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Abstract. This study examines problem of the management of design changes caused by the complexity of the design
process and the lack of knowledge of all aspects of the design dependencies. This paper addresses the subject of design
changes management in the context of a multidisciplinary collaborative environment of Building Information Modelling (BIM).
Due to evolving role of BIM in designing of building projects and the increasing complexity of the design process a need to
develop change management based on BIM methodology aroused. The application of BIM to construction projects has the
potential to enhance the quality of information provided for making critical design decisions. Trusted change propagation
is the key for successful change management. Paper describes developed method to predict the propagation of change through
the building information model and provides the concept of visual technology to help designers to predict the change in the
construction industry. The developed method includes the use of parameter-based Design Structure Matrix (DSM) as a tool
for predicting change propagation. The novelty of research is the proposed integration of DSM with BIM to support the visual
representation of predicting change within BIM. Case study demonstrates the possibilities of method in BIM environment.

Keywords: design change management, predicting change, change propagation, visualizing change propagation, Build-

ing Information Modelling (BIM), Design Structure Matrix (DSM).

Introduction

Change orders in construction industry are inevitable as it
is hardly probable to deliver a project without any chang-
es during both the design and implementation phases and
this is reflected in the performance of the project in terms
of cost, time and quality. Change is a complementary part
of building design as the design process is repetitive in its
nature and includes the investigation of many alternative
solutions and impacts. An integrated or whole building
design process involves analysis of the energy-related im-
pacts and interactions of all building components, includ-
ing the building location, structures, envelope, heating,
HVAC, DHW, lighting, controls, and equipment and as
well the impact of occupancy characteristics (Martinaitis
et al. 2015). In spite of this, the cooperation of architects,
engineers and constructors is very important during prep-
aration of building design project and during the imple-
mentation phase. Unfortunately, due to the large number
of participants the construction industry is characterized
as a conservative and these results in fragmented deci-
sion-making process, innovation avoidance and missed
opportunities (Motuziené ef al. 2016).

Studies have demonstrated that managing informa-
tion flow is one of the critical aspects that affect the effi-
ciency of the construction project, and even of the whole
building lifecycle (Dave et al. 2016). Study of Derakh-
shanalavijeh and Teixeira (2017) revealed that improper
planning and frequent design changes are among other
main causes of cost overrun in construction industry. For
that reason, efficient management of design changes is
very necessary for the successful delivery of construc-
tion projects.

Building Information Modelling (BIM) is a novel
technology in building design, based on parametric mod-
elling, and a concept that intends to solve many problems
related to design changes and data transfer to construction
stage. During the construction phase, BIM engineers and
managers, typically from the general contractor, execute
BIM-related work but rarely share updated change in-
formation about as-built BIM models with other project
and BIM engineers. Tracking and managing change infor-
mation for as-built models effectively can improve BIM
process management in construction, thereby eliminating
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mistakes (Lin e al. 2016). BIM supports an increase in
concurrency and the possibility for faster design itera-
tions by increasing the ease of accessing, modifying and
sharing design data. Otherwise, this has potential to cre-
ate more engineering change and its propagation because
of increased dynamic complexity in the overall design
process; therefore, there will be a greater need to manage
change effectively.

In complex systems where all parts are closely
linked, changes to one part of a system are highly likely
to result in a change to another part, which in turn can
propagate further (Eckert er al. 2004). The greater the
connectivity between systems, the greater is the chance
that a change to one system leads to changes in other
systems. Multiple changes can have interacting effects on
other systems. This makes managing change processes a
challenging problem. A denser network of dependencies
between disciplines mainly causes the complexity of the
design process. Therefore, the changes to one component
can propagate through this network in several ways and
affect components that are not directly linked to the initi-
ating component. Understanding these direct and indirect
links is essential for exact change risk assessment and
successful change management. Only when the impact of
a change has been predicted, the time, cost, and resources
can be allocated.

Despite the great advantages of BIM in the detection
of conflict, alerts and propagating changes in the mod-
el, editing objects and reloading updated links, the BIM
tools support the management of change after it has been
initiated. These tools do not foresee the spread of change
and its impact, but they are merely tools to support the
management of its execution.

This study examines problem of the management
of design changes caused by the complexity of the de-
sign process and the lack of knowledge of all aspects
of the design dependencies. Authors propose a method
for predicting the effects of change in BIM environment.
This method is based on modelling the change within the
BIM, by using parameter-based design structure matrix as
tool to represent relations of the dependencies between
the design parameters in a way that will support a series
of changes within the collaborative BIM environment.
Study also provides the approach for visual representa-
tion of effects and propagation of change within BIM
environment.

Proposed method will allow predicting the spread of
change within the BIM environment in order to mitigate
risks related to non-accurate assessment of the impact of
design changes through correct modelling for the project
and tools to represent dependencies, which can be inte-
grated with BIM to support the visual representation of
the predicted change in the construction industry.

1. Literature review

The application of BIM to construction projects has the
potential to enhance the quality of information provid-
ed for making critical design decisions (Dowsett, Harty
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2013). However, the highly fragmented design and con-
struction process when differentiated stakeholders with
disparate approaches participate make interdisciplinary
work difficult at early stages of design.

A number of empirical studies to ascertain the im-
portance of change in the design and development pro-
cess presented recently. The results of many BIM appli-
cation cases revealed clear improvement in engineering
design quality, in terms of error-free drawings, and stead-
ily increasing improvement in labour productivity (Sacks
et al. 2010; Poirier et al. 2015); improved quality of work
(Davies, Harty 2013); reduction of whole optimization
process time (Asl et al. 2015); reduced energy consump-
tion (Azhar et al. 2011); improved error prediction (Wang
et al. 2016) and identification (Lee et al. 2012). Suermann
and Issa (2009) assessed perceptions about the impact
of the implementation of BIM on construction projects.
Study revealed that more than 50% respondents pointed
out that BIM applications in construction projects im-
proves quality (87.7%), cost (83.7%), schedule (82.8%),
productivity (74.9%), and safety (53.7%) issues in com-
parison with non-BIM projects. The McGraw Hill (2009)
basing on an internet survey of 2,228 responses of ar-
chitects, engineers, contractors and owners reported that
77% of users perceived a positive ROI on their invest-
ment, 87% were experiencing a positive ROI and 93%
believed there is more value to be realized in the future.

However, a few research efforts have made to un-
derstand the change management systems in the context
of a BIM information model. Study by Lee et al. (2012)
revealed that missing items were very likely to be iden-
tified without using BIM, whereas illogical design and
discrepancies between drawings were relatively difficult
to detect without using BIM. In the case of illogical de-
sign, almost 30% of errors were categorized as errors that
had less than 25% likelihood of being identified without
using BIM.

Although the potential benefits of BIM are clear, its
integration in design and construction processes requires
tenacity as well as careful planning and control. A variety
of problems has occurred in many cases, including loss
of data, difficulty in communication, and poor work ef-
ficiency (Oh et al. 2015). The difficulties experienced in
exchanging information between architectural and precast
engineering modelling systems (Sacks et al. 2010). The
lack of effective design collaboration between the con-
struction site and the off-site design office often leads to
information delays in the design and construction pro-
cesses, as well as confusion among different parties in-
volved in these processes (Lin ef al. 2016).

The advanced role for BIM in the construction in-
dustry made a need to understand better the requirements
of change management in the BIM environment. A num-
ber of studies worked to address this need through evalu-
ation of the effectiveness of the BIM-based system and its
tools in design changes by indicators (Giel, Issa 2013), or
by using questionnaires (Shourangiz et al. 2011). In addi-
tion, some researchers have treated change management
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issues by 4D or 5D models, which integrates time and
cost in addition to 3D geometry, e.g. Jongeling and Olof-
sson (2007) suggested location-based scheduling though
planning of workflow and integration with 4D CAD de-
sign models.

Apart from the BIM, one method to assist engi-
neering change management is prediction of its impact.
The problem of design change propagation prediction is
more often arise in industry were changes in the complex
product design can generate significant impacts on the
product development cycle. The problem of prediction
of change propagation was analysed in various industry
design cases. Researchers suggested a number of predic-
tion tools based on the concept that change propagates
between elements through the linkages between them.
Sun et al. (2006) suggested tools to predict change events
within the organizational approach based on the depend-
ency relationships between these main elements: 1) pro-
ject characteristics that lead to the change; 2) causes of
the change; 3) the likelihood of change occurrence; and
4) the change consequences. Based on a detailed case
study, Eckert et al. (2004) presented a comprehensive
analysis of the problems and processes associated with
product change in the aerospace industry. Li ef al. (2012)
developed the process model and simulation algorithms
for change propagations in the motor cycle engine de-
sign process. Ma et al. (2016) proposed design change
analysis model (DCAM) that enables quantifying the
change propagation impact and applied it for mechani-
cal product development. Shankar et al. (2012) analysed
change records of original equipment manufacturers and
concluded that 32.4% of the total changes were due to
propagated changes. They found that 77.0% of changes
were due to internal reasons, while the remaining 23.0%
were external. The majority of reasons for these propa-
gated changes include document error rectification such
as drawing errors, incorrect introduction date, and design
error rectification such as design limitations. The findings
indicated nearly one-third of time spent by the engineers
can be reduced by developing appropriate controls during
the change release process.

Since change propagation causes uncertainty in de-
sign time, cost, and quality, thus needs to be predicted
and controlled. Therefore, it is necessary to find the most
optimal path for design changes to propagate along in
order to reduce their impacts on the design process as
much as possible. Different methods and tools trying to
model change propagation and support change prediction
and analysis have been developed during the last dec-
ade. Some tools use the network of elements (i.e. sys-
tems, components, or attributes) linked by dependences
(i.e. structural, behavioural, and functional parameters)
to support causal change propagation analysis and deci-
sion making (Hamraz et al. 2013). Others apply change
propagation algorithms to support change prediction and
based on numerical algorithms, which use quantified di-
rect linkages between the elements to calculate the spread
of changes across the network.
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To forecast indirect change propagation the Change
Prediction Method (CPM) has been developed by Clark-
son et al. (2004). CPM computes the risk of change
propagation between components within Design Struc-
ture Matrices (DSMs). In the first stage of this approach,
two numerical DSMs capturing the likelihood and im-
pact of change propagation between directly connected
components are elicited through experience-based esti-
mations from domain experts. The direct risk of change
propagation is defined as the product of direct likelihood
and direct impact. In the second stage, the combined risk
of change propagation is calculated using a numerical
search-based algorithm. The combined risk is the sum of
the direct risk and indirect risk, which considers change
spreading via intermediate parts. In the third stage, dif-
ferent stakeholders, e.g., the management, product design
and development, sales and marketing, quality control,
assembly, mechanical engineering, and manufacturing,
to support decisions, can use the combined risk matrix.

DSMs have been used as the basis for modelling
change propagation in complex design systems, by sup-
plying the basic matrices with the likelihood of a change
propagating and with the impact on the element. Zhao
et al. (2008) used an activity-based DSM to model the
information flows in a construction project and applied a
Monte Carlo simulation algorithm to explore the probable
rework of activities.

Current engineering change propagation models
map the product connectivity into a single-domain net-
work and model change propagation as spread within this
network. Those models miss out most dependencies from
other domains and suffer from “hidden dependencies”.
Hamraz et al. (2012) proposed the function-behaviour-
structure (FBS) linkage model, which combines concepts
of both the function-behaviour-structure model with the
CPM.

Visualization methods were also used to represent
the effects and propagation of change, where the effects
can be visualized through networks or propagation trees
(Keller et al. 2005). These networks represent the de-
pendencies between the elements. The elements can form
nodes in different domains, edges represent dependencies
(inter or intra domain). The length of the edges can char-
acterize different information, such as the combined risk
or the shortest path.

In order to avoid changes to expensive subsystems
change prediction can be used to support preventive de-
cision-making and in planning project activities (Ham-
raz et al. 2012). Furthermore, change prediction can help
at the tendering stage to estimate the cost of customiza-
tion or modification of products. Whilst a number of ap-
proaches exist, which are able to predict change, there is
still need for developments able to support the change
management within BIM environment and enable visual
representation of predictions.
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2. Research methodology

The specific methodology of this study is based on a lit-
erature review, a case study and face-to-face interviews
(Table 1). Literature review was made having the aim to
identify the change management methods that can inte-
grate with the BIM tools. Selected change management
methods described in Sections 2.1 and 2.2 applied in case
study to illustrate change propagation in the context of
BIM information model. Case study presented in Sec-
tion 3 examines change management in the context of a
multi-disciplinary collaborative BIM environment during
the design stage. Additionally, to collect the data that is
related to dependencies of design components and to deter-
mine the probability of change, the face-to-face interviews
were conducted. As a result, a change model based on BIM
was developed.

Table 1. Research framework of this study

lé/fjgg Purpose Outcomes
Literature | Identify change Using parameter-based
review management methods | DSM to represent
that can integrate with | the dependencies and
the BIM tools. CPM algorithm to
calculate the likelihood
of change.
Case Understand the change | Modelling of change
study management systems | based on change
in the context of BIM | management systems
information model. within the BIM.
Face- Collect data that is Developing an
to-face related to dependencies | information model for
interviews | of design components | management of design
and probability of changes.
change.

2.1. Parameter-based DSM

In 1981, DSM was introduced as a management tool by
Steward (1981). It represents a system or a project and
it allows the representation of the repetitive task depend-
encies in it, also DSM is a platform to analyse change
propagation data, based on combined component links
(Keller ef al. 2005). DSM can represent dependencies at
different design levels such as component, team, activity,
parameter, etc. (Browning 2001).

Currently, BIM has strongly changed design and
documentation methodologies. So, it has become neces-
sary to identify new levels appropriate for representing
information for DSM. Parameter-based DSM analyses
design process at the level of design parameter relation-
ships. Its applications include low-level activity sequenc-
ing and process construction, and sequencing of the de-
sign decisions.

The design of buildings is described as repetitive op-
erations, and design changes, which are actually achieved
at the lower levels (parameter level), as well as paramet-
ric BIM let to use parameter-based DSM in modelling
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the process of change and employing it as a platform to
analyse change propagation data.

2.2. Prediction of engineering change propagation

Several algorithms to expect indirect change propagation
have been developed, such as the CPM (Clarkson et al.
2004). CPM is a technique for calculating the combined
risk, and uses a product of probability and impact of
change, where DSM is provided with probable values of
the occurrence and impact of the change. The likelihood
of change is the average probability that a change in the
design of one component will lead to a design change in
another by propagation across the links between them.
The impact is the average ratio of design work that will
need to be redone if the change propagates. For example,
a change in the design of beams may affect the redesign
of 30% of the design of the columns.

A series of change propagation is generated by trans-
mitting the influence of change from one component to
another. The combined influence of change is defined as
the sum of the direct and indirect effects. Figure 1 shows
the difference between the two types of dependencies,
and Figure 2 illustrates routes of propagation tree be-
tween sub-systems a and b.

The original algorithms used in the CPM tool
(Clarkson et al. 2004) calculated the combined likeli-
hood through a method that tracked each possible route
that could be followed from an initiating component to
a specific affected component. The combined likelihood
algorithm (see Fig. 3) built basing on propagation tree
illustrated in Figure 2. In combined likelihood algorithm
Iy, denotes direct likelihood between a and b; lba(bda)

Initiating Component

- al|b|cld|el|f

% al- | X|X Direct dependency:
S x[- T [x[x[x a—b

}Z c|X - X| X

g dl X|x|x]|- X | Indirect dependencies:
e | e X|X]|-1]X a—d —b

< fIX|x|x|x|x]- a—f—b

Fig. 1. Direct and indirect dependencies (adapted from
Clarkson et al. 2004)

a Initiating change

Step 1
. A partial change Step2
propagation tree - gyap 3
| fora=hb

" Stepd

b Affected sub-system  StepS

Fig. 2. A partial change propagation tree (adapted from
Clarkson et al. 2004)
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Lpa =1 = ((1 = Ipa) * (1 = byagvaay) * (1 = lbaqora))
=1— (A= lye) * A = lpg * lag) * (1 = Ly * Lgq)

Fig. 3. Combined likelihood algorithm

denotes likelihood between a and b through track (bda);
lba(bfa) denotes likelihood between a and b through track
(bfa), and combined likelihood between a and b marked
as Ly, .

This research utilises presented algorithm to calcu-
late the combined likelihood of change propagation from
one component to another. Research deals with a realistic
representation of the changed elements; the affected ele-
ments are the associated elements within the virtual BIM
environment (i.e. there is possibility within BIM model to
show, which columns will need to be redone if the change
propagates). Proposed approach do not consider the prob-
able values of the impact of the change, but consider the
dependent relations between components within BIM, as
well as the proportion of the likelihood of change.

3. Case study

Case study analyses the commercial building project, and
examines change management in the context of a multi-
disciplinary collaborative BIM environment during the
design stage.

This project was designed by using a Revit as one
of the strongest design programs that rely on BIM. The
project design team consists of architects, structural en-
gineers and MEP (Mechanical, Electrical, and Plumbing)
engineers. The coordination process of changes in infor-
mation models was observed in design sessions. Numer-
ous examples of changes encountered and BIM models
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related to these changes were discussed and reviewed

with the design engineers. This gave the opportunity to

understand the change management systems in the con-
text of BIM information model.

The basic reliance was made on detailed interviews
with the professional designers in order to develop a
change model based on BIM and to collect data related
to dependencies of design components and probability
of change. During the data collection process, it was ob-
served that even professional designers had not enough
knowledge about all aspects of the design. Collected data
used to develop a model for management of design chang-
es by using parameter-based design structure matrix.

The change prediction within BIM environment was
done in following steps (see Fig. 4):

1. Modelling of change based on change management
systems within the BIM. On this step, the compo-
nents of change management systems within the
BIM environment are defined.

. Developing information model by using the param-
eter-based DSM to represent the relationships be-
tween design parameters in order to form the basis
to analyse change propagation data.

3. Determining the elements affected by change within
dependencies of BIM and calculating the likelihood
of their change, using the CPM methodology.

. Representing the change visually by integration of
DSM with BIM programmatically.

3.1. Modelling of change based on change
management systems within the BIM

During this step, the design references within BIM model
and the design changes files were used. Based on ob-
servation of component parameters changes in the BIM
model and with the assistance of design engineers in the
company, component parameters have been grouped in
groups called Changed Component Attributes, these at-
tributes are component’s geometry, position and speci-
fications.

It was also noted that the changes in some of com-
ponent attributes caused automatic changes in others by

Step 1. Defining the components of

change management system within Step 2. Elaboration of the

parameter-based DSMs

Step 3. Determining the affected
elements

Step 4. Representation of the
predicted change in BIM model file

Visual representation of the
predicted change within the BIM

Likelihood of change for the elements
of change propagation tree

the BIM

____________ e U S § S
! [ | i i
| . . I | | )
i | Work model |<:—:—'| works to be done in project | ! ! Elements affected by change ! i vt model il ‘ }
! ! ! | ] ! | within dependencies of BIM L model file components !

! ! | 1
o work components, | | | 1
| | Component model |‘ | :9| component attributes ! i l : i |
| 1 P N ‘ Generating change propagation | | > ‘ Component parameters and links | |
| spatial/analytical dependencies | | Iree | between them !
' between attributes al 7 ! !
: K i |
! a i |
| Bk I i

Interviews with architects,

Dependencies relations DSM

structural and MEP engineers

Likelihood of change DSM

Fig. 4. Steps of proposed methodology for change
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their relationships that are defined within the BIM infor-
mation model. For example, the column is linked to the
floor. Thus, if a change happens in a floor attribute (e.g.
position), it will automatically update column attribute
(e.g. geometry) which is connected with it because of a
spatial relationship between them.

The changes between the components are caused by
spatial or analytical dependencies, it must be noted here
that the BIM information model is able to define a num-
ber of spatial dependencies between the components and
a few analytical dependencies due to their complexity.
During the interviews with engineers, they have con-
firmed that the probability of change in one component
attribute due to change in another is small for some com-
ponents attributes and large for others, this depends on
the strength of interaction between them.

As the result of this study, the following models
shown in Figures 5, 6, 7, and 8 were built. Unified Mod-
elling Language (UML) is used to represent the diagrams.
The Figure 5 shows the project works model, which con-
sists of architecture, structure, and MEP works. The Fig-
ure 6 shows the work components model where each
component has attributes specific to the geometry, posi-
tion and specifications. The Figure 7 shows the change
propagation model where the change propagates between
the components attributes, which are linked with each
other by spatial (s) or analytical (a) dependencies. The
Figure 8 shows the change prediction model, where the
change of an attribute expected due to change of other by
potential value, which is called the likelihood of change
propagation “/”.

Architecture
. I *
project  K>—— Work Structure
MEP

Fig. 5. Works’ model

Geometry

! / *
‘ Work }<>—{ Component}ﬂ{ Attribute K]

Position ‘

Specification

Fig. 6. Component model

Attribute Attribute
Fig. 7. Change propagation model
* l *
Attribute Attribute

Fig. 8. Change prediction model

3.2. Development of an information model by using
the parameter-based DSM

3.2.1. The system definition and scope

The system studied in the case study is a commercial
building system, that includes architectural, structural and
MEP works. Each work consists of a set of components
identified in collaboration with design engineers in the
company.

Component attributes (geometry, position, specifica-
tions) have been identified at the level suitable for rep-
resentation of information for DSM, to be able manage
DSM and to reduce the complexity caused by the large
volume of data in case of representation at the level of the
parameter. Studied attributes are placed in the first row
and the first column of the matrix (see Figs 9 and 10).

3.2.2. Data collection

Based on detailed interviews conducted in the company
with multidisciplinary engineers, the data on the depend-
encies between the attributes was collected and the na-
ture of these dependencies was discussed. The definition
of dependencies was necessary for programming these
relationships within the DSM in order to interact with
Revit. In addition, the probabilities of change between
the attributes were defined to form a matrix to predict the
likelihood of change. In this context, likelihood is defined
as the average probability that a change in the design of
one component attribute will lead to a design change in
another by propagation across their common interface.

3.2.3. Production of the matrix

After collecting data, a two-dimensional DSM was built
to represent the structure of basic dependencies between
the attributes of system components. Matrix cells were
fed by the dependencies describing the type of relations
between the attributes (Section 3.3.1 explains in detail
these dependency relations) and the possibility of change
based on the recorded data. Cell with value indicates the
interaction between the attributes of different compo-
nents.

The draft versions of the DSMs were shown to the
participants and their comments were received. The mod-
els were finalized taking into account the feedbacks from
the designers and engineers. A part of the resultant DSMs
is shown in Figures 9 and 10. Figure 9 represents the
dependency relations DSM, and Figure 10 represents the
likelihood of change DSM.

Diagonal cells are inactive in usual DSM model, but
the relationship with the component attribute itself is en-
tered to adapt for working within the BIM environment.
For example, changing the position of duct may change
the position of other duct that is connected to (i.e. rela-
tion “join” in diagonal cell on intersection of b row and
b column).
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a b c| d e f g h i j k|1 |[m|[n|[ofp q r |s t u
beam G a inter inter inter
duct P b |inter| join join
beam S ¢ | self

column G d | join
ceiling P e inter inter
space G f inter|
diffuser P g host s. host
:ilf:::::i h host s.host]
column S i self
foundation G | j join
space S1 k self] inter
space Sm 1 self]
foundation S | m self
lighting
fixture S n in host
diffuser S ) in host
diffuser G p in s.Sys
air handling
unit S 4 "
duct S r join join
lighting
fixture G s in self
ceiling S t host[host
duct G u join self

Notations: G — geometry; P — position; S — specification; Sm — mechanical specification; Sl — lighting specification

Fig. 9. The dependency relations DSM

a b c| d e f g h i J k|1 |m|[n|[ofp q r |s t u
beam G a 0.3 0.35 0.75
duct P b |08 1,0 0.95
beam S ¢ |0.95
column G d | 06
ceiling P e 0.75 0.8
Space G f 1,0
diffuser P g 1,0 0.5
lightin
ﬁxgture%’ h 1,0 0.4
column S i 0.95
foundation G | j 0.85
space Sl k 0.5 0.3
space Sm 1 0.7
foundation S | m 0.95
lightin
fixgture 2 n 0.4 0.6
diffuser S ) 0.8 0.7
diffuser G p 0.5 0.6
air handling
unit S q 0-3
duct S r 1,0 0.85
lightin
flxgture %: s 0.7 02
ceiling S t 0403
duct G u 0.9 0.85

Notations: G — geometry; P — position; S — specification; Sm — mechanical specification; Sl — lighting specification

Fig. 10. The likelihood of change DSM
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Change initiating
element a1 in BIM
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Fig. 11. Methodology applied for predicting change propagation

3.3. Determination of elements affected by change and
calculation of the likelihood of their change

The following sections explain the methodology for de-
termining the affected elements by change and calculat-
ing the probability of change based on the matrices of the
resultant DSMs. Figure 11 shows methodology applied.

3.3.1. Determination of the affected elements by change
within dependencies of BIM and generating change prop-
agation tree

Track the spread of change within BIM requires that BIM
define all the spatial and analytical dependencies between
components. Previously mentioned that BIM information
model has limited definition of spatial dependencies and
lack of definition of the analytical dependencies.
Tracking the spatial dependencies is possible with-
in Revit, they are either clearly defined within Revit as
host relations or implicitly defined within the compo-
nent parameters, so it will be searched as an “in” relation,
for example, the lighting device has parameter that de-
fines the room to which it belongs. There is also a group
of non-defined relations within Revit, as an “inter” rela-
tions, for example, chiller element is not connected with
the slab under it, although there is a face of chiller that
is congruent to this slab. These relations are programmed

by using properties such as adjacency and intersection be-
tween objects, where each component within Revit is rep-
resented by geometric shape, which has edges and faces,
i.e. boundaries. These boundaries are completely defined
by coordinates within the database.

The relation “self” that means relation within the
same item was also defined. For example, change of the
geometry of beam may change its specifications (e.g. re-
inforcing). Relation “join” denote that elements are con-
nected to each other, such as columns and beams. Rela-
tion “s.host” denotes that the two elements have the same
host element. Relation “s.sys” means that elements are
defined in one system. All these relations are indicated
within the matrix of dependencies (see Fig. 9).

The attributes linked by analytical relations are often
linked by spatial relationship too. For example, according
to the analytical relations, the changes in the specifica-
tions of the room space will change specifications of dif-
fusers in this room (i.e. the attributes of diffusers, which
are only associated with space of this room by spatial re-
lationships, will change). So, the analytical relationships
based on the spatial relationships between the elements
were defined. Identifying the elements, which attributes
affected by change, requires knowledge of how elements
connect spatially, and these relations were defined within
the Revit environment by above-mentioned ways.
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Consequently, attributes of the affected component
can be determined by using change propagation tree.
Based on the assumption that the change propagation fol-
lows the spatial links, which have been defined based on
dependencies relations DSM, it can be programmed in a
way that can visually represent the elements affected by
change within the Revit.

It must be noted here that the CPM model repre-
sent dependencies relations at the categories level (a,
b, ...), while the representation within Revit will be at
the component level (a; € a, b; € b, ...), so if geometry
of beam changes, the position of adjacent duct will also
change basing on dependencies indicated in DSM. How-
ever, if there are no an adjacent duct (component) in BIM
file, tree change does not contain this element, and it is
not represented in Revit (i.e. tree changes are shown in
Fig. 11 will not contain b,).

In addition, the CPM models assume that the ele-
ment of DSM is visited once along the track. But in this
study assumed that the element of DSM can be visited
more than once on the track as long as this element has
different ID (i.e. it is different component). For example,
in Figure 11 the change of the geometry of beam lead to
the change of the position of adjacent duct (b;), changing
position of this duct (), in turn, will change position of
another duct (b,), which has joint with first (»;) and has
different ID. Therefore, an attribute of position of duct ()
changes more than once on the track of change because
these duct’s components are different in representation
within the Rivet. Propagation algorithm can be developed
and be programmed so that propagation of change contin-
ues as long as the element has different ID, also it should
be alerted to the repeated loop (re-work). Figure 11 shows
a partial change propagation tree were change caused by
changing geometry of beam (a;).

3.3.2. Calculation of the likelihood of change for the
elements change propagation tree

The likelihood of change for each element of change
propagation tree was calculated as in likelihood algorithm
that illustrated in Figure 3. The direct likelihood between

the components attributes (i.e. the elements of change
propagation tree (/y;,)) is equal to the direct likelihood
between the categories of attributes, which components
attributes belong to (elements of DSM (/,))).

Figure 11 shows how likelihood of change of each
element was calculated through each route as a result of
changing geometry of beam (a); then, how the ceiling
(e1), which will change its’ position in Revit, and the
change propagation tree the element belongs (e) are rep-
resented; and, additionally, it shows the combined calcu-
lated likelihood between a; and e; (L,q,1)-

3.4. Integration DSM with BIM programmatically

Building Information Model has all parameters and con-
struction components’ attributes, each component has a
unique ID and, therefore, there is a possibility to export
all attributes of a component, to filter and classify these
components.

BIM model file is usually the exported file from a
BIM application and it contains information of objects
used in the product model. The library of class defini-
tions will help to determine the filtered information and
required objects parameters to define relationships (i.e. to
determine the output of model file). For example, Revit
Lookup can be used as it is a ready software tool that ena-
bles to show all details of BIM model file components,
the components’ parameters and the links between them.

The output of BIM, which is filtered and classified,
forms the input for generating DSM. By use of a pro-
gramming language like C# with API Revit it is possible
to develop the DSM model that identifies the affected
elements by change and calculates the probability of
change according to the previous proposed methodology.
The output of the DSM is represented through interac-
tive windows within the Revit where each component,
which is likely to change within the interface view, can
be identified.

The software tool can be developed in the future
in accordance with the proposed method. The user se-
lects component attribute, which he/she wants to change
within Revit, as a result, the elements, which attributes
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were changed and their potential of change appear also
within Revit. Figure 12 shows the proposed mechanism
for programmatic integration.

Conclusions

The construction industry needs to keep up with the
growing demand for improving productivity, efficiency,
quality and sustainable development. In this context, BIM
plays an advanced and evolving role in construction in-
dustry forcing the development of advanced management
systems.

This paper describes a developed method to predict
the spread of the change. This method enables the mod-
elling of the change process in BIM environment. Based
on this modelling, an information model was developed
by using parameter-based design structure matrix for pre-
dicting change propagation, and the probability of change
propagation from a component to another was estimated
as in the methodology of the CPM.

The analysis of the ability to track the spread of
change within the dependencies of the BIM model
.showed the possibility to use the spatial dependencies
between the elements and by integrating BIM with the
DSM programmatically to support the visual representa-
tion of the predicted change within BIM environment.

The developed method has some advantages; it helps
project manager to predict the affected components by
changing initiating component and to estimate the prob-
ability of change. This method also constitutes a check-
list, which can determine who should be informed about a
change and the sequence of actions that should be taken.
In addition, it helps the designer to predict the possibility
of change and the way of change by use of the change
tree. Thus allows controlling the spread of the change
in undesirable directions. Based on proposed model the
software tool can be developed within the Revit environ-
ment. The tool will let to select the changed component
attributes, to get the elements affected by change, the po-
tential of change and track these elements visually within
the Revit.

This method has limitations for use, as it does not
discuss other types of changes, such as delete or add
components, occurrence of more than one change at the
same time, the existence of several scenarios for change,
or the possibility of modelling the cost of change. Ex-
tending the model to explore such issues is another op-
portunity for further work.

Further, the uncertainty in the dependencies can be
studied. There is also possibility to develop the method
of change validation by applying several examples of the
changes, which are taken from real change databases.
Additionally, there is a need to find the way for mini-
mizing the involvement of engineers in initial stages of
change management process and to elaborate the efficient
scheme for monitoring and coordination of change pro-
cess in BIM environment.
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