Developing classical schedule technology

Sherif Mohamed Hafez

Structural Eng. Dept., Faculty of Eng., Alexandria University, Alexandria, Egypt
E-mail: hafez@consultant.com

In order to maximize the efficiency of crew utilization, the schedule of repetitive activities
should be resource-driven. In addition, it should satisfy the work continuity in addition to
logical sequence. The objective of this paper is to present current development techniques
for repetitive construction process. In addition, it includes a general methodology that is
easily acceptable by construction managers. The underlying principles that are extensions
of the classical scheduling technology can be used in developing a computer program.

These principles are discussed.
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1. Introduction

Repeating activities are commonly found in
construction industry such as typical floors in
multistory buildings, houses in housing devel-
opments, stations in highways, pile-driving,
production of pre-cast concrete units, meters
in pipelines network, long bridges, tunnels,
railways, airport runways, or water and sewer
mains. These projects are characterized by re-
peating activities, which in most instances
arise from the supervision of a generalized
activity into specific activities associated with
particular units.

Activities that repeat from wunit to unit
create a very important need for a construc-
tion schedule that facilitates the uninter-
rupted flow of resources from one unit to the
next. It establishes activity-stating times and
determines the overall project duration.
Hence, uninterrupted resource utilization be-
comes an extremely important issue [1].
Scheduling the construction operations of this
crew should allow its work continuity to en-
able the crew to finish work on one repetitive
unit and then move promptly to the next
immediately.

Recent literature and field studies indicate
that scheduling of construction projects with
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repetitive activities can be improved by consid-
ering the practical requirements as follows [2].
a. Apply resource-driven methods,

b. Visual presentation of line of balance,

c. Cost optimization,

d. Optimize resource utilization,

e. Acceleration routine, and

f. Integrate LOB/CPM methods.

2. Resource-driven methods

The first scheduling requirement is the
application of resource-driven scheduling for
repetitive activities that:

(a) Enable crew work continuity to minimize
crew idle time [3, 4, 5]; and

(b) Maximize the efficiency of resource utiliza-
tion [6, 7].

2.1. Linear programming models

A linear programming model to allocate
resources in linear construction projects
based on resource-hour requirements has
been presented [8]. This model is more realis-
tic than any other conventional methods for
allocating resources. In addition, it illustrates
that the resources, which are available in lim-
ited quantities, must be shared and balanced
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between different activities. The model helps
to determine whether it is more economical to
invest in additional resources or to introduce
work overtime to ensure no waste in resource
utilization or delay in project duration.

A new methodology labeled by repetitive
project modeling was presented [6]. This
model incorporates a graphical technique,
which uses the activity time-cost curve (as-
sumed linear relationships), and an analytical
technique, which wuses the LP to analyze
repetitive projects (no interruption were al-
lowed). To use repetitive project modeling, cost
and duration for normal and crashed condi-
tions of each activity are required for input
data. Those requirements may be difficult to
apply to practical construction management.
However, if the requirements can be set for the
project, this methodology will be a valuable
approach.

2.2. Dynamic programming models

Other models were presented to incorporate
cost as a decision variable in the optimization
process for repetitive projects using a dynamic
programming model [9,10]. They could deter-
mine optimum crew formation but did not
consider work interruptions.

In a similar effort, N-state dynamic model
was developed to minimize total construction
cost, considering both crew formations and
work interruptions among limited non-serial
activities [11]. None of the cost optimization
models mentioned earlier, except for the one
developed by previous one [11], could handle
non-serial activities. Additionally, the models
did not consider project deadline, crew
synchronization, and resource constraints, si-
multaneously.

Such resource-driven scheduling for
repetitive activities should be capable of main-
taining job logic, crew availability, and crew
work continuity; and accounting for practical
factors commonly encountered during repeti-
tive construction.

A flexible algorithm based on the resource
driven scheduling method was developed to
identify the scheduled start and finish times
as well as the crew assigned to any activity in
repetitive construction projects [7]. The pro-

posed model considers five basic require-
ments:

a. The type of activity (typical or atypical),

b. The number of crews assigned to work si-
multaneously on a task,

c. The interruption of crew work continuity,

d. The crew availability period on site and,

e. The order of executing repetitive units.

The scheduling algorithm is carried out in
two main stages: the first achieves compliance
with precedence relationships and crew avail-
ability constraints, and the second achieves
compliance with the constraint of crew work
continuity. The capabilities of the developed
algorithm were illustrated by scheduling a
highway project. The scheduling process was
done with and without activity interruption to
demonstrate that the involvement of interrup-
tion times can help reduce project duration
also the algorithm allow for user participation
in the scheduling process for more flexibility.

Another model was developed which ar-
range the basic construction process [12]. It is
repetitively performed on both the horizontal
range among structural units, which identified
as work zone and the vertical range among
floors within a structural unit.

The model try to minimize the loss in
construction cost by optimizing project dura-
tion, organization of the work zone, number of
crews to be used, proper repetitive number of
horizontal work areas in each work zone and
rotation technique of crew groups to improve
work continuity associated with short dura-
tion. The capabilities of the proposed
methodology were illustrated by scheduling an
apartment house complex consists of eight
buildings of fifteen stories with the same
structural type. However, there is some limita-
tions in this method, at first cost loss can be
greatly reduced only if there is extra time in
project completion date in addition this
method can’t be considered as the optimal
solution if all operations have a finish to start
relationship and if all operations aren’t repeti-
tive.

3. Visual presentation
A major difficulty in preparing the LOB

diagram lies in plotting overlapping activities
that have the same rate of production. For
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example, if two consecutive activities are
overlapping, it is difficult to differentiate be-
tween them unless colored lines indicate
them. The choice of the appropriate scale is
also critical for better understanding and for
communicating the information contained in
an LOB schedule. It has been observed that
supervisors and subcontractors are more
receptive to LOB diagrams than to arrow net-
work diagrams, but are not receptive enough
to use them in lieu of bar charts [13, 14, 15,
16, and 17]. The LOB schedule has to be con-
verted into weekly bar charts where critical ac-
tivities and floats are clearly marked.

The degree of the detail of the LOB diagram
must be carefully evaluated. If too many
activities are plotted, the diagram becomes a
jungle of oblique lines that also sometimes
cross each other. An alternative is proposed
that displays the LOB diagram of each individ-
ual path, one path at a time. The use of color-
filled lines as well as vertical and horizontal
lines showing the movement of the crews can
also help. An experienced scheduler can select
an optimum level of detail.

Typical Representation of Design

A probabilistic simulation model was
developed by using the techniques applicable
to the simulation of repetitive construction op-
erations, including a practical example to
demonstrate how they can be applied [18§].

A prototype was built, fig. 1, to demonstrate
the use of features for annotation of 4D
models, the associations between the schedule
times and building space [19]. This work in-
cludes issues such as how best to display
additional types of information in a visually
rich 3D environment. Also, how can visually
assign construction-planning features to CAD
components?

4. Cost optimization

Most available scheduling techniques based
on the LOB concept have been developed to
reduce project duration with little or no regard
for project cost. Given the concept of the opti-
mum crew size and the natural rhythm, the
cost optimization issue, i.e., finding the short-
est project duration for the Ileast total
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Fig. 1. Traditional planning process vs. 4D modeling process [19].
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production cost, becomes obvious; the
shortest project duration corresponds to the
least cost solution. This can be explained by
the utility relationship between direct cost and
activity duration. This relationship is linear
because an activity’s duration can be reduced
only in direct proportion to increasing the
numbers of crews working on it, with each
crew working in a different unit and not
interfering with each other.

Minimizing the project duration is a more
complex process for repetitive projects than
that for non-repetitive ones. For non-repetitive
construction projects, the acceleration (crash-
ing) of critical activities often leads to a shorter
overall duration for the project. For repetitive
construction projects, however, this is not al-
ways true due to the compliance with the con-
straint of crew work continuity. This led to the
development of Linear Programming (LP) mod-
els and Dynamic Programming (DP) formula-
tions for optimizing the schedule of repetitive
construction that are capable of minimizing ei-
ther the duration or the overall cost of the pro-
ject. A number of dynamic programming
formulations have been developed to optimize
the scheduling of this class of projects.

Some researchers focused on:

a. Minimizing project cost [10, 20]; or
b. Minimizing project duration [21, 22].

A DP model for scheduling repetitive
projects to minimize overall project duration
was presented [21]. However, this model did
not consider cost or work interruptions. A
modification of Selinger's model was developed
later [22], who introduced a two-state variable,
N-stage dynamic model with the objective of
minimization project duration. The state vari-
ables represented sets of the activities' dura-
tions and interruptions. This model, similar to
Selinger's, did not include cost in the
optimization process.

These formulations are either one-state
variable [21,10] or two-state variable [22,20],
aiming to determine the optimum crew forma-
tion or the optimum crew formation and the
optimum interruption vector, respectively.

Despite the apparent advantages of avail-
able two-state variable formulation in mini-
mizing the duration of repetitive construction
projects, they require construction planners to
arbitrarily specify, prior to scheduling, a set of

interruption vectors for each crew formation in
the project. Moreover, the mathematical
optimization techniques do not guarantee an
optimum solution. It may be trapped in local
optima [24,25].

A recent development method for searching
complex solution spaces for the global opti-
mum was developed by aids of Artificial Intelli-
gence (Al), a non-traditional optimization tech-
nique, and Genetic Algorithms (GA) [26].

GA work is emulating the natural evolution
in living organisms through a process of cross-
over and mutation among a group of random
parent solutions and cycles of generating and
testing offspring solutions until the optimum
solution is found. GA has already been applied
successfully to numerous areas in civil engi-
neering and construction including time-cost
trade-off analysis of non-repetitive projects
[27,24,28, and 29].

A dynamic model for scheduling repetitive
projects with cost optimization had been pre-
sented [10]. The model depends on determin-
ing the minimum overall cost of the project for
various crew formations assigned for each
activity, which represents the first stage, the
second stage is to identify the optimum crew
formation for each repetitive activity, which
leads to the minimum overall cost of the pro-
ject. To obtain the minimum total cost of the
project, the project duration must be reduced
which leads to decreasing the indirect costs of
the project but will increases its direct cost so
the model try to balance between the reduc-
tion in indirect costs and the addition in direct
costs.

A mathematical model for time-cost trade-
off based on the integration between the
principles of LOB and CPM [30]. The output of
this model is to determine the crashed dura-
tion for each activity which corresponding to
minimum project total cost.

A non-traditional optimization technique
was presented based on GA to develop a
practical model for scheduling repetitive con-
struction projects [29]. The objective of this
model is to minimize total project cost includ-
ing direct cost, indirect cost, interruption cost,
incentives cost and liquidated damages by de-
termining the optimum combination of
construction methods, number of crews and
permitted interruption times for each repeti-
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tive activity. To achieve this objective a
spreadsheet macro was developed to perform
the followings:

a. CPM calculations for a single unit to iden-
tify the early start and finish times, late start
and finish times the free and total float for
each activity based on the construction
method to be used, additional crews required
and interruption times.

b. The line of balance method is used in the
calculations to ensure crew synchronization
and work continuity.

c. Detailed schedule calculations to correct
start and finish times for each activity due to
rounding activity production rate. The results
of the optimization conducted on the case
study introduced prove the robustness of the
model and its suitability to large size projects.

5. Resource utilization

One of the main practical requirements in
scheduling repetitive construction projects is
that ability to optimize scheduling and re-
source utilization to minimize the project
duration [31].

The author developed a tool for time and
resource scheduling for repetitive construction
projects, this has been done in three stages
[32]. This model called modified repetitive pro-
ject model, which depends on the integration
between the principles of line of balance
method and critical path method. The output
of the model is to determine the crashed dura-
tion for each activity which corresponding to
minimum project total cost. This model repre-
sents a modification to the (RPM) model devel-
oped by Reda [6], the advantages of this model
that it has fewer variables than (RPM) model
and fewer constraints thus saving computa-
tion time without scarifying the required accu-
racy.

A LP model related to the resource alloca-
tion problem was proposed [33]. Two models
have been developed, the unlimited resource
model and resource limited model. the objec-
tive of the first model is to determine the early
and late start times for each activity based on
the availability on unlimited resources while
the second model correct the early and late
start times based on the required shifting due
to limited resources.

A LP model concerning the resource-
leveling problem, which differs according to
the type of resource, was presented [34]. Three
models have been developed using mixed inte-
ger programming. The first model called (ORL-
1) which tries to minimize the deviations be-
tween the resource requirements and the tar-
get resource profile. The second model called
(ORL-2) aim to minimizing the number of
changes in resource profile along the project
duration. The third model, which called (ORL-
3), tries to build up the resource requirement
to a peak and then decreasing gradually. The
last model is used when training and licensing
for labors is carried out.

An object-oriented model to schedule
repetitive construction projects had been pre-
sented [35]. The model consider three main
practical requirements, the first one is to mini-
mize crew idle time & maximizing resource
utilization by using resource driven schedul-
ing method. The second requirement is to
optimize the schedule by minimizing the pro-
ject duration; the third practical requirement
is to integrate of repetitive and non-repetitive
scheduling techniques in an efficient schedul-
ing model. The model has been developed in
three main stages: analysis, design, and
implementation. The analysis stage provided
an outline of the model classes, their sequence
of operations, the design stage provided a de-
tailed design of data members, and their func-
tions, the implementation stage produced a
windows application that runs on Microsoft
windows.

An automated model for optimizing the
resource utilization, which leads to reduction
in the duration and consequently the cost of
repetitive construction projects, was presented
[36]. The model consists of two algorithms: the
scheduling algorithm, which identifies the
start and finish, times of each repetitive unit
in compliance with both the job logic and the
crew availability constraints; however, this
stage did not necessarily maintain the work
continuity constraint for assigned crews. The
second stage is the interruption algorithm in
which the idle time resulting from the first
stage was eliminated by shifting the start of
some units to a later date, the required shift of
a unit is identified as the summation of all idle
times of later scheduled units. This optimiza-
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tion problem was formulated using dynamic
programming in two paths. The first path is to
identify for each pair of crew formation and
interruption vector for any activity in the pro-
ject (a local optimum predecessor crew forma-
tion and interruption vector). The backward
path (the global optimum crew formation and
associated interruption vector for the last
activity) yields the minimum project duration
is selected then tracing backward the
predecessor local optimum which leads to this
minimum duration becomes the global opti-
mum.

6. Acceleration routine

In the last unit of any project, the finish
time of the last activity on the critical path
indicates the total project duration. The pro-
ject duration obtained in the first run of the
proposed system is the minimum project
duration obtained with only one crew used per
activity. In most cases, this project duration
will exceed the required project completion
time. The production rates of selected activi-
ties have to be increased in order to reduce
the total project duration to the level specified
by the contract.

It is assumed that the only way to acceler-
ate production without increasing cost is to
increase the number of crews. Other alterna-
tives including overtime, more equipment, and
expanded crew size increase the direct cost of
an activity because only the optimum crew
size can achieve maximum productivity in an
activity. Alternatives such as using faster and
more efficient equipment and more sophisti-
cated construction methods could accelerate
production, but may often be impossible in
practice; had a company been in possession of
more productive equipment or more advanced
construction expertise, it would have used
these resources in the first place.

Cost optimization can therefore be achieved
by using a multiple of the natural rhythm of
the activity because the natural rhythm of the
activity is the optimum rate of output that a
crew of optimum size can produce. Once the
number of crews used in an activity, and by
implication its rate of production, is estab-
lished, it should remain constant throughout
the completion of the entire project in order to

take advantage of the continuity in the labor
force, unless the learning effect requires the
disbanding of some crews ahead of project
completion. Using partial crews and adjusting
production rates up and down during the
course of the project by changing the number
of crews may increase costs due to the associ-
ated disruption.

In the compression analysis, activities on
the critical paths of the LOB schedule are
compressed in order to meet the required
completion date. A priority system that selects
the activities to be accelerated is established
to perform cost-effective compressions. The
number of available crews is the first priority
in this selection. If an additional crew is not
available, there is no physical way to acceler-
ate the activity. The rates of production of
activities constitute the second priority in the
selection process. Since the rates of produc-
tion of activities are first calculated based on
only one crew of optimum size, the activity
with the longer unit duration has a slower rate
of production, which in turn means a higher
potential to compress the overall project dura-
tion. Once the activity with the longest unit
duration is identified, it is compressed by add-
ing a second crew, which doubles its rate of
production; in the next iteration, the total
duration (over the totality of the units) of this
activity drops to half of its original duration.

Another reason why an activity with the
longest unit duration (and therefore the lowest
production rate) must be compressed first is
that increasing the production rate of an activ-
ity with shorter unit duration (and therefore a
higher production rate) may delay the start
time of the succeeding activity and, in turn,
increase the total duration of the project.

6. 1. lllustrative example

Fig. 2 shows an illustrative example to
stuffy the effect of changing production rate
on project duration.

Fig. 3 shows that increasing the rate of
productivity of Activity “B” (which has the
longest duration and therefore the flattest pro-
duction slope) would enable Activity “C” to
start earlier, in this way the total project dura-
tion.
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On the other hand, in fig. 4, increasing the
rate of production of Activity “C” (which does
not have the longest duration and the flattest
production slope) delays the start time of
Activity “E” and ends up increasing the total
project duration. Compression analysis of an
LOB schedule should consider these possible
conditions before increasing the number of
crews/ amount of equipment in a particular
activity.

An estimated rate of project progress is
often required by contract-letting agencies in
the form of progress curve (percent of cost). In
bar chart development, the percent monthly
progress on each activity is often estimated by
the scheduler, based on judgment and the
classical S-shaped activity tie-progress curve.
Progress control by LOB becomes quite effi-
cient, especially when it is used in association
with cost data.

7. Integration methods

The last practical requirement in schedul-
ing repetitive construction is the integration of
repetitive and non-repetitive scheduling meth-
ods in an efficient scheduling model. Repeti-

tive construction projects often include repeti-
tive as well as non-repetitive activities. In a
high-rise building, for example, the concrete
activity that is repeated in each typical floor
can be considered repetitive, while the excava-
tion activity that is performed only once can
be considered non-repetitive.

Each of this type requires a unique sched-
uling technique. Non-repetitive activities can
be scheduled using a traditional network-
based technique. Repetitive activities, how-
ever, require a resource-driven scheduling
technique that is capable of maintaining crew
work continuity. These two scheduling tech-
niques need to be integrated in an efficient
scheduling model [37 to 40].

The Repetitive Scheduling Method (RSM)
was represented [41]. It is a schedule graphi-
cally as an X-Y plot of a series of production
lines, each of which show a repetitive activity
by using control points and the controlling se-
quence. This graphically methodology enables
a project manger to control the work interrup-
tion period by arranging the resource produc-
tion rate.
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Fig. 2. An illustrative example to study the effect of changing production rate on project duration.
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Fig. 3. The effect of increasing production rate for activity B on project duration.
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Fig. 4. The effect of increasing production rate for activity C on project duration.
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Accordingly, it can be useful for under-
standing RSM in easy coordinates considering
the productivity of resources. Although the
RSM uses a new concept for analyzing a
repetitive process, the project cost during
interruption time and the organization of the
crew group to minimize cost are not analyzed
in the methodology.

8. Conclusions

The objective of this paper is to survey the
different issues, which related to schedule re-
petitive construction process. It can be used in
the development of a computerized scheduling
system. Several issues associated with
scheduling repetitive construction process
have been identifies in this research. Firstly,
applying resource-driven scheduling methods,
visual presentation of line of balance diagram,
optimize project cost, and resource utilization
is discussed. Finally, it studied the accelera-
tion routine, and integration scheduling meth-
ods.

There is evidence that linear construction
has a repetitive nature that does not allow the
efficient use of bar charts and network meth-
ods, because bar charts and networks some-
times generate inaccurate and misleading
information in repetitive situations. Hence,
there is a need for more powerful methods of
scheduling that will allow the user to make
optimum use of time and resources, run the
project efficiently, and monitor progress effec-
tively. A computerized system that addresses
the issues discussed in this study could be of
great value to project managers of repetitive
construction.
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