
Automated Optimization for the Production Scheduling of Prefabricated
Elements Based on the Genetic Algorithm and IFC Object Segmentation

Authors: 

Zhao Xu, Xiang Wang, Zezhi Rao

Date Submitted: 2021-07-12

Keywords: Genetic Algorithm, segmentation, production schedule, IFC standard, prefabrication

Abstract: 

Background: With the ever-increasing availability of data and a higher level of automation and simulation, production scheduling in the
factory for prefabrication can no longer be seen as an autonomous solution. Concepts such as building information modelling (BIM),
graphic techniques, databases, and interface development as well as heightened emphasis on overall-process optimization topics
increase the pressure to connect to and interact with interrelated tasks and procedures. Methods: The automated optimization
framework detailed in this study intended to generate optimal schedule of prefabricated component production based on the
manufacturing process model and genetic algorithm method. An extraction and segmentation approach based on industry foundation
classes (IFC) for prefabricated component production is discussed. During this process, the position and geometric information of the
prefabricated components are adjusted and output in the extracted IFC file. Then, the production process and the completion time of
each process have been examined and simulated with the genetic algorithm. Lastly, the automated optimization solution can be
formed by the linking production scheduling database and the computational environment. Results: This shows that the implementation
of the automated optimization framework for the production scheduling of the prefabricated elements improves the operability and
accuracy of the production process. Conclusions: Based on the integration technique discussed above, the data transmission and
integration in the mating application program is achieved by linking the Python-based application, the Structured Query Language
(SQL) database and the computational environment. The implementation of the automated optimization framework model enables BIM
models to play a better foundational role in patching up the technical gaps between prefabricated building designers and element
producers.

Record Type: Published Article

Submitted To: LAPSE (Living Archive for Process Systems Engineering)

Citation (overall record, always the latest version): LAPSE:2021.0599
Citation (this specific file, latest version): LAPSE:2021.0599-1
Citation (this specific file, this version): LAPSE:2021.0599-1v1

DOI of Published Version:  https://doi.org/10.3390/pr8121593

License: Creative Commons Attribution 4.0 International (CC BY 4.0)

Powered by TCPDF (www.tcpdf.org)



processes

Article

Automated Optimization for the Production
Scheduling of Prefabricated Elements Based on the
Genetic Algorithm and IFC Object Segmentation

Zhao Xu *, Xiang Wang and Zezhi Rao
Department of Construction and Real Estate, School of Civil Engineering, Southeast University, Nanjing 210000,
China; xiangwang@seu.edu.cn (X.W.); 220181075@seu.edu.cn (Z.R.)
* Correspondence: xuzhao@seu.edu.cn; Tel.: +86-13675119293

Received: 2 November 2020; Accepted: 2 December 2020; Published: 3 December 2020
����������
�������

Abstract: Background: With the ever-increasing availability of data and a higher level of automation
and simulation, production scheduling in the factory for prefabrication can no longer be seen as an
autonomous solution. Concepts such as building information modelling (BIM), graphic techniques,
databases, and interface development as well as heightened emphasis on overall-process optimization
topics increase the pressure to connect to and interact with interrelated tasks and procedures. Methods:
The automated optimization framework detailed in this study intended to generate optimal schedule
of prefabricated component production based on the manufacturing process model and genetic
algorithm method. An extraction and segmentation approach based on industry foundation classes
(IFC) for prefabricated component production is discussed. During this process, the position and
geometric information of the prefabricated components are adjusted and output in the extracted IFC
file. Then, the production process and the completion time of each process have been examined and
simulated with the genetic algorithm. Lastly, the automated optimization solution can be formed by
the linking production scheduling database and the computational environment. Results: This shows
that the implementation of the automated optimization framework for the production scheduling of the
prefabricated elements improves the operability and accuracy of the production process. Conclusions:
Based on the integration technique discussed above, the data transmission and integration in the
mating application program is achieved by linking the Python-based application, the Structured
Query Language (SQL) database and the computational environment. The implementation of the
automated optimization framework model enables BIM models to play a better foundational role in
patching up the technical gaps between prefabricated building designers and element producers.
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1. Introduction

While the traditional construction industry has brought great changes to social activities,
it is characterized by low productivity, a poor production environment, and high safety risks.
The prefabricated building, a major feature of which is factory production, is a substantial revolution for
the construction industry. The prefabricated components are produced in prefabrication plants mainly
by assembly-line production, the long-line-method pedestal production, and fixed die table production.
However, problems such as a shortage of skilled labor, the aging of workers, limited production
capacity, and technological standards have hindered the development of the industry in recent years [1].
There is a pressing need to reexamine current practices so that the yield can be maximized with the
same inputs and costs while maintaining production quality at a satisfactory level [2].

For the completion of prefabrication production, the effective integration of design drawings/
models, production scheduling, and the assembly scheme must be considered [3,4]. As in any supply
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chain, information extraction and sharing among different production stages in prefabrication factories
are important for efficient logistics and production scheduling [5]. As widespread digital tools used
in the architecture, engineering, and construction (AEC) industry, building information modeling
(BIM) technologies are expected to facilitate the collaboration between component manufacturers and
designers; moreover, production scheduling optimization can be achieved in the BIM environment [6].

Within the field of production management, scheduling, as a decision-making process, makes
great contributions to the provision of optimal solutions to one or more objectives associated with
resource allocation. Typically, during the production process of prefabricated components, there
remains a deficiency in the automatic extraction of effective information from architectural and
structural models to support manufacturing process design and production scheduling. It must be
noted that architectural/structural design is essentially a concept of the fabricated components that
are meant to satisfy the functional objectives of a building. In the manufacturing plant, adjustments
and segmentation considerations must be made for the transformation from architectural design to
the processing of design components [7,8]. Specifically, traditional solutions to the manufacturing
process, including the model construction of prefabricated components and the manual extraction of
inherited properties from architectural design models, often cause a reduction in production efficiency.
Moreover, due to the different temporal requirements of the manufacturing processing of prefabricated
components, production scheduling must be optimized to reduce the waiting time of the production
queue and workers’ free time. Li et al. and Jeong et al. [9,10] indicated that the prefabricated component
information in the industry foundation classes (IFC) data model can be effectively extracted and
classified, which could improve production management efficiency. Among the recognized research
gaps, standards-compliant interoperability and integration between manufacturing processes and
design model systems are of considerable importance [8,11].

To produce prefabricated components, the process model and corresponding geometric properties
must be fully described. The detailed specifications of prefabricated components, such as their overall
dimensions and materials, are commonly provided by BIM. It should be noted that in an automated
environment, the production process model is generated by extra operations on three-dimensional
design models, such as model recognition, extraction, and segmentation, which can quickly index
shapes and support fast data access [12,13]. Although BIM provides detailed specifications of
construction-oriented products, the integration of BIM with manufacturing process design remains
under development [14]. At present, the lack of integration between manufacturing and BIM is
overcome by means of expert knowledge and experience in different domains, which creates a barrier
that inhibits information exchange between product designers and manufacturers, and increases
production costs due to the increased communication [8]. Referring to the current limitations and
problems, two solutions, namely commercial software, and IFC-based program development, are
available to directly export dimensional data and generate process models regarding manufacturability.
Firstly, commercial BIM software allows related functions and operations to be realized in their own
operation platforms. In contrast, IFC files, as a basic generalized file-based means, will provide
a more reliable solution for integration and invocation in the manufacturing management system.
Thus, related issues may arise from manufacturing management systems, namely production delays
and difficulties in generating production processing models in non-commercial software platform
environments. Consequently, an automated, text-content-based, and satisfactory solution for the
production of prefabricated components is increasingly in demand.

The remainder of this paper covers five aspects. Firstly, the existing research related to production
scheduling and IFC model segmentation is presented. After the literature review, the employed
method is proposed. Thirdly, an IFC-based extraction and segmentation approach for the production
of prefabricated components is discussed. During this process, the position and geometric information
of the prefabricated components are adjusted and output in the extracted IFC file. Then, the production
process and the completion time of each process are examined and simulated with the genetic algorithm.
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Finally, the automated optimization solution can be formed by linking the production scheduling
database and the computational environment.

2. Related Works

2.1. Production Scheduling of Prefabricated Elements

With the rapid development of prefabricated buildings in China, prefabricated construction
factories have emerged, and some processes have been automated with a manufacturing-like production
line model. Hence, prefabricated elements are produced according to orders (made-to-order, MTO),
which imposes strict time limits from order to delivery. Considering this problem, many scholars have
developed various models or algorithms to optimize production scheduling. Regarding dispatching,
Li et al. [15] identified the challenging dispatching problem, modeled it as a unique type of vehicle
routing problem with time windows (VRPTW), and addressed this issue by utilizing an improved
artificial bee colony (IABC) algorithm. Kim et al. [16] adopted a discrete-time simulation method
to cope with due date changes in real-time and proposed a new dispatching rule that considers the
uncertainty of the due dates to minimize tardiness. Ko and Wang [17] developed a multi-objective
production scheduling model (MOPPSM) that considers production resources and the buffer size
between stations, as well as a multi-objective genetic algorithm to determine the minimum makespan
and tardiness penalties. Similarly, Wang et al. [18] proposed a multi-agent-based planning model to
synchronize production scheduling and resource allocation. Based on this, on-time delivery, minimum
waiting, and time extensions are available via the utilization of the heuristic algorithm to integrate the
optimization techniques.

Among the algorithms available for the optimization of production scheduling, the genetic
algorithm (GA) has attracted substantial attention and has been greatly improved in recent years.
Leu and Hwang [19] adopted a GA-based searching technique in a scheduling system to optimize
production sequences, resource utilization, and the minimum makespan. Based on this, Anvari [20]
firstly adopted a GA-based optimization approach to solve a holistic maximum task assignment
(MTA) problem to minimize the time and cost while maximizing safety. Wang et al. [21] established a
two-hierarchy simulation-GA hybrid model for prefabricated production (TSGH_PP) to navigate the
uncertainty in processing time in practice, and the process-waiting time on the flow of work. As a result,
the trade-off between the on-time delivery of prefabricated components with conflicting purposes can
be achieved, thereby minimizing the production cost, and resource configuration can be optimized.
However, there has been little research on optimized scheduling production while considering both
the GA and application of BIM; specifically, the use of IFC extraction and automated text analysis to
improve the operability of IFC model segmentation and its application in IFC standards-supporting
environments has not been investigated.

2.2. IFC Extraction and Automated 3D Model Split

The management of prefabricated components requires intensive information exchange between
the factory and construction site to synchronize the production of prefabricated elements, transport,
and elements assembly. As a useful tool, BIM technology can be integrated into the construction of
prefabricated buildings. The most notable and widely accepted product data model for BIM is the
IFC-based model, which is an open standard for the exchange of building data models used in the AEC
industry across different software to improve collaboration on building projects [22]. Determining how
to effectively extract specific information from the building information model and conduct automated
3D model segmentation has become an obstacle to the facilitation of effective operations with spatial
models [12].

According to different recognition algorithms, various information extraction techniques have
been proposed. Chen et al. [23] developed a web information server based on the IFC standard with
web and XML (Extensible Markup Language) technology for collaboration and information sharing
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to extract some models required for structural analysis. Nepal et al. [24] analyzed the geometric and
topological relationships between BIM model components represented by IFC to identify structural
features and inferred the process of structural feature extraction. This research provided a substantial
reference for component extraction. To reduce the production, transportation, and installation costs,
the total number of components must be controlled; this requires an IFC-based system to configure the
grouping of prefabricated components. Essentially, the framework developed by Khalili et al. [25] was
designed to extract the topological relationships and geometric properties of building elements from
the IFC file. Similarly, Zhang et al. [26] described an ontology-based partial model extraction approach
by applying semantic technology and used the ontology-augmented model index to successfully
extract a portion of the building information model from the complete IFC model.

At present, visualization technology can generate extremely accurate and high-quality structural
3D models. However, the ability to directly and accurately extract and segment these models
remains limited. To improve 3D model segmentation performance, Baldacci et al. [27] presented a 3D
split-and-merge segmentation method using topological and geometric structuring with an oriented
boundary graph, which may be optimized by parallel algorithms. Zhu et al. [28] developed an approach
to convert various types of 3D models into BREP (Boundary Representation) models and then perform
model segmentation. Similarly, Marras et al. [29] proposed a hybrid method, called the Adaptive
Geometric Split Merge (AGSM) segmentation algorithm, which exploits both the region shape and
data value characteristics to find the maximum homogeneity axis of the volume, and ultimately to
divide the entire volume into several large homogeneous 3D regions.

In summary, in order to use BIM as the source of design and production information for
current production schedule design, a system is needed to automatically determine the geometric
dimensions for the production process model, and to facilitate schedule planning for multi-task-oriented
manufacturing arrangements.

3. Methodology

The proposed system aims to determine if the manufacturing process model of building component
assembly can be extracted from the architectural design model and arranged production schedule
via an automated optimization framework that integrates BIM and the given optimization algorithm.
The proposed system is presented in Figure 1, and the architecture can be divided into three modules:
1O the identification, extraction, and segmentation of an IFC data file designed for the production of

prefabricated components; 2O the implementation of the GA; 3O the implementation of processing
and calculation.
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Figure 1. Overview of the proposed automated optimization system.

In the proposed framework, three modules are applied sequentially. Firstly, the IFC data file module
involves the identification and extraction of prefabricated component instances from a pre-designed
text-based IFC file. The IFC physical file is then segmented to generate a manufacturing process model
of selected columns, beams, or slabs according to different production technique specifications. In the
identification process, the prefabricated component instances are generated based on the positioning
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of the target components and interpretation of the component properties. The proposed segmentation
framework is achieved by developing the IFC file editing application program in the Python language.
The segmented IFC files for prefabricated components contain the geometric dimension information
required in the manufacturing process. A manufacturing schedule, as the best possible near-optimal
solution, is often acceptable. Therefore, in the GA implementation stage, a mathematical model of
the optimization of the production schedule of prefabricated components is of necessity. This paper
therefore presents a scheduling approach based on the GA that is developed to address the scheduling
problems in manufacturing systems constrained by both production sequences and time consumption.
The GA utilizes a chromosome representation, which takes into account both machine and worker
assignments to produce prefabricated columns, beams, and slabs. Moreover, the elitist-population
strategy-based GA has been demonstrated to be greatly efficient and effective in finding multiple
solutions to manufacturing scheduling optimization problems. In the automatic processing and
calculation stage, the MySQL database is employed to obtain production time parameters from the IFC
file editing application. The results of production scheduling optimization are then generated and
displayed in the automatic environment by linking MySQL and MATLAB. Upon completion of this
stage, the user of the proposed framework will have a clear understanding of how the manufacturing
schedules of prefabricated components can be arranged.

4. IFC-Based Extraction and Segmentation of Prefabricated Components

4.1. Component Identification and Extraction Based on the IFC Schema

The identification of prefabricated component information refers to the positioning of the target
components and the interpretation of component properties. The positioning of the target components
is the precondition for further component data identification. By interpreting the spatial structure
hierarchy for the elements of a building project and specifying the target component, the distinguishing
attributes can be identified. An IFC file represents a directed graph with edges for forward and inverse
attributes. The general attributes are expressed according to the sequence of attribution definition.
By querying the relationship entities, the attribute information of the building components can be
parsed and identified.

The algorithm proposed in this paper generates the element model by iteratively extracting IFC
data instances in referential relations directly from an IFC instance model file, and it relies solely on
the internal data structure of the IFC instance model. The algorithm firstly detects the IFC entities
corresponding to selected building elements. It then extracts physical and nonphysical data instances
relevant to the user’s selection of building elements by iterating through data instances based on the
rules specified in the algorithm until all related data instances are extracted (Won et al. 2013). Figure 2
illustrates the extraction algorithm, which is divided into seven steps.
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(1) Preprocessing of the IFC physical file

To query and extract attributes in the IFC physical data file via programming, it is essential
to preprocess the IFC file and segment the strings according to the instance name, entity name,
and entity attribute defined in the STEP (Standard for the Exchange of Product Model Data) language.
As shown in Figure 3, the attributes are separated by “.” in the string, and are stored as a text file for
further utilization.
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Figure 3. IFC physical file segmentation of a wall entity.

(2) Identifying and Extracting Target Components

Firstly, the categories of the target components, such as walls, slabs, beams, columns, or stairs,
are specified. Then, the programming will traverse the IFC physical data file to detect the corresponding
IFC entities through the predefined mapping relationships. Figure 4 presents an example of
IfcWallStandardCase extraction.
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(3) Extracting the Relation Entities of Target Components

After the IFC physical file is processed, the attributes of the target entities will be traversed and
queried. As represented in Figure 4, the target entity #1970 is connected with building story entity
#115 through relational entity #270685, IfcRelContaninedInspatialStructure. Therefore, to discover the
relationships between entities, the relational entities, which have the prefix IfcRel, will be specified.
Among them, IfcRelAggregates describes the relationships between buildings, sites, projects, and building
stories. Moreover, IfcRelContainedInSpatialStructure represents the relationships between different
spatial elements. The programming will loop through the physical data file until no more new entities
are detected. To improve the retrieval efficiency, after the first loop, new entities will first be compared
to the extracted entities before querying the entire IFC file.
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(4) Eliminating Redundant Relational Entities

This step aims to filter the unselected relational entities contained in the target component entities
to reduce the number of extracted entities. In Figure 4, the relational entity #270685 contains the
target entity #1970, and indicates the spatial relation of target entity #1970 and building story entity
#115. The relational entity #270685 also refers to 48 non-target entities, such as #256, #378, #449, etc.,
which must be eliminated.

(5) Extracting the Entities Contained in the Selected Attributes

The entities contained in the attributes of extracted entities will be retrieved. If the entity has
already been extracted in the previous loop, it will be skipped. The new entities extracted in step 5
will be processed as the target entities in step 3 of the next loop. In the first loop, the combination of
the target entities in step 2 and the filtered entities in step 4 is selected as the entities input in step 5.
In the following loops, the entities input in step 5 should consist of the entities extracted in step 5 of the
previous loop and the filtered entities in step 4 of this loop. Figure 4 shows that the processing in step
5 of the second loop will extract entities #41, #1908, #1968, #2094, #115, and #160, as well as entity #38,
which is included in #41.

(6) Postprocessing after Extraction of the IFC Physical Data File

As the extracted IFC entities are stored in a text-based structure, the separate entity name,
instance name, specific signs, and attributes could constitute the data segments in the plain text file.
According to the IFC physical file format defined by the STEP language, the file header of the original
file will be preserved.

4.2. Prefabricated Component Segmentation Based on the IFC Standard

4.2.1. Segmentation Rules

It is of great importance to divide precast and cast-in-place segments of prefabricated elements in
a complete BIM model according to the task requirements that may occur in the design, manufacturing,
and construction stages. Generally, the external factors of concern in prefabricated component
segmentation primarily include the characteristics of the building structure, prefabrication rate,
assembly sequence planning, force distribution, production specifications, assembly precision, and size
limitation of transportation and hoisting. This study mainly discusses the direct segmentation method
based on the extracted column, beam, and slab elements from the IFC physical data file. The proposed
approach is processed to deal with the linkage rules of prefabricated element nodes, and a specific IFC
physical data file of precast segments is formed. The linkage of the precast column, beam, and slab
elements is presented in Figure 5, and the manufacturing and construction details are as follows.

(1) Columns: the prefabricated column is located 20 mm above the baseboard. The top of the
column reaches the bottom of the beam. The two parts of the column are connected by grouting in
the sleeve.

(2) Beams: beams consist of prestressed composite beams and ordinary composite beams. There is
a 10 mm overlap in the joint with the adjacent column. The top of the beam has the same height as the
bottom of the slab.

(3) Slabs: the prestressed composite slab has a 10 mm deep lap with the adjacent beam.
If unidirectional prestressed concrete composite slabs are adopted, then they can lay close to each side
with extra reinforcing steel assigned in the edge joint. If unidirectional, prestressed, two-way concrete
composite slabs are adopted, the non-prestressed steels between adjacent slabs should stretch out and
be spliced together. The width of late-poured bands should not be less than 200 mm, and the thickness
of the prefabricated part of the composition slab should be more than 60 mm.
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4.2.2. Position and Geometry Expression in IFC Schema

In the IFC schema, the attribute “Representation” generally describes the geometry, and the
attribute “ObjectPlacement” describes the position information. The specific expression of the position
and geometry in column, beam, and slab elements is discussed as follows.

(1) Columns: Figure 6 shows the position of entity #152 in a three-level nested layer structure.
When extruding the column element, its coordinate system is determined by the entity IfcLocalPlacement
and its coordinate value is given by the related entity IfcCartesianPoint.
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As shown in Figure 7, the geometric information of column entities in the IFC physical data
file is defined in two ways, namely mapping definition, and direct definition. In the IFC schema,
IfcMappedItem is the inserted instance of a source definition to be mapped with target instances
that have the same geometric shapes. IfcMappedItem can reuse other mapped items based on an
IfcShapeRepresentation, including one or more IfcMappedItem. The transformation is defined by entity
IfcCartesianTransformationOperator to achieve the operations of translation, rotation, mirroring, and zoom.
On the other hand, in direct definition, the target instance can directly quote the geometric expression
of the existing instances without the mapping process. The geometric information, including the profile
section, cardinal point, extruded direction, and length, is described by IfcExtrudedAreaSolid. In Figure 7,
#126 defines the shape of the section as a rectangle; #127 reveals the initial position; #19 describes the
extrusion direction, which is 4000 for this column.

Figure 8 shows the detailed shape and position definition described by the entity
IfcExtrudedAreaSolid. For the relocation in the stretch process, the reference point of the column
element is assigned by the entity IfcCardinalPointEnum, and then coincides with the coordinate origin
of the stretch section provided by the entity IfcExtrudedAreaSolid. Therefore, by editing the attribute
value of the stretch section, the changes in the size, position, and length of the stretch section in the IFC
entity can be realized by editing the attribute values.

The segmentation of the column object is operated depending on the coordinate systems of the
entity IfcExtrudedAreaSolid and other related entities. The extruded profile is set on the XY plane of the
object coordinate system defined by the entity IfcLocalPlacement. For the standard rectangular column
in Figure 9, the cardinal point of the column element in the IFC physical data file is defined as the
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central point of the bottom and is indicated by black lines. Additionally, “AXIS” in the column element
should coincide with the extruded direction.

Processes 2020, 8, x FOR PEER REVIEW 8 of 25 

4.2.2. Position and Geometry Expression in IFC Schema 

In the IFC schema, the attribute “Representation” generally describes the geometry, and the 

attribute “ObjectPlacement” describes the position information. The specific expression of the 

position and geometry in column, beam, and slab elements is discussed as follows. 

(1) Columns: Figure 6 shows the position of entity #152 in a three-level nested layer structure. 

When extruding the column element, its coordinate system is determined by the entity 

IfcLocalPlacement and its coordinate value is given by the related entity IfcCartesianPoint. 

 

Figure 6. Example of position expression. 

As shown in Figure 7, the geometric information of column entities in the IFC physical data file 

is defined in two ways, namely mapping definition, and direct definition. In the IFC schema, 

IfcMappedItem is the inserted instance of a source definition to be mapped with target instances that 

have the same geometric shapes. IfcMappedItem can reuse other mapped items based on an 

IfcShapeRepresentation, including one or more IfcMappedItem. The transformation is defined by entity 

IfcCartesianTransformationOperator to achieve the operations of translation, rotation, mirroring, and 

zoom. On the other hand, in direct definition, the target instance can directly quote the geometric 

expression of the existing instances without the mapping process. The geometric information, 

including the profile section, cardinal point, extruded direction, and length, is described by 

IfcExtrudedAreaSolid. In Figure 7, #126 defines the shape of the section as a rectangle; #127 reveals the 

initial position; #19 describes the extrusion direction, which is 4000 for this column. 

 

Figure 7. Example of column geometry expression. Figure 7. Example of column geometry expression.

Processes 2020, 8, x FOR PEER REVIEW 9 of 25 

Figure 8 shows the detailed shape and position definition described by the entity 

IfcExtrudedAreaSolid. For the relocation in the stretch process, the reference point of the column 

element is assigned by the entity IfcCardinalPointEnum, and then coincides with the coordinate origin 

of the stretch section provided by the entity IfcExtrudedAreaSolid. Therefore, by editing the attribute 

value of the stretch section, the changes in the size, position, and length of the stretch section in the 

IFC entity can be realized by editing the attribute values. 

 

Figure 8. Attributes of IfcExtrudedAreaSolid. 

The segmentation of the column object is operated depending on the coordinate systems of the 

entity IfcExtrudedAreaSolid and other related entities. The extruded profile is set on the XY plane of 

the object coordinate system defined by the entity IfcLocalPlacement. For the standard rectangular 

column in Figure 9, the cardinal point of the column element in the IFC physical data file is defined 

as the central point of the bottom and is indicated by black lines. Additionally, “AXIS” in the column 

element should coincide with the extruded direction. 

 

Figure 9. Cardinal point in column element. 

(2) Beams: the position information of the beam is given by the entity IfcLocalPlacement through 

coordinate values measured from the relative coordinate system in the nested layer structure. In the 

IFC schema, the beam element is also defined by “AXIS” and “BODY,” which express the 3D shape. 

The process of beam geometry representation is displayed in Figure 10. “AXIS” represents the axis 

parameter of a standard column, and “BODY” creates the 3D shape by SweptSolid or Clipping CSG 

(Constructive Solid Geometry). The axis is represented by the start and end-points in IfcPolyLine, 

which are given by entities #9 and #146. Entities #129, #132, and #19 constitute the source of the 

“BODY” definition for the beam geometry representation. 

Figure 8. Attributes of IfcExtrudedAreaSolid.

Processes 2020, 8, x FOR PEER REVIEW 9 of 25 

Figure 8 shows the detailed shape and position definition described by the entity 

IfcExtrudedAreaSolid. For the relocation in the stretch process, the reference point of the column 

element is assigned by the entity IfcCardinalPointEnum, and then coincides with the coordinate origin 

of the stretch section provided by the entity IfcExtrudedAreaSolid. Therefore, by editing the attribute 

value of the stretch section, the changes in the size, position, and length of the stretch section in the 

IFC entity can be realized by editing the attribute values. 

 

Figure 8. Attributes of IfcExtrudedAreaSolid. 

The segmentation of the column object is operated depending on the coordinate systems of the 

entity IfcExtrudedAreaSolid and other related entities. The extruded profile is set on the XY plane of 

the object coordinate system defined by the entity IfcLocalPlacement. For the standard rectangular 

column in Figure 9, the cardinal point of the column element in the IFC physical data file is defined 

as the central point of the bottom and is indicated by black lines. Additionally, “AXIS” in the column 

element should coincide with the extruded direction. 

 

Figure 9. Cardinal point in column element. 

(2) Beams: the position information of the beam is given by the entity IfcLocalPlacement through 

coordinate values measured from the relative coordinate system in the nested layer structure. In the 

IFC schema, the beam element is also defined by “AXIS” and “BODY,” which express the 3D shape. 

The process of beam geometry representation is displayed in Figure 10. “AXIS” represents the axis 

parameter of a standard column, and “BODY” creates the 3D shape by SweptSolid or Clipping CSG 

(Constructive Solid Geometry). The axis is represented by the start and end-points in IfcPolyLine, 

which are given by entities #9 and #146. Entities #129, #132, and #19 constitute the source of the 

“BODY” definition for the beam geometry representation. 

Figure 9. Cardinal point in column element.



Processes 2020, 8, 1593 10 of 24

(2) Beams: the position information of the beam is given by the entity IfcLocalPlacement through
coordinate values measured from the relative coordinate system in the nested layer structure. In the
IFC schema, the beam element is also defined by “AXIS” and “BODY,” which express the 3D shape.
The process of beam geometry representation is displayed in Figure 10. “AXIS” represents the axis
parameter of a standard column, and “BODY” creates the 3D shape by SweptSolid or Clipping CSG
(Constructive Solid Geometry). The axis is represented by the start and end-points in IfcPolyLine,
which are given by entities #9 and #146. Entities #129, #132, and #19 constitute the source of the “BODY”
definition for the beam geometry representation.Processes 2020, 8, x FOR PEER REVIEW 10 of 25 
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Figure 10. Process of beam geometry representation.

Considering the standard rectangular beam in Figure 11, the cardinal point of the beam element
in the IFC physical data file is in the upper center of the vertical profile, in contrast to the central-point
position in the column element. Here, the black line represents the extrusion axis in the direction that
is defined by IfcExtrudedAreaSolid and parallel to the Z-axis.
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(3) Slabs: the geometric information of the slab element is given by the class IfcExtrudedAreaSolid.
The profile section of the slab that normally has a non-rectangular shape is defined by the entity
IfcArbitraryClosedProfileDef, and the entity IfcPolyLine defines the curve. The profile is defined by an
IfcPolyLine. The points defining the polyline are two-dimensional. As the profile must be closed,
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the last point in the polyline is the same as the first point. The underlying XY plane that sweeps the
surface or the solid uses the coordinate system of the extruded profile. The base point of the profile is
selected as the origin of the XY plane. The long edge and short edge from the bounding box of the
extruded profile are, respectively, parallel to the X- and Y-axes. As shown in Figure 12, the closed
bounded curve consists of 12 points, referring to the origin of its coordinate system.Processes 2020, 8, x FOR PEER REVIEW 11 of 25 
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Figure 12. Example of profile definition by entity IfcArbitraryClosedProfileDef.

4.2.3. Segmentation Process

As the lap connection design of the column, beam, and slab will affect the exported information of
the IFC physical file, it is essential to specify the model rules as follows. 1O For the frame structure,
the column length is defined as the distance between the upper and lower floor slabs. Its profile is
defined as the section perpendicular to its axis. 2O The beam length is defined as the clear spacing
between two columns or two main girders. Its profile is defined as the section perpendicular to its axis.
3O The length or width of a slab is defined as the distance between two associated beams. The slab

thickness is given as the height of the section, which is perpendicular to its long edge and short edge.
These rules are applied to all the column, beam, and slab models.

(1) Columns: the BIM model of a column includes the prefabricated part and cast-in-place
part. As shown in Figure 13, to extract the precast beam that is in the middle of the element model,
two cast-in-place parts must be eliminated. The upper part is formed from the bottom of the beam,
and the lower part is the 10 mm cast-in-place part.
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Figure 13. Segmentation of a column.

The column segmentation in the physical data file is achieved according to the expression of the
position and geometric information in the IFC file. By looping the position and geometric information
through the IFC physical data file, all column entities will be identified. Firstly, explicit recognition
of the position attribute, which is referred to by the sixth entity IfcLocalPlacement, and the geometric
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attribute, which is referred to by the seventh entity IfcProductionDefinitionShape, is conducted.
Secondly, the second attribute IFCAxis2Placement3D and the first attribute IfcCartesianPoint in the
entity IfcLocalPlacement are detected. Then, a 20 mm upward movement of the origin point in
the column element is achieved by a 20 mm increase in the Z value, and the origin point is also
viewed as the extrusion start point. Thirdly, the instances associated with the attributes in the entity
IfcProductionDefinitionShape are retrieved, and the entity IfcExtrudedAreaSolid is confirmed. Then,
(h1 + 10 mm) in the fourth attribute value, which represents height, is decreased; h1 is the thickness of
the adjacent beam. Finally, the precast section of the beam model is extracted and divided from the
cast-in-place part.

(2) Beams: the prefabrication of a beam can generally be processed as a two-story structure with
cast-in-place and precast components. Figure 14 presents the general rule of precast beam segmentation;
on the top level, a 10 mm thin precast layer against the adjacent slab needs to be eliminated, and,
considering the production and construction requirements in practice, the precast part retained in the
model at the bottom must be extended by 10 mm at both ends of the beam.
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Figure 14. Segmentation of a beam model.

The beam segmentation in the physical data file is achieved according to the position and geometric
information expression in the IFC. By looping the position and geometric information through the
IFC physical data file, all beam entities will be identified. Firstly, explicit recognition of the geometric
attribute, which is referred to by the seventh entity IfcProductionDefinitionShape, is conducted. Secondly,
the instances associated with the attributes in the entity IfcProductionDefinitionShape are retrieved
and the entity IfcExtrudedAreaSolid is confirmed. Thirdly, the first attribute IfcRectangleProfileDef in
instance IfcExtrudedAreaSolid is detected, then h2 in the fourth attribute value is subtracted; h2 is
the thickness of the adjacent slab. Furthermore, the second attribute IfcAixs2Placement3D in the
entity IfcExtrudedAreaSolid is specified, and the initial direction of the Z-axis defined by the instance is
recognized; this is illustrated in Table 1. Then, the X-axis value of the first attribute IfcCartesianPoint in
the associated instance is reduced by 10 mm, which changes the initial position of the beam entity.
Finally, 20 mm is added to the fourth attribute in the entity IfcExtrudedAreaSolid to increase the beam
length. Through the segmentation rules, the prefabricated beam can be created in the IFC physical
data file according to the actual size required in precast manufacturing and construction.
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Table 1. Directions indicated by the second attribute of IfcExtrudedAreaSolid.

Attribute Value (1, 0, 0) (0, 1, 0) (0, 0, 1) (−1, 0, 0) (0, −1,0) (0, 0, −1)

Initial direction X Y Z −X −Y −Z

(3) Slabs: the 3D model of a slab can be formed by the precast and cast-in-place parts.
The prefabrication of a slab can be generally designed as a two-segmentation process. Considering the
production and construction requirements in practice, the general rule of precast beam segmentation,
as shown in Figure 15, is that a thin cast-in-place layer on the top with a thickness of h3 is eliminated,
and the precast part retained in the model is then extended by 10 mm on the four lateral sides of
the slab.Processes 2020, 8, x FOR PEER REVIEW 13 of 25 

 

Figure 15. Segmentation of the slab model. 

In the slab model, the section properties are defined by the polyline and multiple points (shown in 

Figure 16). According to the segmentation rule of the prefabricated slab, a five-step process is adopted to 

calculate the vertexes, position information, and geometric information of the segmented slab. 

 

Figure 16. Coordinates of the segmented slab. 

Step 1: recognize the point instances included in the attributes of the entity 

IfcArbitraryClosedProfileDef, which is referred to by the entity slab, and extract the coordinate values 

of the point instances. 

Step 2: identify the eight outer points P1, P2, P4, P5, P7, P8, P10, and P11 of the slab section in Figure 

16. Select the points P10 and P11 with the minimum X-values, then subtract 10 from the X-values; the 

Y-values remain unchanged. Select the points P4 and P5 with the maximum X-values, then add 10 to 

the X-values; the Y-values remain unchanged. Similarly, find points P1 and P2 with the minimum Y-

values, then subtract 10 from the Y-values; the X-values remain unchanged. Find points P7 and P8 

Figure 15. Segmentation of the slab model.

In the slab model, the section properties are defined by the polyline and multiple points (shown in
Figure 16). According to the segmentation rule of the prefabricated slab, a five-step process is adopted
to calculate the vertexes, position information, and geometric information of the segmented slab.
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Step 1: recognize the point instances included in the attributes of the entity IfcArbitraryClosedProfileDef ,
which is referred to by the entity slab, and extract the coordinate values of the point instances.

Step 2: identify the eight outer points P1, P2, P4, P5, P7, P8, P10, and P11 of the slab section in
Figure 16. Select the points P10 and P11 with the minimum X-values, then subtract 10 from the X-values;
the Y-values remain unchanged. Select the points P4 and P5 with the maximum X-values, then add 10
to the X-values; the Y-values remain unchanged. Similarly, find points P1 and P2 with the minimum
Y-values, then subtract 10 from the Y-values; the X-values remain unchanged. Find points P7 and P8

with the maximum Y-values, then add 10 to the Y-values; the X-values remain unchanged. Afterward,
the four lateral sides of the slab are extended by 10 mm.

Step 3: calculate and recognize the dimensions of the bounding rectangle of the slab section
according to the positions of the adjusted coordinates. Assume Xmax and Ymax are assigned with
the maximum X- and Y-values, and Xmin and Ymin are assigned with the minimum X- and Y-values,
as shown in Equation (1).

a′ = Xmax − Xmin

b′ = Ymax − Ymin
(1)

Considering that a represents the long dimension of the bounding rectangle, and b represents the
short dimension. If a′ > b′, then a = a′, b = b′; if a′ < b′, then a = b′, b = a′. Correspondingly,
in this study, D is utilized to direct the orientation of a longitudinal axis, and G is used to direct the
orientation of a vertical axis. Thus, when a′ > b′, D and G are the X- and Y-axes, respectively;
when a′ < b′, D and G are the Y- and X-axes, respectively.

Step 4: calculate and confirm the number of slab segments. In this study, k is used to denote the
width of a standard slab with a lower limit k1 and upper limit k2, and f is the distance between two
slab segments.

Step 5: after confirming the orientation of the long side of the slab section, the coordinates of the
slab segments can be calculated. Figure 16 illustrates the G and D coordinates of the vertexes of the slab
section. The rules are as follows. The slab segment containing the points with the minimum D-axis
values is marked as the first slab segment (#1). Along the positive direction of the D-axis, the other
slabs are regarded as the second (#2), third (#3) . . . n-th (#n) slab segments. If the D-axis is consistent
with the X-axis, then P1, P2, P4, P5, P7, P8, P10, and P11 will first be recognized, and the corresponding
coordinates can be calculated. If the D-axis is consistent with the Y-axis, then the coordinate system is
rotated clockwise 90 degrees to recognize the eight points P on the edge of the bounding rectangle.

Slab segment #1 is formed by encircled points P1, P14, P13, P8, P9, P10, P11, and P12; the coordinates
of P1, P8, P9, P10, P11, and P12 will remain unchanged after slab segmentation, while the coordinates of
P13 (D, G) and P14 (D, G) are re-set via Equations (2) and (3).

P13(D) = P10(D) + k; P13(G) = P8(G) (2)

P14(D) = P11(D) + k; P14(G) = P1(G) (3)

Next, slab segment #2 is formed by encircled points P15, P16, P17, and P18, which are calculated by
Equations (4)–(7).

P15(D) = P10(D) + k + f ; P15(G) = P8(G) (4)

P16(D) = P11(D) + k + f ; P16(G) = P1(G) (5)

P17(D) = P10(D) + 2k + f ; P17(G) = P8(G) (6)

P18(D) = P11(D) + 2k + f ; P18(G) = P1(G) (7)
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Similarly, the bounding points of the i-th slab segment can be assigned as P(4i+7), P(4i+8), P(4i+9),
and P(4i+10), where i ∈ [2, n− 1]. The coordinate values of the i-th segment are deduced and calculated
by Equations (8)–(11).

P4i+7(D) = P10(D) + (i− 1)k + (i− 1) f ; P4i+7(G) = P8(G) (8)

P4i+8(D) = P11(D) + (i− 1)k + (i− 1) f ; P4i+8(G) = P1(G) (9)

P4i+9(D) = P10(D) + ik + (i− 1) f ; P4i+9(G) = P8(G) (10)

P4i+10(D) = P11(D) + ik + (i− 1) f ; P4i+10(G) = P1(G) (11)

Finally, the n-th slab segment (#n) is associated with eight points: P(4n+8), P2, P3, P4, P5, P6, P7,
and P(4n+7); the coordinates of P2, P3, P4, P5, P6, and P7 will remain unchanged after slab segmentation,
while the coordinates of P4n+7 (D, G) and P4n+8 (D, G) are designed via Equations (12) and (13).

P4n+7(D) = P10(D) + (n− 1)k + (n− 1) f ; P4n+7(G) = P8(G) (12)

P4n+8(D) = P11(D) + (n− 1)k + (n− 1) f ; P4n+8(G) = P1(G) (13)

Slab segmentation in the IFC physical data file is achieved through the segmentation rules.
By looping the position and geometric information through the IFC physical data file, all slab entities
will be identified. First, n duplicated entities of the slab and its attributes are created, and n is
determined by the coordinate access. Then, the slab entity number is updated and set as larger than
all the other entity numbers in the IFC file. The reference of slab entities in the attribute entities is
adapted to the updated entity number. Second, the entity IfcExtrudedAreaSolid is specified to refer
to the slabs, and the coordinates in the entity IfcArbitraryClosedProfileDef are adjusted and aligned in
the entity IfcPolyLine to adjust the slab profile. Third, the entity IfcExtrudedAreaSolid is specified to
refer to the slabs, and its fourth attribute is decreased by h3 to ignore the cast part. As the original
coordinate system and its reference point remain unchanged, the starting points of the slabs will be
reserved after slab segmentation. Finally, the instance names of the geometric information in the slab
attribute are updated.

5. An Automated Optimization Framework for Production Scheduling with the GA

As mentioned previously, the extraction and segmentation of prefabricated component models
influence the accuracy of the production process model, which complicates the process of identifying
the proper production schedule with different parameters. Hence, the utilization of an automated
simulation-based optimization tool would be an appropriate approach to adjust these parameters.
In this paper, the automated optimization process is presented in three stages, namely the data
processing stage, data storage stage, and data application stage, as shown in Figure 17. In the data
processing stage, the BIM model is constructed and exported in the form of an IFC physical file.
The extraction and segmentation approach of the prefabricated component model is applied to generate
component instances that meet the production process requirements of connection joints. IFC extension
is used to express the production time parameter stored in the text-based physical files and then export
it. In the data storage stage, a specific database is developed to manage the geometric attributes and
production time parameters. In the data application stage, the GA model is implemented by linking the
database and MATLAB to make a computing request and obtain the corresponding optimized schedule.
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5.1. The Formalization of Production Scheduling Parameters

The production characteristics of prefabricated elements can be summarized by the following
aspects. 1O There are elements of multiple sizes in one project, and the number of elements of different
sizes is different. 2O For the same type of element, the production process is basically the same, but the
production times of elements with different sizes and specifications in each process are different. 3O As
the work content of each process differs greatly, the factory implements a pipeline operation in the
management process, and the number of workers assigned to each process is different, while the work
capacity of the same process is basically the same.

The hypotheses are therefore proposed as follows. The project has n types of elements, and the
number of elements of each specification is A = {A1, A2, . . . , An}. Each element has m operations,
and the number of shifts in each operation is B = {B1, B2, . . . , Bm}. X denotes a possible production plan
(as given by Equation (14)), S denotes the total number of elements produced in Equation (15), and the
k-th element in the first operation is denoted as Xk1 . As the production sequence of the second process
component is determined according to the end time of each element of the first process, which is
different from the production sequence of the first process, the k-th element in the second process is
denoted as Xk2 , and the k-th element in the g-th process is denoted as Xkg .

Matrix T represents the processing time of each specification for each process, and Tig denotes the
production time of the element with the i-th specification in the g-th step, as shown in Equation (16).

For the production plan X, the element Xkg is denoted as Cg,b,kg at the g-th process by the b-th shift
production completion time. In the Bg shift groups produced at the same time in the g-th process,
the earliest end time of the element is denoted as minCg. After that, the first-ending shift group can be
removed, and the latest end time of the component in the Bg − 1 shift group of the g-th operation in the
simultaneous production is denoted as [X].

The maximum completion time of the entire production plan is the end time of the Xsm element of
the m-th operation maxCg and the maximum value of the maxCg completion time of other elements of
the m-th operation. Therefore, in this paper, the optimization problem of production scheduling is to
solve the minimum of Cmax. Then, due to the production sequence of different processes depending
on the end time of the previous process, the production sequence of the second process corresponds to
the sequence number k2. The completion time of the last process can be calculated utilizing matrix T.

X = {X1, X2, X3, . . . , Xs} (14)

S =
n∑

i=1

Ai (15)

T =


T11 T12 · · · T1m
T21 T22 · · · T2m

· · · · · · · · · · · ·

Tn1 Tn2 · · · Tnm

 (16)
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5.2. GA Model Calculation of Production Scheduling

The production time–cost of prefabricated components can be organized as follows. Firstly,
concrete pouring of the prefabricated components must be carried out continuously and completed
within the working hours or the specified overtime. Then, the concrete maintenance must be completed
during the non-working hours. Moreover, the start time of the next process should be in the working
hours, so if the end time of concrete pouring is during a non-working hour, it will continue into
the next day. Finally, other work should occur during the working hours and can be interrupted.
The mathematical model is proposed as follows.

The factory’s daily working time is denoted as TG, the overtime is TJ, and the non-working time
is TF; TF = 24 − TG. For concrete pouring, the end time Cg,b,kg of component Xkg is described by
Equations (17)–(19).

C = max
{
minCg, C(g−1),b,kg

}
+ Tkg,g (17)

D = Int(C/24) (18)

Cg,b,kg =

{
C,

24(D + 1) + Tkg,g,

∣∣∣∣∣∣ if C ≤ 24D + TG + TJ
if C ≥ 24D + TG + TJ

(19)

where Cg is the production completion time, and Tkg,g is the production time of component kg in the
g-th process. For concrete curing, the end time Cg,b,kg of component Xkq is described by Equations (20)
and (21).

C = max
{
minCg, C(g−1),b,kg

}
+ Tkg,g (20)

Cg,b,kg =

{
C,

24(D + 1),

∣∣∣∣∣∣ if C ≤ 24D + TG
if C ≥ 24D + TG

(21)

For the production process of other components, the end time of element Xkg is given by
Equations (22) and (23).

C = max
{
minCg, C(g−1),b,kg

}
+ Tkg,g (22)

Cg,b,kg =

{
C,

C + TF,

∣∣∣∣∣∣ if C ≤ 24D + TG
if C ≥ 24D + TG

(23)

The calculation process of the final completion Cmax time is shown in Figure 18 including two
steps. Based on the initial component production sequence or the reordered sequence, the end time of
the production of each component can be calculated separately. Considering the different processes,
the results generated in the model can be input to the next process for calculation until the production
of all components is completed, and the final production time can ultimately be determined.
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With the parametric expression of production scheduling, an enhanced GA approach to search
for optimum production schedules can be developed by utilizing the elitist strategy. The first step
is to encode the specifications of prefabricated components, and the second step is to initialize the
population. Elements are arranged in sequence to form an initial standard sequence, and the objective
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function and fitness function can then be, respectively, calculated. Then, a selection operator is used
to choose chromosomes according to their fitness. The next step is crossing over, in which a random
number between zero and one is generated for each pair of individuals and compared with the
crossover probability to judge whether it crosses; the crossover probability is generally chosen between
0.44 and 0.99. In this work, it is firstly determined whether the chromosome needs to be mutated,
two mutation points on the parent chromosome are randomly chosen, and the genes at the location of
the mutation point are exchanged to achieve chromosome mutation. Finally, every generation contains
elite solutions for better evolutions.

5.3. Experiment

In this research, a project in a prefabrication plant in Nanjing, China was taken as a case study to
verify the proposed the GA-based production scheduling optimization method. The project required
the factory production of prefabricated floors, beams, stairs, and balconies. According to statistics,
this project contained a total of 74 precast slabs. Considering the slab size, column corner positions,
and other factors, and ignoring the numbers of embedded parts and cavities, there were eight types of
prefabricated floors, as shown in Table 2.

Table 2. Types and quantities of precast slabs.

Types YLB-1L YLB-2L YLB-3L YLB-4L YLB-5L YLB-6L YLB-7L YLB-8L

Sizes 3420 × 2335 4020 × 2565 3070 × 1370 2320 × 2970 2820 × 1765 1670 × 1770 1945 × 1820 3020 × 1590
Quantities 13 14 6 6 11 6 6 12

The factory divided the production process of the prefabricated components into five steps,
namely: 1Omold installation; 2O rebar and embedded parts placement; 3O concrete placement; 4O the
steam curing of concrete; 5O frame removal and inspection. The time–cost of the production process of
each of the eight types of prefabricated slabs was collected, and is reported in Table 3. A production
team was required to complete each production process in the scheduled time; a team refers to a group
of workers assigned by the factory to complete the work according to the complexity of the work and
the proficiency of the workers.

Table 3. Operation times of different types of precast slabs (min).

Slab Type

Process 1 2 3 4 5

2P/Group 3P/Group 5P/Group 0P/Group 1P/Group

YLB-1L 40 77 115 300 48
YLB-2L 50 80 120 300 50
YLB-3L 32 65 95 300 40
YLB-4L 35 74 110 300 46
YLB-5L 38 71 105 300 44
YLB-6L 35 59 85 300 36
YLB-7L 36 62 90 300 38
YLB-8L 38 68 100 300 42

(1) Implementation of the GA for Production Scheduling

According to the established mathematical model and the GA discussed previously, MATLAB
software was employed to calculate the loop iterations and simulate the final completion time Cmax.
A portion of the core code is shown as follows in Algorithm 1.
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Algorithm 1 Completion time Cmax

1: for i_process = 1: process_num
2: c = zeros (B(i_process),1);
3: for i_component = 1: component_num
4: [min_c,num_c] = min(c);
5: start_time = max(last_time(i_component,1),min_c);
6: end_time = start_time + T(last_time(i_component,2),i_process);
7: end_time =

8: check_time(end_time,type_list(i_process),TG,TJ,T(last_time(i_component,2),i_process));
9: last_time(i_component,1) = end_time;
10: c(num_c,1) = end_time;
11: end
12: last_time = sortrows(last_time,1);
13: end

The first step was to encode the component types with the symbols presented in Table 3 to form
the chromosomes in the subsequent GA. For example, the production sequence of a certain precast
slab was 21553672413141667478814352235111688616128385758887252855212282.

Furthermore, 352487522411 represents the production of one YLB-2L, then one YLB-1L, then two
YLB-5Ls in that order, and finally one YLB-1L. The second step was to determine the population size P.
To prevent falling into the local optimal solution or premature convergence, P was set as 50 based on
the calculation by the GA after experiments. Then, the related parameters required in the experiment
were set based on elitist selection; the retention rate was 0.02, the crossover rate was set as 0.95, and the
mutation rate was 0.1. The program running environment was Windows 10, 64 bits, 8 GB memory,
and MATLAB R016a. Finally, the algorithm was iterated 1000 times, which took 330.85 s, and the result
was 7378 min. Figure 19 presents the variation of the optimal solution in each generation during the
solution process. It was found that there was no solution to the minimum completion time. In this
case, there was a total of 32 optimal production orders in the last generation of the calculation results.
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Figure 19. Optimal solution of each generation in the iteration process of the genetic algorithm (GA).

The production time of prefabricated components between placing an order and the delivery
of goods is usually limited, and the factory flexibly allocates the supply of resources according to
the emergency of the order. The GA model used in this study can be applied with the parametric
descriptions of the production team, working time, and other key resources to derive the optimal
solution according to the completion time, and the allocation of resources can then be adjusted.
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(2) Implementation of the GA for production scheduling

To automatically acquire the attributes contained in the segmented parts of the BIM models of
fabricated components for the calculation of production scheduling optimization, it is necessary to
extend the IFC model to express attributes related to production scheduling optimization. In this
study, considering that columns, beams, and slabs have been defined as entities in the IFC standard,
the parameters of the production time could be extended to be the property set in the IFC model,
as shown in Table 4. Each entity in the database is described by certain properties, which are pieces of
information about an element that are required for processing performed by production scheduling
optimization. Moreover, each production time parameter calculated in the GA model is in accordance
with the entity attributes. The IfcPropertySet of the time–cost parameters in different production stages
is determined by five categories, as presented in Table 5. In this way, an IFC-based time consumption
information library is constructed to support the mapping of the production scheduling parameters of
prefabricated components to identified IFC objects, such as IfcSlab, IfcBeam, and IfcColumn.

Table 4. The definition of Pset_ProductionTimeOfColumn.

Attribute Set Name Pset_ProductionTimeOfColumn
Entity IFCColumn

Type values Column/UserDefined
Description The production time of each process for the IFCColumn entity instance

Table 5. The definition of the time–cost properties in each production stage.

No. The Property Name Attribute Type Value Type

1 Time consumption of Template Installation IFCPropertySingleValue IFCReal
2 Time consumption of Reinforcing Bar and Embedded Parts Installation IFCPropertySingleValue IFCReal
3 Time consumption of Concrete Pouring IFCPropertySingleValue IFCReal
4 Time consumption of Concrete Curing IFCPropertySingleValue IFCReal
5 Time consumption of Template Removal and Quality Inspection IFCPropertySingleValue IFCReal

It is important to use various data accurately and effectively to enhance the ability to automatically
optimize a system. Based on the segmentation algorithm, the IFC file editing application program
was developed as the file processing tool, as shown in the first layer in Figure 20. Segmentation
processing can be achieved by adding the code in the extraction program to edit the IFC entity
attributes. The program was developed by the Python Shapely library to generate new coordinates
that form a new IfcPolyLine entity that represents the prefabricated component. The program adopts
the ConfigParser library in Python to export txt files, and the segmentation process can be displayed in
BIMVision. Next, the scheduling information in the form of an IFC extension is applied to describe the
production processes of prefabricated beams, columns, and slabs, which can be regarded as the entities
in the IFC model. The production time attribute is equivalent to the entity characteristics described
in the segmented IFC file, as shown in the second layer in Figure 20. Furthermore, in addition to
the mapping of time consumption parameters in the BIM model, the database should also include
geometric dimension information, production documentations, floor location information, and building
engineering information, which can be used to support the visual display or as an auxiliary reference
for scheduling optimization. To reasonably classify the structure of the optimization calculation data,
it is necessary to identify the database composition according to the characteristics and functions
of the scheduling processing data. After categorizing the entities and corresponding attributes,
in consideration of the relationships among the entities and the adoption of a bottom-up strategy to
design the conceptual entity model in the production scheduling database, the global entity relationship
(E–R) diagram is created for the MySQL workbench, as shown in the third layer in Figure 20. Then,
the production time consumption parameters entered in the IFC file editing application program are
automatically inserted into the MySQL database. Further, the use of MATLAB, which is a high-level



Processes 2020, 8, 1593 21 of 24

language and interactive environment, enables the parameters in the GA model to be automatically
processed by Java Database Connectivity (JDBC), which connects MySQL and MATLAB.Processes 2020, 8, x FOR PEER REVIEW 22 of 25 
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Finally, Table 6 reports the calculation results of the optimized project scheduling generated in
the automated optimization framework. It reveals that if the team matrix is [1,2,1,10,1], the minimum
completion time will be 13,106 min. If the team matrix is [1,2,3,10,1], the minimum completion
time will be 7354 min. An improvement of 5752 min is therefore achieved with the proposed
optimization method.
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Table 6. Solution results after adjustment and optimization.

Process Team Matrices B Completion Time (min)

The second process
[1,1,2,10,1] 10711
[1,2,2,10,1] 7378
[1,3,2,10,1] 7363

The third process
[1,2,1,10,1] 13106
[1,2,2,10,1] 7378
[1,2,3,10,1] 7354

The fourth process
[1,2,2,10,1] 7378
[1,2,2,8,1] 7384
[1,2,2,6,1] 7406

6. Conclusions

With the ever-increasing availability of data and higher levels of automation and simulation,
production scheduling in prefabrication factories can no longer be considered as an autonomous
solution. Concepts such as BIM, graphic techniques, databases, and interface development, as well
as a heightened emphasis on overall process optimization topics, have increased the pressure to
connect to and interact with interrelated tasks and procedures. Considering the prefabricated element
production, the ultimate objective of automation is to improve productivity, quality, and safety,
which will also contribute to production schedule design. The automated optimization framework
detailed in this study intended to generate optimal schedules for prefabricated component production
based on the manufacturing process model and the GA method. In the case study investigated in
this work, the automated optimization framework was proposed to improve the operability and
accuracy of the production process model, which is generated by directly segmenting the IFC model.
Moreover, the production time parameter is described by the properties in an extended IFC data
schema, and the GA method is used to calculate the optimal alternative with parameters representing
the geometric dimensions, production sequence, and time consumption. Based on the described
integration technique, the data transmission and integration in the mating application program
are achieved by linking a Python-based application, the MySQL database, and the computational
environment. The implementation of the automated optimization framework for the production
scheduling of prefabricated elements enables BIM models to play better foundational roles to fill the
technical gaps between prefabricated building designers and element producers.

One of the conclusions that can be derived from this research is that more efforts are required
to provide parametric descriptions of the production process of prefabricated elements in a more
standardized way to facilitate their integration and automated processing via mating application
programs. Database technologies and evolutionary computation techniques, such as the GA model,
applied in combination with the IFC standard seem to be a possible path to improve the interoperability
between BIM models and production scheduling tasks. This interoperability is also necessary to
facilitate the reuse of the property sets of prefabricated elements provided in an extended IFC data
schema, which are interlinked with other information outside BIM.

Some problems still exist, and they could be improved in the future. Firstly, the proposed
implementation of prefabricated component segmentation based on IFC physical files was only designed
for three typical components, namely columns, beams, and slabs. Additionally, the Python-based
IFC file editing program developed in this research only functions with rectangular columns and
rectangular beams according to designed segmentation rules. Future research work should contribute
to expanding the capability to operate abnormal components by integrating new segmentation rules
applied in prefabrication factories. This will introduce upgraded interfaces so that element producers
can assign multi-task schedules for prefabricated component production. Furthermore, the addition of
production time consumption parameters in the IFC model could enable the creation of new services
to better support the communication between BIM designers and producers.
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