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Abstract —

Automation is generally assumed to improve
project productivity. However, not enough research
is done in the area of quantitative methods to
evaluate productivity improvements through
automation in construction. The aim of this study is
to develop a methodology for analyzing productivity
of any given automation system for construction. A
case study of an automation system developed in-
house is used for illustration and validation. This
system involves automated connections of column
modules and coordinated lifting of the column
assembly. A laboratory experiment has been done
using this system for constructing column structures
using modular blocks. The experimental results are
compared with their equivalent manual processes.
These studies are conducted using EZStrobe
simulations which are calibrated using experimental
data. Of the various project performance
parameters, only time has been included in this
study. The results would throw light on the impact of
automation on construction activities on-site.
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1 Introduction

Automation in construction industry has generated
significant interest in the recent times. In many Asian
countries, there is significant housing demand for
addressing the growing population. Automated modular
construction can potentially address this challenge by
improving productivity through savings in time and cost.
Even though it is generally understood that automated
construction can reduce time and cost of projects, not
enough research is done in the area of quantitative
methods to evaluate productivity improvements through

automation in construction. The general aim of this
study is to develop a generic methodology for analysing
productivity of any given automation system for
construction. More specifically, our focus is on using
simulation tools such as EZStrobe in combination with
site measurements or laboratory experiments for
predicting productivity parameters of different possible
processes for a task.

2 Literature Review

Recently, there is renewed interest in performance
analysis of construction projects using simulations.
Many examples of simulation studies in different types
of projects can be found in the literature [1-9]. The use
of Discrete Event Simulation (DES) using tools such as
EZStrobe is particularly gaining attention. Researches
are done on the possibilities of combining Genetic
Algorithm multi-objective optimization (GA) and
Discrete Event Simulation (DES) using High-
Performance Computing (HPC) to address the issues of
time and cost in construction projects [10]. Limitations
of queue-based DES and proposed a non-que-based
DES have been studied [11]; There have been studies on
the means of improving productivity of construction
operations in New Zealand using EZStrobe simulation
tool. These studies focused on improvement in planning
using data from bridge launching operation [12].
Researchers have also used EZStrobe to study the
productivity management of road construction in
Thailand and arrive at optimised construction members
with least unit cost [13]. There have also been studies
on various simulation software used in construction
industry and analysed their strengths and limitations
[14]. Studies on Simphony simulation tool, its strengths
and applications have also been conducted. The tool
handles both discrete event as well as continuous
simulations [15]. Some works have been done to
develop activity-based cycle diagram for bridge
construction process and applied it in simulation using
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EZStrobe and studied its effectiveness [16].

Based on a review of recent literature in the area of
simulation-based studies, it is very evident that there is
hardly any work with regards to automation in modular
construction. It is a significant area that requires
attention and more research work is needed to answer
the question: how much improvement in productivity
can be achieved through automation in modular
construction. This paper briefly illustrates a
methodology for assessing productivity in automated
construction.

2.1 Knowledge gap identified in the literature
review

1. Various authors have worked in the area of
modelling construction operations [17-29]. These
works are focussed on certain areas such as
earthwork, etc. There is hardly any research
focussing on productivity studies of automation in
modular construction of building structures [30-
32].

2. A methodology that compares the automation of
modular construction with manual modular
construction and field construction practice has not
been done so far.

3 Illustration of a Process-Performance-
Assessment Methodology

A “Process-Performance-Assessment” methodology
has been developed to achieve the objectives of this
study. This involves performing discrete event
simulations to calculate the time taken to complete the
activities of the process. The productivity is computed
by using the basic data related to the duration of
completion of relevant activities. The overall
construction process consists of a decomposition of
tasks. Each task is further broken down into activities
and sub-activities. The relationships between the
activities are captured in the form of activity-cycle-
diagrams (ACDs). The probability distribution of
activities at the lowest level in the decomposition
hierarchy are defined based on site data or laboratory
experiments.

In order to illustrate the applicability of this
methodology to a practical construction task, a specific
example of column assembly is used here. The time
performance of an automated construction scheme
described in Figure 1 is evaluated using this
methodology. It needs to be mentioned that the overall
research involves the study of other parameters such as
cost which are excluded in this paper. It is admitted that
the cost of the automation unit is important from the

point of large scale construction; however, this is
outside the scope of this paper.
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Figure 1.
methodology

Process-performance-assessment

Previously, an automated scheme using timber
modules for the construction of structural frames of
buildings has been demonstrated [32]. The idea
proposed here is to construct the top floor first and then
lift the top part in small steps in order to assemble the
modules for lower floors. This will help in performing
all the construction activities at the ground floor. This
will also support automation since the assembly system
can be permanently installed on the ground. The
structure is constructed using small timber modules that
can be easily assembled. The structural frame of the
roof is constructed first. These are lifted using hoists
and the columns are inserted below. Both the beams and
columns are made of small modules.

The above automation scheme was later adapted for
the construction of practical full-scale structures for
residential buildings of 1-3 floors. An automated
column assembly machine, shown in Figure 2, has been
manufactured to illustrate the scheme. As an application
example, the process-performance-assessment
methodology is used to evaluate this construction
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scheme. The performance of the scheme is compared
with equivalent manual processes in order to bring out
the advantages of automation.

column
automation process: bottom to top assembly

Figure 2. Modular assembly by

Performance assessment involves two stages in this
exploratory study:

Stage 1: collection of real time data of three
construction processes: a) which is non-modular and
non-automated; b) non-automated (manual) and
modular; and ¢) automated and modular.

Stage 2: simulation study of the above three
construction processes.

In this exploratory study, a typical column assembly
construction is considered. A comparative study of
automated process (Case-1) and manual process (Case-2)
of modular column assembly; and field-based process of
conventional Reinforced Cement Concrete (RCC)
column construction (Case-3) is done. Further,
simulation-based comparison of all these processes are
done. Finally, an assessment of the productivity
performance of automation process is analysed and
reviewed.

3.1 Description of modular column and RCC

Column

The modular column consists of a set of steel
modular blocks with a set of connections. In this case,
we have eight rectangular modules of dimension 400 (L)
x 200(B) x 400(H) mm, as shown in Figure 3. These
modules when stacked one above the other and
connected will give a total height of 3200 mm. The
RCC column is of dimension 300 x 200 x 3200.
Reinforcement: 14mm rods 6 no.s; 8mm square hoops@
100mm c/c and 25mm cover.

f«— 200 mm —|

(a) (b)

Figure 3. (a) Block module for column assembly and
(b) Plan of RCC column

Assumption: It is assumed that the base foundation
work is already completed. The column work is
extended above the same. In the case of modular
assembly, it is assumed that the top base of foundation
has connecting component with respect to the first
column module block. In the case of RCC construction,
it is assumed that the top base of the foundation has
extended reinforcement rods which shall be lapped with
the column reinforcement during the RCC column
execution work. The column reinforcement is already
prepared by labour by tying the main rods and stirrups
and it only needs to be attached by lapping to the
foundation reinforcement. Shuttering is cleaned and
oiled. Concrete batch is ready for pouring. Curing is
done for 28 days.

4 Exploratory Study based
Laboratory and Field Experiments

on

The three cases mentioned previously are discussed
below.
4.1 Case-1: Modular column assembly by
automation process: bottom to top
assembly

In Case-1, 8 modules to be assembled are stacked
close to the automated assembly machine. Upon starting
the machine by a technician, the lifting base would
move to its initial position. The technician picks one
module at a time, takes it to the machine and places it
on the lifting base. The machine lifts up the module till
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it touches the partially assembled column above and
makes the connection between the two using steel pins.
Then the new column assembly is temporarily
supported by load holding pins and the lifting base is
lowered. The process is repeated until all the modules
are connected.

4.1.1  Activities of Case-1 as modelled in the
simulation tool

1. Start the column assembly process

2. Lifting of block 1: initial position: move to stack:

hold one block: lift the block: move to assembly
location: place in assembly location

3. Lifting of next block: initial position: move to
stack: hold one block: lift the block: move to
assembly location: place in assembly location
above previous block.

4.  Lifting of connector: initial position: move to stack:

hold one connector: lift the connector: move to
assembly location: place between current and
previous block: Connection between blocks

5. Repeat steps 3 and 4 till total number of blocks is
8.

6.  Stop the process.

4.1.2  Data collection for Case-1

The process of automated modular column assembly
was performed in a laboratory setup in order to estimate
the duration of activities involved. The experiment was
repeated three times. In a typical experiment, the whole
process was completed in 19 minutes and 1 seconds.
Time taken for various activities are shown in Table 1.

Table 1. Typical observations of process duration in
Case-1

. TOT.
Sl.no. Process Sub-activity Duration duration
(sec.) fseic
1 Atlnitial Position a At Initial position 5 5
2 Lifting of block-1 a move to stack 10
b hold one block
¢ move to assembly location 10
d place in assembly location 4
e Release the block 4 32
15  Lifting of block-8 a move to stack 40
b hold one block 4
¢ move to assembly location 45
place in assembly location
d : 4
above previous block
e Release the block 4 97
Back to initial " "
17 i a Back to Initial position 45 45
position
TOTAL IN SECONDS 1146
IN MINUTES 19.1

4.2 Case-2: Modular column assembly by
manual process: bottom to top assembly

In Case-2, two labours are engaged in picking the
module and positioning in the assembly location. One
labour is positioned at the assembly location while the
other moves to and from the stock. The moving labour
picks one module at a time, moves to the assembly
position and then both the labours place the module in
position and check the correctness of positioning. Then
the labour moves to take the next module and place it on
top of the previous one.

4.2.1  Activities of Case-2 as modelled in the
simulation tool

1. Start the column assembly process

2. Lifting of block 1: initial position: move to stack:

hold one block: lift the block: move to assembly
location: place in assembly location

3. Lifting of block 2: initial position: move to stack:
hold one block: lift the block: move to assembly
location: place in assembly location above
previous block.

4. Lifting of connector-1: initial position: move to
stack: hold one connector: lift the connector: move
to assembly location: place between current and
previous block: Connection between blocks

5. Repeat steps 3 and 4 till total number of blocks is
4.

6. Lifting of next block: initial position: move to
stack: hold one block: lift the block: move to
assembly location: board on base stool: place in
assembly location above previous block: aboard
from base stool

7.  Lifting of next connector: initial position: move to
stack: hold one connector: lift the connector: move
to assembly location: board on base stool: place
between current and previous block: Connection
between blocks: aboard on base stool

8. Repeat steps 6 and 7 till total number of blocks is
8.

9.  Stop the process.

4.2.2  Data collection for Case-2

The above procedure was tested in an experimental
study and the time taken for each activity was recorded.
Since this is only an exploratory study meant for
illustration of the methodology, experiments were not
repeated multiple times. Time lags were noticed in
discussions, decision making, moving between the stock
and assembly; positioning; connecting; and boarding
and aboarding the base-stool for modules that were
positioned above 1.6m. There were also issues of safety
due to improper handling of modules during the
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assembly process. The whole process was completed in
1 hour 51 minutes and 24 seconds.

43 Case-3: RCC column construction by
manual process

In Case-3, the sequence 1is Reinforcement
placement; Shuttering; Concreting; De-shuttering and
Curing. Six labours were engaged- two for
reinforcement arrangements; two for shuttering and de-
shuttering; and two for curing process. Initially, two
labours were engaged in assembling the reinforcement
by taking the already prepared reinforcement to be
positioned at the RCC column assembly location. The
reinforcements were tied by lapping with the rods
projecting from the base of footing. Later two labours
bring the shutters from the stock and position them at
the lower part of the column, provide spacers and fasten
the shutter panels. The two labours into concreting
prepare the batch and take first batch to fill up to the top
of shuttering level. The column is let to set for twenty-
four hours and then it is de-shuttered by the two
labourers and further positioned up to the next level and
the same process is repeated. And finally, the shuttering
is extended up to the top of the 3.6m column and
concreting process is completed. After the setting and
the de-shuttering, the column is cured by wrapping
around with wet gunny sacks. The column is sprayed
with water at 6 am and 6pm for 28 days starting from
day-1 of de-shuttering of first batch casting till day-28
of the curing of the third batch casting.

4.3.1 Activities of Case-3 as modelled in the
simulation tool

1. Start the RCC column assembly process

2. Reinforcement placement and tying:

(a) initial position
(b) move to stack: hold the rebar: lift the rebar:
move to assembly location: place in assembly
location: lap with the base rebar: tie with the
base rebar
(c) back to position
3. Shuttering:
(a) Initial position
(b) Move to stack: hold shuttering: lift shuttering:
move to assembly location: place in assembly
location: align in assembly location: fasten the
shuttering
(c) Back to position
4.  Concreting:
(a) Initial position
(b) Move to concrete batch: hold one portion of
concrete: lift the portion of concrete: move to
assembly location: position in assembly
location: pour the concrete

(c) Back to position

5. De-shuttering:

(a) Initial position

(b) Move to assembly location: align in assembly
location: un-fasten the shuttering: hold
shuttering: lift shuttering: move to stack

(c) Back to position

Repeat steps 3,4 and 5: twice, each after 24 hours.

7.  Curing:

(a) Initial position

(b) Move to stock: pick gunny bag: Move to
assembly location: Wrap around column

(c) Move to water pipe source: turn on water:
spray on column:

(d) Move to water pipe source: turn off water:
Back to initial position

(e) Repeat steps c. and e. after 12 hours

(f) Back to initial position

Repeat step-7 c-f till count is 28.

9.  Stop the RCC column assembly process

>

S

4.3.2  Data collection for Case-3

Observations were done on construction sites in
order to estimate the time for basic activities of the
above process. Using this data, an estimate of the total
time taken was made. The estimated total duration of
the RCC column casting process was 31 days 4 hours 15

minutes and 19 seconds.

5 Simulation Study

EZStrobe is a general-purpose domain independent
simulation tool that has been widely applied to
construction operation studies. It functions primarily
based on Activity-Cycle-Diagrams (ACD) and is used
for productivity and optimization studies in construction.
The process model consists of multiple queues
representing activities that are repeated. The present
simulation study is conducted for three scenarios
namely: (1) process of column construction using
modular blocks through automation; (2) process of
column construction using modular blocks done
manually; and, (3) manual RCC column construction
process.

In the EZStrobe simulation model for Case -1,
shown in Figure 4, the Queue element “Block” is
assigned 8 numbers indicating the 8 modular blocks for
the column assembly. It is linked to “Load” and releases
one modular block at a given cycle. The Conditional
activity element “Load” is linked to the Queue
elements “Block”, “Holder Idle” and “Move”. “Load”
is assigned the duration in the range of 28 to 68. Queue
element “Holder_Idle” is assigned 1 number indicating
that at any given time, the holder of the assembly unit
picks one modular unit. It is linked to “Load” in a cyclic
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loop. The Bound activity “Move” is linked to “Load”
and “Assemble” as predecessor and successor activities
respectively. “Move” is assigned the duration in the
range of 20 to 68. “Move” activity functions after the
“Block” loads one module to the holder of the
automation unit. Bound activity “Assemble” is linked
to “Move” as predecessor; and “Assembled units” and
“Release” as successor activities respectively.
“Assemble” is assigned the duration in the range of 8
and 24. The module, after moving from the stock held
by the holder of the automation unit, is placed at the
assembly position.

Holder_ldie

Load Move

Triangular(28,48,68) Triangular{20,44,68)
>0, 1
i Release
Triangular(8,9,10)

Figure 4. EZStrobe model of workflow for Case-1

Triangular(8,16,24)

Queue element “assembled units” indicates the
number of modular blocks assembled at the column
assembly position. The Bound activity ‘“Release” is
linked to “Assemble” and “Arm to move” as
predecessor and successor activities respectively.
“Release” is assigned the duration in the range of 8 to
10. “Release” activity functions after a module block is
assembled in position by the holder of the automation
unit. Queue element “Arm_to move” is the moving
arm of the automation unit at whose end is the holder.
The “arm_to_move” functions the moving between the
stock and the assembly location for taking, placing and
reverting to stock of modular blocks.

In Figure 5, EZStrobe simulation snapshot of Case-1
is shown. The EZSrtobe simulation controller displays
the time taken for simulation with graphical display of
stage of simulation. With the option of “Animate” and
controlled “Animation Speed” we visualize the
sequence of activities taking place. Here, we note the
activities between assembling the block and releasing.
The “triangular” indicates the minimum, mean and
maximum time taken for the activity.

On running the simulation, a report is generated
wherein there are series of parameters displayed and
numerical values generated after completing the
simulation runs. Some of the parameters are time of
report, total amount of resource, average content,

minimum content, maximum content and so on.

Up on simulation run, the durations of their
assembly process are arrived. It is noted that Case-1 has
the least duration of 18m 5sec.; Case-2 with the second
least time duration of 1h 47m 38 sec., whereas, Case-3
took an execution time of 31d 4h 13m 57 sec. It also
closely correlates with the field-based and laboratory
measurements.

EZStrobe Simulation Controller X

| EndModel ¥ Animate

Animation Speed:
e i
T L 0/7 J 0/7
Load Move

Triangular(28,48,68] Triangular{20,44,68]

Simulation time: 826.943904586043
Halt simulation at

[~ Clockadvance [ Next event

0/6 17

Assemble
Triangular(8, 16,24]

Release <
Triangular(8,9,10]

Am_to_Move
1

Figure 5. Simulation snapshot for Case-1

6 Comparative Results

The three cases represent three distinct approaches
to construct a column and they show significant aspects
of the assembly process. In Case-1 (i.e. Modular column
assembly by automation process), it is noted that once
the automation unit was stationed and positioned, the
column assembling using the block is a cyclic process
that went without any hindrance, obstacle or technical
snag. The time duration taken for each activity and sub-
activity is controlled and hence each repetitive activity
took the same time duration. In Case-2 (i.e. Modular
column assembly by manual process), it is observed that
the two-labour executing the process had on and off
discussions, deliberations, slowing and speeding up,
erroneous assembling, etc. Further, they had to use a
base-stool to climb above the height of 1.6m for
assembling the modules that added time for work
completions. There was also risk of tripping and falling;
losing grip of the module from hand. Therefore, safety
was also in question in this process. In Case-3 (i.e. RCC
column construction by manual process), teams of two
performed the tasks of reinforcement placement;
shuttering; concreting; de-shuttering; and curing. And
thus, this process involved the maximum labour
resource. Also, the efficiency and quality of work kept
varying throughout the execution. This impacted on the
time delays and therefore on the overall productivity of
the column construction process. In terms of time
duration from these experiments, Case-1 took the
shortest, while Case-3 took the longest duration. The
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simulation analysis further validates this.

7 Summary and Conclusion

This paper illustrated a process-performance-
assessment methodology by which the productivity of
automated modular construction can be evaluated. A
selected automated modular construction process was
compared with manual modular construction and
equivalent common construction practice at site. A
typical case of column construction was studied with
modular blocks which were assembled manually as well
as through automation. Equivalent study was carried out
for an RCC column construction. All these cases were
studied through EZStrobe based simulation and
analysed. Results indicate that significant savings in
construction time can be achieved through automation.
Furthermore, the study demonstrates how a process
simulation tool can be used to evaluate the overall
performance of construction processes.

Future research involves testing the methodology on
more complex tasks, collecting more on-site data and
refining the methodology. Further research is planned to
look into the decomposition of processes which shall
lead to the greater degree of understanding on the levels
of automation required in the construction process. This
methodology also throws light on the positive impact of
automation in the productivity of not only the assembly
process but on further study shall also do so on the total
project performance.

8 Acknowledgements

The authors wish to thank the following people
who helped in this study: Ms. Aparna Harichandran, Ms.
Teena Abraham, Ms. Shara Siby, Mr. Siva P.E., Mr.
Murugan D. The support provided by the laboratory
staff of Civil Engineering are gratefully acknowledged.
The project is funded by the Department of Science and
Technology (DST), Government of India through the
grant DST/TSG/AMT/2015/234.

References

[11 Chijoo L. and Sungil H. Automated system for
form layout to increase the proportion of standard
forms and improve work efficiency. Automation in

Construction, 87 (3): 273-286, 2018.

[2] Dang T. Modeling Microtunnelling Construction
Operations with WebCYCLONE. Journal of
Geological Resource and Engineering, 4: 88-196,
2017.

[3] Rahimikelarijani B., Abedi A., Hamidi M., Cho J.

and Stromberg E. Optimal Ship Channel Closure
Scheduling for a Bridge Construction. In //E

[11]

[12]

[13]

[14]

Annual Conference. Proceedings; Page 530-536,
Norcross, USA, 2017.

Jia Y., Denghua Z., Bingyu R., Dawei T. and Kun
H. Probabilistic Risk Analysis of Diversion Tunnel
Construction Simulation, Computer Aided civil
and infrastructure engineering, 32 (9): 748-771,
2017.

Charinee L. and Nathee A. An Application of
Discrete-Event ~ Simulation  in  Estimating
Emissions from Equipment Operations in Flexible
Pavement Construction Projects, Engineering
Journal, 21 (7): 197-211, 2017.

Hesham O., Marwan A. and Moheeb E., Optimal
scheduling of water network repair crews
considering multiple objectives, Journal of Civil
Engineering and Management, 23 (1): 28-36, 2017.
Muhammet E.A., Sadik A., Yigit K. and Erkan
Dogan, Simulation Optimization for
Transportation System: A Real Case Application,
TEM Journal, 1: 97-102, 2017.

SangHyeok H., Shafiul H., Ahmed B., Mohamed
A. and Joe K. An integrated decision support
model for selecting the most feasible crane at
heavy construction sites. Automation in
Construction, 87 (3): 188-200, 2018.

Poshdar M., Gonzalez V. A., Sullivan M.,
Shahbazpour M., Walker C. G. and Golzarpoor H.,
The role of conceptual modeling in lean
construction simulation, In Proceedings of 4th
Annual Conference of the International Group for
Lean Construction, 5:63-72, 2016.

Shide S., Mohammed M. and Amin H.
Performance  analysis of  simulation-based
optimization of construction projects using High
Performance =~ Computing.  Automation  in
Construction, 87 (3): 158-172, 2018.

Hamed G., Vicente A. G., Michael S., Mehdi S.,
Cameron G.W. and Mani P. A non-queue-based
paradigm in Discrete-Event-Simulation modelling
for construction operations. Simulation Modelling
Practice and Theory, 77 (9): 49-67, 2017.

Zaeri F. Exploring the Potential for the
Application  of  Simulation = Methods in
Construction Project Delivery in New Zealand,
Thesis, 2017. On-line:
http://aut.researchgateway.ac.nz/handle/10292/106
16, Accessed: 22/01/2018.

Wisoot J., Productivity Management of Road
Construction in Thailand by EZStrobe Simulation
System Case Study: 0.15 m. Thick Subbase Course
Construction, Engineering Journal, 20 (3): 183-
195, 2016.

Kaira S. and Tezeswi T. P., A Study on Simulation
methodology in Construction Industry, Imperial
Journal of Interdisciplinary Research, 2 (8): 962-



[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

35" International Symposium on Automation and Robotics in Construction (ISARC 2018)

965, 2016.

AbouRizk S., Hague S., Ekyalimpa R. and
Newstead S., Simphony: a next generation
simulation modelling environment for the

construction domain, Journal of Simulation, 10 (3):

207-215, 2016.

Fahimeh Z. and James O. B. R., An ACD diagram
developed for simulating a Bridge construction
operation, International Journal of Construction
Supply Chain Management, 4 (2): 34-50, 2014.
Halpin, D. W. An Investigation of the Use of
Simulation Networks for Modeling Construction
Operations. Ph.D. thesis presented to the
University of Illinois, at Urbana-Champaign,
Illinois, in partial fulfillment of the requirements
for the degree of Doctor of Philosophy. 1973.
Halpin, D. W. CYCLONE: Method for Modeling
of Job Site Processes. Journal of the Construction
Division, ASCE, 103(3):489-499, 1977.

Halpin, D.W., and L.S. Riggs. Planning and
analysis of construction operations, John Wiley &
Sons, New York, NY, 1992.

Hijazi, A.M., Simulation Analysis of Linear
Construction Processes. Ph.D. Dissertation,

School of Civil Engineering, Purdue University, W.

Lafayette, IN. 1989.

Huang, R.Y. and Halpin, D.W. Visual
Construction Operations Simulation - The DISCO
Approach, Journal of Microcomputers in Civil
Engineering, (9): 175-184, 1994.

Liu L.Y., and Ioannou P. G., Graphical Object-
Oriented Simulation System for Construction
Process Modeling. Proceedings of the Eighth
Conference on Computing in Civil Engineering,
ASCE, Dallas, Texas. 1139-1146. 1992.

Martinez, J.C. STROBOSCOPE - State and
Resource Based Simulation of Construction
Processes. Doctoral Dissertation. Department of
Civil and Environmental Engineering, University
of Michigan, Ann Arbor, MI. 1996.

AbouRizk, S. M. Input Modeling for Construction
Simulation. Ph.D. Dissertation, School of Civil
Engineering, Purdue University, W. Lafayette, IN.
1990.

Carr R. 1. Simulation of construction project
duration. Journal of Construction Engineering and
Management, ASCE., 105 (C02): 117-128, 1979.
Martinez, J.C. EZStrobe - general-purpose
simulation system based on activity cycle
diagrams”. Proceedings of 1998 Winter Simulation
Conference, page 341 — 348, 1998.

Martinez, J.C. and Ioannou, P.G. General Purpose
Systems for Effective Construction Simulation,
Journal of Construction Engineering and
Management, ASCE. 125 (4): 265-276, 1999.

(28]

Hendrickson C., Martinelli D. and Rehak D.
Hierarchical ~Rule-Based  Activity = Duration
Estimation System. Journal of Construction
Engineering and Management, ASCE.113(2): 288-
301, 1987.

Shi, JJ. Object-Oriented Technology for
Enhancing Activity-Based Modeling Functionality.
Proceedings of the 2000 Winter Simulation
Conference., 2000.

Tarek S., Ahmad S., Osama M. and Mohamed A.
Near optimum selection of module configuration
for efficient modular construction. Automation in
Construction,83: 316-329, 2017.

Yasaman S., Christopher R., JeffreyW., Carl H.
and Mohammad N. Managing risk in modular
construction using dimensional and geometric
tolerance strategies. Automation in Construction,
83:303-315, 2017.

Raphael, B., Rao, K.S.C. and Varghese, K.,
Automation of modular assembly of structural
frames for buildings. In 33rd International
Symposium on Automation and Robotics in
Construction, ISARC 2016, pages-412-420, 2016.



