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Abstract —

Well-coordinated construction site logistics are
important for the efficient assembly of large-scale
plants. Delays in logistics hawe a negative impact on
assembly processes and vice versa. Incorrect storage
or improper transport can lead to damage to the sen-
sitive plant components. All relevant logistical con-
straints must therefore be systematically analyzed, as-
sessedand evaluated during the planning of construc-
tion site and assembly processes. For this purpose,
precise knowledge of the logistical requirements of
each individual component is very important. Nowa-
days this information is not available in digital form
and must be elaborately compiled and evaluated man-
ually. The logistical requirements are also essential
for the planning of processes. So-called 4D models are
already being created and used in plant construction,
but storage and transport processes on the construc-
tion siteare only rudimentarily taken into account. In
general, the 4D models only describe the construction
process. In order to better inwestigate and plan con-
struction site logistics using 4D models, the logistical
requirements must be identified, classified, generated
for each plant component and made awailable digi-
tally. Therefore, an ontology for the description of lo-
gistic boundary conditions and requirements is pre-
sented in this paper. The focus is on large-scale plant
engineering and the special storage and transport
conditions of the various components. The ontology is
also a knowedge base to identify which information
is required for the planning of construction site logis-
tics and which may need to be added. Then, for exam-
ple, semi-automatic allocation of storage space can be
calculated, an analysis of the utilization of transport
equipment can be carried out or the impact on the as-
sembly processes can be determined.
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1 Introduction

A precisely coordinated logistics systemis important
for the efficient and cost-effective handling of projects in
large-scale plant construction. This is particularly im-
portant as very sensitive and large components are usu-
ally transported and stored in plant construction. Plan-
ning includes the selection, design, dimensioning and op-
timization of processes, material flows and resources.
Depending on the complexity of the large-scale plant,
many different boundary conditions must be considered
in the project-specific planning of construction site logis-
tics. The planning and control of construction site logis-
tics for such large-scale projects are not sufficiently sup-
ported by digital planning tools. Nowadays, this requires
extensive project experience. If transport and storage
conditions are not correctly analyzed and adhered to, this
not only leads to delays in assembly, but also to damage
to the sensitive system components. In the worst case,
elaborate rework or complete disassembly is necessary.

Digital models have also been used for several years
in large-scale plant construction forthe planning and pre-
fabrication of plant components. However, the digital
models are hardly used on site. Even if system compo-
nents are visualized on the construction site with the help
of mobile devices,there is currently no IT-based support
for planning and controlling the logistical processes on
the construction site in detail. On-site transport, storage
and detailed intermediate steps cannot be analyzed,
checked and visualized with existing concepts and solu-
tions. Certain information for the precise planning and
control of logistics is already available based on the dig-
ital model. However, the information available is insuffi-
cient and must be systematically supplemented.

In ourapproach, we examine the required logistics in-
formation and describe it formally and evaluably in the
Web Ontology Language (OWL) format. This ontology
is linked to the information of a 3D Building Information
Model (BIM) to generate logistics information for the
specific component or assembly task.
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2 Related Work

The planning of construction projects is generally as-
sociated with uncertainties, because the customer-spe-
cific engineering and construction of large-scale plants
fundamentally differ from stationary series production.
In addition to technical and structural limits, organiza-
tional project specifications, such as production steps,
construction phases orresource disposition as well as lo-
gistical boundary conditions in particular are relevant as-
pects. Gutfeld etal. (2014) [1] describe the problems and
deficits of project management in plant construction and
presentamethod for simulation-based and logistically in-
tegrated project management in plant construction. Now-
adays, the construction schedule is manually created by
project managers based on their experience. The assump-
tions they made during the planning phase can prove to
be disadvantageous in the actual construction process.
This is notonly dueto delays in the delivery of materials,
but may also be due to difficulties during assembly. A
number of aspects can affect project plans, such as
weather, lack of storage spaces or limited resources [2].
Therefore, a subsequent, continuous review and, if nec-
essary, adjustment ofthe schedules is required. Until now,
the focus ofthe project managers has been on the delivery
dates and the duration of the assembly processes. Logis-
tics on the construction site itselfhas received little atten-
tion so far. Usually, logistics processes are regulated
spontaneously on site. This leads to unnecessary delys
due to lack of suitable storage areas and continuous ma-
terial search.

The construction industry is currently experiencing a
changeto a digital construction planning process mainly
with the help of BIM. The BIM method is used to provide
necessary information of aspecific building project start-
ing from the planning phase up to facility maintenance
with the help ofan intelligent 3D-Model. This is achieved
by expanding the geometrical information (3D) of the
model with additional information. A BIM-model can be
used for visualization, fabrication drawings, code re-
views, forensic analysis, facilities management, cost es-
timating, conflict, interference and collision detection
and construction sequencing. During the whole construc-
tion process, an up-to-date as-built BIM-model helps
keep an overview of the construction site and to avoid
incorrect planning that may cause interferences of differ-
ent trades. These interferences generally costtime, which
leads to higher costs due to additional wage costs orcon-
tractual fines because of delay [3]. The Industry Founda-
tion Classes (IFC) provide a comprehensive and stand-
ardized data model for the vendor-neutral exchange of
digital building models. A significant advantage of IFC
is that digital model objects can be dynamically extended
by any additional information [4].

To implement an integrated digital planning, the site
layout also needs to be integrated into BIM-models. A

561

BIM-based site layout planning not only provides 3D
models of site equipment, where 2D site layout plans can
easily be derived from, but also considers scheduling in-
formation. The linking of building elements or construc-
tion equipment with activities of a time schedule is called
a 4D model. The main purpose is the visualization and
analysis of the construction processes and the temporally
variable construction site equipment [5]. The use of 4D-
BIM promotes communication and enables a uniform un-
derstanding between all project participants. Variant as-
sessment tests provide support in procurement with ma-
terial lists and material calculations. The planned pro-
gress can be represented at any time during the construc-
tion project and delays can be seen by comparison with
anas-built model. This also supports the analysis of work
processes.

An essential aspect of BIM is the linking of building
elements with otherexternal information for a certain ap-
plication. Which information is linked or added under
which conditions can be defined using a higher-level on-
tology. An ontology describes a hierarchy of concepts
(class and subclass) linked by relationships, adding ap-
propriate axioms to express relationships between con-
cepts and limit their interpretation. Furthermore, ontolo-
gies can be used to describe a common vocabulary of
terms and the specification of their meaning for the
knowledge area [6]. Special ontologies have already been
developed in various research approaches in the con-
struction industry. Zhang and Issa (2012) use an ontology
to extract specific information from a BIM-model [7]. El-
Gohary et al. (2010) show a concept of a domain ontol-
ogy for supporting knowledge-enabled process manage-
ment and coordination across various stakeholders, disci-
plines, and projects [8]. Kim et al. (2009) use an ontolog-
ical consistency checking for design coordination in BIM
[9]. Lee et al. (2015) create an ontology model for sup-
porting information handling of off-site automatic pre-
fabrication and on-site assembly [10]. In order to achieve
the target of just-in-time (JIT) production and lean con-
struction, Xiong et al. (2018) use the Process Specifica-
tion Language (PSL) based ontology to unify the process
information from multiple planning software applica-
tions [11]. Pedro etal. (2017) use an ontology for linking
and sharing Job Hazard Analyses (JSA), safety rules and
training contents for construction safety [12]. For the
controlling of construction site logistics, it is important to
have (near) real-time data to confirm the planned sched-
ule. Therefore, Isaac (2016) reviewed existing scheduling
methods and compared their outputs with the data pro-
vided by automated monitoring technologies. He pro-
poses ways in which scheduling methods can be enriched
in order to better support real-time monitoring and con-
trol processes [13]. One of the key integration gateways
between BIM and ontology is represented by the ifcOWL
and ifcWoD [14]. These ontologies allow the publication



36t International Symposium on Automation and Robotics in Construction (ISARC 2019)

of IFC-based building models using the Resource De-
scription Framework (RDF) data model.

3 Methodology

An essential requirement for planning and control in
large-scale plant construction is the systematical descrip-
tion of all logistical constraints according to the specific
project. There are different requirements for different
plant components and parts. Certain components must be
specially stored and transported. Suitable storage areas
and transport aids have to be available for this purpose.
This information must be systematically recorded, docu-
mented and made available digitally in advance. In our
concept describes below, the logistical requirements are
described flexibly and they are reusable with the help of
an ontology. In large-scale plant construction, the focus
lies on sensitive and costly plant components. The com-
ponents are usually prefabricated and partly pre-assem-
bled. Afterwards, the components are transported to the
construction site. The next step is often an intermediate
storage. On international construction sites, most prob-
lems arise during this intermediate storage and corre-
sponding transport.

For typical plant components and projects in large-
scale plant construction, ourontology covers all essential
logistical boundary conditions. Complex dependencies
between the components, means of transportand logistic
influencing variables are modelled. The ontology is thus
a formally ordered representation ofa set of concepts and
the relationships between them. The ontology is used to
provide expert knowledge on logistic processes on con-
struction sites in a digitized and formal form for planning
and control. Furthermore, ontologies contain inference
and integrity rules, i.e. rules on conclusions and on en-
suring compliance.

We worked out company-specific requirements by
analyzing the results of surveys on the topic of logistics
and assembly planning for small medium-sized (SME)
companies by means of expert interviews and case study
analyzes. Here, other companies were also involved in
individual discussions in order to record project and
product-specific boundary conditions regarding organi-
zation, technology, personnel, quality and safety
measures and country-specific regulations to be observed.
In addition, requirements regarding the content of a digi-
tal planning and management of the construction logis-
tics are included. At the same time, it is being examined
how and to what extent product-specific restrictions must
be formulated.

It is assumed that a digital model of the plant and the
site equipment as well as associated and linked assembly
processes for the individual components are available
(see Figure 1). The existing digital models (4D-BIM in-
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cluding construction site layout) are imported and evalu-
ated. This means that the components, storage areas,
transport aids, processes and other boundary conditions
are extracted. The ontology is used to classify the various
objects and to conclude the associated logistical require-
ments. Therefore, every object needs to provide the
standard properties, inter alia, family, type, identifier and
dimensions. With the help of manual inputs viaa user in-
terface, logistics information, respectively logistics re-
quirements per component, can be edited as well as ex-
tended and later used for planning and controlling on-site
logistics.

Ontology with
logistics
reguirements

l

BIM-model with
plant components —

Assembly - . Logistics
processes & Adtd't'c’" r?a”g"g information per
assembly orders | I SEEIR component

storage

IS ——

Individual Linkage concept Manual inputs
site layout (logistics, plant) (user interface)
Key
External
information BlEleEs Results

Figure 1. Methodology overview

4 Ontology for Logistics Requirements

When planning onsite-logistics, it is important to con-
sider the specific requirements of the plant components.
For space and cost reasons, not all components can be
stored in secure areas. Therefore, the use of different
types of storage areas is appropriate. Secure areas should
be provided for very sensitive or very valuable compo-
nents. Such components are typically present particularly
in large-scale plant construction. Components that cannot
be mounted directly after delivery (e.g. due to delays in
the assembly of previous components) must be secured
accordingly. Other components, which are sensitive to
environmental influences such as dust, sunlight, cold or
moisture, must be stored in closed storage areas. How-
ever, if components are to be protected from rain and di-
rect sunlightonly,a covered area will be a sufficient stor-
age location.

If components react very sensitively to external influ-
ences, they will be specially packaged. The disadvantage



36t International Symposium on Automation and Robotics in Construction (ISARC 2019)

of packaging is that often special transport aids are re-
quires and more waste is produced. In this case, the dis-
posalareas must be enlarged or reorganized accordingly.
The construction site layout must also be analysed and
taken into account in detail. For example, it must be de-
termined which transport routes and areas are available.
Figure 2 shows a typical layout of a construction site in
large-scale plant construction.
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Figure 2. Construction site layout with typical lo-
gistical elements

In connection with the storage location, the logistical
requirements of the components must also consider that
they can be reached and equipped in a time-effective
manner (e.g., only components of the same type may be
stacked). The range of the cranes must also be taken into
account. It should be noted, for example, that a direct
crane operation from the truck to the covered storage ar-
eas might not be possible due to the roofing. For the af-
fected components, lift trucks, or forklifts must be avail-
able on delivery, as well as suitably qualified personnel.

RequirementValue Category_has._

RequirementValue

Requirement_has
RequirementValue

R_021_Lot_size_of
_building_element

Requirement

Category

Logistics_process

In some cases, roof elements of the storage areas must
also be removed for the delivery of large, heavy equip-
ment requiring appropriate storage. JIT delivery should
be preferred for such components.

During transport and storage of components on the
construction site, the following information must be ob-
served:

) package size (number of components per package),
. weight,

) packaging dimensions,

) permissible temperature range,

) permissible (air) humidity range,
e  shocksensitivity,

o permitted change of position,

e  stackability,

o fragility,

o legal requirements,

e  hazardous content,

e  just-in-time priority,

e  assembly order.

For a valid planning of logistics processes, it is im-
portant to have the necessary project-relevant infor-
mation available. This information can also be used to
optimize logistics processes on the construction site. The
logistical requirements should therefore be known at an
early stage. The exact definition of the logistics processes
(transport and storage at the construction site) depends
not only on the components of the large-scale plant, but
also on the delivery dates,assembly processes and other
conditions at the construction site. In order to optimize
assembly and logistics processes, planners must be pro-
vided with project-relevant information in the right qual-
ity at the right time. BIM is a suitable method for storing

Catogory_has._ PropertyValue

PropettyValue

PV_012_
Covered

PropertyConstr
uctionSite_has
_ PropertyValue

Logistics_process
_has_Category

PCS_012_Type_
of_construction_
site_stock

PropertyConstructionSite

Key: O Class O Subclass <> Object ---» Affection —— Relationship

Figure 3. Detail of the basic structure of the developed ontology
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this information and making it available to all parties in-
volved. For the planning of logistics processes in large-
scale plant construction, requirements for components,
construction site equipment, etc. were examined and con-
firmed with the help of an interview study.

The ontology is mainly designed to support the plan-
ning of construction site logistics. For this purpose, ex-
isting information in the form of BIM-models of the ob-
jects of the plant to be built, the necessary assembly pro-
cesses and scheduled resources are analyzed based on the
ontology and are supplemented by necessary logistical
information. The ontology provides a basis for summa-
rizing requirements for the planning of logistics pro-
cesses on the construction site in large-scale plant con-
struction. In its semantic structure, the planning-relevant
information on requirements, prerequisites for site equip-
ment and planning objects (see Figure 3, class Category
with Construction_site_stock, Building_element etc.) can
be linked, represented and saved. The class Requirement
contains a list of possible logistical requirements.

Currently ca. 20 pre-defined requirements are availa-
ble. The characteristics of these requirements are de-
scribed in the RequirementValue class. The individual
components relevant to planning (such as Assem-
bly_group, Assisting_tool, Building_element, Construc-
tion_site_stock, Control, Data, Means_of transpor,
Staff, Structure, and Working_environment) are de-
scribed in the Category class. The processes to be
planned (Assembly process and Logistics_process with
Search, Storing and Transport subclasses) are defined in
the Process class. They are assigned to certain properties
in relation to the construction site facilities (Property-
ConstructionSite), whereby the values ofthese properties
are also assigned in a class called PropertyValue is de-
fined. The list PropertyConstructionSite with the proper-
ties and their characteristics can also be extended. To
compare the requirements with a digital model, the class
Sourcesis defined with subclasses BIM and Calculations.

The ontology editor Protégé 5.2 [15] was used to de-
velop the ontology. The hierarchy of the ontology is
shown in Figure 4. The RequirementValue and Proper-
tyValue classes were created to group the possible char-
acteristics ofthe properties and requirements. They group
the values into individual numbered types (subclasses)
and display their possible values in the form of objects
(see Figure 4).
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Figure 4. Classes RequirementValue and Proper-
tyValue

With the help of the proposed ontology, the infor-
mation relevant for planning can be linked and visualized
in the Protégé editor with the help of OntoGraf (see Fig-
ure 5). This visualization helps to understand and verify
the ontology.
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Figure 5. Graphical representation of the onto-
logy in OntoGraf
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Figure 6 shows how the limitations of a component
(to be stored only in a covered place) influence the stor-
age process. The associated storage process can therefore
only be planned considering this requirement. For this
purpose, the conditions on the construction site must be
examined with regard to a covered storage area and the
storage of the component in such a storage area must be
planned. Afterwards, the corresponding relationship is
setaccording to this relationship.

v 0 g
v Category
Assembly_group
Assisting_tool
Building_element
Construction_site_stock
Control
Data
Means_of_transport
Staff
Structure
Working_environment
) Process
Assembly_process
v Logistics_process
Search

@ PCS_001_Type_of_assisting_tool
@ PCS_002_Amount_of_assisting_tool
@ PCS_003_Mass_of_assisting_tool

@ PCS 004 Shape of assistina tool

Storing
Transport

PropertyConstructionSite
> PropertyValue |
Requirement

RequirementValue
v Source

BIM
Calculation

A

@ RV_009_Cylindrically
@®RV_009_Flat

Figure 6. Classes Requirement and PropertyCon-
structionSite

5 Evaluation of the Ontology

The proposed ontology can be used in the BIM-based
planning of site logistics processes to share knowledge
aboutsite logistics. This ontology will assist project par-
ticipants in two areas. First, it will help to identify and
classify the requirements for planning individual pro-
cesses, as the user may not have enough logistics
knowledge to fully incorporate this information into
BIM-models. Second, it will help to analyze the infor-
mation from a BIM-model in relation to logistics plan-
ning and assign it to the processes to be planned. These
two cases are explained in the following sections using
the proposed ontology. The queries are created with the
Protégé 5.2 tool.

51 Case 1 - Ontology to Read the Require-
ments for Planning the Individual Pro-
cesses

When creating BIM-models, these requirements can
be incorporated into the model in the form of planning-
relevant information. For this purpose, a checklist can be
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created using the ontology in order to check such plan-
ning-relevant information in the model.

Simple ontology queries can be performed in Protégé
5.2 using either a DL query or a SPARQL query.
SPARQL is a query language for RDF, i.e. a query lan-
guage for databases capable of retrieving and editing data
stored in RDF format [16]. Table 2 shows an extract of
the result of the SPARQL query shown in Table 1 that
retrieves Requirements relevant to logistics planning.
This list of planning-relevant information can be used as
a checklist.

Table 1. SPARQL query for requirements

PREFIX bimlog: <http://www.semantic-
web.org/user/ontologies/2018/12/bimlog#>
SELECT ?Requirement
WHERE { ?Requirement a bimlog:Requirement}
order by asc(str(?Requirement))

Table 2. Results of SPARQL query for requirements

Requirement
R _001_Type_of assembly_group

R_008_Designation_of _building_element
R_OlO_Weight_of:build ing_element
R_039_Trans.rﬁ.ission_s peed
R_OSl_Pricifi.ty_of_tas k

R _060_Lot_size_of building_element

52 Case 2 - Analysis of Information from
BIM-Models in Relation to logistics Plan-
ning

If the information on the individual category classes

(e.g. Building_element) from BIM-models is integrated

into the ontology, the missing information can be ana-

lyzed and supplemented.

Table 3 shows the SPARQL query where compo-
nents are retrieved, their requirement values are queried
and restricted to the referring requirements of ware-
house or transport restrictions (see Table 4).
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Table 3. SPARQL query for Building_element and Re-
quirementValue

PREFIX bimlog: <http://www.semantic-
web.org/user/ontologies/2018/12/bimlog#>
SELECT ?Building_element ?Stock_limit
WHERE {
?Building_element a bimlog:Building_ele ment.
?Building_element bimlog:Category has_require-
mentValue ?Stock_limit.
?Stock_limit a bim-
log:RV 022 Stock limit_of building_element}

Table 4. Results of SPARQL query for Building_ele-
ment and RequirementValue

Building_element
Building_element_2
Building_element_1

Stock_limit
RV_022_Secured
RV 022 Covered

Queries can be carried out to obtain further infor-
mation on transportand storage on the construction site,
to find out where the construction elements are stored on
the construction site and by which means of transport
they can be transported. Itis also possible to add new rec-
ommendations to the requirements according to use. For
example, it is also possible to define automatic recom-
mendations to support the decisions of project planners.

In our approach, we used the 4D-BIM software
ceapoint desiteMD to import an IFC-format building
model. As shown in Figure 7 information based on the
developed ontology can help to visualize specific ele-
ments for the logistics planning.

Figure 7 shows two states of the visualization. In the
upper screenshot, the entire plant is shown at the time ts,
in the lower screenshot, however, the object properties
are used to highlight and to showonly all the components
in question. In this sample model, these are the bolts, que-
ried by their amount and Weight_of_building_element.
The advantage of the visualization in this example is the
quick recognition of a possible storage position for short
transportation paths of these small but numerous ele-
ments. Furthermore, possible logistical problems or po-
tentially vulnerable components can be identified. For
each element, IFC 3D Models only provide standard
properties e.g. name, dimensions, material and identifier,
while the ontology database only provides general logis-
tics information, independent ofindividual elements.
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Figure 7. Highlighted consumable building com-
ponents

To receive the specific logistics information for each
element the information of the ontology database and the
IFC 3D-model need to be linked as shown in Figure 8.

OWL
Ontology
) Database
b -_—
—_—
IFC —
Y
Standard | —
— Properties | pum
Column
Logistics
Information

Key: ——» Information flow

Figure 8. Receiving and linking logistics infor-
mation

The link between the IFC and the OWL format may
be established e.g. with the software ceapoint desiteMD
via JavaScript and the help of the Apache Jena RDF API
(Application Programming Interface).

6 Conclusion & Outlook

The definition of the specific requirements and the
development of the ontology with the support of the sur-
veyed companies creates the methodical prerequisite for
semantically combining logistics, assembly and product
descriptions to ensure a standardization and transferabil-
ity of the results. This approach enables companies to
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identify gaps in their planning to ensure smootheropera-
tion, to improve processes to reduce costs and save time
on the job site.

Today, there are no commercial solutions on the mar-
ket or scientific approaches available to implement a
BIM-based logistics model. Therefore, new ground is
broken with the conceptual work carried out in our ap-
proach. Based on the results of this work, software solu-
tions can be developed for the coupling of IFC models
and OWL ontologies. Based on our methodology, com-
prehensive databases can be created and will support pro-
ject managers and planners to plan their construction
schedules and to ensure a smoother progress of the pro-
jects. These databases can be continually supplemented,
so that these knowledge bases grow gradually and require
only fewer adjustments in future projects. Furthermore,
the component information could also be extended by
empirical values for the assembly time, thus ultimately
enabling semi-automatic scheduling, taking into account
all logistical requirements on the construction site.
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