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Abstract.  This paper is based on a research project fo-
cused on updating a disturbance-modified schedule for 
the evaluation of building claims. In this context, the quan-
tification of time effects in expert analyses is discussed. 
This novel approach is based on a time-discrete simula-
tion method using an agent-based simulation with Petri 
nets and building information models. Here, the focus is 
on the reconfiguration of the composition structure of the 
Petri net, which is triggered by events in the sequence 
structure. In addition, this paper presents a conceptual 
proposal how to chronologically integrate documents into 
the Petri net structure. Thus, the simulation model and 
the building claims can be verified and validated. Special-
ized transitions are also used to implement document in-
tegration into the Petri net model. 

Introduction 
Forensic expert reports on claims due to disruptions in 
the construction process are often not recognized by Ger-
man courts. The reasons for this can usually be traced 
back to an impracticable presentation of the facts in ex-
pert reports [1]. Tiesler [1] has shown that experts often 
fail to conclusively identify and explain the necessary 
causal relationships in the disrupted construction process. 

In this context, there is no general approach to solve 
such issues in German expert practice. Rather, individual 
case-related approaches are used to explain the disrupted 
construction process in the expert reports.  

Within this setting, the expert analysis must be 
adapted to the respective problem case. Therefore, the 
choice of a suitable methodology for carrying out the 
analysis always depends on the individual case studies. 

One challenge in the forensic analysis of construction 
time is that disrupted construction processes can be ex-
tremely complex systems. Complexity analyses are, 
therefore, essential to meaningfully separating and un-
derstanding the effects of disturbances during the con-
struction time under consideration. 

German expert practice currently mainly uses project 
management software, which is usually based on the crit-
ical path method (CPM), to perform complex analyses of 
disturbed construction processes [1–3]. However, such 
trivial calculation methods can lead to inconclusive re-
sults [2–5]. 

1 Literature Review 
Experts rarely ask whether CPM is suitable for the con-
clusive analysis of complex construction time disturban-
ces. Instead, they scrutinize the methods of detection for 
target–actual comparisons used rather than the calcula-
tion methods of valid process durations [1]. 

Modern approaches solve this challenge with build-
ing information models (BIMs) linked to CPM networks. 
[6]. Such procedures create so-called four-dimensional 
(4D) models or 4D BIMs (i.e., 3D geometry + 1D time). 
For 4D BIMs, it is claimed that the validity of the con-
struction time analysis is stronger [7]. 

To obtain knowledge using the 4D model, the 3D 
components of the BIM must be played back as a 4D vis-
ualization using time information. The modelled depend-
encies of the production processes in particular are then 
clearly illustrated.  
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Overall, a 4D model can present more information 

than a bar chart and is more comprehensible for third par-
ties. Similarly, a 4D model provides a greater understand-
ing during the modelling phase. 

This approach seems to have many advantages com-
pared to conventional presentation methods. Thus, in the 
past, researchers discussed these advantages for forensic 
construction time analyses [8–10]. 

1.1 Research Gap 
4D visualizations are helpful in clarifying human percep-
tions [11]. Moreover, it has been shown that manually 
performed construction time analyses can produce more-
realistic results if calculations are based on BIMs [18]. 

However, the logic and practicability of the calcu-
lated processes in such methods are still based on the sub-
jective, transcendent perception of the modeler. In addi-
tion, forensic analyses of construction time disturbances 
often require the objective consideration of the many 
complex environmental influences on a building project 
[3]. Here, it is possible that the circumstances substanti-
ating the claim were not thought through holistically. For 
example, the dependencies of complex design processes 
cannot be recognized or misunderstood [3]. It follows 
that in many cases no practicable system behavior can be 
assumed due to the limitations of human perception [3, 4]. 

For this reason, despite 4D support, invalid expert 
opinions can still emerge. This can be especially true if 
the time sequences are modeled using CPM [3]. Regard-
ing justiciable claims relating to disruptions to construc-
tion processes, gaps may arise in the argumentation line 
[1, 3]. Inconsistent calculation results can be challenged 
in court easily. In such cases there is a risk that a court 
will declare the expert report to be unsuitable and entitled 
claims are lost. 

The challenges discussed above are well-known sim-
ulation topics. This raises the question of whether simu-
lation techniques in combination with BIMs can be used 
to prove claims due to construction process disturbances. 

Construction process simulations have the advantage 
that they can execute large-scale calculations. This usu-
ally enables more intensive and realistic analyses of com-
plex processes [21–23]. For example, complex spacetime 
conflicts can be considered due to the realistic building 
geometry [24, 25]. In addition, virtual production proces-
ses can be interrupted, delayed, inhibited, or accelerated 
with specific parameter inputs [21, 23]. 

These properties of computer-aided simulations are 
suitable for disturbance-modified schedule updates and 
the evaluation of entitled claims [3, 13, 14, 23], which 
can lead to unexpected analysis results. The anticipation 
that unexpected results will be simulated can lead to a 
greater objectivity in the analysis process, because the 
simulation user will inevitably examine the simulation 
results before they can be understood [3]. 

Indeed, only a few researchers consider using BIM-
based simulation methods to solve these challenges [12–
19]. However, there are almost no concrete proposals for 
solutions regarding a suitable calculation methodology 
(some exceptions are [3, 20]). 

1.2 Further Procedure 
This paper proposes an approach using a simulation 
method for practicable production processes to provide 
expert reports about construction time claims. In this con-
text, Gnerlich’s approach [3] is summarized. For this pur-
pose, this paper first discusses the related simulation 
methods in the BIM context. Subsequently, the simula-
tion design follows. Finally, the paper concludes with an 
outlook. 

Overall, the conceptual design and less technical de-
tails are dealt with. Mathematical descriptions are also 
omitted from this article. The agent logic is explained in 
more detail by Gnerlich [3]. 

2 Related Simulation Methods 
Gnerlich’s simulation approach comprises an agent-
based Petri net using a BIM to simulate disturbance-mod-
ifying effects for an objective schedule update. The meth-
od also includes a mechanism for chronological manage-
ment of external documents. This linkage is suitable for 
model verification and validation as well as for the legal 
presentation of entitled claims. All aspects are realized 
by using a Petri net as a simulator. 

2.1 Benefits of Petri Net Simulation 
Token-based semantics are regularly used for executable 
BPMNs, EPKs, and UML displays [26] or for executing 
software and hardware [27, 28] due to their causal com-
putational logic. Accordingly, Samkari [29] showed that 
extremely fast and extensive background calculations of 
BIM-based construction process simulations can be real-
ized with Petri nets.  
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He also demonstrated that the simulation modelling 

can be done directly in the BIM viewer. In this case, the 
calculation of the sequence structure of the Petri net is 
realized by an algorithm in the application’s background. 
For this purpose, subject-specific user interfaces can be 
designed for intuitive input [3]. Users who are not simu-
lation experts can, thus, contribute their technical 
knowledge more easily and quickly [29, 30]. This can be 
particularly helpful for updating a disturbance-modified 
petri net model, because a manual modelling can become 
extremely complicated and error-prone due to the in-
creased complexity [29]. 

Petri nets are suitable for simulating complex and 
causal relationships of user-defined model processes [3, 
27, 31]. In addition, Petri nets can represent a composi-
tion structure in ordered detail [3, 27, 31]; thus, it is pos-
sible to define modular subnets in several hierarchical 
levels [27, 31, 32]. For example, these properties allow 
for dividing the system “construction project” into its 
components [3, 31, 32]. Based on this procedure, the si-
mulation results can later be structured meaningfully. In 
addition, such a composition structure usually contrib-
utes to a certain clarity and readability of the simulation 
results [32]. 

Beyond that, the Petri net markings represent reproduc-
ible intermediate states of the simulation runs [3]. Using 
these markings, the various calculation steps can later be 
traced back in detail [3, 29], which enables previously ex-
ecuted simulation runs to be rewound, the model design 
revised, and the simulation run restarted, as necessary. 

2.2 Benefits of BIM- and Agent-based 
Simulation 

Some simulation researchers have demonstrated that us-
ers gain a better understanding of production processes 
when agent-based simulation models use BIMs as spatial 
model environment [22, 30]. Agent-based simulation can 
reproduce an emergent model behavior corresponding to 
more-realistic system behaviors [22, 30]. An example of 
emergence results from changes in the construction pro-
cess as a result of disturbances. Emergence often stems 
from a changed behavior of the ancillary trades. Those 
effects are core questions that often must be clarified in 
expert reports [14, 33]. 

In addition, BIMs enable a component-related and 
chronological integration of external documents about 
the construction project [3, 16, 34, 35].  

This is particularly suitable for the analysis of dis-
rupted construction processes. Thus, the accuracy of the 
simulation model can be checked and a claim can also be 
verified [3]. 

2.3 Useful Petri Net Concepts 
Damrianant and Wakefield [36] present switch functions 
for delays and interruptions to be able to simulate disturb-
ances with (cyclic) Petri nets. For this purpose, they com-
bined a Petri net with additional modelling elements for 
switching delay factors on and off. They also simulated 
interruptions by temporarily ignoring the tokenized re-
sources in the process calculations. 

Further approaches can be found in so-called “time 
Petri nets”, which hold the tokens in the transitions or 
places and, thus, delay the switching (e.g., [37]). In con-
trast, Samkari [29] presents a simulation approach with 
agent-based Petri nets.  

In this case, the agents are an additional constraint for 
switching the transitions. Here, the process calculation of 
the transitions uses a guard function, which checks the 
availability of the necessary resources before switching. 
An activated transition only switches completely if all re-
quired agents are available [29]. The Petri net is also con-
structed as a predicate transition net. Each place has only 
one input and one output edge, like a marked graph. Each 
newly created token represents an elementary model 
state. According to this, Samkari [29] dispensed with any 
cyclical structures. 

In contrast to time Petri nets, the simulation time is 
not stopped at so-called “timed Petri nets” [38]. Instead, 
the tokens transmit time information from the preset tran-
sitions to the activated transitions. If a transition is 
switched, all time information is compared and calcula-
ted. This method enables very fast simulation runs of 
complex construction process scenarios [29]. 

To a large extent, the simulation approach used in this 
paper was oriented towards Samkari’s [29] agent-based 
Petri net method. In addition, similar switch functions 
from Damrianant and Wakefield [36] were used to model 
date discrete changes as construction process disturbances. 

3 Simulation Design 
The basis for agent movements is a path network in the 
BIM, which consists of path edges and nodes. Figure 1 
shows a virtual BIM with such a path network.  
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A dark color indicates the path nodes that are used for 
the user-related definition of local operational areas 
(OAs), which can refer to user-defined rooms, floors, or 
sections, etc., in the BIM. 

Figure 1 indicates that the Petri net is derived from 
the process inputs and quantity assignments of the BIM. 
Thus, the user does not need to model a Petri net struc-
ture. According to Figure 1, all local OAs can be con-
verted into executable Petri net structures. The Petri net 
is, therefore, the interface between the BIM and the Petri 
net. The Petri net itself is in the background of the simu-
lation application as the “calculation tool” in the se-
quence structure and is invisible to the user. However, it 
is possible for the user to access the local OAs to carry 
out the simulation modelling there. 

The right side of Figure 1 shows an example section 
that illustrates the user-specific process definitions and 
process dependency entries using the local OAs. In these, 
it is possible to model individual composition structures, 
e.g., to delimit the (sub)processes of individual construc-
tion trades from each other. The process structures are 
defined by entering simple arrows. They specify the nec-
essary dependencies of sequential processes. Overall, de-
pendencies between the local OAs can also be defined. 

For the calculation of the construction process dura-
tions, the entered processes must be offset against the re-
spective quantities of components in the BIM.  

To do this, the user can get the properties of the top-
ologically arranged building objects of the BIM. There 
are no conditions for when the user chooses the compo-
nent objects. With this method, the local OAs can include 
processes that apply to several floors or sections of any 
size. 

However, the user should consider the spatial prox-
imity of the local OAs inserted in the BIM, which can be 
important later to better understand the simulated produc-
tion processes. 

To finally simulate the construction production pro-
cesses, it may be necessary to assign resources to the pro-
cesses, such as worker groups, equipment, dates and 
deadlines, materials, or standing areas of the local OAs. 
However, no resource allocation is necessary for curing 
or drying processes. All inputs necessary for the calcula-
tion of the process duration have now been described. 

During simulation execution, the workers (agents) 
must get to the local OAs using the path network and ful-
fill the defined work tasks. To ensure that a production 
sequence is followed as far as possible, the user can de-
fine one or more production direction(s) for the worker 
groups using the local OAs. The production directions 
can be prioritized, so that the workers (agents) in a group 
can give preference to specific production processes in 
case of alternative measures. 

 

                                                      Figure 1: Definition of the local operational areas: OAi are subnetworks. 
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3.1 Petri Net Components 

Subnetworks are derived from the composition structure 
of the local OAs of hierarchically combined processes. 
These are limited within the Petri net structure by two 
NetTransitions. One NetTransition forms the input and 
the other NetTransition forms the output of each subnet. 
In between are the elementary TaskTransitions, which 
are derived from the entered processes and execute the 
task calculations (according to Figure 1). 

As soon as a TaskTransition switches, all associated 
building-component-related quantities and associated 
trade-specific process definitions are offset against each 
other. A TaskTransition can only be switched if its pre-
set is activated and the resources required for the process 
are available [3]. For example, enough material must be 
available for switching resource-dependent TaskTransi-
tions. In addition, a permitted number of agents must be 
able to reach the local OAs using the path network. 

For the calculation of the process duration, a time ef-
fort value for labor productivity must be specified in the 
process definition. The time effort value can be weighted 
by various parametric effort factors.  

Depending on the value, these expense factors offer 
several possibilities. The simulated production processes 
can be inhibited, accelerated, or interrupted. In the expert 
analyses of construction time, statements on necessary 
productivity as a result of experimental weighting com-
binations can, thus, be obtained. From the weighted time 
expenditure value, findings of the simulated working 
speeds can be derived. Figure 2 provides an overview of 
the possible weightings and the formula for the process 
duration calculation. This is processed by default when 
switching a TaskTransition. 

For the simulation of discrete time construction pro-
cess disturbances, the Petri net is divided into two sub-
networks. In terms of Figure 3, these are the Process-
Branchnet and the Date-Time-Branchnet. The subnet-
works switch alternately during a simulation run and mu-
tually renew their previous Petri net structure. 

Based on Figure 1, the Process-Branchnet includes 
all subnetworks of the local OAs. Figure 3 illustrates how 
the subnetworks can be organized into a hierarchical 
composition structure. In this way, e.g., different compa-
nies can be separated from each other with their trade and 
service descriptions down to the elementary work tasks. 

 

 
                                                                 Figure 2: Calculation content of a TaskTransition [3]. 
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Work tasks are represented by TaskTransitions, 
which calculate the process times for start, intermediate, 
and end dates when they are switching tasks. During a 
simulation run, all dates calculated by the Process-
Branchnet are successively transferred to the Date-Time-
Branchnet as date-bound DateTransitions. Afterwards, 
they are linked in a chronological order. 

DateTransitions are time discrete starting conditions 
for any number of TaskTransitions. The user can also in-
tegrate DateTransitions into the Petri net as time-critical 
process conditions if dates are entered and linked to the 
processes. External attached documents can also be as-
signed to these dates or the resulting DateTransitions. 
This enables the validation and verification of the simu-
lated process sequences by means of comparison values 
that are fixed for specific dates. 

Figure 3 shows that DateTransitions and ModTransi-
tions are in the Date-Time-Branchnet. ModTransitions 
perform switching functions for time-discrete disturb-
ances in the Process-Branchnet. Therefore, they must be 
arranged within the Petri net directly behind a DateTran-
sition and change their discrete values during switching. 
For example, when switching ModTransitions, any num-
ber of agents can be added or removed from the simula-
tion model.  

In this way, the working hours or absences due to ill-
ness of the employees can be represented. With this prin-
ciple, any component objects of the BIM can also be 
blocked so that further work in certain local OAs is no 
longer permitted. Furthermore, it is possible to renew dis-
crete model values during a simulation run with isolated 
ModTransitions. For example, changes of the displayed 
effort factors are achieved according to Figure 2. Figure 3 
illustrates the principle of extraction and addition using 
“switch on/off” symbols. For clear differentiations in the 
Date-Time-Branchnet, the DateTransitions and the Mod-
Transitions are enclosed by their own subnets. 

3.2 Structural Petri Net Update 
Figure 4 shows six steps of mutual switching for the up-
date of a disturbance-modified schedule of the Petri net. 
Mutual switching means that one subnetwork must al-
ways wait while the other subnetwork switches. 

Overall, the six steps illustrate the markings of the Petri 
net states that are reached during model execution. Fur-
thermore, the waiting states of the subnets are also shown. 

For example, the right side of Figure 4 shows the 
maximum state descriptions that the Process-Branchnet 
can assume until the Date-Time-Branchnet is switched. 
 

 
                                                               Figure 3: Overview of the entire Petri net structure. 
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                                                                Figure 4: Mutual switching principle in six steps. 
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In contrast, the left side shows the switched Date-

Time-Branchnet. A bar chart is displayed for each step. 
There, the black bars show the calculated process dura-
tions. Black diamonds represent dates in the Date-Time-
Branchnet. 

In Step 1 all transitions of the Date-TimeBranchnet 
are switched until a token is between the two subnets of 
Date A and Date B. Afterwards the switching of the two 
TaskTransitions TT_A and TT_B in the Process-
Branchnet follows in Step 2. The resulting tokens remain 
in the direct downstream area of the two TaskTransitions. 
Here, the lower bar chart shows that both TaskDurations 
have overlapped the Date B of the DateTransition. 

For this reason, Date B remains the next earliest date. 
All overlapping process durations are cut and removed. 
Therefore, the simulator copies and links the two Task-
Transitions according to Step 3. 

In this case, the TaskTransition TT_A* is a copy of 
TT_A. All copied TaskTransitions share the process def-
initions of their original TaskTransitions. However, they 
differ in the calculated performance states. Thus, from 
the original TaskTransition TT_A, the previously calcu-
lated process state up to the time of the intersecting date 
remains as the final state. On the other hand, the copied 
TaskTransition TT_A* receives the last reached process 
state as an initial state. In addition, all affected TaskTran-
sitions are linked to the DateTransition of Date B accord-
ing to Step 3. For that, it is necessary to create new to-
kens, which pass the calculated performance states to the 
following transitions. 

In Step 4, the ModTransition also switches, which 
means that the process duration of TT_B* is longer than 
of TT_A*. The transitions in the Date-Time-Branchnet 
switch until a token is between the subnets of Date B and 
Date C. Step 5 shows the situation that the calculated date 
(Date X) is the next earliest compared to Step 3. Analo-
gous to Step 3, the simulator copies and links all Task-
Transitions whose process durations overlap Date X. For 
this purpose, a new subnetwork is automatically created 
by the simulator for Date X in the Date-Time-Branchnet. 
For the sake of completeness, Step 6 shows the switching 
process that determines the final process durations. 

During the structural Petri net update, the construc-
tion production processes are shifted forward or back-
ward in time. The documents that are stored in the Petri 
net remain unchanged at the specified dates of the 
DateTransitions.  

Their contents describe those model states that must 
be reproduced by simulation experiments as a result of 
the structural Petri net update. 

On the one hand, a sufficiently justified verification is 
present if the state descriptions of the documents correlate 
with the simulation results in time. On the other hand, the 
simulation results can be validated with the simulated pro-
cess sequence behavior. In such cases, experts must esti-
mate whether the construction processes were practicable 
and under which parameter settings the step-by-step veri-
fications were possible. The effort factors can be combined 
to determine deviations or to make other statements about 
the building time analysis, e.g., regarding missing infor-
mation. Further details can be found in [3]. 

With the automated update rules presented here, a Pe-
tri net can be used as a background simulator. Despite 
reconfigurations, an executable process sequence struc-
ture can be realized. For example, the user can already be 
informed during his or her input whether the process se-
quence structures can be executed or not. In summary, 
the presented simulation principle can generate a very 
complicated process sequence structure with extremely 
complex construction processes. 

4 Summary and Perspectives 
This paper presented an approach to simulate construc-
tion process disturbances with agent-based Petri nets us-
ing a BIM for expert construction time analyses.  

In contrast to the CPM technique, which is predomi-
nantly used in current consultant practice, the benefit of 
the approach presented here is the availability of chrono-
logical and process-related input options, in order to 
achieve disturbance-modifying effects for an objective 
schedule update 

With the reconfigurable properties of the designed 
Petri net, complex simulation experiments are possible, 
which can well reproduce an emergent system behavior. 
The integration of external documents provides clues for 
validation and verification of the model behavior. Expert 
opinion argumentation lines can also benefit from this 
Petri net, because the simulated performance progress 
can be compared with the attached documents. 

Experiments have already been carried out to simu-
late complex construction sequences of disturbed pro-
duction processes. Gnerlich’s [3] research project pre-
sents several simulation runs that illustrate the function-
ality of the approach presented in this paper. 
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