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ABSTRACT

The construction industry represents an
important part of the global GDP, thus
putting cost management in a key role in
nowadays building projects. By
understanding important concepts such
as quantity take-off, cost estimation and
cost control throughout various
construction phases, this paper intends to
analyze the state of the art in cost
management and potential improvement
points in the field. Especially, using cost
management in coordination with Building
Information Modelling (BIM) holds the
potential to provide significant
improvements in the avoidance of major
delays and budget overspendings. The
research is based on a literature review of
research on similar topics, a survey
applied to industry players, and a software
analysis of the current solutions in the
market. Even though there are many
solutions regarding pre-construction cost
management processes, only a few
studies are focusing on cost control.
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Therefore, the study aims to discuss
possible  solutions that can be
implemented in the industry and respond
to the challenges discovered through a
flexible and user-friendly interface. Two
different approaches are presented, one
with open-source tools and one with
private tools. Different from the previous
studies the integrated open-source
solution focuses on the visualization of the
cost status of building elements through
colourization. In future studies, the
approaches will be further developed with
the data of existing construction projects.

Keywords: Cost Management, Earned Value
Analysis, Cost Control, Construction
Management.
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1. Introduction

The construction industry has a share of
13% of the global Gross Domestic Product
(GDP) and accommodates 7% of the working
population [1]. Considering its impact on the
world economy, the construction industry
must adopt meticulous cost management
approaches. By analysing the state of the art
in cost management, this study aims to
discuss possible solutions in various
construction phases through BIM (Building
Information Modelling) applications.
Especially improvements in cost control can
potentially be helpful for managers to analyze
a project’s performance and to be more
proactive in making prompt decisions and
timely adjustments. This could consequently
result in the avoidance of major delays and
budget overspendings.

When major delays and budget
overspendings are the issues, it is possible to
find many examples from the past. Some of
the budget overrun examples are listed below,
showing the scale of the problem:

e Pune Metro in 2009, estimating
project cost to be 1.2B $. Revised to
1.7B $ [2].

e 332 facility projects funded by the US
Air Force: 72% were not completed
within time [3].

e Whole complex construction projects
in the UK are likely to be finished
more than six months late [4].

e Road construction in Norway: Mean
cost overrun as 7.88% [5].

e Government and private building
projects in Hong Kong: Time overrun
of 9% and 17% [6].

e Nigeria: Average time overrun of
building projects could range from
59.23% to 92.64% depending on the
value of the project [7].

e A survey of 359 completed projects in
Malaysia found that 55% experienced
cost overruns [8].

Looking at these examples it is possible to
assert that cost management is a significant
tool that can aid the shareholders in the
construction industry ranging from architects,
planners, and engineers to clients. For this

reason, this paper focuses on the possible
use of BIM-integrated systems in cost
management processes.

Quantity take-off, cost estimation and cost
control are the main phases of a cost
management system. Quantity Take-off, cost
estimation (cost analysis, budgeting, cost
breakdown structure) and cost control
(Earned Value Analysis) will be introduced
and discussed in depth in the following
sections. State-of-art in this field and the
current solutions will be discussed. Then, the

results of the survey conducted with
construction company representatives
regarding cost management will be

presented. As result, this research promotes
driving all findings toward a solution that can
be flexible and user-friendly to be
implemented in real projects covering most of
the difficulties discovered in the last section.

2. Research Methods

2.1 Literature Review (Concepts)

As the aim of the research is to implement
cost management practices in automated and
digitalized ways, the first thing we need to do
is to understand and explain cost
management and concepts related to it. Cost
management is one of the core processes of
project management combined with scope
and time management [9]. According to the
Project Management Institute (PMI), cost
management can be divided into four domains

namely, planning cost management,
estimating costs, budget determination and
cost controling [10]. Planning cost

management is a phase of cost management
that it is described how to estimate costs,
determine budgets, monitor, and control the
costs of the project. Estimation of the costs is
the phase where the project’'s monetary
resources to complete work  are
approximated. The third phase is where the
estimated costs are structured in a way to be
tracked. It is important because structures of
planned values and actual costs should match
each other to be aggregated and compared.
This is called budgeting of the project. And in
the cost control phase, the budgeted costs are
controlled and the status of the project in
terms of costs is determined.
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Cost Estimation

Cost estimation is the process of
quantifying and costing the resources needed
to complete a work or project [11]. For cost
estimation there are various tools and
techniques, also there are different classes of
estimation for different goals. Cost estimation
can be classified into 5 classes concerning
their estimation detail and ranges [11]. For
control purposes, class 1 and class 2
estimates are being used where there are
detailed unit costs and take-offs.

Cost estimation has three main processes
which are quantity take-off, costing of the
works and budgeting. For more effective and
detailed cost control, the costs should be
estimated bottom-up. To make a bottom-up
estimation, a detailed work breakdown
structure (WBS) should be created from the
scope of work, to determine the resource
requirements of each specific activity to
complete the total work. These works include
the direct works and indirect works to
complete the total scope. To determine those
requirements, unit price analysis is done for
each work item in the WBS. The resources
can be divided into groups according to their
types. These types are labour, material,
equipment, and subcontractor and sometimes
it can be currency.

Quantity Take-off

Quantity take-off is the process of
quantifying and measuring the work to be
performed. It is the starting point of cost
estimation as it provides the quantity
information of a project. The set of quantities
produced by quantity take-off is called the ‘Bill
of Quantities’. Bill of quantities is an important
part of a construction contract as it is used for
tendering, cost estimation, progress
payments etc. Because of this, quantity take-
off should be done according to agreed terms
and rules by the contracting parties. There are
many measuring rules published by different
organizations around the world which can be
used as guides and standards for quantity
take-off. Quantity take-off is an activity which
is used throughout the lifecycle of a
construction project (see Figure 1).

Cost Analysis of Work Items

The quantities measured in the quantity
take-off process are installed by some work
items called activity or task. In other words,

the Bill of Quantities of items are elaborated
with activities to install that specific item.
These activities and tasks also have their own
quantities to be measured or calculated
according to the BOQ item. For each activity
unit price analysis is done and required
resource amounts are estimated. For a BOQ
item, the activities listed below that BOQ item
is used for estimating the unit price of that
item. When each cost information is
aggregated, the total cost of the project can
be estimated in detail.

Budgeting

Budgeting is the next step to convert cost
estimate into a controllable and manageable
breakdown. This is because the structure
which is used for tracking costs mostly differs
from the structure of the cost estimate [12].
With budgeting, the budgets can be created
where the costs of the project can be
controlled and accounted for. Cost elements
(resources) listed under WBS are cost-coded
according to different attributes. These
attributes can be owning a department,
resource type, work section etc. Total
resource requirements can be summarized in
the desired level by cost codes and
summarized in that coding structure for the
budgets.

Cost Codes and Cost Breakdown Structure

Cost codes can be given at any level of
WBS, including the activities and resources
listed below them. Coding is for classifying the
cost elements in a structured way to make it
easy for actual cost tracking and cost
performance measurements. It is ideal to
have a CBS like WBS to make it easier to
track costs and assign the costs to a schedule
[12]. As it has been told CBS can be at any
level, so it is better to have a CBS and cost
codes in the resource level to track resources
and see budget variances.

Cost Control

The concepts in cost management are
interrelated. It means any activity being
performed for cost estimation and budgeting
directly affects the cost control system.
According to PMI controlling cost is the
process of monitoring the cost status of the
project and change management of the cost
baseline produced in the budgeting phase
[10]. To do this, the costs of the project should
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Fig. 1. Quantity take-off in the project life cycle [13].

be summarized in a cost breakdown structure
and actual costs can be easily allocated to the
elements of the cost breakdown structure via
cost codes. There are many tools and
techniques for cost control, however, one of
the most efficient and successful techniques
is Earned Value Management. In this report
earned value management will be discussed.
Another aspect of cost control is related to
changes in the project.

Earned Value Management

Earned Value Management is a cost and
schedule control technique to measure the
schedule and cost performance of the project.
It compares actual costs or values with the
earned values of the budget or schedule and
gives performance insight for the project with
respect to progress. Earned values of a
budget can be determined in various ways.
For example, by integrating budget values into
tasks via CPM (critical path method)
scheduling tools, earned values of each
budget can be determined with a cut-off date.
Or installed quantities of works can be tracked
to measure progress and calculate earned
values. The percentage of the variance
between planned values and actual values
gives the performance indexes of budget and
schedule. Applying earned value
management in a project can give early
warning for budget variances and lets the

project management team take early
decisions for these variances. Therefore,
earned value management is an important
part of cost control. According to AACEI [11]
for a complete earned value system the
followings are required:

¢ Organization of the program

o Work Breakdown Structure (WBS)

¢ Organizational Breakdown Structure
(CBS)

o Responsibility Assignment Matrix
(RAM)

o Work Authorization

¢ Planning, Scheduling, and Budgeting

e Performance Measurement Baseline
(PMB)

e Control Accounts (CA)

¢ Risk Management

e Work Packages (WP)

e Planning Package (PP)

¢ Management Reserve (MR) and
Contingency

e Earned Value Definitions

e Variance Reporting

e Change Management

e Performance Review

Change Control
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Changes in a construction project have time
and cost impacts on the project. Therefore, it
is important to reflect those impacts on the
budget to properly measure  cost
performance. These changes are tracked
separately and integrated into the budget with
forecast revisions.

Setting up an effective project cost
management system is vital for avoiding cost
overrun which remains a key risk of
construction. Hence, the use of digital tools
and technologies has fostered new solutions
and potential improvements in terms of
efficiency, quality, and precision during cost
management processes. This research
method is based on a systematic review which
is carried out to find relevant papers and
reports concerning the latest trends in cost
management. The strategy follows this
sequence: (1) finding all relevant publications,
(2) classifying papers for in-depth study, and
(3) synthesizing the literature. This flow
serves to build up for the proposed approach,
by thoroughly conducting market research,
highlighting important concepts, and reaching
upon the benefits and limitations of the latest
trends. Academic databases such as Google
Scholar were used for conducting the search
by typing-in relevant keywords. The findings
are classified based on applications and are
summarized in the proceeding sections.

3. The State of the Art

3.1 Cost Management Using BIM

One of the most prominent technologies in
AEC is the use of Building Information
Modelling, BIM, which contains not only
geometric data but can accommodate a great
amount of engineering data over the lifecycle
of a building [14]. There exists a growing
interest in the use of BIM for coordinated,
consistent, and computable building
information/knowledge management from
design and construction to maintenance and
the operation stages of a building’s life cycle
[15]. It was reported that 87% of expert users
are experiencing a positive return on
investment with BIM; while 93% believe that
even more return can be achieved for the
potential value of BIM [16]. Nowadays exist
numerous tools and technologies in the
rapidly emerging BIM domain which may
promote massive opportunities for project
cost management professionals to
dramatically improve the quality, speed,
accuracy, value, and complexity of their cost
management services and consequently
ensure the future as key players in the BIM
world. Nonetheless, the current paradigm is
slow to embrace and evolve with the full
potential that these technologies can provide.
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Fig. 2. Planned, Actual, Earned Values (PMI, 2017).
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Quantity Take-off and Cost Estimation

Quantity take-off and cost estimation
represent a basis for cost management. The
efforts and results of cost estimation practices
are interconnected with controlling the costs.
Therefore, they cannot be considered
separately for cost control.

Quantity take-off and cost estimation can
be partly automated with various commercial
tools on the market. These processes are
done by in-house algorithms and individual
results in terms of quantity take-off. Hence the
outputs can be used to a certain extent and
require tailoring to be used in the cost
management of a project. Also, cost
estimation practices can be varied according
to many factors. For example, measuring and
surveying rules and estimation structure can
change according to countries and even
organizations. Therefore, research about
quantity take-off is mostly focusing on these
interoperability issues and standards-
programs compliance. Forgues etal. [17]
studied a potential approach using various
tools including REVIT and databases like
Timberline to automate cost estimation
workflows. It is discussed that connecting the
software and their data is a tricky process
which is an obstacle to automating cost
estimation workflow. Parameters of one
software are usually different from other
software. As a result, a huge amount of effort
should be given to establishing an automated
workflow. Another issue is the differences
between data schemas of BIM and industrial
standards. Industry Foundation Classes (IFC)
is a data schema for data exchange between
BIM applications. The objects in a 3D model
are represented by entities in the schema.
However, the mapping between entities and
the breakdown of industry standards are not
readily available. This issue has been covered
by Lee et.al [18] by using ontological inference
of work items according to BIM data. There
are also other studies for matching IFC
objects with standards. Zhiliang et.al. [19]
investigated the possibility of using IFC
standards for tendering in China complied
with Chinese practices. They concluded that
IFC entities can be mapped and used for
tendering in China, however it doesn’t cover
everything needed for tendering and should

Integrated BIM & Lean Construction for
cost management

Lean construction is an alternative
contemporary  construction = management
method influenced by lean production

techniques applied by Toyota Company. The
main philosophy of lean construction is the
reduction of waste and improvement of
productivity [20]. In this manner, BIM
functionalities can be used along with Lean
Construction with synergy. Visualization,
automation of document and design
generation, the collaboration between design
and construction, planning evaluations,
object-oriented data communication and
information for computer-aided fabrication are
these functionalities which can be used for
lean  construction  management  [20].
Exploiting BIM functionalities with lean
construction has many benefits in terms of
cost management. Predictive performance
analysis, simulation of  construction,
decreasing changes, reduction of risk,
collaboration, and structured data flow are
some of the benefits of BIM lean construction
synergy [21].

BIM 5D Visualization

It is believed that one of the main features
of BIM is visualization, by adding another
dimension to monitor and control deviations
which can be detected and solved early by
acquiring proper decisions. Elbeltagi [22]
developed a mathematical model for
evaluating construction performance with
respect to cost by deriving a set of equations
based on EVA. Furthermore, a BIM-based

visualization system was introduced to
facilitate  tracking and monitoring of
construction progress by enabling 5D

visualization of the construction progress
along with the geographical conditions by
adopting colour coding which helped in
pinpointing the areas that need immediate
corrective actions. However, the model lacked
a view to concurrently see the resources cost
variances for activity along with the overall
cost variance which would have added more
functionality that comes along with BIM
visualization capabilities.

Another BIM visualization application was

. L the synergy of EVA and BIM by
.be exte?ded ar)l;jl stLth|ed more. ]:I'hls S”'tuattl'qon Mushamalirwa [23], which enables the user to
S _most possibly the same for afl other clearly visualize the cost and time
countries.
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performance of each element based on an
Optimistic/Pessimistic assessment with the
aid of a colour code system. This was made
possible by the interoperability between Excel
and Revit, and Dynamo for linking data.
However, this Optimistic/Pessimistic
approach might be naive since in the reality
there exist more uncertainties in construction
and the reality is more complex.

3.2 Cost Control

Cost control solutions with BIM focusing on
the structuring of a system, are scarce. The
use of BIM tools and automation for quantity
take-off and estimations is researched
commonly and has various applications in the
industry. However, cost control still depends
on spreadsheets, customized tools, and
human effort mostly since it is a. dynamic
process. As cost control needs a big amount
of data flow from different parties, and the
strategy for cost control can differ even for
different projects, establishing a successful
cost control system is not an easy task. The
issues regarding cost-controlling practices
themselves are also a factor which makes the
processes harder. Interoperability of the
software and quality of data and information
are counted as some of the issues of BIM
implementation [24]. Also lacking standards
and software compatibility, and accuracy
problems are other important issues [25].
Different practices, lack of standard
compatibility and issues in implementing BIM
require flexible solutions for different user
requirements in digital cost management.
Therefore, solutions such as spreadsheets,
macros, plugins, and add-ins are mostly
proposed for cost control in construction
projects.

There are several studies on cost control
and BIM integrations. Bejanaro [26] integrated
earned value management into BIM
connecting the Revit model with Excel via
Dynamo plug-in. The author concluded the
study by showing the benefits of BIM
integration and visualization. Similarly, Chen
et.al [27] described BIM practices for cost
management throughout the life of a project
starting from the preconstruction stage and
conducted a case analysis for budget control
with earned value analysis. Elbeltagi et.al [22]
proposed a comprehensive solution for cost
estimation and monitoring using the synergy

of various software including Excel, Ms
Project, Access, and Revit, discussing BIM
and visualization provides useful information
and benefits for cost control. Marzouk and
Hisham [28] wused bridge information
modelling for earned value analysis specific
for bridge construction, using BriM
methodology with Tekla Structures. In another
study by Lee et.al [29] labour productivity data
is acquired and monitored with BIM tools, by
matching data with a 3D model object. Even
though the study focuses on labour
performance the principles in the study can be
used for any other resource management
applications.

BIM carries a huge potential for cost control
integration with possible solutions to cost-
controlling issues like system
incompatibilities, non-collaborative works, the
workload of low-tech documentation etc. [24].
The studies related to cost control varies
according to approaches, tools used, type of
construction, and level of required detail.
Different estimation methods and techniques
are used for the cost control systems. The
variety of approaches can be attributed to the
cost control having different practices, tools,
techniques, and needs of the users.
Therefore, proposed methods and solutions
for cost control integration are flexible and
configurable, which addresses that variety.

4. Cost Management Survey
Apart from the state of the art of cost
management in construction, a qualitative
survey is also a strong tool in forming a better
idea about the practical applications in the
field. It can also aid in determining the
challenges in the industry and the
shortcomings of the existing approaches in
that regard. For these reasons, a survey with
17 questions was formed. It is composed of
two parts, namely QTO/cost estimation, and
cost control. In total 20 responses are
gathered. The formation of the survey and the
results are presented below.

4.1 Forming the survey and
application

Firstly, when forming the questionnaire, it is
significant to have an introductory section that
can give us an idea about the participant
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Domain of the Company

= Contracting, Construction Management

= Planning, Engineering, Architectural
Government, Local Authority

m Software Development for Construction Industry

= Building Material Trades

>

Size of the Company

= Micro (Less than 7 employees)

= Small (Between 7 and 250 employees)
Medium (Between 250 and 500 employees)

m Large (Between 500 and 1000 employees)

= Enterprise (More than 1000 employees)

Fig. 3. Participant profile in relation to the domain of the company and the size of the company.

profile. Therefore, the first three questions are
aiming to gather the contact information
(email) of the participant, the domain, and the
scale of the company that they are employed.
This way, it is possible to assess the methods
and tools in relation to the company profile.

Secondly, the questionnaire is divided into
two main parts. Similar to the chronology of
the application in the industry, the first part
focuses on the tools, methods and problems
related to QTO and cost estimation prior to the
construction site, whereas the second part is
focused on the cost control during the
construction phase. By asking the participants
about the tools and methods, it is possible to
understand the level of digitalization and
automation in this field, and the problems
related to this issue. Each of these sections is
then further divided into conventional
applications and BIM, thus giving further
information about the possible shortcomings
of BIM applications in cost management. BIM
here is used to describe a digital 3D model
and the information embedded in the
geometry.

The questionnaire is distributed through a
QR code, and it is presented to the company
representatives at Digital Bau Koln and
Karrieretag Bauwirtschaft Wuppertal.

4.2 Results of the survey

In total 20 responses are gathered from
various company representatives. The
participant profile is shown below (see Figure
3). 52% of participants are working at
companies with more than 1000 employees.
Such construction enterprises are compelled
to form internal systems to ensure team
collaboration in different locations. Especially
due to the regulations in place since 2017,
companies are compelled to use BIM systems
for projects with a budget over €100 million
[30]. So, hypothetically the use of BIM
integrated systems can be more commonly
found in enterprises compared to smaller
companies. However, the results do not show
parallelism to this hypothesis.

Selected questions regarding QTO, and the
cost estimation phase are presented below
with the distribution of responses (see Figure
4). It can be seen that most of the participants
are still working with PDF documents and 2D
CAD interfaces that they receive from
planning offices. This is a clear indication of
the lack of digitalization in the construction
industry as 2D drawings are not well suited to
be used within automized QTO systems.
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Another striking result is the most
significant issues that need addressing
according to the participants. The top three
issues are listed (see Figure 5):

e Human errors due to manual
processes,

¢ Quality of data exchange,

e The contradiction between
documents and/or drawings.

These issues are all rooted in the lack of an

Figure 8). When combined with the previous
questions, it is clear that there is still a large
gap in the industry for BIM tools in QTO and
cost estimation. The following section is
based on the results of the cost control part.
In this section similar questions regarding
tools, methods and problems in the cost
control phase are asked of the participants.
Selected results are presented below. The top
three issues that need to be addressed
regarding cost control are (see Figure 9):

automized system such as BIM.  Disruptions in the process,

When asked if data extracted from 3D e Changes in the duration of the
models / BIM models could be a solution to project,
the problems above, 52% of the participants e Lack of collaboration and isolated

strongly agreed, signalling the existing
motivation to benefit from digital tools in the
long run (see Figure 6).

More than half of the participants indicated
that they are not using any BIM software(s) for
QTO or cost estimation (see Figure 7 and

decision-making.

Data extracted from 3D models / BIM models could be a solution to the problems stated above.
17 responses

10.0

9 (52.9%)

7.5

5.0

2.5

3 (17.6%)

3 (17.6%)

0 {?%) 2 (11.8%)

0.0

1 2 3 4
Fig. 4. Participants' opinion regarding BIM as a solution to QTO and cost estimation.

What is the most significant issue that needs to be addressed regarding QTO?

17 responses

Lack of team communication a... 4 (23.5%)

The contradiction between doc... 7 (41.2%)
9 (52.9%)

8 (47.1%)

Human errors due to manual pr...
Quality of data exchange / Qua...
Ambiguities in standards / Unkl... 5(29.4%)
2 (11.8%)
2 (11.8%)

The contradiction between doc...

Quality of data exchange
1(5.9%)
1(5.9%)
1(5.9%)

Human errors due to manual pr...
Choice 3 is most

Lack of knowledge in skilled pe...

0 2 4 6 8 10

Fig. 5. Most significant issues that need to be addressed regarding QTO according to the
participants.
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Which tools(s) below is used for the QTO processes?
17 responses

PDF documents of the architec... 8 (47.1%)
2D CAD programs such as Aut...

3D model (IFC, Revit, Allplan,... 9 (52.9%)

PDF documents of the architec... 2 (11.8%)
2D CAD programs such as Aut...
3D model (IFC, Revit, Allplan,...

Backend Databases

0 2 - 6 8 10

Fig. 8. Distribution of tools used for QTO processes according to the participants.

Are you using BIM software(s) for cost estimation?
17 responses

® Yes
® No
Fig. 7. Use of BIM in cost estimation according to the participants.

Are you using BIM software(s) for QTO?

17 responses
® Yes
® No

Fig. 6. Use of BIM in QTO according to the participants.
construction | intemational
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Are you using BIM software(s) for cost control?
14 responses

@ ves
® No

Y

Fig. 10. Use of BIM in cost control according to the participants.
Data extracted from 3D models / BIM models could be a solution to the problems stated above.
13 responses

6

5 (38.5%)

4 (30.8%)

2 (15.4%)

1(7.7%) 1(7.7%)

1 2 3 4 5

Fig. 9. Participants' opinion regarding BIM as a solution to cost control.

What is the most significant issue that needs to be addressed regarding cost control?
13 responses

Disruptions in the process / Sté... 7 (53.8%)

Design liability / Gestaltungshaf... —1(7.7%)

Changes in the duration of the... 6 (46.2%)
Lack of collaboration and isolat... 6 (46.2%)

Inadequate design reviewing /... 1(7.7%)

Lack of knowledge or wrong un... 1(7.7%)
Lack of knowledge or wrong un... 1(7.7%)
Reliable baseline, Design chan... 1(7.7%)
0 2 o 6 8
Fig. 11. Most significant issues that need to be addressed regarding cost control according to the

participants.
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Different from the previous section of the
survey on QTO and cost estimation, BIM is
not mainly viewed as the solution to these
problems (see Figure 10). This may be due to
the scarcity of BIM use in cost control
processes (see Figure 11). 92% of the
participants state that they are not using any
BIM software(s) for cost control in their
company. It is not possible to comprehend the
benefits of automatization and to feel the lack
of such tools without seeing the practical use.

4.3 Discussion of the survey results

Looking at the graphs in the previous
sections, it is possible to make some
deductions regarding cost management in the
construction industry:

Along the process, use of 3D/BIM
models and viewing them as
solutions to current problems
decreases.

There is no correlation between the
size of the company and automation
in cost management.

VOB standard is used for QTO but no
common standard or methodology is
found for the next steps.

PDF files are still used commonly for
Quantity Take-off.

Excel is still heavily used in cost
control processes.

Problems regarding cost control are
well defined and agreed upon by the
participants.

The main problems regarding working
with BIM are:

Lack of skilled workers,

Model quality,

Lack of a common library for varying
companies,

Lack of specialists working on cost
control.

It is not easy to collect answers to
such a specialized poll as there are
not many people focused on cost
management, especially the cost
control part.

There are many solutions focused on
QTO and cost estimation, but very
few solutions on cost control.

5. Software Analysis

51 Aim

While being aware of the current
technology advancement rate, this chapter
intends to update software comparisons
regarding BIM 5D cost control solutions
directly related to facilitating the connection
between 3D building models and the budget
during the construction phase.

The final objective is to understand the
existing solutions in the market and the
similarities and differences between them
through the key features.

5.2 Definition of criteria

Based on past BIM 5D software analysis, a
more compact amount of criteria parameters
were defined to evaluate the scope of all
chosen software.

These criteria parameters comprehend
helpful uses across the pre-construction and
construction phase which is the focus of this
research.

Criteria parameters description

Field input interface: Capacity to
retrieve information from the ongoing
construction in a user-friendly
interface.

Model sharing data: Information flow
between model, budget, and cost
control sheets.

Support cloud applications:
connection to an online database
Interoperability: Facility of format
software exchange.

Value of completed activities:
Capacity to display cost progress per
activity.

Cost overrun alert system: Feature to
automatically generate a message to
people in charge regarding cost
control in the field and offices.
Monitoring use of resources: Cost
breakdown tracking included.
Automatic changes cost estimation:
Real-time quantification and updating
from the model to the budget.
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3D MODEL COST ESTIMATION AND CONTROL SOFTWARE USED IN CONSTRUCTION.

PROVIDER /software
5D

BEXEL / BEXEL
MAAGER

ACCA/
Primus

RIB/ITWO

Autodesk /
Navisworks

Construsoft /
VICO office

Causeway /
CATO suite

eField input interface: 0.5 0.5

1

eModel sharing data 1

1

eSupport cloud
applications:

ebhteroperability:

eMalue of completed
activities:

eBost overrun alert

system: 0.5

* Monitoring use of
resources:

eRutomatic changes

cost estimation: 1

ePashboard output

interface: 1

TOTAL 8

Fig. 12. Software comparison table.

e Dashboard interface: Complete

business intelligence reports in real-
time.

Criteria parameters evaluation

According to the completion of the criteria
parameters those who met 100% of the
requirement, are graded by “1”, partially
implemented with a mean of “0.5” and no
feature inside of the software related to the
criteria parameter is graded with “0”.

It is important to understand that many of
this software also need a plan of
implementation to accurately reach the
desired performance in each parameter
because often the input and output
information comes from different
professionals and standards which must be
synchronized with these digital tools to
provide a unique database which serves
construction managers and cost managers to
act and adjust more precisely the project
parameters in order to generate savings as a
return of the investment of the application of
such software.

As the total sum of points shows BEXEL
manager is the most complete option for
private providers to companies that want to
implement BIM 5D software in the
construction phase. Despite the large list of

features, it has a price for the single user of
2.400 € which means just a single part of
investment besides professional capacitation,
other necessary licenses, and extra time
invested in change management for new
workflows.

Finally, a tool that can meet all the
requirements in the parameters analysed in
the table above and still can be simple (user-
friendly), flexible and affordable for any
construction company regardless of its
earning size is still missing in the market. The
next chapter intends to show several
approaches which can fill this space.

6. Approach
As an outcome of the literature review, the
software comparison and the poll results, a
project is proposed. There are much fewer
existing solutions based on cost control
compared to QTO and cost estimation.
Therefore, the project focuses on a flexible
workflow that creates a solution regarding
cost control processes. The workflows of the
two approaches (private and open-source)
are presented below (see Figure 13 and
Figure 14).

The flow aims for a user-friendly input and
output interface that connects the cost
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engineer working on the construction site and
the client or project manager. This way, it will
be possible to create intuitive displays that
visualize the cost data on an IFC model or on
a Revit model.

6.1 Database

The data plugged in by the engineer is then
transferred to the database (see Appendix 1).

Excel and SQL are the best options for such
a task. However, SQL is chosen as it works
much more efficiently with relational tasks.
The database can later be used for further
applications when several project data are
embedded.

Private Approach
The data plugged in by the engineer is
going to be imported into Revit as Excel files.

Database

Input Interface

Output Interface

Data input by the cost engineer

Internal calculations to assign a cost status through ,Earned Value Analysis*

,Cost* parameter assignment to the objects
Creating a colored IFC model display with this parameter

Dashboard with colored IFC model display

Fig. 13. Open-source project workflow.

Data input from the field for a

Input interface .
cost engineer

COST INFORMATION INPUT

- EXCEL

Database cost status

— EXCEL

Internal calculations to assign advance

ADVANCE COST STATUS GENERATED

_ Visualization in Revit sheet with
Output interface

and Revit dashboard - REVIT

the color legend of advance status

Internal parameters were created for advance cost status and color status accordingly to
the input interface which updates automatically when any change happens during
construction.— REVIT & DYNAMO

o2l |

r 4 |

T\\ﬁw\w\w\wﬂ

Fig. 14. Private software project workflow.
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6.2 Parameter assignment to the
model

To display the cost status of the building
elements in a 3D model, it is necessary to
assign a new parameter to these objects. As
the cost parameter is not an existing IFC
entity, a custom property assignment is
needed. Currently, there are two working
systems in this regard, the first done using
open-source tools and the second using
licensed tools.

Open-Source Approach

Cost status is assigned according to the
comparison of “Actual Cost” and “Estimated
Cost” in the database. After assigning the cost
parameters, each IfcBuildingElement is given
a colour representing its cost status. Building
elements are coloured green if they are “under
budget”, blue if they are “on budget” and red if
they are “over budget” (see Appendix 2).

Private Approach

Through the graphical programming tool
Dynamo, the parameter for cost status is filled
from imported Excel tables.

6.3 Output interface

The final step of the project is to create an
output interface that the end user can utilize
easily. Such an output interface comes in the
form of a BIM-enabled dashboard which
allows the user to easily visualize the model
and corresponding cost-status to each
element of the building. The main goal was to
embed an IFC-viewer into the browser, which
could display the cost status in colours. For
this sake, a systematic approach was
implemented to list probable software
alternatives. Final filtering process lead to
three alternatives: (1) PowerBlI as an
interactive data visualization environment +
SeveUp as a BIM platform to import IFC data,
(2) IfcOpenShell as an open source software
library which allows working on IFC schema +
Jupyter Notebook as a web-based interactive
computing platform + Voila which turns
Jupyter notebooks into standalone web
applications for making a dashboard, and (3)
Autodesk Revit + Dynamo + Excel. Each of

following sections and eventually the decision
upon the optimal alternative is taken.

Alternative I: PowerBIl + SeveUp

Power Bl service is a secure Microsoft hosted
cloud service that lets users view dashboards,
reports, and other Power Bl apps. The idea
was to embed an IFC-viewer into a BIM
dashboard created on Power Bl. To achieve
such a goal, SeveUp App is an online platform
allowing BIM actors to simply access and
exploit BIM data and processes with data
visualization. A new project was created
containing the dashboard named “RDP BIM
DASHBOARD”, and the IFC model named
“SoftSkills_cost_color.ifc” was imported as
IFC 4 Reference View version for architecture.
Now the model is ready to be exported as pbit.
Extension which is supported by Power BI.

The file was then downloaded with the
name “Viewer-assets”, and opened with
PowerBI. After all properties, assets, asset
tree, QTO, and data service URL are
evaluated and loaded automatically, the
model was imported to the template.

After the model was loaded in Power BI
desktop, the following shortcomings were
observed:

1) Faulty in automatically importing
queries such as AssetTreeSpatial
which is the core for the IFC spatial
hierarchical structure for the model
according to BuildingSMART, as
shown in the figure below.

2) Colours assigned according to cost
status were not shown in the viewer.

After realizing these problems, it became
clear the necessity to look for another
alternative which can correctly import IFC
Schema and show the colours assigned to
each element according to cost status, which
is the main aim of this approach.

the three alternatives are thoroughly

discussed and investigated within the
construction | international
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IfcProduct i IfcSpace
L IfcProduct

14: IFC Spatial Tree showing model hierarchy.

Fig.

= SeveUp App O Tutorials W Language & Account
L
i
RDP BIM DASHBOARD
) BIM DASHBOARD
[J Tagname Version Name ifc converter status Scene status ~ Size Creation date .ifc version Action

[J Architecture 1 SoftSkills_cost_color.ifc Complete

Fig. 15: RDP BIM DASHBOARD created on SeveUp App Platform.

Untitled - Power Bl Desktop L0 Search
File Home Insert Modeling View Help Format Data / Drill
L @ & EBHE [ B2 [ dR[Aldz ar
Tcan 2l loAEH @ & 07 L \Z
- Get  Excel Data SQL Enter Dataverse Recent | Transform Refresh Text  More Publish
< Format painter  dataw workbook hubv data sources v datav box visualsv

|

ing Element Proxy
mn

lement

Assets Number

59

ObjectType number

10

[
A

Building Storey

Homepage | 4

Page 10f 1

Fig. 16: RDP BIM dashboard imported to Power Bl.
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In [6]: %load_ext autoreload
%autoreload 2

In [7]: import ifcopenshell
In [8]: from utils.JupyterIFCRenderer import JupyterIFCRenderer

viewer = JupyterIFCRenderer(m, size=(400,300))
viewer

Axes Grid Reset

W

m = ifcopenshell.open("C:/tools/Anaconda3/envs/carlosdias/lib/site-packages/ifcopenshell/softskills cost color.ifc")

15.80 530

Fig. 18: IFC viewer showing the model with colors denoting cost-status of each element.

Alternative Il: Jupyter Notebook +
IfcOpenShell

Jupyter Notebook is a web-based
interactive  computing  platform  which

promotes using IfcOpenShell as an open
source software library which allows working
on IFC schema. Jupyter Notebook was
installed using Anoconda, and by using
Anconda Powershell Prompt it was set to run
via localhost. After installing Pandas package
and other required packages, IfcOpenShell
library was added. The interactive viewer for
IFC models has been extended from Thomas
Paviots' JupyterRenderer and offeres a
number of functionalities. The viewer
component is used to import and show the
IFC model.

As can be seen from the above figure, the
model is displayed with colours corresponding
to cost status. Furthermore, cost data were
imported as JSON format and are ready to be
tabulated and accessed in the dashboard.

Using Folium made it possible to visualize
data in Python by generating an interactive
leaflet map. It enabled us pass rich
vector/raster/HTML visualizations as markers
on the map showing the location of the
building. The location was set to the RWTH
Construction and Robotics Reference Site.

Moreover, HTML header tags were added
to make the dashboard more appealing and
user friendly.

Using Voila enabled turning Jupyter
notebooks into standalone web applications
for making the dashboard. The output is

shown in the next figure. From this point
onwards, it became clear how this alternative
satisfied all the requirements by being able to
show the IFC model with intended colours and
having all data easily manipulated by Python.
The rest is a matter of styling and fixing the
layout for ease of accessibility for the user.

Alternative Ill: Excel + dynamo + Archi-
lab_Mandrill package

Using excel as a user input interface and
database simultaneously, all information
needed is summarized in collums where later
on a dynamo script will take that data to fill the
Revit model parameters to transform the
model into a real-life database. Then, with the
available filters for Revit visualization model
can be alerted with colours of overrun,
underrun or on budget legend. Finally using
the same data imported to the model with help
of a dynamo package called “Archi-
lab_Mandrill” the information is transformed
into the shape of a chart to be displayed in a
comfortable dashboard which shows the
principal stats of the advanced status of the
sample project.
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In [15]: dmport json

with open("C:/tools/Anaconda3/envs/carlosdias/lib/site-packages/ifcopenshell/costdata.json™) as f:
data=json.load(f)

In [16]: data

out[16]: {'IFCELEMENTS': [{'ID': '@el’
‘Mame': ‘Ifcwall’,
'Tasks': [{'ID': 'weel',
‘Mame': 'Brick Laying',
'Productivity’: s,
'QType': 'Netvolume',
‘Ratio’: 1,
"UoM": 'm3',
'Resources': [{'ID": 'Leel1',
'Name': 'Foreman',
'Quantity’: s,
'UnitPrice': 15,
‘UoM': 'hr',
‘Type': 'Labor'},
'ID': 'Lee2',
‘Name': 'Skilled Labor’,
'Quantity’: 20,
‘UnitpPrice’: 10,
‘UoM': ‘hr',

e o

3

—~

Fig. 19: JSON file for cost data imported to the dashboard.

In [2@]: |import folium
m = folium.Map(location= [508.775345,6.883857], zoom start=14)
folium.Marker(
[508.771450@, 6.868980], popup="<i>Reference Site</i>").add_to{m)
m
Out[28] mo7 |
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Fig. 20: An interactive map was generated to show the location of the building.
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In [2]: from IPython.core.display import display, HTML
display(HTML("<h1><center>RDP BIM DASHBOARD!</center></hi>"))

RDP BIM DASHBOARD!

In [3]: display(HTML( ' <p><h3><center>This is a BIM Visualization Dashboard made with Jupyter notebook & Voila</center></h3></p>"))
This is a BIM Visualization Dashboard made with Jupyter notebook & Voila
In [4]: display(HTML( <p><h4>The Dataset</ha></p>"))

The Dataset

Fig. 21: Adding HTML headers.

C O htipy/localhost:8866 Q

RDP BIM DASHBOARD!
This is a BIM Visualization Dashboard made with Jupyter notebook & Voila

The Dataset

IFCELEMENTS
0 {ID": 007", "Name’: ‘[fcWall', ‘Tasks™: [{'l...
1 {ID":°002, Name'’ ‘IfcColumn’, ‘Tasks® [{...
2 {1D': 003", "Name*: "HcSlab’, “Tasks": [{'l...
3 {ID"'005' ‘Name" 'lfcDoor', ‘Tasks" [{'..

4 {ID'006', 'Name": '[fcWindow’, ‘Tasks" [{..

{'IFCELEMENTS': [{'ID': '@@l’,

“Name®: 'Ifchall’,

‘Tasks': [{*ID': ‘Wea1’,
‘Hame®: 'Brick Laying',
‘Productivity’: 5,

"QType’: “NetVolume',

‘Ratio’: 1,

Uol': "m3,

‘Resources': [{'ID': 'Leal’,
*Name®: 'Foreman',
‘Quantity’: 5,
‘UnitPrice’: 15,

“UoM': “hr',

e % & = 0O

Fig. 22: Voila was used to convert a Jupyter Notebook into an interactive dashboard and display it
in a separate browser.

Fig. 23: Model displayed with dashboard charts with dynamo script included.
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6.4 Results

As a result of this study, the initial aim was
to achieve an open-source and flexible tool
that can be used by the shareholders in a
construction project. Currently, it is focused on
the cost control phase and the visualization of
cost status on an IFC model. However, it can
be further developed to encompass various
workflows. Additionally, with the private
software approach, it can be concluded that a
flexible tool such as Excel can be connected
to industry standard BIM tools to generate a
holistic and simple workflow for a construction
company of any scale.

The softskills approach has introduced new
means for exploiting BIM data and facilitating
a flexible workflow which creates a solution
regarding cost management processes. It
was clear from the first alternative for creating
a dashboard, section 6.3.1, the need for
certified |IFC software wherein robust
implementation and correct applications for
IFC2x3 and Coordination View 2.0 and IFC
Reference view. It was clear how some
software were not capable of importing the
correct IFC Schema. There raises the
necessity for standardization to enable the
entire built asset industry to improve the
sharing of information throughout the lifecycle
of a building, and to boost interoperability
between different disciplines, which is the
core aim of BIM and IFC.

It became obvious how the use of
IfcOpenShell library helped in building a digital
platform and tools for the built environment. It
allowed us to read, write and modify BIM
models using IFC and we expanded beyond
incorporating cost management and adding
another dimension to the BIM spectrum, and
by integrating other tools such as Jupyter
Notebook and Voila, the dashboard was made
possible and is to be even more improved in
the near future by analysing more data and
making it more user-friendly. It is then decided
upon Alternative Il as the optimal and most
feasible, considering the points stated above.

7. Conclusion

A meticulous cost management approach is
essential for construction, given the impact
the construction industry has on the world
economy. Through an analysis of the state of

the art in cost management, this study
presents possible solutions in various
construction phases with BIM. It is a necessity
to improve the cost management processes of
construction projects to make quicker
decisions and make timely adjustments to the
project's performance. By doing so, major
delays and overspending can be avoided. For
this reason, concepts related to cost
management in construction are introduced,
poll results conducted with construction firm
representatives are presented, the state of the
art is discussed, and an approach is derived
accordingly.

Even though there are many solutions for
the pre-construction cost management
phases of QTO and cost estimation, there are
only a few solutions regarding cost control.
Therefore, the application phase of this study
focuses on cost control solutions, and it aims
to create a mutual interface for construction
site cost engineers and the end users such as
clients or project managers. There are several
studies are focusing on cost control, but it is
possible to observe the lack of an integrated
open-source solution with a flexible and user-
friendly interface. As a result of the approach
in this paper, an integrated system that can
present the required information for decision-
making in a single dashboard is created. The
dashboard includes a 3D model coloured
according to the cost status of the building
elements in the database. Additionally, a
private software approach is also applied to
experiment with two different methodologies.
As both of them are still in progress, there is
ample room for improvement.

One of the main challenges was finding
participants for the poll, especially engineers
or architects who could answer the questions
related to cost control. This is due to the fact
that there are fewer professionals specializing
in this particular field. The number of
participants must be increased in future
studies so that more solid deductions can be
made.

Another challenge was the acquisition of
realistic data that can represent all the
aspects of a project in the industry. A sample
BOQ is obtained from a German construction
company alongside an IFC model. However,
BOQ has turned out to be very complicated
(1000 pages long only for shell construction)
and often independent of the building
elements in the IFC models, making it
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inefficient to use it for the approach in this
paper. Therefore, a simpler sample project is
considered to be adequate for the purposes of
this study at this stage.

The third biggest challenge was visualizing
the model with the desired colours. It has
been possible to display the model in the
assigned colours only after removing the

[7]

[8]

A. A. Aibinu and G. O. Jagboro, "The
effects of construction delays on
project delivery in Nigerian construction
industry," International journal of
project management, vol. 20, no. 8, pp.
593-599, 2002.

Z. Shehu, I. R. Endut, A. Akintoye and

" . ) G. D. Holt, "Cost overrun in the
IfcSurfaceStyleRendering" entity from the Malaysian construction industry
model as it overrides any visual preference. projects: A deeper insight.."

In the future, a real-life project with a International  journal  of  project

detailed BOQ, construction site receipts and a
connected IFC model needs to be obtained
from a contractor company. This way, a
further prototype can be derived using a more
realistic database.
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Appendix
Appendix 1

Database_ 01

import ifcopenshell
import json

from pprint import pprint
from qty import *

import sqlite3

connector=sqlite3.connect('Data/CostManagement.db')
curs=connector.cursor()
curs.execute("" CREATE TABLE IF NOT EXISTS Summary (
"ElementID" INTEGER,
"IfcRef" TEXT,
"Name" TEXT,
"GulD" TEXT,
"PlannedValue" DOUBLE,
"ActualValue" DOUBLE,
"Currency" TEXT,
PRIMARY KEY("ElementID" AUTOINCREMENT))""")

curs.execute("DELETE FROM Summary ")

with open('Data/costdata.json’) as f:
data=json.load(f)
datas=data['IFCELEMENTS']

model=ifcopenshell.open("Data/DSSRDP(Schema4).ifc")
MonetaryUnit=model.create_entity('lfcMonetaryUnit',Currency="EUR")

def new_cost_val(valname,val):

new_val=model.create_entity('lfcCostValue',AppliedValue=model.create_entity('lfcMeasureWithUnit',\

ValueComponent=model.create_entity('lfcMonetaryMeasure',val),UnitComponent=MonetaryUnit))
return new_val

for d in datas:
ename=d['Name']
elements=model.by_type(ename)
tasks=d['Tasks']
for element in elements:
grandtotal=[]
for task in tasks:
t=model.create_entity('lfcTask',Globalld=ifcopenshell.guid.new(),Name=task['Name'],Status="Not
Complete')
resources=task['Resources']
#get quantity of element
definitions=element.IsDefinedBy
for definition in definitions:
if definition.is_a()=="IfcRelDefinesByProperties":
property_definition=definition.RelatingPropertyDefinition
if property_definition.is_a()=="lfcElementQuantity":
quantities=property_definition.Quantities
for quantity in quantities:
if quantity.Name==task['QType']:
if task['QType']=="NetVolume":

newQ=model.create_entity('lfcQuantityVVolume',Name="Volume',VolumeValue=quantity.VolumeValue*task['Ratio']
)
if task['QType']=="NetSideArea":

newQ=model.create_entity('IfcQuantityArea’,Name='Area’,AreaValue=quantity.AreaValue*task['Ratio"])
if task['QType']=="OuterSurfaceArea":
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newQ=model.create_entity('lfcQuantityArea’,Name="'SurfaceArea’,AreaValue=quantity.AreaValue*task['Ratio")
break
elif task['QType']=="Weight":

newQ=model.create_entity("IfcQuantityWeight",Name="Weight',WeightValue=qty.netvolume(element).VolumeVal
ue*task['Ratio'])

elif task['QType']=="Each":
newQ=model.create_entity("IfcQuantityCount",Name='Count',CountValue=1*task['Ratio'])
values=[]
for resource in resources:
unitcost=resource['Quantity'T*resource['UnitPrice')/task['Productivity']
monetarymeasure=model.create_entity('IfcMonetaryMeasure',unitcost)

MeasureWithUnit=model.create_entity('lfcMeasureWithUnit',ValueComponent=monetarymeasure,UnitComponen
t=MonetaryUnit)
val=model.create_entity('lfcCostValue',Name=resource['Name'],AppliedValue=MeasureWithUnit)
values.append(val)
resources=task['Resources']

c=model.create_entity('lfcCostltem’,Globalld=ifcopenshell.guid.new(),Name=t.Name,CostValues=values,CostQu
antities=[newQ])

#link cost item to element

model.create_entity('IfcRelAssignstoControl',Globalld=ifcopenshell.guid.new(),RelatingControl=t,RelatedObjects=
[c])

model.create_entity('IfcRelAssignsToProduct’,
Globalld=ifcopenshell.guid.new(),RelatingProduct=element,RelatedObjects=[t])

gradntotal=[]

totalval=[]

for x in c.CostValues:

totalval.append(x.AppliedValue.ValueComponent.wrappedValue)

if c.CostQuantities[0].is_a()=="IfcQuantity\VVolume":
quan=c.CostQuantities[0].VolumeValue

if c.CostQuantities[0].is_a()=="IfcQuantityWeight'":
quan=c.CostQuantities[0]. WeightValue

if c.CostQuantities[0].is_a()=="IfcQuantityArea":
quan=c.CostQuantities[0].AreaValue

if c.CostQuantities[0].is_a()=="lIfcQuantityCount":
quan=c.CostQuantities[0].CountValue

totalcost=sum(totalval)*quan
grandtotal.append(totalcost)

print(f"Total cost of {task['Name']} for {element.Name} is {totalcost}")
print(f"Total cost of {element.Name} with guid {element.Globalld} is {sum(grandtotal)}")
row=[]
row.clear
row=[(element.is_a(),element.Name,element.Globalld,sum(grandtotal),0,"EUR")]
curs.executemany("INSERT INTO Summary (IfcRef,Name,GulD,PlannedValue,ActualValue,Currency)
VALUES (?,?,7,?,2,?)", row)

curs.execute("SELECT SUM(PlannedValue) FROM Summary")
print(curs.fetchone())

connector.commit()
connector.close()
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Database_ 02

import ifcopenshell

class qty():
def __init__(self):
pass

def netarea(element):
definitions=element.IsDefinedBy
for definition in definitions:
if definition.is_a()=="IfcRelDefinesByProperties":
property _definition=definition.RelatingPropertyDefinition
if property_definition.is_a()=="lfcElementQuantity":
quantities=property_definition.Quantities
for quantity in quantities:
if element.is_a()=="lfcWall":
if quantity.is_a()=="lIfcQuantityArea' and quantity.Name=='"NetSideArea"
break
if element.is_a()=="IfcColumn":
if quantity.is_a()=="lfcQuantityArea' and quantity.Name=='OuterSurfaceArea"
break
return quantity

def netvolume(element):
definitions=element.lsDefinedBy
for definition in definitions:
if definition.is_a()=="IfcRelDefinesByProperties":
property_definition=definition.RelatingPropertyDefinition
if property_definition.is_a()=="lfcElementQuantity":
quantities=property_definition.Quantities
for quantity in quantities:
if quantity.is_a()=="lfcQuantityVolume' and quantity.Name=="'NetVolume":
break
return quantity

def perimeter(element):
definitions=element.lsDefinedBy
for definition in definitions:
if definition.is_a()=="IfcRelDefinesByProperties":
property _definition=definition.RelatingPropertyDefinition
if property_definition.is_a()=="lfcElementQuantity":
quantities=property_definition.Quantities
for quantity in quantities:
if quantity.is_a()=="lfcQuantityLength' and quantity.Name=='Perimeter":
break
return quantity

def width(element):
definitions=element.IsDefinedBy
for definition in definitions:
if definition.is_a()=="IfcRelDefinesByProperties":
property _definition=definition.RelatingPropertyDefinition
if property_definition.is_a()=="lfcElementQuantity":
quantities=property_definition.Quantities
for quantity in quantities:
if quantity.is_a()=="lfcQuantityLength' and quantity.Name=="Width'":
break
return quantity
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Appendix 2

Python code that works with IfcOpenShell library to pull the data from the database and
assign colors to the building elements in the IFC file accordingly.

Main

from assign_cost_status import pull_data
from visualize import coloring

ifc_file_path = r'Data/SoftSkills.ifc'
export_path = 'Data/SoftSkills_cost.ifc'
export_path2 = 'Data/SoftSkills_cost_color.ifc'
data_file_path = "Data/CostManagement.db”

this_list = pull_data(data_file_path, ifc_file_path, export_path)
coloring(export_path, export_path2, this_list[0], this_list[1], this_list[2])
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Assign Cost Status

import ifcopenshell

from ifcopenshell import file
import pandas as pd
import sqlite3

def pull_data(data_file_path, ifc_file, export_path):
index =0

# Read sqlite query results into a pandas DataFrame
con = sqlite3.connect(data_file_path)
df = pd.read_sql_query("select * from Summary", con)

df.head()

Array2d_result = df.values
cells_status =]

cells_id =]

color_factor =]

# Label each building ID with a cost status according to the data in the database
foriin range(len(Array2d_result)):
cells_id.append(Array2d_result[i][3])
if (Array2d_result[i][4] - Array2d_result[i][5]) < Array2d_result[i][4] * (-0.05):
cells_status.append("OVER BUDGET")
color_factor.append(float(Array2d_result[i][4]/Array2d_result[i][5]))
elif ((Array2d_result[i][4] * (-0.05)) < (Array2d_result[i][4] - Array2d_result[i][5]) < (Array2d_result[i][4] *
0.05)):
if (Array2d_result[i][4] - Array2d_result[i][5] > 0):
color_factor.append(Array2d_result[i][5]/Array2d_result[i][4])
else:
color_factor.append(float(Array2d_result[i][4])/Array2d_result[i][5])
cells_status.append("ON BUDGET")
else:
cells_status.append("UNDER BUDGET")
color_factor.append(float(Array2d_result[i][5])/Array2d_result[i][4])

#read ifc file and get all the building elements into an array
ifcfile: file = ifcopenshell.open(ifc_file)
products = ifcfile.by_type("IfcBuildingElement")
owner_history = ifcfile.by_type("lfcOwnerHistory")[0]
building_elements =[]
for i in products:

building_elements.append(i)
toDelete = ifcfile.by_type("lfcSurfaceStyleRendering")
for a in toDelete:

ifcfile.remove(a)

#cross-reference the model and the excel values
for i in building_elements:
for jin cells_id:
if j == i.Globalld:
property_values = [
ifcfile.createlfcPropertySingleValue("Cost Status", "Cost Status”,
ifcfile.create_entity("IfcText",cells_status[index]), None),]

#assign the properties according to the excel table
property_set = ifcfile.createlfcPropertySet(i.Globalld, owner_history, "Cost Status ", None,
property_values)
ifcfile.createlfcRelDefinesByProperties(i.Globalld, owner_history, None, None, [i], property_set)
index = index + 1
#export
ifcfile.write(export_path)
return cells_status, cells_id, color_factor
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Visualize

from ifcopenshell import file

import ifcopenshell.util.schema

import assign_cost_status

from assign_cost_status import pull_data

def coloring(export_path, export_path2, cells_status, cells_id, color_factor):
shapes =[]

# pull the exported ifc with cost parameters
ifcfile: file = ifcopenshell.open(export_path)
products = ifcfile.by_type("lfcBuildingElement")

for p in products:
try:
shapes.append(p.Representation.Representations)
except:
shapes.append(0)

# color building elements according to their cost status
for i in range(len(products)):
for y in range(len(cells_id)):
if products]i].Globalld == cells_id[y]:
if shapes]i] != 0:
if cells_status[y] == 'ON BUDGET"
IfcColourRgb_Blue = ifcfile.createlfcColourRgb('blue’, 0.1, 0.1, color_factor[y])
IfcSurfaceStyleShading = ifcfile.createlfcSurfaceStyleShading(lfcColourRgb_Blue, .0)
IfcSurfaceStyle = ifcfile.createlfcSurfaceStyle(IfcColourRgb_Blue.Name, "BOTH",
(IfcSurfaceStyleShading,))
Assign = ifcfile.createlfcPresentationStyleAssignment((IfcSurfaceStyle,))
for s in range(len(shapesii])):
items = shapes]i][s].ltems
for item in items:
IfcStyledltem = ifcfile.createlfcStyledltem(item, [Assign], 'Label_On-Budget')
elif cells_status[y] == 'OVER BUDGET":
IfcColourRgb_Red = ifcfile.createlfcColourRgb('red’, color_factor[y], 0.1, 0.1)
IfcSurfaceStyleShading = ifcfile.createlfcSurfaceStyleShading(lfcColourRgb_Red, .0)
IfcSurfaceStyle = ifcfile.createlfcSurfaceStyle(IfcColourRgb_Red.Name,
"BOTH",(IfcSurfaceStyleShading,))
Assign = ifcfile.createlfcPresentationStyleAssignment((IfcSurfaceStyle,))
items = shapes]i][0].ltems
for s in range(len(shapesii])):
items = shapes]i][s].ltems
for item in items:
IfcStyledltem = ifcfile.createlfcStyledltem(item, [Assign], 'Label_Overrun')
else:
IfcColourRgb_Green = ifcfile.createlfcColourRgb('green’, 0.1, color_factor[y], 0.1)
IfcSurfaceStyleShading = ifcfile.createlfcSurfaceStyleShading(IfcColourRgb_Green, .0)
IfcSurfaceStyle = ifcfile.createlfcSurfaceStyle(IfcColourRgb_Green.Name,
"BOTH",(IfcSurfaceStyleShading,))
Assign = ifcfile.createlfcPresentationStyleAssignment((IfcSurfaceStyle,))
items = shapes]i][0].ltems
for s in range(len(shapesli])):
items = shapesli][s].ltems
for item in items:
IfcStyledltem = ifcfile.createlfcStyledltem(item, [Assign], 'Label_Under-Budget')

ifcfile.write(export_path2)

return()
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