cluttered one-to-many relationships between IFC objects
enhance clarity and understanding.

4.1.2 De-randomization

The de-randomization operation aims to replace all
randomly generated IFCJSON-UUIDs with constant
tSDT-UIDs based on attributes or content to ensure
consistency. First, a group of entities that have specific
attributes (such as names, tags, and object types) are
selected, and their UUIDs are replaced by integrating the
attributes string. If the required attributes cannot be found
in object instances, such as IfcPropertySets that describe
the non-geometric properties of building components, a
hashing function is used to create a short content-based
string. This hashing function, commonly used in
blockchain technology, efficiently generates constant
tSDT-UIDs. Additionally, the references for the de-
randomized objects are updated.

4.1.3 Semantic traceability

The semantic traceability feature is designed to track the
changes of IFC-GUIDs during the tSDT processing. As
depicted in Fig. 2, semantic traceability consists of two
separate steps. The first step creates a one-to-one
mapping dictionary (D) between IFC-GUIDs and IFCJ-

* [FC-GUIDs <
* IFC objects

IFC

Convert to
IFCJSON

* [FCJSON-UUIDs
« IFCJSON objects

Top-down tSDT
computation

Streamline

Key of semantic

BIM objects
_—

SON-UUIDs, while it also converts the IFC file into an
IFCJSON format. Then, during the streamlining of the
semantic hierarchy of IFCJSON objects, the semantic
traceability operation records the one-to-multiple
mapping (D,) between IFCJSON-UUIDs and tSDT-
UlIDs. This mapping relationship between original IFC
objects and semantic hierarchy objects enables semantic
traceability. Furthermore, the one-to-multiple mapping
dictionary between IFCISON-UUIDs and tSDT-UIDs
allows for the elimination of redundant semantics.

Redundant semantics in IFC refer to objects that have
identical contents but different IFC-GUIDs. In an IFC
file, object instances of the same type often have repetitive
geometry presentations, properties, and relationships. For
example, in Autodesk Revit, families represent object
types of IFC and can be reused to create multiple physical
building components. Although the family instances have
identical shapes, materials, and other properties, the
exported IFC files contain similar contents with different
IFC-GUIDs. In an actual construction project, such similar
objects can occupy up to 30% of the size of IFC files,
reducing the efficiency of information exchange.
Through the de-randomization and semantic traceability
processing, IFC objects are updated to have identical IFC-
GUIDs, and tSDT-UIDs are updated based on the
content. The mapping dictionary stores a one-to-multiple
structure as ‘{tSDT-UID: [IFC-GUID 1, IFC-GUID
2, ...]}°. Based on this mapping relationship, only the
first IFC-GUID with index O is retained, and object
instances containing the remaining listed IFC-GUIDs are
removed. The complexity of this algorithm is O(nlogn)
due to binary research.

4.2 tSDT processing

The tSDT processing facilitates the bi-directional compu-
tation of semantic hierarchies to capture and restore
semantic differences to IFC. Figure 3 demonstrates that
this bi-directional computation is accomplished through

Keys in the one-to-one
mapping dictionary D,

Keys in the one-to-many

semantic dictionary D,
Semantic
hierarchy

«tSDT-UIDs
« Semantic hierarchy objects

Fig. 2 Two steps of the semantic traceability operation.
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the tSDT computation function and the tSDT restoration
function. Initially, the trimmed semantic hierarchy (i.e.,
ifc, and ifc,) is inputted into two tree objects (i.e., 6,
and 6,) through the semantic interoperability pre-process-
ing. As a result, both 6, and 6, are devoid of extraneous
data such as STEP line numbers and IFC-GUIDs. Subse-
quently, the common sections of the two objects (6*) are
computed, and the modified instances (i.e., 6, and 6,.)
are retained after removing the intersecting parts from the
entire semantic hierarchy. Finally, the tree-comparison
algorithms calculate the difference between the modified
parts (i.e., As). As the BIM evolves incrementally, a
series of tSDT results are stored in the proposed system
in a chain structure as (ifc,, Ao, Apa, ..., Ay), Where ifc,
denotes the base model and A, represents the disparity
between two semantic hierarchies at time ¢.

The tSDT restoration function ensures that the
computed semantic differences are restored back to IFC.
Initially, the missing reference objects in the tSDT results
are added based on the mapping dictionary of IFCJSON-
UUIDs and tSDT-UIDs, which is generated by the
semantic traceability operation in Section 4.1.3 (Semantic
traceability). Subsequently, the semantic hierarchy at a
specific time can be retrieved by “adding” the integrated
tSDT results (A*). Finally, the IFC in STEP format is
generated by converting the IFCJSON to IFC.

Moreover, the tSDT processing indexes two mapping
dictionaries for semantic traceability. To realize the
dictionaries, a local relational database is designed.
Figure 4 illustrates how example traceability-related
attributes are stored in the relational model. The relational
model keeps a record of BIM changes with keys such as
the transaction ID (transID), tSDT-UID, and transaction
time (transTime). One attribute of particular importance
is the ‘isRVTobj’, which is a Boolean data type used to
determine if an IFC entity is a building component within
Revit, commonly known as a ‘Revit Object’. This
distinction is crucial, as a ‘Revit Object’ possesses an
internal ID that enables easy querying of building compo-
nents. When the value of ‘isRVTobj’ is false, the ‘rela-
tionGUID’ represents the reference Revit Object. For
example, for an IfcPropertySet, the ‘relationGUID’ refers
to its related building component, such as an [fcDoor.

Previous version if,
BIM

Semantic
interoperability
Current version pre-processing

BIM e,

!

Summation of

ifc,
Kestoted BIM ey semantic difference

The indexed data are housed in the local database, as
depicted in Fig. 4(a), and are connected to the blockchain
network via the transaction ID (fransID), as shown in
Fig. 4(b). This seamless integration enables efficient
access to and utilization of the indexed data within the
blockchain context.

5 The openBIMdisk virtual disk

The proposed openBIMdisk implements the tSDT
approach based on the Blockchain 3.0 framework. As
depicted in Fig. 1, our Blockchain 3.0 framework
enhances the conventional Blockchain 2.0 backbone with
the BCC,. The cache BCC, enables offline data storage,
synchronization, and query. Additionally, the open-
BIMdisk aims to provide user-friendly interfaces for BIM
project stakeholders to exchange BIM files and semantic-
level changes over indirect interactions with the
Blockchain 3.0. Thus, the Blockchain 3.0 framework can
supplement effective and secure BIM exchange func-
tions, by resolving the third challenges summarized in
Section 2.

5.1 A Blockchain 3.0 framework

This paper extends the Blockchain 3.0 framework
proposed by Zhao et al. (2023), to address issues related
to Internet connectivity and response time of querying
large-scale BIM files. The primary objective is to
enhance the synchronization of open BIM changes
computed by tSDT. Figure 5 conceptualizes the compo-
nents in the Blockchain 3.0 framework. The framework
consists of two layers, i.e., the cached layer and the data
adaptor layer. The cached layer facilitates offline data
storage and offers indexing, querying, and analysis, for
front-end user functions and back-end data synchroniza-
tion. In comparison, the data adaptor layer aims to
support the cached layer to Blockchain 2.0 (Hyperledger
Fabric ver. 2.5), such as automatic off-chain data
synchronization when an active Internet connection is re-
established. The Blockchain 3.0 framework ensures

— tSDT computation
tSDT restoration

Semantic hierarchy
difference

Purge semantic
hierarchy

Semantic
traceability

Fig. 3 Procedures of the bi-directional computation of semantic hierarchy.
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Fig. 4 An example of the relational model between the indexed offline data and on-chain transactions: (a) local indexing of BIM
changes for exchange; (b) transactions in the blockchain network.
* BIM exchange channel: A permissioned channel for
Cached = @ project BIM access (j,ontrol,
layer EBE g s User ID: A unique ID for BIM stakeholders who
Index ue Analysis . .
Quety ./ submit the transaction,
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o f * * BIM bgse version: The version of the base (or a mill-
stone version) BIM,
Encryption Communication Authentication * BIM target version: Target BIM version for semantic
. kmgchagl(s)m HECTETINY WSl differentials or restorations,
ockchain 2. g . .
backbone m * File information: Semi-structured data of IFC file

Fig. 5 Structure of the adopted Blockchain 3.0 backbone
(Zhao et al., 2023).

smooth data transition between offline and online envi-
ronments.

With the cached layer, BIM exchange activities are
cached as transactions in the BIM change contract
(BCC). Each transaction in BCC}, besides containing a
timestamp, consists of the following six components:

details, including encoded tSDT results, file path, size,
and type, and

* Timestamp.

Table 3 provides two sample transactions, illustrating
the information contained in BCC;. When the change
action is tSDT_compute, the file information includes the
Base64 encoded tSDT results. However, if the action is
tSDT _restore, only the metadata of the resulting IFC files
is included, given the large size of IFC files that exceeds
the block capacity.
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Figure 6 illustrates the workflows of the proposed
Blockchain 3.0 framework for semantic BIM exchange.
The workflow begins with a user initiating a request to
upload or query data for semantic-level BIM exchanges.
The request is then validated and preprocessed by BCC;.
If the request aligns with the specified data format in the
BCC and is authorized, it must be signed and submitted
by the authorized user. This initiates a two-step process
involving interactions with the Blockchain 3.0 cache and
the Blockchain 2.0 backbone. Initially, BCC,
autonomously forwards the request data to BCC,. Once
the request is received, BCC, confirms the request and
indexes the data in preparation for communication with
the Blockchain 2.0 backbone. If the network is accessi-
ble, BCC, passes on the request, impacting the state of
the Blockchain 2.0 network. Subsequently, the resulting

Table 3 Example transactions of BIM change contract (BCC))

outcome is transmitted back as a second response,
accompanied by the updated transaction hash.

5.2 Application layer

A web-based DApp openBIMdisk is designed with GUI
to facilitate BIM authors and practitioners. Figure 7
displays the sketch designs of the GUI of openBIMdisk.
Figure 7(a) presents the front page of the DApp, guiding
users to three essential pages: tSDT-powered BIM
change management (including computation and restora-
tion), tSDT-powered BIM change searching, and
blockchain backbone information.

Figure 7(b) provides an overview of the conceptual
GUI for the tSDT processing functions. The main functions
for BIM stakeholders include uploading IFC or IFCJSON

BIM exchange channel User ID Change action BIM base version BIM target version File information (semi-structured)
Channel A 1ID001 tSDT_compute Vo V1 {”sdt”: “[Base64_text],” “url”: “...”}
Channel A 1D002 tSDT_restore V4 V1 url”: ®....” “fileName”: “V1.ifc,

“fileSize™: “135MB”}

L=
(8a
s ——
)
BIM change Blockchain 3.0 BIM Blockchain
contract (BCC)) change cache (BCC,) 2.0 backbone
Adaptor layer
Upload . P Y ‘ ‘ ‘ ‘
Send BIM semantic changes
Verity, BIM preprocess
_Return error message Well-formed é

Send data

Replay-attack protection
Valid signature

I Authorized submitter

Return first response

» Index

Return first response

<

Return Blockchain response

Submit transaction
Network available)

_Synchronized data

Return blockchain response '«

<+

Query BIM changes request
Verify
Return error message ;
< Query data

Update transaction hash

]

Synchronize request
on network recovery

Synchronized data

Return response

—| Query data

on network available

Synchronized data

Return response

<

44

Fig. 6 Workflow of the adopted Blockchain 3.0 framework.
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Fig. 7 Sketch design of graphical interfaces of the openBIMdisk: (a) Front page; (b) tSDT-powered BIM changes calculation and
storage; (c) tSDT-powered BIM changes searching; (d) blockchain backbone information.

files, automating the tSDT process to capture semantic
differences, and restoring the historical BIM version
given a specific date. Users can also download the BIM
changes as tSDT files. Figure 4 illustrates that the
outcomes of the processing steps are initially stored in the
local virtual disk. Subsequently, the indexed data is saved
into the cached database from the virtual disk. Ultimately,
the semantic-level BIM changes are automatically
decoded and uploaded as transactions to the blockchain,
contingent upon Internet availability.

Figure 7(c) displays the functionality provided for users
to trace semantic-level BIM changes. Within the BIM
model, a search box allows users to query the semantic
changes for specific building modules by either selecting
the module in the BIM model or entering the module’s
name. The search results are presented in a table. Further-
more, BIM stakeholders can review on-chain records
through the Blockchain monitor page, as depicted in
Fig. 7(d). The trace function of openBIMdisk enables
users to query semantic-level BIM changes independently
from the Internet, ensuring unaffected by information
delays.

5.3 Software implementation

The development of openBIMdisk adhered to the
proposed framework presented in Fig. 1. The bottom
Blockchain 3.0 framework was internally developed
based on Hyperledger Fabric (ver. 2.5). BCC, was

deployed in JavaScript, and BCC, was realized through a
local relational database (SQLite, ver. 3.43). The tSDT
model was implemented using Python3, compatible with
IFCJSON standards up to ver. 4. Example screenshots of
the four interfaces of openBIMdisk developed on the
Flask web application framework (ver. 2.2) and Python3
are shown in Fig. 8.

A benchmark test was conducted to compare the
performance of two popular blockchain frameworks:
Hyperledger Fabric and FISCO BCOS (ver. 3.6). The test
configuration is presented in Fig. 9, where Fig. 9(a)
demonstrates the Hyperledger Caliper configuration for
Fabric testing, and Fig. 9(b) illustrates the Java SDK testing
toolkit configuration for FISCO BCOS. As Hyperledger
Caliper does not support benchmark testing for FISCO
BCOS version 3.6, the official Java SDK testing toolkit
for FISCO BCOS was utilized. The transaction count was
set to 300, and the number of worker processes was set to
3. The comparison results are listed in Table 4. Notably,
BCOS only required 27.6% of the time taken by Fabric to
process 300 transactions. However, Fabric outperforms in
terms of usability, as it supports multiple languages, such
as Go, Java, Node.js, for compiling smart contracts.
Additionally, Fabric was initially designed as a cross-
industry application, aiming to build a common framework
for different domains. FISCO BCOS performs worse than
Fabric in terms of usability and cross-industry applica-
tions. FISCO BCOS primarily supports the Solidity
language for smart contracts and is mainly utilized in the
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Fig. 8 Screenshots of the implemented openBIMdisk virtual disk: (a) Home page with project brief; (b) tSDT-powered BIM changes
page; (c) Semantic BIM change query results and (d) Information of blockchain storage.
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leader_period=1
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epoch_block_num=10

; consensus algorithm now support PBFT (consensus_type=pbft), rPBFT (consensus_type=rpbft)

; the max number of transactions of a block
block_tx_count_limit=300

; in millisecond, block consensus timeout, at least 3000ms
consensus_timeout=3000

; the number of blocks generated by each leader
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Fig. 9 Configurations of the benchmark test for (a) Fabric by Caliper, (b) FISCO-BCOS by Java SDK.

Table 4 Comparison between Fabric and FISCO-BCOS (best value
in each row in bold).

Metric Fabric FISCO BCOS
Time cost (ms) 115.38 31.89
Usability High Middle
Application Cross-industry Mainly for financial
scenarios applications industry

financial industry. Since BIM data exchanges are not as
frequent as financial transactions, the time cost of Fabric
is deemed acceptable. As a result, Hyperledger Fabric is
employed as the foundation of the Blockchain 2.0
network in this study.

6 A case study

6.1 Experimental settings

A case study was conducted to demonstrate the function-
ality of tSDT and openBIMdisk using a modular
construction project consisting of two 19-level buildings,
as shown in Fig. 10. The BIM model in Fig. 10(a) was
created using Autodesk Revit 2019 and exported as the
IFC2x3 Coordination View 3.0 schema. The decision to
use IFC 2x3 instead of the more recent IFC4 was due to
limited support for IFC4 in Revit 2019. Additionally,
IFC4 partitions the full BIM semantics into two
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components, the Reference View and Design Transfer
View, which could introduce additional variables to
control in the experiments. The BIM model went through
daily versioning, resulting in a total of 129 versions ranging
from ver. 1 to ver. 313, with skips on non-progressive
days. The size of the input IFC files varied from 134 MB
to 136 MB across the 129 different versions.

In Fig. 10(b), the BIM exchange was required to
synchronize daily inspections of modular building
components manufactured in distributed factories. This
collaborative environment involved three key BIM stake-
holders: a contractor, a regulator, and a project manager.
The contractor initiated the process by uploading daily
inspection data, including inspection tasks and photo-
graphic records. Subsequently, the regulator and project
manager sequentially reviewed and authorized the data.
The interactive manipulations resulted in local semantic
changes to the BIM model before reaching blockchain
consensus. Finally, the validated results were sent back to
the contractor, while the global semantic changes were
updated in the openBIMdisk with the blockchain consen-
sus. The collaboration process involved multiple
interactive stages among the BIM stakeholders, making
the determination of BIM versions crucial. In the tests, a
new BIM version was defined daily, indicating that the
BIM version changed after daytime inspection and autho-
rization work.

Figure 11 depicts two pilot tests conducted in this
paper. The first test, a comparison test against the SDT,

2

Contractor

Regulator

&

Project
M

was designed to evaluate the progress achieved by the
tSDT approach. This test involved 30 different versions
of BIM. The process began by applying both the tSDT
and SDT methods to the IFC files. The results were then
compared based on various factors, including computation
time, file size, and the level of BIM semantic redundancy.
The second test, a scale-up test of openBIMdisk, served
two purposes. The first purpose is to assess the feasibility
of semantic-level BIM exchange and historical version
recovery using 129 versions of the BIM from the project
record. The other purpose is to evaluate the efficiency
and traceability of semantic-level BIM changes in the
openBIMdisk virtual disk.

The deployed consortium blockchain network consists
of the following components: (1) one channel named
“bscchannel” (short for BIM semantic changes channel);
(2) three organizations - Orgl representing the contractor
company, Org2 representing regulator representatives,
and Org3 representing owner organizations; (3) three
peer nodes, with one peer node assigned to each organi-
zation. The configuration of the blockchain is illustrated
in Fig. 12. Figure 12(a) shows the three organizations and
their corresponding peer nodes. Figure 12(b) outlines the
network settings, including the number of messages
batched into a block and the endorsement policy.
Figure 12(c) provides details on the channel configura-
tion, including the organizations and profiles configura-
tion.

Daily inspection 1

Daily inspection

Local_Vern ﬁ%
%;l 5

Local_Ver.l _pemn &0

Latest BIM /
e BIM Very,, .
Q xS

Transfer l

Local_Ver.n g 6%
Ve gy

Reject

BIM_Ver.day

I

(b)

Fig. 10 A case BIM project for a modular construction: (a) 3D view of the BIM; (b) daily BIM exchange scenario for modular components

inspection.

tSDT model

tSDT difference

L, tSDT file tSDT file
/ (this paper) IFC files (this paper) "
IFC files N Evaluation
. SDTmoddl | sprie {SDT restore IFC Json
SDT file . T file
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Fig. 11 Two test cases: (a) a performance test of tSDT model; (b) A scale-up test of openBIMdisk.
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Fig. 12 Configuration of the developed consortium blockchain network: (a) Organizations and peer nodes; (b) settings of the network;

(c) channel configuration.

6.2 Experimental results

6.2.1 Results of the performance test

For each IFC model, two mapping dictionaries of semantic
identifiers are generated: (1) the one-to-one mapping
dictionary of IFC-GUIDs and IFCJSON-UUIDs; and (2)
the one-to-multiple semantic dictionary of IFCJSON-
UUIDs and tSDT-UIDs. The average size of the two
mapping dictionaries is 2.13 MB and 6.3 MB, respec-
tively. The average number of semantic items in the IFC
models is 30,322. Partial examples of the two dictionaries
are displayed in Fig. 13.

Table 5 presents the average results of the comparative
tests conducted to assess the effects of the two new
dictionaries. The complete results can be found in the
Supplementary material. Over the 30 versions of BIM
files, the SDT method yielded an average of 12.3 kB of
minimum incremental BIM changes in 325.8 s. The
proposed tSDT approach in this paper resulted in 9.7 kB
of minimum incremental BIM changes, saving 21.4%
more disk space and data transmission than SDT.
Furthermore, the tSDT method required an average of
94.0 s, which was 71.1% faster than SDT.

The quantities of [fcShapeRepresentation and
IfcOpeningElement in Table 5 explain the technical
details for the considerable improvement done by tSDT.
The two classes of IFC entities represent ‘black box’
reported entities. The experimental results demonstrate

that tSDT reduced the average quantity of IfcShapeRep-
resentation by 43.4% and the quantity of IfcOpeningEle-
ments by 82.1%. As a result, tSDT outperformed SDT in
terms of minimal incremental BIM changes.

The effect of the two-step semantic traceability operation
was also verified. Figure 14 illustrates the redundancy in
SDT’s output using an example. SDT captured two shape
representations that describe two window opening
elements, where all properties are identical except for
their respective global IDs. The tSDT approach eliminates
such redundant semantic changes through the semantic
traceability operation.

6.2.2 Results of the scale-up test

Table 6 presents the overall results from the scale-up test,
which involved 129 versions of BIM files. The average
computation and restoration time costs for tSDT were
both under 100 s, and the average size of tSDT files was
9.64 < 10 kB. Considering each BIM file was over
130 MB, the captured tSDT results comprised only
0.007% of the IFC file size. Hyperledger Fabric’s officially
recommended block size of 512 kB can accommodate
around 50 BIM versions per day. Therefore, the tSDT
approach scales effectively from laboratory tests to real-
world construction projects. Additionally, the results
were uploaded and synchronized on the Blockchain 3.0
network, obtaining automatic approval from BIM stake-
holders through the BIM change contract.
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Fig. 13 Partial example of (a) 1-to-1 mapping dictionary of IFC-GUIDs and IFCJSON-UUIDs, and (b) 1-to-multiple semantic dictionary

of IFCJSON-UUIDs -UUIDs and tSDT-UIDs.

Table 5 Comparison of SDT and tSDT on computing the differentials between the 30 versions of BIM files

Performance metric Average of SDT Average of tSDT Improvement
Incremental BIM change (kB) 12.3 9.7 21.4%
Computational time (s) 325.8 94.0 71.1%
No. of IfeShapeRepresentation 39.6 22.4 43.4%
No. of IfcOpeningElements 30.7 5.5 82.1%

6.2.3 Results of object-level BIM semantics traceability

Another experiment conducted queries of semantic BIM
changes at the object level, following customary practices
of BIM stakeholders. Figure 15 provides an example of
the query results for Module ‘B-16-S-14’, highlighting
the target BIM object in the interactive 3D view. The test
was based on the observation that inspectors typically
focus on changes in prefinished modules rather than indi-
vidual properties for the pilot project. The average query
response time was 5.3 ms, indicating swift response due
to the local cached database. Furthermore, the query
consistently responded to users’ queries irrespective of
whether the system was operating offline or online.
However, the most recent changes may not have been
synchronized to the interface when Blockchain 3.0 was
offline. The millisecond-level response time demonstrates
the efficiency, traceability, and security of openBIMdisk.

7 Discussion

The findings in this paper makes a twofold contribution,
to both theoretical and practical aspects. First, tSDT is a
state-of-the-art, distributed BIM change model, which
contributes to the knowledge of blockchain BIM and
BIM exchange. The key innovation of tSDT lies in two
new mapping dictionaries, i.e., IFC-GUIDs, IFCJSON-
UUIDs, and tSDT-UIDs, which are generated through

semantic traceability. The novel two-step semantic trace-
ability operation is introduced to systemize changed
semantic identifiers. Experimental results demonstrate
that tSDT outperforms its predecessor, SDT, regarding
computation efficiency and semantic redundancy elimi-
nation. Notably, tSDT facilitates object-level BIM
semantic changes traceability through the two mapping
dictionaries, thus enabling the industrial application of
BIM exchange via blockchain. In the case of blockchain-
based exchange, our blockchain 3.0 framework addresses
the traceability issues of the preceding SDT model. To be
specific, the novel BCC, incorporates a locally cached
database for the BIM change model and communicates
with the general blockchain backbone. Consequently, our
Blockchain 3.0 framework ensures swift traceability of
both on-chain and off-chain records of the BIM change
model. By minimizing BIM semantic changes and maxi-
mizing traceability at the object level, our tSDT propels
the proof-of-concept of Blockchain BIM data exchange
toward realistic project applications.

The second practical contribution is openBIMdisk, a
web-based Blockchain 3.0 DApp virtual disk that facili-
tates intuitive and traceable semantics-level BIM
exchange for practitioners. openBIMdisk introduces three
significant advancements for industrial practices. First,
the Blockchain 3.0 backbone ensures fast traceability of
both on-chain and off-chain records of BIM semantic
changes through the BIM change cache. Secondly, the
BIM change contract deployed on the blockchain
network guarantees automatic uploading and concurrent
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Eaxistad
"directionRatios": [0.0,1.0,0.0],
"type": "IfcDirection"
by
"location": {
"coordinates": [223.031906,-9.525,-88476.0],
"type": "IfcCartesianPoint"

3

"refDirection": {
"directionRatios": [1.0,0.0,0.0],
"type": "IfcDirection"

by
"type": "IfcAxis2Placement3D"
3
"sweptArea": {
"position": {
"location": {
"coordinates": [0.0,0.0],
"type": "IfcCartesianPoint"
b
"refDirection": {
"directionRatios": [1.0,0.0],
"type": "IfcDirection"

}s
"type": "IfcAxis2Placement2D"
1
"profileName": "KEL-ARC-LAD-Cat_Ladder",
"profileType": "AREA",
"radius": 6.35,
"type": "IfcCircleProfileDef"

"type": "IfcExtrudedAreaSolid"
}
1,
"representationldentifier": "Body",
"representationType": "SweptSolid",
"type": "IfcShapeRepresentation"
}

I

"fa2¢170f-91c0-4ee8-ab91-eb63269cc217": {
"contextOfltems": {
"ref": "4a7d601c-4052-4204-954b-0aba01334c00"

External Wall 1

"depth": 9.525,

"extrudedDirection": {
"directionRatios": [0.0,0.0,1.0],
"type": "IfcDirection"

b

"position": {

axis'": {

"directionRatios": [0.0,-1.0,0.0],
"type": "IfcDirection"

External Wall 2 b

"location": {
"coordinates": [223.031906,9.525,-88476.0],
"type": "IfcCartesianPoint"

"refDirection": {
"directionRatios": [1.0,0.0,0.0],
"type": "IfcDirection"

b

"type": "IfcAxis2Placement3D"

"sweptArea": {
"position": {
"location": {
"coordinates": [0.0,-0.0],
"type": "IfcCartesianPoint"
b
"refDirection": {
"directionRatios": [1.0,0.0],
"type": "IfcDirection"

"type": "IfcAxis2Placement2D"
b
"profileName": "KEL-ARC-LAD-Cat_Ladder",

"profileType": "AREA",
"radius": 6.35,
"type": "IfcCircleProfileDef"
b
"type": "IfcExtrudedAreaSolid"

}

1,
"representationldentifier": "Body",
"representationType": "SweptSolid",
"type": "IfcShapeRepresentation"

}

Fig. 14 An example of redundant semantic entities in SDT’s results, which is addressed by the proposed tSDT

Table 6 Scale-up test of tSDT on all the versions of BIM files

Item tSDT computational ~ Incremental BIM  BIM restoration
time (s) change (kB on disk) time (s)

Average 97.32 9.64 89.81

Min 86.13 3.51 75.83

Max 168.48 206 153.34

Std. dev. 7.41 17.54 9.32

approval of BIM changes among all relevant parties.
Finally, openBIMdisk offers a concise and user-friendly
interface, empowering BIM stakeholders to efficiently
engage in semantics-level BIM exchange.

However, this paper does have some limitations. One
limitation is that the tSDT captured certain unexpected
semantic changes. For example, a baseSurface changed
unexpectedly from ‘firstOperand’ to ‘secondOperand’
(Fig. 16). While tSDT identified this change as a semantic
change due to distinct key values, it may be considered
redundant if the operands were defined as swappable.
Another limitation is that the hashing function used in
blockchain and the tSDT approach is content-based. This

means that even a minor byte-level change, such as the
length being saved as 1.7999999523 m instead of 1.8 m
(due to float precision on computers) in IFC files, can
result in completely different hash values for tSDT-UIDs.
Therefore, future research could focus on refining the
definitions and conversion of IFC semantics.

Furthermore, the paper also has notable limitations
related to the pre-processing of IFC files, which was the
most time-consuming part of tSDT. For example, open-
BIMdisk took an average of 16 min in Python3 scripting
language to load and transform a 130MB IFC file in the
test from STEP format to IFCJSON format. To address
this limitation and substantially improve pre-processing,
future solutions could consider either multi-threading
IFCISON conversion programs in C** language or multi-
threading export add-ins for native commercial BIM
vendor software.

Another limitation of the case study was the limited
type of semantic changes considered. The semantic
changes mainly reflected inspection records of updates,
approvals, and rejections from three stakeholders during
the construction stage of the case project. Future
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Fig. 15 An example of querying object-level BIM semantic changes of Module “B-16-S-14” (highlighted in the 3D view).

"87cd46e2-ddba-4e71-9f14-6beb05747971": {
"contextOfltems":
"ref": "b16a6d07-bbe3-470a-8459-b883cfab74a4"

b
"globalld": "87cd46e2-ddba-4e71-9f14-6beb0574797f",
"items": [

{
"firstOperand": {
"firstOperand": {
"firstOperand": {
“'.‘.I.J.aseSurface": {
"position": {

"directionRatios": [-0.020198,-0.0,-0.999796],
"type": "IfcDirection"

3

"location": {

"coordinates": [15565.022127,0.0,33.434732],
"type": "IfcCartesianPoint"

"secondOperand": {

"agreementFlag": false,

"baseSurface": {

"position": {

axis": {

"directionRatios": [-0.000601,-0.0,-1.0],
"type": "IfcDirection”

"focation“: {
"coordinates': [19994.995462,0.0,0.0],
"type": "IfcCartesianPoint"

"type": "IfcBooleanClippingResult"
I8

"representationldentifier": "Body",
"representationType": "Clipping",
"type": "IfcShapeRepresentation”

}

(2)

"7£568070-fb58-466¢-a50e-4d0f0f934b31": {
"contextOfltems": {
"ref": "b16a6d07-bbe3-470a-8459-b883cfab74a4"

b
"globalld": "7f568070-fb58-466¢-a50e-4d0f0f934b31",
"items": [

i
"firstOperand": {

"firstOperand": {

"firstOperand": {

"baseSurface": {

"position": {
axis": {
"directionRatios": [-0.000601,-0.0,-1.0],
"type": "IfcDirection"

"location": {
"coordinates": [19994.995462,0.0,0.0],
"type": "IfcCartesianPoint"

"tyr';e":; "IfcBooleanClippingResult"

B

"secondOperand": {
"agreementFlag": false,
"baseSurface": {

"position": {

"directionRatios": [-0.020198,-0.0,-0.999796],
"type": "IfcDirection"

"focation": {
"coordinates": [15565.022127,0.0,33.434732],
"type": "IfcCartesianPoint"

"type": "IfcBooleanClippingResult"
)

1

"representationldentifier": "Body",
"representationType": "Clipping",

"type": "IfcShapeRepresentation”

}

(b)

Fig. 16 A redundant semantic changes example: a sequence changes of two base surface in (a) the previous BIM version and (b) the
latest BIM version.

researchers may be interested in applying openBIMdisk
and tSDT to collaborative BIM design in the design stage
(Sacks et al., 2022) and electronic BIM submission in the

vetting stage.
Lastly, openBIMdisk presented in this paper was
designed with the essential functionality of a virtual disk
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for BIM exchange. Readers and BIM practitioners are
suggested to expand and develop new application-
specific functions on top of openBIMdisk. Example func-
tions include interpretable machine learning of a project’s
BIM change patterns (Liang and Xue, 2023) for informa-
tion extraction (Wang et al., 2022b), BIM project docu-
mentation (Singh and Anumba, 2023), BIM automation
based on deep learning of semantic changes (Chen and
Xue, 2023), and artificial intelligence-based construction
management (Yu and Gong, 2024).

8 Conclusions

BIM’s importance is increasing in construction engineer-
ing management. Integrating BIM and blockchain is a
new trend that can benefit efficient, effective, and secure
open BIM exchanges for distributed collaboration and
BIM versioning. However, two problems of data redun-
dancy and traceability challenges hinder the integration
of blockchain and BIM. As the de facto standard for BIM
exchange, the IFC format is open to many BIM entities
but lacks semantically traceable changes between the
versions. The two problems lead to a dilemma when there
are overwhelming versions of a BIM project to exchange
and track the changes at object level.

This paper proposes a novel tSDT model to resolve the
two problems for blockchain BIM integration, by mini-
mizing BIM redundancy and maximizing object-level
traceability between versions. The tSDT model utilizes
two new mapping dictionaries to enhance traceability and
efficiency. To facilitate tSDT applications in industrial
settings, this paper develops an open-source DApp
named openBIMdisk. The openBIMdisk enables BIM
exchange with minimal data redundancy and tracks
object-level BIM semantic changes using a Blockchain
3.0 framework and intuitive graphical interfaces.

The experimental results of a case study demonstrated
that tSDT successfully stored changes as small as 10 kB
(< 0.007% of BIM file size) within a reasonable operation
time of 94.01 s between 134 MB BIM files. Additionally,
openBIMdisk was validated in real construction projects
involving the integration of BIM and blockchain, where
object-level BIM semantic changes could be extracted in
milliseconds.

This paper also identifies four limitations, which may
also highlight future research directions. One future
direction is the development of systematic models to
address byte-level IFC redundancy and opaque BIM
conversion processes. Another notable future research is
the creation of multithreading IFC conversion and trans-
formation tools by commercial BIM platforms and the
open BIM community. Furthermore, BIM practitioners
are suggested to extend the open-sourced tSDT and
expand the functionality of openBIMdisk to meet the
business demands in design, vetting, and facility

management stages of construction engineering manage-
ment.
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