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Abstract

are not updated as often as they should be.

optimization is utilized.

Background: A reasonable management and monitoring of construction projects requires accurate construction
schedules. Accuracy depends highly on availability of reliable actual logistics data. Such data contain information
about available material, equipment, personnel, updated delivery dates, and other data on site conditions. However,
such data is often associated with different types of uncertainties due to infrequent collections, varying transport
times, or manual assessments. Nonetheless, consideration of these uncertainties is important for evaluating actual
data regarding their impact on the overall construction progress. Currently, the integration of such data into
construction schedules is a time-consuming, manual and, thus, error-prone process. Therefore, in practice schedules

Methods: To ease the handling of actual data and their integration into construction schedules, a reactive construction
scheduling approach is presented. The approach is structured into four successive steps. To evaluate and systematically
analyze uncertain actual data, fuzzy set theory and a-cut method are incorporated. Thus, actual data can be integrated
into discrete-event simulation models. These models are used to perform simulation-based sensitivity analyzes, which
evaluate impacts on construction schedules. As a result, an actual schedule is generated, such that a target-actual
schedule comparison can be performed. If significant deviations or problems are identified, adaption is necessary and a
new schedule needs to be generated. Thereby, different restrictions on the target schedule, such as contracted delivery
dates, milestones or resource allocation must be considered. To perform this required adaption simulation-based

Results: To validate the method and show its advantages, an initial construction schedule example is created. The
example is extended to incorporate uncertain actual logistics data. The proposed method shows how efficient actual
data can be analyzed to update construction schedules. Further, the results show a competitive adaption of invalid
construction schedules, such that contracted milestones, or other project objectives can be achieved.

Conclusion: The presented reactive construction scheduling method has the ability to improve current treatment of
uncertain actual logistics data. This helps construction project managers to improve the management and monitoring
of construction projects by reducing the time-consuming, error-prone process of updating inconsistent schedules.

Keywords: Reactive construction scheduling; Schedule adaptation; Simulation-based optimization

Introduction

The efficient execution of construction projects depends
highly on the accuracy of the underlying construction
schedules. Here, construction scheduling means to se-
quence relevant activities based on certain interdependen-
cies and resource availability. Finally, a schedule defines the
starting and finishing time of each construction activity as
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well as the allocated resources needed for each activity. For
project managers, such detailed schedules are the main
basis to monitor the activities on construction sites. Due to
planning modifications, construction delays, or unforeseen
events, schedules are often not up-to-date and must be
continuously adapted. However, in practice schedules are
not updated as often as they should be. Furthermore, con-
struction schedules often have to be modified due to delays
or disturbances of logistics processes. In consequence, ac-
tual information about the current state of the construction
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progress needs to be collected. Actual logistics data con-
tain information about available material, equipment and
personnel as well as updated delivery dates and other data
on site conditions. The quality of construction schedules
highly depends on the availability of reliable actual data.
However, actual data is often associated with different
types of uncertainties due to infrequent collections, vary-
ing transport times, or manual assessments by engineers.
Considering these uncertainties is very important for
evaluating actual data regarding their impact on the over-
all construction progress. After analyzing the actual data,
an updated or so-called actual schedule can be defined.
This actual schedule should be compared to the target
schedule to detect significant deviations. If crucial delays
are identified, the existing target schedule needs to be
adapted. This procedure is known as reactive scheduling.
Currently, the adaptation of construction schedules is a
manual, time consuming, error prone, and therefore
poorly supported process (Song and Eldin 2012). In prac-
tice, there exists a high demand for efficient and user-
friendly concepts, which can integrate and evaluate actual
data as well as compare and update schedules.

In the last few years, discrete-event simulations have in-
creasingly supported the specification of realistic and effi-
cient construction schedules. With the help of discrete-event
simulations, it is possible to analyze construction activities
and complex interdependencies under varying project
conditions (AbouRizk 2010). Project modifications or
construction delays can be evaluated by changing certain
input parameters or by adding additional constrains.
Another advantage of the application of discrete-event
simulations is the possibility to couple them with
optimization methods to generate good schedules. In
this case, sequences and resource allocations are varied
to find efficient schedules regarding different objec-
tives, including short construction times, low costs,
and high resource utilization. Updating a construction
schedule can be defined as an optimization problem to find
a new schedule considering new information by minimiz-
ing the deviations from existing project goals. In addition,
so-called target schedule constraints need to be considered,
such as fixed material delivery dates, on-site resources,
contracted milestones and established sequences.

This paper presents a novel and holistic framework for
reactive construction scheduling based on actual data by
applying simulation-based optimization. The focus lays
on actual logistics data. However, other actual data can
also be modeled and be investigated by using this ap-
proach. The proposed framework comprises three main
contributions, which are not found in this combination
in previous research:

e DPreparation of uncertain actual logistics data
e Analyzing actual data using construction simulation
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e Modeling of target schedule constraints and
adapting target schedules by applying simulation-
based optimization.

In consequence, with the help of the proposed frame-
work, project managers can monitor construction work
more efficiently based on updated and more realistic
schedules.

Background

In practice, some construction delays may have their ori-
gin in the unavailability of material, equipment, or
personnel. Some of these delays can be identified pro-
actively by analyzing the actual delivery states. Other de-
lays are the result of unforeseen events like equipment
breakdowns or lacking personnel. In the manufacturing
industry, the acquisition of actual data is often per-
formed by Auto-ID techniques such as biometrics or
RFID. Due to fixed production lines, established and
well-monitored supply chains, identifiable resources, and
detailed schedules the recorded actual data can be
clearly associated to the production activities. Further-
more, the measured data often contains only marginal
uncertainties. Consequently, actual data can be directly
used to update the planned schedule (Hotz et al. 2006).
In contrast, in civil engineering several concepts regard-
ing the acquisition of actual data by Auto-ID techniques
were proposed just recently. Only a few early applica-
tions were implemented in practice. For example, in
Cho et al. (2011) and Yin et al. (2009) the authors
propose RFID-based production management systems.
The former investigates vertical resource transports
while the latter one performs a construction yard tracking.
In Kim et al. (2009) and Ren et al. (2011) RFID-based
goods inward inspections are developed. RFID-based sup-
ply chain control and management system for construc-
tion projects is developed in Wang et al. (2007). In Ergen
et al. (2007), the authors propose a concept regarding
intelligent building components. These components are
capable of holding information about their states, or
assembly guide and maintenance information. In order
to assess the progress of construction activities, an auto-
mated progress control using laser-scanning technology is
presented in Zhang and Arditi (2013). Laser-scanning
technology is utilized to overcome unsatisfactory results
by employing image processing and other techniques.
Their system is able to assess progress control with mini-
mum human input. In Cai et al. (2014), Dzeng et al.
(2014), and Montaser and Moselhi (2014) different
methodologies for RFID-based location and tracking
are presented. These approaches enable the acquisition
of data on a construction project status in almost real-
time and detect the locations of workers and materials
with very high accuracy. However, none of these researches
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considers the evaluation of uncertainties and their impact
on schedules.

Few researchers are dealing with the adaption of target
construction schedules in case of infeasibility or non-
optimality due to disturbances. In Koo et al. (2007), a for-
mal identification and re-sequencing process is presented.
This approach supports fast development of sequencing
alternatives in construction schedules. The approach is
based on CPM without considering resources or working
shifts. In Liu and Shih (2009), another rescheduling ap-
proach is introduced which is based on Constraint
Programming. Two rescheduling methods are presented:
the complete regeneration and the partial rescheduling.
However, these rescheduling approaches are based on
mathematical models rather than simulation models and
not applicable for the proposed approach in this paper.

The utilization of discrete-event simulation models is an
established methodology for the analysis and planning of
construction activities. CYCLONE by Halpin (1977),
STROBOSCOPE by Martinez and Ioannou (1994) and
Simphony by Hajjar and AbouRizk (1999) are the first
and important steps in the context of construction
simulation. Domain specific construction activities, re-
source requirements, and technological dependencies can
be described by applying different modeling concepts.
These simulation frameworks are more flexible which
allows the creation of more realistic simulation models.
For example, special-purpose simulation-modeling tools
are developed in Martinez (1998) and Ruwanpura and
AbouRizk (2001). Nevertheless, the effort to model realis-
tic simulation models is very high and these simulation
frameworks always model an explicit process chain. Ac-
cording to Wu et al. (2010) most construction processes
consist of dynamic and spontaneous sequences of activ-
ities. Because of this, simulation is not often applied in
practice. Therefore, recent research is investigating model
driven simulation modeling. With the help of building in-
formation models (BIM) and knowledge-based methods,
semi-automatic model generation can be implemented
(Wu et al. 2010; Xu et al. 2003). Moreover, by combining
the Constraint Satisfaction Approach with discrete-event
simulations, it is possible to guarantee that only valid con-
struction schedules will be generated (Beiflert et al. 2007).

Regarding the optimization of real construction schedules,
several research approaches exist. For detailed literature re-
views, we refer to Hartmann and Kolisch (2006) and Liao
et al. (2011). Many optimization approaches utilizing genetic
algorithms are proposed. To name only a few we refer to
Leu and Yang (1999), Chen and Weng (2009), Ghoddousi
et al. (2013) and Esthehardian et al. (2009). These ap-
proaches contributed to resource allocation and resource
leveling. In order to tackle multi-mode resource constraint
project scheduling problems (MRCPSP) by considering re-
source allocation and resource leveling simultaneously, the
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utilization of the Non-dominated Sorting Genetic Algorithm
(NSGA 1II) (Deb et al. 2002) has been proved successful. In
particular, Esthehardian et al. (2009) applied fuzzy numbers
in order to model uncertainties in activities concerning exe-
cution time and cost. A different optimization approach by
Said and El-Rayes (2014) provides a holistic BIM-based
framework to optimize material supply and site decisions to
minimize total logistics costs. However, these optimization
approaches neither applied actual logistics data nor simula-
tion models regarding reactive construction scheduling.

To our best knowledge, there is no research work avail-
able, which deals with reactive construction scheduling
using actual logistics data. Therefore, we purpose a novel
and holistic concept for reactive construction scheduling
for controlling and updating construction schedules.

Methods

Reactive construction scheduling methodology

In this paper, the adaptation of construction schedules is
based on actual logistics data. The adaption is a crucial part
in the context of reactive scheduling. Reactive scheduling
means that actual data is considered for automated con-
trolling and updating of construction schedules. Figure 1
illustrates a schematic overview of this approach.

The concept consists of four steps. First, the acquisi-
tion and preparation of actual logistics data is per-
formed. The accuracy and inherent uncertainty depends
on the location where the actual data is collected. In
addition, manual assessments by engineers must be
taken into account. In the next step, the prepared data is
integrated into the construction schedule. For that pur-
pose, a simulation model is created which represents the
target schedule including all activities, resources and re-
strictions. Actual data is defined as additional constraints
for the involved activities. A simulation-based analysis is
performed to investigate how the actual logistics data af-
fects the schedule. Based on the target-actual compari-
son a decision needs to be made, if an adaption of the
target schedule is necessary. In the last step, the planned
schedule can be updated, if crucial delays or other sig-
nificant deviations were detected. Thereby, the adapta-
tion should be as much as necessary and as little as
possible. That means that execution sequences, re-
source allocations or the planning should be retained
unchanged.

Preparation of uncertain actual logistics data

Several techniques exist to model and analyze uncertain-
ties in model parameters, such as actual data. Often, prob-
ability based methods are applied to define reasonable
probability distributions. In order to define a reasonable
probability distribution, historical data are required. To in-
tegrate such probability distribution functions into simula-
tion models, a very common technique is to apply Monte
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Fig. 1 Schematic overview of the reactive construction scheduling approach

Carlo simulations. Monte Carlo simulation handles uncer-
tain input parameters as random variables based on given
probability distributions. However, for construction pro-
jects historical data are often not available.

In cases when only imprecise data or assessments are
available, fuzzy modeling based on the fuzzy set theory
of Zadeh (1965) can be used. The fuzzy set theory en-
ables a formal description of uncertainty and imprecise
statements. The essential concept of this theory is the
definition of sets that are based on multi-valued logic
rather than the classical Boolean or two-valued logic.
According to the Boolean set theory, the membership
of an element is described by exactly two crisp values.
Either the element is member of the set or it is not.
Contrary, the fuzzy set theory extends the membership
of an element by introducing a membership function
u(x) with u(x) € [0, 1]. Then, a fuzzy set X is a set of
pairs (x,u(x)) with x€R with associated values of a
membership function u(x) € [0, 1]. A membership func-
tion represents the grade of membership of x in X.
Thus, p(x) =0 means that x does not belong to the set
X. As an example, the statement “Delivery of the pre-
cast concrete element will be in approximately five
days” can be modeled by a fuzzy set as depicted in
Fig. 2. Here, the statement “approximately five days” is
modeled by a triangular fuzzy set X, which is given by a
triangular function with the values three, five, and seven
days, where five days means complete membership of the
set X.

Similar to analyzing a distribution function using a
Monte Carlo simulation, fuzzy sets can be investigated
by using a fuzzy a-cut analysis (Abebe et al. 2000). An

a-cut represents the degree of certainty for a given state-
ment or, in other words, the reliability of the fuzzy esti-
mation. Accordingly, the example in Fig. 2 implies that
an o-cut value of 1.0 represents a 100 % certainty that
the material delivery will be in exactly in five days,
whereas an a-cut of 0.5 implies that, the material deliv-
ery will be in four through six days. A complete analysis
of the fuzzy sets requires an a-cut for each fuzzy set.
Each a-cut represents a certain interval, with a mini-
mum and a maximum value. Within the range of the
minimal and maximal interval value, a fixed amount of
equally distributed samples is derived. Every single de-
rived sample value is used as one discrete experiment
parameter. As with the Monte Carlo simulation ap-
proach, the last step performs a statistical analysis of the
various results. According to Abebe et al. (2000) and
Hanss (2005), an a-cut analysis approach requires con-
siderably less experiments than the Monte Carlo ap-
proach in order to achieve at least the same quality of
results. Another advantage is the consideration of

tax(x) A
1,0+
0,5+
3 4 5 6 7 X
Fig. 2 Fuzzy set for the statement "Delivery of the pre-cast concrete
element will be in approximately five days”
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subjective estimations by declaring a level of reliability
based on the a-cut (Kulejewski 2011).

Regarding civil engineering, the acquisition of actual
logistics data is infrequent. Actually, the data recording
is performed only for certain points in time or special lo-
cations. A typical example for this is the manufacturing
and delivery of precast concrete parts, e.g. columns or
walls. For such parts, the corresponding actual data
can be recorded at the production beginning, when
the part is finished, during goods leaving the precast
plant, or during intermediate bearing or transportation
(cf. Fig. 3).

Very often, it is impossible to specify the duration be-
tween two data recordings accurately. Therefore, fuzzy-
based statements are well suited to describe such data,
which additionally involves a degree of certainty. In
order to describe fuzzy-based durations between several
acquisition time points, linguistic statements are mapped
to fuzzy sets. For instance, linguistic statements consist
of terms like “about” or “approximately between”. Regarding
the level of detail, in civil engineering it is sufficient to con-
sider days or half-days. This is because more detailed plan-
ning is very often impossible. The definition of reasonable
fuzzy sets is extremely important. If possible, data based on
experience should be considered. Especially, for very long
time durations, e.g. “approximately between 4 to 8 weeks”
the extreme values should be appropriate. When more
than one actual data is available during the logistic
chain, it is necessary to sum them up with fuzzy sets.
For this, fuzzy set arithmetic is applied. A short sum-
mary of basic interval arithmetic can be found in
Buckley and Eslami (2002).

Let K=[a,b] and L=[c,d] be two closed intervals.
Then

K+ L ={x+ylxeK,yeL} (1)
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According to equation 1, the following can be
summarized:

[a,b] + [c,d] = [a+ ¢, b +d] (2)

Regarding fuzzy set arithmetic, a-cuts of fuzzy sets are
always closed and bounded intervals. Assume M and N
are two fuzzy sets, then let M[a] = [m; (), m(a)] and
Nla] = [n1(a), ny(a)] for 0<a<1. Based on this, fuzzy
set arithmetic can be defined in terms of their a-cuts
(cf. Buckley and Eslami 2002). If Pla] = M[a] + NJa],
then Pla] = [m;(a) + m(a), my(a) + ny(a)]. If various
fuzzy sets need to be evaluated into one resulting set,
the presented addition rule can be applied. This oper-
ation can also be used when different degrees of cer-
tainty have to be taken into account for two or more
fuzzy set. In other words o of M # a of N. Figure 4 depicts
an example. Here, M (“about 2 days”) with a = 0.6 and N
(“approximately between 3 to 5 days”) with a = 0.25 are
summed up. The interval at level 0.6 is applied as long as
N's interval reaches the same level. The result is a fuzzy
set that corresponds to “approximately between 3.1 to
8.9 days”.

Analyzing actual data using construction simulation

The basis for the reactive adaptation of construction
schedules is the application of discrete-event simulation.
Discrete-event simulation is used to generate construc-
tions schedules considering several types of constraints,
such as precedence relationships, varying resources,
shift calendars, and required material. To enable a
flexible definition and integration of different con-
straints, so-called constraint-based simulations have
been developed (Beiflert et al. 2007). Constraint-based
simulation is an extended discrete-event simulation
approach. Each time an event occurs, all constraints

‘ Data acquisition
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Fig. 3 Schematic construction supply chain with time points and locations for data acquisition
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are checked to identify which activity can be scheduled
next (cf. Fig. 5).

Generally, hard and soft constraints can be defined
and checked. Typically, hard constraints are precedence
restrictions, resource requirements, earliest starting times
or fixed time windows. Meaningful conditions, like pre-
ferred staring times and resource allocations, delivery
dates, or established execution sequences, are modeled as
soft constraints. Soft constraints do not have to be satis-
fied completely. Solely, a fulfillment degree is calculated to
evaluate the satisfaction. In this paper, all soft constraints
are defined based on weighted or k-weighted constraints.
If weighted or k-weighted constraints cannot be com-
pletely fulfilled, the weights can be used to calculate
so-called violation cost factors. For k-weighted con-
straints, the threshold k specifies a lower and/or upper
bound for the calculation of the cost factor (cf. Fig. 6).
Costs factors can represent monetary costs or abstract
costs. Consequently, different schedules can be analyzed

regarding their fulfillment by calculating the schedule’s
total cost factor due to constraint violations.

In order to reflect the current state of the construction
project the simulation model needs to be updated. Activ-
ities that are already completed are no longer considered.
Furthermore, the activities that have already started will
be continued. However, the allocated resources can be in-
creased to complete the activity in a shorter time. The
presented paper does not cover how to collect the actual
status of construction. Different techniques from manual
inspection to automated approaches using laser-scanning,
Auto-ID systems or images are possible. In the end, infor-
mation about the progress of each activity must be de-
fined. Within the constraint-based simulation, the actual
status of construction is considered as follows. Already
finished activities are removed from the simulation model.
Currently running activities get a higher priority and all
precedence relationships are removed. Furthermore, the
remaining duration needs to be adapted based on the

Starting activity

Checking hard
constraints

New simulation
event

A

Executable
activities

Waiting for
next event

Selecting next
activity

Checking soft
constraints

Fig. 5 Constraint-based simulation approach. General iterative process flow of the constraint-based approach is the following: A new

simulation event arrives at the entry point and triggers off the evaluation of hard constraint feasibility for to-be scheduled activities. Afterwards, a
decision is made, whether any activity exists whose hard constraints are fulfilled. If no such activity exists, then the iteration exits and the simulation
engine processes the next simulation event. If at least one such activity exists, then the soft constraints for every single activity are evaluated. The
activity with the lowest soft constraint violation is chosen to be scheduled next. Afterwards, the evaluation loop repeats again to evaluate hard
constraints for to-be scheduled activities. This step is necessary because the previous scheduled activity may have blocked resources that
were available during the first evaluation in this loop
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actual progress. If actual information regarding resource
assignments of running activities is available, then the
same resources should be used again in scope of the
schedule adaptation. Of course, this is only possible if the
resources are still available.

In this paper, the integration of actual logistics data is
highlighted. As mentioned before, actual logistics data
contain information about available labor resources, ma-
terial, and equipment as well as updated delivery. These
actual data could have some effects on the execution of
certain construction activities. For example, if material is
not available the execution of related activities cannot be
started. In this research, actual logistics data always re-
sults in so-called availability constraints. Availability con-
straints apply to certain objects, such as labor resources,
material, equipment, or spaces. Consequently, the avail-
ability can be restricted regarding a certain time window.
For each object affected by actual data, an availability
constraint is incorporated into the simulation model.
After this integration part finishes, the simulation-based
analysis takes place. With the help of several simulation
experiments, the impact of the actual logistics data on
the target schedule is analyzed. The analysis results in
an actual schedule. This schedule consists of construc-
tion activities with their starting and finishing times
according to the uncertain actual logistics data. Add-
itionally, the schedule includes the mean and standard
deviation of these times. A target-actual construction
schedule comparison uses this actual schedule. The
comparison procedure compares the activity’s starting
and finishing times. During this procedure, certain
threshold values may be applied. This means that it is
legal to tolerate a difference in the starting time of an
activity, when this difference is small regarding the tar-
get schedule. However, when a given threshold is
exceeded, then a re-scheduling might be required. In
addition, different threshold values for different project
objectives can be applied. For instance, violations to
project milestones are not tolerable and could demand
a re-scheduling in order to achieve the defined mile-
stones. In many cases, an adaption of the target con-
struction schedule is required if the comparison shows
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a significant deviation and important project goals can-
not longer be maintained.

Modeling of target schedule constraints

Because the adaptation should be as large as necessary
and as little as possible, additional scheduling restric-
tions based on general project goals and the target
schedule should be defined. In the following, some typical
restrictions of construction projects are highlighted.
Obviously, this listing is not exhaustive. In some cases,
additional project specific constraints should be consid-
ered. However, additional target schedule constraints can
be defined in the same way.

Delivery dates

Frequently, short-term modifications of some delivery
dates are not possible or very costly. This is particularly
true if the delivery is scheduled within a few days. For
example if the delivery and the just-in-time placement of
pre-casted elements is scheduled in five days, if no stor-
age areas are available on the construction site, and if
the supplier can only guarantee available means of trans-
port in the following five to seven days, then the activ-
ities for placing the pre-casted elements should not be
postponed substantially. Time windows in which certain
activities should be scheduled can be modeled by deliv-
ery date constraints. These delivery date constraints
are represented by k-weighted soft constraints. That
means, if an activity is scheduled outside the bounds of
the time window, additional costs will occur. However,
when a certain threshold k (e.g., three days) is exceeded,
then these soft constraints behave like hard con-
straints, i.e. the soft constraint remains unfulfilled.

Temporal equipment

Another restriction is the assignment of temporal equip-
ment, like mobile cranes or piling machines. The costs
for hiring these machines are often very high and they
are usually scheduled within different projects. In conse-
quence, significant postponing of operation times is
sometimes not possible or additional suppliers need to
be contracted. These restrictions can also be modeled by
time windows. Activities that require special temporal

individual key value map
[4‘1‘6|3‘2|7‘5‘8] 4 A formwork
- 1A reinforce
iori 6 A cure
priority e
.../1
.../—‘

Fig. 7 Example of an individual's chromosome that encode a
prioritized activity list




Szczesny and Konig Visualization in Engineering (2015) 3:10

Page 8 of 16

NSGA - 11
i LAy
Evaluation - \g %
f(x) — min! B
\ 4 - - - Activity start
o Constraint-based Simulation .
Priorities of Schedule times
activities ftx) %‘—:E Activity
execution list
Activities| Resources | Constraints

Fig. 8 Simulation-based optimization workflow

equipment should be scheduled within the bounds of
the time windows.

Established sequences

Construction activities are often scheduled several times
in the same order, in particular, in the context of high-
rise buildings with similar structure. That means for
each level the same types of activities are defined in the
target schedule. One aim is to enable learning effects to
increase the performance and the resulting quality. In
consequence, the established sequences should not be
changed in the scope of the adaptation. Established se-
quences can be considered by using weighted con-
straints. Thereby, the violation costs are calculated based
on the distance between the activities of a certain se-
quence compared to the target sequence.

Milestones
Milestones are important events for clients and contrac-
tors. A milestone is often put at the end of a stage to

mark the completion of a work package or phase. Further-
more, payments are often associated with reaching certain
milestones. Therefore, another goal is to keep the defined
milestones or not to exceed them significantly. Milestones
are modeled as k-weighted constraints. Violation costs
occur if the milestone date is exceeded by a certain time.

Additional resources

If the current delays are significant or the target schedule
is very ambitious, it is sometimes not possible to fulfill the
additional target schedule constraints or the general pro-
ject goals. In this case, two strategies can be pursued. One
possibility is to release certain constraints. Another way is
to define additional resources or reallocate specific re-
sources. Additional resources can be integrated by in-
creasing the amount of or extending the shifts of critical
resources for a certain period. For example, the daily shift
can be extended by two hours or the contractors can
order weekend shifts. Reallocation means in this context
that more resources are scheduled to perform a certain
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Table 1 Activity data of the project
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Activity ID Description Execution Mode Duration (days) Predecessor Resource requirement
1 Mobilization and site facilities 1 25 - 2 worker
2 Soiltest 1 11 - 2 worker
3 Excavation work 1 21 1 4 worker
2 17 1 5 worker
3 14 1 6 worker
4 Piling work 1 20 1 5 worker
2 17 1 6 worker
5 Pile loading test 1 15 2 2 worker
6 Backfilling and M&E work 1 9 4 3 worker
2 7 4 4 worker
3 6 4 5 worker
7 Pile cap work 1 14 2,4 4 worker
2 11 2,4 5 worker
3 9 2,4 6 worker
8 Column rebar and M&E work 1 10 5 5 worker
9 Slab casting 1 12 3,6,7 5 worker
1 mobile crane
2 10 3,67 6 worker
1 mobile crane
10 Column formwork 1 10 8 4 worker
11 Roof beam and slab formwork 1 12 9 5 worker
12 Column casting 1 10 9 4 worker
1 mobile crane
13 Roof beam and slab rebar 1 10 11,12 5 worker
14 Roof parapet wall casting 1 14 12 5 worker
1 mobile crane
15 M&E work 1 1 7 12 4 worker
16 Door and window frame 1 7 14 3 worker
17 M&E work 2 1 7 13, 14 4 worker
18 Roof slab casting 1 12 15 4 worker
1 mobile crane
2 10 15 5 worker
1 mobile crane
3 8 15 6 worker
1 mobile crane
19 Plastering work 1 10 16, 17 4 worker
20 Brick wall laying 1 14 18 4 worker
2 11 18 5 worker
3 10 18 6 worker
21 Ceiling skimming work 1 7 11 4 worker
22 Toilet floor and wall tiling work 1 14 20 3 worker
2 11 20 4 worker
3 8 20 5 worker
23 Drain work 1 10 19, 21 4 worker
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Table 1 Activity data of the project (Continued)
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24 Apron slab casting 1
25 Door and window 1
26 Painting work 1
27 Fencing work 1
28 External wall plastering 1

2
29 Electrical final fix 1
30 Main gate installation 1
31 External wall painting 1
32 Qualified person inspection 1
33 Landscape work 1
34 Registered inspector inspection 1
35 Authority inspection 1
36 Defect work 1
37 Project handover 1

9 21 5 worker
7 22 5 worker
14 17,22 4 worker
16 24 5 worker
10 25 4 worker
8 25 5 worker
6 25 2 worker
3 24,27 3 worker
12 29 4 worker
5 27,30 2 worker
10 28, 31 2 worker
7 32,33 1 worker
7 34 1 worker
14 35 1 worker
1 36 1 worker

activity to reduce the execution time. However, this is only
useful in certain cases.

Simulation-based adaption

The adaption of a target schedule is based on searching
for a feasible solution. For this, the additional constraints
and the uncertain actual logistics data, including the pre-
viously calculated delays for each activity, must be con-
sidered. The previously calculated activity’s mean delays
are considered as temporal constraints. In general, this
problem is called a constraint satisfaction problem. Due
to the fact that not only hard constraints, but also soft
constraints and general project goals, such as project
duration, costs and quality need to be considered, it is ad-
visable to apply some kind of optimization strategy in order
to find a good solution for the constraint satisfaction prob-
lem. In this case, a good solution is a schedule which fulfills
all hard constraints and minimizes the constraint violation
costs. As mentioned before, in this research a scheduling
problem is represented by a complex constraint-based
simulation model. Metaheuristic optimization approaches
are often applied to orchestrate the simulation model in
such a way that the resulting schedule is an optimal or
near-optimal solution of the constraint satisfaction
problem.

In this paper, an evolutionary algorithm is coupled
with a constraint-based discrete-event simulation to gen-
erate feasible schedules based on priority lists. For this,
the NSGA-II algorithm is applied. This evolutionary
algorithm is chosen due to its advantageous ability to
conduct multi-objective optimization and because it
outperforms other existing multi-objective evolution-
ary algorithms (Deb et al. 2002). The individual’s chro-
mosomes are defined as an activity list. This list is

used to generate construction schedules. The length of
each individual corresponds to the number of activities
that have to be scheduled. Each activity is modeled by
a unique key value. The first key value entry in each
chromosome represents the modeled activity that
should be scheduled first. The last chromosome key
value entry represents another activity that should be
scheduled as the last activity. Thus, the order of key
values within a chromosome represents the execution
sequence of the activities modeled by the key values
(cf. Fig. 7).

However, every individual is evaluated by utilizing the
constrained-based discrete-event simulation. Proceeding
this way, the constrained-based discrete-event simulation
performs as a repair mechanism to the evolutionary algo-
rithm. Furthermore, all constraints are handled by the
simulation. The application of the constraint-based simu-
lation approach enables the utilization of discrete-event
simulation for the generation of valid construction sched-
ules that neither violate precedence nor resource con-
straints (BeifSert et al. 2007). The main input parameter
for the constraint-based discrete-event simulation is the
list of construction activities. This list corresponds to the
evolutionary algorithm individual’s chromosome. The ac-
tivity list is interpreted as a priority list in which the first
entry of the chromosome is the activity with the highest
priority. During the simulation, the activity with the high-
est priority is always checked for execution. Supposing the
activity with the highest priority is not executable due to
non-fulfilled precedence or resource constraints, the activ-
ity with the second highest priority is checked for its exe-
cution ability and so on. The workflow of NSGA-II with
the discrete-event simulation coupling is depicted in
Fig. 8.
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Fig. 10 Graph representation of the construction project with emphasis on precedence relationships between activities

Implementation

As already mentioned, one main benefit of the constraint-
based construction simulation is that additional con-
straints can be easily integrated into an existing simulation
model. However, defining a realistic and highly detailed
simulation model for construction scheduling can be very
time-consuming. Due to this fact, a user-friendly software
tool has been developed to speed-up the simulation defin-
ition process. The so-called SiteSimEditor is a BIM-based
tool to prepare input data for construction simulation
(cf. Fig. 9). The SiteSimEditor can be used free of charge
for non-commercial research projects (SimPlan 2015).

By importing available project information like 3D
building models, construction site layouts, bill of quan-
tities and quantity take-off items, the construction activ-
ities and various constraints can be specified interactively.
To keep the expenditure of time for data preparation as
low as possible, reusable templates have been developed.
Currently, several templates for activities, resources, tech-
nology dependencies, strategic executions sequences, and
working shifts are available. Based on the prepared and
generated input data simulation experiments can be dir-
ectly executed by using the SiteSimEditor. These simula-
tion experiments are performed by a constraint-based
discrete-event simulation engine, which is implemented as
a component of the SiteSimEditor. Afterwards, the results
can be imported and visualized as Gantt charts, 4D ani-
mations or in form of different diagrams.

The SiteSimEditor has been extended to integrate tar-
get schedule constraints. For defining delivery dates and
temporal equipment, an existing availability and shift
management plugin can be used. In general, for each re-
source different partially overlapping shifts, which can
be associated with duration limits, can be specified and
considered within the simulation model. New compo-
nents and user-interfaces have been developed to define
constraints such as milestones or established sequences.

However, information about upper bounds or sequences
between activities must be specified manually. Other im-
portant aspects are the definition of additional resources
and modified shifts to relax existing constraints. In many
cases, this has to be performed to find a realistic adap-
tion of the target schedule and to satisfy constraints like
milestones or project duration.

Results and discussion

In order to demonstrate the proposed approach a case
study is adapted from literature. This case study is based
on a simplified warehouse construction project intro-
duced by Chen and Weng (2009). The project comprises
of a total of 37 construction activities, 48 precedence
constraints, and 41 resource constraints. Furthermore,
nine activities can be executed in various execution
modes, so that this construction project scheduling re-
sults in a MRCPSP. A more detailed description of the
construction activities including their resource require-
ments are given in Table 1. In addition, Fig. 10 depicts a
graph representation of the project, such that prevalent
precedence relationships are easily visible. The project is
realized with a maximum of 12 labor resources each day.
Additionally, an adaption has been made in order to

Table 2 Applied parameters for target schedule generation as
well as actual schedule adaption

Parameter Value

population size 50
termination criterion crowding distance deviation
crossover operator single point crossover by Hartmann
probability 1.0

mutation operator

probability 1/37

swap mutation

selection operator binary tournament
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Fig. 11 Target schedule for the warehouse construction project as Gantt chart Representation

support a mobile crane for casting activities. The mobile
crane is available only for a limited time, so that only the
casting activities can make use of it. The initial project
costs are 600$ per day, and 100$ per day per labor re-
source. During the contracted period the mobile crane
costs 162$ per hour. Eight hours per day are applied as
working shifts. Another important extension is an add-
itional milestone. It marks the point in time when all
casting activities must be finished. Further adaptions to
the case study are two modified precedence relation-
ships. As opposed to the original research work in Chen
and Weng (2009), the precedence relationship between
activity 9 (slab casting) and activity 12 (column casting)
was replaced. The replacement is a precedence relation-
ship between activity 10 (column formwork) and activity
12 (column casting). Then, the other modification intro-
duces a new precedence relationship between activity 23
(drain work) and activity 24 (apron slab casting). This
relation did not exist before. These modifications are
consistent with the research work by Cheng et al. (2014).

In order to generate a target schedule, discrete-event
simulation-based optimization is applied. For this, the
NSGA-II optimization method is utilized. The applied
configuration values are given in Table 2. The generated
target schedule has a make-span of 190 days, which
is equal to the results presented in Cheng et al. (2014)
(cf. Fig. 11). The total costs of the generated target
schedule are 392,712$. The following study is based on
this target schedule.

Integration of actual logistics data

In order to demonstrate the proposed reactive construc-
tion scheduling approach, additional availability of actual
logistics data is introduced. These actual logistics data
contain information about the delivery status of required
material. The assumption is that on day 40 of the project
execution, new actual data is available. These data report
a delay of two material deliveries. One material delivery
is required by activity 7, the other one is required by

activity 10. These delays of the required material are
given by the vague assessment “The delay will be ap-
proximately between 4 to 6 days”. According to the sec-
ond step of the approach, these imprecise assessments
need to be prepared. The vague assessment “approxi-
mately between 4 to 6 days” is modeled by a fuzzy set
(cf. Fig. 12).

Since both delays are equal, the same fuzzy set applies
for each delay. These sets need to be integrated into the
target schedule, allowing generation of an actual sched-
ule based on actual logistics data. For this, a sensitivity
analysis based on the a-cut method is utilized. Given the
fact that the responsible construction manager is not
confident of the assessment, the a-cut value of 0.5 is se-
lected. For every set and every interval 50 unique sam-
ples are derived, thus in total 300 samples for each set.
Then, 300 simulation experiments are performed to
analyze the impact of the delays. For each experiment,
one sample for each fuzzy set is integrated into the exist-
ing target simulation model. Each sample is imple-
mented as a temporal constraint for activity 7 and
activity 10, respectively. Because of that, the correspond-
ing activities may not be scheduled before the given tem-
poral constraint is satisfied. The result of this analysis is

pax(x) A\
1.0+
0.5+
it >
1 2 3 4 5 6 7 8 x
Fig. 12 Fuzzy set that models the vague assessment “The delay will
be approximately between 4 to 6 days”
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Fig. 13 The frequency of occurrence and cumulative percentage of the delay of activity 7 (a) and activity 10 (b), respectively
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the actual schedule. Figs. 13, 14 and 15 depict results
that are more detailed.

Figure 13 shows the histograms including frequency of
occurrence and cumulative percentages of delay for ac-
tivity 7 (cf. Fig. 13a) and activity 10 (cf. Fig. 13b). It is
obvious that both activities will likely be delayed by at
least six days. Thus, their tardiness has an impact on
subsequent activities. Figure 14 shows in detail the delay
of the additionally included milestone. Here, it is obvious
that the milestone cannot be achieved within the previ-
ously scheduled period. The milestone will be likely de-
layed by three days, such that the mobile crane is not
available when required. Figure 15 depicts an excerpt of
the Gantt chart of the calculated actual schedule. It in-
cludes all concerned activities with calculated mean
delays.

Target actual-comparison

In the third step the target-actual comparison is per-
formed. Here each activity is controlled for timeliness.
However, in the given study an extensive evaluation is
not compulsory. This is because of the milestone’s evalu-
ation. As already revealed in Fig. 12, the milestone ex-
ceeds its contracted deadline very likely by three days.
As consequence, the mobile crane is not disposable and
therefore activity 18 cannot be finished, such that the
complete construction project remains not accomplish-
able. Thus, the target-actual comparison demands an
adaption of the actual schedule.

Adjustment of actual schedule

This last step performs a simulation-based optimization
to adapt the actual schedule. During the reactive re-
scheduling, some constraints were relaxed. The daily
shift of the labor resources is extended by two hours.
Each overtime hour causes a cost increase by 20.0$/h
per labor resource. Furthermore, the required mobile
crane is also available on the subsequent days. The relax-
ation of the mobile crane’s availability is modeled as a
k-weighted constraint. If the mobile crane is assigned

on another day not contracted, additional costs occur.
On additional days, the costs increase to 200$ per
hour. However, some additional constraints are de-
fined. These additional constraints are date delivery
constraints that are modeled as time windows. These
constraints serve the purpose that adaption of the
planned target schedule should be as little as possible
but as much as required. Time windows parameters
for these constraints are based on the calculated mean
delay values as calculated by the sensitivity analysis in
step 2.

The optimization compromises the variation of activity
sequences and resource allocation considering two main
objectives: observance of the milestone and minimizing
the total resource costs of workers and the mobile crane.
Four simulation experiments were performed by com-
bining the shift and mobile crane extension (cf. Table 3).

The optimization results of the experiments Exp3 and
Exp4 are shown in Table 4. As comparison, the last col-
umn contains data for the case before re-scheduling was
required. The observance of the milestone cannot be ful-
filled by the first two experiments. The experiments
Exp3 and Exp4 differ regarding the costs due to the shift
and mobile crane extension, also the remaining project
duration is slightly different. However, both schedule

Histogram of milestone delay
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Fig. 14 The histogram of the milestone's delay including the
frequency of occurrence and cumulative percentage
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Fig. 15 Actual schedule excerpt with activity delays, mobile crane requirements, and project milestone

adaptions are possible. In the next step, the project man-
ager needs to decide which adaption is most suitable.

Conclusions

The adaption of construction schedules based on current
logistics data is an important aspect in the context of effi-
cient project execution. Such current data can reveal dis-
ruptions in construction logistic processes, e.g. delayed
material delivery or machine breakdowns among others.
However, current logistics data is fraught with uncertainty,
due to infrequent acquisition or inaccurate duration
between recordings. Therefore, a reactive construction
scheduling approach, which is composed of multiple
parts, is presented. For one, the approach enables the
processing of uncertain current logistics data, in order
to investigate their impacts on the planned target
schedule. A constraint-based simulation analysis is per-
formed that considers the current logistics data, which

Table 3 Simulation experiments for schedule adaption

Experiment Shift extension Crane extension
Exp1 - -

Exp2 X -

Exp3 -

Exp4 X X

results in an actual, updated schedule. Furthermore, a
target-actual comparison is utilized to identify devia-
tions between the planned target schedule and the actual
schedule. Based on the comparison results, a simulation-
based optimization is performed with the objective to
minimize the deviations between the planned and ac-
tual schedule. This paper particularly emphasizes the
simulation-based optimization of target schedules. In
order to adapt the target schedule, information regard-
ing this schedule can be modeled by additional soft
constraints. Various target schedule constraints are classi-
fied and modeled. By considering these additional con-
straints in the simulation model, an efficiently adapted

Table 4 Simulation experiments for schedule adaption on day

40
Exp3 Exp4 Infeasible Target
Schedule
Remaining duration in days 161 158 152
Costs (fix) in $ 96,600 94,800
Costs (labor) in $ 104,220 104,172 106,752
Costs (crane) in $ 167,184 167,184 167,184
Costs (shift extension) in $ 0 18,480 0
Costs (crane extension) in $ 13,000 4,200 0
Total costs in $ 381,004 388,836 365,136
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schedule can be calculated. To perform the simulation-
based optimization, the NSGA II algorithm is utilized.
The concept was verified by applying an established use
case. The presented results show that solutions found by
utilizing the reactive construction scheduling approach
can be applied to support project execution. Findings in
the conducted case study are that the simulation-based
analysis is capable of identifying whether logistic related
disruptions compromise a successful project realization.
Furthermore, it has been shown that optimal solutions
can be found which fulfill all hard constraints and
additional target schedule restrictions.

Still further research is required, such as modifying the
definition of additional target schedule constraints. This
paper already mentions some, but for various construc-
tion projects in different domains, like mechanized tun-
neling or transport infrastructure constructions other
constraints could be necessary. Furthermore, stochastic
optimization will be integrated to find adaptions that are
both robust and reliable. Such a robust adaption should
protect the adapted schedule against further disruptions
as much as possible. Another optimization related aspect
is to consider alternative activities for disrupted activ-
ities. For example, when it is not possible to realize col-
umn work with prefabricated elements, then consider
whether in-situ work is adequate as a substitution. An-
other important aspect is the availability of current logis-
tic data. Additional research work is required to improve
the availability and accuracy of current data for con-
struction management. A better availability of data al-
lows the application of different methods to cope with
uncertainty, i.e. portability-based approaches could be
applied to investigate the impact of logistic related distur-
bances. Of course, more accurate current data improves
the assessment of uncertainty. Possible research into a dif-
ferent adaption method could include knowledge-based
approaches. However such approaches require a know-
ledge base with possible adaption or substitution rules for
disrupted activities.
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